DR JORG KRUSE (Orcid ID : 0000-0002-5007-7722)

PROF. JOERG-PETER SCHNITZLER (Orcid ID : 0000-0002-9825-867X)

Article type :Regular Article

Optimization of photosynthesis and stomatal conductance in the date palm Phoenix
dactylifera during acclimation to heat and drought

Jorg Kruse*’, Mark Adams™®, Barbro Winkler?, Andrea Ghirardo?, Saleh Alfarraj®, Jirgen

Kreuzwieser', Rainer Hedrich®, Jorg-Peter Schnitzler’ & Heinz Rennenberg*?

YInstitute of Forest Sciences, Chair of Tree Physiology, University of Freiburg, Georges-
Kohler-Allee 53/54, 79110 Freiburg, Germany

’Research Unit Environmental Simulation, Institute of Biochemical Plant Pathology,
Helmholtz Zentrum Miinchen, 85764 Neuherberg, Germany

%College of Sciences, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

*Faculty of Agriculture and Environment, University of Sydney, Sydney, NSW 2008,

Australia.
>Swinburne University of Technology, John St, Hawthorn, Vic 3122, Australia

®Institute for Molecular Plant Physiology and Biophysics, Biocenter, University of Wiirzburg,
97082 Wirzburg, Germany

7Corresponding author; E-mail: joerg.kruse@ctp.uni-freiburg.de; Tel: +49 (0)761 203-8300

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/nph.15923

This article is protected by copyright. All rights reserved.



Received: 19 January 2019

Accepted: 1 May 2019

Orcid:

Jorg Kruse: http://orcid.org/0000-0002-1614-8128

Mark Adams: http://orcid.org/0000-0001-8989-508X

Barbro Winkler: http://orcid.org/0000-0002-7092-9742
Andrea Ghirardo: http://orcid.org/0000-0003-1973-4007
Jurgen Kreuzwieser: http://orcid.org/0000-0002-5251-9723
Rainer Hedrich: http://orcid.org/0000-0003-3224-1362
Jorg-Peter Schnitzler: http://orcid.org/0000-0002-9825-867X

Heinz Rennenberg: http://orcid.org/0000-0001-6224-2927

Summary

e We studied acclimation of leaf gas exchange to differing seasonal climate and soil
water availability in slow- growing date palm seedlings (Phoenix dactylifera). We
used an extended Arrhenius-equation to describe instantaneous temperature responses
of leaf net photosynthesis (A) and stomatal conductance (G), and derived
physiological parameters suitable for characterization of acclimation (Topt, Aogpt and
Tequ)-

e Optimum temperature of A (Top) ranged between 20 -33°C in winter and 28 -45°C in
summer. Growth temperature (Tgrowth) €Xplained ~50% of the variation in Top, Which

additionally depended on leaf water status at the time- of- measurement. During
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water-stress, light - saturated rates of A at Top: (i.e, Aopt) Were reduced to 30-80% of
control levels, albeit not limited by CO,- supply per se.

e Equilibrium temperature (Teq), around which A/G and substomatal [CO,] are
constant, remained tightly coupled with T, Our results suggest that acclimatory
shifts in Tope and Aqp reflect a balance between maximization of photosynthesis whilst
minimizing the risk of metabolic perturbations caused by imbalances in cellular
[CO].

e This novel perspective on acclimation of leaf gas exchange is compatible with
optimization theory, and might help elucidating other acclimation and growth

strategies in species adapted to differing climates.

Keywords: Acclimation, adaptation, Arrhenius equation, flux control, temperature

response, stomata, water use efficiency (WUE).

1. Introduction

Loss of water vapor is an inevitable consequence of carbon fixation in Cs- photosynthesis.
Long-term selection pressures have mostly ensured that stomatal aperture is controlled such
that loss is minimized (Cowan 1977, Farquhar & Sharkey 1982). Over shorter time periods,
adaptation to specific site conditions and climate is also reflected in control of leaf gas
exchange. Here, sub-stomatal CO,- concentration (C;) is a signal (Assmann 1999) for
adjustment of stomatal aperture such that inward CO,- diffusion can meet the CO,- demand.
At near- constant ambient temperature, for example, responses of net photosynthesis (A;
pmol CO, m™? s™) and stomatal conductance (G; mmol H,O m™ s™) are largely proportional
to short- term changes in incident light (Wong et al. 1985, Mott 1988), and photosynthetic

water use efficiency (A/G; pmol mol™) and C; remain constant. At constant irradiance, by
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contrast, short- term shifts in ambient (measurement) temperature are associated with
changing relative humidity and can disrupt the linear relationship between A and G (Wong et
al. 1979, Aphalo & Jarvis 1991, Lin et al. 2012). Consequently, C; typically varies with
measurement temperature. This is due to: (1) the strong temperature dependence of
biochemical reactions that comprise the Calvin-cycle, and (2) the additional sensitivity of
guard cells that help regulate G to humidity (or leaf-to-air vapor pressure deficit; Ball,
Woodrow & Berry 1987, Leuning 1995, Oren et al. 1999), and hence transpiration (Mott &

Parkhurst 1991, Eamus et al. 2008).

The temperature dependency of photosynthesis (A) can be described by an extended
Arrhenius equation (Kruse et al. 2017a, b). Variation in Arrhenius-type parameters mostly
depends on legacies of past environmental conditions (Kruse, Turnbull & Adams 2012). Such
‘memory effects’ define leaf metabolic state at the onset of any new condition(s) and are the
basis of the present acclimation study. Arrhenius-type parameters also vary between species,
reflecting adaptation or ‘evolutionary memory’ to preferred habitats (Kruse, Turnbull &
Adams 2012). Exploration of this variation seems likely to improve the mechanistic
understanding of in vivo flux control at the time of measurement, and species- specific
acclimation strategies to changing growth temperature or soil water availability (i.e., Silim et
al. 2010, Rogers et al. 2017). Amongst Arrhenius- type parameters, exploration of
acclimatory shifts in 8- parameter is of particular importance (see Equation 2 in Section 2.3).
For 6 =0, rates of reaction strictly follow ‘classical’ Arrhenius- kinetics and increase
exponentially with measurement temperature, as is frequently observed for leaf dark
respiration (Joseph et al. 2014, Reich et al. 2016, Drake et al. 2016). By contrast, rates of leaf
net photosynthesis show more pronounced curvature in response to measurement

temperature, as defined by temperature- dependent decline in activation energy of A (i.e, da).

This article is protected by copyright. All rights reserved.



Consequently, leaf photosynthesis generally peaks at some distinct optimum temperature
(Topt) Within physiologically relevant temperature ranges (i.e., 10-40°C; Berry & Bjorkman

1980, Way & Yamori 2014).

Plants are capable to physiologically adjust Toy to changes in leaf temperature, such that
photosynthesis can be maximized irrespective of variation in ambient temperature. Optimal
regulation of stomatal aperture should allow for maximizing carbon gain (A) whilst
minimizing transpirational water loss (E) over a certain period of time (Cowan & Farquhar
1977, Medlyn et al. 2011). Physiological mechanisms conferring this kind of stomatal
behavior remain elusive, but might be approachable by taking a different view on putatively
‘optimal’ coordination between A and G. It is conceivable, but has to our knowledge not been
tested experimentally, that such coordination ensures temperature- dependent variation in C;
is minimized proximal to T In this way, photosynthetic performance at Top (i.€., Aopt,
umol m? s™) could be stabilized, in order to avoid imbalances in CO,- supply and CO,-
demand that might otherwise cause generation of harmful reactive oxygen species (ROS;

Rennenberg et al. 2006, Lawlor & Tezara 2009).

