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a  b  s  t  r  a  c  t

Stomatal  conductance  gs is  variously  depicted  as being  dependent  on environmental  conditions  (Jarvis,
976),  transpiration  (Monteith,  1995),  net  photosynthesis  (Leuning,  1995) or chemical  signalling  arriving
in  the xylem  (Tardieu  and  Davies,  1993). Accurate  descriptions  of  gs are  being  increasingly  demanded  in
the  large-scale  land  surface  model  components  of  General  Circulation  Models  (GCMs)  to  predict  future
land-atmospheric  fluxes  of  water  vapour,  heat  and  carbon  dioxide.  The  JULES  model,  for  instance,  uses
the  net  photosynthesis  description  combined  with  a relatively  simple  semi-linear  dependence  on  soil
moisture  content  that  modulates  the  photosynthesis  dependence  (Cox  et al.,  1998).

Dewar  (2002)  combines  the Leuning  (1995)  and  Tardieu  and  Davies  (1993)  models.  We  revisit  that
combination,  and  discuss  whether  the  Vapour  Pressure  Deficit  (VPD)  implicit  in  both  components  is
different  or  in common.  Further,  we  show  a  potential  re-arrangement  of the  combined  equations  reveals
that this  model  for gs can  be considered  as being  dependent  on  only  four variables:  evaporative  flux  Jw ,
net  photosynthesis  an, soil moisture  content  � and ambient  CO2 concentration  ca.  Expressed  this  way,
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provided by NERC Open Researc
gs is  influenced  by two  relatively  slowly  varying  stores  of  the hydrological  and  carbon  cycles  (soil  water
content  and  atmospheric  CO2) and  two more  rapidly  fluctuating  fluxes  from both  cycles  (evaporation
and  net  photosynthesis).

We  consider  how  the  modelling  structure  and  its  response  to  both  canopy-level  and  soil  environmental
controls  may  make  it suitable  for inclusion  in GCMs,  and  what  this  entails  in  terms  of  parameterisation.

© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Variation in the apertures of stomatal pores in the surface of
eaves of terrestrial plants are a key control of both photosyn-
hetic uptake of carbon dioxide and transpirational loss of water
y land ecosystems. Their accurate modelling in response to varia-
ion in environmental conditions is important for many reasons,
ncluding aiding predictability in the role that the land surface
lays in the global carbon and water cycles, which themselves
ay  be changing in response to the anthropogenic burning of
ossil fuels (IPCC, 2007). Garratt (1993) and Cox et al. (1999),
or example, demonstrate the importance of the land surface in
lobal climate simulations. Stomatal control on the partitioning of

∗ Corresponding author. Tel.: +44 01491 692389.
E-mail address: chg@ceh.ac.uk (C. Huntingford).
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304-3800/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

available energy into sensible and latent heat (Penman-Monteith
equation: Monteith, 1981) also affects meteorological conditions at
the regional scale through atmospheric boundary-layer feedbacks.
Multiple conceptual models illustrate this feedback (e.g. Jacobs and
DeBruin, 1992; Raupach, 1998; Huntingford and Monteith, 1998;
and more recently, de Arellano et al., 2012). At an even more local
scale, stomata play an important control in influencing water use
by crops, along with other vegetation. There is a large interest in
predicting the expected future balance, in a carbon dioxide (CO2)-
enriched environment, between altered hydrological conditions
(and including potentially detrimental higher evaporation rates
that dry soils under crops as a consequence of imposed global
warming) and the generally beneficial “CO2-fertilization effect”.

Besides physiological changes via stomata, related changes to net
primary productivity could also have structural effects for terres-
trial ecosystems. This all has implications for future food security
(e.g. Long et al., 2006), and especially for regions projected to

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ave raised risk of major drought, whilst at the global scale these
actors control the extent of any future land surface partial “draw-
own” of CO2 emissions. This balance will change should non-CO2
reenhouse gases also increase significantly, as these will not have
ertilization capability (Huntingford et al., 2011).

Laboratory and field experiments confirm strong correlations
etween stomatal opening and the prevailing environmental con-
itions, suggesting it may  be modelled as a function of five
uantities: leaf-level light, temperature, humidity deficit, soil mois-
ure content and atmospheric CO2 concentration. Jarvis (1976)
ombines these measurements to model stomatal conductance as

 series of multiplicative functions of stomatal response to each
f these five environmental variables. This approach is tested suc-
essfully by Stewart (1988) against data from a UK pine forest, and
ubsequently used by others for a range of other vegetation types.
ater Huntingford and Cox (1997) are almost able to reproduce such
unctional responses for the pine forest with an unconstrained neu-
al network fitting procedure. In such studies, inferred stomatal
onductance values are found through inversion of the Penman-
onteith equation, where the land-atmosphere energy fluxes are

nown. The original references used by Jarvis (1976), and which
upply details of measurements confirming the five dependences
re: Meidner and Mansfield (1968) for light and CO2, Neilson and
arvis (1975) for temperature, Lange et al. (1971) for vapour pres-
ure and Stålfelt (1955) for leaf water status.

