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Abstract

Two highly contrasting variables summarizing the efficiency of transport of materials within the leaf are recognized as 
playing central roles in determining gas exchange and plant performance. This paper summarizes current approaches 
for the measurement of mesophyll conductance to CO2 (gm) and leaf hydraulic conductance (Kleaf) and addresses the 
physiological integration of these parameters. First, the most common methods to determine gm and Kleaf are summa-
rized. Next, novel data compilation is analysed, which indicates that, across diverse species, gm is strongly linked with 
gas exchange parameters such as net CO2 assimilation (Aarea) and stomatal conductance (gs), and with Kleaf, indepen-
dently of leaf vein length per leaf area. Based on their parallel responses to a number of environmental variables, this 
review proposes that gm is linked to the outside-xylem but not to the xylem component of Kleaf. Further, a mechanistic 
hypothesis is proposed to explain the interactions among all these and other physiological parameters. Finally, the 
possibility of estimating gm based on this hypothesis was tested using a regression analysis and a neurofuzzy logic 
approach. These approaches enabled the estimation of gm of given species from Kleaf and leaf mass per area, provid-
ing a higher predictive power than from either parameter alone. The possibility of estimating gm from measured Kleaf 
or vice-versa would result in a rapid increase in available data. Studies in which gm, Kleaf, and leaf mass per area are 
simultaneously determined are needed in order to confirm and strengthen predictive and explanatory models for 
these parameters and importantly improve resolution of the integrated hydraulic-stomatal-photosynthetic system.

Key words: Coordination traits, leaf hydraulic conductance, leaf mass area, mesophyll conductance, photosynthesis, vein leaf 
area.

Introduction

The mesophyll conductance to CO2 assimilation (gm; mol 
CO2 m

–2 s–1) and the leaf hydraulic conductance (Kleaf; units 
mmol m–2 s–1 MPa–1) are two variables that importantly influ-
ence transport of materials within the leaf. These two varia-
bles have been increasingly recognized as playing central roles 
in determining gas exchange rates and plant performance. 
However, while both traits have independently been the focus 
of a large number of studies in the past two decades, very few 
have focused on their coordination. In this work, the aims 
were 3-fold: (i) to summarize current approaches and point 

to key resources for the measurement of gm and Kleaf; (ii) to 
present theory and a novel data compilation showing their 
physiological integration; and (iii) to indicate the importance 
of frontier research based on quantifying both variables.

Despite the fact that both gm and Kleaf are named as ‘con-
ductances’, gm and Kleaf could not be more different in what 
they represent. These traits quantify the effectiveness of the 
transport of different substances, in partially distinct leaf 
tissues, by different physical processes, and are estimated 
with completely different measurement techniques. Thus, 
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gm represents the conductance of the diffusional pathway of 
gaseous CO2 from the substomatal cavity through the meso-
phyll tissue into the cells and then into the chloroplasts where 
biochemical assimilation occurs (Flexas et al., 2012a,b). Kleaf 
represents the conductance of the bulk flow pathway of liq-
uid water from the petiole through the xylem throughout 
the leaf and across the bundle sheath surrounding the veins, 
through or around cells to the sites of evaporation (Tyree and 
Zimmermann, 2002; Sack and Holbrook, 2006). gm is meas-
ured using gas exchange systems in combination with other 
methods, whereas Kleaf is typically measured using hydraulic 
apparatus. While gm is known to be composed of the con-
ductances of a number of components of the diffusional 
pathway, including those of the intercellular air spaces (gias), 
cell walls (gcw), and chloroplast outer membrane (gchl), among 
others (Flexas et al., 2012b), in practice it has not yet been 
directly decomposed into its fractions due to current techni-
cal limitations. By contrast, Kleaf has been considered in terms 
of its subcomponents, the conductance of the outside-xylem 
pathways (Kox) (including apoplastic, symplastic, and cell-
to-cell pathways for water movement), and the xylem path-
ways (Kx; i.e. the pathways inside the veins, both of which 
are strongly influenced by the vein length per leaf area, VLA, 
also known as ‘vein density’; reviewed in Sack and Scoffoni, 
2013a). These parameters—gm, Kleaf, Kox, Kx, and VLA—are 
those discussed in detail most in this paper, with other physi-
ological and structural traits being briefly defined at their first 
appearance.

Despite their representing the transport of contrasting 
substances according to different physics, both gm and Kleaf 
contribute strongly to the determination of maximum rates 
of photosynthesis and its dynamics under shifting environ-
mental conditions, and they partly share a mechanistic basis. 
In reviewing the measurement techniques and analysing what 
can be derived from their integration, this work promotes 
a new approach towards clearer resolution of the complete 
hydraulic-stomatal-photosynthetic system that fuels plant 
growth. This review also highlights that the concept of ‘opti-
mization’ of water use and carbon gain now needs to consider 
xylem and outside-xylem flow pathways, and within-leaf gas 
phase delivery to chloroplasts.

Current approaches to the measurement of 
mesophyll conductance (gm)

There are currently three major approaches commonly used 
for the estimation of gm, although other methods have been 
described (see details in Warren, 2006; Pons et al., 2009; Flexas 
et al., 2012a). These three current approaches are (i) the on-
line carbon isotope discrimination method (i.e. the ‘Evans’ 
method, after Evans et al., 1986); (i) the combined chroro-
phyll fluorescence and gas exchange method (i.e. the ‘Harley’ 
method, after Harley et al., 1992); and (iii) the curve-fitting 
method (i.e. the ‘Ethier’ method, after Ethier and Livingston, 
2004). All three methods have advantages and drawbacks.

The Evans method is based on the idea that the discrimina-
tion of Rubisco against 13C depends on the CO2 concentration 

at the carboxylation sites inside the chloroplasts (Cc). When 
using common infra-red gas analysers (IRGAs), the CO2 con-
centration in intercellular air spaces (Ci) is estimated; thus, 
one can estimate a ‘theoretical’ discrimination (Δ13Ci) assum-
ing that Ci=Cc. The difference between Δ13Ci and the actual 
measured discrimination (Δ13Cr) can be then used to estimate 
Cc, which enables estimation of gm, as gm=AN/(Ci–Cc), where 
AN is the net CO2 assimilation determined with the IRGA. 
This method requires the use of a mass spectrometer or a 
tuneable laser diode for the measurement of Δ13Cr, coupled 
to an IRGA for the measurement of AN and Ci, and a priori 
knowledge of carbon isotope discrimination throughout the 
CO2 assimilation process: that is, (i) during CO2 diffusion in 
air from outside the leaf through stomata into the intercel-
lular air spaces; (ii) during Rubisco and PEPcase carboxy-
lation (and the relative rate of the two reactions); and (iii) 
during respiration and photorespiration. All these values 
are considered as constants, which introduces uncertainty 
in the estimation, because potential differences across spe-
cies and/or experimental conditions have not yet been fully 
quantified (Flexas et al., 2012a). Another drawback of this 
method is that it cannot be used directly under field condi-
tions, although the method may be applied by collecting air 
from gas exchange chambers in the field into flasks and later 
performing an ‘off-line’ discrimination analysis in the labora-
tory, or by using the discrimination of recently synthesized 
sugars after their extraction in the laboratory (see Flexas 
et al., 2012a for details). Further, the precision of tuneable 
laser diodes and mass spectrometers (except dual-inlet con-
figurations) is often too low for the reliable determination of 
the carbon isotope discrimination of a small area of leaf, and 
thus larger-than-typical gas exchange cuvettes are generally 
required (Pons et al., 2009; Flexas et al., 2012a). The main 
advantage of this method is that it is the only one based on 
combining information from two completely independent 
measurements (gas exchange and carbon isotope discrimina-
tion) determined from the exact same photosynthetic tissue.

The Harley method is based on the assumption that all the 
energy and reducing power generated by the electron trans-
port reactions in the chloroplast thylakoid membranes is 
used to fuel either photosynthetic carboxylation or oxygena-
tion (i.e. photorespiration), while their use in other processes 
(e.g. photosynthetic nitrate reduction, Mehler reaction) is 
negligible. The gm can thus be estimated from measurements 
of the rate of electron transport (ETR) using a chlorophyll 
fluorimeter, and measurements of the AN and the rate of day 
respiration using an IRGA. The ETR is used to estimate the 
gross photosynthetic rate, and hence the net CO2 assimilation 
can be used to estimate the fractions of thylakoid energy used 
in carboxylation and oxygenation, and then the Cc can be 
estimated using a priori knowledge of the Rubisco specificity 
factor or the CO2 photocompensation point (Γ*) and other 
factors that may be obtained using independent methods (fur-
ther details can be found in Warren, 2006; Pons et al., 2009; 
and Flexas et al., 2012a). A main drawback of this method 
is that ETR is estimated from the fluorescence of the top cell 
layers of the leaf, while photosynthetic gas exchange is meas-
ured from the bulk leaf enclosed in the IRGA cuvette. Thus, 
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basing a gm estimate on these two mismatched measurements 
can introduce uncertainty, especially in thick leaves. Another 
drawback of this approach is the requirement of many addi-
tional measurements for the estimation of gm, such as leaf 
absorpance (required for accurate estimation of ETR), day 
respiration, and Γ*. The main advantage of this method is 
that it is easier to use under field conditions, while still com-
bining two independent measurements for the estimation of 
gm (Pons et al., 2009; Flexas et al., 2012a).

Finally, the Ethier method is based on the idea that a finite 
gm increases the curvature of the graphical plot of the meas-
ured response of AN to Ci (i.e. the A–Ci curve). Using a spe-
cifically designed curve-fitting based on the Farquhar et al. 
(1980) model of photosynthesis, one can estimate an average 
gm in addition to the standard parameters yielded from A–Ci 
curve analysis (i.e. the maximum velocities of carboxylation 
and electron transport; respectively Vcmax and Jmax). The obvi-
ous advantage of this method is that it only requires the use 
of an IRGA. However, a drawback of this method, as for 
the Evans method, is the need for a priori knowledge of Γ* 
and other Rubisco kinetics and their temperature responses, 
all of which are typically treated as constants based on the 
values reported for tobacco by Bernacchi et al. (2002), thus 
not accounting for potential differences across species and/
or experimental conditions. The other major drawback of 
this method is its statistical extraction of values for at least 
three unknowns (gm, Vcmax, and Jmax) from a single curve-fit-
ting exercise, which it is often statistically weak, unless one 
has exceptionally clean and smooth A–Ci curves with a large 
number of points or Ci intervals.

Because all three methods present a number of drawbacks 
and require many assumptions that are often not fully tested, 
several have recommended the use of at least two methods 
simultaneously to report differences in gm among species or 
treatments (Pons et al., 2009; Flexas et al., 2012a).

