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Event in the Amazon Forest
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Current climate change scenarios indicate warmer temperatures and the potential for
more extreme droughts in the tropics, such that a mechanistic understanding of the
water cycle from individual trees to landscapes is needed to adequately predict future
changes in forest structure and function. In this study, we contrasted physiological
responses of tropical trees during a normal dry season with the extreme dry season
due to the 2015-2016 El Nifo-Southern Oscillation (ENSO) event. We quantified high
resolution temporal dynamics of sap velocity (Vs), stomatal conductance (gs) and leaf
water potential (¥ ) of multiple canopy trees, and their correlations with leaf temperature
(Tieaf) @nd environmental conditions [direct solar radiation, air temperature (Tg;) and
vapor pressure deficit (VPD)]. The experiment leveraged canopy access towers to
measure adjacent trees at the ZF2 and Tapajds tropical forest research (near the cities of
Manaus and Santarém). The temporal difference between the peak of gs (late morning)
and the peak of VPD (early afternoon) is one of the major regulators of sap velocity
hysteresis patterns. Sap velocity displayed species-specific diurnal hysteresis patterns
reflected by changes in Tigat. In the morning, Tiear @and sap velocity displayed a sigmoidal
relationship. In the afternoon, stomatal conductance declined as Tig4t approached a daily
peak, allowing W to begin recovery, while sap velocity declined with an exponential
relationship with Tiegr. IN Manaus, hysteresis indices of the variables Tigai— T4y and
Y —Teat Were calculated for different species and a significant difference (o < 0.01,
a = 0.05) was observed when the 2015 dry season (ENSO period) was compared with
the 2017 dry season (“control scenario”). In some days during the 2015 ENSO event,
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Tieat approached 40°C for all studied species and the differences between Tiegr and
T4ir reached as high at 8°C (average difference: 1.65 4+ 1.07°C). Generally, Tiegr Was
higher than Ty during the middle morning to early afternoon, and lower than Ty during
the early morning, late afternoon and night. Our results support the hypothesis that
partial stomatal closure allows for a recovery in ¥ during the afternoon period giving an
observed counterclockwise hysteresis pattern between W and Tigas.

Keywords: tropical forests, sap velocity, stomatal conductance, direct solar radiation, vapor pressure deficit, leaf

temperature, hysteresis

INTRODUCTION

Evapotranspiration by terrestrial ecosystems delivers an
estimated 62,000 km® of water to the atmosphere every year,
with the majority associated with plant transpiration (Jasechko
et al., 2013). In the Amazon Basin, an estimated 25-50% of
precipitation is recycled back to the atmosphere through forest
transpiration (Eltahir and Bras, 1994; Chambers and Artaxo,
2017), with important implications for the interactions between
the biosphere and atmosphere (Aratjo et al., 2002; Negron-
Judrez et al., 2007). Under climate change scenarios, vegetation
resilience will depend on the capacity to exploit water resources
(Grossiord et al.,, 2017), and a mechanistic understanding of
the water cycles from individual trees to landscape scales is
necessary in order to predict changes in the forest structure
(Chambers et al., 2014).

At the leaf level, transpiration flux is a function of vapor
pressure deficit (VPD) between the leaf and the air and stomatal
conductance (gs), according to Fick’s law of diffusion (Costa et al.,
2010). Although numerous environmental factors influence g,
net radiation, VPD and soil moisture are often considered the
most important (Jarvis, 1976; Jones, 1998; Lloyd and Farquhar,
2008; Daloso et al., 2017). High leaf temperatures (Tie,f) and
VPD are known to induce stomatal closure in order to minimize
excessive water loss (Farquhar, 1978; Meinzer et al., 1993; Tinoco-
Ojanguren and Pearcy, 1993; Oren et al., 1999b; McAdam
et al, 2016; Brodribb et al, 2017). The degree of stomatal
closure is a balancing act between preventing hydraulic damage
while still allowing enough CO, influx for carbon fixation
to avoid carbon-starvation (Adams et al., 2017). In addition,
stomatal closure limits water lost through transpiration, and
thereby indirectly regulates leaf temperatures. Given that the
tropics have among the narrowest seasonal temperature range
of any biome globally, they may be particularly sensitive to
even small increases in temperature associated with climate
change (Field et al, 2014). Indeed, rising temperature and
VPD are environmental factors clearly associated with increased
tree mortality in the tropics (McDowell et al, 2018), with
more pronounced impacts during extreme drought events in
the Amazon forest, such as the El Nifo-Southern Oscillation
(ENSO). This reinforces the importance of having more studies
that investigate the effect of these variables (temperature and
VPD) in the tropics, especially focusing on comparisons between
two distinct periods, such as normal years (control scenario) and
years with ENSO. This kind of approach can be considered as
a “natural experiment” and allow to expand our understanding

of the coupling of tree water use (and concurrent carbon
uptake) and the environmental factors that affect stomatal
conductance - solar radiation, CO;, air temperature, leaf
temperature and humidity.

The water potential gradient that regulates water movement
through trees is anchored by soil moisture availability on one end,
and atmospheric moisture availability VPD on the other. VPD
is indirectly estimated from measurements of relative humidity
(Rg) and air temperature (T,;) using micrometeorological
sensors (Ewers and Oren, 2000). However, as Tiear and Tair
can differ by several degrees, the use of Tie,s instead of Ty, to
calculate VPD (AVPD) results in a more accurate representation
of the true water vapor pressure gradient between the substomatal
cavity and the boundary layer of the air near the leaf surface
(Ewers and Oren, 2000). Therefore, T,y measurements are
vital for better interpretation of plant hydraulic responses to
environmental drivers in order to develop more accurate earth
system models (ESMs) (Michaletz et al., 2016). However, sap
velocity, Tje,r and environmental drivers are rarely measured
together, especially in the tropics where the canopy layers are
often hard to access (Chave et al., 2005; Segura and Kanninen,
2005). Thus, the response of a plant’s transpiration to changes
in environmental and physiological conditions remains highly
uncertain in ESMs (Jasechko et al., 2013).

In relation to environmental drivers, clockwise hysteresis
patterns between sap flow and VPD have been reported with
higher sap flow rates during the morning period relative to
the afternoon (O’Brien et al., 2004; Zeppel et al., 2004; Zhang
et al., 2014). In addition, a counterclockwise hysteresis pattern
has been observed in tropical and temperate forests when sap
flow is plotted as function of irradiance (O’Brien et al., 2004;
Zeppel et al., 2004; Bretfeld et al., 2018; Brum et al., 2018). In the
case of transpiration, it has been established that the hysteresis
phenomena are influenced by the temporal lag between solar
radiation, which tends to peak in the late morning to mid-day,
and VPD which tends to peak in the early afternoon (O’Brien
et al., 2004; Zeppel et al., 2004; Zhang et al., 2014; Novick
etal., 2016). Also, hysteresis between sap flux and environmental
drivers are influenced by the stored stem water and the time
lag between basal sap velocity and upper canopy transpiration,
as an effect of hydraulic capacitance and resistance (Phillips et al.,
1997; Ward et al.,, 2012). However, coupled field observations
of physiological and environmental variables that include not
only diurnal sap velocity and environmental driving data, but
also concurrent leaf level data such as gs, Tjeor and Wp, has been
very limited in the tropics. Yet such data, are needed to verify
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the relationships between V, and environmental/physiological
drivers in tropical forests.

In this study, we present in situ field observations of
environmental (direct solar radiation, T, and VPD) and
physiological (Vs, gs, and W) variables and their correlations
with Ties during the 2015-2016 ENSO. In order to observe the
interactions between physiological variables and fast changing
environmental conditions, we collected high temporal frequency
data (15-60 min) in two primary rainforest sites located in
the Eastern (Santarém) and in the Central (Manaus) Amazon.
Since the 2015-2016 ENSO event was the warmest period
in the Amazon forest over the past 13 years (Fontes et al,
2018), we expected peak Tj.,f to increase and subsequently
hysteretic behavior of water use vs. Ti,f to become more
pronounced. In this study, we explored the mechanisms that
regulate tree transpiration and the diurnal hysteresis patterns
between physiological and environmental variables to contrast
different tree species responses to the extreme 2015 dry season
(ENSO) and a normal 2017 dry season (“control scenario”).

MATERIALS AND METHODS
Study Area

The field activities occurred in two sites near the cities of Manaus
and Santarém, Brazil (Supplementary Figure S1). Near the city
of Manaus, trees with leaves accessible from the K-34 walkup
tower were selected for study. The 50-meter tall K-34 tower is
located at the Reserva Bioldgica do Cuieiras, also known as ZF-2,
and contains roughly 22,000 ha adjacent to extensive areas of
undisturbed tropical forest (Araujo et al., 2002). The mean value
of rainfall is ~2,500 mm year ™! with the driest months of the year
concentrated from July to September (Aratjo et al., 2002). Field
data were collected at the K-34 tower site between July 01, 2015
and December 01, 2017.

Near the city of Santarém, four trees near the K-67 triangle
tower were selected for study, located in the Tapajos National
Forest with approximately 527,000 ha near the Santarém-Cuiaba
highway (BR-163). The K-67 tower is located ~6 km west of the
BR-163 and ~6 km east of Tapajos river, in an area of largely
contiguous forest from north to south (Hutyra et al., 2007). The
site receives ~2,000 mm year~ ! of rainfall and has a five-month
dry season from mid-July to mid-December (Saleska et al., 2003;
Wu etal, 2017). In Santarém, field data were collected during the
period of April 01, 2016 to December 31, 2016.

Species Selection

Different species were selected in a plateau area of Tapajos
National Forest (Santarém) and Reserva Bioldgica do Cueiras
(ZF-2 - Manaus) (eight species in total; Table 1). Tree selection
criteria were based on the proximity of the crowns to the
two canopy access towers (K-34 and K-67). This approach
enabled measurement of physiological variables including sap
velocity at breast height, T, g, and Wi from leaves at
the top of the crowns, together with environmental variables
including direct solar radiation, T,j;, and Ry above the canopy
(Supplementary Figure S2).

Sap Velocity (Vs) Measurements

One heat pulse sap velocity sensor (SFM1, ICT international®)
was installed per tree near breast height (DBH) following the
protocols previously described by Christianson et al. (2017). The
SEML1 sensor consists of a heater and two temperature-sensing
probes to determine sap velocity (cm h™!) at 0.75 cm depth in
the stem using the heat ratio method (Burgess et al., 2001; Green
etal., 2003; Steppe et al., 2010). The heater needle was configured
to emit a 20 Joule pulse of thermal energy every 15 min (sap
heat ratio measurements for 5 min 32 s following the pulse).
Biophysical characteristics (diameter and bark thickness) for each
tree were used as input into the Sap Flow Tool version 1.4.1
(Phyto-IT®) to calculate sap velocity from raw data downloaded
from the SFM1 sensors in the field.

The heat pulse method can be used for accurate measurements
of sap flow (Lambers et al., 2008), but this method is unable to
measure low rates due to its inability to distinguish heat-pulse
velocities below a threshold velocity of 3-4 cm h=! (Green et al.,
2003). The probe spacing is also an important parameter and the
sap velocity (V) is dependent upon the exact distance between
needles as the following equation shows:

k
Vs= -In (V—l) * 3600 cm hr™! (1)

X V2

where: k is the thermal diffusivity of wet wood; x is the distance
between the heat source (heater) and temperature sensors; v; and
v, are the increases in temperature (from ambient) at equidistant
points downstream and upstream from the heater.

In this study, we used the factory default setting of 5 mm
of needle spacings, as recommended by the manufacturer
(Burgess and Downey, 2014), using a metal drill guide to ensure
equidistant sensor placing. This 5 mm spacing is suitable to a
theoretical maximum of 54 cm h~! (Burgess and Downey, 2014).

It should be noted that following the protocols of 5 mm probe
spacing of the SFM1 sensors, it is possible that the instrumental
maximum was reached at relatively modest flows (16 cm h~! for
Pouteria anomala for example) on some days. Other available
methods to estimate sap flow like the thermal dissipation method
and the heat field deformation also underestimate Vg, where the
error tends to increase with further increases in Vi (Steppe et al.,
2010). However, evidence that the maximum observed Vg was
not due to a sensor saturation includes: (1) different maximum
values of V¢ between species (plateau in the scatter plots); (2) the
state theoretical maximum of 54 cm h™?! of the ICT user manual;
and (3) on the same trees (Grossiord et al., under review) found
no statistical difference between sap velocities determined by ICT
and Granier sensors.

Tieafs Tair» VPD and Direct Solar

Radiation Measurements

To measure Ty, a single infrared radiometer sensor (IRR SI-111
analogic for the species P. anomala, Pouteria erythrochrysa,
and Couepia longipendula or IRR SI-131 digital for the species
Eschweilera cyathiformis, Erisma uncinatum, Lecythis sp. and
Chamaecrista xinguensis, Apogee®) was positioned from the
tower’s structure with the field of view targeting the top of
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TABLE 1 | List of tree species instrumented with sap velocity and Tiear S€Nsors in Manaus and Santarém.

DBH Height IRR viewing IRR viewing Tieaf target
Site Tree species Family (cm) (m) height (m) angle area (m?)
Manaus K-34 *Eschweilera cyathiformis S.A.Mori Lecythidaceae 14.3 19.8 3.0 25° 2.41
Manaus K-34 **Pouteria anomala (Pires) T.D.Penn. Sapotaceae 35.3 31.0 0.2 10° 0.02
Manaus K-34 **Pouteria erythrochrysa T.D.Penn. Sapotaceae 36.5 29.3 0.2 10° 0.02
Manaus K-34 **Couepia longipendula Pilg. Chrysobalanaceae 28.1 23.9 0.6 10° 0.19
Santarém K-67 Erisma uncinatum Warm. Vochysiaceae 94.8 39.2 6.5 54° 49.03
Santarém K-67 Lecythis sp. Loefl. Lecythidaceae 81.1 36.4 6.7 63° 18.13
Santarém K-67 Chamaecrista xinguensis (Ducke) Fabaceae 75.3 29.5 6.2 58° 65.44
H.S.Irwin & Barneby
Santarém K-67 *Manilkara sp. Adans. Sapotaceae 40.0 30.0 - - -

Also, are shown the tree family, DBH, tree height, IRR viewing height, IRR viewing angle, and Teqr target area. *Species with diurnal measurements of gs. **Species with

diurnal measurements of Y.

individual tree crowns (one IRR sensor per tree). Five-min
averages of Tj.,¢f were recorded using a CR-3000 (Campbell
Scientific® for the SI-111 sensors) and EM-50 (Decagon® for the
SI-131 sensors) dataloggers. The sensors were positioned with the
viewing heights and viewing angles listed in Table 1. The field of
view of each sensor (Tje,s target area) was calculated using the
IRR calculator available in the website'. To validate the infrared
radiometer sensors installed on the two sites, Tj.,f measurements
were made using Teflon insulated type T thermocouples
(OM-CP-OCTTEMP-A Nomad®, Omega Engineering) directly
attached to the abaxial side of the leaf using a breathable
white tape and configured to register measurements every 15 s
(Supplementary Figure S3). In addition, in Manaus direct
solar radiation (W m~2) with 5-min averages were collected at
35.0 m above the canopy using a SPN1-Sunshine Pyranometer
(Delta-T Devices®). Ty and Ry data were obtained using
a thermohygrometer (HC2S3, Campbell Scientific®) installed
above the canopy at 51.1 m height on the K-34 tower structure.
In this study, a more accurate physiological approach to
estimate VPD was applied. The Tetens equation was used to
calculate the saturation vapor pressure of the air (e,) using the
variables air temperature (T,;) and relative humidity of the
air (RH,) (Eq. 2). To estimate the saturation vapor pressure
inside the substomatal chamber (e;) the Tetens equation was also
used replacing Tyir by Tiear (Eq. 3). The relative humidity inside
the substomatal cavity (RH;) was assumed to be equal to 1 as
demonstrated by many studies (Ward and Bunce, 1986; Buckley
et al., 2017; Cernusak et al., 2018). With these variables it was
possible to estimate the VPD difference between the substomatal
chamber (e; x RH;j) and the atmosphere (e, x RH,) (Eq. 4).

( 7,_5xTair )

eo = 0.611 x 10\ Tir+2373 2
e = 0.611 x 10\Tlkaf+2373 3)

AVPD = (e; x RH;) — (e, x RH,) @

where: AVPD is the leaf-to-air water VPD (kPa); e, is the air
saturated water vapor pressure (kPa); e; is the saturated water

Uhttps://www.apogeeinstruments.com/irr-calculators/

vapor pressure inside the substomatal chamber (kPa); RH; is the
relative humidity inside the substomatal cavity which is assumed
to be equal to 1. RH, is the relative humidity of the air near the
leaf surface (expressed as a decimal); Tie,f is the leaf temperature
in °C and T,;; is the air temperature in °C.

Stomatal Conductance (gs)

Measurements

Diurnal observations of g were made on upper canopy leaves
accessible from the walkup towers (K-34 in Manaus and a walkup
tower 1 km from the K-67 triangle tower in Santarém). In
Manaus, diurnal patterns of g were measured from individual
leaves at the top the main crown near the towers from 6:00 to
18:00 using a Li-Cor 6400 XT portable photosynthesis system
(Li-Cor, Lincoln®, NE, United States). g, measurements on
individual leaves were made for 10 min using Li-Cor 6400
XT. The CO, reference concentration was held constant at
400 pmol mol~!. Ty and photosynthetically active radiation
values were set every 15 min to match environmental conditions.
Using the Li-Cor 6400 XT we set the Tpjoc to achieve a target
Tiear> based on the infrared radiometers measurements recorded
in the CR-3000 datalogger which have a screen that makes
possible real time data reads without a computer. In Santarém,
g measurements on individual leaves were made every 2 min
using the SD-1 leaf porometer system (Decagon Devices®, WA,
United States) throughout the day.

Leaf Water Potential (¥ ) Measurements

In Manaus ¥ data were collected from three trees together
with T, measurements (Table 1) to access potential diurnal
hysteresis patterns similar to those observed with sap velocity,
25> Tair> Tiears and AVPD. Hourly W1 measurements (6:00 to
18:00 - 12 h) of healthy leaves without noticeable condensation
on the surface of P. anomala, P. erythrochysa, and C. longipendula
were performed in Manaus using a pressure chamber instrument
(Model 1000, PMS Instrument Company®) connected to a high-
pressure nitrogen cylinder. Small branches from the upper tree
crowns were removed and a single leaf per tree was used
to measure Wr. The canopy position of each tree was also
classified following the crown illumination index proposed by
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Synnott (1979) (Supplementary Table S1). In this study, the leaf
water potential measurements were performed in a single day of
September during both 2015 and 2017 dry season.

Data Analysis

Data were analyzed using IGOR Pro® version 6.3 (WaveMetrics,
Inc., United States) and R v. 3.0.2 (R Development Core
Team, 2013) software packages. In Manaus, 4-month time series
(August to November) were plotted to observe the correlations
between Tie,r and Ty during the 2015 dry season (ENSO).
Additionally, the two-dimensional kernel density function
(kde2d) was used to observe potential offsets between Tje,¢ and
Tair during the 2015 dry season. In Manaus, the 2015 dry season
(ENSO period) was compared with the 2017 dry season (“control
scenario”) using hysteresis indexes (Hj,gex) Of the normalized
values of T, Tair, and Wi for the species P. anomala,
C. longipendula, and P. erythrochrysa. For the normalization of
each variable the min-max feature scaling method was used to
standardize the range of the raw data. Hysteresis indices were
calculated using the shoelace formula (Eq. 5; Braden, 1986), and
a paired t-test was performed (a = 0.05) to intercompare the
Hingex of the species between the 2015 and 2017 dry seasons.
The Hjhgex is a measure of the size of the hysteresis loop
and enables quantitative comparisons of hysteresis behaviors
during, for example, two contrasting periods like El Nifio and
regular season.

1 n n
A= lexiym + Xyt = D XiYit1 — a1 (5)
1=

i=1

where: A is the area of the polygon, » is the number of sides
of the polygon, and (xi, yi), i = 1, 2,..., n are the vertices
(or “corners”) of the polygon.

Additionally, normalized sap velocity and Ti.,s hysteresis
parameters of the species E. cyathiformis, P. anomala, and
P. erythrochysa were compared separating the morning and
afternoon/night periods during both 2015 and 2017 dry seasons
(ENSO and regular season). In the morning period sigmoidal
curves were fitted using 15 min interval data of the variables
Vs and Tie,s. The statistical parameters of the sigmoidal curves
were used to compare the ENSO and the regular season
between species. The same approach was done to compare the
afternoon/night period of the variables Vg and Tie,¢ but using
power curves instead of sigmoidal functions.

RESULTS
Vs, Tieaf, and AVPD

Representative four-day time series of V as function of Tiesr
and AVPD for E. cyathiformis in Manaus and V; as function
of Tiear for Lecythis sp. in Santarém are presented in Figure 1.
Despite expectations of a significant delay due to the large
vertical distance between the observations of Vg and Tie,y, the
two variables tightly track each other, during the day and night
(Figures 1A,E). Additionally, normalized time series of V and
Teaf Of six trees during a two-month period also show this tightly
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FIGURE 1 | Four-day time series showing the daily patterns of sap velocity
(Vs), leaf temperature (Tieaf), @and vapor pressure deficit (AVPD) for the species
Eschweilera cyathiformis, Pouteria anomala, and Lecythis sp. Example of
temporal similarities between Vg and Tigqr are shown in (A,E). Temporal
similarities were also observed for Vs and AVPD (B). A temporal decoupling
during the afternoon period was observed between Vs and direct solar
radiation (C). The contrasting patterns of direct solar radiation and Tieer are
also shown in (D).

temporal track (Supplementary Figure S4). Moreover, temporal
similarities were also graphically observed for the variables V
and AVPD (Figure 1B).
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Diurnal patterns of direct solar radiation differed from those
of Tieaf in Manaus, especially during the afternoon period
(Figure 1D). Direct solar radiation peaked about mid-day, then
declined during the afternoon. In contrast, Ti,f and AVPD
patterns peaked later, during the early afternoon and maintained
high values until late afternoon even as solar radiation declined
(Figures 1A-E). Thus, for Manaus, on average, a lag of 2 h
and 22 min delay occurred between the peaks of direct solar
radiation and T}y

Tieaf and T,; Relations

The highest Tje,f values during the ENSO in the year of 2015
(2015 dry season — August to November) were observed during
the months of September and October (Figure 2). On some
days during the 2015 dry season, the differences between Tie,¢
and Ty were close to 8°C for some species (average difference
between Tie,r and Ty for all species: 1.65 £+ 1.07°C). For the
species C. longipendula (Figure 2A) the maximum observed
Tieaf value was 40.78°C (September 12, 2015 - 11:30 local
time) and the difference between Tie,r and Ty, was on average
1.70 £+ 1.20°C (maximum observed difference 7.43°C); for
the species P. anomala (Figure 2B) the maximum observed
Tleaf value was 40.09°C (September 22, 2015 - 15:30 local
time) and the difference between Tie,r and T,iy was in average
1.49 + 0.92°C (maximum observed difference 7.26°C); for the
species P. erythrochrysa (Figure 2C) the maximum observed Tie,¢
value was 39.67°C (October 4, 2015 - 13:30 local time) and the
difference between Tie,r and Toi was in average 1.75 £ 1.06°C

(maximum observed difference 6.39°C). At the end of the 2015
dry season (November), there were some days when T, reached
higher values compared to Tie,s for the species C. longipendula
and P. erythrochrysa (Figures 2D,F). The 1:1 baseline presented
in Figures 2A-C provides a reference to examine deviations
of Tiear from Toir, where the densest observations are between
23 and 26°C with the majority of Tie,r values lower than Th,.
This pattern is observed during the night period, when the
lowest Tair and Tieof values are recorded. In addition, hysteresis
patterns between Tie,s and Taiy were observed for the species
P. anomala, C. longipendula, and P. erythrochrysa in Manaus
during the 2015 and 2017 dry season (Figure 3). The area of
the hysteresis loops (Hingex) of P. anomala, C. longipendula
and P. erythrochrysa during the 2015 dry season (ENSO) were
statically larger (p < 0.01, a = 0.05, paired t-test) than the 2017
dry season (“control scenario”; Figure 3). The Hj,gex of the
normalized variables Tie,s and T, of the species P. anomala,
C. longipendula and P. erythrochrysa during the 2015 dry season
was, respectively: 0.0633; 0.0747; 0.0904. Moreover, the Hjjgex
calculated for P. anomala, C. longipendula, and P. erythrochrysa
for the 2017 dry season was, respectively: 0.0355; 0.0406; 0.0523.

Using hourly averages for all the analyzed species it was
possible to observe that generally Tje,r was higher than Ty, from
the middle of the morning period until the early afternoon in
both the 2015 and 2017 dry seasons (Figure 3). In contrast,
Tair was predominantly higher than Tie,s in the early morning,
middle afternoon, and throughout the night in both the 2015 and
2017 dry seasons.
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FIGURE 3 | Hourly averages of Tiear and Ty for the species C. longipendula, P anomala, and R, erythrochrysa in Manaus site during the 2015 dry season (ENSO)
and 2017 dry season (“control scenario”). The clockwise hysteresis pattern between Tieor and T Was observed for all the studied trees in Manaus. The orange dots
represent the morning period (6:00-12:00), the red dots represent the afternoon period (13:00-19:00), and the blue dots represent the night period (20:00-5:00)
(A,B,D,E,G,H). A significant difference (p < 0.01) of Tiear @and Ty hysteresis loops (Hingex) Was observed when the 2015 dry season (ENSO period) was compared
with the 2017 dry season (“control scenario”) (C,Fl). On average, in both 2015 and 2017 dry season, Tiear was higher than T, during the middle morning to early
afternoon, and T, was higher than T4 in the middle afternoon, night and early morning. The exception was for the species R, erythrochrysa where, on average,
during the 2017 dry season Tiear Was higher than T only during the morning period (08:00-10:00) (H).

A B 2
~| Eschweilera cyathiformis N
13-20 October 2015 o

| Pouteria anomala
01-07 August 2015

®

-1

Sap Velocity (cm hr )

“

Sap Velocity (cm hr )
S
1
>
1

o®
L]
LP >
e ©
1

o
1
Sap Velocity (cm hr)

N
1

15

Pouteria erythrochysa
22-29 September 2015

Lecythis sp.

10 17-24 March 2016 *
®q

A

Sap Velocity (cm hr )

-1

Sap Velocity (cm hr )

“| Erisma uncinatum
22-28 June 2016

20+ o

-1

Sap Velocity (cm hr )

Chamaecrista xinguensis o o L)
5 P . ) .
27 April to 03 May 2016 : °® >%

32 22 24 26

Tiear (°C)

Tleaf (°C)

FIGURE 4 | One-week scatter plot data with 15-min observation intervals (black dots) showing the clockwise hysteresis of Vs and Tieqt for three trees of different
species in Manaus (A-C), and Santarém (D-F). The hysteresis phenomenon is represented by a single day of data randomly selected, separated by morning
(orange values, 6:00-14:00), afternoon (red values, 14:15-19:00), and nighttime (blue values, 19:15-5:45) periods.

T T T
28 30 32 22 24 28 30

26
Tleaf (C)

Vs—Teafs Vs—AVPD, and Vgs-Direct Solar

Radiation Diurnal Hysteresis

As an example, 1 week of V¢ data were plotted as function of T,
AVPD and direct solar radiation (Figures 4, 5). The clockwise
hysteresis in Vi—Tjear and Vi— AVPD was evident with morning
periods showing higher temperature sensitivities than afternoon
and night periods and in this study is referred to as the “g effect”
(Figures 4, 5). In Manaus, the scatter plot of V-direct solar
radiation revealed a counterclockwise hysteresis pattern, on the
same day as the Vi—AVPD clockwise hysteresis (Figure 5). For
the same direct solar radiation values, higher V values in the
afternoon were observed relative to the morning period, and in
this study this pattern is referred to as the “VPD effect.”

Vs showed a sigmoid dependence on T and AVPD
including a rapid increase, an inflection point, and a plateau.
When Vg reached the maximum values for each species,
it was insensitive to further increases in Ty, and AVPD
(Figure 6 and Supplementary Figure S5). The sigmoid pattern
was observed in all studied trees (Supplementary Figure S5),
although the maximum V; differed between species from 8
to 24 cm h™!; detailed daily patterns of Vi—Ties revealed a

sigmoid increase in Vy during the morning period followed
by an exponential decrease in the afternoon and throughout
the night (Figure 6). During the morning period the curve’s
maximum values (max) of the sigmoid function for the
variables Tj,r and Vs were lower when the 2015 dry season
(ENSO) was compared to the 2017 dry season (regular) for
the species E. cyathiformis and P. erythrochrysa (Figure 7)
(curve’s maximum values (max): E. cyathiformis ENSO (2015):
0.6379 =+ 0.017; E. cyathiformis regular dry season (2017):
0.9376 % 0.028; P. erythrochrysa ENSO (2015): 0.6992 =+ 0.029;
P. erythrochrysa regular dry season (2017): 0.8837 £ 0.029).
For the species P. anomala the max was statistically equal in
both periods (curve’s maximum values (max): P. anomala ENSO
(2015): 0.7386 + 0.082; P. anomala regular dry season (2017):
0.6960 + 0.024). The inflection point (xhalf) of the sigmoidal
curves also revealed different patterns between species. The
xhalf values were lower for the species E. cyathiformis and
P. anomala during the 2015 ENSO in comparison to the 2017
regular dry season (inflection point (xhalf): E. cyathiformis ENSO
(2015): 0.3433 £ 0.006; E. cyathiformis regular dry season (2017):
0.5401 + 0.006; P. anomala ENSO (2015): 0.2648 + 0.024;
P. anomala regular dry season (2017): 0.3423 £ 0.008. In
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FIGURE 5 | One-week data with 15-min observation intervals showing clockwise hysteresis of Vs and AVPD (A-C) and counterclockwise hysteresis of Vs and direct
solar radiation (D-F) for the species E. cyathiformis, P anomala, and P. erythrochrysa. The clockwise and counterclockwise hysteresis phenomena were observed
for each tree species using the data of the exact same week (black dots) and day (color dots) separated by morning (orange values, 6:00-14:00), afternoon (red
values, 14:15-19:00), and nighttime periods (blue values, 19:15-5:45). During the morning period the Vs and AVPD clockwise hysteresis pattern showed higher
temperature sensitivities compared to afternoon/night periods. In this study, this pattern was called the “gs effect.” During the afternoon period the counterclockwise
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effect.” Both observed effects are a result of the Fick’s law of diffusion (transpiration = gs x VPD). For this interpretation, direct solar radiation was considered to have
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contrast the xhalf value for the species P. erythrochrysa was
higher during the ENSO in comparison to the 2017 regular dry
season (inflection point (xhalf): P. erythrochrysa ENSO (2015):
0.4253 £ 0.012; P. erythrochrysa regular dry season (2017):
0.3064 £ 0.007). The statistical values of the power function
during the afternoon/night period was relatively similar in both
ENSO and regular dry season for the species E. cyathiformis
and P. anomala (Figure 7). The exception was the species
P. erythrochrysa which the exponent parameter (pow) were higher
during ENSO compared to the 2017 regular dry season.

gs— Tieaf and ¥ —T o5 Diurnal Hysteresis
Clockwise hysteresis patterns were observed for g-Tie,r in
Manaus and Santarém (Supplementary Figure S6). For the same
Teaf> the observed g, values of E. cyathiformis and Manilkara sp.
were greater during the morning period than the afternoon. The
maximum observed g values occurred at a Tie,r of 33.3°C in
Manaus and 32.6°C in Santarém (Supplementary Figure S6).

A counterclockwise hysteresis pattern was observed between
W1 and T, (Figure 8). At the same Tj,¢ values, W were
more negative in the morning compared to the afternoon period.
During September 2015 (peak of the El Nifo) the Hjpgey of the
variables W1 and Tj.s were significantly higher compared to
September 2017 (regular dry season) (p < 0.01, a = 0.05). The

Hindex calculated for the species P. anomala, C. longipendula, and
P. erythrochrysa during the 2015 dry season was, respectively:
0.2379; 0.3116; 0.1605. Moreover, the Hj,g4ex calculated for
P. anomala, C. longipendula, and P. erythrochrysa for the 2017
dry season was, respectively: 0.0642; 0.1596; 0.0324.

DISCUSSION

Correlations Between Sap Velocity,
Tleaf, Tair and AVPD

With a fine-scale measurement resolution of 15 min, temporal
similarities between Vg and Tje,r were observed for all studied
species. Delays between Vi—Tje,r and Vi—AVPD, are expected
due to the large differences in the heights of the measurements
(basal sap velocity versus Ti,f in the upper canopy). This type
of delays are related to the capacitance of the stems, where
the evaporative demand in the branches near the crown are
greater than the basal portions of the trunk, with an observed
lag in the morning period between these two portions of the tree
(Meinzer et al., 2003). Future research should aim to quantify
these delays, using for example, simultaneous measurements of
V, at DBH height and Vj in the branches near the crown, as in
Goldstein et al. (1998). At a small time resolution, similar results
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were previously observed using Granier sap flow system and
micrometeorological sensors in French Guiana (Granier et al.,
1996), and North Carolina, United States (Oren et al., 1999a).
At both sites (F. Guiana and N. Carolina), similar temporal
correlations were observed between sap flow and VPD using a
measurement resolution of 30 min. A recent study of Bretfeld
et al. (2018) showed that V is largely in phase with VPD,;; in
an 80 year-old-forest which is similar to the observed results of
this study. In addition, sigmoid patterns between Vi—VPD and
V—Teaf were also observed for all studied trees (Supplementary
Figure S5), as also observed by O’Brien et al. (2004) in tropical
species of Costa Rica, and da Costa et al. (2018) in the eastern
Amazon. In this study, sap velocity displayed species-specific
diurnal hysteresis patterns with a sigmoidal increase during
the morning period and an exponential decrease during the

afternoon/night period, with statistical differences between the
extreme 2015 dry season (ENSO) and a normal 2017 dry season
(“control scenario”) (Figures 6, 7).

Given the large diurnal Ty, variation and the exponential
dependence of VPD on Tie,s (Eqs 2, 3), changes in VPD during
the daytime are largely driven by changes in Tie,¢ (Jackson et al.,
1981; Ewers and Oren, 2000). The relationship between Tj,r and
Tair represented by Tie,s—Tair offset is a good indicator of water
stress in plants (Jackson et al., 1981). Over short time scales
(e.g., 10 s) Tieqr is also partially related to the leaf mass per area
(Michaletz et al., 2016), which can provide new insights about
the water dynamics like capacitance. Low temperature values
during rainstorms are associated with low VPD and high Ry in
the Amazon forest (Moradi et al., 2016). Periods of days with
the lowest observed V are related to the lowest observed values
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FIGURE 7 | Continued

R, erythrochrysa during 2015 (ENSO) and 2017 (regular) dry seasons. During
the morning period the curve’s maximum values (max) of the sigmoid function
for variables Vs and Tiear Were lower during the 2015 dry season (ENSO) in
comparison to the 2017 dry season (Regular) for the species E. cyathiformis
and R, erythrochrysa and statically equal for the species P anomala
(A,C,E,G,1,K). The inflection point (xhalf) of the sigmoidal curves also revealed
different patterns for the species when the 2015 dry season was compared to
the 2017 dry season. The xhalf values were lower for the species

E. cyathiformis and P anomala during the 2015 ENSO in comparison to the
2017 regular dry season (A,C,E,G). In contrast the xhalf value for the species
P, erythrochrysa was higher during the ENSO in comparison to the 2017
regular dry season (I,K). The statistical values of the power function during the
afternoon/night period were relative similar in both ENSO and regular dry
season for the species E. cyathiformis and P anomala (B,D,FH). The
exception was the species P, erythrochrysa which the exponent parameter
(pow) where higher during ENSO compared to the 2017 regular dry

season (J,L).

of Tjear and AVPD. This observation is consistent with previous
studies in the Amazon where rain, cloud coverage, and reduced
direct solar radiation were found to be the major factors that
reduced xylem sap flow rates (Kunert et al., 2017). In addition,
other researchers in tropical sites like Costa Rica found that
significant leaf wetness also reduces sap flow by up to 28% by
impacting VPD (Aparecido et al., 2016).

