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Abgract We measured diurnd gas exchange properties of three mgjor Pecies in a semi-arid dte, and two
gomatal conductance nmodel s were then gpplied to the data. The result indicated that the BBL node and the
Geo node could explain on average 77.6 % and 59. 3 % of variation in the observed somatal conductance , re-
oectively. Senstivity analyds of the nodels indicated that the BBL noded tended to give higher predictions of
gomatal conductance than the Geo nmodd . Both modd s showed Smilar regponses to changes in vgpor pressure.
The sharp contrag between the two nodd's, however , was that the Geo nodd responded to changes in il war
ter dressto different extents. The BBL nodel coupled with the TJ photosynthes s modd was indifferent to in-
creases of il water greses, which contradicts concurrent underganding and observations about plant physol-
ogy in arid and semiarid regons. Thus the BBL nmodd , even though it provided better explanationsof the vari-
ations infield domata data, may not be gopropriate for experimenta data analys s and ecosysem smulation gp-
plications. The andyds usng the Geo node indicated that Popul us simonii was the lead tolerant and red sant
to water gresses anong the three ecies sudied. Pinus tabulad ormis had both high tolerance and res gance ,
but somatal conductance of the pine tree was the least insengtive to changes in il water dresses. Hence this
pine tree may not be good for water conservation under extremdly dry conditions. Caragana intermedia, how-
ever , had both larger drought tolerance and larger sendtivity to incremental il water gresses, and thus can
provide large gdomatal conductance for photosynthes s when il water gress was low , but reduce water cornr
sunption under severe water sresses by decreasng domata conductance with increadng il water gress.
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lab and field experiments (Dong & Zhang, 2001; Li «
al., 2003; Niu & al. , 2003; Liu e a. , 2003). The
relationship between plant gomatal conductance and water
dresesin il and ar reflected inportant characterigics
o drought resgance and tolerance at led levd ((ogta
Fanca e al. , 2000; dorio e al., 1999; Sadras &
Milroy, 1996; Zavda, 2004). Numerous experiments
showed that domatal conductance regponded to humidity
(Monteith , 1995; Park & Furukawa, 1999; Haefner e
al., 1997) , il water datus (GJorio e a. , 1999;
Liang & Zhang, 1999) , waer vgoor pressure deficit
(Turner e al. , 1984; Qucci et al. , 1996; Franks e
al., 1997) , and led water potentid (Gorio e al. ,
1999: Qucci e al. , 1996) . Concentrations of ome
chemical conmpounds in plant leaves a9 reponded to led
water dreses, and thus have been used as indicators and
parameters for plant drought resgance ( Tardieu &
Davies, 1993) . The conplex and ronlinear relationship
between somatal conductance and various controlling fac-
tors cals for reliable models of dometa conductance to
summarize data yielded from gas exchange experiments,
D as to derive characterigics of drought red ¢ance and
tolerance from the data. Reliable , reaoonably mechanical-
ly based domatd nodels are al esentia for ecosytem
smulation and analyss in order to reduce the risk of ex-
trgpolation, o that ecosygem regponse to future environ-
ments can be projected (Go e al., 2002; Go &
Reyrolds, 2003) .

With the increas ng demands from both experimental
data andyss and ecosysem nodeing, a number of enr
pirica and mechanica gomatal conductance nodes have
been developed (Bal e al. , 1987; Tardieu & Davies,
1993; Leuning, 1995; Go et al. , 2002 ; Dewar , 2002 ;
Tuzet e al. , 2003; Buckley et al. , 2003) . Not only do
these nodds differ in their assunptions, mathemetical
formulation and conplexities, but d o they are validated
usng different materias in different locations with differ-
ent exerimenta conditions. Therefore the differences in
their perfformance and behavior are largely unknown for a
particular goplication. O these nodds, the Bal-Berry-
Leunning nodel (d known as BBL nodd) has been
widdy goplied to various experimental data andyss and
ecosysem dmulations. The pgper doesn’ t pay nore attenr
tion to the largdy enpirical nodel such as Jarvis nodel
even it had been widdy used.

