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Abstract

Water availability is the most limiting factor to global plant productivity, yet photosyn-

thetic responses to seasonal drought cycles are poorly understood, with conflicting

reports on which limiting process is the most important during drought. We address

the problem using a model-data synthesis approach to look at canopy level fluxes,

integrating twenty years of half hour data gathered by the FLUXNET network across six

Mediterranean sites. The measured canopy level, water and carbon fluxes were used,

together with an inverse canopy ecophysiological model, to estimate the bulk canopy

conductance, bulk mesophyll conductance, and the canopy scale carbon pools in both the

intercellular spaces and at the site of carboxylation in the chloroplasts. Thus the roles of

stomatal and mesophyll conductance in the regulation of internal carbon pools and

photosynthesis could be separated. A quantitative limitation analysis allowed for the

relative seasonal responses of stomatal, mesophyll, and biochemical limitations to be

gauged. The concentration of carbon in the chloroplast was shown to be a potentially

more reliable estimator of assimilation rates than the intercellular carbon concentration.

Both stomatal conductance limitations and mesophyll conductance limitations were

observed to regulate the response of photosynthesis to water stress in each of the six

species studied. The results suggest that mesophyll conductance could bridge the gap

between conflicting reports on plant responses to soil water stress, and that the inclusion

of mesophyll conductance in biosphere–atmosphere transfer models may improve their

performance, in particular their ability to accurately capture the response of terrestrial

vegetation productivity to drought.
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Introduction

Our understanding of the potential of terrestrial net

primary productivity is not complete without a clear

understanding of the main limitations on leaf photo-

synthesis (Loreto & Centritto, 2008). Water availability

is known to be the main limiting factor to global plant

photosynthesis (Boyer, 1982), in particular in arid or

semi-arid ecosystems within Mediterranean climate

regions (Nemani et al., 2003). Projections of climate

change suggest that higher temperatures, and increased

potential evapotranspiration, as well as changes in

seasonal precipitation patterns (IPCC WGI, 2007), will

aggravate the seasonal drought stress characteristic to

Mediterranean ecosystems (Giorgi et al., 2004; Wang,

2005; Giorgi, 2006; Beniston et al., 2007). Our under-

standing of the impacts of changing climate on these

ecosystems is poor due to a lack of understanding

concerning ecophysiological responses to soil moisture

stress and consequent effects on the cycling of carbon

and water (Loreto & Centritto, 2008).

The effect of water stress on plant photosynthesis and

stomatal conductance has been widely studied (Chaves,

1991; Wilson et al., 2000; Chaves et al., 2002). It has long

been accepted that stomatal control is the main driver

behind photosynthetic response to water stress (e.g.,

Cornic, 2000), limiting available leaf intercellular carbon,

thus slowing down photosynthesis and conserving

water (‘classical stomatal control’). Yet, the involvement
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of nonstomatal limitations has also been suggested

which takes the form of an additional metabolic or

biochemical constraint (e.g., Smirnoff & Stewart, 1985;

Vassey & Sharkey, 1989; Maroco et al., 2002; Reichstein

et al., 2002). Model-data studies have shown that these

biochemical limitations are necessary for explaining

drought responses of carbon and water fluxes from

forest canopies (Rambal et al., 2003; Reichstein et al.,

2003; Keenan et al., 2009b), and are backed up by

measurements of water stress-related changes in photo-

synthetic capacity in the field (e.g., Xu & Baldocchi,

2003). Most studies, however, do not take into account

mesophyll conductance. Changes in mesophyll conduc-

tance have been suggested to be one of the possible

nonstomatal physiological reactions to stress which can

play a part in the limitation of photosynthesis (e.g.,

Grassi & Magnani, 2005; Niinemets et al., 2005; Warren,

2008b). Much debate still remains as to the dynamic

between stomatal and nonstomatal limitations at differ-

ent levels of water stress (Flexas et al., 2002, 2004; Lawlor

& Cornic, 2002; Loreto & Centritto, 2008) and there is

large uncertainty as to the role played by stress-related

changes in mesophyll conductance.

Mesophyll conductance has historically been as-

sumed to be infinite, with stomatal control given the

sole role in the control of photosynthesis in water-

stressed conditions through the control of the leaf

intercellular CO2. However, there is increasing evidence

that mesophyll conductance is indeed finite (Ethier &

Livingston, 2004; Flexas et al., 2004, 2008; Niinemets

et al., 2009a), and it has been demonstrated to change

during leaf development (Miyazawa & Terashima,

2001), with nutrient availability (Warren, 2004), with

available radiation (Niinemets et al., 2006), leaf tem-

perature (Bernacchi et al., 2002), salinity (Loreto et al.,

2003), ambient CO2 concentrations (Flexas et al., 2007),

and to be related to soil water availability (Flexas et al.,

2002, 2004; Warren et al., 2004; Grassi & Magnani, 2005;

Warren, 2008a). Finite Gm would lead to a lower concen-

tration of CO2 reaching the chloroplast and any changes

in Gm during periods of low soil water availability could

potentially play an important role in controlling photo-

synthetic responses to water stress (Jones, 1973; Flexas

et al., 2008; Niinemets et al., 2009a). This could also

account for the differences observed in WUE estimated

from FLUXNET data in a conventional way (i.e. not

accounting for mesophyll conductance) and WUE esti-

mated by sap flow measurements (Rambal et al., 2003).

