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ABSTRACT

Representation of stomatal physiology in models of plant-
atmosphere gas exchange is minimal, and direct application
of process-based models is limited by difficulty of param-
eter estimation. We derived simple models of stomatal
conductance from a recent process-based model, and cross-
validated them against measurements of sap flux (176-
365 d in length) in 36 individual trees of two age classes for
two Eucalyptus species across seven sites in the mountains
of southeastern Australia. The derived models — which are
driven by irradiance and evaporative demand and have two
to four parameters that represent sums and products of
biophysical parameters in the process model — reproduced
a median 83-89% of observed variance in half-hourly
and diurnally averaged sap flux, and performed similarly
whether fitted using a random sample of all data or using 1
month of data from spring or autumn. QOur simple models
are an advance in predicting plant water use because their
parameters are transparently related to reduced processes
and properties, enabling easy accommodation of improved
knowledge about how those parameters respond to envi-
ronmental change and differ among species.

Key-words: Eucalyptus; stomatal conductance model;
transpiration.

INTRODUCTION

Transpiration by trees plays a determining role in the water
balance of forest stands and in water yield from forested
catchments and is a subject of increasing research interest,
especially in regions such as where rainfall and tempera-
tures are predicted to vary markedly in coming years (e.g.
southeast Australia, Collins et al. 2011). Models of tree
water use are important tools for forest and ecosystem
managers in their efforts to predict ecosystem services,
notably catchment water yield and carbon sequestration, in
forested landscapes. Many such models, including those in
current use, include limited representation of the biological
control of transpiration (Running & Coughlan 1988;
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Rauscher efal. 1990; Korol, Running & Milner 1995;
Leuning et al. 1995; Lloyd et al. 1995; Paruelo & Sala 1995;
Jackson eral. 1998). It is still common (e.g. Granger &
Pomeroy 1997; Pomeroy et al. 2007) for transpiration to be
predicted solely by reference to the potential evaporation
from a wet surface.

A summary of recent research (Levia, Carlyle-Moses &
Tanaka 2011) strongly suggests that reliability and general-
ity of such models under future climates may be greatly
improved by incorporating current knowledge of the physi-
ological mechanisms by which plants regulate transpiration.
‘Bottom-up’ modelling approaches — based on scaling up
detailed leaf level models — are particularly needed to cope
with the evident landscape-scale variation in stand-, site-
and individual-scale biological properties that influence
tree water use (Wilson et al. 2001; Ford et al. 2007). This
must be weighed against the computational efficiency and
ease of parameter estimation in ‘top-down’ approaches,
which predict gas exchange using conservative properties
(e.g. light use efficiency) that emerge at large scales from
biological regulation at smaller scales, and which facilitate
scaling up (Raupach & Finnigan 1988; Houborg et al. 2009).
To be useful, models that predict the biological control of
gas exchange must strike this balance — they should remain
simple, yet able to capture wide biological variation and
effects of climate change.

Closed form, process-based models of steady-state sto-
matal conductance have emerged in recent years (Jarvis &
Davies 1998; Dewar 2002; Gao et al. 2002; Buckley, Mott &
Farquhar 2003; Peak & Mott 2011) to complement widely
used empirical models of stomatal conductance (Jarvis
1976; Ball, Woodrow & Berry 1987; Leuning 1995; Oren
et al. 1999; White et al. 1999; Noe & Giersch 2004); for a
review, see Damour ef al. (2010). Because the parameters in
these process models correspond to measurable biological
and biophysical properties, they offer the prospect of
more explicitly representing those properties, and more
importantly their responses to environmental change, in
bottom-up models. Yet in common use it is impractical to
measure each of the parameters in these process models for
application to large-scale predictions.

We show here that the ‘BMF’ process model of
stomatal conductance (Buckley et al. 2003) can be reduced
to a simpler form, with two to four ‘lumped’ parameters
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that still bear transparent relationships to the underlying
biophysical parameters. The resulting model(s) offer a way
to bridge the gap between empirical models that are com-
putationally efficient and have few parameters, and detailed
process models with many parameters. Our objectives were:
(1) to develop robust but simplified models for stomatal
conductance that were based on current understanding of
stomatal conductance, as expressed in the BMF model; (2)
to test those models against a number of independent sap
flux datasets that encompassed considerable variation in
environmental conditions and included two species and
age classes; and (3) to show how the derived models can
accommodate experimentally gained knowledge. For model
testing and cross-validation, we used half-hourly and diur-
nally averaged sap flux data for 36 individual trees of two
Eucalyptus species across seven forest stands in the moun-
tains of southeastern Australia that varied in age (time since
fire). Those datasets cover periods ranging from 176 to
365 d (average: 289 d).

MATERIALS AND METHODS

The BMF process-based model of
stomatal conductance

The stomatal conductance model of Buckley ez al. (2003)
(BMF) can be expressed as

_ Kl(Wsoil + ”e)
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where K is leaf-specific hydraulic conductance; Wi is soil
water potential (MPa); . is epidermal osmotic pressure; D
is the water vapour mole fraction difference between the
leaf’s intercellular air spaces and the leaf surface (mmol-
mol™); y is a scalar that relates conductance (gs) to turgor
pressures of epidermal and guard cells, and which includes
the effect of stomatal density; and o is the ‘guard cell advan-
tage’, which incorporates the effects of light, CO; and hor-
monal signals from roots (ABA) as well as an offset
representing the epidermal mechanical advantage. (Table 1
defines symbols used in this study; symbols used only in the
Appendix are defined there.) o is not a parameter, but
rather a function of irradiance and intercellular CO, that
includes additional parameters, and will be discussed
further next.

Equation 1 is simplified from the original BMF model in
two ways. Firstly, it assumes that the osmotic gradient from
guard to epidermal cells, rather than from guard cells to the
adjacent apoplast, is the target for active guard cell osmo-
regulation. This is consistent with other analyses (Dewar
2002; Franks & Farquhar 2007). Secondly, it assumes
hydraulic resistance from epidermal to guard cells is negli-
gible compared to that from soil to epidermal cells; this is
open to debate (Dewar 1995; Peak & Mott 2011) but is
supported by much circumstantial evidence (Buckley &
Mott 2002; Buckley 2005).