This pgper reports the data from field gas exchange
experimentsdof three plant gecies in a semiarid environ-
ment. The BBL somatal nodd (Leunning, 1995) and
the gomatal conductance nodd by Go et al. (2002) are

then gpplied to the experimental data. The behavior and
performance of the two nodels are compared. Drought re-
ddance and tolerance of the plants are then discussed.

1 Material and Methods

1.1 Hed measurements and data preparation

Our field experiments were conducted in a small ru-
ral watershed of Wufendigpu (111°7 E, 39°46 N) locat-
ed in the trandtional area between Loess Hateau and Er-
dbs FAateau. The areais d o a part of crop-padora zone
in North China. Annua mean tenperature and precipitar
tionare 7. 6 and 389. 8 mm, regectively , based on
the local weether data from 1961 to 2000. Annual pan e
vagporation and mean air humidity , however , are 2 002. 5
mm and 53. 5 %, regectively. Hilly landswith large gul-
lies resulting from long-term serious rairfal erosons are
the basc geonorphologicd features of the area.

Populus simonii , a decidwus broadleaved tree
gecies, Fnus tabulagormis, an evergreen coniferous
tree gecies, and Caragana intermedia, a deciduous
shrub, are sHected as materids for this sudy, because
they are the mgjor gecies used in loca ecosygem conser-
vation and redoration research, and practice. All the
three Pecies are classfied as G; ecies acoording to their
carbon pathway. For each plant, diurna lesf dometa
oonductance and net assmilation rate , together with mi-
croclimete variables such as led tenperature, incident
photon flux dendty and vepor pressure, were measured
every two hours form 8 00 am to 18 00 pm with a
portable photosynthess sysem (L6400, Li-Qor Inc. ,
Lincoln NE, USA) in the sunny day of Septenper,
2003. il water contents (g- g™ ') a depthsof 5- 10,
20- 30,50- 60, 70- 80, 120 - 130 and 150 - 160 cm
near the experimental plants were measured with ovent dry
method & 6 00 am. The gravitationd il water contents
were multiplied by bulk dendty to give volumetric il war
ter content , and il water potentia were then calculated
from il water contents by means of the reationship by
Capbel et al. (1993). Apparent il water potentia
experienced by plants roots are calculated as averages of
the water potertials of il layers weighed by plant root
fractions in the layers.

1.2 Modds and parameterization
1.2.1 Bal-Berry-Leuning node

The BBL nodd of somata conductance (Leuning,
1995; Bdl et al. , 1987) reads

aA

%= 00+ (0 1T) (1+ Dy Do) W
where gy was the domata conductance for GO, diffuson
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(mol-m™2-s71) |, goisthe Somatal conductance at the
light conpensation point (mol-m™2-s™ %) | Ais net GO,
assmilation rate (Unol-m 2. s™1) | o isthe nole frac-
tionof QO, a the leff suface @ nol- ol ™*) , [ isthe
conpensation point {4 nol- ol %) |, Dsi's the vapor pres:
sure deficit (VPD) (kPa) at the led suface, a (unit-
less) and Do (kPa) are congant codficients.

1.2.2 The gomatal nodel by Go et al. (2002)

The nodel by Goo e al. was derived based on the
mechanics of guard cdl gructure and water relation of
leaves, and was primarily intended for large- scae ecosys
tem dmulation. The node takes the following mathemeti-
ca form,

:q0m+(k1qu+ kg l,) / 1000 )

1+ lggdy

where gy is domata conductance to water vapor (ol -
m 2s Y, dividng gwin (2) by 1.6 gves g in (1) ;
Jom IS the maximum poss ble gomatal conductance a dark
with zero il water potentiad (nol-m™2-s71) ; kg isthe
eagic conpliance of guard cell sructure (mmol - m™ 2-
s 'kPa'') , W is il water potentia (kPa) , kg isthe
parameter defined as changes in sometal conductance in-
duced by unit changes in PAR (mnol-pnol™1) | 1, is
the incident photosynthetic active radiation {4 nol - m™2-
s, Ig g is aparameter sgnifying the sendtivity of somr
atal conductance to vapor pressure deficit (unitless) , dyp
is the relative vapor pressure deficit (kPa- kPa™ ') cacur
lated as VPD divided by air pressure. Other phydolog-
caly sgnificant parameters are derivable usng the follow-
ing relationships: diffnessor dadic modulusof guard cell
gructure, B (kPa- [mnol- m™2-s71]) | is the inverse of
ky,i.e.,B =1 k; Quard cell osmotic sendtivity to
light ,€ (kPa: [mmol-m™ 2.5 %]) , is the product of kg
andB ,i.e. ,& = kgB ; wil-to-lef conductance, g,
(mmol-m™2-s Y kPa 1) , is caculaed asthe inverse of
the product of the elagic nodulus and lgq, i.€., g, =
Y (gP) ; Fndly, guard cell osotic potentia at dark ,
Ty (MPa) , iscaculated asTly = gom/ Ky