The logistic complications of making canopy mea-

surements of water stress effects on leaf photosynthesis

and Gm over long periods makes it difficult to scale up

results to trees in woodland conditions over entire

seasons and years. On top of this, only a few studies

have used quantitative analysis techniques to separate

the different limitations to photosynthesis (Ellsworth,

2000; Wilson et al., 2000). These two problems are being

approached by recent advances in inverse modelling

techniques which allow for the estimation of leaf eco-

physiological parameters from eddy-covariance flux

data (e.g., Rambal et al., 2003; Reichstein et al., 2003;

Wang et al., 2007; Carvalhais et al., 2008; Lasslop et al.,

2008) and recently the consideration of possible limita-

tions of photosynthesis due to a variable mesophyll

conductance (Grassi & Magnani, 2005).

In this paper, we use data from multiple FLUXNET

(http://daac.ornl.gov/FLUXNET/) sites to quantify the

role of both stomatal conductance and mesophyll con-

ductance in regulating forest ecosystem productivity

during drought periods. Both bulk canopy stomatal

and mesophyll conductance were calculated from the

FLUXNET data, using an inversion of the McNaughton

and Black equation (McNaughton & Black, 1973), the

Harley variable J method (Harley et al., 1992), and an

ecophysiological process-based photosynthesis-conduc-

tance model coupling (Farquhar et al., 1980; Leuning

et al., 1995) together with a canopy distribution model

(Campbell, 1986; Dai et al., 2004; Keenan et al., 2009b),

thus describing foliar photosynthesis and conductances

as distributed through the canopy. The resulting re-

sponses of the bulk canopy leaf intercellular and chloro-

plast carbon pool concentrations to changes in soil

water availability were thus assessed. A quantitative

analysis (Grassi & Magnani, 2005) allowed for the

separation and quantification of the different limitations

to forest productivity during drought.

Materials and methods

FLUXNET site data and data manipulation

The sites chosen cover six dominant species, over a wide

range of Mediterranean environmental conditions, and

include Quercus ilex, Quercus cerris, Fagus sylvatica, Pinus

halepensis, Pinus ponderosa, and Quercus douglasii, respec-

tively. Three of the studied sites are situated in Europe

(Puéchabon, France; Roccarespampani, Italy; Collelongo,

Italy), under the CarboEurope-IP project, one site in

Israel (Yatir) and two sites in the United States (Blodgett

and Tonzi, CA), under the AMERIFLUX project (Table 1).

The most common Mediterranean environments are

covered, from a savannah-type ecosystem (Tonzi,

CA) to semi-arid (Yatir, Israel), to mountainous (e.g.,

Collelongo, Italy; Blodgett, CA), across the three conti-

nents. FLUXNET provides continuous measurement of

carbon dioxide (broken down into net assimilation and

ecosystem respiration) and water fluxes on a seasonal

basis with half-hourly discrimination (Friend et al., 2007).
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New flux separation techniques now give the improved

level 4 data set (Reichstein et al., 2005), used in this study.

Fractional soil water storage

Understanding the response of observed carbon and

water fluxes to changes in soil moisture requires the

seasonal evolution of soil water content to be known. In

the absence of such measurements over the entire

rooting profile at each site, daily relative soil water

content [RSWC – the total soil water in the soil column

relative to maximum soil moisture content (Table 1)]

at each site was reconstructed using a simple water

balance model. This approach inverts the evapotran-

spiration rate inferred from the measured latent heat

flux, and determines the soil water balance with inputs

from precipitation and outputs to run-off and below-

ground drainage (as in Keenan et al., 2009b). Run-off is

calculated as a percentage of precipitation, and depends

on the soil hydraulic gradient and porosity of the soil

upper layer. Drainage is calculated to be inversely

proportional to fractional soil water content (calculated

as in Honeysett & Ratkowsky, 1989; Gracia et al., 1999;

see Keenan et al., 2009b for more details).

Both intersite and interannual soil water variability is

large, giving a broad range of water stress responses in

each of the six species with a particularly strong

drought experienced in 2003 at the European sites.

The Blodgett site soil water content shows little inter-

annual variability due to the lack of interannual varia-

bility in its climate during the studied period, and small

levels of water stress were experienced. In comparison,

at Puéchabon, soil water varies over a large range, with

levels reaching a prolonged low during 2003. This

drought period is also reflected at the Roccarespampani

site, with soil water levels in 2003 reaching half those of

2004. Yatir is a ‘man-made’ forest in a very arid region

of Israel and suffers annual periods of strong drought

stress. Each site experiences different degrees of water

stress-related decreases in assimilation rates and ob-

served evapotranspiration. Reconstructed seasonal soil

water cycle details are presented in Keenan et al.

(2009b).

Calculation of bulk canopy conductance and bulk leaf
intercellular carbon dioxide concentrations

Bulk canopy conductance (Gc) is the leaf-surface con-

ductance to water vapour (gs) scaled to the canopy

level, expressed on a ground-area basis. It can be

estimated from the observed latent heat flux under

dry canopy conditions and when soil evaporation is

negligible. We inverted the McNaughton and Black

equation for canopy latent heat flux (McNaughton &

Black, 1973) to estimate bulk canopy conductance, Gc:

Gc ¼ LHelg=ðrCpvpdÞ; ð1Þ

where LH is the measured latent heat flux (W m�2), e is

the coefficient for the conversion of latent heat to its

water equivalent [actual evapotranspiration (Ea)], l is

the latent heat of vaporisation of water (2 270 000 J kg�1),

g is the psychrometric constant (0.66 kPa K�1), r is the

density of air (kg m�3), Cp is the heat capacity of air

(1012 J kg�1 K�1), and vpd is the observed vapour pres-

sure deficit (kPa).