Current approaches to the measurement of 
leaf hydraulic conductance (Kleaf)

The leaf hydraulic conductance (Kleaf=1/leaf hydraulic resist-
ance) is determined as the ratio of the water flow rate through 
the leaf to the water potential gradient driving force for water 
movement across the leaf. The Kleaf summarizes the behaviour 
of a complex system: water moves through the petiole and 
through several orders of veins, exits into the bundle sheath 
and passes through (via symplastic or cell-to-cell pathways) 
or around (via apoplastic pathway) mesophyll cells before 
evaporating into the airspace and being transpired from the 
stomata (Sack and Tyree, 2005; Sack and Holbrook, 2006). 
The Kleaf has been quantified for over 20 years, with a dra-
matic increase since the late 1990s, and a number of differ-
ent approaches have been used based on different techniques. 
Currently, most researchers measure Kleaf for excised leaves, 
typically using one of four methods: (i) the evaporative flux 
method (EFM); (ii) the rehydration kinetics methods (RKM); 
(iii) the high pressure flowmeter (HPFM); and (iv) the vac-
uum pump method (VPM). A minority of researchers use (v) 

in vivo methods for estimating Kleaf. All these methods have 
advantages and drawbacks in terms of logistics, field port-
ability, biological realism, and precision.

The EFM is based on driving transpiration (E) for a leaf 
with petiole attached to a potometer, and when flow (and leaf 
water potential, Ψleaf) reaches a steady state, subsequently 
determining the water potential driving force across the leaf 
(ΔΨleaf), with Kleaf=E/ΔΨleaf. Resources for describing EFM 
measurement include Sack et al. (2002), Brodribb et al. (2007), 
Scoffoni et al. (2008, 2012), Guyot et al. (2012), and a recent 
movie (Sack and Scoffoni, 2013b). A drawback of the EFM 
is its relying on estimating the water potential driving force 
for water movement from equilibrated, non-transpiring leaf 
tissue, using the pressure chamber (or another technique, for 
example psychrometry) which introduces some uncertainty, 
as the true driving force during transpiration may be stronger, 
by an amount that depends on where in the leaf the water 
is evaporating and the precise transpiration pathways, which 
are largely unknown (reviewed by Sack et al., 2002; Sack and 
Tyree, 2005; Sack and Holbrook, 2006; Guyot et  al., 2012; 
Scoffoni et al., 2012). The main advantages of the EFM are 
its simplicity, practicality, and realism, as the transpiration of 
the excised leaf is just as in vivo, driven by the vapour pressure 
deficit (VPD) of the ambient air. Additional advantages are 
the ability to manipulate light, and potentially temperature 
and humidity around the leaf, and also to estimate stomatal 
conductance (gs) during the measurement (Guyot et al., 2012; 
Sack and Scoffoni, 2013b). A measurement can be made in 
30–60 min.

The RKM is based on estimating the Kleaf during the uptake 
of water into a partially dehydrated leaf. In an early version of 
this method, Kleaf was estimated from (i) the initial Ψleaf deter-
mined from equilibrated adjacent leaves, (ii) the final Ψleaf 
after rehydration, (iii) the rehydration time, and (iv) the water 
uptake during rehydration, which was in turn estimated from 
the water potential measurements, and the leaf water storage 
capacitance estimated from pressure volume curves; resources 
for that measurement include Brodribb and Holbrook (2003) 
and Brodribb et al. (2005). A more recent, refined version of 
the RKM, the ‘Dynamic-RKM’, involves directly measuring 
the water uptake during rehydration, rather than estimating 
this based on the capacitance. Resources for this measure-
ment include Brodribb and Cochard (2009), Blackman and 
Brodribb (2011), and Brodribb et al. (2011). A drawback of 
either version of the RFM is its relying on estimating the water 
potential driving force for rehydration from equilibrated leaf 
tissue which introduces some uncertainty, as the true driving 
force during rehydration may be stronger. Further drawbacks 
include uncertainty in some of the inputs into the calculation, 
such as noisiness in the data arising from determining initial 
and final Ψleaf from different, albeit approximately equili-
brated leaves and the precise rehydration time (since the leaf 
mesophyll may continue to rehydrate even after the petiole is 
removed from water). Additional drawbacks of this approach 
include the uncertainty of the flow pathways during rehydra-
tion and the degree that these pathways mimic those of tran-
spiration. The advantage of this measurement is its rapidity, 
as measurements can be made within minutes.
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The HPFM typically involves forcing water through a sys-
tem of tubing including a high-resistance segment of tubing 
placed between two pressure transducers, through the peti-
ole, into a leaf until it leaks from the stomata and a steady 
state flow is established. The Kleaf is measured using the 
known pressure applied and the drop in pressure in the high-
resistance tubing relative to that across the leaf (resources 
include Yang and Tyree, 1994; Sack et al., 2002; Tyree et al., 
2005). Drawbacks include the inability to measure partially 
dehydrated leaves, which is often desirable to determine the 
dynamics of Kleaf with dehydration. Further, this measure-
ment approach involves artificial conditions arising in the 
leaf, including the flooding of mesophyll and forcing of water 
through the airspaces out of the stomata. The question has 
been raised of whether stomatal closure might influence the 
measurement (Sack et  al., 2002; Rockwell et  al., 2011) but 
detailed tests indicated that this was a negligible factor (Sack 
et al., 2002; Tyree et al., 2005; Cochard et al., 2007; Nardini 
et al., 2010). Rockwell et al. (2011) also hypothesized that the 
flooding of the mesophyll would possibly reduce the Kleaf, 
but data have not been conclusive. A major advantage of this 
method is the ease of controlling light and/or temperature, as 
the leaf can be maintained submerged in a temperature-con-
trolled water bath. A measurement can be made in 30–60 min. 
Several modified versions of this approach have been devel-
oped using the pressure chamber to drive flow, either by forc-
ing water out of the leaf lamina cells through the petiole 
protruding from the chamber (Franks, 2006), or by submerg-
ing a shoot underwater in the pressure chamber and forcing 
water through the stomata into the mesophyll, and thereby 
into the xylem and eventually out of the cut shoot protruding 
from the chamber (Postaire et al., 2010; Prado et al., 2013).

The VPM is based on drawing water out of the leaf using 
subatmospheric pressures and determining Kleaf as the slope 
of flow rate against pressure (Martre et  al., 2001; Nardini 
et al., 2001; Sack et al., 2002). Drawbacks of this method are 
lack of realism in subatmospheric pressure as a driving force 
for water flow within the leaf airspaces, a lack of field port-
ability and lengthy measurement times (up to 2 h per leaf). 
Further, some leaves show non-linearities of flow against 
pressure, implying changes in flow pathways within the leaf, 
or damaged cells (e.g. Martre et al., 2001).

Notably, while the HPFM and VPM are least realistic 
and have drawbacks, a major advantage of these methods is 
the ability to calculate Kleaf directly, rather than as a ratio of 
two separate measurements as occurs for EFM and dynamic 
RKM (i.e. from E and ΔΨ). Consequently, the data tend to 
be less noisy and fewer replicates are often necessary (e.g. 5–6 
for HPFM or VPM; whereas often >10 are required for EFM 
and RKM). Thus, if  few leaves are available for measurement, 
e.g. due to species rarity or complex experimental treatments, 
then these methods can be especially attractive.

In vivo measurements of Kleaf have been made (i.e. leaf tran-
spiration (E) determined while still attached to the plant). The 
E can be estimated from sapflow methods or gas exchange 
measurements, and the water potential driving force esti-
mated as the difference between bagged and unbagged leaf 
water potential (reviewed in Sack and Tyree, 2005). In vivo 

measurements can be subject to instability, without clear 
steady state transpiration, and thus are frequently noisy. 
Further, these methods do not allow the control of environ-
mental conditions as for methods applied to excised leaves. 
A major challenge for ongoing methods development is an in 
vivo method that is accurate and reliable, which would enable 
the characterization of Kleaf dynamics in real time and in vivo, 
rather than on excised leaves (cf. Scoffoni et al., 2012).

The integration of mesophyll conductance 
and leaf hydraulic conductance

Meta-analysis of the coordination of gm and Kleaf

The gm and Kleaf might be expected to be coordinated, due to 
their both being critically involved in leaf function and deter-
minants of photosynthetic rate, and further they may depend 
in part on some shared structural and/or physiological traits, 
leading to a partially integrated mechanistic basis. Thus, 
Griffiths and Helliker (2013) suggested that water transport 
efficiency, as determined by hydraulic supply and regulation 
by stomata, might influence gm, but the question has not 
been investigated directly with data. Using a newly compiled 
dataset for diverse species (Supplementary Table S1, available 
at JXB online) for gm, Kleaf, stomatal conductance (gs), and 
light-saturated photosynthetic rate, the current work found 
novel trends for a coordination among these traits on both a 
leaf area- and a leaf mass-normalized basis (Fig. 2A–E). In 
this dataset was found the coordination of gm, gs, and pho-
tosynthetic rate per leaf area (Aarea) previously reported in a 
number of recent papers (Fig.  1A and B; see Flexas et  al., 
2002, 2004, 2012b, 2013). There was also a strong correla-
tion of Aarea with Kleaf (Fig.  2A and C), as has been previ-
ously reported across species (Brodribb and Holbrook, 2006; 
Franks, 2006; Walls, 2011). Only a non-significant empirical 
trend was found between Kleaf and gs in these data, although 
such a relationship has been reported previously (Franks, 
2006). The current work also discovered a correlation of gm 
with Kleaf with across diverse species. A  previous heuristic 
indication that a relationship of gm with Kleaf might exist was 
provided by Flexas et al. (2012b), who had found a correla-
tion across diverse species of gm with hydraulic conductances 
of various organs, for related species within the same genus or 
family, when excluding a number of outliers. This new analy-
sis shows that this trend holds strongly across diverse dicot 
species. These trends were all strengthened by placing traits on 
a leaf-mass basis (Fig. 2D–F; see following section for addi-
tional discussion of area- and mass-based normalization).

Implications of the coordination of Kleaf with gm exist 
at multiple scales. The correlation of Kleaf with gm but not 
significantly with gs in this work’s dataset implies a shared 
mechanistic basis for trait coordination (as will be discussed). 
The typical explanation for the correlation of Kleaf with gs 
and Aarea across species is based on optimal hydraulic design, 
such that plants should have a Kleaf that matches their gs to 
match hydraulic supply with demand, when operating within 
a narrow range of soil water potential, leaf water potential, 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert319/-/DC1
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and VPD (to be explained further). However, across species 
adapted to varying environments, such correlation of Kleaf 
with gs would be expected to be weak. The correlation of Kleaf 
with gm across species implies an additional co-selection of 
high gm to enhance greater CO2 assimilation to optimize per-
formance for species with high Kleaf and gs to enable higher 
rates of gas exchange. This finding suggests that, while his-
torically it has been thought that water use and assimilation 
are coordinated within the plant due simply to their co-reg-
ulation by stomata, that the concept of ‘optimization’ of 
water use and carbon gain now needs to consider xylem and 
outside-xylem flow pathways, and within-leaf gas phase deliv-
ery to chloroplasts. Indeed, this correlation of Kleaf and gm 
indicates the possibility of partial overlap in their mechanistic 
basis (i.e. due to their both depending on mesophyll structure 
and physiology, as will be discussed).