The leaf temperature, at which C; is most insensitive to temperature variation, can be defined
via application of the extended Arrhenius- approach to both A and G (see section 2.3), and
has been dubbed ‘equilibrium temperature’ (Tequ). Acclimation of Teq, to growth temperature
(and air humidity) or declining soil water availability could provide new information about
coordination of A and G (Quick et al. 1992, Medrano et al. 2002, Lawlor 2002). For example,
midday depression of CO,-assimilation on a clear, sunny day has often been ascribed to

stomatal closure, causing a drop in C; that limits light-saturated photosynthesis (Raschke &
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Reeseman 1986, Macfarlane et al. 2004). But it remains difficult to distinguish between cause
and effect, giving rise to co- variation between C;, G and A (Lawlor & Cornic 2002). There is
an ongoing and often vigorous debate, whether drought initiates photosynthetic down-
regulation via stomatal closure (Boyer 1976, Schulze 1986, Cornic 2000, Flexas & Medrano
2002), or via a decline of ‘mesophyll capacity’ (Tezara et al. 1999, Chaves et al. 2009,

Damour et al. 2009, Lawlor & Tezara 2009).

In the present study, we explored acclimation of leaf gas exchange in date palm seedlings
(Phoenix dactylifera). Date palm is adapted to hot and semi-arid environments, with centers
of cultivation in the Middle East and the Maghreb countries of Northern Africa (Tengberg
2003). Gas exchange was analyzed with atmospheric conditions similar to those in Saudi
Arabian winter and summer, with carefully controlled soil water deficits and recovery from
the preceding drought period (Rennenberg et al. 2006). Our general aim was to characterize
variation in Arrhenius- type parameters for both A and G during acclimation to heat, drought
and recovery. Specifically, we tested the following hypotheses: (1) Top tracks changes in
ambient temperature, in order to maximize A (i.e., Topt — Tgrowth = 0). (2) Tequ remains closely
coupled with Ty, in order to minimize the risk of metabolic perturbation at maximum
possible rate of A under treatment conditions (i.e., Tequ — Topt = 0). (3) Drought causes over-
proportional reduction in G and an increase in photosynthetic water use efficiency (WUE;
=A/G), indicating CO,- source limitation of A. To test the latter hypothesis, gas exchange

measurements were supplemented with §**C-analyses in bulk leaf material.
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2. Materials and Methods

2.1. Plant material and experimental setup

A total of 240, two-year old seedlings of Date palm (Phoenix dactilyfera) were purchased
from a commercial supplier (‘Der Palmenmann’, Bottrop, Germany). Two months before the
start of the experiment, plants were repotted (3.3-liter pots). Pots were filled with a peat-soil -
sand - mixture (3:1:7 v/viv), to which c. 10 g of Osmocote fertilizer were added (16% N, 9%
P,0s, 12% K,0). Plants were grown under greenhouse conditions (photoperiod 12h day: 12h
night, 25: 15 °C, 20: 30% rH) and irrigated once per week (c. 150-200 ml per pot). After two
months, on 10" of January 2014, plants were transferred to four, fully automatized, climate-
controlled walk-in growth chambers (Helmholtz Zentrum, Munich, Germany; supplementary

information Fig. S1a).

Two chambers were assigned to explore summer conditions and two to winter conditions.
Each of the four chambers was equipped with four growth cabinets, and each cabinet was
capable of holding 15 plants (supplementary information, Fig. S1b). Two cabinets per

chamber were assigned to water-deprivation while the other two remained well-watered.

Conditions in growth chambers were slowly adjusted to match typical climate conditions
during 2003-2012 in Alahsa, Saudi-Arabia. Winter conditions were selected as those
prevailing for the period 21.12.-21.03, while summer conditions were those for the period
21.06.-21.09. Average noon temperatures peaked at c. 40°C in summer and 25°C in winter.
These temperature differences persisted during the night (Fig. 1a). Vapour pressure deficit

varied with growth temperature and peaked at c. 6.8 kPa is summer and 2.5 kPa in winter
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(Fig. 1b). In the summer treatment, the light period was four hours longer than for the winter
treatment, but maximum irradiance was similar (i.e., photon flux density: 600 pmol m? s™;
Fig. 1c; for technical reasons somewhat less than under natural conditions). Average
precipitation in Alahsa, Saudi-Arabia, amounts to 0.3+ 0.8 mm in summer (median 0.0 mm)
and 35.5+ 30 mm in winter (median 30.9 mm). Selected daytime climates in winter and

summer were maintained throughout the experiment (supporting information, Fig. S2).

We increased rates of irrigation of summer treatments on January 22" so that all plants had
comparable soil water conditions (Fig. 2). Acclimation of gas exchange of well-watered
plants to seasonal growth temperature variation was measured between January 27" and 31

(T1 period: ‘Temperature acclimation’; Table S1).

The drought period commenced on February 10", when irrigation was reduced to 50% of
control levels in winter and summer (Table S1; Fig. 2). Effects of ‘mild drought’ on leaf gas
exchange were measured 1-2 weeks later (T2 period), during which soil water contents (ML3
Thetaprobe, Delta-T, UK) were reduced to 12.5% in summer and 14.1% in winter compared
to c. 21.7% under well-watered conditions (Fig. 2). Irrigation was further reduced on
February 20", so that between March 4™ and 11" soil water contents were less than 5% in
summer and 6 - 7% in winter compared to 18-22 % of controls in summer and winter (see
Fig. 2, T3 period). Once measurements during drought treatments were completed, we
restored rates of irrigation to those of the control treatments and measured responses during

this recovery phase (T4 period; Table S1).
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2.2. Leaf nitrogen contents and ﬁlg—signatu res

We measured aboveground fresh mass of plants (after T1, T3 and T4), and the dry mass to
fresh mass ratio (DM: FM) of individual leaves used in gas exchange measurements at the
end of each experimental period (T1-T4). For a subset of samples (i.e., after T1 and T3) we
also determined leaf mass per area (LMA; g DM m™). For this purpose, leaves were

photographed and leaf area was analyzed via photoshop (www.adobe.com.de).

Samples were dried for 3 days at 65°C for further analysis. 1.5-2.5 mg of dried, pulverized
material was combusted in an elemental analyzer (NA 2500; CE Instruments, Milan, Italy)
for total leaf-N analysis, coupled to an Isotope Ratio Mass Spectrometer (Delta Plus/Delta
Plus XL; Finnigan MAT GmbH, Bremen, Germany) by a Conflo II/11l interface (Thermo-
Finnigan GmbH, Bremen, Germany) for **C analysis. Relative abundance of **C in bulk leaf
material was expressed as relative deviation from the international standard (V-PDB), using

the o- notation:

§13¢ = (222 — 1) x 1000 8)

Rstandard

Instrument precision for §**C was +0.05%o. 8*3C in bulk leaf material was used as a proxy for

WUE; (Kruse et al. 2012).

2.3. Gas exchange measurements

Prior to each measurement campaign (T1-T4 periods), three plants per growth cabinet were
chosen at random from each season and irrigation treatment. We then measured gas exchange

in the morning (7:45am-11:00am), at midday (11:00am-14:15pm), and in the afternoon
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(14:15-17:30pm). Measurements were randomized between two portable infrared gas
analyzers (GFS 3000, Walz, Effeltrich, Germany). By the end of each measurement
campaign (4 days for T1; 8 days for T2, T3 and T4), we had completed four independent
replicates for each season, irrigation treatment and day time (supporting information, Dataset

S1 and Notes S1).