Using the estimated bulk canopy conductance to

carbon GcCO2
ð¼ Gc=1:6Þ, observed rates of net photo-

synthesis from the eddy-covariance measurements,

and atmospheric CO2 concentrations, canopy bulk leaf

intercellular CO2 concentration (Ci) can be calculated

Table 1 Details of the FLUXNET sites used in this study

Species Site location Period Longitude Latitude Altitude

Annual

precipitation

(mm)

Soil water

maximum

(kg m�2)

Mean

temperature

( 1C)

Quercus ilex Puéchabon, France* 2001–2004 31350 431440 270 1028 210 13.7

Quercus cerris Rocarespampani, Italyw 2002–2004 111550 421230 223 862 480 14.9

Fagus sylvatica Collelongo, Italyz 1998–1999 131350 411500 1560 1181 287 7.6

Pinus ponderosa Blodgett Forest, CA§ 2001–2004 �1201370 381530 1315 1402 582 11.9

Quercus douslasii Tonzi, CA} 2002–2006 �1201580 381260 177 601 270 16.3

Pinus halepensis Yatir Forest, Israelk 2001–2003 351300 311200 650 279 215 18.7

*Allard et al. (2008).
wKowalski et al. (2004).
zValentini et al. (1996).
§Goldstein et al. (2000).
}Baldocchi et al. (2004).
kGrunzweig et al. (2003).
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using the simple supply and demand algorithm

Ci ¼ Ca � ðAn=GcCO2
Þ; ð2Þ

where Ca (mmol mol�1) is the atmospheric carbon con-

centration. As all measurements used in the calculation

of bulk conductance have reference above the canopy,

boundary layer effects are assumed to be minimal for

the calculation of bulk Ci.

Data selection

The analysed FLUXNET data were filtered to consider

only daytime values by selecting data corresponding to

half hours with photosynthetically active radiation

(PAR) of 400mmol m�2 s�1 or greater, and assimilation

rates of greater than 2 mmol CO2 m�2 s�1. Following

Harley et al. (1992), only data corresponding to a leaf

intercellular carbon concentration of between 100 and

300 mmol mol�1 were used in the calculation of meso-

phyll conductance. Screening was also performed to

remove data relating to precipitation events, and ex-

treme temperatures (o51 or 4351). Gap filled data were

not considered.

Calculating bulk mesophyll conductance and carbon
dioxide concentrations in the chloroplast

The bulk canopy mesophyll conductance, Gm, is the

canopy scaled equivalent of leaf internal conductance

(Gm) from the sub-stomatal cavities to chloroplasts and

was estimated according to the variable electron trans-

port rate method of Harley et al. (1992)

Gm ¼ An=ðCi � G�ðJ þ 8ðAn þ RdÞÞ=ðJ � 4ðAn

þ RdÞÞÞ; ð3Þ

where Ci is the bulk canopy leaf intercellular carbon

concentration and An is the net photosynthetic assim-

ilation rate taken from the FLUXNET data. The CO2

compensation point, G�, and the mitochondrial respira-

tion rate, Rd, are calculated on a leaf temperature basis

using an Arrhenius-type equation (Bernacchi et al.,

2002). The canopy average electron transport rate,

J, was estimated for each site through the calibration

of a two-leaf (sun-shade) canopy photosynthetic

model (Farquhar et al., 1980; De Pury & Farquhar,

1997; Wang & Leuning, 1998; Dai et al., 2004; but see

Keenan et al., 2009b), coupled to a canopy distribution

model which divides the canopy into sunlit and shaded

leaves, with the amount of intercepted diffuse and

direct radiation depending on the time of the day,

season, and the area of leaf exposed to the sun (Camp-

bell, 1986). J depends on the maximal electron transport

rate (Jmax) and the PAR absorbed by photosystem II

(PARPS2), (De Pury & Farquhar, 1997), as the minimal

solution to

yJ2 � ðPARPS2 þ JmaxÞJ þ PARPS2Jmax ¼ 0; ð4Þ

where y is a curvature parameter. Jmax is calculated

independently for each site, using a maximal reference

value Jmax25 estimated through the calibrating of the

Farquhar et al. (1980) photosynthesis model to the

hourly flux data at each site (see Keenan et al., 2009b),

and an Arrhenius-type response based on leaf tempera-

ture (Medlyn et al., 2002). Leaf temperature is depen-

dent on the energy balance of the leaf. It was estimated

for both sunlit and shaded leaves for each site using the

two-leaf canopy photosynthetic model (Farquhar et al.,

1980; De Pury & Farquhar, 1997; Wang & Leuning, 1998;

Dai et al., 2004; but see Keenan et al., 2009b) which

calculates leaf temperature by using numerical iteration

to close the energy balance equations (coupling climate

variables, assimilation, and conductance). No direct

temperature effect was applied to the Harley approach,

as the effect of temperature on mesophyll conductance

is unresolved, with both positive and negative re-

sponses reported in the literature (Bernacchi et al.,

2002; Pons & Welschen, 2003; Niinemets et al., 2009b).

Cuticular conductance is assumed to have no significant

effect on calculations for the range of species and data

selected.

Bulk canopy Cc is then a function of the net photo-

synthesis assimilation rate, bulk canopy conductance

to carbon, GcCO2
, and bulk canopy mesophyll conduc-

tance, Gm

Cc ¼ Ca � ðAn=GcCO2
Þ � ðAn=GmÞ: ð5Þ

Quantitative limitation analysis

Using quantitative limitation analysis, it is possible to

calculate the limitations imposed on photosynthesis by

stomatal conductance (SCL), mesophyll conductance

(MCL), or biochemical processes (BL) at any time of

the year, assuming a reference maximum is available.