Alternatively stomatal opening is often modelled as a direct
unction of the photosynthetic fluxes of carbon dioxide passing
hrough the stomata. Both Ball et al. (1987) and Leuning (1995)
ropose that stomatal conductance is a linear function of net
hotosynthesis, along with an additional dependence on VPD. In
hese descriptions, the stomatal responses to canopy-level tem-
erature, light and atmospheric CO2 concentration are implicit in
he photosynthetic model. These photosynthesis models are fre-
uently modulated directly to capture the influence of the status
f soil moisture content (Section 3 and Cox et al., 1998; Clark et al.,
011). This is as opposed to simply adjusting stomatal conductance
irectly to account for soil moisture influence, and then deriving a
ew photosynthesis value via impact on internal CO2 concentra-
ion (this is discussed further later). Whichever way  this influence
s described, it is frequently with a semi-linear dependence on soil

oisture content and hence arguably more simplistic than that of
he other environmental responses. There is, however, experimen-
al evidence in many species of a more mechanistic link between
tomatal closure and soil drying, and that is governed by a chemical
ignal (Zhang and Davies, 1989). A number of chemical species can
otentially contribute to this signalling process, but much research
uggests that abscisic acid (ABA) is a central component of the sig-
al. Stomatal opening can decline as the concentration of abscisic
cid [ABA] in xylem sap increases (Zhang and Davies, 1990; Khalil
nd Grace, 1993). Xylem [ABA] is thought to be a function of both
he water status of the root and the water flux through the root
ystem (Tardieu et al., 1992), and thereby provides the shoot with

 “measure” of the access that the plant root system has to soil
ater. Further, stomatal sensitivity to [ABA] may  co-vary with leaf
ater potential in some species. As leaf water potential declines,

becoming more negative; for example because of an increase in
ranspiration), stomata become more responsive to [ABA] (Tardieu
nd Davies, 1993; Tardieu and Simonneau, 1998). A description of
tomatal control that combines these features was developed by
ardieu and Davies (1993).

Dewar (2002) combines the Tardieu and Davies (1993) model
f stomatal regulation by ABA with the Leuning (1995)-type model

f the dependency of stomatal conductance on net photosynthe-
is. Here we revisit this, placing a particular emphasis on when
ll the equations are combined, whether this reveals dependencies
n quantities other than the direct surface meteorology. Presented
odelling 300 (2015) 81–88

are a full set of coupled equations, and we discuss required levels of
parameterisation. We  suggest this framework could be potentially
implemented in the land surface models of GCMs, providing a more
mechanistic description of soil-plant interactions than presently
exists.

2. Methods and results: two  models of stomatal response to
environmental variables

2.1. Governing equations: hydraulic dependencies

Tardieu and Davies (1993) provide a model for leaf-level stoma-
tal conductance, gS (m s−1), that responds to drought stress based
on both direct hydraulic control and chemical signalling. This is
through dependencies on leaf water potential, �l (MPa), and xylem
ABA concentration, cABA (mol [ABA] (m3 water)−1) respectively.
Following Tardieu (1993), stomatal conductance can be given as:

gs = gs,min + ˛ecABAˇeı�l (1)

and where gs,min (m s−1) is a minimum stomatal conductance, set
at 8.93 × 10−4 m s−1 (corresponding to a value of 0.02 mol m−2

s−1 in physiological units; see typical minimum values of stoma-
tal conductance in Figure 5 of Tardieu et al., 1993). Parameter ˛
can be regarded as the difference between maximum and mini-
mum stomatal conductance; in completely unstressed hydrological
conditions Eq. (1) becomes almost exactly gs = gs,min + ˛. Tardieu
et al. (1993) give a maximum stomatal conductance value of
0.27 mol  m−2 s−1, so  ̨ is 0.25 mol  m−2 s−1, which in the units
used here, corresponds to 0.0112 m s−1. The other constants are

 ̌ = −2.69 × 103 (m3 mol−1) and ı = −0.183 MPa−1 (from Table 1,
Tardieu and Davies, 1993, with adjusted units). The ABA concen-
tration itself is modelled as dependent upon the water potential at
the root surface �r (MPa) and total water flux passing from the soil
and through the vegetation per unit of land area, Jw (mg  m−2 s−1)
thus:

cABA = − a�r

Jw + b
. (2)

Here a = −1.4 × 10−3 mol  ABA mg  m−5 s−1 MPa−1 and
b = 4.0 mg  m−2 s−1 (values again from Table 1, Tardieu and
Davies, 1993. Also in that table, the last column is the references
leading to parameter values used).