Temperatures within growth chambers were monitored continuously. We recorded the
prevalent air temperature prior to start of each measurement (Tgowt; accuracy = 0.2°C).
Temperature responses of net photosynthesis and stomatal conductance were determined for
fully expanded leaves at the base of each plant. Palm leaves were located within a 8 cm?
cuvette and flushed with air at a rate of 700 pmol s™. We replaced cuvette gaskets after every
third set of temperature response measurements. Temperature responses of gas exchange
were determined in seven, 3°C-steps (21°C to 39°C cuvette air temperature) at ambient CO,
(380-400 pmol mol™) and saturating light intensity (PAR: 1.500 pmol m? s%). At the first
target temperature (21°C), measurements were recorded after 20 minutes of equilibration.
After each subsequent temperature change, plants were allowed to equilibrate for 10 minutes.
Gas exchange was then recorded and averaged over a period of 5 minutes (Kruse et al. 2017a,
b). After the last measurement (at 39°C), the light source was turned off. We waited until
dark respiration (Rso; pmol m™ s™) had equilibrated, before measurements were recorded (5-

minutes average).

We used Pt100 sensors to monitor temperature, adjusted using Peltier elements (accuracy *
0.1°C after 3 min. equilibration). Gas exchange systems allowed for good regulation of

humidity. Absolute humidity was set at 13000+ 50 ppm H,0O, irrespective of cuvette
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temperature. Vapour pressure deficit (VPD) in the cuvette increased from 1.5+ 0.1 kPa at
21°C to 6.5+ 0.2 kPa at 39°C. Spans of measurement temperature and VPD were chosen to

encompass respective ranges in growth chambers during the light period (Fig. 1a, b).

Rates of CO,-assimilation were assessed relative to leaf, rather than cuvette (air) temperature.
Leaf temperature was determined via a thermocouple touching the lower leaf surface
(accuracy + 0.1°C). The temperature dependency of photosynthesis (A) can be described by

an extended Arrhenius equation (Kruse et al. 2017a, b):

2
Eo(Ref.0) (T~ Tref T-Tyef
_ R X(TxTref>+5AX<T><Tref
A= Aref Xe (1)

where T is the measurement temperature (K), Tt is a reference temperature (294 K (= 21°C)
in the present study), R is the universal gas constant (8.314 J mol™ K™), A.s is the
assimilation rate at reference temperature (umol m? s™), Eo(Ref.4) is the ‘overall’ activation
energy of CO,-assimilation (infinitesimally) close to the reference temperature (kJ mol™), and
8a (KK?) describes the dynamic change of [Eo(Ref.a)]/ R, as measurement temperature

increases.

With the ‘Arrhenius-exponent’ [Eo(Ref.a)]/R (see Eqn. 1) defined as the temperature
coefficient prera (in units of kK; Kruse et al. 2018), the three parameters defining the
photosynthetic temperature response of an individual leaf can be determined from loge-

transformed expression of Eqn.1:

2
_ T—Trer T=Tres
In4 = lnAref + .uRef.A X (TXTTef> + 6‘4 X (TXT‘ref> (2)
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where InAr is the loge- transformed rate of net photosynthesis at reference temperature (i.e.,
at 294K), pgrera denotes the slope of InA at reference temperature and 6, describes the

dynamic change in prer.a as leaf temperature increases.

T_T‘r'ef

If we set x = ( ) then the optimum temperature for A (Top), can be determined from the

XTTef

first derivative of Egn.2 (i.e. dInA/dx = 0):

Xopt = —3 54

1 URef.A (3)

where xopt:% (1000/K), and oa is generally negative (for some notable

exceptions, i.e. da >0, see supporting information, Table S2). We expressed Top. in units of

°C. In order to test hypothesis 1, we compared Tqp With Tgrowth

Peak rates of photosynthesis (Aqp) Were determined by insertion of X, into Eqn.2. We here
define Aot as the ‘physiological capacity’ of photosynthesis, i.e. the rate of CO,-assimilation
at light saturation and Ty, recorded under ambient CO; (c, = 380-400 pmol mol™) and given
stomatal conductance. Aoy differs from other measures of photosynthetic capacity like
apparent Vemax (carboxylation efficiency at low C;), Jnax (maximal electron transport capacity
at saturating C; and light, for RuBP- regeneration in the Calvin cycle), or light- saturated Amax

at a set measurement temperature and saturating C; (i.e., Aspinwall et al. 2016).
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We deliberately monitored temperature- dependent C; at ambient CO,, in order to test
hypothesis 2 and 3. For this purpose, we extended the application of Eqn.2 to temperature-
dependent stomatal conductance (G; mmol m? s™), and derived the three parameters InGyet
(mmol m? s™), prer.s (kK) and 8¢ (kK?) (Table S2). This approach helps identify contrasting
effects of growth temperature and irrigation on temperature sensitivities of net photosynthesis
versus that of stomatal conductance (and thus the temperature sensitivity of Cj). In its

logarithmic expression, water use efficiency (WUE; = A/G) is defined as:
in(2) = InA - InG 4)

where A is given in pmol m? s and G is given in mol m? s™. For the temperature sensitivity

of WUE;, it follows that:
In (g) = (lnAref - lnGref) + (Uref.a — Urer.g) X X + (64 — ) X x? (5)

where x=:;;—”f (1000/K). From the first derivative of Eqn.5, we determined the
ref

temperature at which WUE is insensitive to small changes in measurement temperature (i.e.,

d(InA — InG)/dx =0):

__1 (#Ref.A—HRef.G)
xequ. - 2 (8A_8G) (6)

where x4, = % (1000/K). The ‘equilibrium temperature’ (Tequ) iS expressed in

units of °C. At this temperature, Ci/C, is insensitive to small changes in measurement
temperature. To test for hypothesis 2, we compared T With Tequ. We inserted Xop: into Eqn.

5, in order to determine WUE; at Ty, and to test for hypothesis 3.
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2.4. Sensitivity of stomatal conductance (G) towards net photosynthesis (A) versus

vapour pressure deficit

Stomatal conductance depends on leaf temperature, as mediated through temperature-
dependent A (Damour et al. 2010), but also varies with VPD that increases exponentially with
cuvette air temperature. We used the approach outlined by Medlyn et al. (2011) to describe

the sensitivity of G (mol m™ s™) towards A relative to VPD:

2o x = (7)

D Ca

G=go+1.6x(1+

where g, (mol m? s™) is the residual conductance when A (umol m? s™) is zero, g; is related
to the marginal water cost of carbon (4 = dE /dA), k is an empirical parameter that equals 0.5
when the response of G to D is optimal, C, is the atmospheric [CO,] (umol mol™), and D is
the vapour pressure deficit (kPa) (Medlyn et al. 2011, Duursma et al. 2014). We assumed that
k =0.5 and plotted G derived from individual temperature response measurements against
A/(VD x C,). The slope of these plots (with n= 7, each) is dominated by gs, but also varies
with D (Eqgn. 7; Medlyn et al. 2011), which cannot be neglected in the present study. Since
the span of D was similar for all measurements (~1.5 kPa to ~6.5 kPa), we here denote the
sensitivity of G towards A/(VD X c,) as 1.6xgi*. R* of (significant) linear fits ranged
between 0.3 — 0.99, and averaged 0.80 (median 0.85). Non-significant linear fits (R*< 0.3; P

>0.05), were not included in the further analysis

2.5. Statistical analysis

From a total of 240 available plants, 168 seedlings were randomly chosen for gas exchange
measurements. With two failed measurements, 166 replicates were subjected to statistical

analysis (Table S2). Data were subjected to analysis of variance (ANOVA), followed by
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post-hoc Tukey HSD tests (STATISTICA, version 10.0, StatSoft, Inc, Tulsa, OK, USA), in
order to evaluate the significance of season, irrigation treatment and day time on Topt, Aopt,
WUE; at Topt, Rag, (Topt-Tgrowtn) and (Tequ=Topt), and to test hypothesis 1-3. For Aqp and WUE;
at Top, ANOVA was performed with loge-transformed data, to meet the criterion of

homoscedasticity (Levene-test, STATISTICA).

