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ABSTRACT

Reduced stomatal conductance (g;) during soil drought in angio-
sperms may result from effects of leaf turgor on stomata and/or
factors that do not directly depend on leaf turgor, including
root-derived abscisic acid (ABA) signals. To quantify the roles
of leaf turgor-mediated and leaf turgor-independent mecha-
nisms in g, decline during drought, we measured drought re-
sponses of g; and water relations in three woody species
(almond, grapevine and olive) under a range of conditions de-
signed to generate independent variation in leaf and root turgor,
including diurnal variation in evaporative demand and changes
in plant hydraulic conductance and leaf osmotic pressure. We
then applied these data to a process-based g; model and used a
novel method to partition observed declines in g; during drought
into contributions from each parameter in the model. Soil
drought reduced g, by 63-84% across species, and the model
reproduced these changes well (*=091, P<0.0001, n=44)
despite having only a single fitted parameter. Our analysis con-
cluded that responses mediated by leaf turgor could explain over
87% of the observed decline in g across species, adding to a
growing body of evidence that challenges the root ABA-
centric model of stomatal responses to drought.

Key-words: abscisic acid; isohydric; process-based model;
stomata; stomatal limitation; transpiration; water stress.

INTRODUCTION

Stomata regulate the trade-off between carbon gain and water
loss in leaves. Declines in stomatal conductance (gs) during soil
drought greatly impact crop production and ecosystem func-
tion across the globe (Hetherington & Woodward 2003), yet
the mechanisms for this response remain poorly understood.
In particular, it remains unresolved whether hydraulic or hor-
monal mechanisms are responsible. One hypothesis that has
dominated popular perception for many years is that decline
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in g during drought is mostly driven by hormonal signals such
as abscisic acid (ABA) that are generated independent of leaf
water status (Davies & Zhang 1991; Tardieu & Simonneau
1998; Dodd 2005). An alternative hypothesis is that stomatal
closure during soil drought is caused by an actively mediated
negative feedback response of stomata to reduced leaf turgor
(Sperry et al. 2002; Buckley 2005; Brodribb & Cochard
2009). The conflict between these two viewpoints has domi-
nated discussion of stomatal regulation for years yet shows
no sign of abating (Schachtman & Goodger 2008; Pantin
et al. 2012; Brodribb & McAdam 2013; Dodd 2013; Franks
2013).

Strong, albeit circumstantial, support can be found for both
viewpoints. The root-ABA hypothesis is supported by two
lines of evidence: the fact that stomatal closure during drought
can occur with little or no measurable decline in leaf water po-
tential, weap, that is, ‘isohydric’ behaviour (e.g. Bates & Hall
1981; Tardieu 1993), and the observation that dried roots pro-
duce ABA that ends up in the xylem sap, which provides a
mechanism of regulation because ABA is well known to cause
stomatal closure (Downtown et al. 1988; Tardieu & Davies
1992; Dodd et al. 2008). However, other evidence questions
whether root-derived ABA signals are necessary to explain
isohydric behaviour or stomatal closure in drought more gener-
ally. For example, modelling has shown that negative feedback
from leaf turgor can produce a state of near homeostasis in year
that may be experimentally indistinguishable from true homeo-
stasis (Sperry 2000; Buckley 2005). Holbrook et al. (2002) ob-
served normal stomatal responses to drought in tomato
shoots grafted onto roots that cannot produce ABA and sug-
gested that another chemical signal from drying roots may lead
to changes in pH that cause release of leaf ABA stores. Other
evidence implicates leaf-endogenous, rather than leaf-
exogenous, ABA in stomatal responses to reduced water sta-
tus: reductions in leaf turgor following an increase in evapora-
tive demand can lead to ABA synthesis within leaves and
subsequent decline in g; (McAdam et al. 2016).

Despite the evidence that responses to leaf turgor may ex-
plain much, and possibly most g decline during drought, there
remains a widespread perception among plant biologists that
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stomata close during drought because of root-derived ABA sig-
nals (Li et al. 2011; Romero et al. 2012; Secchi et al. 2013). The
persistence of this view led us to reconsider whether stomatal re-
sponses to leaf turgor are indeed capable of explaining observed
drought responses quantitatively, or if instead leaf-exogenous
ABA signals are required. Additionally, other factors may also
contribute to changes in g; during soil drought, including osmotic
adjustment (Turner er al. 1978; Premachandra et al. 1992),
changes in photosynthetic capacity (Mott 2009; Busch 2014;
Lawson et al. 2014) and intercellular CO, concentration (Mott
1988), and subtle differences in environmental conditions be-
tween non-drought and drought conditions, such as reduced air
humidity or increased temperature accompanying soil drying.

The objective of this study was to test the hypothesis that ob-
served stomatal closure during soil drought requires a major
contribution from leaf-exogenous ABA signals, given what
we currently know about stomatal water relations, mechanics
and responses to leaf turgor. A central challenge in separating
the roles of leaf and root water status in driving stomatal behav-
iour during drought is the fact that a decline in soil water poten-
tial will directly reduce both leaf and root turgor by equal
amounts. We therefore used a dataset that included not only
a drought treatment but also wide and independent variation
in leaf and root turgor generated by other factors, including
diurnal variations in vapour pressure deficit, changes in plant
hydraulic conductance and species differences in the degree
of isohydry during drought. We then tested whether a model
that includes both leaf turgor-dependent and leaf turgor-
independent responses could explain this diverse dataset,
and we used a novel partitioning approach (adapted from
Buckley & Diaz-Espejo 2015) to quantify the contributions
of each factor in the model to observed stomatal closure in
drought. Our results demonstrate that a large majority of
the observed decline in g during drought across these three
species can be explained without the need for leaf-
exogenous ABA signals.