The positive nighttime V observed in Manaus and Santarém
also apparently followed T, similar to that observed by Burgess
and Dawson (2004) which found strong positive similarities
between nighttime sap flow and VPD in Sequoia sempervirens.
These observations of positive nighttime V; in the first hours
of the night are probably related to the capacitance of stem
tissues and radial water transport (Steppe et al., 2012), as well
as incomplete stomatal closure (Snyder et al., 2003; Barbour and
Buckley, 2007; Dawson et al., 2007) which also allows trees to
increase their water content through foliar water uptake (Eller
et al,, 2013). Another explanation for nighttime transpiration is
the water outlet through lenticels, small pores on stem surfaces
of many tropical tree species (Roth, 1981). However, it should be
noted that no treatment was done to correct V for small potential
offsets (less than 1 cm h™! — lower scales) to estimate the standard
deviation of V and the possibility of positive nighttime water
flow where, in this study, the V values are generally close to zero.

Hysteresis Patterns

In the current study, clockwise hysteresis patterns were observed
for Vi—Teaf and Vs—AVPD (Figures 4, 5). Similar results were
previously described for sap flow and VPD in tropical forests
of Costa Rica (O’'Brien et al., 2004) and in tropical secondary
forests in Panama (Bretfeld et al., 2018), in temperate forests of
Australia (Zeppel et al., 2004), in eastern Amazon trees (Brum
et al,, 2018) and in a grass-land ecosystem (Zhang et al., 2014).
The observed hysteresis phenomenon for sap velocity has been
described as a result of the temporal offset of g that tends to peak,
in the tropics, during late morning to mid-day (10:30-12:00)
(Slot and Winter, 2017a) (Supplementary Figure S6) and VPD
that tends to peak in the early afternoon (13:00-14:30). The
hysteresis phenomenon can also be visualized with variables Tie,f
and direct solar radiation (irradiance). In normal conditions g
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respond positively to irradiance (Hennessey and Field, 1991;
Gorton et al, 1993; Motzer et al., 2005) and the temporal
similarities between these two variables are supposed to be
associated with circadian cycles (daily patterns), as demonstrated
in some hysteretic behaviors of this study separating the morning,
afternoon, and night periods.

In terms of temperature, g was found to reach a maximum at
a Tjeqr of 31-33°C, which relates with the optimum temperature
for photosynthesis (Topt) previously determined for many
tropical species (Slot and Winter, 2017b). Interestingly, this
Topt range seems to match with the inflection point (xhalf)
in the Vg—Ties hysteresis plots in Manaus (Figures 4-7).
Thus, we speculate that it may be possible to determine
Topt using Vs—Tie diurnal hysteresis plots for individual
trees. The observed inflection points patterns of Vs—Tie,f
during the morning period for the species E. cyathiformis,
P. anomala, and P. erythrochrysa (Figure 7) seems to be
influenced by the canopy position and the resistance to
drought once, in this study, species-specific shifts emerged
when the 2015 ENSO was compared to the 2017 dry season.
Additionally, the calculation of an index to quantify the hysteresis
loops (Hjngex) was performed by this study, similar to a
previous approach of Zuecco et al. (2016) which described
hysteresis patterns of hydrological variables and runoft events.
A quantitative comparison of hysteresis loops from a large
number of species using an index approach would be a
way of constraining ranges of hysteresis effects in models.
Satellite observations revealed that September 2015 exhibited
the warmest monthly averaged surface air temperature of
any other month over the past 13 years in the Central
Amazon (Fontes et al., 2018). These extreme temperatures also
modified T, patterns, as observed by this study (Figure 3).
Higher Tie,s values were reflected in a significantly higher
Hingex for the variables Tiear—Tair and Wp—Tie,s When the
2015 dry season (ENSO period) was compared to the 2017
dry season (“control scenario”). Even though Hjpgey for Vi
was not calculated in this study, we found species-specific
shifts in diurnal sap velocity dynamics in both 2015 and
2017 dry seasons contradicting the expected higher values of
transpiration during 2015 ENSO compared to other periods
due to the high evaporative demand. Brum et al. (2018),
for example, found significant differences in the Hjygey for
transpiration between dry and wet seasons during the 2015-
2016 ENSO in the Eastern Amazon. Nevertheless, the effect
of g, during drought events needs to be clarified because
trees are expected to show a strong stomatal control under
drought conditions, which would offset the expected increase
in transpiration Hj,gex. The higher Tj,s values compared to
Tair during the middle morning to early afternoon observed
by this study for the species P. anomala, C. longipendula, and
P. erythrochrysa also contradicts with the expected decrease in
Tleaf due the transpiration effect. One possible explanation for
this pattern is the leaf flushing which is, in the Central Amazon,
concentrated in the five driest months (Lopes et al., 2016). On
this period, it is possible that the leaf photosynthesis apparatus
and tissues aren’t fully developed, reflecting directly in the g; and
transpiration patterns. Also, the increasing of light availability in

the Amazon forest during the dry season can, maybe, exert an
overriding effect in T, patterns relative to the cooling effect
of transpiration.

Changes in gs are associated with changes in W7, via their
mutual effects on the balance between V and transpiration rates.
Consistent with the clockwise hysteresis between Vy—Tje,s and
Vi—AVPD, a counterclockwise hysteresis pattern was observed
between Wy —Tie,s. At the same Ti,r, V1 were more negative
during morning than afternoon suggesting that partial stomatal
closure in the afternoon allows the leaf to recover to less
negative W1 (Figure 8; Jarvis, 1976). The results suggest that
during 2015-2016 ENSO the trees of this study located in
a plateau area have a strong isohydric behavior, by reducing
stomatal conductance in the warm afternoon periods in order
to reduce transpiration rates, thereby minimizing the chances
for embolism (Sade et al., 2012; Roman et al., 2015). The same
process can be observed in the clockwise hysteresis between
Vi—Tlears and Vi—AVPD where the partial stomatal closure
in the afternoon period reduce the Vy rates compared to the
morning (Figures 4, 5). In this study this pattern was called
the “g, effect.” It should be emphasized that the daily hysteresis
patterns with the morning, afternoon and night periods separated
by colors make it possible to observe both the “gs effect” and
“VPD effect” (Figure 5).

Interestingly, the counterclockwise hysteresis pattern of
Vs-direct solar radiation is not driven by the partial stomatal
closure in the late morning until the afternoon period, but
by the high AVPD. At the same solar radiation intensity,
higher V; occurs during the afternoon relative to the morning
and in this study was called the “VPD effect” (Figure 5).
This observations suggests that partial stomatal closure in the
afternoon can be offset by the effect of high AVPD in maintaining
elevated transpiration rates under high afternoon temperatures,
as previously shown in other ecosystems (O’Brien et al., 2004;
Zeppel et al,, 2004; Zhang et al., 2014; Novick et al., 2016;
Bretfeld et al., 2018; Brum et al.,, 2018). Also, these results
support recent findings that heat waves can be associated
with sustained transpirational cooling as a key mechanism of
thermotolerance (Drake et al., 2018). However, the mechanisms
of transpiration cooling can be exceeded by the heat intensity
during El Nino events, which increase tree mortality in the
Amazon forest (Aleixo et al., 2019). Finally, the range of Hijgex
for the variables Tje,s and T, presented for the first time in
this study, can be a useful tool to predict future impacts on
tree mortality during extreme drought events in comparison
to other periods.

The observed differences of the maximum Vj rates (curve’s
maximum values (max) of sigmoidal functions during the
morning period - Figure 7)) between species can be related
to the diameter of the vessels (Diinisch and Morais, 2002),
wood density (Eller et al., 2018) and with the susceptibility to
embolism (Lovisolo and Schubert, 1998). Tree height is also an
important factor which influences sun exposure and therefore
the temperature of the leaves and transpiration rates (Goldstein
et al, 1998). In Manaus, E. cyathiformis was the thinnest and
shortest studied tree with 14.3 cm of DBH and 19.8 m of
height and was the tree with the lowest observed V, rates
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(~8 cm h™!) during ENSO (Figure 4). In contrast, the Pouteria
genus (P. anomala and P. erythrochysa) have large DBHs (35.3 cm
and 36.5 cm) and high rates of Vg during ENSO (18 and
12 cm h™1, respectively) (Figure 4). This is consistent with
other studies where DBH, height and sap flow showed a positive
correlation (Motzer et al., 2005). Likewise, the same correlations
were observed in Santarém, where the larger DBHs showed the
higher sap velocity. Also, the observed differences in curve’s
maximum values (max) of sigmoidal curves observed for Vs and
Tleaf during ENSO period and the regular dry season (Figure 7),
may be associated with the high range of functional traits
and susceptibility to embolism of some trees in the Amazon
forest along hydro-topographic gradients (Cosme et al., 2017;
Oliveira et al., 2019). Other important issue is that mortality
rates during droughts are substantially higher for large DBH’s
(Meakem et al., 2017), and maybe this is potentially aggravated
by high transpiration rates and the crown exposure to the direct
light. Another study of rain exclusion in the eastern Amazon by
Rowland et al. (2015) support this observation. However, other
factors are also involved since it has been shown that early-
successional forests experienced more drought stress than trees
in late-successional forests (Bretfeld et al., 2018). In fact, more
studies are needed in the tropics, especially in the Amazon, due
to the large diversity of terrestrial plants (Ter Steege et al., 2013),
the wide range of functional traits and evolutionary strategies to
avoid cavitation, carbon starvation, and other aspects related to
drought which can modify Tje,f and V patterns.

CONCLUSION

For the first time in the Amazon forest, the quantitative
differences and the hysteresis pattern between Tie,r and T were
demonstrated and compared during the 2015 (ENSO) and 2017
(“control scenario”) dry seasons. The relationship between Tje,¢
and T, was significantly different between these two periods and,
in general, Tje,r was higher than T,y during the middle morning
to early afternoon. The use of the variable T, together with T,
are extremely important to ecophysiological observations due to
the differences in terms of magnitude and temporal patterns.
Also, Tieaf is an important variable to estimate the true water
vapor pressure gradient between the substomatal cavity and the
boundary layer of the air near the leaf surface (AVPD). Moreover,
sap velocity displayed species-specific diurnal hysteresis patterns
that were strongly linked to gs and VPD and reflected by changes
in Tje. In the morning, gs was linearly related to Tje,r and
sap velocity displayed a sigmoidal relationship with Tie,s. In the
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Stomata are the primary gatekeepers for CO, uptake for photosynthesis and water
loss via transpiration and therefore play a central role in crop performance. Although
stomatal conductance (gs) and assimilation rate (A) are often highly correlated, studies
have demonstrated an uncoupling between A and gs that can result in sub-optimal
physiological processes in dynamic light environments. Wheat (7riticum aestivum L.)
is exposed to changes in irradiance due to leaf self-shading, moving clouds and
shifting sun angle to which both A and gs respond. However, stomatal responses are
generally an order of magnitude slower than photosynthetic responses, leading to non-
synchronized A and gs responses that impact CO» uptake and water use efficiency
(WUE). Here we phenotyped a panel of eight wheat cultivars (estimated to capture 80%
of the single nucleotide polymorphism variation in North—West European bread wheat)
for differences in the speed of stomatal responses (to changes in light intensity) and
photosynthetic performance at different stages of development. The impact of water
stress and elevated [CO»] on stomatal kinetics was also examined in a selected cultivar.
Significant genotypic variation was reported for the time constant for stomatal opening
(Ki, P =0.038) and the time to reach 95% steady state A (P = 0.045). Slow gs opening
responses limited A by ~10% and slow closure reduced ;WUE, with these impacts found
to be greatest in cultivars Soissons, Alchemy and Xi19. A decrease in stomatal rapidity
(and thus an increase in the limitation of photosynthesis) (P < 0.001) was found during
the post-anthesis stage compared to the early booting stage. Reduced water availability
triggered stomatal closure and asymmetric stomatal opening and closing responses,
while elevated atmospheric [CO»] conditions reduced the time for stomatal opening
during a low to high light transition, thus suggesting a major environmental effect on
dynamic stomatal kinetics. We discuss these findings in terms of exploiting various traits
to develop ideotypes for specific environments, and suggest that intraspecific variation
in the rapidity of stomatal responses could provide a potential unexploited breeding
target to optimize the physiological responses of wheat to dynamic field conditions.

Keywords: stomatal rapidity, Triticum aestivum L., photosynthesis, stomatal conductance, water-use efficiency,
water stress, elevated [CO,]
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INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important
food crops globally, accounting for 20% of human calorie
consumption (Ray et al., 2013). Significant yield gains have been
achieved in the last century following both genetic improvements
and advances in crop management (Slafer et al., 2015). However,
more recently, evidence of stagnation in yield improvement,
combined with the predicted environmental changes associated
with global warming (Ray et al., 2012), highlight the need to
identify optimized crop ideotypes and new genetic targets for
incorporation into current wheat breeding programs to maintain
and/or improve future productivity.

Crop vyield is the product of the cumulative rates of
photosynthesis over the growing season and the subsequent
capacity of sinks to accept and store these products (Zelitch,
1982). Although previous work suggested that selecting for
elevated photosynthetic rate on a leaf area basis does not always
produce significant results in terms of yield (Evans, 1996), free-
air concentration enrichment experiments (Long et al., 2006) and
bioengineering approaches (Driever et al., 2017) have provided
promising results, and highlight the possibility of yield gains via
elevated rates of photosynthesis. In many crops, while harvest
index and light interception capacity are approaching theoretical
maximum (~0.64 and 0.8-0.9 respectively, Long et al., 2006),
the efficiency of energy conversion into biomass (i.e., radiation-
use efficiency and thus photosynthesis) still has substantial room
for improvement (Long et al., 2006). Most of the intraspecific
natural variation in photosynthesis for Cs plants is mainly
due to differences in biochemical capacity including electron
transport rates and carboxylation efficiency (Driever et al., 2014;
Carmo-Silva et al.,, 2017). In addition, under natural dynamic
conditions photosynthetic process can also be limited by factors
such as activation of Calvin cycle enzymes and/or stomatal
dynamics (Lawson and Blatt, 2014; Taylor and Long, 2017;
Salter et al., 2019).

Stomata control CO, and water vapor exchange between
the leaf and the atmosphere, and thus play a unique role
in crop productivity and yield (Lawson et al, 2010, 2012).
Stomata respond to environmental changes by modifying pore
aperture, and both internal and external signals are involved
(Lawson and Blatt, 2014). Although external environmental
stimuli (e.g., VPD, light, water availability, heat) often occur
in combination, stomata generally open in response to high or
increasing light intensity, low CO, concentration [CO;] and low
vapor pressure deficit (VPD), while stomata close in the opposite
conditions (Outlaw, 2003; Lawson et al., 2014). In the field,
leaf self-shading, cloud cover and sun angle often lead to rapid
changes in photosynthetic photon flux density (PPFD), to which
photosynthesis rapidly responds while stomatal responses are an
order of magnitude slower (Lawson et al., 2010, 2012; Lawson and
Blatt, 2014; Slattery et al., 2018). Slow stomatal responses can lead
to (i) reduced A due to restricted CO; diffusion during a low to
high light transition, or (ii) unnecessary water loss during a high
to low light transition when stomata lag behind decreases in A.
Indeed, recent reports suggested that in wheat stomatal limitation
of photosynthesis can be up to 10% (McAusland et al., 2016)

leading to potential impacts on crop productivity (Lawson and
Blatt, 2014; Taylor and Long, 2017; Vialet-Chabrand et al., 2017;
Faralli et al., 2019; Vialet-Chabrand and Lawson, 2019). These
findings highlight the advantage of selecting genotypes with fast
stomatal responses to changes in irradiance, as rapid stomatal
opening can increase photosynthetic rate whilst rapid stomatal
closure can enhance water use efficiency at the crop level, leading
to increased soil moisture conservation and therefore delay the
onset of stress during periods of low rainfall (McAusland et al.,
2016; Qu et al., 2016).

Although interspecific variation in stomatal responses to
changes in light intensity have been previously reported (Vico
et al,, 2011; McAusland et al., 2016), to our knowledge there are
no reports demonstrating intraspecific variation in the rapidity
of stomatal responses in wheat. In addition, there are limited
reports on the effects of developmental and environmental
factors on stomatal rapidity (e.g., Leakey et al., 2002; Gerardin
et al, 2018; Haworth et al, 2018). In particular, climate
change has been associated with more frequent periods of
water stress (Ray et al., 2012) and a significant increase
in atmospheric [CO;] (Ainsworth and Rogers, 2007), two
environmental conditions that strongly affect both A, and g
and therefore crop productivity. Therefore, the main aims of
this work were, (i) to assess the extent of natural variation
in the speed of stomatal responses in selected wheat cultivars;
(ii) to determine the influence of developmental stage (late
vegetative, booting, and post-anthesis stages) on such variation;
and (iii) to evaluate the impact of reduced water availability
and elevated atmospheric [CO;] on the rapidity of stomatal
responses. A panel of eight winter wheat genotypes, capturing
~80% of the United Kingdom single nucleotide polymorphism
variability (Gardner et al., 2016), was phenotyped at different
developmental stages for stomatal rapidity and photosynthetic
capacity. In addition, a selected genotype was used to assess
the impact reduced water availability and elevated [CO,] on
stomatal kinetics.

MATERIALS AND METHODS

Plant Material

Eight elite wheat varieties adapted to the United Kingdom were
selected: Alchemy, Brompton, Claire, Hereward, Rialto, Robigus,
Soissons, and Xi19. These are the founder lines of the ‘NIAB Elite
MAGIC’ multi-parent advanced generation inter-cross (MAGIC)
population (Mackay et al., 2014). Seeds were sown in plastic trays
containing compost and germinated in a growth cabinet (Reftech
BV, Sassenheim, Netherlands) at ~200 pmol m~2 s~! PPED,
14 h/10 h photoperiod (light/dark), ~15°C on average and ~60%
relative humidity (RH). The compost material (Levington F2S)
contained fertilizer (144 mg L™! N, 73 mg L™! P, 239 mg L™!
K, adjusted to pH 5.3-6.0 with dolomitic lime) and incorporated
coir and sand. Plants were watered every 2 days. At BBCH
(Biologische Bundesanstalt, Bundessortenamt und Chemische
Industrie) growth stage (GS) 12 (GS12, two seedling leaves
unfolded; Lancashire et al., 1991) seedlings were moved into a
cold room for vernalization: 4°C, ~50 wmol m~2 s~! PPFD
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at 10 h/14 h photoperiod (light/dark) for 8 weeks. After
vernalization, seedlings (one per pot) were transplanted into
1.5 L (15 cm diameter; 12 cm deep) or 4 L (16.5 cm diameter;
21 cm deep) pots (depending on the experiment) containing
Levington F2S compost (Everris, Ipswich, United Kingdom).
After which plants where transferred to either the glasshouse
or controlled growth environment depending on experimental
design (see below).

Growth Conditions and Experimental
Design

Experiment 1: Phenotyping Stomatal Rapidity at
Different Developmental Stages

To assess the presence of natural variation for stomatal
rapidity and to determine the influence of developmental
stage on this trait, plants were grown in a greenhouse in
a fully randomized block design, in six blocks (n = 6).
Solar radiation was supplemented with sodium vapor lamps
(~200 to 400 mwmol m~2 s~!. Hortilux Schreder 600W,
Monster, Netherlands) and maintaining a 12 h photoperiod. Air
temperature was on average ~20°C during the day and ~15°C at
night. Water was applied daily to avoid soil moisture deficit, while
full strength Hoagland’s nutrients solution (~100 mL per pot)
was applied weekly. Owing to the different developmental pattern
of the lines studied in this work, plants were visually scored for
growth stage every 2 days. All phenotypic measurements were
collected at BBCH GS25-31 (vegetative growth, tillering to start
of stem extension), GS41-45 (early reproductive growth, booting
stage) and GS71-75 (post-anthesis; ‘watery ripe’ to ‘medium milk’
stages of grain).

Experiment 2: Stomatal Rapidity Under Reduced
Water Availability

To evaluate the impact of reduced water availability on stomatal
dynamics, plants (cv. Soissons) were transplanted into 4 L pots
and watered daily to avoid soil moisture deficit until the start
of the treatment, and nutrients were supplied with Hoagland’s
solution (~100 mL per pot, until the start of water availability
manipulation). Between GS45 and GS51, pots were watered daily
to ensure full soil water capacity by weighing the pots (~3000 g of
pot target weight). The non-stressed plants (well-watered, WW,
n = 6) were watered daily throughout the experiment, whereas
the progressive soil drying treatment was applied by removing
watering to the water stressed plants (WS, n = 6). Water content
in the pot was expressed as the fraction of transpirable soil
water (FTSW). The FTSW method was recently summarized
by King and Purcell (2017), and briefly described as follows:
FTSW = (Pg - Pd)/TTSW, where (i) total transpirable soil water
(TTSW) was the difference between the pot weights at 100%
water holding capacity (WHC) (pot weight ~3000 g including
plant and plastic pot) and when transpiration rate of the stressed
plants decreased to 10% of the control plants, (ii) Pg was the
actual pot weight on a given date, and (iii) Pd was the pot
weight at the time when transpiration rate of stressed plants
was 10% of the control plants (~1300 g of pot weight). Gas
exchange analyses were carried out when FTSW was ~0.2-0.3

for WS plants, and ~0.8-0.9 for the WW treatment. The value
at which WS plants were analyzed was chosen to represent
a soil water stress condition at which wheat has previously
been found to show typical stress symptoms (e.g., significant
reduction of g, leaf water potential and leaf relative water
content) (Weldearegay et al., 2016). Two sets of soil drying
treatments where carried out separately (n = 3 for WS for each
cycle) to avoid overlaps between replicates during the phenotypic
analysis (Supplementary Figure 1).

Experiment 3: Stomatal Rapidity Under Elevated
Atmospheric [CO5]

To evaluate the impact of elevated atmospheric [CO;] on the
rapidity of stomatal responses a third experiment was carried
out in growth chambers in which atmospheric [CO,] was
manipulated (Conviron Adaptis A1000, Conviron, Canada).
Plants (cv. Soissons) were transplanted into in 1.5 L pots (one per
pot) and placed into two growth chambers, one set of pots (1 = 6)
at ambient [CO,] ([CO,] 446 + 31 pmol mol~! on average)
and the other (n = 6) at elevated [CO;] (706 & 6 wmol mol~!
on average) (Supplementary Figure 2). The light level inside
both chambers at leaf height was ~400-800 pmol m~2 s~!
with a 12 h photoperiod. Air temperature was maintained at
~20°C through the day and ~15°C at night, and RH maintained
at ~60%. Plants were watered every 2 days with Hoagland’s
solution (~100 mL per pot). Phenotypic analyses were carried
out at GS25-31 (33-42 days after sowing) as described below
(Supplementary Figure 2).

Phenotypic Analysis

Analyses of the Rapidity of gs to Changes in Light
Intensity

In each experiment, the third fully expanded leaf at GS31, and the
flag leaf at GS41 and GS71 were tagged on each plant at the onset
of each selected growth stage. Prior to gas exchange analysis,
plants were transferred from the greenhouse to a temperature
and humidity-controlled room (~20°C temperature and ~60%
RH) and gas exchange measurements performed on the middle
of the leaf lamina using an open infrared gas exchange system
fitted with a 2 cm? leaf cuvette and integral blue-red LED
light source (LI-6400-40; LI-COR, Lincoln, NE, United States).
All measurements were collected between 8:30 and 15:00 and
randomized to avoid any potential diurnal influence over a
8 week measurement period. Prior to measurement, leaves were
first equilibrated at a PPFD of 100 wmol m~2 s~! until both
A and g reached ‘steady state, defined as a ~2% maximum
change in rate during a 10 min period (generally 60 min).
After equilibration, PPFD was increased to 1500 jumol m~2 s™!
for 1 h, and subsequently returned to 100 pmol m~—2s~!
for 1 h. The conditions inside the leaf cuvette were kept
constant at 20 + 0.1°C leaf temperature, at VPD of 1 kPa
with a dew point generator (LI-610; LI-COR, Lincoln, NE,
United States) and at 400 pmol CO; mol™! air (ambient
CO; concentration, Cg). In Experiment 3 the plants grown at
~700 pmol mol~! [CO;] were analyzed at 700 pmol mol~!
C,. Values were logged every minute throughout the three h
measurement cycle. Intrinsic water use efficiency (;WUE) was
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calculated as ;WUE = A/g,. All data were analyzed according
to the exponential model of Vialet-Chabrand et al. (2013) as
described in McAusland et al. (2016). Variables estimated with the
exponential model were steady-state photosynthesis at saturating
light (A), steady state stomatal conductance at saturating light
(gs), Ki (time constant for rapidity of stomatal opening), K,
(time constant for rapidity of stomatal closing) and ‘time to
reach 95% A’ (T9s59,4) (Figures 1A,B). The limitation of A by
&s (glimitA) was calculated by estimating a hypothetical A if
no stomatal limitation was present (McAusland et al., 2016)
and determining the differences with the measured kinetic
values. The ‘time to restore ;WUE (T;wyg) was defined as
the time necessary to recover the maximum ;WUE value
during the high to low light transition. T;wyr was calculated

Time 1o reach 85% A

Loy

£
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FIGURE 1 | Example of a step-change in light for the flag leaf of a wheat plant
(cv. Soissons), collected with a Li-Cor 6400 at GS41. (A) Step-change from
low to high light (100 to 1500 wmol m~2 s~ 1 PPFD), and (B) step-change
from high to low light (1500 to 100 pmol m~2 s~ PPFD). In (A), black dots
represent CO» assimilation rate (A), whereas white dots represent stomatal
conductance (gs). In (B), white dots represent stomatal conductance (gs)
while gray dots represent intrinsic water-use efficiency (WUE) calculated as
WUE = A/gs. White areas represent 1500 wmol m~2 s~ ! PPFD, gray areas
100 wmol m~2 s~ PPFD. Estimated variables with the exponential model
described by Vialet-Chabrand et al. (2013) are K; (time constant for rapidity of
stomatal opening), Ky (time constant for rapidity of stomatal closing) and time
to reach 95% A (Tgso,4.) The limitation of A by gs (gsiimitA) was estimated by
assuming a hypothetical A if no stomatal limitation was present immediately
after a low to high light transition (McAusland et al., 2016). Time to restore
WUE (Tayue) was calculated with segmented regression, and estimated as
the intercept between the two linear segments. The gs at the two ;WUE
intercepts were used to calculate the limitation of \WUE by gs (9siimiti WUE) by
assuming an instantaneous stomatal closure after a high to low light transition.

using segmented regression and estimated as the intersection
between the two linear segments (Figure 1B). The g at
the point of intercept was used to determine the ‘limitation
of ;WUE by g (gimitiWUE) by calculating the integrated
difference with measured values following the high to low light
transition (Figure 1B).

A/Ci Curves

Photosynthesis measurements (A/C; curves) were performed
between 9:00 and 12:00 on the fully emerged flag leaf at
GS41-45 in Experiment 1. Measurements of the response of
A to sub-stomatal CO, concentrations (C;) were performed
in the middle of the tagged leaf using an open infrared gas
exchange system and a 2 cm? leaf cuvette with an integral
blue-red LED light source (LI-6400-40; LI-COR, Lincoln, NE,
United States). In the cuvette, PPFD was maintained at a
saturating level of 1500 wmol m~2s~!, a leaf temperature
of 20 £ 0.1°C, a VPD between 0.9 and 1.3 kPa and a
C, of 400 wmol mol~!. When steady-state conditions were
achieved, C, was sequentially decreased to 300, 200, 100, and
75 pwmol mol~! before returning to the initial concentration of
400 pmol mol~!. This was followed by a sequential increase to
550, 700, 1000, and 1200 jLmol mol~!. Readings were recorded
when A had stabilized to the new conditions. The maximum
velocity of Rubisco for carboxylation (Viuay) and the maximum
rate of electron transport demand for Ribulose 1,5-bisphosphate
(RuBP) regeneration (J;uqx) were derived by curve fitting, as
described by Sharkey et al. (2007).

Stomatal Density Analysis

At GS41-45 in Experiment 1, stomatal impressions were collected
at the same point of the leaf lamina used for gas exchange
analyses, on both the adaxial (n = 6) and abaxial (n = 6) side of
the leaf. A negative impression was made using a dental polymer
(Xantoprene, Heraesus Kulzer, Ltd., Hanau, Germany) (Weyers
and Johansen, 1985). After the material had dried, a positive
impression was produced using nail polish on a microscope slide.
Stomatal density and pore length were determined using a light
microscope by averaging the value of six fields of view for each
leaf with a size of ~1250 pm? captured from each impression
and using a 5 MP eye-piece camera (MicroCAM 5 MP, Bresser
Optics, Rhede, Germany).

Statistical Analysis

Statistical analyses were conducted using SPSS (v.16; SPSS,
Inc., Chicago, IL, United States) and R'. A two-way
analysis of variance (ANOVA) was used for gas exchange
data when two factors (genotype x growth stage) were
present (ie., for the variables A, g, Ki, Kz, To50%4, ZslimitA>
Tiwug for Experiment 1). Single factor analyses were
carried out using one-way ANOVA (ie., for A, g, Ki Ky
in Experiments 2 and 3). Shapiro-Wilk and Levene’s tests
were used to test data for normality and homogeneity of
variance, respectively. Duncan’s test was used for multiple
comparisons. When present, linear curves were fitted with

'http://www.r-project.org/
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major axis regression thus minimizing the variability for
the traits of interest in both the axes. The strength of trait
associations at GS41-45 (between steady-state and dynamic
gas exchange, anatomical and photosynthetic capacity traits)
and for all developmental stages (between steady-state and
dynamic gas exchange traits) were measured using Pearson’s
correlation coefficient.

RESULTS

Speed of Stomatal Responses at

Different Developmental Stages

Significant genotypic variation (P < 0.001) in steady-state A
and g at 1500 pmol m~2 s~! was recorded for the eight
wheat cultivars investigated (Figures 2A-F). Soissons and Xil9
showed the highest A and g, values, whereas Hereward showed
consistently lower values. There was a significant effect of
growth stage on A and g (P < 0.001 for both), with most
of the cultivars showing higher values at GS41. Significant
variation in the time constants for stomatal opening (K;) was
recorded between cultivars (P = 0.038) (Figures 2G-I) and
developmental stage significant impact K; (P < 0.001) in the
majority of cultivars, with a lower time constant (thus faster g;
responses) at GS31 and GS41 compared with GS71. However,
in cultivars Claire, Rialto and Robigus, there was no significant
effect of growth stage on K;. Similarly, K; varied significantly
between the different growth stages (P < 0.001), although
no significant genotypic differences were found (P = 0.343)
(Figures 2J-L). Most of the cultivars achieved 95% A between
7 and 15 min following a step increase in light intensity when
analyzed at GS31 and GS41 and significant variation (P = 0.045)
existed between cultivars (Figures 2M-0). At GS71, Tos94
was significantly longer than GS31 and GS41 (P < 0.001),
between 14 and 25 min.

When plants were subjected to a step increase in light
intensity, photosynthesis was limited by the slow increase in
gs» with an average limitation (gyimitA) between 7 and 15%
across genotypes (P = 0.019) and growth stages (Figures 3A-
C). Soissons and Alchemy showed the greatest limitation of A
by g (~12% on average) while, Rialto, Hereward and Claire
were less limited at ~8% on average. Generally, gimitA was
exacerbated at GS71 (P < 0.001), although some genotypes
(Claire, Rialto) did not show any significant increases in ggjim;tA
at GS71 compared to GS41.

The time to restore ;WUE (T;wyg) was generally faster at
GS31 compared to GS41 and GS71 (P < 0.001) (Figures 4A-
C). Hereward was the quickest to restore ;WUE due to fast
stomatal closure (low K;) at GS31 and GS41, whilst the
slowest responses were observed in Alchemy at GS31 and
Soissons at both GS41 and GS71 (P = 0.014). gjimiti WUE
was significantly different between cultivars (P = 0.030) and
growth stages (P < 0.001) (Figures 4D-F). Across all of
the growth stages measured, the temporal response of g
for opening and closing were significantly correlated with
Toswa and gimitA (Figure 5). At the same time, significant

correlations were found between T;wyg and the time constant for
stomatal closing.

Photosynthetic Capacity at Flag Leaf
Stage

Significant genotypic variation in Vi (P < 0.024) was
observed within the eight cultivars analyzed (Figures 6A,B).
Rialto, Soissons, and Xil9 showed the highest values for both
Vemax and Jpax (~160 and 260 wmol m~2s~! on average,
respectively) whereas Robigus and Hereward displayed the lowest
values. Significant positive correlations were observed between
photosynthetic capacity traits (A, Vemax> Jmax)> &> speed of
stomatal responses and stomatal density (Figure 7). A significant
positive relationships was observed between g; and A whilst
a negative relationship between g, and ;WUE was recorded.
In addition, A was significantly and positively correlated with
most of the stomatal kinetics related traits (Kj, Kg, Tos04,
slimitA). Interestingly, ;WUE positively correlated with the
ZslimitA- Significant and positive correlations were found between
the gsimitA, Tose4, and K;.

Stomatal Anatomical Features at Flag
Leaf Stage

Stomatal density and pore length were significantly different
between the cultivars (P = 0.002 for abaxial and P < 0.001
for adaxial stomatal density while P = 0.013 for abaxial and
P =0.001 for adaxial pore length) (Table 1). The abaxial density
ranged from 63.7 to 81.6 stomata mm~2 while the adaxial
density was between 61.0 and 90.4 mm~2. Stomatal density
was correlated with K; (adaxial, positive) and Tgsy4 (abaxial,
negative) (Figure 7) while abaxial pore length was negatively
correlated with abaxial stomatal density (Figure 7).

Speed of Stomatal Responses Under
Reduced Water Availability

Using the variety Soissons, reduced water availability significantly
reduced A and g; at 1500 umol m~2 s=! PPFD by 45 and 63%
respectively (P < 0.001) (Figures 8A,B). The time constant K;
was increased (P = 0.036) in plants grown under water stress
(WS) conditions compared to the well-watered controls (WW)
(Figure 8C). In contrast, a significantly lower K; (P = 0.022) was
recorded under WS compared with WW (Figure 8D).

Speed of Stomatal Responses Under
Elevated [CO5]

The cv. Soissons grown under 700 pmol mol~! [CO,] showed
a 25% increase in A compared to the rate in control plants
grown at 400 pmol mol~! [CO,] (Figure 8E). In contrast,
a small reduction in g5 (6%) was recorded under elevated
[COy], although this was not significantly different from g; at
400 pmol mol~! [CO,] (Figure 8F). Elevated [CO,] significantly
reduced K; (P = 0.047), while no differences were found for
K, (Figures 8G,H).