The independence of the coordination of Kleaf with gm from 
the xylem was highlighted by the non-correlation of Kleaf with 
VLA (‘vein density’) in these compiled data (Fig.  3). The 
VLA is an important underlying factor in the hydraulic con-
ductance of both the xylem (Kx) and outside-xylem pathways 
(Kox), since a higher VLA will increase xylem pathways in 
parallel and reduce the flow pathways outside the xylem via 
apoplastic, symplastic, and/or cell-to-cell pathways (Sack and 
Scoffoni, 2013a). In other datasets, VLA has been hypoth-
esized to be a strong, or even the major, driver of variation 
across species in Kleaf and thus, the main determinant of the 
correlation of Kleaf with gas exchange (Sack and Frole, 2006; 
Brodribb et al., 2007; Boyce et al., 2009). However, multiple 
traits in addition to VLA can influence both Kx and Kox. For 
example Kx also depends importantly on the number and 
sizes of conduits within the veins, and in particular in the 
major veins (McKown et al., 2010; Sack and Scoffoni, 2013a). 
Further, the Kox depends additionally on mesophyll structure 

and physiology (Sack and Scoffoni, 2013a; to be discussed 
further). Thus, in these data, it appeared that Kox was a major 
influence on Kleaf and independent of VLA, and that Kleaf cor-
related with gm due to their influence by a common factor, 
and that this contributed in part to the correlation of Kleaf 
with Aarea, a point to be further discussed.

Coordination on a leaf-area versus leaf-mass basis

Traditionally, gas exchange variables, gm included, have been 
normalized by dividing by leaf area but also often expressed 
on a per leaf-mass basis by dividing the area-normalized rates 
by leaf mass per area (LMA). By contrast, hydraulic supply 
to leaves has been traditionally only expressed on a leaf-area 
basis; however, recent studies have begun also to normalize 
Kleaf on a leaf-mass basis (Kleaf,mass; Niinemets and Sack, 2006; 
Nardini et al., 2012; Simonin et al., 2012). Recent work has 
demonstrated that some trait correlations, and in particular 
those among ‘leaf economics’ variables expressed on a mass 
basis, such as photosynthetic rate per leaf mass (Amass), nitro-
gen concentration per leaf mass (Nmass), and LMA, arise in 
part automatically, or by statistical necessity, given their basis 
of expression per unit leaf area or per unit leaf dry mass 
(Lloyd et  al., 2013; Osnas et  al., 2013). Thus, correlations 
among mass-based traits and LMA may result when mass-
based traits are determined by dividing area-based traits by 
LMA (e.g. Kleaf,mass=Kleaf/LMA). Similarly, correlations among 
area-based traits and LMA may result when area-based traits 
are determined by multiplying mass-based traits by LMA (e.g. 
Narea=Nmass×LMA) (Lloyd et al., 2013; Osnas et al., 2013; Sack 
et al., 2013). This review follows Sack et al. (2013) in referring 
to such correlations as ‘innate correlations’. These linkages 
may arise due to the calculation of variables, but still represent 
physical phenomena important to plant function. Leaves built 

Fig. 1. Coordination of mesophyll conductance (gm) with (A) stomatal conductance (gs) and (B) maximum assimilation rate per area 
(Aarea) across diverse species in a compiled database. Gymnosperms (dark grey circles; n=12), ferns (light grey circles; n=3), monocots 
(open circles; n=14), and dicots (filled circles; n=144) are represented. Standard major axes were fitted through the dicotyledons dataset 
only. (A) gm=0.999gs+0.016; (B) gm=0.019Aarea–0.054. ***P<0.001.
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of cells with thicker cell walls will tend to have higher LMA 
and to have ‘diluted’ physiological rates and conductances 
that are expressed on a mass basis, and thus lower Amass and 
Kleaf,mass. The resulting negative correlations of Kleaf,mass and 
Amass with LMA relevant to leaf economic performance: leaves 
with high LMA will yield less return in hydraulic conduct-
ance and photosynthetic rate over short timescales but have 
benefits over long leaf lifetimes (Westoby et al., 2013). Thus, 
even if  they arise in part innately, relationships among mass-
based traits are considered by most to represent mechanistic 
trait linkages with ecological significance, especially given that 

mass-based traits scale up most directly to influencing whole-
plant relative growth rate (to be discussed). Thus, the correla-
tion of Kleaf with gm on a mass basis (Fig. 2D–F) indicates a 
coordination that would scale up to influencing whole plant 
carbon budgets.

Common dynamic responses of gm and Kleaf

The previous section showed the coordination of steady-
state, maximum values of gm and Kleaf (i.e. under non-stress 
conditions). However, both parameters are dynamic at a 

Fig. 2. Coordination of mesophyll conductance (gm), stomatal conductance (gs), and maximum assimilation rate (A) with leaf hydraulic 
conductance (Kleaf) on an area (A–C) and mass basis (D–F) across angiosperm species in a compiled database. Monocotyledons [open 
circles; n=3: Oryza sativa (OrSa), Phragmites australis (PhAu), and Triticum aestivum (TrAe)] and dicotyledons (filled circles; n=20) are 
represented. Standard major axes are fitted through the data for dicotyledons. (A) gm=0.025Kleaf–0.031; (B) no significant correlation 
was found; (C) gm=1.69Kleaf–0.92; (D) gm,mass=0.027Kleaf,mass–0.072; (E) gm,mass=0.021Kleaf,mass–0.022; (F) Amass=1.06Kleaf,mass–64.7. NS, 
P>0.05; **P<0.01; ***P<0.001.
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range of time scales from minutes to hours to days to sea-
sons to years (Sack and Holbrook, 2006; Flexas et al., 2007, 
2008). The short-term dynamics (seconds to hours) of both 
variables have attracted increasing attention because of their 
likely ability to influence instantaneous and daily means for 
water use and photosynthetic carbon gain.

Indeed, gm and Kleaf show responses which are similar 
in direction and extent to a number of environmental vari-
ables (Table 1). In response to increased leaf temperature, gm 
increases to an optimum, depending on the species and accli-
mation conditions, and then decreases thereafter (Bernacchi 
et  al., 2002; Warren and Dreyer, 2006; Yamori et  al., 2006; 
Warren, 2008a), although the latter decrease has been debated 
(Evans and von Caemmerer, 2013). The gm also shows a 
longer-term acclimation, i.e. for plants growing and produc-
ing leaves under different temperature regimes (Yamori et al., 
2006; Bunce, 2008; Flexas et al., 2008; Warren, 2008a). The 
Kleaf also increases in response to temperature, both due to the 
increase in viscosity of water and to the greater permeabil-
ity of membranes in the outside-xylem pathways (Sack et al., 
2004). Few studies have analysed the short-term dynamics of 
gm in response to irradiance, yet most of them except Tazoe 
et al. (2009) have found a positive correlation (Gorton et al., 
2003; Flexas et al., 2007; Douthe et al., 2011), and gm seems to 
be modulated by light quality as well (Loreto et al., 2009); fur-
ther, shade leaves have lower gm than sun leaves (Hanba et al., 
2002; Piel et al., 2002; Warren et al., 2007; Monti et al., 2009). 
These responses are similar in direction to those of Kleaf, which 
in a number of species increases in the short-term with irradi-
ance, and depends on light quality, and increases over the long 
term during acclimation to sun versus shade (e.g. Sack et al., 
2002, 2003; Tyree et al., 2005; Cochard et al., 2007; Scoffoni 
et al., 2008; Brodribb and Jordan, 2011; Sellin et al., 2011).

Of all environmental conditions, the influence of water 
stress (from short-term leaf dehydration to long-term 
drought or exposure to salinity) is by far the one for which 
most reports on the dynamics of gm and Kleaf have been pub-
lished. Regardless of the velocity of water stress imposition, 
gm strongly decreases in response to water stress in a wide 
range of species (e.g. Bongi and Loreto, 1989; Roupsard 
et  al., 1996; Flexas et  al., 2002, 2006a, 2009; Diaz-Espejo 
et  al., 2007; Galmés et  al., 2007; Perez-Martin et  al., 2009; 
Misson et al., 2010; Galle et al., 2011). Similarly, the strong 
decline of Kleaf with dehydration has been studied in over 100 
species (e.g. Nardini et  al., 2001; Brodribb and Holbrook, 
2003; Scoffoni et  al., 2012). The bulk of studies show a 
strong decline of gm with leaf dehydration; only a few studies 
have reported minor effects on gm (e.g. Warren et al., 2011). 
Similarly, the Kleaf declines with water stress in all species, but 
the steepness and shape of this decline varies across species, 
with more drought-sensitive species experiencing stronger 
declines at mild dehydration (Scoffoni et al., 2012).

However, based on the data available, the responses of gm 
to CO2 and VPD do not parallel those of Kleaf. A large num-
ber of studies using different species and methods to estimate 
gm have observed that low CO2 increases gm (Centritto et al., 
2003), and rapidly increasing CO2 results in strong decreases 
of gm (Düring, 2003; Flexas et  al., 2007; Hassiotou et  al., 

Fig. 3. Independence of (A) mesophyll conductance, (B) leaf 
hydraulic conductance, (C) stomatal conductance, and  
(D) maximum assimilation rate per area (Aarea) from leaf vein 
length per area across diverse species in a compiled database. 
Gymnosperms (grey circles; n=3 in A, C, and D), monocots (open 
circles; n=3 in A, C, and D), and dicots (filled circles; n=31, 14, 30, 
and 31 in A, B, C, and D, respectively) are represented. Correlation 
coefficient and significance were obtained from standard major 
axes fitted through the dicot dataset only. NS, P>0.05.
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2009; Vrábl et al., 2009; Yin et al., 2009; Bunce, 2010; Douthe 
et al., 2011). Only one study in wheat showed no response of 
gm to increased CO2 in the short term (Tazoe et al., 2009). In 
the long term, Singsaas et al. (2003) reported decreased gm, 
with higher CO2 only in some species and not in many oth-
ers. Velikova et al. (2009) showed in Platanus orientalis that 
new leaves emerged when plants were already growing at high 
CO2 showed much larger decreases of gm than pre-existing 
leaves. Salazar-Parra et al. (2012) also showed decreased gm 
with long-term high CO2 in grapevines. By contrast, recent 
studies have found no effect of high CO2 on Kleaf in soybean 
(Bunce, 2006; Locke et al., 2013). More studies will be needed 
to confirm such a lack of response in Kleaf to CO2.