O dl these parameters, T is the cgpability for
plant to maintain gomatal opening under water gresses.
In other words, someata remain open when il water po-
tentia is higher than Tty , but get closed when il water
potertia is lower than Tty. Hence Ty is regarded as a
drought tolerance parameter of plants. The eagic conpli-
ance of guard cdl dructure, ky , (or eagic modulusp)
is the sengtivity of gomatal conductance to incremental
il water dresses. For a gven decrease in il water po-
tentid , a larger ky (or a svallerf) inplies a greater de-

crease in fomata conductance. Hence ky (or) is re-
garded as a drought resdance parameter to incremental
il water dress (Go e al. , 2002) .

The two nmoded s were then goplied to the fied data
by means of ronlinear lead square regresson. For the
BBL nodd , somata conductance is regressed on net as
dmilation rates (A) , lef suface 00, (C) and VD
(D) toobtain go, a, and Do, with I set to 40 nol -
nol ~*(Leuning, 1995) . Smilarly , somatal conductance
is regresed on incident photon flux dendty (1,) , il
water potential (Ys) , and relative vapor pressure deficit
(dyp) toobtain gom, kg, lggand ky , for the mode by
Go e al. (2002). The nodes are then conpared in
termsof their perfformance in explanation of the variation
in thefield gas exchange data. Posdble drought red gance
and tolerance characteridics of the plants can be ob-
tained.

1.3 Sendtivities of the two nodels to changes in il
water and vgpor pressure

To look into the differences in behavior under vari-
able micro-environmental conditions, we prescribed the
following driving climetic and il oonditions for the two
nodds.

Tt :22.0+9.Ooos[2&(‘t§l4“‘51] ©
1, = me{ 200000 =12 1 00 (4)

24
where Ty isthe led temperature () , tisthetimein

hour. Thus maximum led surface termperature is 31
occurring & 14 30 pm, and peak incident photon flux
density of 2 000M nol- m™2- s *occurs at 12 00 am (-
lar roon) . The concentration at the lef surface is as
sumed to a congtant of 380 ol - ol “ . Aiir pressure is
fixed a 88.7 kPa, il water potentiad a 0, - 500, and
- 2000 kPa, and vgpor pressure a led suface a 0.5
and 1.8 kPa.

Because the BBL nodel describes gometal conduc-
tance as a function of net assmilation rates, we need a
nodel of photosynthess to caculate carbon asimilation
rates from these environmental oonditions. The nodel by
Thornely and Johnson (1990) , nodified by Go e al.
(2004) , is used for this purpose. We refer this nodd as
the TJ node in this pgper. The nmodd caculates net as
smilation rates as a function of incident photon flux den-
dty, lef temperature and gometal conductance (Go et
al. , 2004) :

b - Jby®+4byby
2,

A= (5

inwhich
b2 = Pa( Os00x - gscgp) (6)
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bl = gscgso ((X Ip + ngs + nga) - dea( gsogx - gsc

Op) +001pPa( geeOp + GsoOx) (7)
bo = GscOso[ Ry (01, + gxs + gp0a) +01p ( gp0a -
OxCs) | (8)

where P, is atnogpheric pressure (kPa) , gy is Someatal
oconductance for O (mol - m™ 2. s™ 1) | g, is carboxylation
conductance (1 mol-m™%- 5™t kPa™ %) , g, is photorespi-
ration codficient @rmol-m 2-s™ ' kPa' ') , o is photon
dficiency (nol - mol " ') , o, is anogpheric O, partid
pressure (kPa) , Ryis dark regiration codficient (I nol -

m 2s ). g, gy, Rearedl functionsdf lesf tenperar
ture :
o =0o[1+ ki( Tiex - 20) ] 9)
9= o[ 1+ ki( Tiew - 20) ] (10
Op = gpo[ 1 + ki ( Tiewr - 20) ] (11)