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 492


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Faralli et al. Stomatal Rapidity in Wheat

A B C
40  Gs31 - GS41 [ GS71
35 f - » -
» 30 fo e . J M5 = F
E 25 [ & ? T " T & . 1 nk
2 2t [{J ° : : - o
5 15 + @ :F Stage <0.001 % ? °
< Genotype <0.001
10 + L Stage x Genotype =0.001 -
5 1 1 1 1 1 1 1 ) I ' 1 1 ' 1 1 ) 1 1 1 1 1 1 1 ]
D 09  csa E GS41 Fr GS71
08 - i
=~ 07| - I [5
206t o B @ [
E 05 % i $ = . - E ® 0
2o @ a8 T H | mTE g
- 03 | < % [ Stage <0.001 [
S 02 i Genotype <0.001 i
01 - Stage x Genotype =0.008 -
0 1 1 1 1 1 1 1 J 1 1 1 1 1 1 1 ) 1 1 1 1 1 1 1 J
) _ _ GS71
¢ 35 Gs3t H [ Gs41 Stage <0.001 |
30 - Genotype =0.038 -
Stage x Genotype =0.117 R o
w 25 - !
g 20
S L L L
£ ° B &]
SPed &1 b . +f [ 10 ™
X 10} P & i S .
5F o o - 7 "
0 n 31 3 1 I n 1 3y 'S A1 A 'S A A 'S J ' 1 ' 'l 1 ' 1
J 40 r Gs31 K GS41 L. GS71
35 L L
o Stage <0.001
= 30 + - Genotype =0.343 - i
2 25 L i Stage x Genotype =0.021 | !
=
£ 20} . -
£ 15 B h é =
bd
X 10} D D é % $ B F o - @ %
5t ° . -
0 1 1 1 1 1 1 1 ) n n 1 N n N N 3 1 1 1 1 1 1 1 )
M 40  Gsat N - Gsar O, GS71
g Stage <0.001 |
§ 35 r i Genotype =0.045
Q,;30 L - Stage x Genotype =0.251 -
=
8%25 - ° - L ! ° o
S - B hgel®
2=15 ¢ ° . - o
g 0 P PEe® [T : [
5 . LI i I
o 1 1 1 1 1 1 1 I ' 1 ' 1 1 ' ' J >l 1 w ' ' 1 1 ' m J
> £ 9 T o v v o > £ 9 T o v v o c T o v O
EL 5352356 52533556 §L£ 3536 %
2EC3e53% g§E80seg8” SESgxs g™
o o o — o T
<§ 2 3 <§ ® ®8 <35 & %3

FIGURE 2 | Box plots for steady-state and estimated parameters from step-changes in light at three growth stages on a panel of eight wheat genotypes. Data were
collected at collected at GS31, GS41, and GS71 respectively (see graph); (A=C) A, CO, assimilation rate at saturating light after 60 min of induction at

1500 wmol m=2 s~ ! PPFD. (D-F) gs, stomatal conductance at saturating light after 60 min of induction at 1500 wmol m~2 s=! PPFD. (G-) K;, time constant for
stomatal opening. (J-L) Ky, time constant for stomatal closure. (M=0) ‘Time to reach 95% A’ (Tgse4). Data were analyzed using two-way ANOVA and means
separation was carried out with Duncan’s test (Supplementary Table S1). All data are means of n = 4-7.
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FIGURE 3 | Limitation of A by gs (gsimitA) after 30 min of the step change from low to high light (100 to 1500 wmol m=2s1 PPFD) assessed for eight wheat
genotypes over three key stages of development (GS31, GS41, and GS71 as A-C respectively). Data were estimated by assuming a hypothetical A if no stomatal
limitation was present immediately after a low to high light transition. Data were analyzed using two-way ANOVA [means separation was carried out with Duncan’s

test (Supplementary Table S1)]. Data are means (n = 4-7).
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FIGURE 4 | Time to restore |WUE (Tyyue) (A=C) and limitation of WUE by gs (gsimiti WUE) (D-F) of the step change from high to low light (1500 to

100 pmol m~2 s~! PPFD) assessed for eight wheat genotypes over three key stage of development (GS31, GS41, and GS71). Time to restore ;WUE was
calculated with segmented regression, and estimated as the intercept between the two linear segments. The gs at the two ;WUE intercepts was used to calculate
the limitation of ;WUE by gs by assuming an instantaneous stomatal closure after a high to low light transition. Data were analyzed by using two-way ANOVA [means
separation was carried out with Duncan’s test (Supplementary Table 1)] and shown as means (n = 4-7).

DISCUSSION

Genotypic Variation for Stomatal

Rapidity in Wheat

Previous work has demonstrated the presence of significant
interspecific (Vico et al, 2011; McAusland et al., 2016) and
intraspecific (e.g., rice, Qu et al., 2016) variation in the rapidity
of stomatal responses or photosynthetic induction (Salter et al.,
2019) in crops. Here, we show that significant genotypic variation
in the rapidity of g, is present in wheat in response to step changes

in irradiance. Consistent with the conclusions of previous work
(e.g., Vico et al, 2011; Lawson et al., 2012; McAusland et al,,
2016), the time to reach maximum steady state g, ranged
from 7 to 27 min between cultivars. Cultivars with faster g
opening responses (lower K;) (e.g., Hereward, Claire) achieved
95% A more rapidly than those cultivars with slower g kinetics
(e.g., Xil9, Soissons) supported by the positive correlation
between K; and Tose4. At the same time, cultivars with
faster stomatal closing (lower Kj; e.g., Hereward and Claire
at GS41) following a high to low light transition achieve a
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FIGURE 5 | Relationships between the estimated parameters for stomatal opening and closing for all eight wheat varieties at all the growth stages analyzed. Data
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the bottom panels, regression was fitted using major axis regression. Fitting lines are shown only when the correlation is significant (P < 0.05).
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FIGURE 6 | Measures of photosynthetic capacity for the flag leaf of the wheat panel at GS41-45, estimated through A/C; curves for eight wheat varieties. Data are
means (n = 5-6 + standard error of the means). (A) The maximum velocity of Rubisco for carboxylation (Vemax). (B) The maximum rate of electron transport demand

for RuBP regeneration (Jmax)-
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FIGURE 7 | Correlation matrix including the correlation coefficient between parameters describing the temporal response of gs during opening and closing,
photosynthetic capacity and anatomical features for stomata of the flag leaf of wheat plants at GS41. In the bottom panels, regression was fitted by using major axis
regression. Fitting line is shown only when the correlation was significant (P < 0.05).

higher ;WUE, more rapidly. These findings support previous
reports in which the ‘speedy stomata’ trait has been considered
a potential target for maximizing CO, diffusion and A, as well
as ;WUE, particularly under dynamic light regimes (Lawson
and Vialet-Chabrand, 2018). Significant differences in stomatal
density and pore length were also observed between cultivars;
interestingly, the variation in stomatal density was greater
on the adaxial than the abaxial surface. However, only a
weak correlation between stomatal density (adaxial) and K;
was apparent, indicating minimal anatomical influence on the
speeds of g; response in the panel of wheat cultivars analyzed.
Additionally, our findings are contrary to previous research
on the relationship between stomatal speed and density in
the non-domesticated species of the dicot genus Banksia that
have reported higher stomatal density results in faster responses
(Drake et al., 2013).

In rice (Qu et al, 2016) and other species (McAusland
et al., 2016), asymmetric stomatal responses (e.g., faster stomatal
closure that opening) have been suggested as a strategy of
prioritizing water conservation over CO, uptake. In our work,
the relatively conserved ratio of K;:K; (at all growth stages) in
all the cultivars studied indicates a balance between carbon gain
and water conservation. However, although the time constant for
opening and closure were comparable, the fact that T;wyg was
significantly higher than Tose 4 indicates that slow g responses
had a greater impact on ; WUE than A. While the varieties studied
in this work are adapted to a north-west European environment
(Mackay et al., 2014), and therefore likely optimized for carbon
gain rather than ; WUE, wheat cultivars adapted to lower rainfall
regimes may provide a more extensive natural diversity for water
conservation (i.e., faster stomatal closure rather than opening).
To our knowledge, this is the first report demonstrating natural
variation in the speed of stomatal responses in wheat at the

leaf level. However, new cutting-edge technologies, for example
whole plant gas-exchange (Jauregui et al., 2018), would enable
the impact of the speed of stomatal responses on whole plant
net carbon assimilation and water use to be evaluated. Cultivars
with fast g; responses (e.g., Claire, Robigus, and Hereward) were
followed by lower A and g; values thus showing potential elevated
adaptation to dynamic light environment and potentially water
deficit conditions. In contrast, Soissons and Xil9 demonstrated
high overall g; values, but slow g; responses, traits that may be
useful for environments in which light is high and constant with
higher temperatures but with sufficient water to support high g;
and evaporative cooling. These data suggest that phenotyping
wheat lines for stomatal rapidity has the potential to identify
novel targets for improving wheat productivity for exploitation
in breeding programs.

Photosynthetic Capacity and Speed of

Stomatal Responses

In our study, a significant variation for Vmex and steady-
state A and g was found between cultivars, consistent with
previous studies in wheat (e.g., Driever et al., 2014; Gaju et al,,
2016). However, cultivars with greater g; rapidity displayed
lower photosynthetic capacity demonstrated by the positive
relationship between A and g; with Tos04, and the time constants
for stomatal opening and closing (K; and Kj), respectively.
This suggests a compromise between the rapidity of stomatal
behavior and the values of steady state A and g achieved.
Stomatal movement involves a series of hierarchical processes
based on the transport, accumulation, and release of osmotically
active solutes (Lawson and Blatt, 2014) as well as subsidiary
cell physiology (Raissig et al., 2017), and any variation in these
processes could result in differences in stomatal behavior. For

Frontiers in Plant Science | www.frontiersin.org

28 April 2019 | Volume 10 | Article 492


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Faralli et al.

Stomatal Rapidity in Wheat

example, variation in vascular connectivity (e.g., vein density)
could explain the positive relationship between steady state A and
gs and the speed of g;. Feldman et al. (2017) recently showed
stronger photosynthetic performance in rice with increased leaf
vein densities via mutagenesis. It is therefore conceivable that
concurrent improvements for stomatal rapidity, photosynthetic
capacity and for maximum A and g; could be attained if vein
density and hydraulic efficiency were improved.

Leaf Age Affects the Rapidity of gs in
Wheat

A novel finding of this work is the significant effect of
growth stage on stomatal responses. The rapidity of g, was
reduced at post-anthesis stage (GS71) compared to the earlier
developmental stages (GS31 and GS41) and this corresponded
with a significant decrease in both steady-state A and g;. The
decrease in post-anthesis photosynthetic capacity, and therefore
reduction in radiation use-efficiency in cereals, has been reported
previously (Bingham et al, 2007; Carmo-Silva et al., 2017),
and mainly attributed to the onset of leaf senescence (Gaju
et al,, 2016). The activation of the senescence signaling pathway,
thought to be triggered by sink feedback (e.g., Bingham et al.,
2007), leads to degradation of chlorophyll and Rubisco and
subsequent re-allocation of nutrients from the senescing parts
(i.e., leaves) to the growing sink (i.e., grain), thus leading to
reduction in the efficiency of the source (Camargo et al., 2016).

TABLE 1 | Stomatal density and pore length for wheat flag leaf analyzed on both
the abaxial and the adaxial surface (n = 6) and in the eight wheat cultivars.

Adaxial
stomatal

Abaxial

stomatal Abaxial pore Adaxial pore

density (nm~2) density (mm~2) length (um) length (um)

Alchemy 65.6 a 77.9 bc 29.9 bc 31.3cd
Brompton 81.6¢ 90.4d 254 a 26.2a
Claire 64.2 a 78.1 bc 27.0 ab 28.5 abc
Hereward 76.6 bc 80.3 bcd 243a 27.2ab
Rialto 65.6 a 73.4b 26.5 ab 28.5 abc
Robigus 68.7 ab 61.0a 27.4 abc 30.7 bed
Soissons 63.7 a 88.3 cd 28.6 abc 32.7d
Xi19 63.7 a 72.4b 315¢c 33.7d
d.f. 40 40 40 40
P-value 0.002 <0.001 =0.013 =0.001

Data were analyzed by using one-way ANOVA and different letters represent
significant differences according to Duncan’s test.

However, to our knowledge, this is the first report showing
developmental effects on stomatal responses to changes in
light intensity. In particular, the data highlight growth stage-
and genotype-dependent variation in stomatal rapidity, and
the importance of taking into account these variables when
quantifying dynamic stomatal traits. Additionally, periods of
low precipitation and/or high temperature are more common
during the post-anthesis stage, often leading to significant
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FIGURE 8 | CO, assimilation rate at saturating light after 60 min of induction at 1500 pmol m~2 s~ PPFD (A,E, A), stomatal conductance at saturating light after
60 min of induction at 1500 pmol m~2 s’ PPFD (B,F, gs), time constant for stomatal opening (C,G, K;), and time constant for stomatal closing (D,H, K,) estimated
from step-changes in light collected in Experiments 2 and 3 (well-watered conditions and reduced water availability, WW and WS respectively, A-D; ambient and
elevated atmospheric [CO,] conditions, 400 and 700 pmol mol~" respectively, E-H) collected at GS45-51 and GS31 respectively on cv. Soissons. Data were
analyzed with one-way ANOVA and shown as means (n = 4-6 + standard error of the means).
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yield reductions. Faster stomatal opening could facilitate greater
utilization of sudden increases in irradiance, and thus not
only provide more assimilates for grain filling, but avoid any
potential damage from excess excitation pressure (Yamasaki
et al, 2002). Increased A is particularly important in view
of the potential source-limitation (or at least source-sink co-
limitation), which has been reported during grain filling in
several wheat cultivars (Alvaro et al, 2008; Acreche and
Slafer, 2009). Additionally, as wheat is extremely sensitive
to temperature (Yamasaki et al., 2002) rapid g responses
to increasing irradiance will facilitate maintenance of nearer
optimal leaf temperatures to support maximum photosynthetic
performance (Lawson and Vialet-Chabrand, 2018).

On the other hand, water conservation strategies would
be enhanced by faster stomatal closure when carbon gain is
reduced (e.g., during high to low light transition), thus improving
the water-use budget and helping to reduce early soil water
exhaustion (Bodner et al., 2015). For example, Hereward, Claire,
and Robigus showed very quick g; responses overall with minimal
developmental effects (apart from Hereward at GS71), thus being
good candidates for breeding exploitation for stomatal rapidity.
The fact that a significant variation was observed for Kj, as well as
astage x genotype interaction for K; and Twuyg, suggests that the
targeted exploitation of existing natural variation could be used
to facilitate carbon gain for photosynthesis and optimize water-
use under dynamic field environments and at different stages of
wheat development.

Water Stress and Elevated CO,
Concentration Affects Stomatal Rapidity

The effect of elevated [CO,] and water stress on stomatal rapidity
has received little attention to date. A recent report on Arundo
donax (Haworth et al., 2018), showed that water stress increases
the rapidity of stomatal closure and reduced the speed of opening,
consistent with our data in wheat. Similarly, in Lawson and Blatt
(2014), Vicia faba plants subjected to water stress showed a faster
gs reduction during a shade fleck whilst a slower g increase was
recorded for a sun fleck. However, recent work by Gerardin et al.
(2018) reported an increase in rapidity for both the opening and
the closing phase in Nicotiana tabacum under reduced water
availability. It should be noted that in N. tabacum a strong
asymmetry between the opening and closing phase (due to a
faster closing phase) under control conditions was also reported.
Under optimal soil water availability, asymmetric stomatal
responses have not been previously described in wheat (e.g.,
McAusland et al., 2016), thus suggesting that the opening/closing
ratio under optimal growth conditions might be species-specific
and strongly influenced by water status. Thus, the presence of
asymmetric stomatal responses under stress conditions could be
considered as: (1) an adaptation to reduce water loss (stronger
coordination between A and g;) and (2) a mechanism to limit
increasing g, after steady state A has been achieved (McAusland
et al, 2016). Our data suggests that both possibilities are
conceivable under reduced water availability, with both high K;
and low K; values observed in wheat. Water stress therefore
exacerbates conservative responses under dynamic light in wheat

allowing further opportunities for adaptation to reduced water
availability conditions.

Only a handful of studies have examined the effect of
atmospheric [CO;] on stomatal kinetics, with most research
focusing on the effects for steady stage g; or changes in stomatal
anatomy (Ainsworth and Rogers, 2007). Leakey et al. (2002)
reported that in Shorea leprosula, the relative enhancement of
biomass driven by elevated [CO;,] was greater under dynamic
irradiance compared to uniform irradiance. Consistent with our
findings in wheat, Leakey et al. (2002) suggested that faster
stomatal opening under dynamic conditions reduced the time to
reach maximum g; and reduced CO; limitation of A. Therefore,
a faster stomatal opening phase (in response to an increase in
irradiance) might be a leaf trait that has an additional positive
effect under elevated [CO;] that deserves further investigation at
the field level. Further efforts should focus on understanding and
quantifying the effects of these major environmental factors on
stomatal dynamics under fluctuating light environments.

CONCLUSION

To our knowledge, this is the first report showing significant
genotypic variation in wheat for the rapidity of stomatal
responses. Our work illustrates that slow g; responses can
limit A during a low to high light transition by 7-15%, while
slow reduction of g during a high to low light transition
strongly limits water conservation. Measurements obtained
post-anthesis suggest that leaf age might exacerbate stomatal
limitations by reducing the rapidity of stomatal responses,
whilst environmental cues (i.e., water stress and [CO,]) also
affected this. Evidence of significant genotypic variation for
these traits highlights them as novel and as yet unexploited
targets for crop improvement programs, which aim to develop
cultivars that maximize photosynthesis and minimize the waste
of water in the dynamic light environments encountered in
the field. This work lends to a greater understanding of the
interactions between stomatal behavior, environmental cues and
leaf performance, which guides the establishment of ideotypes
for specific growth environments. For example, the cultivar
Hereward demonstrated fast g; responses at GS 31 and 41 and
minimal limitation of A, with potential for exploitation to provide
ideotypes for environments in which conservation of water use
is a priority. On the other hand, cultivars such as Soissons and
Xil9 demonstrated high photosynthetic capacity, high overall
gs values, but slow g responses, traits that may be useful for
high-light and high-temperature environments. Improvement of
stomatal responses under a dynamic light environment might
support the optimization of resource use and yield in major
crops, and therefore inform the development of new crop
ideotypes with higher yield potential and resilience to future
environmental changes.
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Global warming and associated precipitation changes will negatively impact on many
agricultural ecosystems. Major food production areas are expected to experience reduced
water availability and increased frequency of drought over the coming decades. In affected
areas, this is expected to reduce the production of important food crops including wheat,
rice, and maize. The development of crop varieties able to sustain or improve yields with
less water input is, therefore, a priority for crop research. Almost all water used for plant
growth is lost to the atmosphere by transpiration through stomatal pores on the leaf
epidermis. By altering stomatal pore apertures, plants are able to optimize their CO,
uptake for photosynthesis while minimizing water loss. Over longer periods, stomatal
development may also be adjusted, with stomatal size and density being adapted to suit
the prevailing conditions. Several approaches to improve drought tolerance and water-use
efficiency through the modification of stomatal traits have been tested in the model plant
Arabidopsis thaliana. However, there is surprisingly little known about the stomata of crop
species. Here, we review the current understanding of how stomatal number and
morphology are involved in regulating water-use efficiency. Moreover, we discuss the
potential and limitations of manipulating stomatal development to increase drought
tolerance and to reduce water loss in crops as the climate changes.

Keywords: water-use efficiency, stomatal conductance, stomatal density and size, drought response, crops

INTRODUCTION

Changes in climate are already negatively affecting the yields of staple crops in agricultural
areas around the world (Lobell et al, 2011; IPCC, 2014). As the globe continues to warm,
changes in the hydrological cycles are, in general, increasing aridity and the incidence of droughts
(Dai, 2013; Sherwood and Fu, 2014). Agriculture will need to adapt quickly to ensure that
water is used more efficiently, while maintaining food security in a world where human population
is rapidly growing. Sustainable and climate-smart management of water, land, and biodiversity
will be important for achieving these objectives (discussed in Howden et al., 2007; Campbell
et al, 2014; Lipper et al, 2014; Iglesias and Garrote, 2015). Moreover, the development of crop
varieties that have improved water-use efficiency (WUE) under predicted future climates will
also be critical (Flexas, 2016; Varshney et al., 2018). WUE can be estimated at different scales;
at an agronomic level, it is described as the ratio of water used in crop production versus
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biomass or yield (Condon et al, 2004; Medrano et al., 2015).
From a plant physiology point of view, and as it will be primarily
addressed here, WUE is the amount of CO, fixed in photosynthesis
(A) relative to the amount of water vapor lost to the atmosphere
(Willmer and Fricker, 1996; Condon et al., 2004; Bacon, 2004).
As stomata play a fundamental role in regulating plant water
use and carbon gain, they present a key target for improving
WUE. Here, we review how changes in stomatal developmental
traits can affect plant WUE and also drought tolerance.
Stomata are microscopic structures consisting of a pair of
specialized guard cells that surround a central pore. They are
found on aerial surfaces of most plants, providing access to
mesophyll cells (Zeiger et al., 1987; Hetherington and Woodward,
2003). By actively adjusting guard cell turgor pressure, plants
can alter stomatal pore aperture, thereby moderating gas exchange
rates between the leaf interior and the atmosphere (Zeiger et al.,
1987; Kollist et al., 2014). Increases in guard cell turgor pressure
lead to a greater stomatal pore aperture, which enhances the
rates of CO, uptake for A and of water loss, via a process
termed stomatal conductance (g) (Condon et al, 2002;
Hetherington and Woodward, 2003). On the other hand, reductions
in guard cell turgor pressure lead to decreases in stomatal aperture
and in g. The signals governing the fluxes of CO, and water

to and from the plant mesophyll are highly coordinated, allowing
plants to finely balance the need for carbon with the need to
moderate water loss (Wong et al., 1979; Haworth et al., 2016;
Sorrentino et al,, 2016). This internal crosstalk is influenced by
many environmental factors, including changes in temperature,
light intensity, atmospheric CO, concentration, air humidity, and
soil moisture content (Farquhar and Sharkey, 1982; Schroeder
et al., 2001; Mott, 2009; Assmann and Jegla, 2016; Chaves et al.,
2016). For example, when water becomes limited, signals such
as reduced hydraulic conductivity and increased abscisic acid
(ABA) arise, causing guard cell turgor pressure decreases, which
result in reduced stomatal aperture and g (Schroeder et al,
2001; Mustilli, 2002; Tombesi et al., 2015; Bartlett et al., 2016;
McAdam et al., 2016). These changes lead to an improved water
conservation, but often at the expense of A (Flexas and Medrano,
2002). Conversely, when water is plentiful in the soil or air,
guard cell turgor increases, leading to increases in stomatal pore
aperture and in g, with A also often increasing.

Over longer periods, external signals perceived by mature
leaves can also lead to systemic responses that moderate stomatal
development on the new leaf epidermis, resulting in changes in
stomatal patterning (Casson and Gray, 2008; Casson et al., 2010;
Pillitteri and Torii, 2012; Chater et al., 2014; Qi and Torii, 2018).

<.

\
/1 N

FIGURE 1 | Stomatal traits vary between species. The eudicots (A) Arabidopsis thaliana and (B) Phaseolus vulgaris display kidney-shaped guard cells (colored in
green). The grasses (C) Oryza sativa and (D) Triticum aestivum show dumbbell-shaped guard cells (solid green) and specialized subsidiary cells (light green
gradient). Clear differences in stomatal size and stomatal density can be observed. Scale bars 10 uM.
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Exposure of mature leaves to high CO, or low light levels, for
example, is known to cause reductions in stomatal density (SD,
number of stomata per unit of area) and in stomatal index (SI,
ratio of stomata to epidermal cells plus stomata, multiplied by
100) of new developing leaves (Lake et al., 2001; Miyazawa et al.,
2006). Conversely, low CO, and high light generally have the
opposite effect. The impact of water availability on stomatal
development is less understood, with mixed responses and
differences among species being reported (Clifford et al., 1995;
Xu and Zhou, 2008; Doheny-Adams et al, 2012; Sun et al,
2014; Zhao et al, 2015). In Arabidopsis, plants grown under
water restriction do not show altered SD; however, reductions
in stomatal size (SS, guard cell area, based on guard cell pair
length and width) were observed (Doheny-Adams et al., 2012).
These plastic modulations of number and size of stomata allow
plants to adjust their stomatal pore area in response to the
surrounding environment, ultimately affecting their maximum
and minimum gas exchange.

Stomata exhibit a diverse range of shapes, sizes, and numbers
across different plant species (Figure 1). There are profound
differences in how the stomata of different groups develop and
are patterned on the epidermis (Sack, 1994; Caine et al., 2016;
Raissig et al., 2016; Rudall et al., 2017). Morphological differences
include SD, SS, guard cell shape, and presence or absence of
subsidiary cells. All of these parameters have the potential to
influence stomatal movement and, consequently, plant A, g, and
WUE. Over evolutionary time, various stomatal traits have altered,
potentially aiding in adapting plant species to new environments
(Taylor et al, 2012; Drake et al, 2013; Haworth et al.,, 2018).
Eudicots, for example, typically have kidney-shaped stomata that
are formed on the leaf epidermis without a pre-determined
location (MacAlister et al., 2007; Pillitteri and Dong, 2013).
While in monocots, stomata can either be kidney-shaped or, as
with the grasses, be composed of dumbbell-shaped stomata
with neighboring subsidiary cells, collectively termed a stomatal
complex (Rudall et al., 2017). In grasses, stomatal development
is constrained to the leaf base, with stomatal pores being formed
in specified cell files adjacent to veins (Stebbins and Shah, 1960;
Rudall et al., 2013; Hepworth et al., 2018).

Although stomatal behavior, patterning and morphology are
important factors that contribute to WUE (Lawson and Blatt,
2014; Lawson and Vialet-Chabrand, 2019), relatively little is
known about how targeted modifications of stomatal traits affect
physiological responses in crop plants, especially in field
experiments. Efforts to improve WUE have often led to decreases
in yield (Flexas, 2016). By attempting to alter stomatal features
to improve water conservation, reductions in g, may arise,
potentially leading to detrimental effects on A, evaporative
cooling, and plant fertility. However, recent findings suggest
that under at least some greenhouse and controlled environment
growth conditions, changing stomatal traits may improve WUE
without such undesirable yield penalties (Yu et al., 2013; Hughes
etal, 2017; Caine et al,, 2019). While these studies are encouraging,
they offer only a snapshot of how plants with modifications
in stomatal features might perform. Here, we discuss our current
understanding of how alterations in SS, SD, and stomatal

morphology contribute to altered WUE and drought tolerance
with particular emphasis on the latest advances in crop species.

VARIATION IN SS AND SD INFLUENCES
GASEOUS EXCHANGE AND WUE

Dynamic adjustments to the opening degree of stomatal pores
are responsible for regulating g; in the short term, allowing plants
to quickly reduce water loss according to external cues (Farquhar
and Sharkey, 1982). Over a longer term, anatomical adjustments,
such as changes to SS and SD, can modify the range of g by
altering the maximum stomatal conductance (gy,,,) (Franks et al.,
2009; Dow et al,, 2014a). G,,,, refers to the maximal potential
gas exchange in a state where all stomata are fully open. It is a
theoretical estimate that is calculated using empirical stomatal
anatomical measurements, including SD, stomatal pore depth
(estimated as guard cell width), and maximum stomatal pore
area (calculated based on pore length) (Franks and Beerling, 2009;
Dow and Bergmann, 2014; Sack and Buckley, 2016). Despite
operating g, normally being significantly lower than its maximum
capacity (Fanourakis et al., 2015; McElwain et al., 2016), measured
g positively correlates with calculated g, (Franks et al., 2009).
Furthermore, it is suggested that adaptations in g, allow plants
to adjust their operating gas exchange rates while maintaining
guard cells turgor pressure in an optimum state. This is believed
to provide better stomatal sensitivity and rapid adjustment of
aperture response (Franks et al., 2012; Dow and Bergmann, 2014).
Therefore, although SS and SD are not the only variables determining
leaf gas exchange, changes to these stomatal traits do permit
plants to adjust both A and water use (Franks et al, 2009;
Franks and Beerling, 2009; de Boer et al., 2011; Dow et al., 2014a).

Variation in size and density of stomata may arise due to
genetic factors and/or growth under different environmental
conditions. A negative correlation has frequently been suggested
between these two stomatal traits. This inverse relationship
has been observed in plastic developmental responses to changes
in environment and also during long-term evolutionary adaptation
(Dilcher et al., 2000; Ohsumi et al., 2007; Franks et al., 2009,
2012; Franks and Beerling, 2009; Doheny-Adams et al., 2012;
Taylor et al, 2012; Sun et al,, 2014; Fanourakis et al., 2015;
de Boer et al, 2016; Dittberner et al, 2018). Analysis of
herbarium and fossilized plant remains suggest that SS and
SD have changed in response to atmospheric CO, concentration
over evolutionary time, probably to enable adjustments to g,
and CO, diffusion into the leaf (Woodward, 1987; Dilcher
et al,, 2000; Franks and Beerling, 2009). In samples from periods
when CO, concentrations were low, a reduction in SS and an
increase in SD have been observed. On the other hand, when
atmospheric CO, levels have been high, SS has increased and
SD decreased. Such adaptive responses to CO, are also
found in many extant lineages; however, this is not always
the case in all species surveyed (Casson and Gray, 2008;
Haworth et al., 2013; Field et al., 2015).

Although various combinations of SS and SD can result in
similar alteration to g, there are limitations as to how much
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of the epidermis can be patterned by stomata. First, other
functionally important leaf structures such as veins and trichomes
are also absolutely required. Second, stomata need to be spaced
by at least one epidermal cell to function efficiently (Franks
and Farquhar, 2007; Dow et al., 2014b). Therefore, changes to
SS and SD are limited to a finite portion of the epidermis
(Franks et al., 2009; Franks and Beerling, 2009; de Boer et al,,
2016). In general, plants optimize g,... through investing in
increases in SD coupled with reductions in SS (Franks and
Beerling, 2009; de Boer et al., 2012). According to Franks and
Beerling (2009) and Franks and Farquhar (2007), changes toward
increased SD in combination with reduced SS could maintain
or improve total pore area (due to increased SD) but can also
provide a shorter diffusion path (due to the smaller pore depth),
potentially resulting in improved gas exchange.

While small SS coupled with high SD often leads to a higher
Zonaw it is also possible for g,.. to be reduced by a smaller SS
alone. Decreases in g, due to a smaller SS have been associated
with higher water conservation, as reported for plants exposed
to drought (Doheny-Adams et al., 2012) and ABA treatment
(Franks and Farquhar, 2001). Smaller stomata are also associated
with improved WUE in Arabidopsis thaliana (Dittberner et al.,
2018); and rice varieties with smaller SS have the ability to
strongly decrease g, under drought (Ouyang et al., 2017). Growth
under low soil moisture conditions has been shown to cause
a decrease in SS in several species (Xu and Zhou, 2008; Doheny-
Adams et al,, 2012; Sun et al., 2014; Zhao et al., 2015), but
the effect on SD is less consistent (Clifford et al., 1995; Xu
and Zhou, 2008; Doheny-Adams et al., 2012; Sun et al., 2014;
Zhao et al., 2015). Stomatal size and density responses to vapor
pressure deficit (VPD) are also variable. Under high VPD
conditions, the woody angiosperm, Toona ciliata, displays smaller
SS and higher SD (Carins Murphy et al, 2014), while tomato
and sweet pepper show decreases in both stomatal traits (Bakker,
1991), and in poplar, changes in SD are dependent on CO,
concentration. (Miyazawa et al, 2006). Thus, changes in SS
and SD in response to soil moisture or VPD appear to be specific
to species and environmental variables (Bakker, 1991; Miyazawa
et al,, 2006; Xu and Zhou, 2008; Sun et al., 2014). Nutrient
availability can also affect plant development. However, as
described for soil moisture and VPD responses, adjustments
in stomatal development in response to nutrient availability
appear to be variable with no consistent response emerging
(Gao et al., 2006; Sekiya and Yano, 2008; Yan et al., 2012;
Sun et al., 2014; Hepworth et al., 2016).

ARE SMALL STOMATA FASTER?

Small stomatal size can provide a reduction in total leaf pore
area and might also facilitate faster aperture response (Franks
and Beerling, 2009; Drake et al., 2013; Lawson and Blatt, 2014).
The higher cell surface area to volume ratio of smaller cells
is believed to permit faster ion fluxes, leading to faster guard
cell turgor changes and a more rapid g, response (Lawson and
Vialet-Chabrand, 2019). This faster stomatal behavior in plants
with smaller SS has been observed in response to changes in

light intensity across species of Banksia, rainforest trees, and
in cereal species with dumbbell-shaped guard cells (Drake
et al., 2013; McAusland et al,, 2016; Kardiman and Raebild,
2017). However, although rapid stomatal movements might
help to maximize WUE under fluctuating light environments,
this is unlikely to have much impact on water loss over long
periods of water stress under field conditions.

SS is clearly not the only anatomical trait influencing stomatal
behavior. The shape of guard cells and the presence of subsidiary
cells are also suggested to impact on stomatal responses (as
discussed in “Stomatal morphology and improved WUE” below).
In addition, the distribution of stomata between leaf abaxial
and adaxial surfaces may also affect plant responses to
environmental stresses. For example, stomata on the abaxial
surfaces of wheat leaves show a stronger decrease in g than
adaxial stomata when they are exposed to water stress (Lu,
1989), and abaxial and adaxial stomata of cotton show differing
responses to light quality (Lu et al., 1993). Moreover, as shown
by Elliott-Kingston et al. (2016), Haworth et al. (2018), and
McAusland et al. (2016), simple differences in SS do not always
correlate with stomatal speed, especially when comparing distant
taxa. Comparisons of cultivars or mutants of the same species
with altered SS, but similar SD, would improve our understanding
of the effect of guard cell size on speed of stomatal movement
and explore if there is potential for SS as trait for improving
WUE. Although a correlation between SS and genome size
has been documented (Beaulieu et al., 2008; Jordan et al,
2015; Monda et al., 2016), the genetic and molecular mechanisms
regulating SS remain unstudied, which currently limits our
understanding of this trait.

TARGETED CHANGES IN SD LEADING
TO ALTERATIONS IN WUE

Reductions in SD also have the potential to constrain g, and
transpiration (E), representing a shift towards a more
conservative use of water. If not limiting A or evaporative
cooling, this reduction in water loss should represent an
advantage under low water availability scenarios. In comparison
to SS, significant advances have been made in understanding
the molecular signals regulating stomatal density and patterning,
which allow the study of the physiological effects of altering
SD. Stomatal development in Arabidopsis thaliana is controlled
by a complex genetic network, of which the basic helix-
loop-helix (bHLH) transcription factors SPCH, MUTE, and
FAMA together with either ICE1/SCREAM (SCRM) or SCRM2
control the sequential cell fate transitions. Additionally, an
intercellular signaling pathway that includes peptide ligands,
leucine-rich repeat receptor kinases (LRR-RKs) and a MAPK
cascade, regulates the activity of the bHLHs (reviewed in
Bergmann and Sack, 2007; Vatén and Bergmann, 2012; Zoulias
et al., 2018). This signaling network includes the secretory
peptides EPIDERMAL PATTERNING FACTOR1 (EPF1), EPF2,
and EPF-like 9. EPF1 and EPF2 both negatively regulate
stomatal density, with EPF1 also preventing stomatal clustering
(Hara et al, 2007; Hunt and Gray, 2009), while EPFL9
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functions antagonistically to promote stomatal development
(Hunt et al., 2010; Sugano et al., 2010; Lee et al., 2015).

In Arabidopsis, the overexpression of AtEPF2 results in
plants with particularly low SD. Despite a coupled increase
in SS, these plants have significantly lower g and g.... with
minor reductions in carbon assimilation, leading to an increase
in intrinsic WUE (iWUE, estimated by A/g, to water vapor)
(Doheny-Adams et al., 2012; Franks et al., 2015). The large
reduction in SD resulted in plants with improved tolerance
to drought, without detrimental effects to uptake of nitrogen
or phosphate (Hepworth et al., 2015, 2016). Improved plant
drought responses were also achieved by Wang et al. (2016)
in poplar plants overexpressing PAEPFI. Transgenic poplar
lines showed a 28% reduction in SD, which led to a 30%
decrease in E, despite an increase in SS. WUE and drought
tolerance were improved in poplar plants with lower SD,
which also showed relatively lower decreases in levels of A
and biomass under water restricted conditions (Wang et al.,
2016). The manipulation of another regulator of stomatal
development, the subtilisin-like protease STOMATAL DENSITY
AND DISTRIBUTION1 (SDD1), also leads to a significant
alteration to SD in Arabidopsis, with overexpression of this
gene reducing SD by 40% (Von Groll et al, 2002). This
reduction was translated into a lower g, under high light
intensities; however, A was compromised under some light
conditions (Biissis et al., 2006). A more encouraging result
was achieved by Yoo et al. (2010) by manipulating a
transcriptional repressor of SDD1, GT-2 LIKE 1 (GTL1). GTL1
loss-of-function Arabidopsis mutants had higher SDDI
expression resulting in lower SD and g, without detrimental
effects to the photosynthetic rates over a range of light levels.
The lower water loss observed in the gt/ mutants significantly
improved WUE, when water loss versus shoot dry weight
was assessed. Taken together, these data indicate that it is
possible to improve WUE by altering g,,... and g, using genetic
engineering tools. It is not fully understood, however, how
severe reductions in g, may limit short-term stomatal
responses or whether adjustments to stomatal development
in response to changes in environmental conditions would
be affected in these genetically modified plants.