The filtered data were used to separate the three differ-

ent limitations on maximum photosynthesis, following

Grassi & Magnani’s (2005) elaboration of Jones (1985).

Thus the response of each limitation to changes in soil

water availability could be observed.

This approach makes it possible to compare absolute

or relative limitations to assimilation over any period

of time. The analysis partitions photosynthesis limita-

tions into components related to stomatal conduc-

tance, mesophyll conductance, and leaf biochemical

characteristics (assuming that a reference maximum

assimilation rate can be defined as a standard). Light-

saturated photosynthesis is generally limited by sub-

strate availability and can be expressed as (Farquhar
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et al., 1980)

An ¼
VcmaxCc

ðCc þ Kcð1þO=ðKOÞÞÞ
ð1þ G�

Cc
Þ � Rd; ð6Þ

where Kc and Ko are the Michaelis–Menten constants for

CO2 and O2, and O is atmospheric O2 concentration. At

the canopy level, this assumes that the canopy is limited

by Vcmax, which is not always the case. We assumed

canopy Vcmax limitation during mid-day hours, and

used only data points with a Ci value of less than

300 mmol mol�1. A change in leaf assimilation can be

then expressed in terms of the relative changes in Vcmax

and Cc as

dAn ¼
dAn

dCc
dCc þ

dAn

dVcmax
dVcmax: ð7Þ

With Cc calculated as in Eqn (5), changes in Cc can

then be expressed as

dCc ¼
An

GcCO2

dGcCO2

GcCO2

þ An

Gm

dGm

Gm

� 1

GcCO2

þ 1

Gm

 !
dAn: ð8Þ

From Eqn (6) the sensitivity of assimilation to carbox-

ylation potential can be finally expressed as

dAn

dAmax
¼ An

Vcmax
: ð9Þ

Relative changes in light-saturated assimilation can

then be expressed in terms of parallel relative changes

in Gc and Gm and in biochemical capacity (i.e., in

maximum carboxylation rate) by substituting Eqns (8)

and (9) into Eqn (7)

dA=A ¼ SCL þ MCL þ BL

¼ ls
dGcCO2

GcCO2

þ lm
dGm

Gm
þ lb

dVcmax

Vcmax
; ð10Þ

ls ¼
ðGtot=GcCO2

ÞdAn=dCc

Gtot þ dAn=dCc
;

lm ¼
ðGtot=GmÞdAn=dCc

Gtot þ dAn=dCc
;

lb ¼
Gtot

Gtot þ dAn=dCc
;

ð11Þ

where Gtot is total conductance to CO2 between the leaf

surface and carboxylation sites ð1=Gtot ¼ 1=GcCO2

þ1=GmÞ, SCL, MCL, and BL are the contributions of

stomatal and mesophyll conductance and of maximum

carboxylation rate to dA/A, respectively, and ls, lm, and

lb are the corresponding relative limitations, with

value between 0 and 1. The relative change in light-

saturated assimilation can be defined as the ratio

of the actual value of Amax over the maximum value

over the season

dAn

An
� Aref

max � Amax

Aref
max

: ð12Þ

Relative changes in Gc and Gm and Vcmax were

obtained similarly and used in Eqns (10) and (11). By

explicitly considering mesophyll conductance, it is thus

possible to partition nonstomatal limitations among the

two underlying mechanisms related to CO2 diffusion

and carboxylation.

This method of calculating the relative limitations

requires knowledge on the photosynthetic Rubisco

capacity, Vcmax. This was estimated in a similar manner

to the estimation of Jmax, using a maximal reference

value Vcmax25 [with an Arrhenius type response based

on leaf temperature (Bernacchi et al., 2001; Medlyn et al.,

2002)], and a two-leaf canopy coupled conductance-

photosynthesis model calibrated to hourly flux data at

each site (Farquhar et al., 1980; Campbell, 1986; Wang &

Leuning, 1998; Dai et al., 2004; but see Keenan et al.,

2009b). No response of Vcmax to soil water stress was

considered.

Results

Conductance, assimilation, and carbon concentrations

The rate of photosynthesis, the concentration of carbon

in the chloroplast, and mesophyll conductance, was

observed to be intricately linked. Mesophyll conduc-

tance was found to have a strong role in the control of

carbon available for assimilation in the chloroplast. The

imperfect scaling with stomatal conductance followed a

logarithmic relationship. Changes in high conductance

values had little effect on the concentration of carbon in

the chloroplast, while changes at low rates of conduc-

tance led to big differences in the available carbon at the

site of carboxylation (Fig. 1a).

Large differences in concentration were observed

between the Ci and Cc pools for both the Q. ilex species

at Puechabon and the Q. douglasii species at Tonzi

during periods of low internal conductance. Maximum

mesophyll conductance was comparatively low for both

species when compared with the other species included

in the study (Fig. 1a). Although Q. ilex is a broadleaf

evergreen species, and Q. douglasii deciduous, both

have very coarse, sclerophyllous, and drought-tolerant

leaves. The range of Ci–Cc reached for the two decid-

uous species at Collelongo and Roccarespampani was
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comparatively low, reaching a maximal value of

200 mmol mol�1 at low levels of mesophyll conductance.