Tiegt - 25
Ra= R (T 1o7) (12)

where O, gywand gparevauesdf O, gy, goat Tiex =
20 , Rypisthevaued Rya Tex =25 ,and ki is
a temperature codficient st to 0. 05 acoording to
Thornley and Johnson (1990) . We obtained the parame-
ters, 0o, Gw, 9w, and Ry , from the gas exchange data
ao by means of ronlinear leag square regresson of net
photosynthess rates on measured incident photon flux
dendty, dometal oonductance, and led temperature.
Thus the calculations of gomata conductance and net as
gmilation rate are coupled for the BBL and the TJ nod-
és. An iteration agorithm is needed to conpute net as
dmilation rate and gomatal conductance Smultaneoudy.
The prescribed micro-environmenta  conditions were
then used to drive the nodels, and somatal conductance

was cdculated and conpared between the two node s and
anong the three Pecies.

2 Result and Discussion

2.1 Parameters o the gometd conductance nodel's
The results of monlinear lead square regresson of
domatal conductance on observed reective independent
variables udng the two nodd sof domatal conductance are
gvenin Hgure 1 and Table 1 and 2. The regresson S¢
nificant analyss result by F teg is provided in Table 1
and 2. Hgure 1 conpares measured and predicted sonr
ata conductance (for 00;) by the two nodds for the
three pecies. The Fdatidics indicates that dl the re-
gressons are ggnificant. The BBL nodd explained
77.5%, 73. 6% and 81. 8% of variaions in diurna
gomata conductance for Populus simonii , Finus tabulae-
formis and Caragana intermedia , regpectively. The varia
tions explained by Go e a. (2002) are 62. 7%,
41.7 %, and 73. 5 % regectivdy. The BBL nodd ex-
plained nore variation of the gomata conductance than
the nodd by Go e al. (2002). Thisislargely because
al variables involved in the BBL nodd are ddined at
plant lesf , and net asimilation rate (A) is a better vari-
able to describe the energy available for active osotic ad-
jugment than incident photon flux dendty (1,). The
model by Go e al. (2002) , however , takes into ac
oount the weter flow from il to leaves in addition to the
active and passve hydrologca feedbacks in the leaves,
which is much nore conplicated than the processes at
leaves done. The tradeoff for usng net asimilation rate
ingdead of incident photon flux dendty as the driving
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Table 1 Nonlinear regresson resut for the BBL nodds
Secies Jdo a Do R? F F.(1%)
Popul us simonii 0.0740 29.99 0.247 1 0.775 F&s=112.5 3.9
Pinus tabul agormis 0.026 5 196.34 0.019 0 0.736 F]3_03 =97.7 3.97
Caragana intermedia 0.067 1 10.84 1.1794 0.818 Fg=147.0 3.9
Table 2 Nonlinear regresson result for the model by Go e a. (2002)
Species 9om Ky kp I8q R F Fe(1%) B o 9z
Popul us simonii 0.77 0.37 1.19 253.5 0.627 F33=37.1 3.52 2.7 - 2.06 0. 0015
Finus tabulad ormis 1.47 0.13 0.73 600 0.416 F4105:l4.2 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 domatal conductance is that it requires an it-
erative dgorithm to compute net asimilation rate and
gomatal conductance smultaneoudy in the BBL nodel .
Not only does an iterative agorithm consume tensor hun-
dreds times nmore conputer reources than a non-iterative
one, but a o the convergence problem asociated with it-
erative conputation quite often makes the smulation inr
posshle.

Table 1 indicates that the values of gy and Dy for

Pinus tabuladormis are much lower than those for the
other gecies. This means the domatal conductance at
light compensation point is lower , and the gomatal conr
ductance of the gpecies is nore sengtive to changesin ar
vapor pressure , than the other gecies.

The value of a for the pine tree is much higher than
other gecies. Thisindicates either more assimilated ener-
gy ent on somata opening, or the active hydrologca
osrotic adjugment are nore sndtive to asimilated ener-
gy, or hoth, for the pine.