Table 1. Parameters and variables referred to in the main text
of this study, listed in alphabetical order

Name Symbol  Units

Guard cell advantage o Unitless

o at saturating irradiance O Unitless

Lumped parameter, defined b mmol mol™!
as Ki/yom

Turgor to conductance mol m~2 s MPa!
scalar

Air H,O vapour pressure D mmol mol™
saturation deficit

Leaf surface vapour Dy mmol mol™!
pressure saturation deficit

Maximum leaf transpiration E, mmol m~2s!

rate
Initial slope of response of ¢
o to irradiance

[umol m~ 7'

Sap flux f cm® cm? h!
Maximum sap flux fn cm’® cm2 h!
Stomatal conductance to g mol m2s™!
water vapour
Irradiance (photosynthetic i umol m2 s
photon flux)
o in darkness, divided by ¢ i, umol m2 s
Lumped parameter, defined & umol m~ s mmol mol™!
as Ki/yo
Leaf specific hydraulic K, mmol m~ s~ MPa!
conductance
Epidermal osmotic pressure 7. MPa
Ratio of leaf area to c m? cm™
sapwood area
Soil water potential Wsoil MPa

Deriving a simplified four-parameter
conductance model from BMF

The major simplification that we apply to BMF in this study
is to approximate the guard cell advantage, o, by a saturat-
ing hyperbolic function of photosynthetic photon flux
density (irradiance, 7):

o= 20l h) @
O + Qi

where o, is the limit of « at high irradiance, and ¢ is the
initial slope of o versus i. Figure 1 compares Eqn 2 with the
model for o used by Buckley et al. (2003). The latter model
was based on the mesophyll ATP concentration model of
Farquhar & Wong (1984), which was in turn derived from
the photosynthesis model of Farquhar, von Caemmerer &
Berry (1980). In the full model for ¢, light saturation is
reached more abruptly than in the hyperbolic model, but
the general character of the response is similar. The original
o model also captures responses to ambient CO, concen-
tration (which we will address in the Discussion), and it has
a negative offset to represent the epidermal mechanical
advantage. Given it is now clear that stomata are often
partly open in the dark, giving rise to nocturnal transpira-
tion (Caird, Richards & Donovan 2007; Dawson et al.2007),
Eqn 2 includes a positive offset, .
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Figure 1. Comparison of two models for the response of guard
cell advantage (o) to incident irradiance (i). Solid line
(‘biochemical model’): model used by Buckley ez al. 2003), with
photosynthetic parameters given by those authors. Dashed line
(‘hyperbolic model’): model used in this study (Eqn 2), with
io=10 umol m?s™, o4, = 13 and ¢=0.022 (umol m~> 1)~

Substituting Eqn 2 in Eqn 1 leads to:

g — Kl(l//soil+7te)(i+io)
K K i+(i+i,)D;
X0 X0

®)

We may group parameters by defining E. = Ki( Weoil + ),
k=Ki/y¢ and b = Ki/yom. This gives

E.(i+1i,)

=m0’ _ (Model4 4
k+bi+(i+i,)D, (Model 4) )

8s

We chose the symbol E, because Ki(ykoi+ ) is the
maximum transpiration rate at large D; (see the Appendix).
We call Eqn 4 ‘Model 4’ because it has four parameters (En,
k, b and i,). Technically, of course, there are seven param-
eters (K, Weoi, e, o, ), ¢ and om). However, preliminary
results from applying this model to one of our datasets
suggested that treating En, k, b and i, as invariant param-
eters on seasonal time scales led to surprisingly accurate
predictions for our study systems, motivating the broader
tests presented here. Model 4 can be thought of as a sim-
plified expression of the BMF model, constrained by the
hypothesis of invariance of these ‘lumped’ parameters.

Two- and three-parameter alternative models

To determine the simplest model (in the sense of having
the fewest parameters) capable of adequately predicting g,
we will now derive a suite of alternative models based
on Model 4. The first arises by assuming that @i << o4
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(bi < < k); that is, that the stomatal response to irradiance is
typically in the approximately linear region at low irradi-
ance. This yields o = ¢(i +i,) in place of Eqn 2. Although
Eqn 2 actually predicts large curvature in o vs i at low
irradiance, the photosynthesis-based model for « originally
used by Buckley et al. (2003) is more nearly linear at low
irradiance (Fig. 1), so the approximation merits testing as a
predictive tool. This gives:

_ EL(i+i)

~TiGrip: (Modeld) )

s

Alternative models suitable for predictions at diurnal
rather than half-hourly time scales may be obtained by
eliminating i,, because this parameter is only needed to
predict nocturnal transpiration. Setting i, equal to zero
gives:

E.i

s =————, (Model 4d 6
8= iwpiviD ) ©)
Eni
=l (Model 3d
8= 4qip, Model3d) )

The models’ names are appended with ‘d’ in Eqns 6 and
7 to indicate that they are only meant to apply at diurnal
time scales.

Testing the models

We tested the models above by using them to predict whole
tree sap flux (f, cm® cm™ h™'), as

f=6490Dg(i, D), (8)

where 64.9 [(cm® h™)/(mmol s™)] is a unit conversion, o is
the ratio of leaf area to sapwood area (m?cm™), D is the
water vapour mole fraction saturation deficit of the air
(mmol mol™), and g(;,D) is the conductance predicted
from Eqns 4-7 using measurements of i and D. Applying
Eqn 8 to the models modifies the parameter E,, such that
the parameter we actually estimated is maximum sap flux
(fn), which is related to E., by

fu =(64.96)E,,. ©9)

We estimated fn, k, b and i, by fitting the models to our sap
flux data in cross-validation analysis (see Model fitting and
testing for details), and compared fitted estimates of f,, with
actual maximum values of fin each dataset; inference of E,,
from f,, requires estimates of o, which were not available.
Note that replacing D with D requires that the canopy is
well coupled aerodynamically, so that Ds and D are similar
and uniform through the canopy. Aerodynamic decoupling
is unlikely for our study sites, which are in open woodlands
or tall open forests and have relatively low leaf area indices;
a recent study in these sites (Buckley et al. 2011) found no
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consistent effect of wind speed on canopy conductance,
indicating a high degree of coupling.

Sap flux and environmental measurements

We measured sap flux (f) in 36 trees: five to six trees at each
of seven sites, listed in Table 2. Two species were sampled:
Eucalyptus delegatensis and Eucalyptus pauciflora. Three of
the seven sites (two for E. delegatensis and one for E. pauci-
flora) were in 6 to 8-year-old stands that germinated (E. del-
egatensis) or resprouted (E. pauciflora) after fires in 2003

Table 2. Metadata for sites and data records used to test the
sap flux models in this study

Tree DBH SA  Days Period of data record

E. delegatensis, mature

Dml_1 44.0 280.8 365
Dml_2 450 2209 365
Dml1_3 663 514.6 365
Dml_4 525 303.6 365
Dml_5 358 1740 365
Dml_6 585 3714 365
Dm2_2 613 447.8 331
Dm2_3 764 5787 331
Dm2 4 482 176.1 331
Dm2_5 53.0 320.7 301
Dm2 6 441 2040 331

E. delegatensis, regrowth

Dr1_1 11.0 53.0 365
Dr1.2 95 449 365
Dr1_.3 9.0 39.3 365
Dr1_4 11.0 62.9 364
Dr1_5 9.0 459 365
Dr2.1 92 31.2 348
Dr2.2 104 50.1 349
Dr2.3 107 447 233
Dr2 4 10.1 37.4 348
Dr2 5 10.1 48.5 233