We explored variation of temperature-dependent A and G, as defined by respective exponent
parameters Hrer and 6, and compared results with the sensitivity of G towards VPD (relative
to A). The exponent- parameters are mutually inter-dependent, and often highly correlated
(Kruse et al. 2018). Factors that explain residual variation in this correlation were identified

and quantified using General Linear Models. Effect sizes were estimated from partial n’:

SS

2 factor
= 8
P 77 SS factor + SS residual ( )

where pnz indicates how much of the observed variation can statistically be explained by the

factor under consideration (SStactor)-

3. Results
3.1. Leaf characteristics and plant growth

At the start of the experimental period (i.e., after T1), shoot biomass of well-watered
seedlings averaged 27.8+ 0.8 g fresh mass (average +SE). It increased to 36.2+ 2.1 g by the
end of the experiment (after T4), irrespective of treatment season (Fig. S3). By the end of the
experiment, shoot biomass of water-deprived plants averaged 31.2+ 1.4 g in summer and

winter. Thus, intermittent water shortage reduced shoot growth to ~40% of that achieved by
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fully watered plants. DM: FM- ratio of leaves increased from 0.43+ 0.01 after T1 to 0.46+
0.01 after T4, but was hardly affected by treatment (Fig. S3). Leaf nitrogen contents were not
significantly affected by season or irrigation treatment, and averaged at 15.1+ 0.2 mg g™ dry
mass (Fig. S3). Leaf mass per area of pre-existing leaves was similar between treatments and

averaged at 321+ 10 g DM m™.

3.2. Instantaneous temperature responses of leaf gas exchange

Temperature responses of A and G (Fig. 3), were fitted to the extended Arrhenius- equation
(see Fig. S4). Coefficients of determination (R?) for Arrhenius-type fits ranged between 0.7-

0.99, and averaged 0.95 for A (median 0.96), and averaged 0.93 for G (median 0.95).

Temperature responses of A and G were similar, but not the same. Consequently, A/G and
Ci/C,, which is inversely proportional to A/G, were not constant across measurement
temperatures (Fig. 4). In summer, C;/C, decreased with decreasing slope as measurement
temperature increased. In winter, by contrast, Ci/C, increased with increasing slope as
measurement temperature increased (Fig. 4e-h). The temperature at which Ci/C, is most
insensitive to changes in measurement temperature (i.e., where slopes of change become
zero), is defined by the ‘equilibrium temperature’ (Teq; EQn. 6). It is apparent, and will be
analyzed in greater detail below, that Teq, Was located at warmer temperatures in summer-

than in winter- acclimated leaves (Fig. 4e-h).
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3.3. Photosynthetic acclimation: Shifts in Topt

Season statistically explained 52% of the variation in Toy (Fig. 5a-d, Table 1b), which
averaged 27.4+ 0.4°C in winter and 36.0+ 0.6°C in summer. Another 18% of the variation
was related to day time of measurements. On average, Topt increased from 29.2+ 0.6°C in the
morning to 32.1+ 0.7°C at midday, and further to 34.0+ 0.9°C in the afternoon. Soil water
deprivation (i.e., T2+T3 combined) had comparatively little effect on Top (an: 0.07, Table

1b), on average being ~2°C less than under well-watered conditions.

Topt and Tyrowtn Were positively related (R% 0.53, P< 0.001; Fig. 6a). Overall, however, Top -
Tgrowth 70 (t-value: 6.3; P< 0.001), and Top Was on average ~2.9°C greater than Tgrowtn (28.8+
8.8°C; av.x SD). In particular, Top Of winter-acclimated leaves was 6.1+ 0.6°C (av.+ SE)
greater than Tgown (Fig. 7a). By contrast, for summer-acclimated leaves Topt = Tgrowth
Similarly, Toy was close to Tgowtn during severe drought, but 5.4+ 1.2°C greater during
recovery (Figs. 6a, 7b). Top hardly differed from Tgown at midday, but was significantly
greater in the morning and afternoon (Fig. 7c). We conclude that variation in Toy not only
reflects acclimation to growth temperature. Departures of Top from Tgrown SeEMingly depend
on leaf water status (i.e., V) at the time of measurement, as affected by long- term variation
in soil water availability as well as seasonal and diurnal variation in VPD (and potential

evapotranspiration).
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3.4. Photosynthetic acclimation: Shifts in Ay and implications for WUE; at Topt

Season statistically explained 11% of the variation in InAqy (Table 1b). Aqy averaged 3.3+
0.2 pmol m™ s in winter and 5.5+ 0.3 umol m™ s in summer (Fig. 5e-h). Water deprivation
affected Aoy more strongly than Top (;n° 0.24; Table 1b). Agy was reduced from 4.9+ 0.2
umol m? s in fully watered plants to 3.0+ 0.3 pmol m™ s™ during water deprivation

(T2+T3). Reduction was particularly pronounced under severe drought (T3; Fig. 59).

Under severe drought, Aqp: Was reduced more strongly than G (at Topt), such that WUE; at Topt
was significantly less than in fully watered plants (Fig. 5k) — in particular at midday and in
the afternoon (Table 1b). That is, water- deprived plants generally operated at greater C; than
fully watered plants (Figs. 4f, g), and A was not limited by CO,- supply per se. This
contention was confirmed by independent measurement of bulk leaf §*3C- signatures, which
averaged at -25.5+ 0.1%o in fully watered and -25.9+ 0.1%o0 in water- deprived plants (P=

0.02; Fig. S5).

We also measured leaf dark respiration at 39°C (i.e., R3g), in order to assess respiratory
acclimation — that can affect both Top and Agp. Rsg averaged 2.4+ 0.1 umol m™ s™ in winter

and 1.8+ 0.1 pmol m? st

in summer (supplementary information Fig. S6, Table 1b).
Reduction of Rsg in summer was accompanied by shifts in Top to warmer temperature (on
average +8.5°C) and greater Aoy (On average +2.2 pmol m? s). Soil water deprivation
added to seasonal reductions in Rsg, In winter, Rsg averaged 2.6+ 0.1 umol m? s in fully

watered plants and 2.2+ 0.1 pmol m™ s under drought (T2+T3). In summer, Rss was

reduced from 1.9+ 0.1 pmol m™ s™ (full water) to 1.6+ 0.1 umol m™? s (drought). In contrast
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to seasonal effects, however, drought- related reductions in Rsy were accompanied by
reduced Aoy (see first paragraph in this section). Rsg averaged 2.6+ 0.2 pmol m™ s™ in the
morning, and was reduced to 2.0+ 0.1 pmol m™? s at midday and 1.8+ 0.1 pmol m? s in the
afternoon (Fig. S6, Table 1b). Concomitantly, Top increased on average by c. 4.5°C from

morning to afternoon, while A,y decreased by c. 1.4 umol m?s™,

3.5. Coordination between temperature- dependent A and G for control of Teq, during

acclimation

We hypothesized that during acclimation, Ao, Would be recorded at that leaf temperature,
where C; is most insensitive to temperature variation — in order to allow for stable CO,-
supply and safe CO,- assimilation at maximum rate under respective environmental
conditions (i.e., Tequ — Topt = 0). While Teq, and Top; were strongly correlated (R?: 0.70; Fig.
6b), Tequ — Topt # 0 (t-value: 2.8; P= 0.005), and Tequ Was on average ~0.8°C less than Top
(31.7£ 6.2°C; av.x£ SD). Strikingly, the effects of season, irrigation treatment and day time on
the difference between Tequ and Top: (Fig. 7d-f), were mostly inverse to those observed for the
difference between T and Tgrown (Fig. 7a-€). We conclude that photosynthetic acclimation
associated with shifts in Top and Aqp, reflects a trade- off between maximization of A and the

risk of imbalances in CO,-supply to chloroplasts.