Both demonstrated relatively high levels of mesophyll

conductance, reaching 0.4 mol m�2 s�1. Blodgett, by far

the wettest site included in the study, showed levels of

mesophyll conductance comparable to those observed

at Puechabon and Tonzi, but the difference between the

two carbon pools was small. At Yatir, the driest site in

the study, mesophyll conductance levels were very low,

and a strong response of drawdown was observed at

low levels of conductance.

The deciduous species at Collelongo and Roccare-

spampani showed high rates of assimilation and con-

ductance compared to the other sites. The other

deciduous species at Tonzi, in comparison, showed

much lower rates of both conductance and assimilation.

At Blodgett, the wettest site, both assimilation

and conductance were observed within a narrower

range than at the other sites. The Yatir site showed

very low rates of assimilation and conductance. Assim-

ilation levels corresponded closely to the rate of meso-

phyll conductance at each site, with increased

dispersion observed with increasing conductance levels

(Fig. 1b).

An–Ci curves are used extensively to extract para-

meters for calculating photosynthesis. Such curves cal-

culated on the basis of Cc were much less susceptible to

variation (Fig. 2), i.e. Cc is statistically subject to less

variation with respect to An and demonstrates a stron-

ger response to changes in An. This suggests that the

concentration of carbon in the chloroplast could be a

more reliable estimator of assimilation rates than the

concentration of carbon in the intercellular spaces in all

species. This was equally true to conditions of high

water availability as to dry conditions.

Responses to changes in soil water

The concentration of carbon in the chloroplast was more

responsive to changes in soil water content than the

intercellular carbon pool at each of the studied sites at

low soil water levels (Fig. 3), thus in part explaining the

reduced variance associated with using the carbon

concentration in the chloroplast as an estimator for the

rate of assimilation. As soil water stress set in, the

carbon pool in the chloroplast diminished in parallel

with the carbon concentration in the intercellular

spaces, driven by stomatal closure. As the stress pro-

gressed in severity, the role of mesophyll conductance

increased, reducing the concentration of carbon in the

chloroplast at a faster rate than the reductions of

the carbon concentration in the intercellular spaces,

Fig. 1 (a) Bulk canopy mesophyll conductance (Gm, mol m�2 s�1) against the drawdown (Ci–Cc, mmol mol�1) of CO2 from the

intercellular spaces to the chloroplast. (b) Bulk canopy mesophyll conductance (Gm, mol m�2 s�1) against net photosynthesis (An,

mmol m�2 s�1), for each of the studied sites. Fitted lines represent the regression y 5 a0 1 a1log10(x) for n data points, where a0, and a1

are Puechabon (n 5 1465) (a) �10.91, �119.68, (b) 13.21, 11.55; Collelongo (n 5 185) (a) 3.93, 114.55, (b) 9.21, 13.03; Roccarespampani

(n 5 214) (a) 18.9, �97.89, (b) 15.46, 16.84; Blodgett (n 5 195) (a) �25.52, �132.22, (b) 10.63, 10.95; Tonzi (n 5 546) (a) �32.74, �151.05,

(b) 15.11, 14.14; Yatir (n 5 78) (a) �18.12, �98.39, (b) 12.89, 9.94.

1024 T . K E E N A N et al.

r 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 1019–1034



i.e. the stomata responded first, causing a reduction in

both carbon pools, and mesophyll conductance de-

creased with increasing water stress, further limiting

the carbon pool in the chloroplast.

The difference between the carbon pools remained

steadily constant until a site-specific soil water level is

met, at which point mesophyll conductance decreased,

limiting the transfer of carbon from the intercellular

spaces to the site of carboxylation in the chloroplast

(Fig. 4). This is directly related to changes in soil water

content and varied between sites and species. That said,

a general response was found among all species stu-

died. As the stress progressed in severity, the propor-

tional role of the stomata decreased, while the role of

mesophyll conductance became increasingly important

in the limiting of assimilation rates. The observed

responses were statistically significant at all sites except

Yatir (Table 2).

Quantitative limitation analysis

The effect of changes in soil water content on the

response of the relative role of each limitation varied

between sites (Fig. 5). Significant relationships between

soil water and each limitation were found for all sites,

except for biochemical limitations at the Blodgett site

(Table 3). The balance between stomatal and mesophyll

conductance limitations (SCL and MCL) was site depen-

dent, but an increasing role of MCL with increased soil

water stress was generally observed, with the response

of MCL reaching or surpassing that of SCL at all sites

except the Collelongo site. The species at Collelongo is

the deciduous F. sylvatica, which is the only nontypical

Mediterranean species included in the study. Of the

remaining species the response of MCL was strongest in

three (Q. ilex, Q. cerris and P. halepensis). The response of

SCL was of a similar magnitude to that of MCL for two

Fig. 2 Rate of bulk canopy assimilated carbon (An) against CO2 concentrations in the leaf intercellular space (O: Ci, mmol mol�1), and the

chloroplast ( 1 : Cc, mmol mol�1), at each of the studied sites. Fitted lines represent the polynomial regression y 5 a0 1 a1(x) 1 a2(x2) for n

data points, where n 5 1465 (Puechabon), 185 (Collelongo), 195 (Blodgett), 214 (Roccarespampani), 546 (Tonzi), 78 (Yatir).
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species (P. ponderosa, Q. douglasii). The role of the

biochemical limitation (BL) decreases steadily during

the season at each site.