E. pauciflora, mature

Pml_1 29.0 171.6 176
Pml_ 2 185 73.1 176
Pml 4 21.0 121.7 176
Pml_5 240 107.8 176
Pml 6 27.0 1514 176
Pm2_1 21.0 69.7 181
Pm2 2 29.0 1424 181
Pm2.3 571 2381 181
Pm2_4 356 203.0 181
Pm2 5 413 3353 181

E. pauciflora, regrowth

Pr2_1 53 122 184
Pr2. 2 6.7 245 183
Pr2_3 49 12.1 365
Pr2 4 5.4 149 184
Pr2_5 53 15.7 365

10 August 2009-09 August 2010
10 August 2009-09 August 2010
10 August 2009-09 August 2010
10 August 2009-09 August 2010
10 August 2009-09 August 2010
10 August 2009-09 August 2010
09 August 2009-08 August 2010
09 August 2009-08 August 2010
09 August 2009-08 August 2010
09 August 2009-09 July 2010

09 August 2009-08 August 2010

09 August 2009-08 August 2010
09 August 2009-08 August 2010
09 August 2009-08 August 2010
09 August 2009-07 August 2010
09 August 2009-08 August 2010
09 August 2009-25 August 2010
09 August 2009-25 August 2010
02 December 2009-25 August 2010
09 August 2009-25 August 2010
02 December 2009-25 August 2010

21 October 2008-14 April 2009
21 October 2008-14 April 2009
21 October 2008-14 April 2009
21 October 2008-14 April 2009
21 October 2008-14 April 2009
18 November 2009-20 May 2010
18 November 2009-20 May 2010
18 November 2009-20 May 2010
18 November 2009-20 May 2010
18 November 2009-20 May 2010

18 November 2009-20 May 2010
20 May 2009-18 November 2009
20 May 2009-19 May 2010
20 May 2009-19 November 2009
20 May 2009-19 May 2010

DBH, cm; SA, total sapwood area, cm? days, number of days in the
data record; period, time span of the data record. Capital letters in
tree codes denote species (D, E. delegatensis; P, E. pauciflora); low-
ercase letters denote age class (m, mature; r, post-2003-fire
regrowth), and the first number identifies the site.

killed mature stands at those sites. The other four sites were
in nearby mature stands that survived the fires. The mature
E. delegatensis sites were 71 years old and approximately
40-50 m in height. The age of the mature E. pauciflora sites
is unknown, and tree age may range from 45 years (most
likely, due to fires 45 years ago) to several hundred years;
these stands are approximately 10-15 m in height. Sap flux
was measured every 30 min by the HRM method (Burgess
et al.2001; Bleby, Burgess & Adams 2004) using one sap flux
probe set (ICT International, Armidale, NSW, Australia)
installed at 1.3 m height in each stem at a consistent
azimuth in each site. Probe sets included outer and inner
probes, at 12.5 and 27.5 mm depths, respectively. Additional
details of sap flux measurements procedures are given by
Buckley et al. (2011). Whole tree sap flux, f, was calculated
as the sum of the products of sapwood area and sap flux for
outer and inner sapwood regions, all divided by total
sapwood area. Sapwood regions were delineated by a
boundary corresponding to the midpoint between the inner
and outer probes. Outer sapwood area was taken as the
lesser of total sapwood area (calculated from sapwood
length in two cores per tree) and the area of the outer
region; inner sapwood area was the remainder of total
sapwood area.

Air water vapour mole fraction saturation deficit (D,
mmol mol™) was calculated from air temperature and rela-
tive humidity, measured using sensors (HT-1, ICT Interna-
tional) installed within each site. Photosynthetic photon flux
density (i) was measured by sensors (PAR Smart Sensor,
Onset Corp, Pohansett, MA, USA) in automatic weather
stations near each site. To test Models 3d and 4d, diurnal
averages of f were computed for the period of non-zero i in
each 24 h period.

Model fitting and testing

All model fitting and testing was performed in Mathematica
8.0.4.0 (Wolfram Research Inc., Champaign, IL, USA)
using the ‘NonlinearModelFit’ function for fitting the
models and computing statistical parameters of the fit, the
‘LinearModelFit’ function for regression analysis of residu-
als, and code written by the authors for all other computa-
tions. Preliminary analysis yielded best-fit parameters for
one site, and those parameters were subsequently used as
initial parameter values for NonlinearModelFit.

Stationary cross-validation

We quantified the goodness of fit and predictive power of
the models (Eqns 4-7) based on output from stationary
cross-validation (SCV). In each test, a random sample of
one half of the data for a particular tree (the ‘training data’)
was used to fit the model, and the remainder of the data (the
‘testing data’) were used to test the fitted model. The entire
procedure was repeated 100 times for each tree. This is
equivalent to 100-fold cross-validation with randomized
selection of training data, or Monte Carlo cross validation
with 100 iterations (Burman 1989; Arlot & Celisse 2010).

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment, 35, 1647-1662



Each series of SCVs was repeated twice: once using half-
hourly data with Models 3 and 4, and once using diurnally
averaged data with Models 3d and 4d. [We also performed
non-stationary cross validation (NSCV), described next.]

We quantified the models’ goodness of fit in three differ-
ent ways for each SCV run, based on aspects of the fit
between the models and the training data.

1 To describe the fit and characterise its overall quality, we
recorded best fit parameter values and P-values for each
parameter.

2 To detect any systematic deviation of the model from the
data, we performed multiple linear regression on residu-
als of the fitted model from the training data with i, D
and time (f) as independent variables, and recorded
standardized regression slopes for significant effects
(P <0.05).

3 To assess the relative parsimony of the models, we com-
pared values of the corrected Akaike Information Crite-
rion (AICc) and Bayes Information Criterion (BIC)
computed for each fit (Arlot & Celisse 2010); smaller
values for these parameters indicate greater parsimony.
For each of these outputs, we report medians and median
absolute deviations (MADs) among trees in each
species/age class group, rather than means and standard
errors, which are less robust to outliers (Staudte &
Sheather 1990).

We quantified the predictive power of the fitted models in
three different ways.

1 Firstly, we used F-tests to determine whether the inter-
cepts and slopes of predicted versus measured flux were
significantly different from zero and unity, respectively.

2 Secondly, we recorded r* for the relationship between
measured and predicted sap flux in each SCV run, and
computed the median > among runs.