Eqs. (1) and (2) can be linked to soil moisture content by a series
of hydrological “resistances” and soil properties. Leaf water poten-
tial, �l (MPa), satisfies

�l = �r − JwRp (3)

where Rp (MPa m2 s mg−1) is a plant resistance which includes
both radial resistance within the roots and axial resistance between
the roots and leaves. Following Tardieu and Davies (1993), a value
of Rp = 7.2 × 10−3 MPa  m2 s mg−1 is prescribed, which might be a
mid-range value for a potato crop (values for a small number of
alternative plant types are given in Saugier and Katerji, 1991; Table
5). Additionally �r (MPa) satisfies

�r = �s − JwRsp (4)

where �s (MPa) is the bulk soil water potential between roots, Rsp

(MPa m2 s mg−1) is the resistance between the soil and the root
surface. This resistance is calculated using the equation of Newman
(1969) as

2

Rsp = 1

4�KLa
ln

d

r2
(5)

where La (m m−2) is root length per unit area of ground, d (m)  is
the half mean distance between roots, r (m)  is the mean radius
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f the roots and K (mg  m−1 s−1 MPa−1) is soil hydraulic conduc-
ivity. Values are prescribed as La = 104 m m−2, r = 5 ×10−4 m and

 = 5.6 × 10−3 m.  Such values are similar to those used by Tardieu
nd Davies (1993), and correspond to typical values for maize (Zea
ays L.). These equations can then be linked to soil water (i.e. mois-

ure) content, � (m3 water (m3 soil)−1) via soil water potential �s

as required in Eq. (4)) and hydraulic conductivity, K (as required
n Eq. (5)), through Clapp and Hornberger (1978) relations thus:

s = �sat�
−bCH
f , K = Ksat�

2bCH+3
f . (6)

ere �f = �/�sat and �sat (m3 water (m3 soil)−1) is the saturated soil
oisture content, �sat (MPa) is the saturated soil water potential,

sat (mg  m−1 s−1 MPa−1) is the saturated hydraulic conductivity
nd bCH is the Clapp–Hornberger coefficient. Values are adopted
or a medium soil, as given by Cosby et al. (1984) and in Table 2 of
ox et al. (1999). From these, �s = 0.458, b = 6.63, and converting to
he units of this paper, �sat = −4.86 × 10−4 MPa  and Ksat = 4.81 × 102

g m−1 s−1 MPa−1. Linking physiological responses to soil water
otential has been noted by authors e.g. Lhomme  (1998).

Eqs. (1)–(6) may  be combined. Elimination of Rsp, �r, �l, K, �s

nd cABA suggests that this ABA-based model for stomatal con-
uctance reduces to one of water flux and soil moisture content
nly:

s = gs(Jw, �). (7)

The water flux passes through stomata at different levels
hroughout a vegetation canopy, and combined these total to Jw .

oving from the top leaves of a canopy downwards, one assump-
ion often made is that all resources (such as light; see also
ection 2.2) will decay together through the canopy, and as an expo-
ential in leaf area index above any given point (e.g. Cox et al., 1998).
his “big-leaf” assumption allows a canopy stomatal conductance
c (m s−1) to be defined as

c = gs
[1 − e−kLc ]

k
(8)

here Lc (m2 m−2) is total canopy leaf area index, and k is a decay
o-efficient, typically taking a value of 0.5. Recently advances have
een made highlighting the requirement of more sophisticated in-
anopy models (e.g. Mercado et al., 2007, 2009). However if here,
o close equations we adopt the more simplistic big-leaf approxi-

ation, combined with an assumption that humidity deficit D (kg
g−1) is invariant within a canopy, then the atmospheric demand
n evaporation (which will be the same as Jw from earlier) is

w = �aDgc10−6. (9)

ere �a (kg m−3) is the density of air. Hence (for a given LAI), elim-
nating water flux Jw between Eqs. (7) and (9) suggests that the
ardieu and Davies (1993) model can be alternatively expressed as
esponding to the drivers of soil moisture status and atmospheric
umidity demand:

s = gs(D, �). (10)

.2. Governing equations: photosynthetic dependencies

A strong and direct correlation has often been recorded between
hotosynthesis and stomatal opening (e.g. Wong et al., 1979). This
elation now appears at the centre of many large-scale land surface

odels, and including JULES (Best et al., 2011; Clark et al., 2011)
hich is in turn incorporated in to the U.K. Hadley Centre HadGEM2

limate models (Martin et al., 2011; Collins et al., 2011). Based on
he work of Ball et al. (1987), Leuning (1995) proposed a model
odelling 300 (2015) 81–88 83

for stomatal conductance with such an explicit dependence on net
assimilation, an (mol CO2 [m2 leaf area]−1 s−1). This is given by

gs = gs,min + �an

(ca − c∗)(1 + (D/D0))
(11)