Discussion

Conductance and internal carbon dynamics

The finite internal conductance observed in all species

results in a significant decrease in CO2 concentrations

from Ci to Cc, imposing a large limitation on photo-

synthesis. This supports suggestions that mesophyll

conductance plays a big role in the control of photo-

synthesis, and may decrease rapidly after the onset of

water stress (e.g., Centritto et al., 2003; Flexas et al., 2008;

Niinemets et al., 2009b). Measurements in the literature

are scarce, but the values reported here compare well

against available data. The Cc values reported here for

optimal assimilation conditions (high An) for Q. ilex and

F. sylvatica fall within values published for these species

in a recent literature review (Warren & Adams, 2006;

Warren et al., 2007). No published values could be

found for the other species included in the study.

Results here show that photosynthesis and the inter-

nal carbon dynamics of the leaf are not largely affected

by changes in mesophyll conductance when conduc-

tance is high. As both mesophyll conductance and the

rate of carbon assimilation control the concentration of

carbon in the chloroplast, which in turn limits the rate

of photosynthesis, a response is observed in the relation

between mesophyll conductance and assimilation rates

at lower conductance rates (Fig. 1b), with little differ-

ence resulting in changes of mesophyll conductance

above 0.2–0.3 mol m�2 s�1, and large changes below.

The threshold observed here highlights the sensitivity

of the rate of photosynthesis to the concentration of

Fig. 3 The response of concentrations of CO2 in the leaf intercellular spaces (O: Ci, mmol mol�1) and in the chloroplast ( 1 : Cc,

mmol mol�1) to changes in the available relative soil water content (RSWC – total soil water content relative to its maximum) for each site.

Fitted lines represent the polynomial regression y 5 a0 1 a1(x) 1 a2(x2) for n mid-day data points, where n 5 235 (Puechabon), 120

(Collelongo), 130 (Blodgett), 54 (Roccarespampani), 267 (Tonzi), 64 (Yatir).
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carbon available for assimilation. The tight coupling

between the rate of photosynthesis, the concentration

of carbon in the chloroplast, and mesophyll conduc-

tance shows the potential importance of mesophyll

conductance in the control of photosynthesis. It is im-

portant to note that this close correlation could in part

be explained by the larger role given to An in the

calculation of Cc, when compared with the role of An

Fig. 4 The CO2 concentration gradient between the leaf intercellular spaces and the chloroplast (Ci–Cc, mmol mol�1) against changes in

the relative soil water content (RSWC – total soil water content relative to its maximum) at each site. Fitted lines represent the polynomial

regression y 5 a0 1 a1(x) 1 a2(x2) for n midday data points, where n 5 235 (Puechabon), 120 (Collelongo), 130 (Blodgett), 54 (Roccar-

espampani), 267 (Tonzi), 64 (Yatir).

Table 2 Drawdown (Ci–Cc, mmol mol�1) from the intercellular spaces to the sites of carboxylation, and bulk canopy mesophyll

conductance (Gm, mol m�2 s�1) in the species studied under different soil water availabilities

Species

Ci–Cc range (mmol mol�1) Gm range (mol m�2 s�1)

High soil water Low soil water High soil water Low soil water

Quercus ilex 57–101 112–218 0.054–0.21 0.014–0.072

Quercus douslasii 69–94 98–271 0.13–0.24 0.023–0.047

Quercus cerris 42–104 74–164 0.19–0.38 0.03–0.072

Pinus halepensis 56–119 61–211 0.05–0.12 0.02–0.08

Pinus ponderosa 53–77 56–148 0.11–0.23 0.06–0.12

Fagus sylvatica 34–54 52–168 0.12–0.34 0.015–0.17

High soil water:40.65; Low soil water: lowest 10% reached.
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in the calculation of Ci. There is, as yet, no An indepen-

dent method by which to estimate Gm, thus such a

problem is currently common to all studies of stomatal

and mesophyll conductance. We cannot conclude,

therefore, that Cc is a better estimator of An, until an

independent method of estimating Gm is developed.

Similar responses of drawdown to changes in meso-

phyll conductance were observed in the deciduous

species at Collelongo and Roccarespampani, with each

showing large gradual responses to changes in meso-

phyll conductance (Fig. 1a), possibly reflecting structur-

al characteristics of deciduous leaves. This was not

observed at the deciduous species, Q. douglasii at Tonzi,

however, though Tonzi receives almost half the rainfall

than Collelongo and 50% less than falls in Roccare-

spampani, leading to high levels of water stress and

Fig. 5 Regressions of results from the analysis of independent limitations of photosynthesis at each site, over an available soil water

gradient (data not shown), relative to their minimum limitation (with nongrowth periods excluded). Limitations are (1) stomatal

limitation (red solid line, SCL), (2) mesophyll conductance limitation (blue dashed line, MCL), (3) biochemical limitation (black dotted

line, BL). Relative soil water content (RSWC) is the total soil water content relative to its maximum.

Table 3 Statistics associated with the regressions of Fig. 5

y 5 a0 1 a1(x) 1 a2(x2)

Puechabon Collelongo Rocca Blodgett Tonzi Yatir

r2 P r2 P r2 P r2 P r2 P r2 P

SL 0.62 o0.01 0.57 o0.01 0.11 o0.03 0.27 o0.01 0.71 o0.01 0.25 o0.01

MCL 0.37 o0.01 0.22 o0.01 0.50 o0.01 0.38 o0.01 0.34 o0.01 0.57 o0.01

BL 0.67 o0.01 0.66 o0.01 0.36 o0.01 0.13 o0.40 0.67 o0.01 0.70 o0.01

N 1465 185 214 195 546 78
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lower conductance. Q. douglasii leaves have a low

metabolic rate, are very coarse and well structured,

thus possibly limiting internal diffusion. The response

observed for Q. douglasii was similar to that of the

broadleaf evergreen species Q. ilex at Puechabon, pos-

sibly reflecting similar leaf structural characteristics

[leaf dry mass per area: Q. douglasii � 165 g m�2;

Q. ilex � 185 g m�2 (Xu & Baldocchi, 2003;)Keenan

et al., 2009a]. This response was less noticeable for the

needle leaf evergreen species P. ponderosa (leaf dry mass

per area � 250 g m�2) at Blodgett, possibly due to the

large quantity of rainfall and high soil water availability.