3 These 12 values quantify the models’ overall predictive
accuracy. However, they overstate the gain in accuracy
obtained by modelling stomatal control per se, because
the null model implicit in 7* is constant sap flux (the
denominator of 7 is the sum of squares of f— f..,, Where
favg 1s the mean of fin the testing data). Therefore, we
computed a second, modified version of 7> (denoted 77,
Eqn 10) in which the null model assumed constant con-
ductance (i.e. f=GD where G is a constant; Eqn 11)
rather than constant flux:

rrg=1- Z(fl - fmodel,i)z/z(fi - fnull,i)29 (10)

fnull ZGD, (11)

where f; is measured sap flux for time point 7 in the testing
data, fiodeli is the corresponding model prediction and fyui
is the prediction from Eqn 11. The parameter G in Eqn 11
was found by fitting Eqn 11 to the training data. Equation
10 gives the fraction of conductance-related variation in sap
flux explained by the models.
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NSCV

Traditional cross-validation using time series data can be
uninformative because of temporal trends in the process
being modelled (Arlot & Celisse 2010; Bergmeir & Benitez
2012). To detect changes over time in the nature of the
model fit and its predictive power, we also performed
NSCVs, in which the training data comprised 1 month (28
successive days), and the testing data comprised the remain-
der of the dataset. This was iterated, with the 28 d ‘training
window’ advanced by increments of 1 week, until the train-
ing window reached the end of the dataset. This is equiva-
lent to ‘leave-k-out cross validation’ (Arlot & Celisse 2010)
with k equal to 28 d (28 or 1344 data points for diurnally
averaged or half-hourly data, respectively). We omitted
results from runs in which the training window spanned a
data gap of longer than 7 d. In each run, we recorded r?
values for testing data versus fitted models as a measure of
the ability of parameter sets estimated in one narrow
window of time to predict sap flux at other times in the
dataset.

RESULTS
SCV of Models 3 and 4 (half-hourly data)

Both models predicted half-hourly sap flux well (Figs2 &
3), and reproduced most absolute and conductance-related
variation in observed sap flux in SCV. Over all trees, Models
4 and 3 predicted 86 and 83% of total variation in sap flux,
respectively (2, Table 3), and 76 and 73% of conductance-
related variation (7, Table 3). Slopes of predicted versus
measured flux differed significantly from unity in only 3-5
of 36 trees for each model; intercepts differed from zero in
31 of 36 trees for both models, but median intercepts (stan-
dardized by mean flux) were small: 0.05 and 0.04 for Models
4 and 3, respectively. In most trees, residuals (data minus
model) were positively correlated with irradiance for
Model 4 and negatively for Model 3; residuals were mostly
negatively correlated with D for Model 4 and positively for
Model 3 (Table 4). This suggests that Model 4 tends to
underestimate sap flux at high irradiance and low evapora-
tive demand (VPD), and the reverse is true for Model 3.
However, median standardized slopes for these residuals
ranged in magnitude from 0.07 to 0.11, with median regres-
sion 2 =0.02 (Model 4) and 0.04 (Model 3), indicating very
weak correlations whose significance was magnified by the
very large sample size (n = 8448-17 520). Model 4 was more
parsimonious than Model 3 despite its additional param-
eter: AICc was lower for Model 4 in all trees, and BIC was
lower in all but two trees (Table 3). All parameters were
significant for both models for every tree.

SCV of Models 3d and 4d (diurnally
averaged data)

Both models predicted diurnal average sap flux well (Figs 4
& 5): over all trees, Models 4d and 3d both predicted a
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Figure 2. Representative time courses of half-hourly sap flux (black lines and symbols) and corresponding median predictions (MED)
from Models 3 (red lines) and 4 (blue lines), for one tree in each species/age class group: (a) tree Dm1_1 (E. delegatensis, mature);

(b) tree Dr2_4 (E. delegatensis, regrowth); (c) tree Pm1_6 (E. pauciflora, mature); (d) tree Pr2_4 (E. pauciflora, regrowth). Median
absolute deviations (MADs) of predictions among cross-validation runs are shown with dashed lines.

median 89% of total variation in sap flux, and 78% of
conductance-related variation (7* and %, Table 5). Slopes of
predicted versus measured flux did not differ from unity in
any tree, for either model. Intercepts differed from zero in
12 trees for Model 4d and in 17 trees for Model 3d
(Table 4); in all but 4 of these 29 cases, this occurred in
regrowth trees. Inspection of these relationships (Figs 4 &
5) suggests that the cause was a tendency for predicted flux
to saturate at very high values of measured flux for the

younger trees, particularly in E. pauciflora. Furthermore,
for Model 3d, residuals were negatively correlated with i in
13 trees and positively with D in 8 (Table 4), indicating a
moderate tendency to overestimate conductance at high
light and underestimate it at high D. For Model 4d, residuals
were correlated with D and with i in only three trees each
(Table 4).

Model 4d showed a clear tendency for overfitting: Model
3d was more parsimonious in about two thirds of trees
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Figure 3. Representative plots of half-hourly sap flux versus
median predictions from Model 3 (red points) or Model 4 (blue
points) for one tree in each species/age class group: (a) tree
Dml_1 (E. delegatensis, mature); (b) tree Dr2_4 (E. delegatensis,
regrowth); (c) tree Pm1_6 (E. paucifiora, mature); (d) tree Pr2_4
(E. pauciflora, regrowth). 1:1 lines are shown in each plot.

(18-25 out of 36; AICc and BIC, Table 3), the parameter b
was insignificant in 23 of 36 trees and negative in 12 of 36
trees, and median > was lower for Model 4d in 16 of 36 trees
— all suggesting that the additional parameter in Model 4d
tended to capture random features of the training data that
were absent in the testing data.

Seasonal trends in model performance

Residuals were correlated with time in 27 of 36 trees for
both half-hourly models, and in 22 of 36 trees for both
diurnal models (Table 4). The absolute values of median
standardized regression slopes for time were 0.06-0.07 for
half-hourly data, and 0.06 (Model 3d) and 0.16 (Model 4d)
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for diurnally averaged data. This indicates a small but
systematic seasonal bias when the models are used with
constant parameters. Inspection of seasonal sap flux time-
courses (Fig. 4) suggests that the models tend to underesti-
mate conductance under conditions promoting very high
flux in late spring or summer, and to overestimate flux in
winter. Results from NSCV (Fig. 6) suggest that the models
generally performed similarly whether parameters were
estimated during 1 month in spring or autumn, or using a
random sample of data from across the dataset (as in SCV).
In all cases, parameters estimated in winter (June—August in
Australia) performed very poorly; in E. delegatensis, model
performance also declined using parameters estimated in
summer, though to a lesser degree.