Although stomatal development in grasses differs from that
of eudicots in various aspects, recent findings demonstrate
that several components of the stomatal signaling pathway,
including bHLH transcription factors (Liu et al., 2009; Raissig
et al., 2016, 2017) and peptide signals controlling stomatal
density, mediate similar events (Hughes et al., 2017; Yin et al.,
2017; Caine et al., 2019). This has allowed researchers to
begin to test the implications of targeted manipulations in
stomatal density in grasses, a family of plants that comprises
many important food crops. Research on barley and rice
(further discussed below) shows that the overexpression of
EPF1 can result in improved WUE without yield penalty,
despite in some cases small reductions in photosynthetic rate
under well-watered conditions (Hughes et al., 2017; Caine
et al., 2019). Interestingly, in both crops, an increase in guard
cell size was not observed in plants with reduced SD, contrasting
with that described for poplar and Arabidopsis above. These

observations suggest that the response of SS to altered SD
may be differentially regulated between monocots and eudicots.

STOMATAL MORPHOLOGY AND
IMPROVED WUE

The shape of guard cells and the presence or absence of subsidiary
cells have implications for the mechanics and responsiveness of
stomatal movement (Franks and Farquhar, 2007). Diversity in
stomatal morphology is commonly observed across species and
can be linked to adaptability to certain environments (Chen
et al, 2017; Miiller et al., 2017). In the grass family, for example,
stomatal morphology has often been hypothesized to have
contributed to successful diversification, particularly in habitats
with fluctuating water availability (Hetherington and Woodward,
2003; Cai et al,, 2017; Chen et al., 2017). In contrast to the
two kidney-shaped guard cells observed in many species, grass
species develop stomatal complexes formed by a pair of dumbbell-
shaped guard cells, which are flanked by two paracytic subsidiary
cells (Stebbins and Shah, 1960; Sack, 1994; Rudall et al., 2017;
Hepworth et al., 2018; McKown and Bergmann, 2018). Several
studies comparing stomatal opening and closing responses, between
grasses and species with kidney-shaped stomata, suggest that
grasses exhibit faster and more efficient stomatal regulation
(Grantz and Zeiger, 1986; Vico et al., 2011; Merilo et al., 2014;
McAusland et al., 2016; Haworth et al., 2018). The linear dumbbell-
shaped guard cells require only small changes in volume to
bring about stomatal opening and, consequently, to achieve a
higher diffusible pore area (Hetherington and Woodward, 2003).
The large and rapid responses of grass stomata are also related
to the physical interaction between dumbbell-shaped guard cells
and flanking subsidiary cells. Subsidiary cells are not only able
to limit but also to accommodate guard cell movement, providing
a mechanical advantage (Franks and Farquhar, 2007). They
function by promptly supplying ions to guard cells, facilitating
a reciprocal change in turgor pressure (Raschke and Fellows,
1971; Franks and Farquhar, 2007; Schifer et al, 2018). This
efficient osmotic flux aids rapid stomatal movement and therefore
is believed to confer adaptive advantages to grasses.

Slow stomatal responses are proposed to lead to less efficient
uptake of CO, during stomatal opening and unnecessary water
loss during stomatal closure (McAusland et al., 2016; Lawson
and Vialet-Chabrand, 2019). Under particular environmental
conditions (e.g., fluctuations in irradiance), plants with stomata
which are highly responsive might achieve higher WUE. Recently,
the absence of subsidiary cells was investigated in Brachypodium
distachyon plants with a mutation in BIMUTE, an ortholog
of an Arabidopsis bHLH gene. Mutant plants lacking subsidiary
cells failed to open guard cells as widely as control plants and
also showed slower stomatal responses to changes in light
intensity, further suggesting that subsidiary cells are integral
for efficient stomatal functioning in grasses (Raissig et al,
2017). The receptor-like proteins PANGLOSS (PAN) 1 and
PAN2 are also integral for the formation of subsidiary cells,
primarily by enabling subsidiary mother cells to polarize in
the correct orientation to guard mother cells during stomatal
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development (Cartwright et al, 2009; Zhang et al., 2012;
Sutimantanapi et al., 2014). Defective panl and pan2 mutants
and panl/pan2 double mutants have misshapen subsidiary cells,
which could impact on stomatal responsiveness; however, it
is not known whether gas exchange is affected in these mutant
plants. Despite the relatively recent discoveries of MUTE and
PAN proteins in grasses, there are still many unanswered
questions in relation to subsidiary and guard cell interactions,
especially in non-grass species, which show a diversity of
stomatal complex morphologies, with different numbers and
positions of subsidiary cells (Rudall et al., 2017). Further study
of how the diversity of stomatal complex morphologies affects
plant physiology could improve our understanding of how
these features might contribute to improved WUE.

GENETIC MANIPULATION OF
STOMATAL DEVELOPMENT IN CROPS,
THE IMPLICATIONS FOR WUE, AND
DROUGHT RESPONSES

An increasing number of genetic resources are enabling researchers
to test whether targeted alterations in stomatal development can
improve WUE and drought tolerance in crop species (Winter
et al, 2007; Goodstein et al., 2012; Yin et al.,, 2017). Although
results are yet to be demonstrated in the field, in overexpressing
orthologs of Arabidopsis SDD1I in maize and tomato, respectively,
Liu et al. (2015) and Morales-Navarro et al. (2018) have been
able to reduce leaf SD, leading to reduced water consumption
and improved drought tolerance in both crops, as well as improved
WUE in maize. Similar results were achieved in barley by
overexpressing HVEPFI (Hughes et al., 2017). With approximately
50% reduction in SD and shorter guard cells, under drought
conditions, transgenic barley lines were able to retain higher
levels of soil water content. These plants were able to avoid
water stress for longer periods, showing drops in photosystem
IT activity 4-5 days later than the control plants. Carbon isotope
analysis suggested that plants with reduced SD had improved
WUE under the water stress treatment, and despite small
reductions in A, no detrimental effects on plant growth or yield
were observed (Hughes et al., 2017). Similarly, overexpression
of rice OsEPFI resulted in rice plants with improved WUE
(Caine et al,, 2019). Two genetically modified lines, one with
moderate (~58%) and the other with severe (~88%) reductions
in SD, had improved water conservation during the vegetative
stage, using 42% and 38% less water, respectively, than the control.

An opposite effect on stomatal development was created by
overexpressing the maize gene SHORTROOT 1 (ZmSHRI) in
rice, leading to higher SD and in some cases reduced SS (Schuler
et al., 2018). Despite the changes in stomatal properties, neither
A nor g was significantly different from controls suggesting
that increased SD neither positively or negatively impacted on
gaseous exchange. In this particular study, WUE was not reported,
but based on A and g values, alterations seem unlikely. Given
the predicted temperature increases for the coming century,
however, crop plants with more stomata and potentially increased

gas exchange capacity may be important in mitigating the effects
of heat stress through increased transpiration-mediated cooling.

While most of the crop studies discussed above have
characterized drought and photosynthetic performance, to better
understand how crops with altered SD, SS, or function might
perform under future climate scenarios, it is important to consider
the combinatory effects of multiple abiotic factors. Of particular
importance are the predicted reductions in water availability,
increasing atmospheric CO,, concentration, and increasing
temperature. While reduced water availability and elevated CO,
often result in stomatal closure leading to reduced g, increased
temperature might have the opposite effect, forcing stomata to
open to mitigate the effects of overheating (Zhou et al., 2007;
Chaves et al,, 2016; Caine et al, 2019). This essentially means
that in future climates, if plants are going to conserve water,
they may be less able to prevent overheating, possibly leading
to photoinhibition, leaf damage, and reduction in yields.

This trade-off between WUE and evaporative cooling was
recently investigated in the OsEPFI overexpressing (OsEPF1oe)
rice. Under well-watered conditions at high temperature (40°C),
plants with substantially reduced SD (and SS) exhibited increased
g. reaching similar rates as control plants. The increase in gas
exchange rates were seemingly achieved through regulation of
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FIGURE 2 | OsEPF1oe rice plants with reduced stomatal density and size
are able to maintain high rates of gas exchange under heat stress conditions
by opening their stomatal pores (adapted from Caine et al., 2019).
Epidermis of (A) non-transgenic control and (B) OsEPF10e plants grown at
30°C, bars = 25 pM. Stomata of control plants grown at (C) 30°C and (D)
40°C. Control plants show increases in stomatal density and in maximum leaf
stomatal conductance average values under high temperature conditions.
OsEPF1oe plants grown at (E) 30°C and (F) 40°C. Transgenic line shows an
increase in stomatal aperture at 40°C, reaching similar gs levels as control
plants, despite lower maximum stomatal conductance. Units: gsmac and
gs=molm=?s, SD=mm=
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stomatal apertures (Figure 2), with the trade-off being a loss
of superior WUE relative to control plants (Caine et al., 2019).
However, at 40°C, OsEPFloe plants with severe SD reductions
showed enhanced survival rates under drought stress, perhaps
because of their improved soil water conservation under these
conditions. Although these responses suggest that having low
SD with reduced SS could be beneficial at very high temperature,
at present the operational dynamics of stomata when temperature
exceeds 40°C are not well understood. Modeling of g,... suggested
that despite the much reduced SD, OsEPFloe plants still use
only up to 40% of their theoretical maximum gas exchange
capacity at 40°C, but the actual level of g (and A and WUE)
at more extreme temperatures remains untested (Caine et al.,
2019). These results raise a number of questions regarding the
physiological behavior of these reduced SD plants. Firstly, will
plants with fewer, smaller stomata be capable of continuing
to increase g, to maintain water flow and A at extreme
temperatures, and will this be at the expense of WUE? If so,
will plants with the lowest SD be less water-use efficient than
plants with higher SD at very high temperatures in order to
maintain cooling? The answers to such questions are critical
to understand if targeted SD reductions are to be an effective
tool to improve rice production in areas where drought and
high temperatures are predicted to become more prevalent.

OTHER POTENTIAL STOMATAL-
RELATED TARGETS TO IMPROVE WUE

The central position of stomata in the gas exchange process
makes them an obvious target for improving WUE; nonetheless,
the manipulation of other processes with potential for improving
plant carbon and water relations has also been investigated
(Lefebvre et al, 2005; Taylor et al., 2011; Ort et al, 2015;
Kromdijk et al, 2016; Glowacka et al., 2018). Alterations in
mesophyll conductance (g,), for example, can have a great
impact in A, and its coregulation with g is essential for plant
WUE. Indeed, it has been suggested that increases in g,, coupled
with decreases in g could improve WUE, without the potential
detrimental impacts in A and yield (Flexas et al, 2013).
Moreover, stomata are not the only structures on the epidermis
to prevent water loss - trichomes, the cuticle, and cuticular
waxes are also important (Guo et al., 2016; Ichie et al, 2016;
Bi et al, 2017; Zeisler-Diehl et al., 2018). While research into
crop plant stomata is of long-standing (Teare et al., 1971; Gay
and Hurd, 1975; Liao et al, 2005; Ohsumi et al., 2007), new
approaches are looking at drought-tolerant relatives of crops or
desert-growing species for novel ways to increase WUE. For
example, by crossing the wild drought tolerant tomato relative,
Solanum pennellii (which has abundant trichomes), with the
cultivated species Solanum lycopersicum, Galdon-Armero et al.
(2018) showed that the coordinated development of trichomes
and stomata may be a key tool for enhancing WUE in crops.
It was found that the plants with the best WUE were those
with the highest ratio of trichomes to stomata. One possible
explanation for this is that plants with fewer stomata and abundant
trichomes have a more significant boundary layer, thus creating

a greater resistance to diffusion of water from the leaf (Galdon-
Armero et al., 2018). Another example of increased resistance
to diffusion of water due to adaptations to the epidermis has
also recently been reported in the desert crop, date palm (Phoenix
dactylifera) (Miller et al., 2017). In this study, wax chimneys
were detected on the cuticle that encircled stomata, which like
trichomes, prevented excessive water loss, thereby potentially
improving WUE. Further investigations exploring how stomata
and other epidermal structures jointly contribute to regulate
WUE may be a critical piece in the jigsaw of preserving water
and negating drought. Indeed, the recent discovery of the Fused
Outer Cuticular Ledgel stomata gene in Arabidopsis may help
facilitate such studies (Hunt et al., 2017).

CONCLUSION

The knowledge relating to the genetics underpinning stomatal
development and physiology in both Arabidopsis and crop
species has advanced substantially, with noticeable advancements
made in improving WUE. However, there are still many questions
to answer, of particular importance is how SS is regulated at
the genetic level and why do SS-SD responses vary so much
between species. In addition to this, understanding how stomatal
complex architecture is modified and how ion fluxes are directed
between guard and subsidiary cells at the genetic level is the
key area where further advances in knowledge are required.
In crops, recent studies are showing that engineering plants
to reduce stomatal number may be an effective tool to improve
plant WUE and drought tolerance without yield reductions.
Of course, as modified plants have typically been evaluated
in laboratory conditions, it is still necessary to answer how
such plants might perform in the real world. In a field context,
many other environmental variables and stressors will impact
on performance. Additional studies are necessary to understand
how plants with altered stomatal development will respond to
multiple stresses in different developmental phases. Moreover,
combining changes in stomatal traits with other alterations
associated with improved water relations, such as modifications
to the leaf epidermis, photosynthesis, g,, and root growth,
among others, could further benefit plant WUE and drought
tolerance under future predicted climate scenarios.
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Sciences Department, New Mexico State University, Las Cruces, NM, United States

Interactive effects of reduced irrigation and salt stress on leaf physiological parameters,
biomass accumulation, and water use efficiency (WUE) of tomato plants at leaf and
whole plant scales were investigated in a field experiment during 2016 and a greenhouse
experiment during 2017. Experiment utilized two irrigation regimes (full, 2/3 of full
irrigation) and four soil salt regimes (0, 0.3, 0.6, 0.9% in 2016 season; and 0, 0.2, 0.3,
0.4% in 2017 season). Three salts, sodium chloride, magnesium sulfate, and calcium
sulfate (mass ratio of 2:2:1), were homogeneously mixed with soil prior to packing into
containers (0.024 m3). Li-COR 6400 was used to measure tomato leaf physiological
parameters. Instantaneous water use efficiency (WUEis, wmol mmol~") and intrinsic
water use efficiency (WUEj:, wmol mol~7) were determined at leaf scale, yield water
use efficiency (WUEy, g L="), and dry biomass water use efficiency (WUEpwm, g L=) were
determined at whole plant scale. Plants irrigated with 2/3 of full irrigation with zero soil-salt
treatment had higher dry biomass and yield per plant, resulting in the highest WUEpw
and WUEy at whole plant scale. Increasing soil salinity decreased dry biomass and yield,
leading to greater decreases in whole plant WUEpy and WUEy under both irrigation
treatments. At full irrigation, no decreases in stomatal conductance (gs, mol m=2 s~ 1)
and slight increase in photosynthetic rate (P, wmol m—2 s~ led to higher WUE;y; at
leaf scale during both years. Under full and reduced irrigation, increasing soil salt content
decreased P, and transpiration rate (T,, mmol m—2 s~') and led to reductions in WUEjns
at the leaf scale. However, compared to full irrigation, reduced irrigation improved WUEjng
with a significant decline in T, in no salt and 0.3% soil-salt treatments during both years.
For soil salt content of 0.6%, stomatal limitation due to salt stress resulted in higher
WUE;jqt, but soil salt content of 0.9% decreased WUEj; due to non-stomatal limitation.
Soil salt content significantly decreased sap flow, with the maximum variation of daily sap
flow per plant of 7.96-31.37 g/h in 2016 and 12.52-36.02g h~" in 2017. Sap flow rate
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Salinity Decrease Tomato Water Use

was linearly related to air temperature (T,, °C), solar radiation (Rs, W m~2), and vapor
pressure deficit (VPD, kPa). These results advance knowledge on tomato response to
abiotic stresses and could improve management of tomato production in water- and

salt-stressed areas.

Keywords: reduced irrigation, salt stress, tomato, water use efficiency, sap flow, soil moisture

INTRODUCTION

Appropriate water-saving irrigation regimes are needed to
alleviate the threat of water shortage and severe drought on
food security under increasing population worldwide (Wei
et al,, 2016), especially in ecologically fragile arid and semi-
arid areas. More than 6% of the world’s land is subject
to salinity problems (Unesco Water Portal, 2007), and the
use of water-saving strategies could exacerbate secondary
salinization. Approximately 20% of irrigated land was affected
by salinity where crop yields were notably reduced (Qadir
et al,, 2014). Therefore, soil salinity measurements must precede
implementation of water-saving irrigation regimes (Reina-
Sénchez et al., 2005). Increases in the duration of droughts have
necessitated the use of lower quality groundwater to supplement
irrigation in semi-arid regions (Flores et al., 2016, 2017; Baath
et al,, 2017). Understanding plant responses to coupled abiotic
stresses of water and salinity, and the underlying mechanisms of
improving WUE from leaf to whole plant scale, would be useful
to stabilize crop performance and production under drought and
saline conditions in a changing climate.

Salinity-induced morphological and physiological changes in
plants are mostly identical to drought during osmotic stress
phase (Munns, 2002). Drought and salinity stresses cause
progressive reductions of water use, leaf growth, and yield via
restriction on stomatal apertures to mediate leaf photochemistry
and carbon metabolism (Negrio et al, 2017). Under salinity
stress, plants could suffer due to salt-specific effects of ion
toxicity (Deb et al., 2013; Farooq et al, 2015). Most of the
experiments reported so far were conducted under simulated
conditions of using either hydroponic culture with different
gradients of nutritive solutions (Albaladejo et al, 2017) or
soil irrigated with different levels of saline solutions of NaCl
(Ahmed et al., 2013; Galli et al., 2016), NaCl and CaCl, (Katerji
et al., 2011), or brackish groundwater (Flores et al, 2016;
Baath et al., 2017).

It is more realistic for plant roots to be exposed to multiple
salts simultaneously due to the specific ion effects as wells as
competitions among ions (Farooq et al, 2015), but very few
studies have been conducted in soil containing salt. Schiattone
et al. (2017) mixed two salts (NaCl and CaCl,) with soil
to investigate water use and rocket crop performance under
different salt-stressed conditions. The results showed that the
increasing soil salt content decreased leaf size and numbers,
water use, and yield. Faster uptake and transport from roots to
the shoots of ions in solution caused symptoms to occur early
in tomato leaves (Albaladejo et al., 2017). Na™ interfered with
K* uptake causing disturbance in stomatal regulations (Siddiqi

et al., 2011) and also stimulated sulfate uptake of safflower
plant (Patil, 2012).

Plant acclimation to water stress is the result of osmotic
adjustment by chemical growth regulators in roots which
maintain  plants status with little influence on
photosynthetic rate (Martinez et al, 2007; Chaves et al,
2009; Du et al,, 2015; Negrdo et al., 2017). In addition, plant
adaptation to salinity causes adjustments in ion uptake,
extrusion, and sequestration as well as synthesis of compatible
solutes to maintain cellular homeostasis (Chaves et al., 2009).
Some salt-tolerant species are better able to maintain a longer
greenness and photosynthetic process under high levels of Na™
concentration in tissues (Flores et al., 2016; Negrao et al., 2017).
However, response to individual stress factors cannot be isolated
from plant response (Mittler, 2006).

Another challenge is linking changes in leaf physiology to
WUE at leaf and whole plant scales. Reduced irrigation has been
reported to improve WUE at plant scale by maintaining yield
(Chen et al., 2013; Cosic¢ et al., 2015; Yang et al., 2017). WUE
at leaf scale is impacted by external factors, e.g., VPD and soil
water content, and internal factors, e.g., stomatal conductance,
leaf mesophyll conductance, and leaf water deficit (Chaves
et al., 2009; Niu et al., 2011). Instantaneous water use efficiency
(WUEiys, pmol mmol~!) is reported to decrease with increasing
rainfall (Farquhar and Sharkey, 1982) while intrinsic water use
efficiency (WUEjp, pmol mol™!) is improved by sustaining Py
or decreasing gs (Wang et al., 2010).

Tomato is moderately tolerant to salinity, with a threshold
saturated paste EC of 1.3~6 dS m~! (Maggio et al., 2004). The
marketable yield and dry matter of tomato decrease with salinity
(Reina-Sanchez et al.,, 2005). Dry biomass water use efficiency
(WUEpwM, g L~!) of tomato plants did not differ at 35 and
70 mM NaCl compared to control (Romero-Aranda et al., 2001).
In contrast, Reina-Sanchez et al. (2005) found that WUEpm
of four tomato cultivars slightly improved, while yield water
use efficiency (WUEy, g L™!) decreased with increasing salinity
(Zhang et al., 2016). However, water use efficiency (WUEjps
and WUEy,) at leaf scale for tomato species under salt-stressed
conditions are still unknown.

Generally, sap flow rate is affected by various internal
and external factors. Internal factors refer to plant water
status, i.e., canopy structure, stomatal aperture, stem hydraulic
structure, and hydraulic conductivity of roots; and external
factors including solar radiation (Rs, W m~2) and VPD (De
Swaef and Steppe, 2010; Liu et al., 2010). Only a few studies
have documented that sap flow of tomato plants significantly
decreased in deficit-irrigated treatments (Liu et al.,, 2010; Qiu
et al., 2015; Mao et al., 2017).

water
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Tomato is widely planted in northwest China. However, with
increasing tomato consumption and decreasing water resources
in northwest China, greenhouse tomato cultivation has shown
a large potential. Therefore, in this study, one field experiment
and one greenhouse experiment were conducted in 2016 and
2017, respectively. Our hypotheses were that reduced irrigation
coupled with salt stress will decrease tomato sap flow rate and
the WUE will improve under water stress with/without mild
salt stress at leaf and plant levels. The objectives were to (1)
investigate the influence of simultaneous water and salt stresses
on WUE;ps and WUE;,; at leaf and plant scale, (2) evaluate actual
transpiration of tomato under different water and salt treatments,
and (3) determine tomato WUE from leaf scale to plant scale
under different water and salt stresses.

MATERIALS AND METHODS

Experimental Setup

Two experiments were carried out, one in a field and another
in a solar greenhouse 200m away from the field, at the
Shiyanghe Experimental Station of Crop Water Use, Wuwei
city of northwest China (37°52'N, 102°50'E, 1581 m above
sea level). The field experiment was conducted from May to
August 2016 (2016 season) and the greenhouse experiment from
April to August 2017 (2017 season). The greenhouse was 76
x 8m in size and made of a steel frame covered with 0.2-
mm thick polyethylene, with no heating or cooling system. A
narrow ventilation on the roof controled the interior daytime
temperature in the summer.

The pink series tomato (Lycopersicon esculentum, cultivars
“Nathen” and “Jinpeng”) were grown in the 2016 and 2017
seasons; both are common indeterminate tomato cultivars
widely used in local tomato production. During both field and
greenhouse experiments, the seedlings were transplanted at the
3rd to 4th leaf stage into 7.8L plastic containers (35cm top
diameter, 30 cm bottom diameter, and 25 cm depth) filled with
16 kg air-dried sandy loam soil (<5mm) with a bulk density
of 1.3 + 0.5g cm™3. During both years, cheesecloth and 1kg
of small gravel were packed at the bottom of the container to
prevent soil loss. The containers were buried in the ground
up to the top edge to maintain a soil temperature similar
to the field. Soil surface of each container was covered with
white polyethylene film to prevent soil water evaporation. The
fertilizers applied were 200 mg kg ! soil N (CH4N,0), 390 mg
kg™! soil P (Ca(HPOy), and 55mg kg ! soil K (KH,PO,).
All three fertilizers were mixed homogeneously with soil before
filling the containers to support plant growth during both years.
The sandy loam soil had an average in situ bulk density of
1.52 g cm ™2, volumetric soil water content of 25.3% at pot water-
holding capacity, electrical conductivity of 0.302 dS m~!, and
pH of 7.88 (Table 1). Considering the cultivars’ characteristics
of indetermination, tomato plants were pinched when the third
truss of flowers came out.

Treatments
Two levels of irrigation, full irrigation (W1) and reduced
irrigation (W2/3, 2/3 of W1), were applied with four soil salt

regimes during two experiments. In the field experiment of
2016, four salt treatments created were SO (no salt added), S3
(0.3%), S6 (0.6%), and S9 (0.9%), corresponding to the soil
solution electrical conductivity (EC;) of 0.205, 1.030, 1.932,
and 2.597 dS m~!. Salt content in parentheses represents the
mass ratio of total salts to air-dried soil. Three salts, sodium
chloride (NaCl), magnesium sulfate (MgSOy), and calcium
sulfate (CaSO4), were homogeneously mixed with soil prior to
packing into containers with the mass ratio of 2:2:1, respectively.
In the greenhouse experiment of 2017, S6 and S9 salinity
treatments were discontinued and replaced with S2 (0.2%)
and S4 (0.4%) with EC, of 0.814, and 1.326 dS m~! because
plants were almost dead under S6 and S9 treatments. The
experiment design was a split plot with water treatments (two
levels) as main plot and salt treatments (four levels) as sub-
plot, each treatment has 10 and 20 containers in 2016 and
2017, respectively.

One tomato plant was transplanted to each container at
the 3rd to 4th leaf stage on 9 May 2016 and 24 April 2017.
Container spacing was 0.5 x 0.4 m, resulting in five plants per
m2. A drip arrow irrigation system was employed with two-
drop arrow emitters in each container. For each treatment, the
irrigation volume was controlled by a plastic bucket with scales
installed at the head of the drip pipes, and sand and mesh filters
were installed to prevent emitter clogging. Tap water with an
electrical conductivity of 0.62 dS m~! was used for irrigation.
The irrigation treatments started on June 5th in 2016 at flowering
stage, and on May 5th in 2017 in the middle of vegetative
stage. Tomato plants were irrigated to 90% of pot water-holding
capacity for the full irrigation treatment when its average soil
water content (observed by 5TE sensors) decreased to 50 & 2%
of pot water-holding capacity. Irrigation amounts and times for
each treatment are listed in Table 2.

The entire growth period of tomato was divided into three
stages, i.e., vegetative stage (transplant to first blossom), flowering
stage (first blossom to first fruit set), and fruit development and
ripening stage (first fruit set to harvesting). Details of growth
periods and irrigations are shown in Table 2.

Environmental Variables

The meteorological factors, solar radiation (Rs, W m™2),
relative humidity (RH, %), air temperature (T,, °C), and
vapor pressure deficit (VPD, kPa), for field and greenhouse
experiments are shown in Figure 1. In the field experiment of
2016, meteorological data were recorded every 15min from a
weather station (Weather Hawk, Campbell Scientific, USA) 50 m
away from the experiment field. In the greenhouse experiment
of 2017, an automatic weather station (HOBO, Onset Computer
Corp., USA) was installed in the middle of the greenhouse and
data were collected every 15min. VPD was calculated from
RH and T, (Norman, 1998). To measure soil water content
(SWC, cm?® cm~3), one 5TE sensor (Decagon Devices, Inc., USA)
was installed at the depth of 15cm in three randomly selected
containers in each treatment in both experiments. The data were
collected every 30 min by an EM50 data logger (Decagon Devices,
Inc., USA). Sensors were calibrated by optimizing gravimetrically
and sensor-measured volumetric water contents.
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TABLE 1 | Mean for some of the physiochemical properties of soil used for field experiment in 2016 and greenhouse experiment in 2017.

Season Soil texture % Sand % Silt % Clay pH Bulk density Field capacity Soil conductivity
(g cm=3) (cm® cm~3) (@sm-1)
2016 Sandy loam 50 45 5 7.96 1.62 0.258 0.205
2017 Sandy loam 51 45 5 7.8 1.62 0.247 0.398
TABLE 2 | Details of irrigation treatment during tomato growth period during Voltz, 2001). The dynagages were installed on the stems of plants
2016-2017. between the third and fourth internode above the soil surface.
Year Growth Date (MM/DD) Irrigation amount (L) Irrigation Leaf branches beneath the fifth internode were removed and
stage times (No.) plastic film was placed to avoid stem transpiration. A CR1000
data logger (Campbell Scientific, USA) was used to collect data
w2/3 W1 .
every 30s and averaged every 15 min. Consequently, hourly sap
2016 Vegetative 05/09-06/05  10.7 10.7 8 flow rate per plant (Qy, g h~!) was obtained. Since the CR1000
Flowering 06/06-06/24 9.2 195 11 had eight channels, two plants per treatment of W2/3 treatments
Fruit 06/25-08/11 927 25 2 were first randomly selected to monitor sap flow during 27 June
development to 6 July, and two plants per treatment of W1 treatments were
and ripening then selected from 19 July to 28 July in the 2016 season. In 2017,
Whole 05/09-08/11  39.7 52.7 41 one plant per treatment was selected for sap flow measurement
2017 Vegetative 04/24-05/24 6.9 8.2 8 between 25 June and 30 June.
Flowering 05/25-06/13  10.1 14.4 10 Three tomato plants for each treatment were harvested on 11
Fruit 06/14-08/09  30.6 42.8 35 August 2016 and 9 August 2017. All fresh fruits from the three
development plants in each treatment were collected and yield (Y, g per plant)
and ripening was recorded using an electronic balance with accuracy of 0.01 g
Whale 04/24-08/09 476 62.4 53 (ME2002E, Mettler Toledo, USA). Roots, stems, and leaves were

. o .
W1, full irrigation; W2/3, deficit irrigation received 2/3 of full irrigation amount; vegetative seperately dried at 75 °C in the oven to the constant weight and
stage, transplant to the first blossom; flowering stage, first blossom to first fruit set; fruit dry matter weight was recorded. Water use eﬂiciency at plant

development and ripening stage, first fruit set to harvesting. scale WUEpMm was calculated as the ratio of dry aboveground
biomass to irrigation water per plant, and WUEy as fresh yield
to irrigation water per plant.

Leaf and Plant Measurements
Leaf gas exchange parameters, including photosynthesis rate ~ Statistical Analyses
(Py, pwmol m™2 s71), transpiration rate (Ty, mmol m~2 Two-way analysis of variance was performed using SPSS version
s~1), stomatal conductance (g5, mol m~2 s71), and the ratio  23.0 (IBM Statistics) by year to evaluate the effects of irrigation
of interacellular CO, concentration (C;, wmol CO, mol~!)  and salt regimes, as well as their interactions on tomato leaf
to atmospheric CO; concentration (C,, wmol CO, mol™!) physiology parameters and WUE at different scales. Duncan’s
were determined on fully expanded upper leaves with three  multiple range test was used to assess differences between
replications in each treatment using a Portable Photosynthesis ~ treatments at P = 0.05. Pearson correlation analysis was
System (LI-6400XT, LI-COR Corporation, USA). Measurements  done for 13 parameters, including WUEpy, WUEy, WUE;y,
were conducted on random sunny days from 7:00a.m. to ~ WUEiy, Py, Ty, g, Ci/C,, yield, dry aboveground biomass,
7:.00 p.m. every 2h on 22 July and 7 August in 2016 sap flow rate, irrigation amount, and SSC (Table4). The
and 4 July, 11 July, and 9 August in 2017 at the fruit values of leaf physiology parameters were daily averages of
development and ripening stages. Instantaneous water use  all measurements.
efficiency (WUE;,s, mmol mol™!) was defined as the ratio of Principal component analysis (PCA) was used to evaluate the
P, to Ty and instrinsic water use efficiency (WUEin;, pmol  comprehensive WUE at different scales as affected by reduced
mol~!) as the ratio of P, to g, (Bierhuizen and Slatyer, 1965;  irrigation and salt stress regimes. The standardized data included
Sinclair et al., 1984). WUEpwMm, WUEy, WUE;t, and WUE;,s. PCA was carried out
Sap flow rates of tomato plants were measured using  using correlation matrix of SPSS version 23.0 after the KMO
dynagages (SGBY, SGB13, Dynamax, USA) during fruit and Bartlett’s test, and factors with eigenvalues >1 were retained.
development and ripening stages with Stem Heat Balance (SHB)  Using compute variables module in SPSS, PCs were determined
method. In this method a stem is wrapped in a heater coil and then maximum and minimum principal component for
emitting a constant energy flux. The supplied energy is dissipated ~ each treatment were calculated. Finally, a comprehensive score
by convection along the stem by sap flow transport. Therefore,by =~ was determined for each treatment; the larger the score, the
measuring the convective heat fluxes and the energy supply, the  higher the performance of the treatment (Shukla et al., 2006;
rate of water flux along a stem can be calculated (Trambouze and ~ Wang et al,, 2015).
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FIGURE 1 | Climate variances including daily solar radiation (Rs) (A,C), relative
humidity (RH) (B,D), temperature (Ta) (B,D), and vapor pressure deficit (VPD)
(A,C) of field experiment in 2016 and greenhouse experiment in 2017.

RESULTS

Environmental Variables

In the field, Rs ranged from 59.7 W m~2 on cloudy or rainy days
to 327.8 W m~2 on sunny days, with an average of 243.1 W m 2
(Figure 1). RH, Ta and VPD varied from 25.3 to 91.6%, from
7.2 to 27.8°C, and from 0.08 to 1.89 kPa, with the averages of
53.0%, 21.0°C and 1.14 kPa, respectively. In the greenhouse, R
ranged from 28.2 to 305.1 W m™~2, with an average of 171.8 W
m~2. RH, Ta and VPD varied from 23.7 to 91.4%, from 8.7 to
29.1°C, and from 0.14 to 2.78 kPa, with the averages of 50.0%,
23.7°C and 1.56 kPa, respectively. Variations of daily average
SWC in the 0-20 cm soil profile under different irrigation and
salt stress treatments during field and greenhouse experiments
are presented in Figure2. In the field experiment of 2016,
SWC under WI1S9 treatment was higher than W1S6, W1S3,
and W1S0 treatments during the whole growth season because
plants were severely stressed and uptake was very low. Under
reduced irrigation, the variation of SWC among S0, S3, and S6
treatments decreased compared to full irrigation (Figures 2A,B).
In the greenhouse experiment of 2017, SWC increased with
increasing soil salt content under both full and reduced
irrigation (Figures 2C,D).

Yield and Dry Biomass Per Plant

In the field experiment of 2016, dry biomass per plant of stem,
leaf, root, and total as well as root/shoot ratio were significantly
affected by soil salt treatments, while water treatments and the
interaction of water and salt had no significant effects. Fresh
fruit yield of tomato per plant was influenced by water and
salt treatments, and their interaction (Table 3). Increasing soil
salt content caused more yield reductions under both irrigation
treatments. In the field experiment of 2016, reduced irrigation
(W2/3) treatments produced higher yields compared to W1
under SO and S3 treatments, while W2/3 treatments exacerbated
yield reductions under S6 and S9 treatments. In the greenhouse
experiment of 2017, since the gradient of soil salt treatments
was reduced, salt treatments didnot show significant effects on
dry biomass of stem, leaf, root, and root/shoot ratio. Only leaf
biomass was affected by water treatments and the interaction
of water and salt, and root/shoot ratio was influenced by water
treatments. The effect of salt treatments on total biomass per
plant was also significant. Yields showed similar trends with those
in the field experiment of 2016 under water and salt treatments
(Table 3). The proportions of stem, leaf, and root dry matter were
about 45.5, 42.9, and 13.4%, respectively (Figure 3).

Gas Exchange Parameters

All the gas exchange parameters Py, Ty, gs, and Ci/C, were
significantly affected by irrigation regimes, salt treatment, and
their interactions in both experiments (Table 3). In 2016, P, and
T, decreased with increasing soil salt stress under both W2/3 and
W1 treatments. However, in the greenhouse experiment of 2017,
plants grown in salt treatments of S2 and S3 had notably 35.5 and
49.4% higher Py, respectively, than those grown in SO treatment
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FIGURE 3 | Tomato dry biomass of whole plant (A) and leaf dry biomass (B) under different water and salt treatments at harvest in 2017. Only the positive effects of
the interactions (wxs) are showed in the figure, w, water treatments; s, salt treatments, *significant differences for P < 0.05; **significant differences for P < 0.01.

TABLE 4 | Pearson correlation coefficients between WUE at leaf and plant scales and irrigation amount, soil salt content, sap flow rate, leaf physiological parameters, dry
matter per plant, and fresh yield per plant.