where � and D0 (kg kg−1) are parameters, ca (mol CO2 (m3 air)−1)
is atmospheric CO2 concentration and variable c∗ (mol CO2 (m3

air)−1) is the temperature (and atmospheric oxygen)-dependent
CO2 compensation point (Clark et al., 2011) for C3 plants (value of
zero for C4 plants). Net photosynthesis contains a dependence upon
surface temperature, T (K), incoming solar radiation I (W m−2) and
intercellular CO2 concentration, ci (mol CO2 (m3 air)−1). The latter
is calculated from the flux gradient across the stomata as

ci = ca − 1.6an

gs
(12)

where the factor of 1.6 is the ratio of the diffusivities of carbon
dioxide to water vapour in air. Established models of photosynthe-
sis (e.g. Collatz et al., 1991, 1992) exhibit a peak in temperature
response, saturate in incoming photosynthetically active radiation,
Apar (W m−2) (which itself is almost linear in I) and increase in inter-
cellular CO2 concentration. Eliminating ci between Eqs. (11) and
(12) with the environmental dependencies of an gives

gs = gs(D, T, I, ca). (13)

The big-leaf assumption (as also applied here) is that all factors
affecting an remain invariant within a canopy, except for light level
which decays exponentially in LAI, causing a similar decay in an. For
small gs,min, this gives to a good approximation that gs also decays
in this way  through the canopy and hence canopy conductance sat-
isfies Eq. (8) (and further under this assumption, and from Eq. (12),
ci is therefore almost invariant in a canopy).

2.3. Potential combining of models of stomatal control

Section 2.1 gives a model in which stomatal control may  be
interpreted as dependent on soil moisture status and surface spe-
cific humidity deficit, whilst Section 2.2 provides equations that can
be regarded as giving a dependence on temperature, light intensity,
atmospheric CO2 concentration and again specific humidity deficit.
All five of these individual environmental conditions have been
identified as influencing stomatal response (e.g. Jarvis, 1976 and
Stewart, 1988), and where these authors also find such controlling
influences may  be expressed multiplicatively. This suggests a com-
bined model may  be appropriate, and as has also been suggested
by Dewar (2002).

The common variable is D, and in Section 3 we consider whether
this is the identical response in both model components, or
should effectively appear twice in any combination. To account
for both options, then we set a function f(D) as either f(D) ≡ 1 or
f(D) = (1 + D/D0)−1 and with the parameter D0 (kg kg−1) as from
above. Then a new single model for gS can be given as

gs = gs,min +
(

�f (D)an

ca − c∗

)
ecABAˇeı�l (14)

for some constant �. The value of � is selected such that with
f(D) ≡ 1, and ca = 350 ppm (a value appropriate for early 1990s,
allowing use of Tardieu et al., 1993 findings), T = 303.15 K, I =
500 W m−2, � = �sat and D = 0.0 (kg kg−1), then gs = 0.0121 ms−1

(or gs = gs,min +  ̨ = 0.27 mol  m−2 s−1). That is, for known near opti-
mal  (i.e. maximal) conditions for stomatal opening of high light
levels, a mid-range temperature, low water stress and low sur-

face humidity deficit. For these values, the model is normalised to
give the maximum values of gs recorded by Tardieu et al. (1993),
which gives a value of � = 2.34 × 107 m3 ppm (mol CO2)−1. For
these environmental drivers, then water flux Jw expressed in energy
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nits is 	E = 384 W m−2 whilst net assimilation in mass units is
.42 × 10−7 kg C m−2 s−1. Our description for an is identical to that
f Cox et al. (1998) and Clark et al. (2011), but here without the
irect soil moisture content modulation in those papers.

Fig. 1 presents simulations by Eq. (14), individually varying D,
, I, ca and � (and for f(D) ≡ 1). In panels (b)–(e), simulations were
ndertaken for � = 0.3 m3 water m−3 soil (corresponding to well-
atered soil – green line of Fig. 1) and � = 0.2 m3 water m−3 soil

corresponding to partially water stressed vegetation – red line of
ig. 1).

We  also undertake calculations, but now with f(D) not equiv-
lent to unity. The exact form we take is f(D) = (1 − D/Dq,crit), so
imilarly decreasing for higher D but in keeping with the JULES
odel (Best et al., 2011); here with Dq,crit = 0.09 kg kg−1. This is done

nly for the factorial experiment varying D (Fig. 1b), and with these
dditional simulations shown as dashed lines. Hence the dashed
ines of Fig. 1b represent both an implicit dependence on D through
hat ABA signalling (as indicated in Eq. (10)) and additionally a
irect control via a non-unity f(D).