MATERIAL AND METHODS
Overview

Here we present a brief overview of our experimental and an-
alytical approach. We measured leaf physiology in well-
watered (WW) and water-stressed (WS) conditions in three
species (almond, olive and grapevine), including parameters
needed to predict g from a simplified form of the stomatal
model of Buckley ez al. (2003) (hereafter the BMF model). This
model is based on the hypothesis that guard cell osmotic pres-
sure is actively regulated in proportion to leaf turgor — that is,
the hydroactive feedback hypothesis (HFH) - and on
established biophysical process laws for water transport and
gas exchange. However, the model also accommodates direct
suppression of guard cell osmotic pressure by ABA signals that
are generated independent of leaf turgor. We quantitatively
partitioned observed changes in g; between WW and WS treat-
ments into additive contributions from each term in the model,
using the method of Buckley & Diaz-Espejo (2015). These con-
tributions included turgor-mediated effects of soil water

potential, leaf osmotic pressure and plant hydraulic conduc-
tance, a turgor-independent effect representing leaf-exogenous
ABA signals, and, in some cases, effects of minor differences in
light and temperature between treatments. We note that this
analytical approach cannot discern empirically whether leaf-
exogenous ABA signals were in fact involved in the observed
changes in g; rather, it allowed us to determine whether, and
to what extent, those changes could be explained by leaf
turgor-mediated effects, or if instead a dominant role for leaf-
exogenous ABA signals must be invoked.

The BMF model remains, to date, the only available model
of stomatal function that can be used to assess relationships
among different factors involved in stomatal regulation in the
context of well-established biophysical relationships among
those factors. All other models, while useful in certain contexts,
either were structured with the intention of reproducing empir-
ical aspects of stomatal function rather than representing the
underlying processes (e.g. Ball er al., 1987, and Jarvis, 1976,
type models) or are partially process based but either contra-
dict fundamental aspects of stomatal hydromechanics — for ex-
ample, Dewar (1995, 2002), Tardieu & Davies (1993), Tardieu
etal. (2015) and Huber et al. (2014) — or only account for effects
of changes in evaporative demand, and not in water potential
or hydraulic conductance upstream of the leaf (e.g. Peak &
Mott 2011). By contrast, the HFH upon which the BMF model
is based was recently validated by experiments demonstrating
in vivo a molecular mechanism for negative feedback regula-
tion of guard cell osmotic pressure by leaf turgor (McAdam
et al.2016). Thus, although the conclusions of this study are the-
ory laden in the sense that their validity depends to some de-
gree upon that of the BMF model, the core premises of that
model are in fact supported by a massive body of evidence
(Buckley 2005).

Experimental conditions

The experiments occurred in 2012. The almond experiment
was conducted at an orchard near Seville, Spain (37°15'N,
—5°48'W). In early 2011, 20 one-year-old almond seedlings
[Prunus dulcis (Mill.) D. A. Webb cv. Guara] were transplanted
to 50 L pots containing a soil (Arenic Albaqualf, USDA 2010)
with 69.3% sand, 28.6% clay and 2.1% silt (Fernandez et al.
2011). Pots were placed in two rows oriented north to south,
with 1.5m between rows and 1m between plants. A slow-
release fertilizer (5gpot™" of Floranid® Permanent, NPK 16
+7+15+2 MgO, Compo, BASF, Ludwigshafen, Germany)
was applied every 40d. The olive experiment was carried out
at the same site as almond in a hedgerow olive orchard with
6-year-old olive trees (Olea europaea L. cv. Arbequina) at a
spacing of 4 x1.5m (1667 treesha™"). The soil in the orchard
(Arenic Albaqualf, USDA 2010) had a sandy loam top layer
of 0.6m and a sandy clay layer downwards (Fernandez et al.
2013). The grapevine experiment was conducted in the experi-
mental field of the University of Balearic Islands, Spain (39°38’
N, 2°38’E) using 3-year-old plants (Vitis vinifera L. cv.
Grenache) planted in rows (2.5m between rows and 1 m be-
tween plants) in natural clay loam soil 1.5 m deep. In all species,
measurement cycles occurred on the same day in each of two
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treatments: WW plants and plants experiencing imposed soil
drought (WS).

All experimental sites have Mediterranean climate: hot and
dry from May to September and mild and wet for the rest of
the year. For almond, air temperature (7,) and relative humid-
ity (RH) were recorded by probes (ZIM Plant Technology
GmbH, Hennigsdorf, Germany) near the pots and used to esti-
mate leaf-air H,O mole fraction gradient (Aw) given satura-
tion vapour pressure at leaf temperature (Buck 1981), the air
vapour pressure at each moment and the atmospheric pressure.
For olive and grapevine, Aw was estimated from measurements
of T, and RH made at meteorological stations located in the
same field as the experimental trees.

Irrigation and soil water status

Drip irrigation was used for all species. Almond pots were irri-
gated with 1.5Lpot'd™' until July, and then with
10Lpot 'd™" from late July through mid-August. In the
WW treatment, almond pots were irrigated to keep volumetric
soil water content (SWC) near field capacity, and in the WS
treatment, they were gradually stressed by withholding irriga-
tion such that SWC was lower than in WW by 69 +3% on the
day of measurements (when stomatal conductance significantly
differed from WW). For olive, WW trees were irrigated
enough to replace daily crop water demand (ET,, mm), and
in the WS treatment, a regulated deficit irrigation (DI) strategy
was applied aimed to supply a total of 30% ET.. For grapevine,
in the WW treatment, irrigation was adjusted to maintain pre-
dawn leaf water potential between —0.3 and —0.4 MPa,
whereas in the WS treatment, irrigation was withheld through-
out the summer. Drought levels differentially imposed to the
three species were not relevant because the main objective of
the present study was to clarify the role of turgor-mediated
and hormonal mechanisms in diverse stomatal responses to soil
drought.

Plant water status and gas exchange

Leaf water potential (y..r) Was measured with a Scholander-
type pressure chamber (PMS Instrument Company, Albany,
Oregon, USA). Measurements were made from pre-dawn to
sunset every 1.5-2h on sun-exposed, healthy, fully developed
leaves of representative current-year branches. In almond pots,
two leaves from three plants per treatment were sampled; in ol-
ive trees, three leaves from one tree per treatment; and in
grapevine plants, four leaves from four plants. ., at pre-dawn
was used as an estimate of soil water potential ().
Instantaneous measurements of stomatal conductance to
H,O (gs) were made at 1.5 to 3 h intervals from dawn to sunset
using an open-flow gas exchange system with a 2 x 3 cm cham-
ber (Li-6400, Li-Cor Inc., Lincoln, NE, USA). Chamber radia-
tion and temperature were set to match ambient conditions,
and measurements were completed within 1-2 min of enclosing
the leaf in the chamber, to ensure measured g; was indicative of
the value prevailing prior to measurements. In almond pots,
measurements were made on two leaves per plant (similar to
leaves chosen for yj.,r measurements) and four plants per
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treatment, and CO, concentration was controlled at
390 umol mol ! by a 6400-01 CO injector (Li-Cor Inc.). In ol-
ive trees, measurements were made on four leaves per treat-
ment from the same trees sampled in .,y measurements,
and ambient CO, concentration was used. In grapevine, one
leaf from each of five plants was used, and CO, concentration
was controlled at 400 umolmol . In all cases, photosynthetic
photon flux densities (PPFDs) were measured with the internal
photosynthetically active radiation (PAR) sensor from the
open chamber of the Li-6400.