3.6. Similarities and differences between temperature sensitivities of A and G

Temperature sensitivities of A and G were analyzed in greater detail, in order to elucidate
acclimation-induced shifts in Toy and Tequ. There was considerable variation in exponent

parameters, which define respective temperature sensitivities and are mutually inter-
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dependent (Fig. 8). Residual variation in the correlation between pgrer and & was related to
treatment conditions, in particular season (Fig. 8). We used General Linear Models with a
mixture of predictor continuous variables to identify and quantify sources of residual
variation (supplementary information Table S3). For both A and G, three variables captured
most of the variation in - parameter. First, 8- parameter was tightly related to pgrer (pnz: 0.83-
0.88; supplementary information, Fig. S7). Secondly, a and &g exhibited similar dependency
on Topt (M’ 0.56-0.62; Fig. S7). However, 5, was more sensitive to InAgy than InAy,
whereas dg Was more sensitive to InGres than InGey (Table S3). 64 and ¢ showed contrasting
dependency on photosynthetic capacity at optimum temperature and stomatal aperture at
reference temperature, respectively. 5, varied positively by c. 20 kK? over the range of
recorded InAqy, if other factors are constant (Fig. S7c). While &g also varied by c. 23 kK2

over the range of recorded InG, this relation was negative (Fig. S7f).

3.7. Sensitivity of stomatal conductance towards leaf temperature and vapor pressure

deficit (VPD)

Most conspicuously, water deprivation during T2+T3 significantly reduced the temperature
sensitivity of stomatal conductance (i.e., uretc and dg), While conductance at low reference
temperature (i.e., InG) was hardly affected (Table 2). Hence, stomatal conductance also
showed reduced sensitivity to VPD during drought (Figs. 9b, c). As a result, leaf transpiration
was significantly reduced at greater VPD (Figs. 9f, g). This analysis does not tell much about
the control of G, which depends on both temperature-dependent A and VPD. For example,
stomatal conductance of water-deprived plants was significantly reduced at Top (pnzz 0.18;
effect on InGop: not shown in Table 2), but InA.y; was reduced even stronger (;n*: 0.23, Table

2; also see above section 3.4). Data obtained for G during T2+T3 were plotted against
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A/(\/ﬁ X ca) (supplementary information, Fig. S8), in order to analyze sensitivity of G

towards A relative to VPD (Eqgn. 7), and we derived the following linear regression equations:

G =0.016 mol m~2s~! + 1.8 X ﬁi - (winter, +H,0)
G = 0.011 mol m~2s~1 + 3.0 X ﬁi - (winter, -H,0)
G = 0.005mol m™2s71 + 5.5 x \/Bica (summer, +H,0)
G = 0.008 mol m~2s~! + 5.0 x ﬁi - (summer, -H,0)

where the intercept is equivalent to residual conductance go, and the slope is defined as
1.6xg; . Seasonal differences in g, and g;~ were more pronounced than effects of irrigation
treatment (also see Fig. S9). Stomatal conductance was more sensitive to A relative to D in
summer than in winter (greater g;” in summer), but drought effects on g, varied between

season.

4. Discussion

As poikilothermic organisms, plants have to cope with potentially large variation in leaf
temperature, which strongly influences rates of biochemical reactions - including those that
drive photosynthesis. Selection pressures to optimize photosynthesis under given climatic
conditions required evolutionary solutions to either constrain leaf temperature (Helliker &
Richter 2008), or to allow for physiological acclimation if leaf temperature should vary. Both
of these control mechanisms are realized in plants (Yamori et al 2014, Wright et al. 2017).
Species adapted to hot and semi-arid environments, for example, have comparatively small
leaves (i.e, as compared to wet- tropical species), favoring convective over latent heat

dissipation (greater Bowen-ratio; Wright et al. 2017). As to physiological acclimation in date
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palm, we hypothesized that optimal leaf temperature for photosynthesis (Top) Would track

changes in ambient growth temperature (T growth).

4.1. Acclimatory shifts in Topt

Although Ty was recorded under different micro-meteorological conditions than those
prevailing in our growth chambers, we found clear evidence for thermal acclimation of Ty
About ~50% of the variation in Ty Was related to variation in Tgewn (Fig. 6a), underpinning
strong diurnal and, in particular, seasonal effects on Ty (Fig. 5a-d, Table 1b). T,y of date
palm varied between 20- 45°C, as has also been observed in a meta-analysis of data reported
for various Cs-species (Yamori et al. 2014). Deviation from a 1: 1- line between T, and
Tgrowtn 1N OUr study (Fig. 6a), was also strikingly similar to published data (Fig. 5a in Yamori
et al. 2014). For remaining differences between Top and Tgrowth (i-€., Topt — Tgrowth #0), we
consider two sources of additional variation. First, Tgown does not necessarily reflect leaf
temperature under respective growth conditions, owing to variation in latent heat dissipation.
Our results suggest that transpiration played a proportionally greater role in leaf cooling
during summer as compared to winter, at least for fully watered plants (Fig. 9e-h). Secondly,
the temperature optimum of A not only acclimates to leaf temperature (under growth
conditions), but seems also responsive to leaf water status at the time of measurement. Leaf
water potential declines over time, if water uptake and transport cannot keep pace with
transpiration - frequently observed under high VPD (and Tgown), Or low soil water
availability. Reduced ¥, most likely accounts for observations that Ty Was closer to Tgrowth
in summer, at midday or during drought (Fig. 7a-c). Complex interdependencies between
incident radiation, Tgown, VPD, transpiration, leaf water potential and —temperature (i.e.,

O’Sullivan et al. 2017), could also explain observations that Ty tracked Tgrown under some
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circumstances (Battaglia et al. 1996, Gunderson et al. 2010, Way & Oren 2010, Slot &
Winter 2017), whereas thermal acclimation of T, Was not evident in other studies (Warren

2008, Dillaway & Kruger 2010, Drake et al. 2016, Kruse et al. 2017b)

4.2. Physiological mechanisms driving thermal acclimation of Top

Our understanding of biochemical/physiological mechanisms that contribute to thermal
acclimation of Top, has been significantly advanced in previous decades (reviewed by
Hikosaka et al. 2006, Sage & Kubien 2007, Lin et al. 2012, Yamori et al. 2014). Biochemical
acclimation affects a plethora of components that comprise the ‘photosynthetic machinery’.
Most consistently among Cs- species, heat exposure triggers expression of a heat-stable
Rubisco- activase or re- adjustment of electron transport capacity (Salvucci & Crafts-
Brandner 2004, Schrader et al. 2004, Sage & Kubien 2007), or both. Such biochemical
acclimation to longer- term, seasonal shifts in Tgown helps maintain the balance between
RuBP — carboxylation and - regeneration capacities (sensu Medlyn et al. 2002). Diffusion
velocity of thylakoid electron carriers, for example, is strongly temperature- dependent, but
can physiologically be controlled via adjustment of membrane viscosity (Barber et al. 1984,
Ott et al. 1999). This may entail alterations in membrane lipid composition (Raison et al.
1980, Safronov et al. 2017), or membrane protein abundances (Onoda et al. 2005, Zhu et al.
2007) - such that temperature sensitivity of (lateral) thylakoid electron transport can match

stromal processes.