. Discussion

.1. Dependency on vapour pressure deficit, D

Dewar (2002) argue that in the linking of approaches, it is
ncorrect to regard the VPD response of model components of
ections 2.1 and 2.2 as the same entity. That is, this is not a sin-
le common component to both model parts. Their argument is
ased on the finding that some plant types are ABA-deficient or

nsensitive, yet still retain a direct response to D (Assmann et al.,
000). Further the Tardieu and Davies (1993) model does give a
articularly low VPD response for high soil moisture contents (e.g.
ur nearly flat line of Fig. 1a for � = 0.3). Hence in the process of
odel calibration by Leuning (1995), we suggest this may  include

nstances where there is little soil moisture stress, and yet the VPD
esponse remains to give a non-infinite D0 value – thus supporting
he argument of Dewar (2002) of additional direct D dependence.
owever, the converse argument can also be made. It may  also be

hat during the process of calibration of the parameter D0, this will
nclude instances where soil moisture takes values far from satu-
ation, and as such the magnitude of the D0 parameter may  be, in
art at least, influenced by invoking an ABA response signalling soil
oisture status.
Reduced stomatal sensitivity to D at high soil moisture content

s realistic for some species (which might favour f(D) ≡ 1). Such
ehaviour is observed by Tardieu and Simonneau (1998) for maize,
unflower (Helianthus annus L.) and poplar (Populus euramericana).
alvet (2000) show further evidence for this response from a re-
nalysis of published leaf gas exchange measurements. Roberts
t al. (1990) show, however, that for tropical rainforest, there is
vidence of a sensitivity to surface humidity deficit, even when
ater is not limited within the soil, which would favour the form

f f(D) = (1 + D/D0)−1.
More recently, Medlyn et al. (2011, 2012) provide key insights

n to the VPD response by stomatal conductance. Using their model,
uilt from optimisation concepts to maximise photosynthesis for

 given water usage, they modulate gs with a VPD dependence of
he form f (D) = (1 + g1/

√
D). Their observed lowest g1 value repre-

ents a reduction in gs of around 25% between D = 0.005 (kg kg−1)
nd D = 0.015 (kg kg−1) (i.e. converting to our VPD units, so allowing
omparison to our Fig. 1b) whilst their highest g1 value approaches
 50% reduction over the same range. The higher g1 values are for
armer regions, which is found to be in keeping with the opti-
al  hypothesis. Medlyn et al. (2011, 2012) also discuss how other

uthors adjust g1 under drought conditions, suggesting they regard
odelling 300 (2015) 81–88

an (unadjusted) non-zero g1 parameter as applicable without water
stress. That conforms to f(D) is not equivalent to unity. However it
is also the case that Medlyn et al. (2011, 2012) do find the strongest
D dependency (via higher g1 values) in warmer and thus poten-
tially most drought-stressed regions of the world. Speculation can
be made that in those circumstances, any VPD response might be
a proxy for a stomatal response to Jw , controlled by ABA signalling,
in such drought conditions. That would retain the possibility that
any D dependency is not a direct control, favouring more f(D) ≡ 1.

As for any proposed introduction of new theory-based physio-
logical descriptions into large-scale land surface models, eventual
detailed testing of ability to reproduce measurements from multi-
ple plant types needs to be undertaken. At the field-scale or larger,
then databases such as FLUXNET (www.fluxdata.org) are especially
valuable, providing simultaneous measurements of water, energy
and CO2 fluxes (for discussion, see e.g. Jung et al., 2009). This can
then be used to calibrate land surface models when used in tandem
with concurrent meteorological measurements. Routine splitting
of datasets into distinct periods where soil water status is expected
(or modelled) to be either depleted or fully available may  aid in gen-
erating a more definitive conclusion as to the form of f(D) in Eq. (14).
As an aside, experiments of instantaneous variations in leaf-level
humidity have been found to adjust guard cell ABA concentrations
simultaneously with altering stomatal opening (Xie et al., 2006);
this cannot be a consequence of D influencing Jw and thus [ABA]
via our Eq. (2) as that is associated with transmission of signals
from the roots, and for which there will always be at least some
time delay. Should f(D) be found not equal to unity, and hence
direct VPD response at leaf level, then this could represent addi-
tional concurrent variations between ABA influence and stomata
opening.

3.2. Flux dependencies of combined model

There exists one particularly noteworthy alternative set of
potential dependencies, and for the combined model of Eq. (14).
The (double) exponential component of Eq. (14), as analysed in Sec-
tion 2.1, can through Eqs. (1)–(6) be regarded as an implicit function
of water flux Jw and soil moisture � (i.e. leading to Eq. (7)). Addi-
tionally, the humidity deficit D response in (14) can be seen instead
as a function of Jw (and of gc itself, and all for given LAI) – i.e. from
Eq. (9). This allows the full model in Eq. (14), for a given LAI, to be
written as having potential dependencies of only:

gs = gs(Jw, an, �, ca). (15)

This constitutes a remarkable set of drivers. It suggests that stoma-
tal opening can be linked, mathematically at least, to be a function
of the two  land-atmosphere fluxes of the hydrological and carbon
cycle, Jw and an respectively. The response of gs to high frequency
(sub-diurnal) fluctuations in imposed canopy-level meteorologi-
cal conditions is through their impact on these fluxes. Then more
slowly changing indicators of hydrological and carbon cycle status
are contained in what might be regarded as soil and atmospheric
store terms of � and ca respectively.