On the experimental dates, almond leaves were sampled at
midday for osmotic pressure (7) measurements. One mature,
full expanded leaf per plant in four plants per treatment was
cleaned, packed in aluminium foil and immediately frozen in
liquid nitrogen. One 7 mm diameter disc per leaf was sampled
between the midrib and margin with a cork borer, punctured
15-20 times with forceps to speed equilibration and immedi-
ately loaded in a C-52 thermocouple psychrometer chamber
(Wescor Inc., Logan, UT, USA) connected to a datalogger
(PSYPRO, Wescor Inc.). Equilibrium was reached in
~30 min. We used the same procedure to measure z in four ol-
ive leaves per treatment sampled at dawn. We corrected =
using the regression model of Bartlett ez al. (2012) to account
for apoplastic dilution and wall solute enrichment. In grape-
vine, 7 was estimated from five pressure-volume (P-V) curves
per treatment, made with a Scholander chamber and an ana-
lytical balance (Kern ABT320-4M; KERN & SOHN,
Balingen, Germany, 10~*g resolution) (Martorell et al.
2015). = was assumed equal to leaf water potential at turgor
loss point (y,trp), which was identified as the inflection point
of the 1/, versus relative water content (RWC) curve. The
fitting method proposed by Sack et al. (2011) was used to fit
these curves.

Leaf osmotic pressure can change diurnally, especially as a
result of fluctuations in leaf RWC. We therefore corrected the
7 values measured as described earlier by applying in situ mea-
surements of leaf water potential to P-V curves for each spe-
cies. For each species and treatment, we fitted a second-order
polynomial to the relationship between water potential and
leaf RWC and then used a dilution formula to correct 7 as
needed by assuming osmotic content (moles) was diurnally in-
variant: 7(f) = 7% RWC(y1eat ' RWC(pi1ear(t) ), Where 7(7) is the
corrected value of « at time ¢, 7 is the 7 measurement de-
scribed earlier, y.o is the leaf water potential corresponding
to the condition in which z was initially measured (midday
for almond, pre-dawn for olive and the turgor loss point for
grapevine) and RWC(ye.¢()) represents the empirical P-V
curve relationship between RWC and ey

Photosynthetic response curves

Responses of net CO, assimilation rate (A) to intercellular CO,
concentration (¢;) (A-versus-¢; curves) were determined be-
tween 0900 and 1300h Greenwich Mean Time (GMT) over
the experimental period. Each curve comprised 15 measure-
ments, each made after at least 3min at a different value of am-
bient CO, concentration (c,). After steady-state photosynthesis
was achieved at 400 umolmol ', ¢, was lowered in seven steps
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to 50 umol mol !, then returned to 400 umol mol ' and in-
creased in seven steps to 1700 umol mol *. In almond, seven
curves per treatment were determined at ambient tempera-
ture and saturating PPFD (2000 zmolm2s™'). In olive,
three curves per treatment were performed at ambient tem-
perature and PPFD = 1600 umolm s, and in grapevine,
four curves per treatment were performed at 30°C and
PPFD = 1500 umolm s~ '. Parameters of the photosynthe-
sis model of Farquhar et al. (1980) [mesophyll conductance
(gm), maximum carboxylation rate (V. ma.x) and potential
electron transport rate (J)] were estimated for each curve
using the method of Ethier & Livingston (2004), which uses
non-linear least squares regression to fit the parameters [we
found no evidence of triosephosphate utilization (TPU) lim-
itation in our data]. RuBisCo kinetic parameters and the
photorespiratory CO, compensation point (I'x) were taken
from Bernacchi et al. (2002). In almond, V¢ max, /max and
gm Were normalized to 25 °C using published temperature
responses (Egea et al. 2011). In olive, normalized values to
25°C of V. max and Jy.x Were obtained after recalculation
of the temperature response of these parameters reported
by Diaz-Espejo et al. (2006), considering the g, temperature
response (Diaz-Espejo et al. 2007). In grapevine, V¢ max, Jmax
and g, were corrected to 25 °C using temperature responses
published by Buckley et al. (2014). Parameter values used in
this study for responses of photosynthetic parameters to tem-
perature are summarized in Table S1, and values of V¢ max, /max
and gy, at 25 °C are shown in Table S2 of the Supporting Infor-
mation File S1. J is modelled as the lesser root of a quadratic
expression, 0% — (Jmax + ¢i) - J +Jmax - 9i =0, where i is PPFD
and 6 and ¢ are dimensionless empirical parameters (the
convexity parameter and initial slope of J versus i, respec-
tively). # and ¢ were estimated in almond and olive by fitting
the model to A-versus-PPFD response curves (four curves
per treatment in almond and three in olive) performed by re-
ducing PPFD from 2500zmolm *s™' (for almond) or
2000 umolm2s~" (for olive) to darkness in 15 steps using
a LED Light Source (Li-6400-02B, Li-Cor Inc.) connected
to the Li-6400. Temperature and c, were 28-32°C and
390 umolmol !, respectively. The resulting values were
#=0.71 and ¢ =0.2 (for almond) and #=0.91 and ¢ =0.323
(for olive). For grapevine, we used values of #=0.90 and
» =0.385 (given by Buckley ez al., 2014, for plants in the same
trials, used in a different experiment). We used the same
values for 0, ¢, I'= and RuBisCo kinetic parameters to model
both WW and WS; most data show that moderate drought
does not affect these features of photosynthetic metabolism
(Flexas et al. 2004). Additional information about the photo-
synthetic model is given in the Appendix and in Supporting
Information File S1.

Statistical analysis

We used analysis of variance in linear models to quantify ef-
fects of irrigation treatment on V. imax, Jmax> &m» K, 71, a, © and
Wsoil Within each species using base R (R Core Team 2014),
using logarithmic transformation to improve normality when
needed. Midday averages were used for K and a.