Parameter values

The parameter f,, maximum sap flux, was broadly similar
between species/age class groups, with median values
ranging from 15.2 to 28.8 cm?® cm™ h™! for half-hourly data
and from 10.2 to 14.0 cm® cm™ h™! for diurnally averaged
data (Tables 6 & 7). Fitted f;, values for the diurnal models
compared well with actual f;, measured in each dataset, but
fitted values for the half-hourly models tended to underes-
timate actual f, (Fig. 7). Median fitted values of k and b
varied more, ranging from 540 to 4940 ymol m~ s™' mmol-
mol™ and -1 to 5 mmol mol™, respectively, across models.
The parameter i, (Models 4 and 3 only) ranged from 5.9 to
123 umol m~ s7!, and was typically greater in E. pauciflora:
for Model 4, the more parsimonious of the two, median
i, was 5.9-6.9 umolm=2s for E. delegatensis versus
37-47 umol m2s7! for E. pauciflora. These values corre-
spond to approximately 0.3 and 2% of midday summer
irradiance, respectively.

DISCUSSION

The stomatal conductance models developed here provided
robust predictions of sap flux. For half-hourly data that
included nocturnal periods, Model 4 was more parsimoni-
ous (lower AICc and BIC) and more consistently accurate
(higher %) than Model 3 for 32 of 36 trees. Even in trees

Table 3. Coefficients of determination (7%, r,) for relationships between half-hourly testing data and fitted models (Models 3 and 4), and
fractions of trees in which Model 3 was judged more parsimonious than Model 4 (based on smaller AICc or BIC)

P 7,

Group Model 4 Model 3 Model 4 Model 3 AlICc3 < AICc4? BIC3 < BIC4?
E. delegatensis (M) 0.88 = 0.03 0.82 = 0.01 0.78 = 0.04 0.66 = 0.05 1/11 1/11

E. delegatensis (R) 0.88 = 0.03 0.88 = 0.05 0.81 = 0.07 0.80 = 0.09 0 1/10

E. pauciflora (M) 0.82 = 0.04 0.81 = 0.03 0.73 = 0.03 0.72 = 0.04 0 0

E. pauciflora (R) 0.84 = 0.02 0.84 = 0.03 0.64 = 0.10 0.64 = 0.08 0 2/5

All trees 0.86 = 0.03 0.83 = 0.03 0.76 = 0.06 0.73 = 0.06 1/36 4/36

2 and r%, indicate the fraction of variance in sap flux explained by the models, relative to null models of constant sap flux (+*) or constant
conductance (%), respectively. Values shown are medians = median absolute deviations among trees in each group.
AlCc, Akaike Information Criterion; BIC, Bayes Information Criterion; M, mature; R, regrowth.
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Group/model i D

Table 4. Standardized regression
coefficients from multiple regressions of

Model 4

E. delegatensis (M) 0.05 (11/11) -0.13 (10/11)

E. delegatensis (R) 0.08 (8/10) —0.07 (9/10)
E. pauciflora (M) 0.04 (3/10) -0.11 (9/10)
E. pauciflora (R) 0.08 (4/5) —0.08 (5/5)

All trees
Model 3
E. delegatensis (M)

0.07 (26/36) ~0.09 (33/36)

-0.20 (11/11) 0.17 (11/11)

E. delegatensis (R) -0.08 (7/10) 0.12 (9/10)
E. pauciflora (M) -0.10 (10/10) 0.001 (8/10)
E. pauciflora (R) 0.11 (5/5) -0.18 (5/5)

All trees —0.11 (33/36) 0.08 (33/36)
Model 4d

E. delegatensis (M) - —0.41 (3/11)

E. delegatensis (R) 0.35 (2/10) -

E. pauciflora (M) 0.35 (1/10) -

E. pauciflora (R) - =

All trees 0.34 (3/36) ~0.41 (3/36)
Model 3d

E. delegatensis (M) -0.33 (8/11) 0.25 (4/11)

E. delegatensis (R) 0.31 (1/10) 0.32 (1/10)

E. paucifiora (M) —0.42 (5/10) 0.25 (2/10)

E. pauciflora (R) - -0.35 (1/5)

All trees —0.38 (14/36) 0.25 (8/36)

residuals (testing data minus fitted model)
versus irradiance (i), evaporative demand

-0.14 (7111) (D) and time (£)

0.13 (7/10)
0.07 (8/10)
0.10 (4/5)

0.07 (26/36)

-0.11 (7/11)
0.13 (7/10)
0.07 (8/10)
0.12 (4/5)
0.06 (26/36)

0.41 (8/11)
0.003 (5/10)
0.48 (5/10)
0.02 (3/5)
0.16 (21/36)

0.28 (9/11)
0.01 (5/10)
0.11 (5/10)
0.04 (3/5)

0.06 (22/36)

Values shown are medians among significant slopes in each group. Numbers in parentheses
are fractions of trees in each group for which coefficients were significant (P < 0.05). Where

values are missing, slopes were insignificant for all trees.
M, mature; R, regrowth.

where Model 3 was more parsimonious, Model 4 improved
the accuracy of diel time courses of sap flux by better cap-
turing the range between nocturnal minimum and diurnal
maximum sap flux (e.g. Fig.2a). That improvement is
largely due to Model 4 accounting for saturation in the
response of stomatal conductance to irradiance. Model 4
also described nocturnal transpiration well, by assuming
persistent nocturnal stimulation of guard cell osmotic pres-
sure equivalent to a median ‘dark irradiance’ (the param-
eter i,) of 8.5 umol m™ s or about 0.5% of midday summer
irradiance. We conclude that Model 4 is preferable to Model
3 for predicting diel variations in g.

The opposite was true for diurnally averaged data. Model
3d was more parsimonious and more accurate in Cross-
validation than Model 4d in most trees, and Model 4d was
not visibly superior to Model 3d in any dataset. The omis-
sion of nocturnal data reduced the range of irradiance in
these datasets, and with it, the need to account for satura-
tion in the stomatal response to irradiance — the main
advantage of Model 4d over 3d. We conclude that Model 3d
is at least as suitable as Model 4d for predicting diurnally
averaged sap flux, and perhaps more so, because with only
two parameters, Model 3d has greater potential for wide
application.

Sap flux predicted by the models was generally higher
than observed in winter, and slightly lower in spring. We
expected the reverse, because the models — as tested here,
using constant values for all parameters across seasons — did
not explicitly account for changes in soil water potential,

which is embedded in the parameter E. (fn as applied to
our data). Soil moisture typically falls in summer and rises
in winter, and this is widely thought to be an important
influence on stomatal conductance. The fact that assuming
constant E, did not cause overestimation of flux in
summer may reflect osmotic adjustment: E,, is defined as
Ki(ysoin + 7)), SO changes in w4 over weeks or months could
be counterbalanced by increases in leaf osmotic pressure, 7,
preventing E,, from declining (Morgan 1984). Eucalypts are
known for such adjustment (e.g. Arndt et al. 2008; Merchant
et al. 2010). It is unclear why g; should actually be less than
predicted in winter, although temperature effects and fluc-
tuations in sapwood to leaf area ratio (o, Eqn 9) are likely
explanations. We did not attempt to include temperature
effects directly into our models, but they could be accom-
modated via changes in the parameters o and K in similar
manner as we show in the Appendix (and discussed next)
for effects of CO, enrichment on those parameters. That is
beyond the scope of the present study. Changes in o are
only relevant in the context of using sap flux data to test our
conductance models, so they do not bear on our models’
ability to predict conductance. For now, we note that with
fixed parameters, the models were able to predict sap flux
well across multiple seasons. The models would remain
useful even if parameters were estimated separately for
summer and winter.