We additionally show as two  extra panels in Fig. 1 the link
between gs and total water flux Jw (i.e. 	E: panel (f)) and the net
assimilation an (panel (g)). The evaporative flux response is found
by changing Jw in Eqs. (1)–(6), decreasing down to different val-
ues from its value associated with near optimal conditions outlined
above. This provides values for the ABA-based exponential term of
Eq. (14), and which is solved for the case of f(D) ≡ 1. Similarly the

an dependence is found again adjusting that quantity only, down
from optimal conditions, and again in Eq. (14). In practise, variation
in the two  quantities might not occur completely independently –
a changing water flux Jw will affect gs, which in turn alters internal

http://www.fluxdata.org
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Fig. 1. Predictions of canopy stomatal resistance gs (m s−1) as a function of (a) soil moisture content, �, (b) humidity deficit, D, (c) photosynthetically active radiation, I, (d)
leaf  temperature, T and (e) atmospheric CO2 concentration, ca . The control values (except where varied individually) are � = 0.3 m3 water (m3 soil)−1 and � = 0.2 m3 water (m3

soil)−1 (green and red curves respectively), D = 0.008 kg kg−1, I = 500 W m−2, T = 303.15 K and ca = 350 ppm. All simulations are for f(D) ≡ 1, except for additional VPD response
c  cond
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urves  (panel (b), dashed lines) and which correspond to f(D) = (1 − D/Dq,crit). Canopy
vaporative flux and net assimilation respectively (see text for details).

O2 concentration ci, upon which an depends. Similarly altering gs

ia an will also influence Jw via Eq. (9).
We  hypothesize that regarding the dependencies in this form

ay offer an opportunity of comparing understanding of stoma-
al response more easily to the optimisation hypothesis of Cowan
1977) and Cowan and Farquhar (1977), and as recently updated
y Medlyn et al. (2011, 2012). This optimisation concept uses the
remise that stomatal conductance operates so as to maximise
O2 uptake for a given water loss. That is, over a given period,

or a prescribed integration of Jw (which will be related to avail-
ble rainfall) the integral of an is maximised. Additionally both
ott and Parkhurst (1991) and Monteith (1995) suggest that the

pparent response of stomatal conductance to specific humid-
ty deficit, D, could in fact be a proxy for a dependence upon
he water flux. Ignoring temperature, light and CO2 concentra-
ion, Monteith (1995) proposed a linear dependence of the form
s = gs,min + gmax[1 − Jw/Jw,max(�)] where Jw,max (mg  m−2 s−1) is

 maximum water flux, considered to be a function of the soil
oisture content. More recently, Jia and Davies (2007) provide

xperimental evidence of this as a direct dependency. In controlled
onditions, with canopy specific humidity deficit held invariant,

nd by uncoupling vegetation shoots from roots (and hence avoid-
ng any response to Jw along the full root-shoot system), they find
hat changes in transpiration adjusts sap pH, impacting on [ABA],
hich then adjusts stomatal opening. This would correspond to
uctance gc can then be calculated by Eq. (8). Panels (f) and (g) show dependence on

f(D) not being unity although acting as a proxy for an additional
(non-root) dependence on water flux Jw in models such as (11).

For carbon fluxes, if any of these model frameworks are
extended to include dynamic components that determine vege-
tation size and structure (i.e. Dynamic Global Vegetation Models;
DGVMs), then allometic relations will translate the integration in
time of flux an to LAI. For one of many examples, Huntingford et al.
(2000) present this for the dominant vegetation type in the JULES
model.

3.3. Inclusion of the soil moisture dependency

Our combined model of Eq. (14) links soil moisture status with a
direct influence on stomatal opening. This influences net photosyn-
thesis, an, but indirectly through changes in gs which in turn affect
intercellular CO2 concentration ci (via Eq. (12) where an depends on
ci). This is in contrast to the analysis of Cox et al. (1998), where for
the C4 vegetation analyzed (Kansas prairie FIFE data; Verma et al.,
1992), data suggest that there is a more direct and strong soil mois-
ture control upon an. In Cox et al. (1998) a plot for the FIFE data of
inferred gc vs an shows the ratio gc/an to be almost constant, and

notably including for very low gc values when soil moisture content
is also low. This would be difficult to achieve through changes via ci
alone, given the relative weak influence of ci changes on an. Instead,
in Cox et al. (1998), net assimilation is first calculated without water
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tress, before this is then multiplied (to give an overall value of
n) by a semi-linear function that decreases from unity to zero for
oil moisture decreasing from its critical value �crit (m3 water (m3

oil)−1) to a wilting value �wilt (m3 water (m3 soil)−1). Stomatal
pening is then linear in that revised adjusted net assimilation.