Index WUEj,s WUEj;y WUEpy WUEy IL) SSC(%) Pn(umol Ty(mmol gs(mol Ci/Ca DM Y
(wmol (wmol (@@L (@L") m2s-1) m2sY) m—2 (g plant=1)(g plant—1)

mmol‘1) mol'1) s“)

WUEjnt (umol mol~")  0.934*

WUEpy (g L) 0.454 0.185

WUEy (g L~T) 0.130  —0.139 0.803**

Irrigation amount (L) —0.669* —0.56568* —0.265 —-0.192

Soil salt content (%) 0.169 0.423 —0.639* -0.882*"* —0.213

Pn (mol m—2 5’1) —0.390 —0.648" —0.467 0.620" 0.365 —0.827*

Ty (mmol m—2 8’1) —-0.801** —0.918** 0.030 0.279 0.597* —0.586* 0.850™

gs (Mol m—2 8_1) —-0.766" —0.896"" 0.033 0.260 0.543*  —0.540* 0.846™ 0.986™*

Ci/Ca —0.841* —0.892** —0.190 0.206 0.417 —0.430 0.462 0.730* 0.716™

DM (g plant=1) 0.298 0.011 0.939* 0.764* 0.047 —0.752* 0.638" 0.239 0.233 —0.055

Y (g plant=1) —0.098 —0.366 0.686™ 0.930* 0.150 —0.981* 0.782* 0.521* 0.490 0.393 0.771*

Sap flow rate (g h=") 0175 —0.042 0.480 0.396 0.489 —-0.577* 0.526 0.258 0.252 0.031 0.684** 0.581*

Pp, photosynthetic rate; T,, transpiration rate; gs, stomatal conductance; C;, intracellular COo concentration; C,, atmospheric CO, concentration; |, irrigation amount; SSC, soil salt
content; DM, dry aboveground biomass per plant; Y, fresh yield per plant; WUEj,s, instantaneous water use efficiency at leaf scale; WUE, intrinsic water use efficiency at leaf scale;
WUEpy, water use efficiency at dry biomass level; WUEy, water use efficiency at yield scale. The values of all parameters used for analyzing were daily averages (except I, SSC, DM,
and Y) collected during 2016-2017.

*Significant differences for P < 0.05; **Significant differences for P < 0.01.

under reduced irrigation regime (W2/3). For W1 treatment,
highest P, 0of 13.30 pmol m~2 s~ was for SO treatment (Table 3).
Moreover, T; was significantly positively correlated with P, and
gs and was also notably correlated with P, and T, (Table 4).
Although irrigation amount and soil salt content notably affected
C;/C, (Table 3), Pearson correlation coefficients between C;/C,,
irrigation amount and soil salt content were not significant; C;/C,
had significant positive correlation with T, and g, (Table 4).

In 2016, diurnal variations of P;, and g, in SO treatment under
W2/3 and W1 regimes initially showed an increase from 7:00 to
9:00 a.m. and a decrease until 3:00 p.m.; however, multiple peaks

(S3) in P, was more obvious than that of SO (Figures 4A,B,E, F).
In 2017, the diurnal variations of g5 under various water and salt
treatments showed a single-peak curve with the peak occurring
at 10:00 a.m. (Figures 5E,F), and T, remained relatively high
between 10:00a.m. and 2:00 p.m. (Figures 5C,D), which was
consistent with the results in the field experiment during
2016 (Figures 4C,D).

Sap Flow Variation
The daily variations of sap flow rate per plant under irrigation
and salt treatments varied diurnally. Sap flow increased

were observed around 5:00 p.m., compensation of mild salt stress  significantly from early morning (7:00a.m.), reached the
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maximum around noon, but notably decreased after 4:00 p.m.,
with no sap flow measured at 9:00 p.m. (Figures 6, 7) in both
experiments. In the field experiment, increases in sap flow in
the morning were significantly delayed with increasing soil salt
content, maximum sap flow was much lower than that in SO,
and sap flow stopped earlier in the night (Figures 6C,D). The
diurnal variations in sap flow under various water and salt
treatments showed a single-peak curve, and sap flow rate was
smaller throughout the day with increasing soil salt content
under both W2/3 and W1 treatments (Figures 6C,D,G,H). In
the greenhouse experiment, however, diurnal variations in sap
flow showed a peak around noon, and another small peak was
observed at 6:00 p.m. W1S2 treatment showed a relatively higher
sap flow throughout the day, following the W1S3 and W2/3S0
treatments. Soil salt content significantly decreased daily sap flow
(Table 4). The daily variation of sap flow rate per plant ranged
from 7.96 to 31.37 g h™! in the field experiment and from 12.52
to 36.02g h™! in the greenhouse experiment among various
salt stresses.

The relationships between sap flow rates and climate
variables under different irrigation and salt treatments at fruit
development and ripening stage were established in the field
and greenhouse experiments. The significant level of regression
coefficients was less than 0.01, and the most of correlation
coefficients (R?) were higher than 0.5 (Table 5). In 2016, sap flow
rate under W2/3 treatments increased linearly with increasing
R,, Ta, and VPD (R? > 0.5). In 2017, sap flow also showed
a positive correlation with Rg, T, and VPD under various
water and salt treatments except W2/354 treatment (R? = 0.41
for T, and 0.46 for VPD) (Table 5). The different regression
equations indicated that the sensitivity of sap flow rates to climate
variables varied with the irrigation regimes and salt treatments.
In both experiments, the slopes of regression equations in no
salt treatments (W2/3S0 and W1S0) were higher than those in
salt stress treatments. The average R between T, and VPD were
lower due to the lagging effects on sap flow rates (Figures 6,
7). The climate variables affecting sap flow rates were ranked
as Rg >VPD>T,.

Water Use Efficiency (WUE) at Leaf and

Plant Scales

Irrigation and soil salt treatments, and their interactive effects
on tomato WUEj,, and WUEj,,; at leaf scale, were significant
during both field and greenhouse experiments (Table 4). In the
field experiment of 2016, WUE;j,s ranged from 1.50 to 1.95 pmol
mmol~!, while WUE;, ranged from 74.5 to 98.9 pwmol mol !
under different water and salt treatments. Under full and reduced
irrigation, increasing salt stress decreased P, and T, and led to
the reductions in WUE;j; at the leaf scale. However, compared
to full irrigation, reduced irrigation (W2/3) improved WUEjp,
with a significant decline in g; and T; under no salt and 0.3%
soil salt treatments. Under soil salt content of 0.6% and 0.9%, a
slight increase in P, and decline in T, resulted in higher WUE;y;
in the full irrigation treatment. Significant reduction in g, led to
increasing WUE;,¢ under S3 and S6 treatments compared to SO
treatment under both irrigations; however, further increases in
soil salt content to 0.9% decreased the WUE;;.

In the greenhouse experiment of 2017, WUE;,s and WUE;y¢
varied from 0.95 to 1.28 pumol mmol~! and from 30.3 to 46.7
pmol mol ™!, respectively. Compared to full irrigation, WUEip;
under reduced irrigation was higher under no salt and 0.2% soil
salt treatment in 2016, and WUEpy and WUEy of tomato at
whole plant scale were also significantly affected by irrigation
regime, soil salt content, and their interaction in 2016 (Table 4),
while in 2017, the effect of irrigation regime on WUEpy was
not significant. In the field experiment of 2016, increasing soil
salt content decreased plant dry biomass and yield, and resulted
in greater decreases in whole plant WUEpy and WUEy under
both irrigation treatments. Compared to full irrigation, reduced
irrigation increased both WUEpy and WUEy under 0 and
0.3% soil salt treatments. In the greenhouse experiment of 2017,
WUEpm in W2/354 treatment was significantly lower than that
in W2/3S0 treatment. WUEy decreased with increasing soil salt
content under both irrigation treatments. WUEy under reduced
irrigation was higher compared to full irrigation under 0, 0.2, 0.3,
and 0.4% soil salt treatments.

PCA for Comprehensive Evaluation of WUE
The results of PCA evaluation of tomato WUE at leaf and plant
scales among all the treatments in the field and greenhouse
experiments are shown in Figure 8. The index y; represents
closeness of principal component of the treatment to the
maximum principal; the larger the index value, the better the
performance of the treatment. The PCA analysis showed that
plants grown under both full and reduced irrigation with zero
soil salt content (W2/3S0 and W1S0) had optimal comprehensive
WUE with the highest y;* values of 0.743 and 0.569 in the field
experiment of 2016. W2/3S0 and W2/3S2 treatments ranked first
and second in the greenhouse experiment of 2017, with y}* values
0f 0.953 and 0.670, respectively.

DISCUSSION

It has been suggested that high soil salt content reduces
plant water uptake (Reina-Sanchez et al., 2005; Machado and
Serralheiro, 2017; Phogat et al., 2018), which supported our
result where root zone soil water content remained higher
in containers with higher soil salt content in both reduced
and full irrigation treatments during both years (Figure 2).
Our results were also consistent with Reina-Sdnchez et al.
(2005) who reported that tomato plants grown under 75 mM
NaCl consumed 40% less water than plants under non-saline
condition. Several mechanisms are responsible for this decrease,
including modulation of underlying growth mechanisms. Saline
growth medium adversely affects plant growth due to low soil
osmotic potential (high osmotic stress), resulting in lower leaf
and root water potentials, relative water content, and plant
dehydration (Ashraf, 2004; Maggio et al., 2004). Salinity-induced
ion toxicity, macro and micro nutrient deficiency (such as N, Ca,
K, P, Fe, and Zn), as well as oxidative stresses on plants also limit
water uptake from soil (Shrivastava and Kumar, 2015).

In this study, dry aboveground tomato biomass per plant
was prominently affected by soil salt content, while the effect
of irrigation was non-significant in both field and greenhouse
experiments (Table 3). These results contrasted with those of
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Alvarez et al. (2018). A likely explanation is that the Alvarez et al.
(2018) experiments were conducted under simulated conditions
of soil cultivation and were irrigated with different levels of
saline solutions. Uptake and transport rates of saline ions from
root to shoot differ when plants are subjected to nutritive
solution and multiple salts (Albaladejo et al., 2017) due to the
competition among ions (ie., KT, Ca**, NO7 Na™, CI7, and
SOi—) (Hu and Schmidhalter, 2005; Hussain et al., 2016). Most
vegetable crops, including tomato, had a salinity threshold of
2.5 dS m~! (Machado and Serralheiro, 2017). However, in this
study, 32.9 and 20.7% yield reductions were observed at the
EC of 1.03 dS m™! for soil salt content of 0.3% under 2/3
of full irrigation and full irrigation, respectively, in the field
experiment, and 23.6 and 26.7% at the EC of 0.81 dS m~!
for soil salt content of 0.2% under 2/3 of full irrigation and
full irrigation, respectively, in the greenhouse experiment. Thus,
the salinity threshold in this study was at or below 0.81 dS
m~!, This difference could result from species and different
saline ions in solution and in the soil, suggesting that multiple
salts in soil could further aggravate the adverse effect of salt
stress on plants.

Previous studies have observed that reduced irrigation could
enhance plant water use efficiency because of only slight
decreases in yield but moderate declines in water application as
compared to full irrigation (Kang et al., 2002, 2017; Du et al,,
2010; Patane et al., 2011; Yang et al., 2017). This study clearly
illustrated that reduced irrigation improved plant yield and dry
biomass WUE (WUEy and WUEpy) under low soil salt content
(SSC < 0.3%) in both experiments (Table 3). However, in 2016,
WUEy and WUEpy decreased with further increases in soil
salt content (SSC > 0.9%) due to the significant reduction of
yield and dry biomass. Khataar et al. (2018) results for wheat
WUE were similar to this study under low salinities (EC < 8 dS
m~!). However, Khataar et al. (2018) reported that bean WUE
increased with increasing water and salt stresses and contradicted
our results for tomato at higher soil salt content.

Tomato P, yield, dry biomass, WUEy, and WUEpym
decreased with increasing soil salt content under both full
and reduced irrigation during the field experiment (Table 3),
indicating the source-sink relationships in which the source
organ (leaves) gained the assimilation product through
photosynthesis and delivered it to the sink organ (fruits) (Liu
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TABLE 5 | Relationships between sap flow rates (Qn, g h™

1) every 15 min and corresponding solar radiation (Rs, W m™

2), air temperature (Ta, °C), and vapor pressure

(VPD, kPa) deficit under different irrigation and salt stress treatments during 2016 and 2017 seasons.

Growth season  Treatment N Rs Ta VPD
Regression equation R? Regression equation R2 Regression equation R?

2016 W2/350 192 Q, =(0.097 £ 0.003)Rs+5.63  0.86 Qh = (4.91 £0.16)Ta-77.25 0.83 Qh = (36.49 + 0.98)VPD—-20.31  0.88
W2/383 192 Qn =(0.032 &+ 0.001)Rs-0.26 0.76 = (1.47 £ 0.09)Ta-23.99 0.59 =(11.08 £ 0.53)VPD—-7.671  0.70
W2/356 192  Q =(0.026 £+ 0.001)Rs-0.92 0.76 Qh =(1.08 £ 0.08)Ta-17.80 0.49 Qh = (8.44 + 0.52)VPD—5.86 0.58
W2/389 192 Q,=(0.019 £0.001)Rs-1.112  0.87 Qn =(0.753 £ 0.05)T5-12.5 0.51  Qy=(5.83 £0.35)VPD—-4.14 0.59
W180 96  Qy =(0.048 £ 0.01)Rs+36.5 0.16  Qpn =(3.29 + 0.54)T5-29.65 0.28 Qpn=(28.2 £ 5.04)VPD+17.21 0.24
W183 96  Q,=(0.039 £0.01)Rs+30.24 0.14 Qn =(2.42 £ 0.49)T,-17.54 0.20 Qh = (20.54 + 4.55VPD+17.06  0.17
W1S6 96  Qy=(0.087 £0.01)Rs+26.35 0.14 Qn =(2.19 £ 0.47)T5-16.59 0.18 = (18.49 + 4.41)VPD+14.87  0.15
W189 96  Qy=(1.262 + 0.19)Rs-13.22 0.31  Qp=(1.26+0.19)T5-13.2 0.31  Qp =(10.81 £ 1.79VPD+4.71 0.27

2017 W2/3S0 192 Q,=(0.127 £ 0.004)Rs+6.53 0.86 Qn =(3.50 £ 0.13)T5-61.12 0.78 Qn=(19.97 £ 0.87)VPD—-10.99 0.73
W2/383 192 Qn =(0.08 £ 0.002)Rs+2.84 0.88 Qp=(2.31 +£0.07)Ta-42.59 0.86 Qn=(13.72 £0.38)VPD—-10.52 0.87
W2/354 192 Q,=(0.024 £0.001)Rs+1.94 0.83 Qp =(0.50 & 0.04)T4-6.44 041  Qn=(3.13 £ 0.25)VPD-10.15 0.46
W182 192 Qy =(0.209 + 0.005)Rs+5.69  0.91  Qp = (5.45+ 0.24)T5-97.5 0.74 Qn=(31.256+ 1.48VPD—-19.56  0.70
W183 192  Q,=(0.137 £0.004)Rs+3.13 0.86 Qp=(3.96+0.12T,—74.82 0.86 Q,=(23.81 £0.59)VPD—-20.75  0.90
w184 192 Q,=(0.049 £ 0.002)Rs+3.63  0.69 Qpn =(1.30 £+ 0.08)T5-21.32 0.58 Qn=(7.08 £0.51)VPD—-1.97 0.50

N, sample number; the significance of regression coefficients is less than 0.01.

et al., 2017). Inverse relationships between P, and increasing
salt stress are also reported by other researchers (Netondo et al.,
2004; Chaves et al., 2009; Senguttuvel et al., 2014; Das et al., 2015;
Negrio et al., 2017).

Stomata control, both water losses and CO, assimilation, is a
vital mechnism for plant acclimation to varying environments.
Abiotic stress could suppress cell growth and photosynthesis
(Wilkinson and Davies, 2002; Liu et al., 2006; Zhang et al., 2015;
Alvarez et al., 2018). On the other hand, Galmés et al. (2007)
reported that limited recovery of leaf hydraulic conductivity of
some species after re-watering could also cause down-regulation
of stomatal conductance. In addition, sodium, which was added
to soil in this study, disturbs stomatal regulation by interfering
with potassium uptake and transport (Farooq et al., 2015).
Photosynthesis is affected by changes in stomatal conductance
through the pathways noted above. All these are in good
agreement with the present study, which found that g, was
significantly positively correlated to P, as well as T, (Table 4)
under various water and salinity conditions.

Wei et al. (2018) reported that reduced irrigation improved
WUEiys and WUEiy of tomato with significant decrease in gs
and Tr at leaf scale. However, the effects of salt stress and
the interaction of water and salt stresses on tomato WUE at
leaf scale are still unknown. In the present study, salt stress
reduced WUE;,s under both irrigation treatments; WUE;,, and
WUE;jy; improved under reduced irrigation compared to full
ittigation when soil salt content was less than 0.4%. Both water
and salt treatments together with their interaction had significant
effects on WUE;,s and WUE;y in both experiments (Table 3).
In the field experiment of 2016, WUE;,s and WUEjy,; of tomato
increased under S6 and S9 salt treatments compared to SO and S3
treatments only when full irrigation was applied, indicating that
g, and T, were more sensitive to drought and salinity than P,

Diurnal variation of WUE;y in Figures 4, 5 showed that WUE;y
in various water regimes and soil salt contents were relatively
high in the morning and late afternoon, while it remained low
from 10:00 a.m. until 4:00 p.m. during both years. In contrast,
diurnal variation of WUE;,; remained inconsistent during 2016
as well as 2017. The ratio of C; to C, is characteristically near 0.7
for non-stressed Csz plants (Farquhar et al., 1989). Lower C;:C,
ratios resulting from either lower stomatal conductance or higher
photosynthetic capacity could improve plant WUE;,; (Condon
et al., 2002). Our study found that the value of C;:C, ranged
from 0.5 to 0.6 in 2016, whereas it was near 0.7 in 2017 (except
W2/3S0 treatment) (Table 3). Lower C;:C, ratios were in accord
with positive correlations with T, and g;.

Liu et al. (2010) reported that on sunny days sap flow showed
a single-peaked curve starting at 6:00 a.m., rapidly increased to
the maximum at 1:00 p.m. with increasing Ry, and VPD, and
decreased after 2:00 p.m. On cloudy days, sap flow exhibited a
multimodal curve corresponding to the variation of Rs, and there
was no flow during the night. In our field experiment, the sap
flow also began at 6:00 a.m., but the maximum was reached at
around 3:00 p.m. (Figures 6C,D). Differences in these studies are
mostly due to the different atmospheric conditions (R, VPD,
and T,). In the greenhouse experiment, sap flow exhibited a
double-peaked curve with the maximum around 12:00 a.m., and
the second small peak appeared at 5:30 p.m. (Figures 7C,D),
which was affected by the variation of daily Ry, Ty, and VPD
(Figures 7A,B). Rg, VPD, and T, had positive linear relationships
with sap flow, and the three variables affecting sap flow were
ranked as Ry >VPD>T, (Table 5) in both experiments, which
was in good agreement with Liu et al. (2010) for tomato and Jiang
et al. (2016) for maize.

The sap flow in our study also showed a multimodal curve
on cloudy days (Figure 6G). It has been reported that reduced
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FIGURE 8 | PCA evaluation of tomato water use efficiency (WUE) at leaf and
plant scales (four parameters: WUE;s, WUE;jt, WUEp),, and WUEy) among
all the treatments during 2016 (A) and 2017 (B), respectively. y; represents
closeness of principal component of each treatment to the maximum principal.

irrigation restricted tomato sap flow (Liu et al, 2010; Qiu
et al., 2015; Mao et al,, 2017), whereas our study found that
sap flow was significantly related to soil salt content, and salt
stress prominently decreased sap flow rate and delayed start in
the morning (Table 4 and Figures 6C,D). The daily variation
of sap flow was possibly caused by decreasing plant size and
leaf area with increasing salt stress. This result was supported
by the significant positive Pearson correlation between daily
sap flow rate, dry matter, and fresh yield per plant (Table 4).
PCA approach is an effective tool for simplifying data sources,
which can realize the accurate and comprehensive assessment of
variance source after the feature extraction and dimensionality
reduction. In the present study, the PCA appraisement of
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Water-Use Efficiency: Advances and
Challenges in a Changing Climate

Jerry L. Hatfield* and Christian Dold

National Laboratory for Agriculture and the Environment, Agricultural Research Service, United States Department of
Agriculture, Ames, IA, United States

Water use efficiency (WUE) is defined as the amount of carbon assimilated as biomass or
grain produced per unit of water used by the crop. One of the primary questions being
asked is how plants will respond to a changing climate with changes in temperature,
precipitation, and carbon dioxide (CO») that affect their WUE At the leaf level, increasing
CO» increases WUE until the leaf is exposed to temperatures exceeded the optimum
for growth (i.e., heat stress) and then WUE begins to decline. Leaves subjected to water
deficits (i.e., drought stress) show varying responses in WUE. The response of WUE at
the leaf level is directly related to the physiological processes controlling the gradients of
CO» and H»0, e.g., leaf:air vapor pressure deficits, between the leaf and air surrounding
the leaf. There a variety of methods available to screen genetic material for enhanced
WUE under scenarios of climate change. When we extend from the leaf to the canopy,
then the dynamics of crop water use and biomass accumulation have to consider soil
water evaporation rate, transpiration from the leaves, and the growth pattern of the
crop. Enhancing WUE at the canopy level can be achieved by adopting practices that
reduce the soil water evaporation component and divert more water into transpiration
which can be through crop residue management, mulching, row spacing, and irrigation.
Climate change will affect plant growth, but we have opportunities to enhance WUE
through crop selection and cultural practices to offset the impact of a changing climate.

Keywords: transpiration, energy balance, carbon dioxide, photosynthesis, agronomic practices, temperature,
carbon dioxide-analysis, biomass

INTRODUCTION

Water use efficiency (WUE) is a concept introduced 100 years ago by Briggs and Shantz (1913)
showing a relationship between plant productivity and water use. They introduced the term, WUE,
as a measure of the amount of biomass produced per unit of water used by a plant. Since that
time, there have been countless original papers and reviews written on the topic with the most
recent one by Basso and Ritchie (2018) demonstrating that maize (Zea mays L.) productivity could
be increased with no change in water use rate and result in increased WUE. This is a critical
observation because the prevailing hypothesis for WUE (Figure 1) is based on plant productivity
increasing with increasing water use and in order to increase WUE will require increased crop
water use. To understand how WUE could be affected by a changing climate it will be necessary
to determine how climate change will impact plant growth and water use of the plant. To achieve
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Biomass or Grain Yield

Transpiration or Evapotranspiration

FIGURE 1 | Generalized view of water use efficiency as a function of the water
use by a crop relative to biomass or grain production.

this understanding requires we examine WUE at the leaf, plant,
and canopy level in response to a changing climate.

Throughout this review we will address the potential changes
in WUE at multiple levels of plants to determine where potential
improvements could be made in WUE. If we examine concept of
water use by the plant there is a difference among the processes
that occur at the leaf level compared to the canopy level. At
the leaf level, water use is controlled by the available energy
impinging on the leaf, vapor pressure deficit, and aerodynamic
exchange, but, regulated by stomatal conductance (g;). While at
the canopy level, the processes involve energy exchange at the
soil surface and the plant canopy and water loss is a combination
of evaporation from the soil surface and transpiration from the
plant canopy. The combination of evaporation and transpiration
is referred to as evapotranspiration (ET) and in the literature
on WUE of plants, there is extensive use of crop water use as
the metric for WUE. These specific terms need to be carefully
evaluated when interpreting the results obtained from different
studies or comparing among studies.

CHANGING CLIMATE

There are four factors changing in the climate that will affect
water use by plants. These factors are: increasing carbon dioxide
(CO3) concentrations, increasing temperatures, more variable
precipitation, and variations in humidity. Projections of climate
change are a result of a combined set of simulation models
using various scenarios of changes in carbon dioxide (CO3)
concentrations and the associated forcing functions (Collins et al.,
2013). The current CO, concentrations are nearly 400 ppm in
2018 and projected to increase to a range of 794-1142 ppm
by 2100 without any abatement scenarios (Collins et al., 2013).
These findings have been summarized based from the reports by
Trenberth (2011) and Collins et al. (2013) as:

(1) Global mean temperatures will increase throughout the 21st
century if CO;, concentrations continue to increase and

under the highest CO, emission scenario increases range
from 2.6 to 4.8°C.

(2) Temperatures changes will not be uniform across regions
with land surfaces warming more than over the oceans.

(3) Increasing global temperatures will result in more hot
extremes and fewer cold extremes at both daily and seasonal
time scales.

(4) Precipitation will increase with increases in global mean
surface temperature and could increase 1-3% °C~!;
however, there will be substantial spatial variation in
these changes.

(5) The water holding capacity of air increases by 7% °C~!. The
air can take up more water, and water vapor inclines. That
leads to higher intensity of precipitation, i.e., higher amount
of rainfall per rain event.

(6) Annual surface evaporation will increase with temperatures
increases; however, over land, evaporation will be linked
to precipitation.

These changes in climate will increase atmospheric water
demand by crops and increase the potential for limitations in
soil water availability, because of the increased variation in
precipitation during the growing season and even more so in
soils with limited water holding capacity. For example, Xiao et al.
(2013) observed that the spatial patterns in carbon and water
fluxes were dependent upon annual temperatures, precipitation,
and growing season length when they compared these fluxes
across a range of latitudes using eddy covariance flux systems.
These types of comparisons identify the factors related to WUE of
different ecosystems, and they found WUE was related to annual
precipitation, gross primary productivity (GPP), and growing
season length (Xiao et al, 2013). In their comparison, forests
and coastal wetlands had a higher WUE than grasslands and
croplands. Guoju et al. (2013a) found that in China, WUE of
maize (Z. mays L.), wheat (Triticum aestivum L.), and potato
(Solanum tuberosum L.) increased over the past 50 years that
they attributed to an increase in temperature and a decrease
in precipitation. Projected changes in climate are expected to
increase the areas subjected to drought around the world (Dai,
2013; Feng and Fu, 2013; Fu and Feng, 2014; Huang et al., 2015).
The effect of increasing drought on net primary productivity
has been seen by Zhao and Running (2009) where they found a
reduction of 55 petagrams of carbon due to drought. Drought will
impact productivity and throughout this paper, we will explore
the mechanisms of avenues to increase WUE of agricultural
systems to take advantage of a limited water supply.

LEAF LEVEL PROCESSES

One way to explore the impact of a changing climate on WUE
is to begin at the leaf level. The interactions of a changing CO;
and water and temperature regimes will be most evident at the
leaf level because there are not the confounding effects of canopy
architecture or the interactions of the soil environment on WUE.
There have been two ways proposed to calculated leaf level WUE.
The instantaneous WUE is calculated as the net photosynthetic
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rate (Ap) divided by transpiration rate (E). Another measure is
the intrinsic WUE, which is calculated as A, divided by g;.

Leaf level WUE has a distinctive pattern depending on
the carboxylation pathway, ie., C; photosynthesis, Cy4
photosynthesis, and Crassulacean acid metabolism (CAM).
C4 plants have higher intrinsic WUE than Cs plants, owing to
higher A, and lower g (Taylor et al., 2010). A comparison of
Cs and C4 plants with Crassulacean acid metabolism (CAM)
reveals a completely different pattern of stomatal response to
environmental conditions. Males and Griffiths (2017) provide
an overview of the stomatal processes in CAM plants and the
advantages in arid environments. Bartlett et al. (2014) proposed
a model to describe the storage of malic acid in CAM plants
and how this responded to rubisco dynamics in the leaf carbon
assimilation model. The WUE of CAM plants is quite high
compared to C3 and C4 plants because of this unique cycle of
carbon fixation and storage during the diurnal cycle. Yang et al.
(2015) proposed a series of potential studies to enhance the
understanding of the potential utilization of CAM plants as part
of the food security pathways under a changing climate.

Heat and Water-Deficit Stress, and

Radiation Limitations

Climatic changes may induce or ameliorate abiotic stress to
the plant, that is (1) water-deficit stress and (2) heat stress.
The combined effect of heat and water-deficit stress on plant
productivity have been summarized by Hatfield et al. (2011) for
crops and Izaurralde et al. (2011) for range and pasture plants.
Hatfield et al. (2018) in evaluating the cause for yield reductions
in the Midwest found a combination of high temperatures during
the pollination and grain-filling period coupled with water-
deficit stress induced by below normal precipitation during the
grain-filling period explained yield variation among years. Water-
deficit stress may be induced by changes in available water and
vapor pressure deficit (VPD). Heat stress may be induced by
increased ambient air temperature and in the absence of water-
deficit stress will decrease productivity (Hatfield, 2016).

There have been numerous assessment of the effects of
increased temperatures or drought on the productivity of
crops (Long and Ort, 2010; Lobell et al, 2011, 2013, 2014).
A novel observation by Vanzo et al. (2015) showed a difference
in the isoprene emissions from poplar (Populus spp.) and
found differences between emitting (IE) and non-emitting (NE)
isoprene plants. When exposed to hot, dry conditions, the
chloroplastidic electron transport rate of NE plants became
impaired, while IE plants maintained values similar to unstressed
controls. During recovery from hot, dry exposures, IE plants
reached higher daily net CO, assimilation rates compared with
NE genotypes. Examining the changes in volatile emissions from
plants coupled with observations on the enzymatic activity may
begin to reveal the differences among plants in their response
to high temperatures, water deficits, as well as fluctuating light
regimes. Leaf level responses are complex because of the internal
changes in enzymatic activity in response to the environment.
lustrative of this is the recent observations by Slattery et al.
(2018) in which they observed Rubisco, Rubisco activase (Rca),

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Fru-
1,6-bisphosphatase (FBPase), sedoheptulose-1,7-bisphosphatase
(SBPase), and phosphoribulokinase (PRK) where changed in
response to changing light. These abiotic stresses are connected
and additionally interact with increasing CO.

Increase of Ambient CO, Concentration

The sole effect of increasing CO, on A, and WUE is generally
positive because the gradient between the ambient air and the
intercellular spaces is increased and in the presence of light,
CO; within the leaf is rapidly converted to carbohydrates. If we
adopt the kinetic model described by Charles-Edwards (1971)
as redrawn in Figure 2 then the linkages between CO, uptake
and water loss by a leaf become apparent. The governing factors
in this kinetic model are the diffusion coeflicient, which is
analogous to g;. When we compare the exchange processes
of CO; within the leaf and H,O vapor then the dynamics of
the exchange processes are controlled by g for water vapor
and g; and mesophyll conductance (gm) for photosynthesis
(Lawson and Blatt (2014). This is also why WUE increases
under water-deficit stressed conditions — the reduction in A,
is less than the reduction of E or g, Earl (2002) found no
significant difference in Ay, but lower g¢ in soybean genotypes
with higher WUE. Bierhuizen and Slatyer (1965) were among the
first to explain the relationship observed between E and A, for
different species due the change in saturation deficit and CO,
concentration. They showed there was an increase in WUE of
cotton (Gossypium hirsutum L.) with increasing CO; levels across
all light levels impinging on the leaf (Figure 3). However, there
is a different response to rising CO, among Csz photosynthesis
and C4 photosynthesis plants. A beneficial effect is observed in C3
plants because CO; is a limiting factor owing to the functioning
of the carboxylation pathway. C4 plants show little effect on
increased CO; under optimal soil water conditions; only under
drought stress high CO; levels is beneficial owing to partial
stomate closure thus reducing transpiration, and the ability of
Cy plants to assimilate carbon even when stomates are closed
(Lopes et al., 2011).

Leaf Level Interactions Among Climatic
Parameters and CO,

Yoo et al. (2009) provided an overview of the role of changing
transpiration on crop water use and understanding the combined
response of climate impacts on carbon assimilation and water
use will be key to quantifying the effects of a changing
climate. It is therefore significant to observe the interactions of
CO;, temperature and water regime to understand WUE in a
changing climate.

While increased CO, can ameliorate water-deficit stress, it
cannot offset the increase in heat stress, and may even be
adverse, because E decreases and leaf temperature increases
(Lopes et al.,, 2011). Allen et al. (2003) used soybean [Glycine
max (L.) Merr.] to evaluate the effect of CO, and temperature
on WUE, foliage temperature, and canopy conductance. They
used a combination of air temperatures in small chambers to
expose soybean leaves to a range of temperatures, VPDs, and CO,
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FIGURE 2 | Schematic of the exchange of CO, and HoO vapor across from the ambient air to the intercellular spaces of a leaf.
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FIGURE 3 | Response of water use efficiency in cotton leaves as a function of
changing CO» and incident light levels at a constant wind speed of 2.4 cm
sec™'. Data redrawn from Bierhuizen and Slatyer (1965).

concentrations. Leaf conductance did not show any response to
increasing CO; but were affected by temperature with the lower
conductance evident with the higher temperatures. Water use
was not affected by increasing CO; but was increased with the
higher temperatures. The overall result was the WUE decreased
with the increasing temperatures but increased with increasing
CO; at each temperature regime.

Another complicating factor in this type of experiment is
the changing VPD of the air with changing temperature and

the feedback effect on leaf temperature. The change in the air
temperature surrounding the leaf will change leaf temperature
and directly affect the gradient of water vapor between the leaf
and the atmosphere. This gradient is affected by the internal
leaf water vapor pressure (e; kPa) which is coupled to leaf
temperature (T; °C) and can be calculated from Tetens’ equation
(Monteith and Unsworth, 2013):

e = 0.61078"exp [17.269"T/ (T + 237.3)] (1)

Atmospheric factors affecting the energy balance and leaf or
canopy temperature drive internal water vapor pressure and
ultimately water use. Increases in air temperature will directly
increase crop canopy temperature, leaf water vapor pressure,
and transpiration. The response shown in Figure 3 would be
expected at the leaf level because the uptake of CO; is controlled
more by the concentration gradient from the leaf to the air than
g5 or the diffusion coefficient. The CO; concentration gradient
is large because the internal concentration at the mesophyll is
near zero creating a large gradient from the ambient air into
leaf. This is in contrast to the H,O vapor gradient, which is
at saturation just inside of the stomatal guard cell and a water
vapor concentration dictated by air temperature and specific
humidity. The differences in these two gradients reveal that
leaves would be more efficient in the photosynthetic process
than the transpiration process and would exhibit a preferential
shift toward greater WUE at the leaf level because A, would be
affected more than E. El-Sharkawy and Cock (1984) compared
different cassava (Manihot esculenta Crantz) cultivars and found
WUE decreased with increasing VPD. If we extend this across
species and climate change scenarios, then humidity of air in
response to changing temperatures will have a significant impact
on WUE. One has to be cautious of the older literature because
the effect of a rapidly changing CO, was not part of the research
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assessments and water availability, temperature, and humidity
were the main variables.

Genetic Response to WUE

The concept of WUE, alongside with other parameters, had
been proposed in plant breeding to identify water use efficient
genotypes under changing climate regimes, heat and water-
deficit stress, and interactions among them. Variation among
genotypes for WUE has been found in a number of crop species,
including barley (Hubick and Farquhar, 1989), cowpea [Vigna
unguiculata (L.) Walp.] (Ismail and Hall, 1992; Ashok et al,
1999), peanut (Arachis hypogaea L.) (Hubick et al., 1988; Wright
etal., 1994), sorghum [Sorghum bicolor (L.) Moench.] (Donatelli
et al., 1992), soybean (Mian et al., 1996; Hufstetler et al., 2007),
upland cotton and pima cotton (G. barbadense L.) (Quisenberry
and McMichael, 1991; Saranga et al., 2004; Fish and Earl, 2009),
and wheat (Ehdaie and Waines, 1993; Van Den Boogaard et al.,
1997; Siahpoosh et al., 2011; Siahpoosh and Dehghanian, 2012).
In a recent meta-analysis, Gago et al. (2014) found that WUE
at the leaf level is a complex trait dependent upon physiological
responses that link g, and gs with the key variable being the
factors that affect the photosynthetic process at the leaf scale.
Flexas et al. (2014) had proposed the ratio of gn/gs as the
key variables related to uptake of CO; by the leaf. Gago et al.
(2014) found that respiration rates were a key factor in WUE
because increasing respiration decreased the net uptake of carbon
(C) by the leaf. They proposed that genetic screening of plants
for characteristics directly related to photosynthetic efficiency
or reduced respiration would lead to insights in the potential
impacts of climate change on WUE. Peng and Krieg (1992) in
comparing genotypes of grain sorghum found that differences in
WUE among genotypes was related to A, and leaf area because
there was little difference among genotypes in their water use.
In peanut (A. hypogaea L.), Craufurd et al. (1999) found WUE
was affected by specific leaf area (leaf thickness) and carbon
isotope discrimination with differences between Virginia peanut
(A. hypogaea L. spp. fastigiata) and Spanish peanut (A. hypogaea
L. spp. hypogaea) genotypes. In these experiments, there was
an interaction between WUE and high temperatures because of
the effect on specific leaf area and proposed that specific leaf
area could be a parameter useful for screening among genotypes
for WUE. While Ismail and Hall (1992) proposed that carbon
isotope discrimination was a good selection criteria in cowpea
[V. unguiculata (L.) Walp.]. In their study comparing these
genotypes, they found a 19% variation under wet conditions
and a 23% variation under dry conditions. Ramirez Builes et al.
(2011) compared six genotypes of common bean under water-
deficit stress conditions in the greenhouse and found differences
in transpiration efficiency and WUE and were able to extend these
results to show differences in WUE when beans were grown in
the field environment. Similar results were found by Siahpoosh
et al. (2011) for bread wheats with WUE ranging from 5.092
and 7.296 kg ha—! mm~! depending upon the level of water-
deficit stress imposed on the cultivars. They proposed that total
biomass produced and cultivar ET during the season was a
valuable screening tool (Siahpoosh et al., 2011). Hufstetler et al.
(2007) and Fish and Earl (2009) used epidermal conductance

of dark adapted soybean and cotton leaves as a phenotypic
trait related to WUE and found a negative relationship between
epidermal conductance and WUE. Kromdijk et al. (2016) found
under fluctuating light conditions that the interconversion of
violaxanthin and zeaxanthin in the xanthophyll cycle led to
increasing productivity by 15% and suggests that screening
for plant response under variable light may provide insights
into increasing the photosynthetic efficiency. Being able to
identify traits related to WUE will aid in being able to screen
across genetic material for their response under a changing
climate. Comparisons among species and within species is not
new, Brown and Simmons (1979) demonstrated that apparent
photosynthesis and transpiration under water-deficit conditions
were related to WUE and could be used as tools to assess genetic
material. Gebrekirstos et al. (2011) used wood carbon isotope
composition as a proxy for WUE in tree species for ~30 years.
The authors identified different drought strategies among species,
which could help to draw conclusions on future climate change
adaption. Song et al. (2015) could show that WUE changes with
tree age using the carbon isotope method on Mongolian pine
(Pinus sylvestris var. mongolica).