Model of stomatal conductance based on the
hydroactive feedback hypothesis

We used a modified form of the g model originally presented by
Buckley ez al. (2003) (the BMF model) to examine the mechanis-
tic basis of observed changes in g, in order to assess whether
those changes could be explained by the HFH or if instead they
required a substantial contribution from leaf-exogenous ABA
signals. This model is based on biophysical process descriptions
for gas exchange, water relations and stomatal hydromechanics
and on the HFH, which states that guard cell osmotic pressure
is actively regulated in proportion to epidermal turgor pressure
(which acts as a sensor for changes in leaf water status). In the
BMF model, effects of light and intercellular CO, concentration
on guard cell osmotic pressure are predicted using an empirical
sub-model (Farquhar & Wong 1984). In the Supporting Informa-
tion File S1, we present the model in greater detail, and we derive
the following modified form of the model:

_ naK(Wsoil + ”)

= 1
&s K + naAw @

where K is leaf-specific hydraulic conductance, y; is soil wa-
ter potential, 7 is bulk leaf osmotic pressure and Aw is leaf-to-
air water vapour mole fraction gradient. The product na in
Eqn 1 is equivalent to the product yfr in the simplified
BMF model, where f is the sensitivity of guard cell osmotic
pressure to changes in leaf turgor, 7 is a factor that captures
the effects of light and CO, on guard cell osmotic pressure
and y is a proportionality factor that scales the mechanical ef-
fects of guard and epidermal cell turgor pressures on stomatal
aperture to g, units. Leaf turgor (P), which depends on tran-
spiration rate and on g itself, is implicit in the parameters
and variables of Eqn 1 (P =7 + Wiear =T + Wsoil — AW - g/K).

This equation thus includes three categories of effectors of
stomatal responses during drought: direct effects of changes
in K, ysoi and 7 (which are mediated by changes in P), changes
in PPFD and ¢; (mediated by a) and changes in other factors
that do not directly depend on P, PPFD or ¢; (mediated by 7).
The term 7, which acts as a sensor for PPFD and ¢; in the
BMF model, originated in an earlier model by Farquhar &
Wong (1984), who noted that stomatal responses to PPFD
and ¢; were remarkably similar to responses of mesophyll aden-
osine triphosphate (ATP) concentration () to PPFD and ¢
predicted by the photosynthesis model of Farquhar et al.
1980. We used the ATP model presented by Farquhar & Wong
(1984) as an empirical model to capture the effects of PPFD
and ¢; on g,. Because 7 also scales with the total adenylate pool
(m), and thus with photosynthetic capacity (Farquhar & Wong
1984), we separated the effects of PPFD and ¢; from that of
photosynthetic capacity by incorporating z,, into the parameter
n. Thus, the parameters n and a both capture turgor-
independent or ‘non-hydraulic’ effects — a is 7 expressed rela-
tive to its maximum value and n is a lumped parameter
representing other turgor-independent factors — and are de-
fined in terms of the BMF and Farquhar—-Wong model param-
eters as follows:

n =yftm )
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a =t/ty (3)

There is a mechanistic basis for using the term n in Eqn 1 to
capture effects of leaf-exogenous ABA. Buckley et al. (2003)
showed, following Dewar (2002), that the parameter / can be
interpreted as the ratio of the specific rates of active ion uptake
and passive ion efflux in guard cells; thus, because ABA affects
guard cells by stimulating passive efflux of osmotic solutes
(Hetherington 2001), drought-induced increases in ABA
should cause £, and thus 7, to decline (see the Supporting Infor-
mation File S1 for a derivation of this relationship).

How we applied the model

To apply the modified BMF model (Eqn 1), we simulated a
using the model of Farquhar & Wong (1984), we estimated K
as gs- AW/(Wsoil — Wieat), and we measured 7, y; and Aw as de-
scribed earlier. Finally, we estimated the parameter n by fitting
Eqn 1 to six to eight diurnal measurements of g; in each leaf
for four to five different leaves, using Solver in Microsoft Excel
to minimize the sum of squared differences between modelled
and measured g;. We assumed the parameters n and y were di-
urnally invariant, and we used values of 7 corrected as described
earlier for diurnal changes in leaf water content. Note that
goodness-of-fit measures estimated for the model fitted in this
way are likely inflated, because K is computed using measured
gs and then used to model g. However, we were not testing
the model as a stand-alone predictive tool but rather using it
as a tool for explanation and interpretation, so the autocorrela-
tion between measured and modelled g, introduced by using K
in this manner does not affect interpretation of our results.

Partitioning changes in gs into contributions from
different variables

We used the method of Buckley & Diaz-Espejo (2015) to par-
tition changes in g into contributions from the underlying var-
iables. This method was originally designed to partition
changes in net CO, assimilation rate (A) into contributions
from variables in the photosynthesis model of Farquhar et al.
(1980) by numerically integrating the exact differential of A
(dA) across the interval over which A changed. The exact dif-
ferential of a function parses an infinitesimal change in the
function into contributions from each variable. Applied to g
in Eqn 1, this gives

9 9 0 P 9
dgszgdn—i-%danLa;?;dK—i-awgs dwsoi.+§dn (4)

soil

Numerically integrating Eqn 4 between a WW point and a
drought (WS) point gives finite partial changes in g due to each
variable, which add up to the total change in g
ws WS

jdgsz I (%dnJr%daJr%dKJr&dymﬂ+%dn>
ww \ on T

WW 60 6K 61//50i1 5
(52)
ws 5
8sws — 8sww = 2 I %dxj =D (5b)
i\ Wwoxj j
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where x; denotes 1, a, K, v or 7 and pj is the partial change in
& due to x;. Each variable’s contribution (denoted C;j) to the to-
tal change in g is then computed by expressing its partial
change as a percentage of the WW value of g5 (Eqn 6):

100
G =

8s,Www

(6)

Note that the contribution for a variable is a negative num-
ber if its effect on g is negative; thus, for example, if g; declined
by 50% in drought and half of this decline was due to direct ef-
fects of w1, then C for yo; would be —25%. Additional details
describing the partitioning method and its implementation are
given in the Appendix and in Supporting Information File S1.