The response of gm to VPD is less certain. Under a sud-
den increase in VPD, Bongi and Loreto (1989) observed a 
decreased gm in Olea europaea, whereas Warren (2008b) 
did not observe any response in several species, including 
Eucalyptus regnans, Phaseolus vulgaris, and Solanum lyco-
persicum. Perez-Martin et  al. (2009) observed longer-term 
acclimation of gm to VPD in Olea europaea and Vitis vinifera. 
One study has shown an increase in Kleaf in response to VPD 
(Levin et al., 2007).

Thus, the similar responses of gm and Kleaf to several envi-
ronmental factors—notably, temperature, light, and leaf 
water status—provide another line of evidence for their 
mechanistic coordination and integrated influence on leaf 
function under dynamic conditions.

Mechanistic basis for the coordination: the outside-
xylem tissues

Previous work on the coordination of  Kleaf with photosyn-
thetic rate per leaf  area (Aarea) has emphasized the influence 

of  Kleaf on stomatal conductance (gs), mediated by leaf  water 
potential (Sack and Holbrook, 2006; Holloway-Phillips and 
Brodribb, 2011). However, this work’s novel finding of  a 
coordination of  gm and Kleaf in the compiled data, in which 
gs was uncorrelated with Kleaf, implies that the coordination 
of  Aarea with Kleaf is due to more than simply the scaling of 
hydraulic and stomatal conductances. It is posited that prop-
erties of  the outside xylem pathways which influence Kleaf 
and gm in common underlie this coordination (see network 
diagram in Fig.  4). Based on a previously developed con-
ceptual model for the coordination of  leaf  traits (Sack and 
Scoffoni, 2013a; Sack et al., 2013) synthesized from previous 
studies of  a wide range of  species sets, the common basis 
of  Kleaf and gm can be clarified. In brief, Kleaf and its com-
ponents, the vein xylem hydraulic conductance (Kx) and the 
outside-xylem hydraulic conductance (Kox) are influenced 
by a number of  leaf  vein traits (Cochard et al., 2004; Sack 
et al., 2004, 2005; McKown et al., 2010; Sack and Scoffoni, 
2013b):

 K K Kleaf x ox= +( )– – –1 1 1
 (1)

The Kx is influenced by the vein cross-sectional conduc-
tivity of each vein order, which is in turn influenced by the 
numbers and dimensions of the xylem cells. Further, Kx and 
Kox depend on the VLA and the number and size of free-end-
ing veins (FEVs), and the sizes, numbers, and permeability 
of the bundle sheath and bundle sheath extensions (BS and 
BSEs) along with the mesophyll water flow pathways (MPs). 
Additional vein traits influence the sensitivity of Kx to xylem 
embolism: the major vein length per area (major VLA) and 
the topology of the vein system. These aspects of the vein 

Table 1. Coordinated dynamics of leaf hydraulic and mesophyll conductance with short-term changes water status, irradiance, vapour 
pressure deficit (VPD), temperature, and CO2

Resulting  
response of gm

Example  
references

Resulting  
response of Kleaf

Example  
references

Declining water status Decrease, 0–100% Roupsard et al. (1996); Flexas et al. 
(2002); Galmés et al. (2007); Perez-
Martin et al. (2009); Misson et al. 
(2010); Galle et al. (2011)

Decrease, up to 100% Nardini et al. (2001); Brodribb 
and Holbrook (2003); Blackman 
et al. (2010); Scoffoni et al. 
(2012)

Increasing light Increase, 0–250% Gorton et al. (2003); Flexas et al. 
(2007); Tazoe et al. (2009); Douthe 
et al (2011)

Increase, 0–367% Sack et al. (2002); Tyree et al. 
(2005); Cochard et al. (2007); 
Scoffoni et al. (2008)

Increasing VPD Decrease, 0–60% Bongi and Loreto (1989); Warren 
(2008), Pérez-Martín et al. (2009)

Increase, up to 401% Levin et al. (2007)

Increasing temperature Increase, 0–400%a Bernacchi et al. (2002); Warren and 
Dreyer (2006); Yamori et al. (2006); 
Warren (2007); Flexas et al. (2008); 
Evans and von Caemmerer (2013)

Increase, up to 175% Sack et al. (2004)

Increasing CO2 Decrease, 0–90% Loreto et al. (1992); Singsaas et al. 
(2003); Flexas et al. (2007), Hassiotou 
et al. (2009); Tazoe et al. (2009); Vrábl 
et al. (2009); Bunce (2010); Douthe 
et al. (2011)

= Bunce (2006)

aThe gm scaled with temperature with a slope of 5% per degree Celsius (Evans and von Caemmerer, 2013).
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system influence the abundance of redundant high conduc-
tivity pathways around embolized xylem conduits.

Because the leaf is an important hydraulic limitation in the 
plant, and Kleaf scales with the whole plant hydraulic conduct-
ance (Kplant) (Sack et  al., 2003; Sack and Holbrook, 2006), 
vein traits scale up to influencing Kplant, by the Ohm’s law 
analogy, leaf water potential (Ψleaf) at a given transpiration 
rate (E):

 ∆Ψleaf to soil plant− − = E K/  (2)

 Ψ Ψleaf plant soil= +E K/  (2a)

where ΔΨleaf-to-soil is the water potential gradient between leaf 
and soil, and Ψsoil is the soil water potential. Coordination 
with stomatal conductance arises because

 E g= ×VPD (3)

where VPD is the vapour pressure deficit, and g is leaf con-
ductance to water vapour, primarily driven by the stomatal 
conductance (gs) under wind of sufficient speed that the the 
boundary layer conductance (gb) is not limiting,

 Ψ Ψleaf s plant soilVPD= ×( ) +g K/  (4)

Fig. 4. The coordinated influence of leaf traits (including vein traits) on hydraulic, stomatal, and photosynthetic traits and whole-plant 
relative growth rate, based on a synthesis of the previous literature (updated from Sack and Scoffoni, 2013a and Sack et al., 2013; see 
text for definitions and explanation). Yellow-shaded variables are vein traits; brown variables are related to soil, climate, and atmosphere; 
blue variables are flux-related traits that have been found or hypothesized to be correlated across species and to be linked with vein 
traits; pink variables are other leaf economics variables; and white variables are additional important traits. For several traits, both leaf 
area-based expressions (such as Aarea, Narea, and Rarea) and leaf mass-based expressions (Amass, Nmass, and Rmass) are shown. Note that 
the ‘Ψ’ represents the water potential of different tissues in the plant, correlated with leaf water potential (Ψleaf) which drives impacts 
on hydraulic conductances and stomatal conductance. Black solid arrows signify positive mechanistic linkages; black dotted arrows 
indicate negative mechanistic linkages; green arrows indicate dynamics of hydraulic and stomatal conductances with water status; 
grey arrows indicate an alternative way to consider the impact of physiological traits on RGRmax (i.e. showing the more direct influence 
of Amass on RGRmax, than that of Aarea). Other possible impacts of VLA on Aarea are not shown, including effects via improving sugar and 
nutrient transport. This schema is simplified, emphasizing the influence of venation on higher-level traits, and many other influences of 
traits on other traits are not shown (e.g. the negative influence of ULR and RGRmax by Rarea and Rmass). The emboldened arrows highlight 
the partial common basis for the outside-xylem hydraulic conductance (Kox) which influences Kleaf, and the mesophyll conductance to 
CO2 diffusion (gm).
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Given these relationships, in many cases across species, 
gs must be coordinated with Kplant (i.e. matching hydraulic 
demand with supply; Tyree and Zimmermann, 2002; Sack 
et al., 2005; Sack and Holbrook, 2006). That would be the 
case when Ψleaf varies only within narrow limits at a given 
range of VPD and Ψsoil. Howver, for plants under substan-
tially different soil moisture or VPD regimes, the coordination 
of gs and Kplant may shift (a point to be further discussed). For 
a given species, the gs is a function of the maximum stoma-
tal conductance (gmax) and the degree that stomatal closure 
declines as the leaf dehydrates to a given Ψleaf. The gmax is a 
function of stomatal dimensions and numbers (quantified as 
stomatal size, density, index, and pore area index; Sack et al., 
2003; Franks and Farquhar, 2007).

Ultimately, the photosynthetic rate per leaf area (Aarea) 
is importantly controlled by this hydraulic-stomatal coor-
dination. The Aarea is determined by the chloroplastic CO2 
concentration (Cc) and biochemical parameters including 
the electron transport rate (Jmax) and the maximum rate 
of carboxylation (Vcmax), while Cc is depends on the ambi-
ent CO2 concentration (Ca), gs, and mesophyll conductance 
(gm; Farquhar et al., 2001; Flexas et al., 2012b). The Jmax and 
Vcmax depend on the activity of light and carbon reactions per 
leaf area, and would relate to leaf nitrogen concentration per 
area (Narea), as would the respiration rate (Rarea) (Evans et al., 
2000).

The Kx and Kox are dynamic, like Kleaf, and the hydrau-
lic conductances elsewhere in the plant. All are sensitive to 
declining water potentials (Ψ) throughout the plant sys-
tem, resulting from embolism in roots, stems, or leaves, tis-
sue collapse, and/or biochemical changes. Further, declining 
water potential in or around the guard cells drive gs decline 
(Hubbard et  al., 2001; Guyot et  al., 2012; Scoffoni et  al., 
2012). The susceptibilities of different tissues will thus scale 
up to impacting on Kplant and gas exchange.

Other leaf traits also influence higher-level function. The 
LMA (which itself  is equal to the product of leaf thickness 
and density; LT and LD respectively), is typically negatively 
correlated with mass-based nitrogen concentration and rates 
of respiration and photosynthesis (Nmass, Rmass, and Amass, 
respectively) (see previous discussion). A higher LMA typi-
cally corresponds with a greater leaf lifespan (LL; Wright 
et al., 2004).

Vein traits can thus influence whole-plant maximum rela-
tive growth rate (RGRmax) (Evans, 1972; Poorter et al., 2009). 
The Aarea is the major driver of the dry mass accumulation 
per leaf area (unit leaf rate, ULR). The RGR is determined as 
the product of ULR and the leaf area ratio (LAR =leaf area/
plant mass); the LAR itself  is equal to the leaf mass fraction 
(LMF=leaf mass/plant mass) divided by LMA plant maxi-
mum relative growth rate (RGRmax) (Evans, 1972; Poorter 
et al., 2009).

The framework we have described for the potential rela-
tionships among vein traits, hydraulic traits and gas exchange 
traits is expected to arise clearly for some but not for all spe-
cies sets. As explained above, the correlations among traits 
that would emerge due to equation 4 will do so only when 
species vary narrowly in their operating Ψleaf, Ψsoil, and VPD. 