There has also been criticism of using leaf level WUE to
identify water efficient plants. One drawback is the difficulty
to upscale from leaf to canopy level (see also section below).
Medrano et al. (2015) cautioned against using leaf measurements
of WUE to scale to whole canopy WUE because of the
potential confounding effect of leaf position relative to the
photosynthetically active radiation (PAR) regime and water
demand on the leaf. The microclimate surrounding an individual
leaf will determine the WUE which suggests that if leaves are
being used to relate to canopy level responses then a composite
of leaves be used that would more closely represent the canopy.
Blum (2009) dismissed the WUE-concept for plant breeding
because genotypes can only increase leaf level WUE by activating
plant traits responsible for reducing E, not by increasing Aj.
This would eventually lead to genotypes with reduced yield and
drought tolerance. Instead, the author proposed to evaluate the
Effective Use of Water (EUW) which focuses on genotypes, which
are capable to maximize soil moisture capture for transpiration.
There continue to be advances in our understanding of plant
response to a changing CO, environment, one of these responses
is a change in the stomatal density as observed by Caine et al.
(2019) in rice and the evolution toward changes in stomatal
density from C3 to C4 plants (Way et al., 2014). The use of
more advanced techniques, e.g., carbon isotope discrimination
(Cernusak, 2018; Gao et al, 2018a) or molecular genetics
(Avramova et al, 2018) promise to offer new insights into
understanding these linkages.

PLANT AND CANOPY LEVEL
RESPONSES

Each plant species has a unique arrangement of a set of single
leaves and canopies consist of an arrangement of plants according
to a specific cultural practice, e.g., row spacing. The arrangement
of plants creates a diverse exposure to solar radiation, i.e.,
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FIGURE 4 | Schematic of the energy distribution on the plant and soil surface
and the canopy level conductances for a canopy arranged in rows.

PAR regimes on the leaves of the plant and on the soil as
shown in the following diagram (Figure 4). Plant water use, or
transpiration will be governed by a combination of physiological
and morphological characteristics (Kimball, 2007) while soil
water evaporation is dependent upon the energy at the soil
surface (Ritchie, 1972). Photosynthesis and ultimately, dry matter
production, will be impacted by the interception of PAR by
the canopy. In annual crops, this creates a series of unique
microclimates within the canopy throughout the growing season
while in perennial crops, the changes throughout the growing
season may not be as large because of the more constant
canopy size.

As the plant canopy develops during the growing season, the
increases in leaf area are proportional to the growth rate and
transpiration increases linearly with leaf area (Ritchie, 1972). As
the leaf area index (LAI) of the canopy approaches 4, E increases
at a slower rate because there is complete light interception
by the canopy. Total canopy photosynthesis exhibits a similar
response with a diminishing rate of canopy photosynthesis at
LAI > 4. At this point in growth and development, A, and
E are directly related to the energy available to the canopy.
Mutual shading and interference among leaves become dominant
factors in determining the rate of change in photosynthesis and
transpiration and there is an uncoupling of these responses from
changes in LAI above 4 (Ritchie, 1972; Villalobos and Fereres,
1990; Sau et al., 2004).

Carbon and Water Dynamics on a
Canopy Level

Growth of plants and the accumulation of C into plant material
on a canopy and ecosystem level is described by GPP and net
ecosystem productivity (NEP). The GPP in terrestrial ecosystems

is defined as the total amount of C assimilated by photosynthetic
activity of plants. High GPP in the Northern Hemisphere is
generated in the United States Corn Belt due to the large-scale
cultivation of maize, which is a C4 plant (Guanter et al., 2014).
Although maize is often grown in rotation with soybean to utilize
the nitrogen remaining by the legume crop, Dold et al. (2017)
found that maize had a positive carbon balance while soybean
showed a negative balance. The net primary production (NPP)
is the sum of GPP and C losses by autotrophic respiration (i.e.,
plant respiration; RA) (Noble et al., 2000):

GPP = NPP — RA )

Note the sign convention; fluxes from the atmosphere to the
biosphere are positive, and vice versa. Hence, minimum GPP and
maximum RA is zero, while NPP can be positive or negative.
There have been alternative sign conventions and thresholds
proposed (Roxburgh et al., 2005). The global NPP is estimated
to 60 Gt C yr~!, meaning that about half of C assimilated is lost
by autotrophic respiration (Noble et al., 2000). The net ecosystem
production (NEP) is calculated as the sum of GPP and ecosystem
respiration (RE) (e.g., Dold et al., 2017):

GPP = NEP — RE (3)

The RE is defined as the sum of RA and heterotrophic
respiration, that is the soil mineralization from the edaphon
and decomposition of dead organic material. The global NEP is
estimated to 10 Gt C yr_l. The Net Biome Production (NBP)
is the amount of C stored in a biome or an ecosystem and can
be calculated as the difference between NEP and the amount of
C introduced in the biome (e.g., organic fertilizer), and leaving
the system (e.g., yield, dissolved carbon in water, fire). The NBP
varies among biomes and is approximated globally to +1 Gt yr~!
globally (Noble et al., 2000).

One of the most used methods for quantifying crop
water use has been through the Penman-Monteith equation
(Allen et al., 1998, 2005):

A* Ry — G) + p* Cy* VI
NET = Bl L M )

A+yr (14 2)

Where: \ET = Latent heat flux (M] m~2 s~ 1), R, = net radiation
(MJ] m™2 s71), G = soil heat flux (MJ] m™—2 s~ 1), pa = mean
air density at constant pressure (kg m~?), Cp, = specific heat of
air (MJ kg=! °C~1), A = slope of saturation vapor pressure —
temperature relationship (kPa °C~!), VPD = vapor pressure
deficit (kPa), y = psychrometric constant (kPa °C~ 1y r = surface
resistance (sm™ 1), r, = aerodynamic resistance (s m~1).

Total crop water use can be separated into the soil water
evaporation component and the transpiration component and
when combined represent ET or typically what is referred to as
crop water use. As we begin to examine WUE at the canopy scale,
it becomes important to understand how climate affects each of
these components in the soil-plant-atmosphere continuum.

At the leaf level there is a direct relationship to WUE induced
by increasing CO; because of the concurrent increase in Ay
and reduction in g. Extending from the leaf to canopy level,

Frontiers in Plant Science | www.frontiersin.org

February 2019 | Volume 10 | Article 103


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hatfield and Dold

Water Use Efficiency and Climate Change

the direct relationships between WUE and changes in climate
parameters are less obvious and often not detectable (Polley,
2002). The primary reason for this lack of response is related to
the temperature response of a given species and the relationship
of growth response to a change in temperature and water use
rate by the plant canopy (Polley, 2002). To estimate WUE
at the canopy level requires a methodology to quantify the
accumulation of dry matter and the water use by the canopy.
One way to estimate WUE is to divide the GPP by ET, by that
incorporating H,O and CO; exchange at both, the soil surface
and the plant canopy. Beer et al. (2009) tried to couple WUE to
the plant canopy by multiplying canopy level WUE with daylight
VPD as a proxy for canopy conductance and called it the inherent
water use efficiency IWUE*). Another WUE method is the ratio
of biomass accumulated or yield produced to water used (e.g.,
Monteith et al., 1991; Droppelmann et al., 2000; Bai et al., 2016).
Bai et al. (2016) also used the Water Equivalent Ratio (WER) to
estimate WUE in mixed cropping systems.

WUEint, o
WUEmono,A

WUEin,
WUEmono,B

WER = (5)

Where: WUE0no is the monocropped WUE, and WUE;y; is the
intercropped WUE of crop A and B, respectively.

A WER > 1 would indicate that water use was lower in the
mixed stand compared to the sole crop and vice versa.

Impact of Elevated Atmospheric CO5 on
Plant Water Use

The effect of increased CO, on seasonal crop water use was
observed by Bernacchi et al. (2007) when they found the control
plots extracted the available soil water and the crop become
water limited. In contrast, in the elevated CO; plots the stomata
remained open and the plants continued to transpire because of
the water conservation induced by the elevated CO;. Soybean
grown under elevated CO, continued to photosynthesize and
grow longer while the control plants ceased growth. Under rain-
fed agriculture, which often experiences short periods of drought,
the net impact of elevated concentrations of CO, would enable
soil water conservation, thus sustaining crop productivity for
more days than under current CO; concentrations.

Growth of Cs species with a doubling of atmospheric CO,
above present-day levels will increase growth nearly 30% under
optimum temperature and water availability (e.g., Kimball,
1983, 2007; Kimball and Idso, 1983; Kimball et al., 2002).
With a doubling of CO; in soybean, g; decreased about 40%
(Ainsworth et al., 2002; Ainsworth and Rogers, 2007). Ainsworth
and Long (2005) utilized free-air CO, enrichment studies to
evaluate the response of two C3 and C4 species to increased
CO; concentrations from present to 550-600 pwmol mol~! and
found no significant differences between species with an average
reduction in gg of 20%. As the g decreases there is a concurrent
decrease in water lost to the atmosphere. The expected changes
in CO, over the remainder of this century would decrease
transpiration and have a positive impact on plant WUE directly
related to g5 changes.

Given the fact that T is closely linked with crop growth and
reaches a maximum after canopy closure (LAI > 4), we can expect
the effects of CO, on leaf area changes to be relatively small.
The most significant factor is the duration of green leaf area of
the plant canopy because water use will be in direct relationship
to how long the leaf area persists during the growing season.
However, as summarized by Hatfield et al. (2011) and Hatfield
and Prueger (2015) increasing temperatures will increase the
rate of development. This effect is extremely evident during the
reproductive stage of crops when exposure to high temperatures
hastens the rate of maturity and this is in the crop growth
cycle with the maximum water use (Hatfield, 2016). The net
result of increasing temperatures would be a reduction in the
seasonal water use because of the shorten duration of leaf area
and shortened growth cycle. A shift toward crops with a longer
growing season or perennial crops would increase the seasonal
crop water use because of the longer leaf area duration. Any of
these crops, when exposed to increased CO, exhibits decreased
gs (Kimball and Idso, 1983; Morison, 1987; Wand et al., 1999;
Allen et al., 2003).

Canopy Level Interactions of Elevated
CO, and ET

At the leaf scale, increasing CO; results in water conservation;
however, at the whole plant, canopy, or ecosystem scale these
responses have diminished because of the factors that affect ET
become more dominant than conductance (Field et al., 1995;
Polley, 2002). The results have been variable across a range of
crops on the change in ET with changing CO,, these results
are dependent upon whether the experiments were conducted in
controlled versus field environments. Hui et al. (2001) observed
an increase in ET with increasing CO; levels. Jones et al. (1985)
observed a 12% reduction in seasonal transpiration and 51%
increase in WUE when grown in ambient and doubled CO,.
Observations in wheat (T. aestivum L.) by André and Du Cloux
(1993) showed an 8% decrease in transpiration to doubled CO,,
while Hunsaker et al. (1996, 2000) found a 4% reduction in ET
with a 200 pwmol mol~! CO, increase in a free air CO, studies
when water and N were limiting. In contrast, cotton (G. hirsutum
L.) showed no change in ET in a similar experiment (Hunsaker
et al., 1994) that they attributed to the greater growth response
in cotton. However, Reddy et al. (2000) found transpiration in
cotton decreased by 8% with a doubling of CO,. Free —air CO;
experiments conducted in Illinois on soybean grown at 375 and
550 wmol mol~! revealed an ET decrease of 9-16% with the
differences caused variation in temperature among the growing
seasons (Bernacchi et al., 2007).

Water deficit conditions are likely to occur under increasing
variation of precipitation and will increase the importance of
understanding the interactions of CO, enrichment with climatic
factors of water supply and evaporative demand. An advantage
of elevated CO, will be evident first on reduced gs which in
turn leads to enhanced soil water conservation and less water-
deficit stress detectable when crops are grown under conditions
with periodic soil water deficit or under high evaporative
demand. Reducing water-deficit stress has a positive impact on
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photosynthesis, growth, and yield and that has been documented
for wheat (Wall et al, 2006) and sorghum (Ottman et al,
2001; Wall et al., 2001; Triggs et al., 2004). Under water deficit
conditions, sorghum showed a positive biomass and grain yield
response to the CO, increases; however, the CO; effect was not
observed when the crop was grown under full irrigation (Ottman
et al,, 2001). The g of the sorghum plant was reduced by 32-
37% (Wall et al., 2001) with a concurrent decrease in ET of 13%
(Triggs et al., 2004).

Impact of Ambient Air Temperature

Exposure to higher temperatures from both experimental
evidence and simulation models shows the CO;-induced
benefit to conductance diminishes as temperatures increase.
Observations of leaf temperatures in controlled environment
chambers with a twofold increase in CO, showed soybean foliage
temperatures increased 1-2°C, dry bean (Phaseolus vulgaris
L) by 1.5°C, and sorghum by 2°C (Pan, 1996; Prasad et al.,
2002, 2006; Allen et al., 2003). Wand et al. (1999) conducted
a meta-analysis on wild C3 and C4 grass species, grown with
no stress, and observed that elevated CO, reduced gs by
39% in Cs and 29% in Cy4 species. The g to combinations
of CO,, temperature, and VPD has been evaluated using
crop simulation models (Allen, 1990). In these simulations,
increasing CO, from 330 to 800 wmol mol ™!, increased foliage
temperature by nearly 1°C with low air VPD, but showed an
increase of 2.5-4°C with air VPD in the range of 1.5 and
3 kPa. Experimental observations on soybean showed canopies
increased their conductance when exposed to progressively larger
VPD (associated with higher temperature).

Increasing air temperatures will negate the positive effects of
CO; on plant growth, in soybean there was a 9% decrease in
ET at 28/18°C but no reduction at 40/30°C (Allen et al., 2003),
while in rice (Oryza sativa L.) there was a 15% reduction in ET
at 26°C but an increase at 29.5°C (Horie et al., 2000). In general,
increasing CO, at moderate temperatures will create increased
WUE; however, the positive effect diminishes as the temperature
increases above the optimum temperature for the species.

There are offsetting effects between the increases in canopy
temperature from the increased air temperature and the
increased leaf area caused by the increase in CO; resulting in very
small changes in ET (Allen et al., 2003). An examination of Eq. 4
provides an assessment of the impact of a changing climate on
crop ET. Kimball (2007) utilized data from Maricopa, Arizona to
assess changes in temperature on alfalfa (Medicago sativa L.) ET
and found only changing temperature, the reference ET increased
3.4% °C~ . When a constant relative humidity was evaluated, and
temperature increased, annual ET increased 2.1% °C~'. With a
change in absolute humidity, potentially caused by precipitation
changes there was a decrease in ET by —0.2% per % change in
absolute humidity. The feedbacks between transpiration and leaf
temperature under changing CO; have been evaluated by Boote
et al. (1997) using a soybean growth model to show seasonal
transpiration decreased 11-16% under irrigated conditions and
7% for rainfed environments, while ET decreased by 6-8% in the
irrigated site and 4% for the rainfed conditions. The simulated
WUE showed an increase between 53 and 61% and was attributed

to prolonged use of soil water in the rainfed environments. These
studies highlight the need to understand the interactions of soil
water, CO;, and temperature during the growing season in or to
develop more effective management strategies to cope with the
changing climate.

Solar Radiation

One component of the changing climate that is often overlooked,
but extremely critical for growth is the solar radiation regime.
A changing climate will increase clouds and potentially aerosols
causing an increase in diffuse solar and PAR. Stanhill and Cohen
(2001) found that over time there was a “solar dimming” in
agricultural areas caused by the increasing presence to clouds
and water vapor in the atmosphere. There have been reviews
on this topic, (e.g., Ruimy et al, 1995; Kanniah et al., 2012,
2013) and revealed that changes in the solar radiation regime
would affect photosynthesis and GPP. In a recent study, Gao
et al. (2018b) evaluated the effect of clouds and aerosols on
maize GPP and WUE and found that both RUE and WUE
decreased linearly with increasing clearness, i.e., more direct PAR.
Kromdijk et al. (2016) observed that the fluctuating light would
actually increase productivity in plants because of the effects on
photoprotection mechanisms while Slattery et al. (2018) found
that C4 plants are most sensitive than C3 plants to fluctuating
light conditions. They attributed this difference to changes in
enzyme activities during light fluctuations. While in C4 plants,
there was a greater sensitivity to variable light due to linkage
between the bundle sheath Cj cycles and the mesophyll C4 cycles.
Drewry et al. (2014) showed that changes in canopy architecture
would have positive benefits on the overall productivity of crops
and should be considered as a component in addressing future
cropping systems. Changes in the radiation environment to more
diffuse radiation increased both radiation-use efficiency (RUE)
and WUE because of the more uniform light environment on the
maize canopy. Changes in the solar radiation environment under
climate change needs to be considered when evaluating the effects
of temperature and precipitation.

CROPPING SYSTEM IMPACTS ON
WATER USE EFFICIENCY

Cropping systems interact with climate with changes in
phenology, growth, yield, and water use (Hatfield et al., 2011).
The changes that are occurring and will occur under climate
change will impact the efficiency of radiation capture (radiation
use efficiency, RUE) and WUE. These two metrics are related
through the dynamics of plant growth; however, if we examine
WUE in response to climate variation, we must be aware that the
efficiency of a plant canopy to intercept light will be affected by
those same variables. These variables are not the only ones that
affect WUE, earlier studies, e.g., alfalfa in response to ozone (O3)
and water-deficit stress showed the interaction between these
factors (Temple and Benoit, 1988). Increasing O3 reduced WUE
because of the effect on leaf senescence and maintenance of leaf
area of the alfalfa canopy. This illustrates that climate change
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impacts could arise from many different parameters that would
affect WUE.

Over the recent years, studies on the impact of climate
change and WUE have made use of historical observations
of the growing season conditions coupled with physiological
responses of different crops to temperature and CO; (Guoju et al.,
2013a,b). On potato (S. tuberosum L.), Guoju et al. (2013b) used
controlled experiments to manipulate temperatures to define the
relationship between temperature and WUE. They found WUE
increased as temperatures increased to 1.5°C above normal and
then began to decrease. Interestingly, they found that WUE
began to decrease linearly with increases in annual precipitation
above 310 mm. They proposed that the combination of increased
temperatures and precipitation affected the respiration rate of
potato which directly influenced the productivity of the plant.
This concept was proposed by Reichstein et al. (2002) for
evergreen trees demonstrates that agriculturalists focus on the
climate effects on respiration as a factor contributing to WUE. In
a similar study conducted in the semi-arid of northwest China,
Guoju et al. (2013a) found for wheat, potato, and maize there was
an increase of 1.6°C in the period from 1990 to 2009 compared to
1960-1969 and a decrease in annual precipitation of 105.6 mm.
They showed that WUE increased in the 1990-2009 period
in wheat by 0.0011 mm m~2 yr~!, potatoes by 0.00045 mm
m~2 yr~!, and maize by 0.0012 mm m~2 yr~! compared to
the previous values. This response could be expected, if the
temperatures during the growing season were not above the
optimum for the specific crop.

CULTURAL PRACTICES AT THE
CANOPY SCALE

Fertilizer Application and Mulching

Climate change can extend beyond the direct impacts on
photosynthesis and water use by canopies to the indirect impacts
related to changes in cultural practices that would affect how
crop canopies respond to climate variation. The framework for
these changes can be shown in Figure 4, when we separate the
soil and plant components in water use. For example, Li et al.
(2018) evaluated plastic and straw mulch on WUE of potato and
found plastic mulch increased productivity by 24% and straw
mulch by 16%. This resulted in an increase of WUE of potato by
29% under a plastic mulch and 6% under the straw mulch. The
effectiveness of the mulching practices on WUE were increased
when precipitation was less than 400 mm and decreased when
precipitation was above 400 mm. They found WUE of potato
was affected by seasonal air temperature, precipitation, baseline
soil fertility, and fertilizer management. Seasonal temperatures
between 15 and 20°C showed the highest WUE but declined
when temperatures were above or below this range (Li et al.,
2018). In a study that combined plastic mulch with plant density
on maize, Liu et al. (2014) found that different mulches did not
affect WUE, but plastic mulch increased WUE compared to no
mulch and this additional water saved because of the reduced soil
water evaporation was able to support a higher plant population.
The effects of mulch on WUE was reviewed by Zhang et al.

(2017) and overall, mulch increased WUE by 61% because of the
change in the water balance and the increased productivity of the
maize crop.

Adding crop residue to the soil surface has shown benefits
in decreasing soil water evaporation and increasing WUE in
semi-arid regions. Ali et al. (2018) evaluated different soil
management practices and found adding wheat residue at 5 t
ha=! coupled with an irrigation of 350 mm increased soil
water availability compared to no residue and increased grain
yield by 62% and WUE by 35%. They found that the presence
of the wheat residue increased rainfall-use efficiency by 50%
because of the reduced soil water evaporation. Wang et al.
(2014) evaluated planting pattern and irrigation on wheat in the
North China Plain and found a combination of furrow ridge
planting combined with 135 mm of irrigation increased WUE
by nearly 14% and suggested that this strategy would provide a
more efficient production system in water-limited environments.
Ibrahim et al. (2015) showed that mulching and micro-dosing
of NPK fertilizer increases WUE in low-input agriculture in a
semi-arid climate.

In tall fescue (Festuca arundinacea Schreb.), Kunrath et al.
(2018) found that limiting nitrogen to the crop had a negative
effect on WUE because the transpiration decreased relative
to soil water evaporation. Similar results for alfalfa when
plant stands were decreased, WUE decreased because of the
increased soil water evaporation component (Kunrath et al,
2018). They suggested that understanding the interactions
between nitrogen status and water deficits would be necessary to
improve WUE.

Irrigation

Another manipulation of the microclimate of the crop is to
apply irrigation as a water supply to overcome water deficits.
The impact on WUE could be substantial, if, the amount of
water applied greatly improved the production compared to the
amount of water use by the crop. Fan et al. (2018) conducted a
meta-analysis on 49 experiments of irrigated wheat and cotton
throughout China under furrow and micro-irrigation systems
to determine the optimum water use level to achieve maximum
WUE. If the goal is to maximize WUE rather than yield, across
these studies, water use for wheat could be reduced by 30% with
a grain yield decrease of only 15%; however, in cotton water use
of 51% was linked with a yield reduction of 52%. The adoption
of micro-irrigation was able to reduce wheat water use by 23%
and increase yield by 37%, while in cotton this practice reduced
water use by 37% and decreased yield by 21%. Adoption of
micro-irrigation system reduces the soil water evaporation from
between the plant rows early in the season and limits almost
all the evaporation component from the canopy. These changes
have a positive effect on WUE in areas with irrigated crops and
demonstrates that WUE can be changed by water management
of the system.

Crop Arrangement

Manipulation of row spacing will affect the partitioning of the
soil water evaporation and the transpiration of the canopy.
Narrow rows would reduce the time the soil is not covered
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(Figure 4) and in theory would increase WUE. Barbieri et al.
(2012) compared 35 and 70 cm rows of maize and found there
was no difference in seasonal totals of ET because differences
between row spacing diminished as the maize plant developed;
however, the narrow row spacing increased WUE by 17% with
significant effects when the crop was nitrogen and water limited
but had no effect if the crop was irrigated and well-fertilized
(Barbieri et al., 2012). As a climate adaptation strategy, reducing
row spacing would increase WUE in water limited environments
or under rainfed environments with increasing variability of
rainfall during the growing season. Gregory et al. (2000) showed
using simulation models, reduction of row width was an effective
strategy in rainfed production regions of the world because of
the effect on soil water evaporation. They showed that changing
row spacing was most effective in areas with clay soils with
frequent rain events and low atmospheric demand and would
least effective in sandy soils with variable rain events and high
evaporative demand.

Crop Rotations and Mixed Crop Stands

To cope with climate change, one adaptive strategy would be
to diversify the crop rotation to increase the resilience of the
overall cropping system. Alvaro-Fuentes et al. (2009) compared
four rotations in northeastern Spain to determine if adding a
more diverse rotation of wheat and barley (Hordeum vulgare
L.) would increase WUE. They used four rotations over a
6-year period, a wheat monoculture, a barley monoculture,
wheat-barley-rapeseed (Brassica napus L.), and wheat-barley-
vetch (Vicia sativa L.). Rainfall variation among growing seasons
was the main determinate of water use and WUE. There was a
failure of the rapeseed and vetch to produce a crop in several of
the years, that impacted the WUE of the overall rotation system
compared to the monoculture systems (Alvaro-Fuentes et al.,
2009). Franco et al. (2018) examined an intercropping system
consisting of peanut, watermelon [Citrullus lanatus (Thunb.)
Matsum. & Nakai], okra [Abelmoschus esculentus (L.) Moench],
cowpea, and pepper (Capsicum annuum L.) planted alone or
in various intercropping combinations. In a low fertilizer input
system in Texas. Peanut showed an increased WUE from
0.00015 kg plant™! mm~! when grown in monoculture to
0.00022 kg plant~! mm~! when grown in an intercropping
system, watermelon and okra both showed similar positive
responses to intercropping. They suggested that intercropping
system would offer advantages for more efficient water use in
water-limited environments.

Agroforestry

Another strategy is to utilize agroforestry systems (AFS), where
woody perennials (i.e., trees or shrubs) or perennial forbs are
grown with annual crops on the same parcel of land and
during same or different time periods. AFS systems comprise
silvopastures, alley cropping, riparian buffers, windbreaks,
parklands, home gardens, and fallow systems, among many
others (Sauer and Hernandez-Ramirez, 2011; Nair et al., 2017).
One theory is that the AFS annuals and perennials utilize different
resource pools, i.e., there is a spatial complementarity. The roots
of the tree component reach deeper soil layers than the annual

crops, thus exploiting unused water and nutrient resources.
At the same time the upper tree canopy provides shade to
crops, which reduces evaporative water loss and water stress by
generating a favorable micro-climate. The opposite would be
the spatial competition, where the different AFS components
compete for the same resources. Tree roots exploit the same
soil layers than annual crops, the tree canopy reduces incoming
PAR, and negatively affects rainfall distribution (Monteith et al.,
1991; Ong et al, 1991). Both, spatial complementarity and
competition, can occur and may change over time. For example,
trees may cause a decrease of the groundwater table, which
may lead to tree dieback under extreme climatic conditions
(Song et al.,, 2015). Adverse effects can be partly ameliorated
with additional management efforts such as tree root barriers,
tree canopy pruning, use of different tree species, tree density
and spatial arrangement, and effective use of run-off water
(e.g, Ong et al, 1991; Droppelmann et al., 2000; Muthuri
et al., 2009). These interactions eventually alter WUE. However,
studies on WUE in AFS are scarce to fully understand all
interactions and implications to WUE in the different types
of AFS. Droppelmann et al. (2000) showed higher and lower
WUE values among two seasons in sorghum and cowpea planted
in an Acacia saligna (Labill.) H. Wendl. alley cropping system
in semi-arid Kenya compared to monocrop annuals. Eastham
et al. (1990) found that WUE in silvopastures of both, forage
and trees, changed with tree density, but the authors did not
compare WUE with single pasture systems. Muthuri et al. (2009)
found higher chlorophyll content in monocrop maize than in
AFS maize in Kenya, and that WUE and chlorophyll content
are correlated. Perhaps a better way to look at WUE in AFS
is the WER (see above). Bai et al. (2016) found in a semi-
arid climate in northeast China consistently higher WUE in
monocropping systems of sweet potato [Ipomoea batatas (L.)
Lam.], peanut, and millet [Setaria italica (L.) P. Beauvois]
compared to intercropped with apricot trees. However, overall
WER was greater than 1 owing to the similar WUE of apricot
in AFS and monocrop settings, indicating that overall yield
to water use ratio was improved in AFS. Despite the need to
further investigate WUE in AFS, there are promising results
indicating that under good management practices AFS may
ameliorate water use in water-limited environments, such as in
sub-humid - arid climates, or during the dry season in the
humid tropics.

WATER USE EFFICIENCY TRENDS

Basso and Ritchie (2018) suggested that WUE has increased over
time because the grain yields have increased while water use
has remained relatively constant. Nagore et al. (2017) compared
an older maize hybrid with more recently released hybrids and
found the more recent hybrids had a WUE of 25.1 kgha=! mm ™!
compared to 23.1 kg ha=! mm™! for the older hybrid. The more
recent hybrids also showed a greater advantage in WUE all at soil
water contents over the course of this study. The plant parameter
that showed the advantage to increasing WUE was kernels per
plant. The resilience of genetic material to stress, e.g., temperature
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or water, will provide the newer genetic material with
greater WUE.

Increasing WUE under climate change will result from two
fronts. First, being able to identify genotypes that have high
assimilation rates under temperature and water-deficit stress.
There are a range of techniques that can be used at both the
leaf and canopy level and development of tools oriented toward
phenotypic screening relative to WUE would pay dividends in
terms of advancing our knowledge. We still face the challenge
of being able to quantify the differences among plants in their
response to temperatures above the optimum, water deficits, and
increasing CO; and more importantly the interactions among
these three factors. Second, we need to realize that there are a
range of management practices we can adopt that will reduce soil
water evaporation and shift the water use by the crop to more
transpiration to limit the exposure of the plant to water-deficit
stress and maintain productivity at the highest level possible. We
can cope with climate change by understanding the physical and
biological factors that interact to create a high WUE.
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According to the IPCC 2014 report the Mediterranean region will be affected by strong
climatic changes, both in terms of average temperature and of precipitations regime.
This area hosts some half a billion people and the impact on food production will be
severe. To implement a climate smart agriculture paradigm and a sustainable increase
of agricultural productivity different approaches can be deployed. Agriculture alone
consumes 70% of the entire water available on the planet, thus the observed reduction
of useful rainfall and growing costs for irrigation water may severely constrain food
security. In our work we focused on two typical Mediterranean crops: durum wheat,
a rainfed crop, and tomato, an irrigated one. In wheat we explored the possibility of
identifying genotypes resilient to water stress for future breeding aims, while in tomato
we explored the possibility of using biostimulants to increase the plant capacity of using
water. In order to achieve these targets, we used high throughput phenotyping (HTP).
Two traits were considered: digital biovolume, a measure based on imaging techniques
in the RGB domain, and Water Use Efficiency index as calculated semi-automatically on
the basis of evaporation measurements resulting in a high throughput, non-destructive,
non-invasive approach, as opposed to destructive and time consuming traditional
methods. Our results clearly indicate that HTP is able to discriminate genotypes and
biostimulant treatments that allow plants to use soil water more efficiently. In addition,
these methods based on RGB quality images can easily be scaled to field phenotyping
structure USVs or UAVs.

Keywords: high throughput phenotyping, digital biovolume, water use efficiency, biostimulants, genetic
resources, durum wheat, tomato

INTRODUCTION

The agricultural sector is going to face enormous challenges in order to feed the 9.6 billion people
that are going to inhabit the planet by 2050 (Elbehri, 2015). This goal has to be achieved in spite of
limited availability of arable lands, of increasing need for irrigation water (agriculture consumes
70% of the world’s fresh water supply) and of the severe impact of climate change. It impacts
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on agriculture mostly through three drivers: water, heat and pests.
Water plays an important role, due to its use for agriculture
and also for most human activities. Drought affects a significant
proportion of the global population, particularly those living in
semi-arid and arid zones of the world, by increasing frequency,
severity and duration of the adverse events (Steduto et al., 2012).
The Mediterranean region has been indicated as one of the most
prominent hotspots where the oncoming climate change will
strike harder, with unpredictable impact on crop production in
this area (Araus and Cairns, 2014; Reynolds et al., 2016). Recent
years events in this region have demonstrated that drought
stress (DS) severely impacts on wheat yield when occurring
at grain filling stage (Berger et al., 2010) or during flowering
and fruit enlargement in tomato (Jangid and Dwivedi, 2016).
Periods of drought vary in timing and intensity and water is
not used with equal efficiency during all crop stages (Reynolds
etal,, 2016). Drought hampers crop production and food security
altering the photosynthetic efficiency, the nutrient uptake and
the efficiency plants use water. Effects on plant growth under
drought conditions are due to impaired enzyme activities, loss
of turgor, and decrease in energy supply (Farooq et al., 2012).
Climate change threats on wheat cultivation is even intensified by
the great genetic uniformity of this crop in developed countries.
In fact, wheat production for industrial food making generally
relies on few cultivated varieties closely related to each other
and genetically uniform (Lopes et al., 2015). These occurrences
have increased the efforts of using in breeding schemes, the
reservoir genetic diversity present in germplasm collection to
identify traits able to mitigate the effects of climate change
on crop production (Pignone and Hammer, 2013; Pignone
et al.,, 2015). Recently climate smart agriculture (CSA) has been
proposed as a further approach for developing actions needed
to transform and reorient agricultural systems to effectively
support development and ensure food security under climate
change (du Jardin, 2015). Innovative agricultural practices are
estimated to mitigate drought effects on crops and among them, a
promising approach is the application of biostimulants at proper
plant developmental stages (du Jardin, 2015); some experiences
have in fact demonstrated the increase of plant tolerance to DS
after biostimulant application (Petrozza et al., 2014; Rouphael
et al, 2018) by improving leaf pigmentation, photosynthetic
efficiency, leaf number and area, shoot and root biomass, as well
as fruit number and/or mean weight, especially under adverse
environmental conditions (Ertani et al., 2013, 2014; Petrozza
et al., 2014; Colla and Rouphael, 2015; Lucini et al., 2015;
Rouphael et al., 2018). In both approaches (plant breeding or new
agricultural practices), intense experimental plant phenotyping is
required to study and assess plant resilience to stresses.

While genomic tools are in place for major crop species
giving a huge amount of data, the systematic quantification
of phenotypic traits or components remains a big challenge
(Chen et al., 2014). Thus, bridging the gap from genotype to the
phenotype is one of the most important problems in modern
plant science (Ubbens and Stavness, 2017). High-throughput
phenotyping (HTP) has unlocked new perspectives for non-
destructive phenotyping of large populations over time (Singh
etal,, 2016). It employs the acquisition of digital phenotypic traits

by means of sensors, typically in the visible spectrum, as well
in the near infrared, and in the induced fluorescence domain
(Tardieu et al., 2017), to monitor the plants photosynthetic
activity (Li et al., 2014; Fahlgren et al., 2015; Perez-Sanz et al,,
2017), growth status (Pieruschka and Poorter, 2012; Petrozza
et al., 2014) and the overall water content (Chen et al., 2014) as
main components of plant response to limited water availability
and heat stress (Comastri et al., 2018).