RESULTS

Soil water potential, y, estimated as pre-dawn leaf water
potential, was lower in the WS treatment than in the WW treat-
ment by 1.09, 1.22 and 0.61 MPa in almond, olive and grape-
vine, respectively (Fig. 1). However, despite the large decline
in yoi in almond, its midday leaf water potential (averaged be-
tween 1100 and 1400 h GMT) was only 0.18 MPa lower in WS
than in WW; by contrast, midday ye,¢ was 2.31 MPa lower in
WS in olive and 0.88 MPa lower in grapevine. These declines
in year Were accompanied by reductions in midday stomatal
conductance, gs, of 63% in almond, 84% in olive and 83% in
grapevine (Fig. 2), in WS relative to WW, and resulted in con-
current declines in leaf turgor and g, (Figure S2 of Supporting
Information File S1).

Model fitting

We fitted the BMF model to our data and then partitioned the
observed declines in g, into contributions from each variable in
the model. Despite having only one fitted parameter (n, the
turgor-independent or non-hydraulic parameter), the model
was able to reproduce observed patterns of g (Figs 2 and 3).
Modelled and measured g5 were linearly related with a slope
of 1.05 and 7*=0.91 (Fig. 3). Residuals were uncorrelated with
Aw and wg,; (P>0.05) and weakly correlated with PPFD
(*=0.18; P < 0.001; not shown) because of a tendency of the
model to underestimate g, at very low PPFD
(<200 umolm?s™'); however, residuals were uncorrelated
with PPFD at midday irradiances, which were the focus of this
analysis. When K was also included as a fitted parameter in the
model, in addition to n, the model still simulated measured g;
satisfactorily, and fitted and measured midday averages of K
agreed well (slope 0.87, *=0.69, P <0.0001, Figure S3 of
Supporting Information File S1).

Differences in model parameters between WW and WS var-
ied among species (Fig. 4). Midday average K declined by 29,
91 and 88% in almond, olive and grapevine, respectively. The
turgor-independent parameter n declined by 30, 0.3 and 62%
in almond, olive and grapevine, respectively. Relative ATP
concentration (a) increased during drought in all species, as ex-
pected given the reduction in ¢; caused by partial stomatal clo-
sure, but whereas this increase was small in almond and
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Figure 1. Diurnal courses of leaf water potential (y1c4¢) in (a) almond
(circles), (b) olive (squares) and (c) grapevine (triangles) in well-
watered (WW: solid symbols and lines) and water-stressed (WS: open
symbols and dashed lines) plants. Bars are standard errors, n=3
(almond and olive) and n =4 (grapevine). Soil water potentials (o)
are shown for each species, being the upper for WW and the lower for
WS. GMT = Greenwich Mean Time. Asterisks denote significant
treatment effects in ;) within species: **, P < 0.01; *** P < (0.001.

grapevine (16 and 20%, respectively), it was quite large in olive
(86%). However, this was due to the fact that midday PPFD
was greater in WS than WW in olive, whereas PPFD was
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Figure 2. Diurnal trends in measured (symbols) and modelled (lines)
stomatal conductance, g, in (a) almond, (b) olive and (c) grapevine
under well-watered (WW, closed symbols and solid lines) and water-
stressed (WS, open symbols and dashed lines) conditions. Bars are
standard errors for measured g, n =4 (almond and olive) and n=5
(grapevine). GMT = Greenwich Mean Time. Symbols same as for
Figure 1.

similar in WS and WW in the other species. Midday average
bulk leaf osmotic pressure, 7, increased by 55% in olive and
14% in grapevine but decreased 9% in almond.

Contributions of each parameter to observed
declines in gs

The contributions of each variable to the observed
changes in g (averaged across the midday period, from

© 2016 John Wiley & Sons Ltd, Plant, Cell and Environment
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Figure 3. Relationship between measured and modelled values of
stomatal conductance, g (slope =1.05, P = 0.91, P < 0.0001,n =44; data
for all species and both treatments combined). Symbols same as for
Figure 1.

1100 to 1400 h) differed across species (Fig. 5). For exam-
ple, sharp declines in hydraulic conductance (K) in both
olive and grapevine contributed 88 and 60% declines in
gs, respectively, but in almond, K contributed only an
11% decline in gs. The direct effect of soil water potential
on g via reduced leaf turgor contributed a 40% decline in
gs in almond, versus 50 and 27% declines in olive and
grapevine, respectively. Together, the observed changes
in these two turgor-mediated variables contributed de-
clines in g5 of 51% in almond, 138% in olive and 87%
in grapevine — in each case explaining most of the total
observed decline in gy (negative contributions exceeding
100% are possible because the contributions from some
other factors were positive, such that the total decline in
gs was below 100%). These contributions were further
modified by osmotic adjustment, and particularly in olive,
in which increases in z under water stress contributed a
44% increase in gg (cross-hatched and green bars in
Fig. 5). Osmotic adjustment had much smaller effects on
gs in almond and grapevine, contributing a 10% increase
in g in both species.

Turgor-independent variables contributed much less than
Wsoil and K to the observed changes in g;. The parameter n,
which we expected to decrease in response to leaf-exogenous
ABA signals, contributed declines of only 7 and 14% in g in al-
mond and grapevine, respectively, and a negligible decline in
olive (red bars in Fig. 5). The parameter a, which captures sto-
matal responses to light and CO,, contributed a very small in-
crease in g in all species (+3 to +6%), due to the effect on g
of the small decline in ¢; that resulted from stomatal closure
and, in olive, greater PPFD during the WS treatment than dur-
ing the WW treatment.

© 2016 John Wiley & Sons Ltd, Plant, Cell and Environment
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Figure 4. Differences in variables in the stomatal conductance model,
between well-watered (WW) and water-stressed (WS) plants. (a) Soil-to-
leaf hydraulic conductance, K. (b) The turgor-independent parameter, 7,
representing effects of hormonal signals on the sensitivity of guard cell
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concentration, a. (d) Leaf osmotic pressure, 7. The parameters K and 7
were measured, n was fitted and a was simulated with a photosynthesis
model driven by measured photosynthetic and environmental parameters.
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Greenwich Mean Time (GMT)]. Bars are standard errors; n =4 (almond
and olive) and n =5 (grapevine). Asterisks denote significant treatment
effects within species: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. Percent contributions of different variables to the observed
declines in midday stomatal conductance, g [averages from 1100 to
1400 h Greenwich Mean Time (GMT)], during soil drought. # is the
turgor-independent parameter representing effects of hormonal signals
on the sensitivity of guard cell osmotic pressure to leaf turgor; a is
relative adenosine triphosphate (ATP) concentration, which captures
stomatal responses to intercellular CO; (c;) and photosynthetic photon
flux density (PPFD); x is leaf osmotic pressure; y; is soil water
potential; and K is plant hydraulic conductance. The total percent
decline in g for each species is shown in narrow grey bars for reference.