Thus, the particular coordination among traits in this frame-
work will differ according to the habitat or environment of 
the species compared (Sack et  al., 2005, 2013; Feild et  al., 
2011). Additionally, when traits are determined by two or 
more traits, the importance of those traits will depend on 
the species set. For example, because Aarea depends on gs and 
gm, and both are potentially coordinated with Kleaf, but dif-
ferently depending on the species and its habitat, the coor-
dination of Aarea with gm and with venation traits will differ 
among species sets, as expected according to the framework 
relating vein traits to gas exchange and whole-plant growth. 
Recent work has also indicated that higher VLA can also 
enable an increased phloem transport capacity that can also 
drive higher Aarea (Fu et al., 2011; Nikinmaa et al., 2012; Sack 
and Scoffoni, 2013b). The Aarea, may also be influenced by 
nutrient delivery rates, which also may depend on vein traits 
(Shabala et  al., 2002; Kerton et  al., 2009; Gilliham et  al., 
2011), even in mature leaves which need to replace degraded 
proteins and pigments (Girardin et al., 1985; Niinemets et al., 
2004).

Based on the coordination observed between gm, Kleaf, 
and Aarea across diverse species and their partial similarity in 
responses to environmental conditions, this work hypothesizes 
that mesophyll structural and physiological traits that affect 
gm and photosynthetic processes also have an influence on leaf 
hydraulic capacity. In principle, both Kox and gm may depend 
on aquaporin activity (Ferrio et al., 2012). The mechanisms 
for coordinated dynamics of gm and Kleaf remain to be clarified 
(Flexas et al., 2012b; Griffiths and Helliker, 2013). Further, the 
partially distinct dynamics of these traits (e.g. CO2 response 
of gm but not of Kleaf) are consistent with the partially inde-
pendent pathways for the movement of water and CO2 inside 
leaves. For instance, it is well known that water moves in leaves 
through xylem conduits within the veins and, upon exiting 
the bundle sheath, water moves through the mesophyll via 
apoplastic, symplastic, and/or cell-to-cell pathways (Sack 
and Holbrook, 2006). The gm might be related only to the 
non-xylem component of Kleaf. The question of whether CO2 
importantly moves through apoplastic, symplastic, or trans-
membrane cell-to-cell pathways has never been addressed, 
but it is probable that, in general, for C3 plants, CO2 diffuses 
simply from intercellular air spaces directly into each photo-
synthesizing mesophyll cell which acts as a final sink. If so, 
the ‘symplastic’ pathway for CO2 does not exist, and then the 
‘apoplastic’ and ‘transmembrane’ pathways are components 
of the diffusion into single cells. Thus, a CO2 molecule from 
the intracellular air spaces has to first pass the apoplast/cell 
wall then across the cell membrane, the cytosol, and the chlo-
roplast outer membrane to reach the site of carboxylation in 
the chloroplast matrix. These components are all potentially 
quantitatively important. In fact, cell-wall thickness has been 
found to represent a strong limitation on gm (Peguero-Pina 
et al., 2012; Scafaro et al., 2011; Tosens et al., 2012; Tomás 
et  al., 2013). Further, membrane aquaporins—which are 
known to facilitate transmembrane water but also CO2 trans-
port (Tyerman et  al., 2002; Kaldenhoff et  al., 2008)—also 
induce modifications of gm (Hanba et al., 2004; Flexas et al., 
2006b; Uehlein et al., 2008; Heckwolf et al., 2011).
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Thus, gm and Kox are both likely to be influenced in com-
mon by cell-wall and membrane properties that would affect 
the apoplastic and transmembrane pathways, respectively. 
Such overlap in mechanistic basis would explain the correla-
tion between gm and Kleaf (Fig. 1) and their parallel dynamics 
in response to changes in irradiance and water supply which 
might affect a wide range of leaf cells and/or aquaporins. 
However, different mechanisms operating at a range of scales 
would independently regulate gm and Kleaf in response to 
dynamic environmental changes, accounting for their diver-
gent responses (e.g. the decrease of gm in response to sudden 
CO2 increase, while Kleaf is unaffected). A  recent study has 
demonstrated rapid changes in mesophyll aquaporin gene 
expression in response to CO2 (Francesca Secchi and Claudio 
Lovisolo, personal communication). However, Kox, and thus 
maybe Kleaf as a whole, may not be influenced by the permea-
bility of mesophyll cells, but rather by that of vein and bundle 
sheath cells (Prado et  al., 2013). Further, even if  aquapor-
ins respond in cells that influence both gm and Kox, the two 
variables may respond differently to aquaporin activity. Otto 
et al. (2010) have shown a trade off  between water and CO2 
permeability through membranes, depending on the propor-
tion of PIP1 and PIP2 aquaporins in the tetramer aquaporin 
assembly in membranes. Therefore, even if  CO2 affects aqua-
porin synthesis and assembly, resulting in a configuration 
which reduces gm, Kleaf may be unaffected or even increased.

Isotopic studies also point to the fact that gm and Kleaf 
share a partial basis, particularly in aquaporin-dependent 
pathways. Thus, studies in which gm was measured alongside 
isotope discrimination to 18O allow comparisons of gm with 
an estimate of ‘scaled effective path length’ (Leff) for water 
transport from xylem vessels to the sites of evaporation. The 
latter parameter is strongly and inversely correlated to Kleaf, 
and especially to Kox, as shown in grapevines (Ferrio et al., 
2012). The Leff was also strongly correlated with gm in grape-
vines subjected to either irrigation or water stress and with 
the main leaf veins intact or cut (Ferrio et al., 2012). Using 
the same approach, Flexas et al. (2012b) demonstrated that 
Leff and gm were also correlated in transgenic tobacco plants 
with gm altered by modifying aquaporin expression.

Can empirical relationships be used to estimate gm 
from Kleaf or vice-versa?

The strong coordination between gm and Kleaf suggests that 
it may be possible to use knowledge of one of these param-
eters to at least roughly estimate the other. Measurement of 
Kleaf and gm is rewarding but complex and time-consuming. 
Indeed values for both parameters were found for only 23 
species in the compiled database (Supplementary Table S1). 
However, having data for these parameters for a wide range 
of species is crucial for whole-plant and ecosystem models. 
For instance, the time-response courses of CO2 assimilation 
and its sensitivity to environmental change scenarios can be 
better modelled if  dynamics of gm and Kleaf are available, but 
the lack of information for many species precludes their use 
(Niinemets et al., 2009, 2011). The possibility of retrieving gm 
values from measured Kleaf or vice versa would result in a fast 

expansion of the number of species for which these leaf traits 
are available.

On the other hand, the complex trait network in which both 
Kleaf and gm are inter-related (Fig. 4) suggests that simple two 
parameter relationships as those shown in Fig. 1 may not cap-
ture the true co-determination among these two parameters 
and others. Biological processes are typically highly complex, 
dynamic and non-linear. Thus, artificial intelligence technol-
ogy can be a useful mathematical approach to decipher and 
identify complex non-linear interactions between parameters 
controlling a process (Prasad and Dutta Gupta, 2008; Gago 
et al., 2010). Here, to develop predictive equations, the cur-
rent employed neurofuzzy logic technology, a hybrid technol-
ogy based on artificial neural networks (ANNs) combined 
with fuzzy logic, to retrieve and integrate knowledge hidden 
within the compiled dataset for the 17 species with known 
values for Kleaf, LMA, and gm. This technology was described 
previously as a useful data mining tool to promote the under-
standing of complex processes in plant science (Gago et al., 
2011). The current work used FormRules version 3.31 (2008; 
Intelligensys, UK), a commercial neurofuzzy logic software, 
implementing the ASMOD (Adaptative Spline MODeling 
of data) algorithm (Kavli and Weyer, 1994). This methodol-
ogy generates models that are sums or products of the vari-
ables into smaller submodels that depend only on a subset 
of inputs using a global partitioning technique (Gago et al., 
2011). A neurofuzzy logic submodel was successfully devel-
oped for the parameter (output) gm as a function of two vari-
ables (inputs): LMA and Kleaf. The inputs had independent 
effects on gm. The work found a strong correlation between 
the experimentally measured and the predicted gm based on 
neurofuzzy logic analysis (R2=0.64, P<0.05; Fig.  5A). The 
gm predicted by the model as a function of both LMA and 
Kleaf are presented in a 3-D plot (Fig. 5B). Notably, increased 
Kleaf was associated with slight increases in gm, and the high-
est gm values were achieved at lower LMA values; the highest 
values of gm were observed when Kleaf was high (>14.5 mmol 
m–2 s–1 MPa) and LMA was low (<115 g m–2). The observed 
relationship suggests that it may be possible to estimate gm 
from Kleaf and other simple parameters such as LMA or Aarea, 
or, conversely, to estimate Kleaf from a complete gas exchange 
analysis. It is important to bear in mind that the strength of 
ANNs arises from an ability to model complex non-linear 
relationships between inputs and outputs; however, the model 
yielded is a ‘black-box’, and interpretation is not possible, 
depending on other technologies such as fuzzy logic, genetic 
algorigthms, or GEP (Genetic Expression Programming) 
(Gallego et  al., 2011). In this sense, an exciting and prom-
ising research frontier is the use of ANNs coupled to GEP 
technology to develop predictive empirical equations relating 
hydraulics and mesophyll conductance; unfortunately, due to 
the current paucity of data for both parameters a validated 
empirical equation could not be generated with this technol-
ogy. The neurofuzzy logic training parameters and software 
information can be seen in Supplementary Table S2. Also, in 
an attempt to retrieve an empirical equation, a multivariate 
regression analysis was performed on the same dataset (using 
R statistics software). A polynomial equation, with gm as the 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert319/-/DC1
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dependent variable and Kleaf, LMA, and VLA as independent 
variables was fitted by stepwise multiple regressions. Similar 
results were obtained as with the neurofuzzy logic technology, 
although with a weaker predictive power (R2=0.43, P<0.05). 
The following equation was obtained: 

g LMA K VLAm leaf= +0 293 0 001 0 009 0 010. . . .– –  

Studies in which gm, Kleaf, and LMA are simultaneously 
determined are important to confirm and to obtain a truly 
predictive model or equation for these parameters (Fig. 5).

Outstanding research possibilities 
emerging from the combined 
determination of gm and Kleaf

A new understanding of  leaf  physiology includes required 
knowledge of  all transport processes, for water and CO2, 
and the structures involved, i.e. from veins to mesophyll 
cells. The new generation of  whole-plant physiologists will 
have combined skills for advanced measurements of  leaf  gas 
exchange and hydraulic function, and the ability to interpret 
and utilize data of  both types. Knowledge of  the combined 
responses will enable a new ability to model the entire sys-
tem, in turn allowing better predictions of  gas exchange and 
its dynamics, and thus of  the influence of  environmental 
factors on photosynthetic rate and plant growth. A detailed 
elucidation of  the common basis of  gm and Kleaf (e.g. the 
shared aspect of  the transport pathways and the role of 
aquaporins) can provide a clearer ability to scale up from 
molecules to whole leaf  function, and potentially, via crop 
breeding, to influence both aspects of  leaf  function in paral-
lel, with a synergistic influence on the integrated hydraulic-
photosynthetic system.