This paper aims at discussing two case studies, to demonstrate
how high throughput phenotyping techniques may help promote
the food security giving a special attention to the Mediterranean
area by: (a) selecting new drought tolerant wheat genotypes from
germplasm collections, and (b) increasing the understanding of
the physiological mechanisms activated by the application of new
biostimulant molecules able to improve water use in crops.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and

Treatments

Wheat

A selection of durum wheat genotypes was grown in the
Greenhouse at the Research Center Metapontum Agrobios
(ALSIA). The germplasm panel comprised a set of 36 durum
wheat genotypes, selected from a core set of 452, named SSD
collection, produced by single seed descent from a worldwide
durum wheat germplasm collection (Pignone et al., 2015). In
recent years, the whole core set had been analyzed based on a set
of morphometric parameters recorded in the RGB (Red, Green,
Blue) domain and elaborated for morphological convolution.
This analysis led to the identification of the 36 genotypes
used in the present study that are highly representative of the
variation of response to DS in the entire SSD collection. Three
reference Italian varieties (Svevo, Saragolla, and Cappelli) were
used as controls, considering their different response to drought
(Table 1).

Seeds were germinated at room temperature for maximum of
4 days on moist filter paper in Petri dishes and then transplanted
into polystyrene plateaus. The plateaus were then stored at
4°C for 2 weeks in order to synchronize the plantlets growth.
Individual plants were then transferred into two liter pots filled
with a 1:1(v/v) mixture of river sand and peat moss until a
total weight of 1200 g. Then plants were grown in glasshouse
under natural light conditions, and environmental conditions
were monitored every 30 min using a datalogger (Watchdog
Model 450, Spectrum Tecnologies, Inc.).

Three treated and three control replicates of each accession
were randomly distributed in greenhouse to minimize through
spatial distribution the possible establishment of microclimatic
variation in the greenhouse. To identify each single pot a barcode
was applied in proper position to allow automatic reading of the
plant identifier.

Wheat plants were manually kept fully irrigated up to the
booting stage (Z45, 104 days after sowing, DAS), then DS was
imposed for 43 days (up to 147 DAS) by maintaining the amounts
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TABLE 1 | SSD entry names and origins of the durum wheat genotypes used in
the study.

SSD Entry Origin

35 Algeria

44 Tunisia

64 Morocco
69 Morocco
92 USA- North Dakota
96 Azerbaijan
99 Ethiopia
109 Iraq

112 Irag

116 Irag

122 USA- North Dakota
135 Turkey
171 Peru

178 France
195 Saudi Arabia
231 Ethiopia
244 Ethiopia
253 Cyprus
269 Iran

278 Bulgaria
322 Turkey
325 Syria

335 Iraq

343 Iran

397 Crete

409 Greece
415 Crete

416 Greece
441 Crete

451 Iraq

459 USA

467 Greece
477 Italy

487 Greece
494 Greece
511 Lybia
Cappelli [taly
Saragolla Italy
Svevo Italy

of water in the soil around 50% field capacity (FC) through
manual irrigation following pot weighting (Figure 1A).

Tomato
Thirty five tomato plants (cv. Ikram) were cultivated in 3 L pots
filled with 1800 g of a substrate consisting of a 1:1(v/v) mixture
of peat moss and river sand. The tomato plants were grown in
glasshouse under natural light conditions. The environmental
conditions were monitored every 30 min using a datalogger
(Watchdog Model 450, Spectrum Tecnologies, Inc.).

At the moment of transplanting the plants were fertilized with
20 units of nitrogen, 40 units of phosphate (P,0Os) and 20 units of
potassium oxide (K,O) per pot.

A Start of HTP Drought End of HTP
monitoring stress monitoring

} } }

I | 4
0 55 104 147
Booting Flowering
(245) (z60)
B DAS
Start of HTP End of HTP
monitoring monitoring
and RWM

! l

L Wz
0 S50 72

Fruit setting
DAT

Flowering

FIGURE 1 | Experimental design of the high throughput phenotyping (HTP)
experiment. (A) Durum wheat plants were regularly irrigated up to 104 DAS
(days after sowing, gray box); drought stress (dashed box) was then imposed
for 43 days from 104 to 147 DAS. RGB images for HTP were acquired from
55 DAS to 147 DAS; (B) Tomato plants were regularly irrigated up to 50 days
from transplant (gray box) when reduced water management (RWM) was
performed and biostimulants were applied three times in the 22 days
indicated with the dashed box.

Fifty days after transplanting, tomato plants were subjected
to a reduced water management for 22 days (Figure 1B): the
group of control plants UTC(70) was watered to restore 70% of
the field capacity (FC), while another group of plants was kept
at the same water regime and treated with six different natural
biostimulant formulations (blindly identified as n. prototypes:
2148,2197, 2219, 2220, 2221, and 2390). Biostimulant treatments
were supplied in three applications by drenching, at the rate of
20 L/ha. Such biostimulants were particularly conceived (Valagro
SpA) to improve water use efficiency (WUE) in different crops,
including tomato. Their composition is proprietary, and the
different formulation codes were provided by Valagro SpA for
testing.

As control, 10 pots filled with the same soil mixture
but without plants were randomly loaded on the conveyor
belt LemnaTec system in order to estimate the daily water
evaporation from bare soil.

Phenotyping Analysis

Images in the RGB domain (white light) for HTP were captured
every other day according to Petrozza et al. (2014), by using
a Scanalyzer 3D system (LemnaTec GmbH, Aachen, Germany)
held in the Phen-Italy platform located in ALSIA Metapontum
Agrobios (Metaponto).

Several traits can be recorded by using the RGB module of
the 3D Scanalyzer; each plant is imaged sequentially employing
different wavelengths in the visible and non-visible spectrum
even if for this investigation only the visible wavelength have been
considered.

The imaging involving three mutually orthogonal vantage
points was used to evaluate morphometric parameters of the
plant, such as height, width, or biomass (Petrozza et al., 2014).
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The digital biovolume (DB), was calculated from the three
orthogonal images of the same plant according to the formula

ZpixelsialevieWOO + Zpixelsideview%" + log (z W) (1)

(Eberius and Lima-Guerra, 2009) and is assumed to be
proportional to the aerial mass of the plant (Poiré et al., 2014).
The Digital Biovolume Ratio was calculated as (biovolume of
treated plants/biovolume of control plants). Wheat plants were
monitored applying image acquisition at 2-day intervals from 55
DAS up to 147 DAS for a total of 92 days, while tomato plants
were monitor applying the same interval for a total of 22 days.

Water Use Efficiency Estimation
Water use efficiency was determined for tomato plants and for all
wheat genotypes using the following formula:

_ DBtnt DB, @
o (T1)
where DBy, is the DB at a specific time point, DBy, is the DB at
0 DAT for both experiments and the denominator corresponds
to the sum of the quantity of water consumed (i.e., transpiration)
during the corresponding growth period (Richards, 1991).

The volume of water evapotranspirated by individual plants
was calculated as the difference between the weight measurement
at field capacity and the current weight.

The WUE ratio index was calculated dividing the WUE of
drought stressed plants by WUE of control plants for each
genotype throughout the experiment. On the basis of this index,
a heatmap chart was generated including each genotype using the
R package ggplot2 (Wickham, 2009).

The green color indicates a higher WUE ratio and refers to
values ranging between 1.32 and 1, red color indicates a lower
WUE ratio including values raging between 1 and 0.52.

Statistical Analysis

Descriptive statistical parameters for DB and WUE were
calculated on wheat phenotyping data, ANOVA analysis was
performed with SigmaPlot ver.13 (Systat Software Inc.). The F
test statistic, calculated as the ratio between estimated population
variance between groups and estimated population variance
within groups, was determined. To demonstrate the correlation
between DB and fresh weight biomass harvested a Linear
Correlation Analysis was performed (SigmaPlot ver.13, Systat
Software Inc.). Phenotyping data from the tomato trial were
analyzed using one-way analysis of variance (ANOVA), and
the means were compared using the Duncan’s New Multiple
Range Test (MRT; p < 0.05) employing the R package agricolae
(Mendiburu, 2016).

Data Availability

Phenotyping raw data and images are available upon request to
the authors. Tables containing data used for the analyses but non-
included in the text, are reported in the Supplementary Material.

RESULTS

RGB High Throughput Phenotyping
Image Analyses to Monitor Plant Stress

Response

The RGB imaging index DB was used to monitor the phenotypic
response to DS in wheat and to assess the benefits brought by
the application of biostimulants in tomato plants under reduced
water conditions. The effectiveness of this digital parameter as
indicator of the plant biomass variation during plant growth has
been previously described (Poiré et al., 2014).

Wheat and tomato plants were monitored over a period
of 13 and 3 weeks, respectively, through a non-invasive, non-
destructive, high throughput phenotyping platform. The activity
regarded plants used as controls and others grown under
drought/water limiting stress conditions.

Assessing Durum Wheat Landraces Response to
Drought

The RGB index was chosen to monitor and evaluate the
differences in growth limitation following DS in the set of
durum wheat landraces was DB. No significant difference in
the DB was observed between treated and untreated plants in
the period from 55 to 104 DAS, corresponding to the well-
watered cultivation period; in this same period differences in
DB could only be observed among the analyzed genotypes as
expected.

The evaluation of the DB in control and drought stressed
plants, showed that this index is significantly affected in plants
subjected to drought starting at 8 days after the imposition of
the stress (104-112 DAS, F178.181; P < 0.001; Figure 2A and
Table 2), then it remained quite steady for 12 days, to drop
significantly in the last 12 days of the withholding of water (124-
147 DAS) reaching the minimum value recorded. The highest
difference observed between the treatments was at 139 DAS
(F351.417; P < 0.001, Figures 2A,B and Table 2).

Generally, all the analyzed genotypes were affected by
DS as variation in the DB. Nevertheless, the differences
between the control and stressed lots of the same genotype
changed significantly in the period of stress administration
(104-147 DAS). Some genotypes were more affected by
water limitation, while others appeared to be way more
tolerant to the stress. In particular genotypes 44, 195, 269,
322, 409, 416, and 447 showed a smaller reduction in
the DB during the entire stress period of the experiment
(Table 3). Similar behavior was observed for the variety Svevo,
generally considered a standard for tolerance to DS under
Mediterranean agro-climatic condition, and the variety Cappelli,
identified as source of drought resistance traits (Aprile et al.,
2013).

Exploitation of Genetic Resources to Increase Water
Use Efficiency

The WUE trend was studied in order to rank the genotypes
according to their WUE, and to correlate this index with DS
resilience. WUE was calculated as the above-ground biomass
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FIGURE 2 | RGB HTP analyses for control and drought-stressed plants in the period 55-147 DAS, measured using a Lemnatec Scanalyzer 3D. (A) Mean value of
the Digital biovolume (DB): C, control plant; D, drought stressed plants. (B) Example of the acquired RGB Images of a representative durum wheat genotype,
showing the effects of drought stress on plant growth. The drought stress interval is indicated with dashed box.

TABLE 2 | Digital biovolume average values of all the control and drought stressed SSD plants analyzed by HTP and results of the ANOVA test.

DAS Digital biovolume Treatment Genotype GxT
C plants* DS plants**

55 3545.83 3594.66 F=1.319;p=0.253 F =7.403; p < 0.001 F =0.889; p =0.655
62 9009.33 8876.71 F=0.0472; p =0.828 F =14.366; p < 0.001 F=1.023; p = 0.445
76 47345.44 46197.58 F=1.935;,p=0.166 F=18.241; p < 0.001 F=1.296; p=0.140
92 121543.46 118389.87 F =3.708; p = 0.056 F =20.059; p < 0.001 F=1.915p=0.004
104 171139.38 160179.77 F =10.299; p = 0.002 F =18.862; p < 0.001 F =0.824; p =0.751
112 173693.21 140974.00 F=178.181; p < 0.001 F=17.754; p < 0.001 F=1.333;p=0.117
117 184458.11 145476.21 F =242.848; p < 0.001 F =21.295; p < 0.001 F=1.675p=0.016
124 178176.04 138575.22 F =235.265; p < 0.001 F =22.406; p < 0.001 F=2.071; p=0.001
132 161236.76 119183.28 F=301.286; p < 0.001 F =24.497; p < 0.001 F=2.736; p < 0.001
139 154549.81 111244.18 F=351.417; p < 0.001 F =26.295; p < 0.001 F =2.645; p < 0.001
147 143304.76 102564.49 F =303.089; p < 0.001 F =22.379; p < 0.001 F=2.369; p < 0.001

F statistic represents the ratio between estimated population variance between groups and estimated population variance within groups. *C plants: control plants; **DS
plants Drought Stressed plants.
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TABLE 3 | Digital Biovolume Ratio (DBR) calculated for all SSD genotypes tested and control varieties for the entire experiment length.

SSD DAS

55 62 72 92 104 112 117 124 132 139 147
35 1.28 1.12 0.85 1.04 1.12 0.78 0.74 0.78 0.75 0.73 0.69
44 1.03 0.93 0.93 1.31 0.84 0.80 0.84 0.82 0.84 0.84 0.81
64 1.06 0.97 0.95 0.98 0.81 0.90 0.83 0.90 0.83 0.72 0.67
69 0.97 1.10 1.15 1.09 1.07 0.88 0.82 0.81 0.76 0.77 0.67
92 1.08 0.93 1.14 0.93 0.83 0.74 0.73 0.74 0.76 0.79 0.72
96 0.86 0.98 1.00 0.79 1.12 0.73 0.72 0.81 0.76 0.73 0.69
99 1.1 1.03 0.95 1.15 1.10 0.96 0.70 0.69 0.61 0.52 0.52
109 1.03 1.08 1.24 1.16 0.96 0.86 0.87 0.82 0.79 0.73 0.74
112 1.16 0.99 0.99 1.07 0.86 0.73 0.68 0.68 0.64 0.63 0.66
116 0.92 1.01 0.97 0.98 0.86 0.87 0.77 0.77 0.78 0.83 0.80
122 1.04 0.85 0.81 0.90 0.79 0.80 0.76 0.71 0.78 0.75 0.68
135 0.94 0.85 0.79 0.70 0.79 0.66 0.67 0.63 0.58 0.55 0.53
171 0.93 0.95 0.87 0.93 0.89 0.69 0.71 0.71 0.67 0.76 0.75
178 1.08 0.76 0.83 0.78 0.92 0.77 0.76 0.74 0.68 0.58 0.56
195 1.18 1.19 1.08 1.43 0.96 0.99 0.94 0.94 0.95 0.89 0.93
231 0.97 0.92 0.89 0.97 0.91 0.76 0.82 0.79 0.78 0.68 0.80
244 1.04 0.97 0.81 0.96 0.80 0.80 0.73 0.78 0.70 0.70 0.72
253 0.92 0.90 0.96 0.97 0.92 0.76 0.79 0.74 0.71 0.68 0.62
269 0.98 0.84 0.78 0.86 0.96 0.89 0.88 0.87 0.85 0.88 0.89
278 1.24 1.19 1.34 1.06 1.18 0.79 0.74 0.67 0.59 0.62 0.64
322 1.48 117 1.04 1.00 0.94 0.89 0.88 0.87 0.89 0.79 0.83
325 1.07 1.02 0.96 0.95 0.99 0.80 0.78 0.72 0.65 0.63 0.62
335 1.09 1.12 0.97 1.10 0.88 0.79 0.82 0.83 0.72 0.67 0.69
343 0.89 0.93 0.91 0.75 0.85 0.83 0.89 0.98 0.90 0.80 0.94
397 1.31 1.09 1.08 0.86 1.00 0.81 0.82 0.84 0.75 0.68 0.69
409 1.01 1.05 1.01 1.04 0.90 0.97 0.95 0.91 0.94 0.96 0.97
415 0.92 0.97 1.08 0.98 0.99 0.73 0.69 0.73 0.73 0.78 0.71
416 1.17 1.17 1.07 0.96 1.02 0.82 0.88 0.86 0.90 0.88 0.89
441 1.41 1.30 1.28 0.93 0.97 0.89 0.90 0.91 0.73 0.72 0.69
451 1.06 1.04 1.19 1.1 0.96 0.81 0.75 0.74 0.73 0.79 0.79
459 0.98 0.84 0.92 0.83 0.88 0.78 0.80 0.77 0.70 0.60 0.56
467 1.11 0.87 0.99 1.04 1.08 0.86 0.85 0.73 0.76 0.78 0.79
477 1.32 1.09 1.08 1.08 1.08 0.83 0.87 0.86 0.89 0.88 0.86
487 0.86 1.01 1.01 0.97 0.94 0.79 0.79 0.81 0.76 0.74 0.76
494 1.10 1.00 1.07 0.96 0.98 0.85 0.84 0.83 0.81 0.81 0.76
511 0.99 0.79 0.96 0.77 1.01 0.86 0.76 0.75 0.70 0.62 0.64
Cappelli 1.00 1.08 1.02 0.93 0.99 0.99 0.99 1.00 0.98 0.95 0.97
Saragolla 0.91 1.09 0.98 1.08 0.97 0.77 0.69 0.64 0.63 0.61 0.60
Svevo 0.89 0.89 0.88 0.69 0.93 0.93 1.08 1.01 0.97 0.90 0.88

Digital biovolume ratio is calculated as: biovolume of drought stresses plants/biovolume control plants.

produced per mass of water consumed, including evaporation
and transpiration (Richards, 1991) in the set of plants under
measurement.

As expected WUE was strongly affected by DS in all
genotypes (Figure 3A) and significantly decreased immediately
after the beginning of the stress at 104 DAS (F121.141;
p < 0.001) (Figure 3A). It reached a minimum at 139 DAS
(F231.910; p < 0.001) and remained constant till the end
of the measurements (Supplementary Table 1). This result
lead to hypothesize a direct correlation between the reduction
of WUE in the plants and their reduction in biovolume

as a consequence of the reduction of evapotranspiration
in the stressed samples. The strong correlation (R* = 0.96,
P < 0.001) observed between DB and WUE observed at 139 DAS
(Figure 3B) supports this hypothesis (Figure 3B) and proves
the efficacy of the DB as strong indicator of the plant health
status.

The WUE indicator also provides a measure of the different
abilities to recover among different genotypes. To this purpose
the WUE ratio (WUE drought/WUE controls) was estimated
(Pandey, 2017) (Figure 4). As expected, a difference in the
WUE ratio was observed among the genotypes due to the
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FIGURE 3 | (A) Boxplots showing the distribution of WUE values during the experiment. Black boxes are control plants, red boxes the water stressed lot. Drought
stress was imposed at 104 DAS; (B) Correlation plot between WUE index and digital biovolume acquired by Scanalyzer at 139 DAS.
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FIGURE 4 | Heatmap of WUE ratio for the analyzed genotypes. The green color indicates a higher WUE ratio, red color a lower WUE ratio. WUE ratio is calculated as

WUE of drought stresses plants/WUE control plants.
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genetic variability posed in the collection. An overall reduction
in the WUE was observed, however, SSD lines 69, 109,
195, 231, 244, 322, 343, 409, and 416 maintain similar
values of WUE under stress condition for the entire set of
measurements (Figure 4). The reliability of the measure is
also supported by the observation that similar behavior is
shown by the variety Cappelli reported to be drought resistant
(Aprile et al, 2013). In contrast, SSD lines 99, 135, 253,

278, 397 and the Italian variety Saragolla showed a marked
decrease in the WUE ratios immediately after the stress
imposition (112 DAS), which remains of same entity for the
entire experiment (Figure 4 and Supplementary Table 2).
A high variability between SSDs was expected due to the
high genetic diversity present in the material, however a
certain range of variation in the WUE is also described
by the heatmap before the stress imposition; this probably
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FIGURE 5 | Digital biovolume (DB) measurements on tomato plants exposed to different biostimulant prototypes: UTC(70) refers to the Untreated Control thesis
where plants were irrigated with 70% FC, indicated with a dashed line. Tomato plants under reduced water condition (70% FC) and treated with the biostimulant

occurred for an operational bias in the manual watering
procedures, thus confirming the high sensitivity of this method
in fine recording small variation of WUE during the plant
growth.

Impact of the Application of Natural Biostimulants on
Digital Biovolume and Water Use Efficiency in Tomato
Plants

In order to monitor the effect of biostimulants on tomato
plants grown under limiting water availability, the variation
of the digital biomass based on RGB imaging was used.
The differences in DB value between the UTC(70) and
biostimulants-treated plants were observed. Interestingly,
all prototype formulations exerted a consistent increase
in DB in comparison with UTC(70). In particular,
prototypes 2148, 2197, and 2390 were the most effective
(Figure 5); the observed increase in DB was consistent
and significant already from 7 Days After Treatment
(DAT, Figure 5) and reached a peak at 14 DAT, when
the maximum difference between treated and untreated
plants recorded. The observed increase in DB
values in the biostimulant-treated plants indicates an
overall benefit of such formulations on plant growth and
development, in particular under limited water management
(Figure 5).

A closer look at the 14 DAT time-point, when the highest
difference in DB was observed between biostimulants-treated
and UTC(70), allowed a ranking of biostimulant prototypes
efficacy. To better express biostimulant performance, the digital
biovolume ratio (DBR) was used. The ranking showed (Duncan’s
MRT; p < 0.05) that prototype 2148 formulation was the most
effective in increasing DBR (Figure 6).

was
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FIGURE 6 | DBR at 14 DAT of tomato plants exposed to different water
limiting conditions. The UTC(70) plants were used as reference. On the Y axis
each bar is identified by the number of the prototype formulation used to treat
tomato plants. On the X axis the biovolume ratio. All plants were growth at
70% of the field capacity (FC) and treated with the relative prototype as
indicated in Section “Materials and Methods.”

Water use efficiency of tomato plants treated with
biostimulants compared to UTC(70) control plants was
also evaluated. Considering this parameter, an overall positive
effect of the application of biostimulant prototypes was observed
for all prototypes (Figure 7), in line with the observations on
DBR. Prototype 2148 (Talete®), which was the most effective
in increasing DB, was also able to increase consistently the
WUE of plants under limiting water conditions, thus confirming
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FIGURE 7 | Water use efficiency mean values of tomato plants exposed to different watering conditions: UTC(70) refers to the Untreated Control thesis where plants
were irrigated with 70% FC, indicated with a dashed line. Tomato plants under reduced water condition (70% FC) and treated with the biostimulant prototypes are
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this prototype as the best candidate for further commercial
development.

Is the Imaging Based Digital Biovolume
Efficient in Determining Plant Growth

and Biomass?

In order to assess whether the image acquisition system
provided a reliable representation of plants growth under
drought conditions or upon treatment with biostimulants under

reduced water availability, a measurement of plant biomass
using traditional destructive methods was performed for both
crops: at 147 DAS for wheat, and every 4 days throughout the
experiment for tomato. The manually measured fresh weight
was compared with the automated DB value previously acquired
at the same time point. A high positive correlation (R* = 0.98;
P < 0.0001; R? = 0.87; P < 0.0001) was recorded between the
automated DB and the manual fresh weight in both wheat and
tomato plants (Figures 8A,B). Our results are in agreement
with previous reports (Poiré et al., 2014) thus validating the
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DB as an effective plant biomass predictive tool. It could be
used in germplasm selection aimed at pre-breeding and breeding
programs or in evaluating the effect of agricultural practices on
plant growth.

Taken all together these results support the efficacy of the DB
as a strong phenomic indicator of the overall health status of the
plant following limiting growth conditions in both crops. The
characteristic of being non-destructive, scalable and applicable
to many crops plants enrich its applicability for both basic and
applied research.

DISCUSSION

Recently the concept of Climate-smart agriculture (CSA) was
proposed to increase the sustainability of agricultural systems,
by reorienting the agricultural development to face the treats
of climate change (Lipper et al., 2014). CSA aims at effectively
supporting development and ensuring food security, particularly
in those areas where climate change strikes, by achieving three
main objectives: increasing sustainable agricultural productivity;
adapting and building resilience to climate change; and adopting
techniques that reduce greenhouse gas emissions (Food and
Agriculture Organization [FAO], 2017). Most of the impacts of
climate change on agricultural systems are expected to result
from changes in the water cycle impacting on both rainfed and
irrigated crops as a consequence of: increased evapotranspiration,
changes in the amount and regime of rainfall, and variations in
water availability from both surface and ground sources. Our
paper focused on Mediterranean agriculture and two key crops of
this region characterized by different water management: durum
wheat, a rainfed crop that represents the principal food grain of
the Mediterranean, and tomato, an irrigated crop being a key
element of the Mediterranean diet and a cash crop of the area.

Two different climate smart strategies for the two crops have
been identified: digging into the vast genetic pool of durum
wheat in order to identify resilience traits for the next generation
of varieties, and identifying agricultural practices aimed at
improving the utilization of irrigation water in tomato.

To tackle these strategies, we have explored the potential
of high throughput phenotyping technologies. Until recent,
phenotyping has been hampered by the huge amount of human
work needed to collect enough data. The recent introduction
of high throughput phenotyping facilities has brought to
researchers, breeders, and agriculturalist a bunch of new
techniques to collect a paramount mass of data in a continuous,
non-invasive, non-destructive way. The aim of this paper was to
verify the possibility of utilizing a high throughput phenotyping
infrastructure, located in Metaponto (Matera, Italy), to contribute
to maintain food security notwithstanding the effects of climate
change in the Mediterranean area.

We have used high resolution RGB images, taken in three
projections by the platform, and elaborated through proper
algorithms, in order to evaluate two parameters considered
related to resilience to DS: DB and WUE. Both these parameters
have been based on data recorded in a non-destructive manner,
which allows to examine one and the same plant over the time.

The information on plants phenotype collected by RGB
cameras provide a huge amount of high quality data, thanks
to the high resolution of these images. The use of an RGB
high quality camera has some advantages over multi- or hyper-
spectral sensors. In fact, if on the one side vegetation indices
formulated using RGB images have a more limited spectral range
and color resolution (only broad bands within the visible region)
with respect to the equivalent indices formulated by spectral
sensors, on the other side RGB images have generally a much
higher spatial resolution than spectral imagers. In this kind of
analyses, high spectral resolution can be worthwhile substituted
by high spatial resolution with equal or even better results (Araus
and Kefauver, 2018).

In the present study we have exploit a digital biomass index
as predictive of physical measurement of the plant biomass. The
latter method, the traditional one, is based on weighing the
cut plant and recording its fresh weight. This is a destructive
method. High Throughput Phenotyping, on the contrary, is
based on non-destructive methods since they allow the analysis
of a single and the same plant over time, thus reducing the
possible bias introduced by small individual variation. Moreover,
this timescale phenotyping approach can even be used to
unveil genetic traits that could not be otherwise analyzed using
traditional methods (Busemeyer et al., 2013).

Water use efficiency based on an automatable process
expressing the amount of water used by the plant from that
evaporated from the soil was also evaluated. The effective
measure of WUE is based on isotopic discrimination of Carbon
(Seibt et al., 2008) which is a complicated and time consuming
process. In this paper we use a digital extrapolated WUE with the
idea that this is a parameter able to provide indication on drought
resilience. In the Mediterranean region rainfed agriculture is
facing unpredictable seasonal rainfall. Under these conditions the
ability to use at best the soil moisture is a crucial component of
drought resistance (Blum, 2005).

Further statistical analyses, such as regression analysis,
support the efficacy of high throughput phenotyping in
monitoring plants WUE, and highlight how DB can be used as an
index to perform quality testing on the efficacy of biostimulant
formulations in improving plant performance under reduced
irrigation regimes. The latter observation is in line with the view
of the European Biostimulant Industry Council (EBIC, 2018),
that promotes the use of plant biostimulants to foster plant
growth and development throughout the crop life cycle in a
number of demonstrated ways, including the improvements of
WUE (EBIC, 2018).

The development of effective HTP platforms, especially open
field HTP facilities, is a bottleneck for future breeding progress
(Araus and Cairns, 2014). The test of analytical approaches
under controlled conditions is essential to devise and implement
technologies to be transferred to the field.

So far, HTP platforms employ a variety of imaging
methodologies to collect data for quantitative studies of complex
traits related to growth, yield and adaptation to biotic or
abiotic stress (Li et al., 2014). Conventional digital RGB
cameras have been widely used in plant phenotyping platforms
since allowing a wide range of phenotyping applications
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(Araus and Kefauver, 2018). One of the main advantages is the
wide versatility of the data (information) collected by RGB
cameras, which is essentially linked to the high resolution of these
images and the general high quality of factory color calibration.
RGB devices have excellent spatial and temporal resolution; they
can produce a very large number of images in very short periods,
they are portable, and there are many software tools to perform
image processing (Perez-Sanz et al.,, 2017). Although, limitations
in RGB-derived information may arise in standardizing the
light conditions, the potential impact of light conditions is not
necessarily an overwhelming problem because it is often less
relevant than expected (e.g., for wheat and barley assessed under
Mediterranean conditions; Araus and Kefauver, 2018).

Our work proves that the use of RGB images for the detection
of the DB is an effective tool for evaluating the resilience of
durum wheat plants to chronic water stress or the effect of
biostimulants in supporting tomato plants under water shortage,
thus supporting the application of RGB not only for canopy
measurements but also for the evaluation of more complex
traits. Since this is a parameter easily recordable using RGB
images it is possible to implement this instrument in simple field
phenotyping platforms or even in UAVs fitted with high quality
cameras, provided that solutions for high quality color calibration
tools are implemented in an environment with often erratic light
quality (Andrade-Sanchez et al., 2014).

Our approach performed under a controlled environment and
using a HTP platform has proven to be an excellent approach to
select durum wheat genotypes for resilience to water stress.

By using this approach, we have succeeded in identifying
a number of genotypes within the landraces collection with
potentially increased reliance to DS. Exotic germplasm such
as landraces and wild relatives possess high levels of genetic
diversity for valuable traits, including adaptation to stressful
environments (Wang et al., 2017) traditionally grown and used
in the centers of origin and domestication located for durum
wheat around the Fertile crescent, and centers of diversification
in N. Africa and in the highlands of Ethiopia characterized
by challenging environment and water availability (Janni et al.,
2018). Finally, our phenomic investigation on tomato plants
revealed the ability of different biostimulant prototypes to
increase DB and WUE.

This is in accordance with the documented ability of
biostimulants to modify physiological processes in plants in a way
that provides potential benefits to growth, development or stress
response is widely recognised (du Jardin, 2015; Lucini et al., 2015;
Povero et al., 2016).

The positive effects of biostimulants on tomato growth,
yield and quality have been also considered resulting in a
high stability of yields under reduced fertilizers application
and upon drought treatment (Petrozza et al., 2014; Koleska
et al., 2017), moreover several effects have been proposed (du
Jardin, 2015). However, in case of low water regimes the main
action feature of biostimulants resides in their high content
of aminoacid (Koleska et al., 2017). Furthermore, a strong
modification in the gene expression profile and correlated
with increased drought adaptation have been demonstrated
(Petrozza et al., 2014).

This approach allowed for the selection of 2148 as the
most effective prototype, that can be proposed as a new
solution able to modulate plant physiology so that plants
require less water per unit of yield, and induce optimal plant
response under reduced water availability. Such biostimulant-
based approach can be adopted to reduce unproductive water
losses and maintain healthy, vigorously growing crops for both
irrigated and rainfed cropping systems. This should be associated
with the choice of well-adapted crop types, together with
the optimized management of water, nutrient and agronomic
practices. Effective biostimulants like the ones investigated in this
study would also allow to reduce the use of irrigation especially in
hot, dry environments, where irrigation is most wasteful, in that
it produces the least yield per unit of water, as a result of high
evaporation rates.

This work provides new evidence in the suitability of RGB
images as tool for assessing the WUE for genotype selection
as well as and the effects of new biostimulant formulations in
limiting environment condition in controlled environment, open
also new perspective for its application also in field conditions.
The results obtained in our work can be easily exploited in
different cultivation systems and transferred to several crops
outside the Mediterranean area. The phenomic approach and the
proxies identified for physiological response to drought tolerance
and biostimulant application to improve water use in crops,
can be widely adopted and are of global interest for agriculture
sustainability.
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A Corrigendum on

Can High Throughput Phenotyping Help Food Security in the Mediterranean Area?
by Danzi, D., Briglia, N., Petrozza, A., Summerer, S., Povero, G., Stivaletta, A., et al. (2019) Front.
Plant Sci. 10:15. doi: 10.3389/fpls.2019.00015

In the original article, the reference for the “European Biostimulant Industry Council”
was incorrectly written as “(Electron-Beam-Induced Current [EBIC, 2018])”. It should
be “(EBIC, 2018).”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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Whole-Plant Water Use in Field
Grown Grapevine: Seasonal and
Environmental Effects on Water and
Carbon Balance

Cyril Douthe’, Hipolito Medrano’, Ignacio Tortosa’, Jose Mariano Escalona’,
Esther Hernandez-Montes2t and Alicia Pou?*

! Research Group on Plant Biology Under Mediterranean Conditions, INAGEA, Department of Biology, University of the
Balearic Islands, Palma, Spain, ? Instituto de Ciencias de la Vid y del Vino, Logrofio, Spain

Water scarcity is a main challenge in vineyards sustainability in most of the grapevine
areas now and even more in near future due to climatic change perspectives. In
consequence, water use efficiency (WUE) measurements are of the highest interest
to improve the sustainability of this crop. The vast majority of WUE measurements
relays on measurements of leaf carbon and water fluxes at leaf-level. However, less
data are available at the whole-plant level, and for the moment those data are not
totally coincident with conclusions reached at leaf scale. In this study, we used whole-
plant chambers able to enclose an entire plant of 12 years old to measure at the same
time water and carbon fluxes under realistic field grown conditions. The main objectives
were to identify the technical issues interfering the whole-plant measurements and track
the environmental and other abiotic factors that can affect water and carbon balance,
i.e., WUE at the whole-plant scale. To achieve those objectives, we measured whole-
plant water and carbon fluxes in grapevine exposed to two different water regimes at
three phenological stages [pea size (July), ripening (August), and harvest (September)]. In
September, measurements were repeated under high CO» to also check its effect at the
whole-plant scale. The results indicate that water and carbon fluxes are well coordinated
under both water availability treatments. Under drought conditions, both fluxes were
drastically reduced, but surprisingly the estimated WUE resulted not improved but
decreased, contrarily to what is shown at the leaf scale. The phenology (September) also
strongly decreased both water and carbon fluxes when compared to measurements in
July. We hypostatized that harvest load respiration rates could have an important weight
on the whole-plant net carbon exchange (NCE). Finally, high CO» measurements, after
correction for leaks, indicated an increase of whole-plant NCE as well as increased
whole-plant WUE, as expected. Several technical issues were identified, like 1/instability
of [CO»] during the night period that prevent robust estimation of whole-plant respiration
and 2/condensation during last night and sun-rise hours which may affect the estimation
of daily plant transpiration.

Keywords: grapevine, water use efficiency, whole plant chambers, water stress, carbon balance
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INTRODUCTION

Water use efficiency (WUE) refers to the ratio of water used
in plant carbon assimilation (photosynthesis; AN) or in biomass
production to water lost by the plant through transpiration
(E) and it has become an important parameter to take into
account in agricultural systems to increase yield production in
semi-arid areas to get more crop per drop. Either Ay or E are
commonly recorded on single leaves by using portable infrared
gas analyzers (IRGAs). However, in canopies such as grapevine
and other crops, it has been shown that leaf-level photosynthesis
measurements are largely dependent on leaf position (Escalona
et al, 2003) so that typical single-leaf measurements can
provide incomplete information if extrapolated to quantify
photosynthesis at the whole-plant level. On the other hand,
whole-vine photosynthesis expressed on a leaf area basis usually
results below than expected extrapolating values from single-
leaf measurements (Edson et al., 1993; Intrieri et al., 1997;
Poni et al, 2009). Factors such as leaf light exposure and
position on the shoot, leaf aging and the presence of organs
like fruits, shoots, and trunks in a given canopy makes difficult
to scaling up from single-leaf to whole-canopy photosynthesis
(Alleweldt et al., 1982; Schultz, 1993; Intrieri et al., 1997; Poni
et al., 1997; Petrie et al., 2000; Escalona et al., 2003). Moreover,
other processes such as nocturnal water loss and respiration
(Escalona et al., 2012, 2013) or possible changes in dry matter
partitioning among different sinks (Tomas et al, 2014) may
explain a frequently reported lack of correlation between WUE]
and WUE expressed as biomass accumulation per unit of water
lost.