Even when the positive contributions from osmotic adjust-
ment were included together with those of K and gy in
‘turgor-mediated effects’, that category still explained most of
the observed decline in g in each species, whereas turgor-
independent effects of n and a contributed much less (cf. white
and hatched bars in Fig. 6).

DISCUSSION

Both hydraulic and non-hydraulic factors have previously been
proposed to explain stomatal closure during soil drought, but
there is no consensus about which is more important (Tardieu
& Simonneau 1998; Christmann et al. 2007). In particular, the
role of root-derived ABA signals in driving stomatal closure
during soil drought remains highly contentious (Bauer et al.
2013; Manzi et al. 2015; Munemasa et al. 2015; McAdam et al.
2016). We tested whether responses of stomatal guard cells to
leaf turgor itself, as assumed by the HFH, could explain stoma-
tal closure in soil drought, or if instead leaf turgor-independent
mechanisms were required to enhance stomatal closure. We
chose the terms ‘turgor-mediated’ and ‘turgor-independent’ ef-
fects, which are narrower than ‘hydraulic’ and ‘non-hydraulic’,

in order to define more clearly the hypothesized role of leaf tur-
gor and also to accommodate the influence of osmotic pressure
() on turgor, given that = might not typically be considered a
‘hydraulic’ variable. We found that a simplified g; model based
on the HFH, having only a single fitted parameter and driven
by physiological and environmental measurements, was able
to reproduce stomatal behaviour very well (+*=0.91) during
drought across a dataset that included wide variation in factors
that influence leaf and root turgor differently (e.g. changes in
plant hydraulic conductance and leaf osmotic pressure), as re-
quired to separate their effects on stomatal control during
drought. Our analysis showed that a single mechanism — a di-
rect stomatal response to leaf turgor — could explain not only
the changes in stomatal conductance resulting from diurnal
variation in evaporative demand and changes in plant hydrau-
lic conductance and osmotic pressure between treatments, but
also the great majority (over 87% across species, and 100% in
olive) of g decline during soil drought in three important
woody crop species with differing resistance to drought, includ-
ing deciduous (almond) and evergreen tree species (olive) and
a temperate-deciduous liana species (grapevine). In order to
reconcile these results with a root-ABA-centric model of sto-
matal responses to drought, one would have to assume that
the response to leaf turgor becomes less sensitive during soil
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Figure 6. Percent contributions of leaf turgor-mediated and leaf
turgor-independent factors that influence the observed declines in
midday stomatal conductance, g [(averages from 1100 to 1400 h
Greenwich Mean Time (GMT)], during soil drought in three species.
Leaf turgor-mediated factors are the sum of K, y,; and z as they are
shown for each species in Fig. 5, and n and a are the same as in Fig. 5.
The total percent decline in g for each species is shown with narrow
grey bars for reference.
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drought, to precisely the degree needed to make an indepen-
dent root signal appear mathematically indistinguishable from
the leaf turgor response. That assumption is highly
unparsimonious, particularly in light of evidence that the leaf
turgor response is itself mediated by leaf-endogenous ABA
(McAdam et al. 2016): it would require leaves to be able to de-
tect whether an ABA molecule came from roots, and if so, to
suppress leaf ABA production or sensitivity accordingly.

Our conclusion does not imply that root signals do not occur;
rather, it is evidence that they are quantitatively unimportant in
stomatal responses to drought in these species, provided sto-
mata respond to leaf turgor. This is consistent with a recent
modelling study by Huber et al. (2014), in which root water up-
take and transport during partial root zone drying (PRD) was
simulated using a spatially explicit model coupled to an empir-
ical model of stomatal conductance that included effects of leaf
water status and root-derived ABA signals. Those authors
found that effects of spatial and temporal heterogeneity in soil
moisture within the root zone could ‘largely be explained by
hydraulic signalling’.

Which turgor-mediated factors drive gs decline?

Our analysis suggested that a range of turgor-mediated factors,
including hydraulic conductance (K), osmotic pressure (z) and
soil water potential itself (1), were responsible in varying de-
grees across our study species. For example, K declined sharply
while 7 increased sharply in olive, whereas neither K nor #
changed substantially in almond. As a result, although w.,¢ de-
clined far more in olive than in almond (by 1.67 versus
0.19 MPa), turgor dropped by similar amounts in both species
(0.58 versus 0.41 MPa). These observed changes in K agree
very well with each species’ resistance to cavitation: almond is
the most resistant, with an air entry point of —4.86 MPa
(Cochard et al. 2008), in contrast to —1.55MPa for olive
(Diaz-Espejo et al. 2012) and —1.05 MPa for grapevine (Choat
et al. 2010). Thus, differences in the coordination of hydraulic
decline and osmotic adjustment may help to explain what
makes some species anisohydric (e.g. olive) and others
isohydric (e.g. almond).

Clarifying the potential roles of abscisic acid

Our results complement a growing body of evidence that ques-
tions the long-standing dogma (Dodd 2005; Goodger &
Schachtman 2010; Torres-Ruiz et al. 2015) that stomatal closure
in drought results primarily from leaf-exogenous ABA signals
generated in drying roots (Davies & Zhang 1991; Tardieu &
Davies 1993), and they complement a range of evidence that
responses to leaf turgor may be equally or more important
(Fuchs & Livingston 1996; Comstock and Mencuccini 1998;
Yao et al. 2001). The hypothesis that root-derived ABA regu-
lates g during soil drought has been extensively studied and
has even impacted agriculture, through irrigation strategies
based on PRD (Dodd et al. 2008). However, the importance
of such signals is challenged by evidence that PRD is no more
effective than DI (Sadras 2009; Egea et al. 2010). For example,
Sadras (2009) analysed results from 15 field experiments