Supplementary material

Supplementary data are available at JXB online.
Supplementary Table S1. Multi-species dataset compilation.
Supplementary Table S2. Training parameters setting for 

FormRules version 3.31.

Acknowledgements

The work by J.F. and J.G. was partly supported by the Plan 
Nacional, Spain (contract BFU2011-23294) and the work 
by L.S. and C.S. by the National Science Foundation (grant 
IOS-#1147292). The authors are indebted to Mariana 
Landín for help with neurofuzzy logics analysis and to two 
anonymous reviewers for their constructive criticism of  the 
manuscript.

References

Bernacchi CJ, Portis AR, Nakano H, von Caemmerer S, 
Long SP. 2002. Temperature response of mesophyll conductance. 
Implications for the determination of Rubisco enzyme kinetics and 
for limitations to photosynthesis in vivo. Plant Physiology 130, 
1992–1998.

Blackman CJ, Brodribb TJ. 2011. Two measures of leaf 
capacitance: insights into the water transport pathway and hydraulic 
conductance in leaves. Functional Plant Biology 38, 118–126.

Blackman CJ, Brodribb TJ, Jordan GJ. 2010. Leaf hydraulic 
vulnerability is related to conduit dimensions and drought resistance 
across a diverse range of woody angiosperms. New Phytologist 188, 
1113–1123.

Bongi G, Loreto F. 1989. Gas-exchange properties of salt-stressed 
olive (Olea europea L) leaves. Plant Physiology 90, 1408–1416.

Fig. 5. (A) The relationship between measured gm and that predicted by a model based on neurofuzzy logics analysis. Lines were forced 
through the origin so that the slope deviation from 1.0 represents the bias of the prediction. The presented R2 are for lines not forced 
through the origin. The model was fed by data for Kleaf and LMA based on the 17 species in a compiled database in which gm, Kleaf, and 
LMA were available (Supplementary Table S1). (B) The 3-D plot showing the interdependency among the three parameters (this figure is 
available in colour at JXB online).

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert319/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert319/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert319/-/DC1


gm and Kleaf measurement and coordination | 3977

Boyce CK, Brodribb TJ, Feild TS, Zwieniecki MA. 2009. 
Angiosperm leaf vein evolution was physiologically and environmentally 
transformative. Proceedings of the Royal Society B 276, 1771–1776.

Brodribb TJ, Blackman CJ. 2011. Non-steady state rehydration to 
determine leaf hydraulic conductance, vulnerability and capacitance. 
PrometheusWiki (http://prometheuswiki.publish.csiro.au/tiki-index.
php?page=Non-steady+state+rehydration+to+determine+leaf+hydrau
lic+conductance%2C+vulnerability+and+capacitance).

Brodribb TJ, Cochard H. 2009. Hydraulic failure defines the recovery 
and point of death in water stressed conifers. Plant Physiology 149, 
575–584.

Brodribb TJ, Feild TS, Jordan GJ. 2007. Leaf maximum 
photosynthetic rate and venation are linked by hydraulics. Plant 
Physiology 144, 1890–1898.

Brodribb TJ, Holbrook NM. 2003. Stomatal closure during leaf 
dehydration, correlation with other leaf physiological traits. Plant 
Physiology 132, 2166–2173.

Brodribb TJ, Holbrook NM. 2006. Declining hydraulic efficiency as 
transpiring leaves desiccate: two types of response. Plant, Cell and 
Environment 29, 2205–2215.

Brodribb TJ, Holbrook NM, Zwieniecki MA, Palma B. 2005. Leaf 
hydraulic capacity in ferns, conifers and angiosperms: impacts on 
photosynthetic maxima. New Phytologist 165, 839–846.

Brodribb TJ, Jordan GJ. 2011. Water supply and demand remain 
balanced during leaf acclimation of Nothofagus cunninghamii trees. 
New Phytologist 192, 437–448.

Bunce JA. 2006. How do leaf hydraulics limit stomatal conductance 
at high water vapour pressure deficits? Plant, Cell and Environment 
29, 1644–1650.

Bunce JA. 2008. Acclimation of photosynthesis to temperature in 
Arabidopsis thaliana and Brassica oleracea. Photosynthetica 46, 
517–524.

Bunce JA. 2010. Variable responses of mesophyll conductance 
to substomatal carbon dioxide concentration in common bean and 
soybean. Photosynthetica 48, 507–512.

Centritto M, Loreto F, Chartzoulakis K. 2003. The use of low [CO2] 
to estimate diffusional and non-diffusional limitations of photosynthetic 
capacity of salt-stressed olive saplings. Plant, Cell and Environment 
26, 585–594.

Cochard H, Nardini A, Coll L. 2004. Hydraulic architecture of leaf 
blades: where is the main resistance? Plant, Cell and Environment 27, 
1257–1267.

Cochard H, Venisse JS, Barigah TS, Brunel N, Herbette S, 
Guilliot A, Tyree MT, Sakr S. 2007. Putative role of aquaporins in 
variable hydraulic conductance of leaves in response to light. Plant 
Physiology 143, 122–133.

Cramer MD, Hawkins H-J, Verboom GA. 2009. The importance of 
nutritional regulation of plant water flux. Oecologia 161, 15–24.

Cramer MD, Hoffmann V, Verboom GA. 2008. Nutrient availability 
moderates transpiration in Ehrharta calycina. New Phytologist 179, 
1048–1057.

Diaz-Espejo A, Nicolás E, Fernández JE. 2007. Seasonal evolution 
of diffusional limitations and photosynthetic capacity in olive under 
drought. Plant, Cell and Environment 30, 922–933.

Douthe C, Dreyer E, Epron D, Warren CR. 2011. Mesophyll 
conductance to CO2, assessed from online TDL-AS records of 13CO2 
discrimination, displays small but significant short-term responses to 
CO2 and irradiance in Eucalyptus seedlings. Journal of Experimental 
Botany 62, 5335–5346

Düring H. 2003. Stomatal and mesophyll conductances control CO2 
transfer to chloroplasts in leaves of grapevine (Vitis vinifera L.). Vitis 42, 
65–68.

Ethier GH, Livingston NJ. 2004. On the need to incorporate 
sensitivity to CO2 transfer conductance into the Farquhar-von 
Caemmerer-Berry leaf photosynthesis model. Plant, Cell and 
Environment 27, 137–153.

Evans GC. 1972. The quantitative analysis of plant growth . Oxford: 
Blackwell.

Evans JR, Schortemeyer M, McFarlane N, Atkin OK. 2000. 
Photosynthetic characteristics of ten Acacia species grown under 
ambient and elevated atmospheric CO2. Australian Journal of Plant 
Physiology 27, 13–25.

Evans JR, Sharkey TD, Berry JA, Farquhar GD. 1986. Carbon 
isotope discrimination measured concurrently with gas exchange to 
investigate CO2 diffusion in leaves of higher plants. Australian Journal 
of Plant Physiology 13, 281–292

Evans JR, von Caemmerer S. 2013. Temperature response of 
carbon isotope discrimination and mesophyll conductance in tobacco. 
Plant, Cell and Environment 36, 745–756.

Farquhar GD, von Caemmerer S, Berry JA. 1980. A biochemical 
model of photosynthetic CO2 assimilation in leaves of C3 species. 
Planta 149, 78–90.

Farquhar GD, von Caemmerer S, Berry JA. 2001. Models of 
photosynthesis. Plant Physiology 125, 42–45.

Feild TS, Upchurch GR, Jr., Chatelet DS, Brodribb TJ,  
Grubbs KC, Samain M-S, Wanke S. 2011. Fossil evidence for low 
gas exchange capacities for Early Cretaceous angiosperm leaves. 
Paleobiology 37, 195–213.

Ferrio JP, Pou A, Florez-Sarasa I, Gessler A, Kodama N, 
Flexas J, Ribas-Carbo M. 2012. The Peclet effect on leaf water 
enrichment correlates with leaf hydraulic conductance and mesophyll 
conductance for CO2. Plant, Cell and Environment 35, 611–625.

Flexas J, Barbour MM, Brendel O, et al., 2012b. Mesophyll 
diffusion conductance to CO2: an unappreciated central player in 
photosynthesis. Plant Science 193–194, 70–84

Flexas J, Baron M, Bota J, et al., 2009. Photosynthesis limitations 
during water stress acclimation and recovery in the drought-adapted 
Vitis hybrid Richter-110 (V. berlandieri × V. rupestris). Journal of 
Experimental Botany 60, 2361–2377.

Flexas J, Bota J, Escalona JM, Sampol B, Medrano H. 2002. 
Effects of drought on photosynthesis in grapevines under field 
conditions: an evaluation of stomatal and mesophyll limitations. 
Functional Plant Biology 29, 461–471.

Flexas J, Bota J, Loreto F, Cornic G, Sharkey TD. 2004. Diffusive 
and metabolic limitations to photosynthesis under drought and salinity 
in C3 plants. Plant Biology 6, 269–279.

Flexas J, Brugnoli E, Warren CR. 2012a. Mesophyll conductance 
to CO2. In: J Flexas, F Loreto, H Medrano, eds, Terrestrial 

http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Non-steady+state+rehydration+to+determine+leaf+hydraulic+conductance,+vulnerability+and+capacitance
http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Non-steady+state+rehydration+to+determine+leaf+hydraulic+conductance,+vulnerability+and+capacitance
http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Non-steady+state+rehydration+to+determine+leaf+hydraulic+conductance,+vulnerability+and+capacitance


3978 | Flexas et al.

photosynthesis in a changing environment. A molecular, physiological 
and ecological approach. New York: Cambridge University Press. pp. 
169–185.

Flexas J, Diaz-Espejo A, Galmés J, Kaldenhoff R, Medrano H, 
Ribas-Carbo M. 2007. Rapid variations of mesophyll conductance in 
response to changes in CO2 concentration around leaves. Plant, Cell 
and Environment 30, 1284–1298.

Flexas J, Niinemets U, Galle A, et al. 2013. Diffusional 
conductances to CO2 as a target for increasing photosynthesis and 
photosynthetic water-use efficiency. Photosynthesis Research May 14 
[Epub ahead of print]; DOI: 10.1007/s11120-013-9844-z).

Flexas J, Ribas-Carbó M, Bota J, Galmés J, Henkle M, 
Martínez-Cañellas S, Medrano H. 2006a. Decreased Rubisco 
activity during water stress is not induced by decreased relative water 
content but related to conditions of low stomatal conductance and 
chloroplast CO2 concentration. New Phytologist 172, 73–82.

Flexas J, Ribas-Carbó M, Diaz-Espejo A, Galmés J, Medrano H. 
2008. Mesophyll conductance to CO2: current knowledge and future 
prospects. Plant, Cell and Environment 31, 602–621.