Although Models 3d and 4d cannot predict nocturnal
transpiration, it may be possible to compensate for this with
little increase in uncertainty. Recent studies suggest that
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Figure 4. Representative time courses of diurnally averaged sap flux (solid line) and corresponding median predictions from Models 3d
(red line, closed symbols) and 4d (blue line, open symbols), for one tree in each species/age class group: (a) tree Dm1_1 (E. delegatensis,
mature); (b) tree Dr2_4 (E. delegatensis, regrowth); (c) tree Pm1_6 (E. pauciflora, mature); (d) tree Pr2_4 (E. pauciflora, regrowth).
Median absolute deviations (MADs) of predictions among cross-validation runs are shown with dashed lines.

nocturnal transpiration in native Australian tree species
tends to be between 6 and 10% of diel totals, and that this
fraction does not vary greatly between seasons (Phillips
et al. 2010; Zeppel et al. 2010; Buckley et al. 2011). This sug-
gests that Model 3d or 4d could be used with a correction
factor of approximately 1.06-1.10 to account for nocturnal
losses.

Our models can accommodate new knowledge
and generate testable hypotheses

The utility of the models tested in this study is enhanced by
their parameters being explicitly related to reduced prop-
erties and processes, as embodied in the BMF model
(Buckley et al. 2003). This allows experimental knowledge
of how the physiological parameters in the BMF model
respond to long-term environmental change, including
climate change, to be directly applied to our models. For
example, a wealth of data is now available concerning
effects of CO, enrichment on photosynthetic parameters

and stomatal conductance. The parameters os, and ¢ can be
related to photosynthesis-related parameters in the original
model of guard cell advantage (o) used by Buckley et al.
(2003); in the Appendix, we develop these relationships and
then apply results of a meta-analysis of CO, enrichment
experiments (Ainsworth & Long 2005) to show that o, ¢
and guard cell advantage, ¢, are predicted to decline by
about 10, 19 and 15%, respectively, with a 200 umol mol™!
increase in ambient CO,. We can apply these predicted
changes to Eqn 1 to estimate the change in g;. Assuming Wi
and 7 are unaffected by enrichment, then

gs, Kl, (KI/Z(ZJFD)’ (12)

¢ K'jy/+D\ K

where primes denote values at elevated CO,. This shows
that the effect of changes in photosynthesis-related factors
(captured by ), is mediated by hydraulic supply and
demand (captured by K; and D). Note that g,'/g, approaches
o'/aat low D, and K'/K, at high D. Thus, in the limit of low
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Figure 5. Representative plots of diurnally averaged sap flux
versus median flux predictions from Model 3d (red points) or
Model 4d (blue points) for one tree in each species/age class
group: (a) tree Dm1_1 (E. delegatensis, mature); (b) tree Dr2_4
(E. delegatensis, regrowth); (c) tree Pm1_6 (E. pauciflora,
mature); (d) tree Pr2_4 (E. pauciflora, regrowth). 1:1 lines are
shown in each plot.

D, CO; enrichment is predicted to reduce g; by 15%. Effects
of enrichment on K; have not been characterized as thor-
oughly as photosynthetic responses, but available data
suggest that K, often declines in trees grown under CO,
enrichment. For example, Domec et al. (2009) reported a
14-22% decline in leaf hydraulic conductance in response
to enrichment in Pinus taeda, and Heath, Kerstiens & Tyree
(1997) found a 21% decline in K; in oak. If K; and o both
decline by around 15%, then g; is predicted to decline by
15% at all D.This compares well with the average reduction
of 15.6% among tree species in free-air CO, enrichment
(FACE) experiments reported by Ainsworth & Long
(2005). However, Heath et al. (1997) found no decline in K
or midday g, during summer drought in beech — when
evaporative demand is high — and similarly, Tognetti et al.

(1998) reported little change in g, and in fact an increase in
K, during summer drought in oak. These results are also
consistent with our analysis, as Eqn 12 suggests that changes
in K; dominate the effect of enrichment on g; under high
evaporative demand.

Comparison with other simple models of the
biological control of transpiration

Other simple models exist for stomatal control of plant
water loss. Perhaps the most widely used are formulations
related to the Jarvis (1976) and Ball-Berry models (Ball
et al. 1987), which have been applied to many tree, canopy
and landscape models (e.g. Running & Coughlan 1988,;
Collatz et al. 1991; Van Wijk et al. 2000; Reichstein et al.
2002; Battaglia et al. 2004). Jarvis-type models consist of
several multiplicative unit adjustment factors, each account-
ing for a different environmental influence on stomatal con-
ductance. Although the Jarvis approach is conceptually
simple and modular, it assumes the many controls on
stomatal conductance act independently, which is not
supported by current knowledge of stomatal physiology
(Buckley 2005). Leuning (1995) modified Ball-Berry to
better represent improved knowledge about stomatal
physiology, and the resulting ‘BBL’ model shares some
structural features with BMF. However, the structures of
the BBL and BMF models differ in important ways. Firstly,
BBL captures nocturnal water loss with a non-zero inter-
cept for stomatal conductance, which does not accommo-
date recent studies showing that stomata remain sensitive
to VPD at night (Barbour & Buckley 2007; Cavender-Bares,
Sack & Savage 2007); our models capture that behaviour.
Secondly, BBL captures the tendencies for gs to track pho-
tosynthetic capacity among leaves and plants, and photo-
synthetic rate over time for a given leaf, by setting g to be
directly proportional to net CO, assimilation rate. This
requires a full model for net photosynthetic rate, which adds
complexity and parameter estimation requirements that are
unnecessary in many applications. Our models achieve the
same outcome but in a different way: the short-term coor-
dination of g, with photosynthesis is captured via the
response of guard cell advantage, ¢, to irradiance, i (Eqn 2).