Table 2 illugrates the edimated parametersof Goo e
al. (2002). The shrub Caragana intermedia and the
pine have lower dark osotic potentid (TTo) , thus have
greater tolerance for water dresses, than the deciduous
broadleaved poplar tree. The Caragana shrub and the
poplar tree, however , have larger guard cel conpliance
(ky) , or smaller guard cell modulus () , thus are nore
sengtive to increases in il water gress, than the pine.
Hence the poplar tree is the lead tolerant for and red gant
to il water dreses. The pine tree is nore tolerant for
il water dreses but less sendtive to incrementd il
water dreses, than the other two goecies. This result
means that the pine tree can maintain physologcaly ac-
tive a severe water sreses, but may a o lose water by
means of large trangiration , thus may not be good for il
water oonservation. The Caragana shrub, however , has

both higher tolerance and larger senstivity to incremental
il water gresses than the other gecies, hence can gve
large gomatal conductance for carbon assmilaion when
il iswet , and conserve water at severe il water gress.
These findings are condgent with those found in Go e
al. (2002) and d® in a number of experimental gudies
(Dong & Zhang, 2001 ; Monsn & SQrith, 1982; Nilsen
et al. , 1983). The Caragana shrub d= has the largest
ke , thus is nore sendtive to light intendty than the
trees.
2.2 Somatd oonductance under prescribed il and mi-
cro-climetic conditions

Fgure 2 gves the dmulated someatal conductance
with the two nodel's under prescribed scenarios with dif-
ferent il water potentiad and air vapor pressures, but
with a comnon diurna temperature and light conditions.
Both nodel s give larger gomatal conductance in the norn-
ing but smaller values in the dternoon. The calculated
domatal oconductance with the nodd by Go & al.
(2002) isin generd smdler than that with the BBL nod-
€. Both nodels have dmilar sendtivities to changes in
vgpor pressure. The nog didinct difference between the
two nodels, however , isther regponses to changesin il
water potential. The nodel by Go et al. (2002) re
gonds to changes in il water dreses. The regponse of
the poplar tree is epecidly evident because it has the
srdled tolerance for and res gance to il water $resses.
The regponses of the pine tree and the shrub are mot
drong because these two ecies are either much nore tol-
erant for or resgant to increases in il water greses. In
oontrag , the couple BBL-TJ nodd does not regpond to
il water dreses a dl. Hence the BBL nodd may ot
be appropriate for experimental data analys s and ecosys
tem dmulation in arid and sami-arid regons.
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Fg.2 Smuaed gometad conductance by the two nmodels under prescribed micro-environmenta conditions

3 Conclusion

Our goa was to tes , conpare the BBL nodel and
the Goo nodd usng the data fromfield gas exchange ex-
periments of three plant ecies in a semi-arid environ-
ment. The ronlinear regresson result indicated that the
BBL nmodd and the Geo nmodd could explain on average
77.6 % and 59. 3 % o variationsin the observed gometal
conductance reectively. The BBL nodd explained nore
varigtion of the domatal conductance than the Goo nmodd .
Thiswas largely because dl variables involved in the BBL
nodd were defined at the plant ledf .

The BBL nodd tended to give higher predictions to
domatal  conductance than the Geo nodel under pre-
cribed il and micro-climate conditions. The senstivity
anays s showed the regponses o the two nodel swere Snr
ilar to changes in vapor pressure. The sharp oontrag be-
tween the two models, however , was that the Geo nodel
responded to changes in il water dress to different ex-
tents while the BBL nodd coupled with TJ photosynthed s
nodd was indifferent to the increases of il water sress:

es. Thusthe BBL node , even though with its better ex-
planations of the variations in field domeata data, may ot
be gopropriate for experimental data analyss and gpplica
tions for ecosysems Smulation.

The andyds usng the Goo nodd indicaes that
Popul us simonii was the leag tolerant for and res gant to
water dreses among the three fecies dudied. PFinus
tabulagformis had both high tolerance and red gance than
other goecies, but the gomata conductance of the pine
tree isthe leagt insengtive to changes in il water gress
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 endtivity to incremental il water dresses than the
other ecies, thus can provide large gomatal conduc-
tance for photosynthess when il water gress was low ,
and conserve il water gress.
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