The real determinants of differences in mesophyll con-

ductance are, however, as yet unknown, though it has

been suggested that leaf anatomy, morphology, and

biochemical factors are all involved (Warren, 2008b;

Niinemets et al., 2009a).

The finding that Ci–Cc varies between species and as a

function of available soil water goes against some other

previous studies (von Caemmerer & Evans, 1991;

Evans, 1999; Evans & Loreto, 2000). These studies solely

considered response curves of assimilation against me-

sophyll conductance with few limited data sets. The

analysis here included the response of the concentration

of CO2 in the chloroplast, and with an extremely large

data set, highlights the imperfect scaling of assimilation

with mesophyll conductance and demonstrates that

different magnitudes of species- or site-dependent

responses are possible.

The data presented here does not give the full range

of carbon concentrations normally encountered in leaf

measurements due to filtering imposed to assure the

reliability of the calculated variables, and thus the

regressions are not intended as model An–C curves.

This is aggravated by the large amount of scatter

and the low correlation values observed, due the

fact that we are looking at the effect of a large scale

slow changing process (soil water content), on a fine

scale process with a very fast dynamic (carbon pools),

using observations taken from above the canopy. The

range of values (e.g., those reported in Table 2),

for drawdown and mesophyll conductance is there-

fore larger than normally encountered with leaf level

measurements.

However, the results qualitatively show that carbon

in the chloroplast potentially exerts a greater control

over photosynthesis than carbon in the intercellular

spaces. This is possibly due to the fact that it is the

carbon in the chloroplast, which is used for assimilation

purposes, and thus variance in the relation between

carbon concentration and assimilation rates is reduced

by using the concentration of carbon in the chloroplast

instead of intercellular carbon concentrations. Hence,

much of the error associated with the use of An–Ci

curves can be explained by variations in mesophyll

conductance.

Limitations

The debate over the relative roles of stomatal conduc-

tance, mesophyll conductance, and biochemical pro-

cesses in the limitation of photosynthesis continues,

with several studies favouring one or the other control

mechanism (stomatal: Cornic et al., 1989; Sharkey, 1990;

mesophyll: Warren & Adams, 2006; Galmes et al., 2007;

biochemical: Wilson et al., 2000; Xu & Baldocchi, 2003).

Here we have demonstrated that mesophyll conduc-

tance reacts strongly to water stress as in previous

studies (Flexas et al., 2002; Warren et al., 2004). Both

the loss of turgor (Cornic et al., 1989; Renou et al., 1990),

and the activity of aquaporins (Terashima & Ono, 2002;

Kaldenhoff et al., 2008; Miyazawa et al., 2008) have been

highlighted as possible mechanisms behind this decline

in mesophyll conductance. The magnitude of this reac-

tion to water stress was shown to vary between sites,

with no clear signal of a general tendency of either

stomatal or mesophyll conductance dominance over

photosynthetic reactions to water stress. This study

was not capable of ending the debate, but showed that

a variety of responses is possible, with SCL or MCL both

capable of responding strongly to water stress in differ-

ent species under the same analytical methodology. In

Puéchabon, Roccarespampani, and Yatir, the response

of mesophyll conductance to water stress is stronger

than that of stomatal conductance at low soil water

levels. The contribution of SCL at low soil water avail-

ability was strongest at Collelongo, Blodgett, and Tonzi.

This may be due to the amount of soil water stress

experienced, with Puéchabon, Roccarespampani, and

Yatir characteristically encountering more water stress,

thus invoking stronger MCL.

There is no clear understanding of the processes

responsible for BL, with many different possibilities

highlighted in the literature. Particular attention has

been paid to stress-induced leaf senescence (Kramer,

1983), inhibition due to high temperatures (Haldimann

& Feller, 2004), denitrogenisation (Grassi & Magnani,

2005), enzyme deactivation (Tezara et al., 1999; Lawlor

& Cornic, 2002), activity of aquaporins (Flexas et al.,

2004; Kaldenhoff et al., 2008; Miyazawa et al., 2008)

among many other possible mechanisms (Kaiser, 1987;

Chaves et al., 2002; Lawlor & Cornic, 2002; Bota et al.,

2004). By assuming no stress effect on Vcmax we expli-

citly omit the possibility of BL due to water stress

changes in carboxylation capacity in our analysis, and

focus on the balance between the two conductance

limitations. Limited data are available on the response

of Vcmax to water stress, and that which is available has
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not taken into account the effect of a variable mesophyll

conductance. The inclusion of a stress induced reduc-

tion in Vcmax proportionally reduces the role of both

SCL and MCL, and has been demonstrated to be suffi-

cient for modelling the stress response of carbon and

water fluxes (Reichstein et al., 2003; Keenan et al.,

2009b). With higher BL, SCL, and MCL would decrease

in parallel (Grassi & Magnani, 2005), but the SCL : MCL

ratio reported here would not change. More field mea-

surements of Vcmax, together with measurements of

mesophyll conductance, are needed to fully understand

the processes involved and their role under increasing

stress levels.