Table 5. Coefficients of determination (72, r%,) for relationships between diurnally averaged testing data and fitted models (Models 3d
and 4d), and fractions of trees in which Model 3d was judged more parsimonious than Model 4d (based on smaller AICc or BIC)

s s
Group Model 4d Model 3d Model 4d Model 3d AlICc3 < AICc4? BIC3 < BIC4?
E. delegatensis (M) 0.92 = 0.06 0.92 = 0.06 0.82 = 0.11 0.79 = 0.11 3/11 6/11
E. delegatensis (R) 0.87 = 0.03 0.87 £ 0.03 0.76 + 0.06 0.76 + 0.06 8/10 10/10
E. pauciflora (M) 0.86 = 0.08 0.86 = 0.07 0.79 = 0.11 0.76 = 0.07 4/10 6/10
E. pauciflora (R) 0.85 = 0.04 0.86 = 0.04 0.60 = 0.14 0.61 = 0.14 3/5 4/5
All trees 0.89 = 0.05 0.89 = 0.05 0.78 = 0.10 0.78 = 0.08 18/36 25/36

2 and r%, indicate the fraction of variance in sap flux explained by the models, relative to null models of constant sap flux (?) or constant

conductance (%), respectively. Values shown are medians = median absolute deviations among trees in each group.
AlCc, Akaike Information Criterion; BIC, Bayes Information Criterion; M, mature; R, regrowth.
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Diurnally averaged data (Models 3d and 4d)
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Figure 6. Coefficients of determination (7*) for measured versus predicted sap flux from nonstationary cross-validation (NSCV) of
Models 4 and 4d (solid lines) and 3 and 3d (dashed lines) for one representative tree from each species/age class group. Models were
trained using a 28 d ‘training window’ of data centred at the date shown, and tested using the remainder of the dataset. For reference,
median #* values from stationary cross validation (SCV), in which the training data were randomly selected from across the dataset, are
shown with grey horizontal lines (dash-dot: Models 4 and 4d; dash-dot-dot: Models 3 and 3d).

In our models, the coordination of g, with photosynthetic
capacity occurs chiefly via plant hydraulic conductance, Kj,
which is well known to scale with photosynthetic capacity
(Brodribb & Feild 2000; Hubbard et al. 2001; Brodribb, Hol-
brook & Gutierrez 2002; Brodribb et al. 2005), and which
affects the parameters En, k and b linearly. The parameter
o, is also expected to track photosynthetic capacity (as dis-
cussed in the Appendix); however, o, appears in our models
only in a ratio with K, —in the lumped parameter b (K\/yanm).

The tendency for both K; and o, to track photosynthetic
capacity suggests that b should be relatively insensitive to
photosynthetic capacity.

Conservation of b has already been shown, albeit indi-
rectly. Oren et al. (1999) presented an empirical model for
the stomatal response to evaporative demand, of the form
gsm = gsret — M-In[D/kPa], where ge is g in saturating light,
Zsrer 1S the value of gom at D =1 kPa and m is the sensitivity
of g« to relative changes in D. Those authors found a strong
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Table 6. Best-fit parameters (mean * SE) from stationary cross-validation of Models 3 and 4 on half-hourly data

Model 3 Model 4
Group fm k io fn k b i
E. delegatensis (M) 153+1.5 3400 *= 1600 61 =11 204 +2.2 496 *+ 85 6.1 14 6.6 = 0.9
E. delegatensis (R) 265+ 1.4 870 = 230 11+3 28.8 + 1.8 680 + 150 09 +0.3 59+1.2
E. pauciflora (M) 152 =22 4940 = 1380 123 =28 171 =24 2040 = 440 3.5*07 373+78
E. pauciflora (R) 21 +1.0 3640 = 690 38254 203 0.9 4080 = 840 -09+03 477 £5.1

Units are: f,, cm® cm™ h™; k, umol m™ s! (mmol mol™); i,, umol m~ s7%; b, mmol mol ™.

M, mature; R, regrowth.

Table 7. Best-fit parameters (mean * SE)

Model 3d Model 4d from stationary cross-validation of Models
Group fa X fa X b 3d and 4d on diurnally averaged data
E. delegatensis (M) 126 =14 2180 =430 13.8 1.8 1860 =+ 430 1.4+ 0.6
E. delegatensis (R) 13.9 = 0.9 550 =100 140 =09 535 =94 0.1 +0.1
E. pauciflora (M) 12718 3640 =720 134 =18 1910 =390 25%0.7
E. pauciflora (R) 106 0.5 1560 £320 102=*05 1700 =370 —0.8=*04

Parameter values that were insignificant (median P > 0.05) in model fits are shown in italics.

Units are: f,, cm® cm™2 h™; k, umol m™2 s~}

correlation between g s and m with a slope of 0.6, and
showed this was consistent with the hypothesis that the
stomatal response to D tends to keep leaf water potential,
Wicat, just above the threshold for runaway xylem cavitation

50
———- @ Model 4d R
A Model 3d
40 O Model 4

— — & Model 3

Fitted f,, (maximum sap flux)

0 T T T T
0 10 20 30 40 50 60 70

Measured f, (maximum sap flux)

Figure 7. Measured versus fitted values of maximum sap flux,
fm, for each model. Each point represents a different tree; fitted
values are medians from stationary cross-validation. Regression
equations are: y = 0.89x + 0.60, * = 0.76 (Model 4d); y = 0.83x +
0.90, = 0.81 (Model 3d); y = 0.26x + 13.93, r* = 0.18 (Model 4);
y=0.32x + 9.68, » =0.31 (Model 3).

(mmol mol™); b, mmol mol™.

(Oren et al. 1999). Our models allow that threshold water
potential to be specified explicitly (it is —m. plus or minus a
safety margin, as shown in the Appendix; 7. appears in the
lumped parameter E,,), while also allowing the sensitivity of
the D response above the threshold to vary in relation to
hydraulic conductance. Additionally, our models clarify
what it means for m to be proportional to g.r. In the BMF
model (Eqn 1), the quantity analogous to m (-dguw/dInD)
equals

D

_ dgsm _ DK](V/soil + ﬂe) _ 7) (13)
Kl/lam +D

dinD  (K,/yom +D)*

gs(ams D)[

where gy(0m,D) is gsm, that is, gs with a:set to o4, to represent
saturating light, but with D unspecified. At D =1kPa
(10 mmol mol™ in our units), g(om,D) equals g by
definition:

_ dgm
dinD

D=1kPa Burt K/ o, +10 (14)

The term in parentheses is analogous to the conserved
slope of 0.6 in the Oren model. Thus, our models suggest an
explanation for the conservation of that slope: namely, that
K, and you, are adaptively coordinated across species in a
ratio of approximately 20:3 (K\/yom = 20/3 makes the term
in parentheses above equal to 0.6). Because K\/yom is the
parameter b in our derived models, this suggests that the
body of work showing gr = 0.6 m (Oren et al. 1999, 2001;
Ewers eral. 2001) can be assimilated into our derived
models simply by setting b =20/3. We note as well that if
b =20/3, then grer = 0.06K,(Wsoit + ) = 0.06E,, (to see this,

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment, 35, 1647-1662



substitute Ki/ya=20/3 and D;=10 in Eqn 1). This allows
8. to be estimated from physiological variables, or E,, to be
estimated from published values of gyer.