This article is protected by copyright. All rights reserved.



Stabilization of membrane functioning may also be accomplished by isoprene production
(Sharkey 2005). We recently observed increased capacity of isoprene emission in heat-
acclimated date palm leaves (Arab et al. 2017). Temperature-dependent isoprene emission
(Monson et al. 2012, Arab et al. 2017), could also account for some short-term, diurnal

variation in Topt.

Thermal acclimation changes the temperature sensitivity of biochemical capacities, becoming
apparent in altered V¢max and/or Jnax at standard reference temperature (usually 25°C; Atkin
et al. 2015, Lin et al. 2013, Crous et al. 2018), or altered activation energy close to T
(Hikosaka et al. 2006, Kositsup et al. 2009), or shifts in Top Of Vemax and/or Jmax (Kattge &
Knorr 2007, Yamori et al. 2008, Varhammer et al. 2015). A recent meta-analysis using a
peaked Arrhenius- type function to describe the temperature dependency of Vemax and Jmax,
identified parameters that acclimate to Tgowih and — positively or negatively - correlate with
Topr Of A at ambient CO;, (see Kumarathunge et al. 2019). Biochemical acclimation
undoubtedly facilitates shifts in Top of A (Kumarathunge et al. 2019), although it will still
remain difficult to attribute shifts in specific, rate-limiting processes to the position of Topy

(Yamori et al. 2014; further discussed in Section 4.5.).

Also respiratory acclimation is thought to account for shifts in Top (and Aopr) (Lin et al. 2012,
Way & Yamori 2014). This is particularly important for species with slow rates of leaf net
photosynthesis such like spruce (Way & Sage 2008), or date palm. While respiratory
acclimation is better described by respiratory responses over a range of measurement
temperatures (instead of point measurements at 39°C, Kruse et al. 2011), and respiration is

generally less in the light than in the dark (Tcherkez et al. 2017), we observed significant
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reductions in Rsg at greater Tgown indicating thermal acclimation of leaf respiration (i.e.,
Atkin et al. 2015, Reich et al. 2016). Drought added to thermally- induced reductions in Rag,

similar to observations made for Eucalyptus saligna (Crous et al. 2011).

4.3. Do imbalances in CO,- supply to chloroplasts trigger acclimation to altered

environmental conditions?

The central novel finding of our study was the close relationship between Ty and Tequ (Fig.
6b), essentially confirming hypothesis 2 and suggesting tight coordination between A and G
for stabilization of CO, — supply to chloroplasts, irrespective of changes in Tgyown and water
availability. In particular, thermal acclimation altered the sensitivity of stomata towards A
relative to VPD. This sensitivity is notoriously variable (Miner et al. 2017), but our results
corroborate earlier reports that acclimation to warm temperatures increases g; (Leuning
1990, Medlyn et al. 2011), commensurate with concomitant shifts in Teqy (and Top; Lin et al.
2012, Duursma 2014). Our results also accord with observations that drought alone has little

effect on g, in species adapted to xeric sites (Héroult et al. 2013).

To some degree, imbalances in chloroplast CO,-concentration (C.) can be buffered by quick
adjustments in mesophyll conductance to CO,- transfer (Gn; Flexas et al. 2012). G, differs
between species (von Caemmerer & Evans 2015), and often increases exponentially with
measurement temperature — suggesting that G, is under enzymatic control (Flexas et al.
2012). While C; varies over a broader range of measurement temperatures (i.e., further
removed from Teq,; Fig. 4e-h), C. has been shown to remain surprisingly constant (Warren &
Dreyer 2006, Warren 2008). There is also some evidence for longer- term acclimation of G,
to Tgrowth (Yamori et al. 2006), possibly before acclimatory effects on Vemax Or Jmax become

apparent, as in boreal and temperate tree species (Dillaway & Kruger 2010).
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We propose that plants ‘sense’ major imbalances in C. that could result in (harmful) ROS
generation and trigger acclimation. Acclimation of leaf gas exchange might thus be viewed as
a process to restore the balance between CO,- supply and — demand. Recovery from drought,
for example, swiftly re-established physiological capacity of photosynthesis (Agp; Figs. 3d,

5h), albeit associated with reduced ‘safety margins’ (i.e., Tequ — Topt < 0; Fig. 7€).

4.4. Acclimation to drought: Date palms play it safe

Flexas & Medrano (2002) highlighted bi-phasic responses of C; to drought in many species.
Stomatal closure usually first reduces C;. With progressing drought, processes like
carboxylation efficiency are increasingly impaired (Parry et al. 2002, Xu & Baldocchi 2003,
Chaves et al. 2009), counter-acting reductions in C;. Biochemical limitations of A under mild
drought are generally reversible upon restoration of soil water availability. However,
extended drought may cause G to drop below ~50 mmol m? s™, associated with an increase

of C; (Brodribb 1996, Flexas & Medrano 2002).

In date palm, even mild drought had an immediate effect on Aqy (Fig. 5f), which was
generally reduced more strongly than Gy during water- deprivation. As a result, water-
deprived plants operated at greater C; than fully watered plants (Figs. 4f, g). This unusual
result was confirmed by a slight, but significant increase of §**C, under drought. In many
other Cs-species, drought triggers a decline of §*3C, (Farquahr et al. 1989, Ehleringer et al.
1992). Nonetheless, the extent of drought effects on §*3C; varies between species, and even
between genotypes of the same species (Donavan & Ehleringer 1994, Pita et al. 2001,

Cernusak et al. 2013).
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Phoenix dactylifera is a slow-growing species with robust, sclerophyllous leaves (i.e.,
comparatively large LMA, low leaf-N contents and low Aqy). Even with full water supply,
stomatal conductance of date palms is less than considered symptomatic of severe water-
stress in other species (Gopt < 50 mmol m? s, Fig. 3e-h; see Medrano et al. 2002). These
physiological traits reflect adaptation to a xeric environment, where slow growth and
conservative water use are evolutionarily advantageous strategies (Makela et al. 1996).
Drought quickly arrested growth in date palm, and declining demand for anabolic products
seemingly caused down-regulation of Aoy, as has also been observed, albeit less quickly, for
other measures of photosynthetic capacity in different species (i.e., Vemax; Parry et al. 2002,
Joseph et al. 2014). Swift, over- proportional reduction of Ay in water- deprived date palm

facilitated photosynthesis at slow, but safe rates.

4.5. Outlook: The significance of 8- parameter

Elucidating the nature of &- parameter seems a promising avenue to improved mechanistic
understanding of in vivo flux control. Previous findings that instantaneous temperature
responses of leaf net photosynthesis and dark respiration (R) can be described by the same,
extended Arrhenius- equation (Kruse et al. 2017b), imply some common features in the

regulation of both A and R.