Flexas J, Ribas-Carbó M, Hanson DT, Bota J, Otto B, Cifre J,  
McDowell N, Medrano H, Kaldenhoff R. 2006b. Tobacco 
aquaporin NtAQP1 is involved in mesophyll conductance to CO2 in 
vivo. The Plant Journal 48, 427–439.

Franks PJ. 2006. Higher rates of leaf gas exchange are associated 
with higher leaf hydrodynamic pressure gradients. Plant, Cell and 
Environment 29, 584–592.

Franks PJ, Farquhar GD. 2007. The mechanical diversity of stomata 
and its significance in gas exchange control. Plant Physiology 143, 
78–87.

Fu Q, Cheng L, Guo Y, Turgeon R. 2011. Phloem loading strategies 
and water relations in trees and herbaceous plants. Plant Physiology 
157, 1518–1527.

Gago J, Landín M, Gallego PP. 2010. A neurofuzzy logic approach 
for modeling plant processes: a practical case of in vitro direct rooting 
and acclimatization of Vitis vinifera L. Plant Science 179, 241–249.

Gago J, Pérez-Tornero O, Landín M, Burgos L, Gallego PP. 
2011. Improving knowledge of plant tissue culture and media 
formulation by neurofuzzy logic: a practical case of data mining using 
apricot databases. Journal of Plant Physiology 168, 1858–1865.

Galle A, Flórez-Sarasa I, El Aououad H, Flexas J. 2011. The 
Mediterranean evergreen Quercus ilex and the semi-deciduous Cistus 
albidus differ in their leaf gas exchange regulation and acclimation 
to repeated drought and re-watering cycles. Journal of Experimental 
Botany 62, 5207–5216.

Gallego PP, Gago J, Landin M. 2011. Artificial neural networks 
technology to model and predict plant biology process. In: K 
Suzuki, ed, Artificial neural networks—methodological advances and 
biomedical applications. Croatia: Intech Open Access Publisher. pp. 
197–216.

Galmés J, Medrano H, Flexas J. 2007. Photosynthetic limitations 
in response to water stress and recovery in Mediterranean plants with 
different growth forms. New Phytologist 175, 81–93.

Gilliham M, Dayod M, Hocking BJ, Xu B, Conn SJ, Kaiser BN, 
Leigh RA, Tyerman SD. 2011. Calcium delivery and storage in plant 

leaves: exploring the link with water flow. Journal of Experimental 
Botany 62, 2233–2250.

Girardin P, Tollenaar M, Muldoon JF. 1985. Effect of temporary 
N starvation on leaf photosynthetic rate and chlorophyll content of 
maize. Canadian Journal of Plant Science 65, 491–500.

Gorton HL, Herbert SK, Vogelmann TC. 2003. Photoacoustic 
analysis indicates that chloroplast movement does not alter liquid-
phase CO2 diffusion in leaves of Alocasia brisbanensis. Plant 
Physiology 132, 1529–1539.

Griffiths H, Helliker BR. 2013. Mesophyll conductance: internal 
insights of leaf carbon exchange. Plant, Cell and Environment 36, 
733–735.

Guyot G, Scoffoni C, Sack L. 2012. Combined impacts of 
irradiance and dehydration on leaf hydraulic conductance: insights 
into vulnerability and stomatal control. Plant, Cell and Environment 35, 
857–871.

Hanba YT, Kogami H, Terashima I. 2002. The effect of growth 
irradiance on leaf anatomy and photosynthesis in Acer species 
differing in light demand. Plant, Cell and Environment 25, 1021–1030.

Hanba YT, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo K, 
Terashima I, Katsuhara M. 2004. Overexpression of the barley 
aquaporin HvPIP2;1 increases internal CO2 conductance and CO2 
assimilation in the leaves of transgenic rice plants. Plant and Cell 
Physiology 45, 521–529.

Harley PC, Loreto F, Di Marco G, Sharkey TD. 1992. Theoretical 
considerations when estimating the mesophyll conductance to CO2 
flux by the analysis of the response of photosynthesis to CO2. Plant 
Physiology 98, 1429–1436.

Hassiotou F, Ludwig M, Renton M, Veneklaas E, Evans JR. 
2009. Influence of leaf dry mass per area, CO2 and irradiance on 
mesophyll conductance in sclerophylls. Journal of Experimental 
Botany 60, 2303–2314

Heckwolf M., Pater D., Hanson D.T., Kaldenhoff R. 2011. The 
Arabidopsis thaliana aquaporin AtPIP1;2 is a physiologically relevant 
CO2 transport facilitator. The Plant Journal 67, 795–804.

Holloway-Phillips MM, Brodribb TJ. 2011. Contrasting hydraulic 
regulation in closely related forage grasses: implications for plant 
water use. Functional Plant Biology 38, 594–605.

Hubbard RM, Ryan MG, Stiller V, Sperry JS. 2001. Stomatal 
conductance and photosynthesis vary linearly with plant hydraulic 
conductance in ponderosa pine. Plant, Cell and Environment 24, 
113–121.

Jasienski M, Bazzaz FA. 1999. The fallacy of ratios and the 
testability of models in biology. Oikos 84, 321–326.

Kaldenhoff R, Ribas-Carbo M, Flexas J, Lovisolo C, Heckwolf M,  
Uehlein N. 2008. Aquaporins and plant water balance. Plant, Cell and 
Environment 31, 658–666

Kavli T, Weyer E. 1994. ASMOD (Adaptative Spline Modeling of 
Observation Data)—some theoretical and experimental results. IEE 
Colloquium (Digest) 136, 1–7.

Kerton M, Newbury HJ, Hand D, Pritchard J. 2009. Accumulation 
of calcium in the centre of leaves of coriander (Coriandrum sativum L.)  
is due to an uncoupling of water and ion transport. Journal of 
Experimental Botany 60, 227–235.



gm and Kleaf measurement and coordination | 3979

Levin M, Lemcoff JH, Cohen S, Kapulnik Y. 2007. Low air 
humidity increases leaf-specific hydraulic conductance of Arabidopsis 
thaliana (L.) Heynh (Brassicaceae). Journal of Experimental Botany 58, 
3711–3718.

Lloyd J, Bloomfield K, Domingues TF, Farquhar GD. 2013. 
Photosynthetically relevant foliar traits correlating better on a mass 
vs an area basis: of ecophysiological relevance or just a case of 
mathematical imperatives and statistical quicksand? New Phytologist 
199, 311–321.

Locke AM, Sack L, Bernacchi CJ, Ort DR. 2013. Soybean leaf 
hydraulic conductance does not acclimate to growth at elevated [CO2] 
or temperature in growth chambers or in the field. Annals of Botany  
112, 911–918.

Loreto F, Harley PC, Di Marco G, Sharkey TD. 1992. Estimation of 
mesophyll conductance to CO2 flux by three different methods. Plant 
Physiology 98, 1437–1443.

Loreto F, Tsonev T, Centritto M. 2009. The impact of blue light 
on leaf mesophyll conductance. Journal of Experimental Botany 60, 
2283–2290.

Martre P, Cochard H, Durand JL. 2001. Hydraulic architecture and 
water flow in growing grass tillers (Festuca arundinacea Schreb.). 
Plant, Cell and Environment 24, 65–76.

McKown AD, Cochard H, Sack L. 2010. Decoding leaf hydraulics 
with a spatially explicit model: principles of venation architecture and 
implications for its evolution. American Naturalist 175, 447–460.

Misson L, Limousin J, Rodriguez R, Letts MG. 2010. Leaf 
physiological responses to extreme droughts in Mediterranean 
Quercus ilex forest. Plant, Cell and Environment 33, 1898–1910.

Monti A, Bezzi G, Venturi G. 2009. Internal conductance under 
different light conditions along the plant profile of Ethiopian mustard 
(Brassica carinata A. Brown.). Journal of Experimental Botany 60, 
2341–2350.

Nardini A, Peda G, Salleo S. 2012. Alternative methods for scaling 
leaf hydraulic conductance offer new insights into the structure-
function relationships of sun and shade leaves. Functional Plant 
Biology 39, 394–401.

Nardini A, Raimondo F, Lo Gullo MA, Salleo S. 2010. Leafminers 
help us understand leaf hydraulic design. Plant, Cell and Environment 
33, 1091–1100.

Nardini A, Tyree MT, Salleo S. 2001. Xylem cavitation in the leaf 
of Prunus laurocerasus and its impact on leaf hydraulics. Plant 
Physiology 125, 1700–1709.

Niinemets Ü, Sack L. 2006. Structural determinants of leaf light 
harvesting capacity and photosynthetic potentials. Progress in Botany 
67, 385–419.

Niinemets Ü, Kull O, Tenhunen JD. 2004. Within-canopy variation 
in the rate of development of photosynthetic capacity is proportional 
to integrated quantum flux density in temperate deciduous trees. 
Plant, Cell and Environment 27, 293–313.

Niinemets Ü, Flexas J, Peñuelas J. 2011. Evergreens favoured 
by higher responsiveness to increased CO2. Trends in Ecology and 
Evolution 26, 136–142.

Niinemets Ü, Díaz-Espejo A, Flexas J, Galmés J, Warren CR. 
2009. Importance of mesophyll diffusion conductance in estimation of 

plant photosynthesis in the field. Journal of Experimental Botany 60, 
2271–2282.

Nikinmaa E, Holtta T, Hari P, Kolari P, Makela A, Sevanto S, 
Vesala T. 2012. Assimilate transport in phloem sets conditions for leaf 
gas exchange. Plant, Cell and Environment 36, 655–669.

Osnas JLD, Lichstein JW, Reich PB, Pacala SW. 2013. Global 
leaf trait relationships: mass, area, and the leaf economics spectrum. 
Science 340, 741–744.

Otto B, Uehlein N, Sdorra S, et al.., 2010. Aquaporin tetramer 
composition modifies the function of tobacco aquaporins. Journal of 
Biological Chemistry 285, 31253–31260.

Peguero-Pina JJ, Flexas J, Galmés J, Sancho-Knapik D, 
Barredo G, Villarroya D, Gil-Pelegrín E. 2012. Leaf anatomical 
properties in relation to differences in mesophyll conductance to CO2 
and photosynthesis in two related Mediterranean Abies species. Plant, 
Cell and Environment 35, 2121–2129.

Perez-Martin A, Flexas J, Ribas-Carbo M, Bota J, Tomas M, 
Infante JM, Diaz-Espejo A. 2009. Interactive effects of soil water 
deficit and air vapour pressure deficit on mesophyll conductance 
to CO2 in Vitis vinifera and Olea europaea. Journal of Experimental 
Botany 60, 2391–2405.

Piel C, Frak E, Le Roux X, Genty B. 2002. Effect of local irradiance 
on CO2 transfer conductance of mesophyll in walnut. Journal of 
Experimental Botany 53, 2423–2430.