To reconcile to our combined model, one possibility is that the
ehaviour implicit in our equation set and parameters is more non-

inear in terms of response to soil moisture content (Fig. 1a), which
ould elicit a larger response to an via changes to gS and ci. A second
ossibility is to retain the approach of Cox et al. (1998), and alter-
atively regard the exponential dependence on cABA and �l in Eq.
14) as instead changing net photosynthesis, an. This would give
he identical equation for gs, as in Eq. (14). Where our model would
hange, compared to the approach outlined above, is that the actual
n would now include these cABA and �l effects directly, rather than
ust via gS and ci. That is an would be its value calculated as a func-
ion of T, I, ci, but additionally multiplied by exp(cABAˇexp(ı�l)).
f relevance is Zhou et al. (2013), which is a recent and com-
rehensive assessment of plant responses to drought. Their study
bserved relationships between both photosynthesis and stomatal
onductance, and leaf water potential. They conclude that there is

 drought response on both gs and an, suggesting the latter via car-
oxylation capacity, Vcmax. Additionally, they modify the g1 param-
ter of Medlyn et al. (2011, 2012) (see above) with a function that is
n exponential in pre-dawn leaf water potential, thus having some
imilarities to our Eq. (1). Further Jarvis and Davies (1998) specu-
ate about a direct influence of soil moisture on net photosynthesis,
nd potentially involving ABA as the messenger between the two.

.4. Aspects of implementation in to GCMs and impact models

The model dependences in Eqs. (10) and (13) combine to give

hat might be regarded as a standard set of five drivers (e.g. Jarvis,

976) as gs = gs(D, T, I, �, ca), and as portrayed in our Fig. 1(a)–(e) and
chematic Fig. 2. These are standard leaf-level quantities routinely
alculated in most GCMs. Practical aspects of a more commonplace

Fig. 2. A schematic of the governing equations used at the
odelling 300 (2015) 81–88

implementation of ABA-based models in to large-scale land sur-
face models are as follows. GCMs already often contain parameters
K, Ksat, �sat, bCH and �sat as part of their soil parameterisation. To
implement the [ABA]-based description of Eq. (14) requires addi-
tionally prescription of parameter  ̌ in Eq. (1), parameters a and b in
Eq. (2), parameter Rp in Eq. (3) and parameters La, d and r in Eqs. (4)
and (5). It requires characterisation of functional form of f(D) (Sec-
tion 3.1). We  assume estimates already exist for  ̨ based on existing
knowledge of maximum and minimum values of stomata open-
ing. Analysis would be needed to discover whether determination
of this higher number of unknowns is possible from, for exam-
ple, FLUXNET measurements, or if collinearity between parameters
is a problem, requiring additional ABA-specific measurements for
model constraint. Numerically we  find solution to the equation set
requires iteration, and in particular as the value of gs affects ci,
which in turn affects an, upon which gs depends. Such iteration
may  be avoidable in the event of direct soil moisture modulation
of an (see above) due to equation term cancellation, and for simi-
lar reasons to those in Cox et al. (1998). More sophisticated canopy
models (e.g. Mercado et al., 2007), determining meteorological pro-
files vertically through vegetation, would require any iteration to
occur at multiple levels.

The role of ABA in regulation of specific crop responses to
drought-induced soil moisture change is becoming significantly
better understood (see for instance Zingaretti et al., 2013 and refer-
ences therein). This suggests that despite any additional complexity
and parameterisation, there is potential to make better predic-
tions of the fate of particular crop types in a changing climate. This
is potentially more achievable at present, rather than generating
parameters appropriate for a more generic limited-number of Plant
Function Types (PFTs) that are present in DGVMs (e.g. Sitch et al.,
2008). Such crop models may  be driven offline, forced by, for

example, diagnostics from the Coupled Model Intercomparison
Project phase 5 (CMIP5) ensemble (Taylor et al., 2012). ABA-based
description of stomatal response to soil moisture status may aid
in understanding the food security implications of any estimated

 different soil, trunk, canopy and atmosphere levels.
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hanges to drought frequency by the CMIP5 ensemble. There is evi-
ence that some stomatal-based changes expected in a changing
limate might already be observable. For instance, increasing atmo-
pheric CO2 (ca) causing reduced stomatal opening (Fig. 1e) may
e detected in river runoff records (Gedney et al., 2006). Despite
he caveat that many ABA measurements are crop-based, there
re often similarities between how DGVMs model these and natu-
al PFTs. Crops are frequently represented as a natural grass type,
ut with enhanced turnover to represent harvesting. Hence with
ppropriate measurements, an ABA signalling model framework
ould be readily extended to be part of DGVM descriptions of nat-
ral vegetation types.