As noted above (Section 4.2.), Calvin- cycle activity is controlled in myriad ways, most
notably encompassing the thioredoxin system (Buchanan & Balmer 2005) and Rubisco-
activase activity — itself dependent on ATP/ADP and NADPH/NADP (Portis 2003). We

previously argued that constant temperature- dependency of ‘overall’ activation energy is an
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emergent property of metabolic networks such like the Calvin- cycle (Kruse et al. 2017a).
Monotonous change of overall activation energy across measurement temperatures, even
extending beyond T, suggests tight coordination between the component processes. It has
also been shown that rates of CO,- assimilation correlate with those of thylakoid electron
transport (i.e., Niinemets et al. 1999, Aspinwall et al. 2016, Kruse et al. 2017a), and that
declining rates above Ty are generally reversible (if measurement temperatures had not

exceeded c. 40-45°C and produced irreversible damage; June et al. 2004).

We proposed that da ultimately reflects proportions of cyclic versus non- cyclic electron
flow, as controlled by cellular demand for ATP versus NADPH (Kruse et al. 2017a). For
example, ‘speed’ of ATP- turnover relative to NADPH- turnover depends on reduction state
of anabolic products (sucrose, starch, amino acids, fatty acids, etc.) and many other cellular
functions (i.e., ATP- demand for protein turnover or maintenance of membrane potentials,
etc.) - affecting the shape of photosynthetic temperature responses (that is, 64). Peak rates of
A (that is, Aqp) heavily depend on demand for anabolic products destined for export (i.e.,
sucrose, amino acids), and, by extension, on plant growth (Kérner 2013). Reduced rates of
Agpt (and Rsg) under drought likely reflect reduced demand for energy and reducing power
(ATP + NADPH), for synthesis and export of photosynthate (Atkin & Macherel 2009).
Temperature sensitivity of stomatal conductance, on the other hand, seems primarily

controlled to ensure stable CO,- supply to chloroplasts (Section 4.3.).

Summarily, date palm exhibits remarkable capability to coordinate acclimation in leaf- level
Topty Aopt and Tequ, with whole plant growth, which we regard as ‘optimal’ under
environmental conditions to which this species is adapted. We expect that plant species

adapted to different climates will exhibit alternative acclimation strategies.
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Supporting Information

Additional Supporting Information may be found online in the Supporting Information
section at the end of the article:

Dataset S1. Raw data collected during the experiment.

Notes S1. Description of variables in the dataset S1.

Fig. S1 Growth facilities at the Helmholtz Centre in Munich.

Fig. S2 Between-day record of meteorological conditions within the experimental period.
Fig. S3 Biometric data of date palm seedlings (aboveground biomass, LMA and leaf-N).

Fig. S4 Instantaneous temperature resonses of leaf gas exchange, fitted to a three-parameter
extended Arrhenius equation.

Fig. S5 Intrinsic water use efficiency of leaf photosynthesis at Top and 83C —signature of
leaves.

Fig. S6 Rates of leaf dark respiration at 39°C measurement temperature (Rsg).
Fig. S7 Dependency of either 6 or 8¢ on three principal continuous variables.

Fig. S8 Sensitivity of stomatal conductance towards leaf net photosynthesis relative to vapour
pressure deficit.

Fig. S9 Treatment effects on g1*.

Table S1. Experimental setup to test for the effects of season and daily irrigation regime on
gas exchange of date palm.

Table S2. Parameter values derived from individual A-T and G-T responses, fitted to the
extended Arrhenius- equation.

Table S3. General Linear Models using a mixture of predictor continuous variables to test for
the effects on either 6 or dc.

Figure captions:

Figure 1. Meteorological conditions during a typical winter and summer day in Saudi Arabia.
(a) Diurnal variation in ambient air temperature. (b) Diurnal variation in vapour pressure
deficit (VPD). (c) Diurnal variation in photosynthetic active radiation (PAR). Grey bars in (a)
and (b) show SE. Gas exchange measurements were conducted in the morning (7:45am-
11:00am), at midday (11:00am -14:15pm) and in the afternoon (14:15-17:30pm).
Meteorological conditions were maintained throughout the entire experimental period
(Supporting Information, Fig. S2).

This article is protected by copyright. All rights reserved.



Figure 2. Soil water content over the course of the experiment, as affected by irrigation
regime and season. Data shown are averages + SE.

Figure 3. Instantaneous temperature responses of leaf gas exchange in Phoenix dactylifera.
(a-d) Temperature responses of net leaf CO,-assimilation (A) during acclimation to differing
season and soil water availability. (e-h) Temperature responses of stomatal conductance (G)
during acclimation to differing season and soil water availability. Data shown are averages +
SE of 11-12 independent replicates. Closed circles, winter, +H,0O; open circles, winter, -H,O;
closed triangles, summer, +H,0O; open triangles, summer, -H,0. Data were subsequently loge-
transformed (see Eqn. 2) and plotted against reciprocal temperature, as shown in Supporting
Information Fig. S4.

Figure 4. Intrinsic leaf water use efficiency (WUE;) during acclimation to differing season
and soil water availability in Phoenix dactylifera. (a-d) Temperature responses of intrinsic
water use efficiency (WUE; = A/G) during the course of the experiment. (e-h) Temperature
responses of Ci/C, during the course of the experiment. Data shown are averages + SE of 11-
12 independent replicates. Closed circles, winter, +H,O; open circles, winter, -H,O; closed
triangles, summer, +H,O; open triangles, summer, -H,0.

Figure 5. Leaf photosynthesis and water use efficiency at optimum temperature in Phoenix
dactylifera. (a-d) Treatment effects on optimum temperature (Topt), Where peak rates of
photosynthesis were recorded. (e-h) Treatment effects on rates of photosynthesis at optimum
temperature (Aopr). (i-1) Treatment effects on intrinsic water use efficiency at optimum
temperature (WUE; = Aop/Gopt). Columns show averages + SE of 3-4 independent replicates.
Columns are aligned to represent measurements in the morning, at midday, and in the
afternoon (refer also to Fig. 1). Black columns, winter, +H,0; dark grey columns, winter, -
H,0; light grey columns, summer, +H,O; open columns, summer, -H,O. Data were subjected
to 3-way ANOVA, to test for principal treatment effects within respective measurement
periods. S, effect of season; W, effect of irrigation regime; D, time- of- measurement effect
(day time). *, significant at p< 0.05; ns, not significant. For further results of ANOVA, see
Table 2.

Figure 6. Acclimation of leaf gas exchange to ambient temperature and water availability in
Phoenix dactylifera. (a) Relation between optimum temperature of leaf photosynthesis (T opt)
and ambient temperature within growth cabinets (Tgrowt). Tgrowtnh denotes air temperature prior
to start of measurements. T, denotes leaf temperature under cuvette measuring conditions
(PAR: 1500 pmol m™ s*; air flow: 700 umol s™; well- stirred air using impellers). (b)
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Relation between Ty, at which peak rates of A were recorded, and ‘equilibrium temperature’
(Tequ.), at which A/G is insensitive to small variation in measurement temperature (and Ci/C,
is constant). T Was determined via Eqn. 3, and Teq,. Via Eqn. 6. Closed black symbols,
winter, +H,0; open black symbols, winter, -H,O; closed grey symbols, summer, +H,O; open
grey symbols, summer, -H,O. Upper triangles, morning; squares, midday; lower triangles,
afternoon. Blue circles, winter, recovery; red circles, summer, recovery. Data show averages
+ SE of 15-16 replicates for fully watered plants (closed symbols), 7- 8 replicates for water-
deprived plants (i.e., during T2 + T3, open symbols), and 12 replicates for recovery
treatments (averaged across day times, coloured circles). For further statistical analysis of
results, see Fig. 7.