© 2016 John Wiley & Sons Ltd, Plant, Cell and Environment
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comparing PRD with DI and found that the benefit of PRD
was statistically indistinguishable from that of DI; he also found
that gs was minimally suppressed by PRD. Although one study
found greater water use efficiency in PRD than DI, root-
derived ABA signals were not involved in that case (Perez-
Perez et al. 2012). This contrasts with results of Dodd (2009),
who found a benefit of PRD over DI in six of 15 studies, al-
though only one of those six was in a woody species (V. vinifera
cv. Tempranillo) and it was performed in pots, which can suffer
from artefacts (Passioura 2006). The role of long-distance chem-
ical signalling in stomatal regulation has also been questioned in
tall trees (Perks et al. 2002) and in experiments in which shoots
were grafted onto rootstock deficient in ABA synthesis
(Holbrook et al. 2002; Christmann et al. 2005). More recently,
it has been suggested that ABA accumulation in WS roots de-
pends on other sources (e.g. aerial organs) rather than on de
novo synthesis in the roots (Waadt et al. 2014; Manzi et al. 2015).

The hydroactive feedback hypothesis

Our analysis demonstrated that leaf-exogenous ABA signals
are not required to explain the majority of g; decline during
drought in our study species, provided that stomata respond di-
rectly to leaf turgor — that is, provided the HFH is valid. Thus,
our conclusions could be challenged on the grounds that they
are theory laden. This is true in principle, but the theory in
question is grounded in a very large and growing body of ex-
perimental evidence. The HFH arose from the need to recon-
cile the fact that stomata eventually close when leaf water
status decreases (e.g. Mott & Parkhurst 1991; Monteith 1995)
with the fact that the direct, passive, mechanical effect of re-
duced leaf turgor in angiosperms is to open stomata, owing to
the mechanical advantage of the epidermis (e.g. Franks et al.
2001; Franks & Farquhar 2007). One resolution to this paradox
is to postulate that the mechanical advantage is overcome by an
active stomatal response to leaf turgor (Darwin 1898; Meidner
1986). This hypothesis correctly predicts many distinctive fea-
tures of stomatal behaviour, including (1) reversible short-term
responses to changes in water potential elsewhere in the plant
(Rufelt 1963; Raschke 1970; Fuchs & Livingston 1996;
Whitehead et al. 1996; Comstock & Mencuccini 1998; Buckley
& Mott 2000), (2) the transient opening that precedes stomatal
closure in response to perturbations of leaf water status
(Darwin 1898; Iwanoff 1928; Cochard et al. 2002), (3) the simi-
larity in kinetics of responses to leaf water status and light
(Grantz & Zeiger 1986), (4) stomatal aperture responses that
match measured changes in epidermal turgor pressure (Mott
& Franks 2001) and (5) the fact that leaf osmotic adjustment
helps preserve g in drought (e.g. Turner et al. 1978; Hinckley
et al. 1980; Premachandra et al. 1992; Shangguan et al. 1999).
No other theory advanced to explain stomatal responses that
involve water relations can claim so broad a foundation of
empirical support. Nevertheless, the HFH has long
remained speculative because the mechanism for
hydroactive feedback was unknown. The recent discovery
by McAdam er al. (2016) of leaf turgor-driven ABA synthe-
sis has filled that gap by providing a demonstrated molecu-
lar mechanism for hydroactive feedback. Thus, although
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our conclusions do assume the existence of hydroactive
feedback responses of stomata to leaf turgor, that assump-
tion is extremely well substantiated.

CONCLUSION

We found that most of the observed suppression of stomatal
conductance during soil drought in almond, olive and grapevine
could be attributed to direct responses of stomata to changes in
leaf turgor (caused by changes in either soil water potential, hy-
draulic conductance or osmotic pressure) and that signals inde-
pendent of leaf turgor were not required to explain most of the
observed stomatal closure. These results support the HFH and
add to the rapidly changing understanding of the potential role
of hormonal signals in regulating gas exchange in vivo.
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Appendix Appendix: Equations used in the model
analysis

This appendix presents equations necessary to reproduce the
model-based partitioning analysis used in this study. Additional
derivations and background are given in Supporting Informa-
tion File S1.

i Stomatal conductance model. The reduced BMF model of g is

_ naK(Wsoil + 777)

= Al
s K + naAw (A1)

where K is the whole-plant hydraulic conductance, . is the
soil water potential, z is the leaf osmotic pressure, Aw is the
leaf-to-air water vapour mole fraction difference, a is the rela-
tive photosynthetic ATP concentration and » is a parameter
representing effects of turgor-independent signals. In this
study, K, wsoi, 7 and Aw were measured experimentally, a
was simulated and n was fitted. The quantity a in Eqn A1 was
simulated using the model of Farquhar & Wong (1984), which
is based on the photosynthesis model of Farquhar et al. (1980).
Different values of a apply under carboxylation-limited condi-
tions (denoted with a subscript ‘c’) and regeneration-limited
conditions (denoted with a subscript ’). That model can be
written as

ac=1—pW./W;jand (A2)
aj=(1=p)v—1)/(vWe/W;-1) (A3)

where a. and a; are the values of a that apply under ribulose-1,5-
bisphosphate (RuBP) carboxylation-limited and regeneration-

limited conditions, respectively; W, and W; are the RuBP-
saturated carboxylation rate and the carboxylation rate that
can be sustained by the current rate of electron transport, re-
spectively (defined in the following); p’ is the ratio of the con-
centration of phosphorylation sites to the total adenylate
concentration; and v is the ratio of the potential RuBP concen-
tration (if all Calvin cycle carbon were in RuBP) to the total
concentration of RuBisCo active sites (P’ was taken as 0.2 and
v as 2.27, following Buckley et al., 2003). The actual value of a
is then either a. or g;, depending on whether photosynthesis is
limited by RuBP carboxylation or regeneration, respectively:

a= {“C it We<W (A4)

aj else

The carboxylation rates W, and W; (umol m s V)are given by
Ve, maxCe
W. = - and AS
¢+ K.(1+ O/K,) (AS)
1 Jece
=1 Al
! e+ T (A6)

where c. is the chloroplastic CO, partial pressure [defined as
¢;— Algm, where g, is the mesophyll conductance to CO,
(molm?s™'), ¢ is the intercellular CO, concentration
(umolmol™) and A is the net CO, assimilation rate
(umolm—2s ™), calculated from the Farquhar model], Ve max
is the maximum carboxylation rate (umolm2s '), J is the po-
tential electron transport rate (xmol m2 sfl), K. and K, are
the Michaelis constants for RuBP carboxylation and oxygena-
tion, respectively (both umolmol™') and TI. is the
photorespiratory CO, compensation point (#molmol ). J is
modelled as the lesser root of a quadratic expression,
OF — (Joax + 01) - J +Jmax - 9i =0, where i is PPFD (umolm s ")
and 6 and ¢ are dimensionless empirical parameters (the con-
vexity parameter and initial slope of J versus i, respectively).
Several parameters in this photosynthesis model have a high
dependence on temperature. We used the following equa-
tions to describe these temperature dependencies:

i [1+exp(e; — C4T’1)
Ty — T f A7
y( k) yZSCXp(cl 3Ly ) (1 + exp(cz _ C4TE1) ( )

exp(c; — 3Ty )