Pons TL, Flexas J, von Caemmerer S, Evans JR, Genty B,  
Ribas-Carbo M, Brugnoli E. 2009. Estimating mesophyll 
conductance to CO2: methodology, potential errors and 
recommendations. Journal of Experimental Botany 60, 2217–2234.

Poorter H, Niinemets U, Poorter L, Wright IJ, Villar R. 2009. 
Causes and consequences of variation in leaf mass per area (LMA): a 
meta-analysis. New Phytologist 182, 565–588.

Postaire O, Tournaire-Roux C, Grondin A, Boursiac Y, Morillon 
R, Schaeffner AR, Maurel C. 2010. A PIP1 aquaporin contributes 
to hydrostatic pressure-induced water transport in both the root and 
rosette of Arabidopsis. Plant Physiology 152, 1418–1430.

Prado K, Boursiac Y, Tournaire-Roux C, Monneuse J-M, 
Postaire O, Da Ines O, Schaeffner AR, Hem S, Santoni V,  
Maurel C. 2013. Regulation of Arabidopsis leaf hydraulics involves 
light-dependent phosphorylation of aquaporins in veins. The Plant Cell 
25, 1029–1039.

Prasad VSS, Dutta Gupta S. 2008. Applications and potentials of 
artificial neural networks in plant tissue culture. In: S Dutta Gupta, Y 
Ibaraki, eds, Plant tissue culture engineering. Berlin: Springer-Verlag. 
pp. 47–67.

Rockwell FE, Holbrook NM, Zwieniecki MA. 2011. Hydraulic 
conductivity of red oak (Quercus rubra L.) leaf tissue does not respond 
to light. Plant, Cell and Environment 34, 565–579.

Roupsard O, Gross P, Dreyer E. 1996. Limitation of photosynthetic 
activity by CO2 availability in the chloroplasts of oak leaves from 
different species and during drought. Annales des Sciences 
Forestieres 53, 243–254.

Sack L, Cowan PD, Jaikumar N, Holbrook NM. 2003. The 
‘hydrology’ of leaves: co-ordination of structure and function 
in temperate woody species. Plant, Cell and Environment 26, 
1343–1356.



3980 | Flexas et al.

Sack L, Frole K. 2006. Leaf structural diversity is related to hydraulic 
capacity in tropical rain forest trees. Ecology 87, 483–491.

Sack L, Holbrook NM. 2006. Leaf hydraulics. Annual Review of 
Plant Biology 57, 361–381.

Sack L, Melcher PJ, Zwieniecki MA, Holbrook NM. 2002. The 
hydraulic conductance of the angiosperm leaf lamina: a comparison 
of three measurement methods. Journal of Experimental Botany 53, 
2177–2184.

Sack L, Scoffoni C. 2013a. Measurement of leaf hydraulic 
conductance and stomatal conductance and their responses to 
irradiance and dehydration using the evaporative flux method (EFM). 
Journal of Visualized Experiments 70, e4179.

Sack L, Scoffoni C. 2013b. Leaf venation: structure, function, 
development, evolution, ecology and applications in the past, present 
and future. New Phytologist 198, 983–1000.

Sack L, Streeter CM, Holbrook NM. 2004. Hydraulic analysis 
of water flow through leaves of sugar maple and red oak. Plant 
Physiology 134, 1824–1833.

Sack L, Tyree MT. 2005. Leaf hydraulics and its implications in plant 
structure and function. In: NM Holbrook, MA Zweiniecki, eds, Vascular 
transport in plants. Oxford: Elsevier/Academic Press. pp. 93–114

Sack L, Tyree MT, Holbrook NM. 2005. Leaf hydraulic architecture 
correlates with regeneration irradiance in tropical rainforest trees. New 
Phytologist 167, 403–413.

Sack L, Scoffoni C. 2013. Leaf venation: structure, function, 
development, evolution, ecology and applications in past, present and 
future. New Phytologist 198, 983–1000.

Sack L, Scoffoni C, John GP, Poorter H, Mason CM, Mendez-
Alonzo R, Donovan LA. 2013. How do leaf veins influence the 
worldwide leaf economic spectrum? Review and synthesis. Journal of 
Experimental Botany 64, 4053–4081.

Salazar-Parra C, Aguirreolea J, Sanchez-Diaz M, Irigoyen JJ, 
Morales F. 2012. Photosynthetic response of Tempranillo grapevine 
to climate change scenarios. Annals of Applied Biology 161, 277–292.

Scafaro AP, Von Caemmerer S, Evans JR, Atwell B. 2011. 
Temperature response of mesophyll conductance in cultivated and 
wild Oryza species with contrasting mesophyll cell wall thickness. 
Plant, Cell and Environment 34, 1999–2008.

Scoffoni C, McKown AD, Rawls M, Sack L. 2012. Dynamics 
of leaf hydraulic conductance with water status: quantification 
and analysis of species differences under steady-state. Journal of 
Experimental Botany 63, 643–658.

Scoffoni C, Pou A, Aasamaa K, Sack L. 2008. The rapid light 
response of leaf hydraulic conductance: new evidence from two 
experimental methods. Plant, Cell and Environment 31, 1803–1812.

Sellin A, Sack L, Õunapuu E, Karusion A. 2011. Impact of light 
quality on leaf and shoot hydraulic properties: a case study in silver 
birch (Betula pendula). Plant, Cell and Environment 34, 1079–1087.

Shabala S, Schimanski LJ, Koutoulis A. 2002. Heterogeneity 
in bean leaf mesophyll tissue and ion flux profiles: leaf 
electrophysiological characteristics correlate with the anatomical 
structure. Annals of Botany 89, 221–226.

Simonin KA, Limm EB, Dawson TE. 2012. Hydraulic conductance 
of leaves correlates with leaf lifespan: implications for lifetime carbon 
gain. New Phytologist 193, 939–947.

Singsaas EL, Ort DR, De Lucia EH. 2003. Elevated CO2 effects 
on mesophyll conductance and its consequences for interpreting 
photosynthetic physiology. Plant, Cell and Environment 27, 41–50.

Tazoe Y, von Caemmerer S, Badger MR, Evans JR. 2009. Light 
and CO2 do not affect the internal conductance to CO2 diffusion in 
wheat leaves. Journal of Experimental Botany 60, 2291–2301.

Tomás M, Flexas J, Copolovici L, Galmés J, Hallik L,  
Medrano H, Tosens T, Vislap V, Niinemets Ü. 2013. Importance 
of leaf anatomy in determining mesophyll diffusion conductance to 
CO2 across species: quantitative limitations and scaling up by models. 
Journal of Experimental Botany 64, 2269–2281.

Tosens T, Niinemets Ü, Westoby M, Wright IJ. 2012. Anatomical 
basis of variation in mesophyll resistance in eastern Australian 
sclerophylls: news of a long and winding path. Journal of Experimental 
Botany 63, 5105–5119.

Tyerman SD, Niemietz CM, Bramley H. 2002. Plant aquaporins: 
multifunctional water and solute channels with expanding roles. Plant, 
Cell and Environment 25, 173–194.

Tyree MT, Nardini A, Salleo S, Sack L, El Omari B. 2005. The 
dependence of leaf hydraulic conductance on irradiance during 
HPFM measurements: any role for stomatal response? Journal of 
Experimental Botany 56, 737–744.

Tyree MT, Zimmermann MH. 2002. Xylem structure and the ascent 
of sap. Berlin: Springer.

Uehlein N, Otto B, Hanson DT, Fischer M, McDowell N, 
Kaldenhoff R. 2008. Function of Nicotiana tabacum aquaporins 
as chloroplast gas pores challenges the concept of membrane CO2 
permeability. The Plant Cell 20, 648–657.

Velikova V, Tsonev T, Barta C, Centritto M, Koleva D, Stefanova M,  
Busheva M, Loreto F. 2009. BVOC emissions, photosynthetic 
characteristics and changes in chloroplast ultrastructure of Platanus 
orientalis L. exposed to elevated CO2 and high temperature. 
Environmental Pollution 157, 2629–2637.

Vrábl D, Vašková M, Hronková M, Flexas J, Šantrůček J. 
2009. Mesophyll conductance to CO2 transport estimated by two 
independent methods: effect of ambient CO2 concentration and 
abscisic acid. Journal of Experimental Botany 60, 2315–2323.

Walls RL. 2011. Angiosperm leaf vein patterns are linked to leaf 
functions in a global scale data set. American Journal of Botany 98, 
244–253.

Warren C. 2006. Estimating the internal conductance to CO2 
movement. Functional Plant Biology 33, 431–442

Warren CR. 2008a. Does growth temperature affect the temperature 
response of photosynthesis and internal conductance to CO2? A test 
with Eucalyptus regnans. Tree Physiology 28, 11–19.

Warren CR. 2008b. Soil water deficits decrease the internal 
conductance to CO2 transfer but atmospheric water deficits do not. 
Journal of Experimental Botany 59, 327–334.

Warren CR, Aranda I, Cano FJ. 2011. Responses to water stress of 
gas exchange and metabolites in Eucalyptus and Acacia spp. Plant, 
Cell and Environment 34, 1609–1629.

Warren CR, Dreyer E. 2006. Temperature response of photosynthesis 
and internal conductance to CO2: results from two independent 
approaches. Journal of Experimental Botany 12, 3057–3067.



gm and Kleaf measurement and coordination | 3981

Warren CR, Low M, Matyssek R, Tausz M. 2007. Internal 
conductance to CO2 transfer of adult Fagus sylvatica: variation 
between sun and shade leaves and due to free-air ozone fumigation. 
Environmental and Experimental Botany 59, 130–138.

Westoby M, Reich PB, Wright IJ. 2013. Understanding ecological 
variation across species: area-based vs mass-based expression of 
leaf traits. New Phytologist 199, 322–323.

Wright IJ, Reich PB, Westoby M, et al.  2004. The world-wide leaf 
economics spectrum. Nature 428, 821–827.

Yamori W, Noguchi K, Hanba Y, Terashima I. 2006. Effects 
of internal conductance on the temperature dependence of the 

photosynthetic rate in spinach leaves from contrasting growth 
temperatures. Plant and Cell Physiology 47, 1069–1080.

Yang SD, Tyree MT. 1994. Hydraulic architecture of Acer saccharum 
and A. rubrum: comparison of branches to whole trees and the 
contribution of leaves to hydraulic resistance. Journal of Experimental 
Botany 45, 179–186.

Yin X, Struik PC, Romero P, Harbinson J, Evers JB, van der 
Putten PEL, Vos J. 2009. Using combined measurements of gas 
exchange and chlorophyll fluorescence to estimate parameters of a 
biochemical C3 photosynthesis model: a critical appraisal and a new 
integrated approach applied to leaves in a wheat (Triticum aestivum) 
canopy. Plant, Cell and Environment 32, 448–464.