Figure 7. Contrast between key temperatures set by the physiology of leaf gas exchange in
Phoenix dactylifera. (a-c) Difference between Topand Tgrowtn iN response to seasonal
‘climate’ (a), irrigation regime (b) and day time (c). (d-f) Difference between Tequ and Top In
response to principal treatments. Tgown denotes growth temperature (°C, air temperature in
growth cabinets prior to measurements), Tqp denotes optimum temperature of leaf
photosynthesis (°C, leaf temperature under cuvette measuring conditions), and Tequ denotes
equilibrium temperature (°C, leaf temperature at which sub-stomatal CO,-concentration (C;)
is insensitive to small temperature changes). Columns show averages £SE. Replicate number
for individual columns are shown at the bottom of each panel. Different letters indicate
significant differences between means (p< 0.05; post-hoc HSD Tukey test for dissimilar
replicate number).

Figure 8. Relation between two exponent parameters of an extended Arrhenius equation that
capture (instantaneous) temperature sensitivities of photosynthesis and stomatal conductance
in Phoenix dactylifera. (a) Correlation between prera and da. Lrer.a defines the slope of InA
(or the activation energy of A) at the reference temperature (i.e., at 294K (=21°C)), and da
describes dynamic change in activation energy of A as leaf temperature increases. (b)
Correlation between prerc and dg. Hret.c defines the slope of InG at the reference temperature,
and &g describes the shape or ‘curvature’ of G-T response, i.e. the dynamic change in
activation energy of G as leaf temperature increases. Closed black symbols, winter, +H,0
(including recovery); open black symbols, winter, -H,0O; closed grey symbols, summer, +H,O
(including recovery); open grey symbols, summer, -H,O. Upper triangles, morning; squares,
midday; lower triangles, afternoon. Additional influences on the relation between respective
exponent parameters (i.e., sources of residual variation) were identified and quantified via
General Linear Models (see Supporting Information Table S3 and Fig. S7).

Figure 9. Stomatal conductance and evapotranspiration of Phoenix dactylifera leaves, as
affected by vapour pressure deficit (VPD). (a-d) Sensitivity of steady- state stomatal
conductance (G) to vapour pressure deficit experienced by leaves during measurements. (e-h)
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Leaf evapotranspiration (E), as driven by G and VPD during measurements. Data shown are
averages + SE of 11-12 independent replicates. Closed circles, winter, +H,O; open circles,
winter, -H,0; closed triangles, summer, +H,O; open triangles, summer, -H,0.
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Table 1 Results of analysis of variance.

(a) Source of variation
Season (S) Watering regime (W) Time of day (D)
on’ P-value on’ P-value on’ P-value
T1: Tem- Topt 0.58 <0.001 - - 0.43 <0.01
perture Aopt 0.47 <0.001 - - 0.16 0.20
acclima-  WUE; (at | 0.17 0.06 - - 0.05 0.66
tion Topt)
T2: Topt 0.56 <0.001 0.01 0.57 0.20 0.02
Mild Aot 0.29 <0.001 0.12 0.03 0.02 0.65
drought WUE; (at | 0.02 0.45 0.07 0.12 0.02 0.73
Topt)
T3: Topt 0.58 <0.001 0.04 0.25 0.19 0.02
Severe Aopt 0.02 0.40 0.50 <0.001 0.25 <0.01
drought WUE; (at | 0.02 0.48 0.21 <0.01 0.04 0.48
Topt)
T4: Topt 0.69 <0.001 0.03 0.31 0.31 <0.01
Recovery  Agput 0.20 <0.01 0.01 0.56 0.04 0.52
WUE; (at | 0.01 0.50 0.01 0.71 0.06 0.34
Topt)
(b) Season (S) Watering regime (W*) | Time of day (D)
on’ P-value on’ P-value on’ P-value
T1-T4* Topt 0.52 <0.001 0.07 <0.01 0.18 <0.001
Aot 0.11 <0.001 0.24 <0.001 0.08 <0.01
WUE; (at | 0.03 <0.05 0.09 <0.001 0.01° 0.37
Topt)
®Ro 0.13 <0.001 0.05 <0.01 0.17 <0.001

Data were subjected to 3-way ANOVA, to test for effects of differing season, watering
regime and day time on Topt, Aope and WUE; in Phoenix dactylifera. Top: denotes optimum
temperature of leaf net photosynthesis (°C, leaf temperature under cuvette measuring
conditions), Aoy denotes peak rates of leaf net photosyntheis at Tqp: (umol m?s™), WUE;
denotes intrinsic water use efficiency at Top (WUE; = Agpt/Gopt, HmMol mol™) and Ry denotes
rates of leaf dark respiration (umol m?s™) at 39°C measurement temperature. (a) Treatment
effects within respective measuring periods (T1, T2, T3, T4). (b) Treatment effects over the
entire experimental period (T1-T4). In this analysis, data obtained from water- deprived
plants during T2+T3 were assigned to a —H,O treatment, and the recovery treatment (T4) was
added the +H,0 treatment (i.e., watering regime denoted as W*). Data shown are effect sizes
(pnz) and corresponding P-values. Effect sizes in bold font are significant at P< 0.05.
%significant W*xD- effect (pnzz 0.06; P< 0.01). "Results for Rsg are shown in Supporting
Information, Fig. S6.
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Table 2. Effects of season and drought on parameters describing the temperature sensitivity
of leaf photosynthesis (A) and stomatal conductance (G) in Phoenix dactylifera.

Treatment Source of variation
Winter  Winter Summer Summer | Season (S) Water regime (W)
+H,0 -H,0 +H,0 -H,0 pr]2 P-value pr]2 P-value
HRef.A 13.2+2.3 12.2#3.1 27.8%¥3.6 17.7#3.1|0.11 0.001 0.02 0.07
(kK)
Oa -88+8 -103+13 -88+%10 -53+11 0.06 0.02 0.01° 0.37
(kK®)
INAopt 1.2+0.1 0.4+0.2 1.8+0.1 0.8+0.2 | 0.09 0.003 0.23 <0.001
(umol
m2 5-1)
HRef.G 5.5+1.1 0.9+1.3 16.9+1.7 7.2+1.8 | 0.28 <0.001 0.20 <0.001
(kK)
Oc -3713 -15+4 -51+5 -2216 0.05 0.03 0.23 <0.001
(kK®)
INGief 3.2+0.2 2.8+0.1 2.3#0.2 2.5%¢0.2 |0.11 0.001 0.002 0.67
(mmol
m?2s?)

The meaning of exponent parameters prer and  is explained in the caption of Fig. 8. InAgy
denotes loge- transformed rates of photosynthesis at optimum temperature, and InGes denotes
loge- transformed stomatal conductance at reference temperature (also see Supporting
Information Table S3 and Fig. S7). Data shown on the left-hand side of Table 2 show
averages + SE of 23-24 replicates (i.e., data from T2 + T3). Data were subjected to 2-way
ANOVA (omitting the effect of day time). Data on the right hand side show principal effects
of season and irrigation regime on parameter values. Effect sizes (pnz) in bold font are
significant at P< 0.05. *significant S*W- effect (,n° = 0.05; P= 0.03).
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Tl:Temperature acclimation
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