The parabolic nature of the responses reflects the fact

that other factors such as phenology and leaf develop-

ment could not be separated from the soil water effect.

This response, however, compares well with that re-

ported in Grassi & Magnani (2005, fig. 6), although

presented here in a different format. The relative limita-

tions reported here are similar to those reported for

other tree species (e.g., Epron et al., 1995; Warren et al.,

2003, 2004) and underline the fact that internal conduc-

tance constitutes a large limitation on CO2 fixation. The

presented results suggest that mesophyll conductance

may be more limiting for photosynthesis than stomatal

conductance in water-stressed regions. This is consis-

tent with a predominant role of metabolic rather than

structural determinants of mesophyll conductance,

such as aquaporins (Flexas et al., 2006). The inclusion

of mesophyll conductance in process-based models of

terrestrial vegetation may therefore improve our ability

to model regional carbon and water fluxes, particularly

in regions which suffer seasonal water stress (Ethier &

Livingston, 2004; Niinemets et al., 2009b) or are likely to

do so under future projected climate change.

Methodological considerations

The presented work makes several assumptions regard-

ing possible influencing factors, which could not be

quantified from the available data. It was first necessary

to assume neither stomatal patchiness nor cuticular

conductance have a significant effect when making

calculations which average over the whole canopy.

It has been reported that, in leaf level experiments,

stomatal patchiness may invalidate leaf internal carbon

calculations, in particular in drought conditions (Buck-

ley et al., 1997; Mott & Buckley, 2000). Other more recent

studies, however, have shown that the influence of

stomatal patchiness over calculations of internal carbon

do not carry so much weight as had been earlier

reported (Lawlor & Cornic, 2002). Also, it has been

reported that the effect of stomatal patchiness is not as

large in the field as it is in laboratory experiments, due

to the slow time scale of the onset of drought (Gunase-

kera & Berkowitz, 1992).

The procedure used to estimate the electron transport

rate through the closure of the canopy energy budget by

numerical iteration could generate inaccuracies. In par-

ticular, it has been suggested that the electron transport

rate is negatively affected by water stress (Sharkey &

Badger, 1982; Flexas et al., 1999), though the results were

not transferable to field studies and were only signifi-

cant at extremely low soil water potentials. It has been

shown that even a large overestimation by 50% in the

electron transport rate results in at most a 4–8% under-

estimation of Gm (Niinemets et al., 2006) and the degree

of underestimation was larger for higher values of

internal diffusion conductance, that is, for a situation

where a large difference in internal diffusion has a small

effect on the concentration of carbon in the chloroplast.

This agrees with previous evidence demonstrating that

the sensitivity of Gm to minor errors in gas exchange

and fluorescence measurements increases with increas-

ing Gm (Harley et al., 1992; Ethier & Livingston, 2004).

The larger scatter observable between in the values of

response variables at higher Gm values in our study

further supports this. Therefore, the determination of

Gm for species with inherently low internal conductance

such as the Mediterranean species studied here is con-

cluded to be robust against small deviations in the

estimation of the electron transport system (Harley

et al., 1992; Niinemets et al., 2006). We tested this

robustness by reducing Jmax in proportion to soil water

levels and comparing the resulting mesophyll conduc-

tance levels with those reported above. This led, on

average, to an 11% reduction in the estimated meso-

phyll conductance during periods of high water stress,

but did not change the qualitative nature of the re-

sponses shown. The presence of alternative electron

sinks may underestimate the rate of internal conduc-

tance. However, a lack of alternative electron sinks has

been demonstrated over a large temperature gradient

(Badger et al., 2000).

We assumed in this study that all flux measurements

were attributed to the dominant species at each site.

This is not always the case, as other tree species on the

site, or an active understory, could potentially make

large contributions to the total measured fluxes. Little

information is available on the flux contribution of

different species in mixed forests or for forest under-

stories in the FLUXNET network. For this reason, we

focused on highly monospecific stands, and excluded

sites at which strong contributions from understory

activity had been reported. Data from outside of the

growth-period were also excluded. This can not guar-

antee, however, that the results are unaffected by the

presence of nondominant species, and it should be
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noted that the greatest benefit of FLUXNET data is in

evaluating process representations, rather than in pro-

viding an unbiased estimate of net CO2 exchange

(Friend et al., 2007).

Conclusions

It is as yet unclear as to what processes drive the

response of global photosynthesis to drought condi-

tions. Here, we have used a ‘scale-down embedded in

scale-up’ approach (Root & Schneider, 1995; Rambal

et al., 2003), to understand the driving processes behind

drought imposed changes in forest carbon and water

fluxes. The results of this study highlight the impor-

tance of mesophyll conductance in the control of ter-

restrial vegetation productivity, both in well-watered

conditions and in response to soil water stress. The

concentration of carbon in the chloroplast was shown

to potentially be a more reliable estimator of assimila-

tion rates than the intercellular carbon concentration.

This is of importance when modelling photosynthetic

rates, both in well-watered and dry conditions. A strong

response of mesophyll conductance to soil water stress

was observed at all sites. A complex dynamic was

observed at each site between the responses of stomatal

and mesophyll conductance limitations to photosynth-

esis. These results have important implications for

regional canopy-level photosynthesis modelling, and

may explain the some of the difficulties ecosystem

models encounter when modelling carbon and water

fluxes in Mediterranean conditions. This could be of

particular importance in the estimation of Mediterra-

nean primary production, both in current day condi-

tions and when modelling responses to projected future

climate change.
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