A8
1+exp(c; — s Ty ) (A8)

Y(Tx) = yy5

Y(Tx) = yas-exp (7c1 (In((Tx — 273.15) /cz))z) and (A9)

Y(Ty) = yyscT T (A10)

where y(7y) is the value of a parameter at a temperature Ty
(Kelvin); y,s is the parameter’s value at 7, =298.15K (25°C);
T.=298.15K;and ¢y, ¢;, ¢3 and ¢4 are empirical parameters that
vary among species and photosynthetic parameters. Different
equations were used for different parameters in each species
as suitable; Table S1 in Supporting Information File S1 lists
values and sources for the parameter values used in this study.
ii Partitioning changes in g into contributions from different fac-

tors. Buckley & Diaz-Espejo (2015) presented a method for

partitioning finite changes in CO, assimilation rate between
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two measurement conditions into contributions from the un-
derlying variables. We modified this method to partition
changes in stomatal conductance, g, between WW and WS
conditions. Here we present only the critical equations
needed to apply the approach; additional detail is given in
Supporting Information File S1. A change in g, between
WW and WS conditions is the sum of partial changes, pj,
due to each of the underlying variables x; (where x; is n, a,
K, wsoil, T Or Aw), where each partial change is the integral
of the partial derivative of g; with respect to x; over the
change in x;:

WS
5
R —— x| =¥ p (Al1)
i\ Wwox; j

Our method estimates these integrals numerically as
n—1

Pim T (8 (Xiket, Xigx) — & (¥jx, Xizix)) (A12)
where the index k refers to one of n subdivisions of the interval
between the WW and WS points and the functional notation g
() refers to Eqn A1, evaluated using the arguments given in
the parentheses. In Eqn A12, the notation ‘x;,;’ means ‘all var-
iables other than x;’; thus, the only parameter that differs be-
tween the two values of g computed in Eqn Al2 is x;. For
example, one step in the numerical integration to give p, would
compute the difference in g between two adjacent subdivisions
(k and k + 1) using the values of n at k and k + 1 but using the
values at k for all other parameters. The values of each x; at
each index k are defined by supposing that the x; all change
at a uniform pace between the WW and WS conditions. Thus,
Xik=Xjww + (k/l’l) . (Xj’ws — .ij,ww). We used n=1000 steps for
numerical integration in this study. We then expressed the par-
tial changes as percentages of the value of g, under WW condi-
tions and defined the resulting percentages as ‘contributions’ to
the total change in g; between WW and WS conditions:

Cj = 100p;/gs ww (A13)

The Cj adds up to the total percent change in g,. Thus, if g; de-
clines under WS conditions, the sum of the C; will be negative,
and thus, at least some of the C; will also be negative.We imple-
mented Eqns A12 and A13 using a Microsoft Excel spread-
sheet that carries out the calculations using Visual Basic for
Applications (VBA); a spreadsheet containing the VBA code
and demonstrating its application to data is included as
Supporting File S2.
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Table S1. Parameter values used in this study for responses of

photosynthetic parameters to temperature. Values at 25°C
(y25) varied across leaves, treatments and species, except that
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we assumed y,s=272.38Pa for K., 165.82kPa for K, and
37.43 Pa for I', based on Bernacchi et al. (2002). 7, =298.15K.
Table S2. Photosynthetic parameter values measured in this
study. Values at 25 °C are shown. Asterisks denote significant
treatment effects within species: *, P < 0.05; **, P < 0.01.
Figure S1. Measurements of stomatal conductance in relation
to PPFD in (a) almond, (b) olive and (c) grapevine. In (a), mea-
surements were made under similar Aw; in (b), Aw varied be-
tween 14.4 and 38.3mmolmol™', and in (c), Aw varied
between 3.4 and 18.2 mmol mol . These data are shown to val-
idate the assumption that the response of g to PPFD is approx-
imately homogeneous (i.e. gs approaches zero at zero PPFD) in
almond and olive, and in grapevine in the WS treatment. The
response is not homogeneous for grapevine in WW; however,
the lowest range of PPFD shown here (<50 umol m~*s ") only
occurred at the latest measurement time in the diurnal cycle
(8 PM), at which time PPFD was rapidly declining and g was
likely not at steady state.

Figure S2. Relationship between measured stomatal conduc-
tance, g5, and calculated leaf turgor, P (midday averages, be-
tween 1100 and 1400h Greenwich Mean Time [GMT]),
under well-watered (WW, closed symbols) and water-
stressed (WS, open symbols) conditions in almond (circles),
grapevine (triangles) and olive (squares). Error bars are SEs
(n=61t010).

Figure S3. Relationship between measured and fitted values of
soil-to-leaf hydraulic conductance, K (slope=0.87, r*=0.69,
P <0.0001) of almond (circles), grapevine (triangles) and olive
(squares) under well-watered (closed symbols) and water-
stressed (open symbols) conditions. Measured K was estimated
as g AW/(Psoit — Piear) and data shown are midday averages
(between 1100 and 1400h GMT). Fitted K was estimated by
fitting Eqn 5 to diurnal measurements of stomatal conduc-
tance, g, in four (almond and olive) and five (grapevine) differ-
ent leaves, using Solver in Microsoft Excel to minimize the sum
of squared differences between modelled and measured gs.
The turgor-independent parameter n was also estimated but
data are not shown. Bars are standard errors: n=4 (almond
and olive) and n=>5 (grapevine).