An emerging environmental concern is the impact of raised
ropospheric ozone on vegetation, which can have strong impli-
ations for global plant productivity (e.g. Huntingford et al., 2011)
nd which can therefore feedback via the carbon cycle (Sitch et al.,
007). Similar to the soil moisture control representation in GCMs,
he ozone (O3) response adjusting stomatal opening is currently
iven by a more empirical description. Here too the explicit mod-
lling of ABA could ultimately bring a more mechanistic depiction
f O3 in to large-scale terrestrial models. Mills et al. (2009) provide
ne recent updated estimate of O3 damage to stomatal function-
ng. Sun et al. (2012) argue that the mechanism behind the findings
f, for instance, Mills et al. (2009) are that a reduced sensitiv-
ty to ABA occurs. This is a consequence of raised canopy-level
zone concentrations increasing ethylene production, also a plant
rowth regulator, which lowers ABA’s effect on stomata (Wilkinson
nd Davies, 2010). McLaughlin et al. (2007a,b) and Sun et al.
2012) highlight the importance of ozone-vegetation interactions
n the hydrological cycle, including streamflow. Hence this addi-
ional more mechanistic process knowledge – potentially via ABA

odelling – could aid any search with detection and attribution
lgorithms for an ozone signal in runoff (thus extending the anal-
sis of Gedney et al. (2006) for contemporary periods, and aiding
uture runoff projections (Betts et al., 2007)).

. Conclusions

Medlyn et al. (2011) state: “very few studies have directly exam-
ned how the relationship between photosynthesis and stomatal
onductance is affected by drought”. Such better understanding is
equired as part of preparation for any changing climatic condi-
ions. Prudhomme et al. (2014), for example, demonstrate across
limate models and global impact models, there is high poten-
ial for major changes to drought frequency in a greenhouse gas
nriched world. They also observe the largest uncertainty is in the
mpacts responses, although noting that better future description
f the dynamic responses of plants to CO2 and climate change may
how a capability to offset some effects of drought conditions. Yet
espite its importance and continuously improving physiological
nowledge of soil moisture controls on stomatal opening, as yet
ost large-scale climate models tend to rely on regression-based

mpirical fits to describe this linkage.
Understanding of hormonal regulation of stomatal opening in

esponse to soil moisture status, transmitted from root to canopy
y xylem [ABA] concentration, is an advanced science at the lab-
ratory or field scale (e.g. Wilkinson and Davies, 2002). In the
heoretical analysis presented here, we consider a consistent and
omplete set of ABA-based equations and discuss how these could
e incorporated in to the terrestrial ecosystem component of cli-
ate models. Building on the study of Dewar (2002), we  show how
his might be achieved through combining two descriptions of sto-
atal conductance, i.e. (1) a dependence upon ABA signalling (e.g.

ardieu and Davies, 1993) and (2) a dependence upon photosyn-
hetic flux (e.g. Ball et al., 1987). At the minimum, calculations could
odelling 300 (2015) 81–88 87

be made for the responses of specific plant types, including crops, to
changed hydrological regimes. Ultimately, for global applicability
in climate simulations, then availability of ABA-related parameter-
isations needs to increase to the extent that it becomes possible
to construct a table of values for the small number of generic
plant functional types utilised in DGVMs. Such a table, with uncer-
tainty bounds, would be for ABA-specific parameters ˇ, a, b and
related additional hydrological quantities Rp, La, d, r. If modelled
ABA representation does improve DGVM process representation of
soil-plant-atmosphere fluxes of water, then implementation in a
fully coupled GCM framework may  reveal new insights as to the
likelihood of drought stress for different locations and levels of
climate change. Similarly, it may  aid better assessment of future
evolution of terrestrial ecosystems as a component of the global
carbon cycle.

That the dependencies of the combined model presented can
be reduced to just the four of net assimilation, water flux, atmo-
spheric CO2 concentration and soil moisture content is remarkable.
This may  have implications for the photosynthetic strategies of ter-
restrial ecosystems and their response to and role in the carbon
and water cycles. It can be conjectured that instantaneous water
fluxes provide additional and refining high frequency information
of imposed weather variability to plants, over and beyond a more
slowly changing soil water status. This could alert to more imme-
diate raised drought risk in the event that evaporative demand
suddenly increases. Similarly, it may  be that instantaneous net
assimilation provide a similar mediating role for behaviour of veg-
etation in the global carbon cycle, beyond responding to any slowly
changing atmospheric CO2 concentrations. On-going plant physi-
ological research will confirm whether the apparent dependences
on fluxes are more a consequence of equation re-arrangement, or
genuine drivers as “seen” by vegetation.
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