Conservation of the ratio K/yos, expresses the growing
understanding that hydraulic conductance is conservatively
coordinated with photosynthetic capacity (which in the
BMF model affects or) (Brodribb & Feild 2000; Hubbard
et al. 2001; Brodribb et al. 2002, 2005; Katul, Leuning &
Oren 2003). Our models extend those insights by providing
a tool to interpret or predict deviations of Ki/yo., from the
conservative averages reported previously. For example, in
the original BMF model, oi, captures the direct effect of
hormonal drought signals such as abscisic acid on stomatal
regulation (Buckley et al. 2003). This generates a testable
hypothesis: exposure to drought-derived ABA signals
should increase Ki/yom in leaves, or decrease the Oren slope
(-dgsw/dInD). Similarly, we would hypothesize an increase
in K/yom under CO, enrichment in species that exhibit
photosynthetic down-regulation without a corresponding
decline in hydraulic conductance (e.g. Heath et al. 1997,
Tognetti et al. 1998).

CONCLUSION

Simple models for stomatal conductance derived from the
BMF process model of stomatal conductance (Buckley
et al. 2003) but requiring only two to four parameters per-
formed well in cross-validation using long sap flux datasets
(176-365 d) from 36 trees of two Eucalyptus species and age
classes in seven subalpine stands in southeastern Australia.
We found that the models could be trained to near-maximal
accuracy using 1 month of sap flux data from spring or
autumn. A four-parameter model predicted variations in
nocturnal transpiration well by assuming persistent noctur-
nal stimulation of guard cell osmotic pressure equivalent to
that expected under ~0.5% of midday summer irradiance.
We showed how experimentally derived knowledge about
effects of CO, enrichment on biophysical parameters in the
BMF model can be used to adjust parameters in the derived
models, and how our models accommodate and extend
insights from widely used empirical models of stomatal con-
ductance. Our derived models can help to bridge the gap
between detailed process models and purely empirical
models.
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APPENDIX

Modifying lumped parameters to reflect
experimental knowledge of climate
change effects

In this Appendix, we demonstrate how our models can
accommodate advances in physiological understanding by
applying results from CO, enrichment experiments to the
models’ parameters. o, and ¢, which affect guard cell advan-
tage (o, Eqn 2), can be related to parameters in the model
for o used by Buckley et al. (2003): oo= 7 — M, where 8
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(m? mmol™) is the sensitivity of the guard-to-epidermal cell
osmotic gradient to epidermal turgor, 7 is [ATP] in photo-
synthesising cells (mmol m~) and M is the net epidermal
mechanical advantage (unitless). It is easily shown from
eqns A19-A22 in Buckley et al. (2003) that oy, the limit of o
at large irradiance, is

Vm c + ZF*
O = li(at —4p(lm)(q " D—M, (A1)

where a; and p are the total adenylate pool and concen-
tration of photophosphorylation sites, respectively
(mmol m™2); V,, and J,, are carboxylation and electron
transport capacity, respectively (umol m=s™); ¢;, I'* and K’
are intercellular CO, concentration, photorespiratory CO,
compensation point and effective Michaelis constant for
RuBP carboxylation, respectively (umol mol™). A meta-
analysis of free-air CO, enrichment (FACE) experiments
by Ainsworth & Long (2005) found that V;, declined on
average by 6%, Jn by 1% and Vi/Jn by 5% across tree
species following a ~200 umol mol™ increase in CO; (c,). If
a; and p scale with V,, as suggested by Farquhar & Wong
(1984), then they too are expected to decline by 6%. We can
then estimate the ratio of o, at elevated CO, (580 umol
mol™) to ambient CO, (380 umol mol™), using typical
values of the parameters in Al (ay, 6.3; p, 1.3 (Farquhar &
Wong 1984); I'*,37; K’,738; Vin/Jm,0.48 (de Pury & Farquhar
1997); ¢i, 0.7 ¢a (Ainsworth & Long 2005); B, 1.17; M, 1
(Buckley et al. 2003), using square brackets to indicate
terms affected by CO, enrichment:

1.17([0.94-6.3]—

. 4[0.94-1.3][0.95- 0.481(WD 1

0.7-[580]+ 738
0.7~380+2v37D_1
0.7-380 + 738

m

O 1.17(6.3 —4.13- 0.48(

=0.90,
(A2)

o should thus decrease by about 10%, barring any change
in B or M. Using a conserved ci/c, ratio implicitly captures
the direct stomatal response to CO,, which preserves that
ratio (Wong 1979; Ball ez al. 1987).

An expression for ¢, the initial slope of the response of o
to light, is found by applying the chain rule to Eqns A20,
A21 and A23 in Buckley et al. (2003) to give:

Sl W

where ¢ is the initial slope of the response of potential
electron transport rate to light (e” per hv) and V; is the CO,-
and Rubisco-saturated but RuBP-limited carboxylation
rate (umol m~ s™). Farquhar & Wong (1984) suggested a;, p
and V. scale with V,,, implying that the first two parentheti-
cal quantities in A3 should not change. There is no evidence
that ¢ is affected by CO, enrichment. The last term is the
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inverse of that containing ¢; in Eqn A1, so it should decrease
by 19%.Thus, ¢ is expected to decline by about 19 %, assum-
ing constant f3.

We may combine these predicted changes in o, and ¢ to
estimate the change in « at intermediate light, say ¢i = otm,
from Eqn 2:

o  090,081¢i o + i
o 090, +081¢i  andi
_ 0.9-0.81 O + Oy
T 090, +0.81 0 1

(A4)

=0.85.

Thus, o is predicted to decline by approximately 15%
with CO; enrichment.

Threshold leaf water potential

Steady-state transpiration rate E is equal to Ki(Wsoil — Wiear),
where Vicar is leaf water potential. The minimum wic.s at large

D is therefore given by wii — En/K), where Eyy, is the limit of
E at large D. Applying E = gD to the BMF model for g
(Eqn 1) and taking the limit at large D using L’Hopital’s
Rule gives:

= Kl(l//soil + ﬂ’-e)-
(AS)

E, = lim E = lim g.D = lim .0 (Yo #7)D
D—>eo D—>eo D—>o0 Kl/xa +D

Thus, the minimum Vi,s equals —r; that is, the BMF model
predicts that stomata keep leaf water potential just above
—1.. If, as hypothesized by Oren etal. (1999), stomatal
behaviour also keeps leaf water potential just above the
critical threshold causing runaway xylem cavitation (W),
then y.iy must be close to —m.. Species that exhibit a ‘safety
margin’ (i.e. minimum Ve, is significantly above i) would
have m < Wi, and those with a tendency to exceed the
threshold (a negative safety margin, as it were) would have
Tl > Werite
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