Scaling up to the whole canopy by using meteorological
methods such as eddy correlation or covariance (Field et al.,
1989; Long and Hallgren, 1989; Garcia et al., 1990), or by
enclosing methods in open system flow-through chambers in
which water vapor and CO, fluxes are measured using an
IRGA (Garcia et al., 1990; Poni et al., 1997) has been explored
as a way to achieve a reliable measurement of the whole-
plant gas-exchange measurement. Moreover, it has become an
interesting tool to assess whole-plant responses to climatic change
conditions, e.g., high CO,, water stress, high temperatures, etc.
But on the other hand, one of scientist’s current concerns is
to design a good enclosure system to minimize disturbance of
the plant natural environment (Intrieri et al., 1997; Poni et al.,
1997; Perez Pena and Tarara, 2004), i.e., to diminish errors
associated with the “chamber effect.” Hence, even with a highly
transparent cover, an enclosure increases air temperature and
reduces incident radiation intensity in the canopy as well as
gas exchange between the plant and the atmosphere (Perez
Pena and Tarara, 2004) and, contrarily of what it happened
when measuring WUE at the leaf-level, these studies reported
that WUE at the whole-plant level was not higher on a daily
basis in deficit-irrigated vines in comparison with well-watered
plants, likely due to their higher respiration rates (Pagay,
2016).

On the other hand, studies about the quantification of
the CO, flows from different organs such as stems, roots
and fruits along the vine vegetative cycle and the grapevines

leaves maturity effects on the whole-plant carbon budgets are
important but rather scarce. Several previous studies showed the
contribution of grapevine clusters to the total carbon balance
(Ollat and Gaudillére, 2000; Palliotti and Cartechini, 2001;
Escalona et al, 2012; Hernandez-Montes et al. unpublished
data) and they reported a contribution of 10 and 18% to
the carbon required for fruit development obtained by fruit
photosynthesis and by the whole berry respiration, respectively.
In this sense, it would be expected that a high rate of
respiration during fruit ripening would greatly reduce daily
net CO, exchange rate (NCER). Miller et al. (1997) stated
a rapid decrease of the NCER rate from, through harvest,
in sharp contrast to the broadleaf chamber which showed
no change in Ay rate per unit leaf area over the same
period. Thus, to quantify the CO, flows from each organ
may contribute to calculate more accurately total plant carbon
balances.

In this work, we have used an open framed, open-top,
flow through chamber, according to Perez Pena and Tarara
(2004) as has been previously reported in Escalona et al.
(2016). A detailed evaluation of the daily whole-canopy NCERs
and whole-canopy transpiration rates (E) have been done.
Parameters such as nocturnal transpiration (Epign) and canopy
dark respiration (Rq), were also considered to evaluate the whole-
canopy WUE and to point out potential problems of integrating
this data.

The goals of this study were: (i) to asses about leaks and
difficulties encountered when measuring daily NCER and E to
identify improvements needed for a more accurate estimation
rates, (ii) measure daily whole-plant WUE for grapevines as
affected by different irrigation treatments and high CO,, and (iii)
to estimate the contribution of the grapevine’s leaves age and
berry development to the total plant carbon balance along the
vine phenology.

MATERIALS AND METHODS
Plant Material and Site of Study

Measurements were conducted in summer 2017 in an
experimental vineyard planted in 2009 with Grenache vines
grafted in 110-Richter rootstocks, at the University of Balearic
Islands. Vines were planted with 2.5 m between rows and 1 m
between vines in a N-S orientation, and were submitted to two
water regimes: (i) a moderate water irrigation (I) applying a
crop coefficient of 0.5 of potential evapotranspiration calculated
using Penman-Monteith equation, and (ii) non-irrigation (NI)
(see Escalona et al.,, 2016 for details). Plants were irrigated twice
a week from June to September with drips delivering 2 L h™!
placed at 0.6 m from each other.

Measurements were carried-out in two representative plants
for each phenological stage [pea size, irrigation (July); ripening,
non-irrigation (August) and harvest, irrigation and high CO,
(September)]. The corresponding meteorological data is shown
in Figure 1. The same irrigated plants were measured in July and
September, while other two non-irrigated plants were measured
in August. Thus, for pure phenological effect, sessions of July
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and September can be directly compared (same plants and both
in watered conditions). For drought effects, sessions of August
and September can be compared, since only 20 days separated
the two measurements. For each session, plants remained
inside the chambers 2 or 3 days before the measurements
were taken to avoid the disturbing effect of the chamber
installation. Afterward the chambers were removed and plants
were grown outside the chambers until the next period of
measurements (1 month between each period). Each measuring
session (for each phenological stage) last two or three consecutive
days. Concerning the data treatment, all data were averaged
from 1 h.

Meteorological Condition During the

Experiment

Weather information was recorded using an automatic
meteorological station located in the experimental vineyard
(Meteodata, 3000, Geonica) (see Table 1 and Figure 1). Effective
rainfall was <5 mm in July and August with similar mean
diurnal temperatures (29.5°C) and relative humidity (46-48%),
while measurements in September were performed with more
rainfall (11.5 mm), lower mean diurnal temperatures (23.8°C)
and higher relative humidity (67.1%).

Whole-Plant Gas Exchange Chambers

Whole-plant net carbon exchange (NCE) and transpiration were
measured using two open-top chambers (3.36 m> each) covered
with plastic film (RX 140—Pr0paﬁlmTM). An air flow (Series 641

Air Velocity Transmitter, Dwyer, IN, United States) through
the chamber of 278 mol min~! (F) was maintained for all
measurements, delivered by a constant speed turbine (S & P
500) fed by a § = 165 mm pipe taking the atmospheric air at
3 m above ground. Air entering and leaving the chamber was
pumped (TD4x2 type NA; Braislford Pumps, United States) at a
flow of 0.5-1 L min~! to feed a calibrated gas analyzer (Li-840,
Li-Cor, Inc., Lincoln, NE, United States). The air flow entering

TABLE 1 | Average values of air temperature (T4, °C), relative humidity (RH, %),
wind speed (m s~ ), cumulative precipitations (Precip.), average radiation (Rad, W
m~2) and cumulative evapotranspiration (ET, mm) for each month of
measurement and separated for day/night time.

Month Daytime Ty RH Wind  Precip. Rad ETO
speed

May Day 23.23 46.83 1.43 2.6 541.21 136.62
June Day 27.84 45.37 1.42 13.4 567.07 152.53
July Day 29.49 46.65 1.37 0.4 531.70 152.53
August Day 29.73 48.17 1.22 3.5 451.41  132.26
September Day 23.78 67.10 1.14 8.1 353.73 88.28
October Day 21.01  79.50 0.64 20.9 266.04 61.93
May Night 15.62 75.25 0.23 0 0 0
June Night 20.58 70.74 0.20 1565 0 0
July Night 22.50 71.00 0.18 1.5 0 0
August Night 23.27 72.38 0.26 3.6 0 0
September Night 18.42 88.41 0.19 3.4 0 0
October Night 15.23 98.20 0.04 1565 0 0
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and outgoing the chamber was measured during five consecutive
minutes each, alternatively. The four first minutes of data were
eliminated to ensure a complete turn-over of the gas in the
measuring circuit. [CO;] and [H,O] were used to estimate plant
NCE and transpiration (E) with:

NCE = F (C, — Co)/La
E = F(W,-Wo)/L

where F is the air flow through the chamber, C. and W, the
[CO;] and [H,O] entering the chamber, C, and W, the [CO;]
and [H,O] outgoing the chamber and L, the total leaf area
of the plant. Plant leaf area was estimated in each one of the
measured plants at harvest using the methodology proposed by
Sanchez-de-Miguel et al. (2010).

Air temperature was measured with type K thermocouple
(RoHS, Model TP-01), and placed in the top-center of the
chamber. The atmospheric air temperature was recorded with
a meteorological station (see above) situated at 50 m from
the chambers. The difference in temperature inside/outside the
chamber was comprised between 4 and 5°C, with some punctual
peaks at 10°C during august. Some of these variations come from
the fact that the thermocouple was directly exposed to sun (not
shaded), which could increase the estimated temperature from
the real one.

Validation of the Gas Exchange

Measurements

We intended to confirm the reliability of the gas-exchange
measurements with an external estimation of the plant
transpiration. For these measurements, we placed one potted vine
in each chamber (total plant leaf area around 0.5 m?), placed
on a balance (Baxtran, equipped with Giropes module L6E) to
measure Transpiration by the loss of weight through 4 days.
Chambers were equipped with the gas-exchange system described
just above (except the 3 m chimney that was not placed for the
calibration), and transpiration via gravimetry and gas-exchange
were compared.

Statistical Analysis
All the data analysis was performed using R (R Core Team, 2016),
Foundation for Statistical Computing, Vienna, Austria).

RESULTS
Conditions During the Study

The Figure 1 shows the meteorological conditions all along the
experiment as well as the location of each session of calibration
and measurement.

Climate conditions during the experiment (May-September
2017) were typical for Mediterranean regions, with daytime
temperatures above 25°C, night temperatures above 20°C and
diurnal radiation frequently reaching 800 W m~2 (Figure 1).
Peak photosynthetic photon flux density (PPFD) at midday was
usually 1500-1700 pmol m~2s~! (not shown).

Comparison Between Gas-Exchange

and Gravimetry

To validate the gas-exchange measurements, a potted plant
on a balance was placed in each chamber. The weight of
each plant was monitored continuously during 24 h for
five consecutive days. The calibration procedure was carried-
out two times in May and June 2017 (see Figure 1). The
resulted correlation between both estimations of the plant
transpiration for chamber 1 and chamber 2 were R* = 0.54
and 0.65 (both p < 0.001), respectively (Figure 2). We
observed that gravimetry and gas-exchange data were sometimes
noisy (irregular peaks). Such peaks were not related to plant
transpiration dynamics but to 1/noise measurement form the
device and 2/some possible condensation inside the plant
chamber. Diurnal cycles were treated with a spline to eliminate
such non-biological noise (Figures 2C,D). The resultant
correlations were improved for both chambers (Figure 2B),
with R?> = 0.75 and 0.73 (both p < 0.001) for chamber 1
and 2, respectively. We also observed a progressive decrease of
the maximum transpiration rate along the calibration session
(5 days), since plants were not watered while being inside the
chamber.

Technical Limitations for the

Measurements

We identified some of the limits encountered when using whole-
plant chambers. First, the atmospheric (entering air flow) [CO;]
was instable during the night (Figure 3, right). While the day
[CO,] was around 380 wmol mol~! and presented very low
hourly variations along the day (~5 pmol mol™1), [CO,] used
to increase up to 430 pmol mol~! during the night, with 20~
30 wmol mol~! variation between two consecutive hours. The
same variation pattern was observed for both chambers, and
for each daily cycle measured during the session of September
(harvest), but these variations were less pronounced than during
the other two sessions. In parallel, we observed that NCE
estimates during the night were very noisy; meanwhile during
the day they were much more robust. We also observed that
this gas-exchange system was able to pick the effect of sun-flecks
on NCE. Indeed, PAR variations between 700 and 1,500 pmol
photons m~2 s~! within 30 min—1 h (punctual clouds) could
induce variations of NCE between 6 and 8 pumol CO, m™2 s !
(Figure 3, left).

The whole-plant gas-exchange system also allowed us to
detect condensation at the sun-rise. This was demonstrated
by negative transpiration, systematically occurring between 6
and 9 h in the morning. This phenomenon was observed
either by gravimetry (Figure 4), and gas exchange (not
shown).

Carbon and Water Balance Through
Different Phenological and

Environmental Conditions

Gas-exchange rate was clearly affected by phenological period of
the plant, as expected. When measured in July (pea size, irrigated
plants), plant NCE described a classical Gauss curve along the day
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(Figure 5, left), with the maximum peak reached at 12 h and NCE
values of 10 wmol m~2 s~!. The whole-plant transpiration (E)
described the same type of variations, with maximum values of
2.5-3 mmol H,O m~2 s~ 1, coordinately with the peak of NCE
(Figure 5, right).

When measured during the ripening (August, non-irrigated
conditions), vines described a different daily cycle, with the
maximum NCE of 1-2 wmol m~2 s~! around 8-9 h in the
morning, then decreasing slowly during the day (Figure 5,
left). E was also strongly decreased, with maximum values of
0.5 mmol m~?% s~! around 12-13 h (Figure 5, right). We
observed that the non-irrigation conditions in August provoked a
dramatic decrease in absolute values of both NCE and E, but with
a strong asymmetry along the day for NCE (taking advantage of
the early morning) but not for E.

During the harvest period (irrigated conditions, before
harvesting the fruits), both NCE and E described the same
shape of daily cycle than under non-irrigated condition (August,
ie, with an asymmetric for NCE, not for E), with clearly
lower values than for the measurements during July (irrigated
conditions), but higher than in August. The night respiration
was much more erratic and higher (more negative values)
during the harvest (September, irrigated conditions, with higher
fruits load) than during previous periods. Finally, we checked
whether NCE values of our study were concordant with
values previously measured by Pou et al. (2014, unpublished),
using the same gas-exchange system, in watered conditions
and for same grape cultivar (Grenache). Absolute values and
shape of both NCE and E along the day were identical
with the measurements of this previous study. The only
differences were shown for night respiration, higher (more
negative) for Pou et al., 2014, unpublished) than this study. No

relationship was found between temperature and night NCE (not
shown).

Light Intensity and Carbon and Water
Balance Under Different Phenological

and Environmental Conditions

The measurements performed during full daily cycles, enabled
to perform a comparison of photosynthesis and transpiration
dependency from incoming light. This allowed to establish light
response curves of NCE and E under different phenological and
environmental conditions.

During the pea-size period (July, irrigated conditions), both
NCE and E described a positive relationship with the increase in
light through the day. NCE followed a clearly saturating shape at
high light (after ~1,000 umol m~2 s~ 1), while E described a less
saturated response (Figure 6, left and middle).

The NCE and E response to light showed lower values
under non-irrigated conditions (August, ripening). NCE showed
an asymmetric response, with maximum values reached at
~500 wmol m~2 s~! and with a clear decrease at highest
light intensity. The E response in August was not asymmetric,
with a classical saturated response to light (Figure 6, middle).
Again, we observed that during the harvest (September, irrigated
conditions), NCE and E showed the same shape of daily cycle as
under non-irrigated conditions (August), but with slightly higher
absolute values.

The WUE described a decreasing curvilinear tendency with
increasing light, with high variations at low light, corresponding
to sunrise and sunset (Figure 6, right). In both irrigated
conditions (especially in July, with well performing plants), the
WUE was higher than under non-irrigated plants (see inset in
Figure 6, right).

Response to High CO, Conditions

At the end of the measurement session of September 2017 (in
watered condition and pre-harvest period, see Figure 1), instead
of removing the plants from the chambers, they were kept inside
and [CO;] entering the chamber was increased until a level of
500 pmol m~2 s~ ! (Figure 7, left). Plants were kept 5 days in high
CO; conditions before taking measurements. Calibration curves
were also performed before analyzing the raw data (Figure 7,
right). After this pretreatment, the whole-plant CO, response was
studied increasing steep by steep the CO, concentrations inside
the chamber (from 400 to 900 ppm).

Each chamber showed a different response of apparent NCE
to [COy], likely due to different intensity of leaks (see Figure 7,
right). Nevertheless, the total pool of NCE data showed a
continuous relationship to [CO,] when plotted against corrected-
NCE (Figure 8, left).

Under high CO,, the NCE along the day was clearly higher
than under ambient [CO,], measured 5-6 days before (Figure 8,
left). While plants in ambient [CO,] showed a strong decrease at
highest PAR intensities, under high [CO,] they maintained a high
NCE (~10 wmol m~2 s~!) along the whole day. The chamber 2
showed slightly higher values than chamber 1, but keeping in the
same range, and recovering both the values of watered condition
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in July. Surprisingly, the values of transpiration increased
under high CO, when compared to previous values of watered
conditions in September, but fitted very well with E-values of
July, in watered conditions (Figure 6, middle). The WUE was

inset Figure 8, right).

clearly increased under high CO, (Figure 6, middle), four by
eightfold when compared to September in watered conditions,
and by twofold when compared to July, watered conditions (see
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DISCUSSION

A Dbetter understanding of Carbon and water fluxes at
the whole-plant scale is needed to improve the natural

ecosystems and crops water management. But this must be
done firstly by improving the knowledge of the relationship
between whole-plant and single-leaf gas exchange, and their
occasional discrepancy when they are directly compared
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(Medrano et al., 2012; Tomas et al,, 2012). In particular, when
talking about WUE, the variability of leaf to leaf environmental
conditions and plant gas-exchange regulation could lead to some
contradictory results (Poni et al., 2009; Tarara et al, 2011;
Escalona et al., 2016). To understand why intensive leaf-level
measurements do not always completely reflect the whole-plant
physiology, an exhaustive array of data was gathered using
entire enclosed plants. To ensure reliability of the data from
the whole-plant gas-exchange system, a preliminary calibration
was set in order to calibrate chamber-derived transpiration
rates by comparing gas exchange versus gravimetric vine water
loss. The resulted correlations between both estimations of the
plant transpiration were sometimes noisy and apparently not
related to plant transpiration dynamics. Thus, diurnal cycles
were treated with a spline to eliminate such non-biological
noise leading to close linear relationships (R*> = 0.75 and
0.73; both p < 0.001 in chamber 1 and 2, respectively). This
resulted in a successful validation of the chamber-derived vine
transpiration, in agreement with findings previously reported
by Poni et al. (1999, 2014). These noisy measurements faced
two large problems. The first one was probably due to the
absence of the 3.5 m metal pipe during the calibration process,
usually added to minimize fluctuations in ambient CO, (Perez
Pefia and Tarara, 2004), emphasizing the importance of having
a proper buffer volume during measurements. The second was
likely derived from a detected condensation, both by gravimetry
and by gas exchange, which systematically occurred between 6
and 9 h a.m., when the temperature of the inner surface of
the chamber was surely below the dew point. Maintaining a
minimum temperature increase in the chamber and improving
air circulation inside whole-plant chambers is therefore necessary
to avoid condensation when calculating daily transpiration rates.

Moreover, tracking the whole-plant carbon balance during
the vine growing cycle was attempted to be verified by firstly
checking the flux of [CO;] during night periods (i.e., nocturnal
NCE or night respiration, Ry). Surprisingly, [CO;] measurements
at night stand out for their instability, which were especially
high during harvest period and not dependent of wind speed
or other environmental factors. Such [CO;] instability has been
previously described by Patil et al. (2014), who attributed the
pronounced CO; peaks to the absence of solar radiation and
accumulation of CO; in unstable boundary layer. Thus, these
noisy measurements may lead to unreliable night respiration
estimations, again reinforcing the idea that proper buffer volumes
are necessary when large plant chambers are used.

Carbon and Water Balance Through
Different Phenology and Environmental
Conditions

Instantaneous rates of NCE showed reliable and stable values,
and varied with irradiance, temperature and elapsed time, as
expected. Over the course of the day, NCE highly correlates with
canopy light interception, as also have been reported by Petrie
etal. (2009) and Poni et al. (1997). Daily cycles of NCE were very
similar for the two water regimes and the two different phenology
stages in early morning and late afternoon when sunlight

was largely diffuse. Conversely, canopy NCE trends started to
differentiate and showed maximum difference from about 9 till
16 h when canopies were subjected to a higher proportion of
direct light. Thus, we stressed that the daily NCE measurements
were affected by the applied water regime, both pre- and post-
véraison, obtaining different shapes when comparing between
irrigation treatments (July vs. August) and between different
phenological times (different aging) (July vs. September), even
being under the same water regime. NCE for watered plants (in
July) followed the sinusoidal pattern of irradiance. By contrast, in
August (for stressed plants) and September (for watered plants),
instantaneous NCE reflected a morning maximum (8 h) peak of
about 5 and 2 wmol m~2 s~1, respectively, and then declined
steadily after 12 h. Most of the higher CO, fixation rates during
the entire day in watered plants in July could be due to the faster
canopy development (high proportion of fully expanded leaves)
rather than a higher average photosynthetic rate per leaf, as it
has been previously described by Poni et al. (2000). On the other
hand, instantaneous rates of NCE in August reflected a combined
effect of water stress (no irrigation delivery), similarly of what
has been previously observed in Tarara et al. (2011). However,
a different trend was observed by Pagay (2016), who did not
show differences in diurnal NCE patterns pre-veraison under
different water regimes. This was likely because vines did not have
a sufficiently long period without irrigation to experience water
deficit.

Interestingly, Ry-values in the present study showed slight
decreases between pea size (in July) vs. pre-harvest (in
September), within the same irrigation level. The dearth of
information on Ry as affected by water stress and leaf aging makes
comparisons with the present study difficult. On one side, Pagay
(2016) described higher Rg4-values for deficit-irrigated vines,
however, in our experiment, the system sensitivity might not
be sufficient to highlight early-season differences in respiration
with respect to different irrigation regime mainly due to the
obtained high nocturnal CO; fluctuations and the impossibility
of adjusting flow rates at night. On the other side, Zufferey (2016)
and Hernandez-Montes et al. (2018) showed that during the
rapid plant growth phase, young leaves presented the highest
Ry rates compared to the mature ones. However, once the
vegetative growth had stopped, the effect of the leaf age on
R4 was less noticeable. At this stage (i.e., when the vegetative
growing phase stops), we can hypothesized that the contribution
of grapevine clusters to the total carbon balance by the whole
berry respiration, might be highly enough to greatly reduce
the daily NCE. Accordingly, Miller et al. (1997) stated a rapid
decrease of the NCE rate from veraison through harvest.

Moreover, recent results showed that bunches respiration
at veraison and ripening are the main component of plant
respiration (Herndndez-Montes, 2017), so that this component
can be an important part of the NCE rates of the whole canopy
during those months reducing significantly the net carbon
uptake. On the basis of this important CO; flux, a more detailed
study of the influence of the grapevine clusters to the total NCE
is necessary to better understand the whole-plant carbon fluxes.

Patterns of canopy transpiration (E) followed a similar outline
than VPD and PAR (data not shown). In accordance to Tarara
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and Pena (2015), similar patterns of E were obtained between
irrigation regimes, and between time points. However, it is
noticeable here, that all along the entire experiment, different
absolute values of E and Epjgne (nocturnal water loss) varied
following both, different water regimes and the leaf aging of the
plant. On the one hand, either at leaf and whole-canopy level, it is
well documented that the most important environmental factors
affecting transpiration are humidity, temperature, light intensity,
wind, and the soil water content (Escalona et al., 2003; Medrano
et al., 2003; Merli et al., 2015; Pagay et al., 2016). However, on
the other hand, less attention has been given to the evolution of
whole-plant transpiration throughout the vine vegetative cycle.
Boyer et al. (1997) described the importance of leaf aging in the
E levels, mainly because of a great reduction of the cuticular
transpiration. So, at the whole-plant level and during the harvest
stage, it was expected to have decreased E-values, as it happens
here (Figure 5B). It can be also hypothesized that the decrease of
photosynthetic capacity due to leaf ontology through the season
goes along a decrease in E.

Responses to Light

Over the course of the day, studies have found that patterns of
NCE correlates highly with canopy light interception (Poni et al.,
1997; Petrie et al., 2009). Pooling data gathered throughout the
different treatments permitted to obtain different light response
curves for NCE and E. The obtained curves were similar
to that known for the light dependence of CO, assimilation
(Harbinson and Foyer, 1991). However, compared with single-
leaf light response curves, whole-canopy photosynthesis in well-
watered plants showed a much more gradual gain in NCE with
increasing PAR and lack of a clear saturation plateau (Corelli-
Grappadelli and Magnanini, 1997; Intrieri et al., 1997; Poni et al,,
2003).

At low light intensities, below 500 jLmol photons m~2 s,
similar values of NCE and E were observed for the two watered
treatments (July and September data) but at high light intensities
the maximum values decreased with leaf aging. Indeed, since
light intensity is coupled to the energy balance of leaves, the
light response curves of photosynthesis are modulated by leaf age
through differences in the stomatal sensitivity, and also boundary
layer conditions (Field and Mooney, 1983; Zufferey et al., 2000;
Poni et al., 2003), likely leading to obtain such differences on a
seasonal basis. Additionally, because high light intensity hours
are in coincidence with high temperatures, their effect on whole-
plant respiration and mainly clusters respiration surely influence
the observed light curve shape.

The light response curves of photosynthesis became distinctly
flatter with increasing water scarcity. In this case, there was a
significant treatment effect starting at low irradiance. Moreover
there was a lack of a sharp saturation threshold in the trends of
E, which continued to increase even after NCE had started to
decrease.

Regardless of the amount of the water supplied and the
leaf aging effect, canopy WUE exhibited decreasing trends and
flattened out from approximately 500 jmol photons m~2 s~ 1,
Contrarily to the expected, canopy WUE was distinctly higher in
the well-watered treatment than under water stress. This scenario

differed from that which might derive from traditional single-leaf
assessment and some other estimates on the basis of single-
leaf measurements made in the entire canopy (Escalona et al,
2003; Medrano et al., 2012). However, these results are in line
with most of studies which have tackled the combination of
both, leaf and whole-canopy gas exchange (Poni et al., 2009,
2014; Tarara et al, 2011; Merli et al, 2015). Only Palliotti
et al. (2014) reported that drought vines exhibited increased
WUE at both the single-leaf and whole-canopy levels on Vitis
vinifera cv. Sangiovese. Supporting our results, Intrieri et al.
(1998) has shown that shaded or partially shaded leaves usually
show lower WUE than well-exposed ones since low light
limits photosynthesis more than water loss. So, in this case,
scaling up WUE readings from leaves to whole-plant, lead
to a disappointingly low correlation, mainly because of the
obvious differences that a whole canopy may present in terms
of leaf exposure and the dynamics of light interception during
the day. Moreover, the recent results on the respiration rate
of bunches throughout this period (véraison-ripening), could
contribute to better understand the discrepancy among single-
leaf and whole-canopy results. So, the overall carbon gain is
ultimately regulating total plant growth and thus, the study of
respiration and photosynthesis of intact whole clusters under
field conditions can led us to gain important new knowledge
about the real contribution of fruit to the total vine carbon
balance.

Responses to High CO,

Increases of atmospheric CO, concentrations are rising year
by year at a rate that has been shown to affect photosynthetic
rates in C3 plants (Gerhart and Ward, 2010). There is no doubt
that growth at elevated [CO;] stimulates NCE in C3 plants
(Drake et al., 1997; Norby et al, 1999; Nowak et al., 2004;
Ainsworth and Long, 2005; Ainsworth and Rogers, 2007). We
conducted different response curves of NCE to increasing [CO,],
and as predicted, there were significant and marked increases
in NCE with increasing [CO,]. However, the relative rises in
NCE were steeper at low irradiance probably because ATP
concentration responds more steeply to increasing CO, supply
when photosynthesis is limited by RuBP regeneration (Buckley
etal., 2003).

When comparing between the two analyzed plants for the
same treatment, we have obtained similar shapes of NCE to
the increasing [CO;] values, however, at high CO,, curves were
shifted to higher NCE values for chamber 2. This difference
would not be explained by the “chamber effect,” as similar [CO,]
was entering in both chambers (Figure 7), so, a much further
effect to high CO, may be suggested in this case for the enclosed
plant 2.

Concerning the PAR response curves for transpiration to rises
in [CO.], and contrary of what was expected (Long et al., 2004)
increasing transpiration values in response to increasing [CO,]
have been obtained for the two enclosed plants. We may argue
that other direct effects on water loss by transpiration such as
ambient temperature, VPD or other driving forces for exchange
of the water vapor from the leaf surface to the surrounding
atmosphere may even dominate over the stomatal conductance,
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but also a differential CO, effect on gs for the shaded canopy
leaves. Also, plants were subjected to high [CO,] during 3-
4 days before taking the measurements, while the single-leaf CO,
response are always performed at the minute scale. A medium-
term stomatal adjustment could also explain this higher E under
high [CO;] conditions. However, a complication for the correct
estimation of the effect of elevated [CO;] on transpiration is that
experiments have been performed in environmentally controlled
and generally well mixed and ventilated experimental set-up
(open-top chambers), where the indirect effects may not show up
so prominently as in a real and outside future climate (Unsworth
et al., 1984; Leuning and Foster, 1990).

CONCLUSION

Whole-plant chambers were developed as a mean to measure
gas-exchange rates in grapevines growing in the field, thus
becoming a valuable way to handle the daily variations of
carbon and water fluxes in the whole-plant under variable
environmental conditions [i.e., water regimes, (CO,), etc.], and
leaf aging.

These results clearly show marked differences in daily NCE
and E all along the vine vegetative growing cycle as well as when
comparing between irrigation treatments.

Water scarcity and leaf aging were shown to significantly
decrease daily water use but at expenses of lower NCE, but
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The phenomenological expression showing crop yield to be directly dependent on crop
transpiration use efficiency (TE) has encouraged continued focus on TE as a viable
approach to increasing crop yields. The difficulty in the phenomenological perspective
is that research tends not to match up with the underlying mechanistic variables
defining TE. Experimental evidence and the mechanistic derivation of TE by Tanner
and Sinclair showed that the common focus on increasing the intrinsic ratio of leaf
CO», /H»,O exchange has limited opportunities for improvement. On the other hand, the
derivation showed that daily vapor pressure deficit (VPD) weighted for the daily cycle
of transpiration rate has a large, direct impact on TE. While VPD is often viewed as
an environmental variable, daily weighted VPD can be under plant control as a result
of partial stomatal closure during the midday. A critical feature of the partial stomatal
closure is that transpiration rate is decreased resulting in conservation of soil water.
The conserved soil water allows late-season, sustained physiological activity during
subsequent periods of developing water deficits, which can be especially beneficial
during reproductive development. The shift in the temporal dynamics of water use by
water conservations traits has been shown in simulation studies to result in substantial
yield increases. It is suggested from this analysis that effective water use through the
growing season is more important for increasing crop yield than attempts focused on
improving the static, intrinsic TE ratio.

Keywords: crop growth, effective water use, stomatal conductance, transpiration, vapor pressure deficit

INTRODUCTION

There continues to be great interest in increasing crop transpiration efficiency (TE), which is often
defined as crop mass production per unit of crop transpiration. This interest seems to be sustained
in spite of the fact that more than a century of research has shown little progress in improving
basic TE. This was pointed out by Tanner and Sinclair (1983) in their review of much of the research
beginning early in the last century showed little evidence in progress toward increasing TE. The one
noted exception has been the development from carbon isotope discrimination observations of the
wheat cultivar ‘Drysdale’ in Australia for rainfed conditions (Rebetzke et al., 2002). However, the
carbon isotope discrimination approach in itself did not resolve the exact physiological advantage
of this variety. The percent yield increase of Drysdale was found to be less than 11% at a base yield
of about 1 t ha™! (i.e., yield improvement of 0.11 t ha—!) and the percent yield increase declined
linearly with higher base yields.
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Effective Water Use

Stability in TE was fully illustrated in the analysis of C.T.
deWit (1958) in which results from experiments worldwide were
combined and plotted for each species as growth vs. transpiration
normalized by evaporation from an open water surface. These
data within a species represented a range of cultivars, soil fertility,
soil water conditions, and environments. As shown in Figure 1,
within in each species these straightforward graphs resulted in
highly linear relationships. The slopes varied among species but
within species the slopes were extremely stable across the wide
range of experimental conditions.

Given the historical experience of little variation within a
species for improvement in the ratio of growth to normalized
transpiration, why is there such a continuing interest in
improving crop TE? Likely one major reason is the intuitive view
that increasing TE will result in increased crop yield. This view
was illustrated in the phenomenological equation presented by
Passioura (1977).

Y = HIx TE x W, (1)
where Y = grain yield,

HI = harvest index,
W = transpired soil water.

A central feature of Eq. [1] is the TE variable, and this indicates
that Y would be increased by increasing TE. The difficulty is that
the Eq. [1] is not a mechanistic equation. As discussed below, TE
is dependent on a large number of physical and physiological
variables that make it very difficult to resolve TE in attempts at
genetic comparisons and improvements.

A MECHANISTIC VIEW

Rather than the ambiguity in the phenomenological description
of TE in Eq. [1], an improved understanding of canopy water use
is obtained by examining a mechanistic description of TE. Such a
mechanistic derivation was presented more than 30 years ago by
Tanner and Sinclair (1983). In their derivation, the relationship
between canopy mass accumulation and water loss was developed
from the basic relation between carbon dioxide and water vapor
exchange at the leaf level. The resultant expression resulted in the
following deceptively simple expression for daily canopy TE.

TE = [(kq/VPD)dt/[dt, (2)
where

kg = mechanistic coeflicient accounting for physical and
physiological characteristics (Pa),
VPD = vapor pressure deficit (Pa).

If TE is to be calculated on a daily time step, then the
daily value of VPD to be used in Eq. [2] must be weighted
to reflect the daily pattern of transpiration rate. That is, the
weighted VPD value needs to be skewed for the times of
the day when transpiration rate is high. Therefore, a simple
mean daily VPD even if based only on daytime values is an
inappropriate calculation for daily VPD. Tanner and Sinclair

(1983) proposed that VPD is equal to 0.75 of the difference
between maximum daily vapor pressure and minimum daily
vapor pressure. Abbate et al. (2004) subsequently concluded that
the weighting coefficient in the calculation of VPD for Argentine
environments was 0.72.

The terms that define the parameter kq in Eq. [2] is critical to
understanding the nature of TE. The derivation of Tanner and
Sinclair (1983) gave the following explicit definition of kg.

kqa = (@axbxc/1.5) x (Cy/(p x €)) x Lp/Lt, (3)
where

a = molecular weight ratio [CH,0]/[CO;] = 0.68,

b = conversion fraction to plant mass from hexose,
c¢=(1—-C;/C,), where C; is leaf internal CO; partial pressure
and C, is atmospheric CO; partial pressure,

1.5 = accounting for diffusion difference between water

vapor and CO3,
p = air density,
e = ratio of mole weight of water vapor to air

(18/28.8 = 0.625),

Lp = leaf area index exposed to direct radiation (for nearly
closed canopies ~1.4),

LT = effective transpiring leaf area index (for nearly closed
canopies ~2.2).

In comparing kg among crop species, the two key variables
that result in differences in k4 are parameters b and c. The value of
b ranges from about 0.75 for species producing high carbohydrate
plant products to about 0.42 for species producing high energy
products containing high amounts of oil and protein. The value
of ¢ depends on the photosynthetic pathway of a species with
maximum values of about 0.7 for C4 species and about 0.3 for
C3 species. Therefore, kg can range from about 9-10 Pa for
carbohydrate-producing C4 species to about 4 Pa for energy-rich
C3 species.

Based on the derived definition of kg4, predicted kg could be
expected to be fairly stable within species. This conclusion is fully
consistent with the stability in the slope in Figure 1 from the
analysis of deWit (1958). Further, the values of the slopes found
by deWit reflect species differences in kq. That is, the species with
the highest slope in Figure 1 is sorghum, which is predicted to
have a high slope because it is a C4 species producing low energy
vegetative mass and seeds. The next lower slope is wheat, which
is a C3 species producing high carbohydrate plant material. The
lowest slope is for alfalfa, which is a C3 species producing high
protein concentration in the plant.

The definition of k4 indicates some possibility of increasing TE
by decreasing C;j. There are two approaches to achieve decreased
Ci: lower stomatal conductance allowing C; to be taken to a
low value by photosynthetic consumption of CO3, or high leaf
photosynthetic activity that results in the ready assimilation of
CO; and low C;. However, in the context of crop production
neither approach seems likely to offer major opportunities for
increases in TE. Low stomatal conductance will result in low leaf
photosynthetic rates, which might result in a direct limitation on
crop growth and yield. High leaf photosynthetic activity would
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FIGURE 1 | Graph of plant mass production plotted against transpiration rate normalized with pan evaporation (deWit, 1958). (A) Sorghum, (B) wheat, and
(C) alfalfa.

likely be more advantageous, but for any crop species that has
been subjected to breeding and selection for high yield, it seems
likely that genotypes with low photosynthetic rates have already
been discarded.

Direct measures of Cj/C, tend to show values that are
consistent with the maximum c values given above. Bunce (2005)
measured in the field the C;/C, ratio of six C4 species and found
the lowest ratio was in Japanese bristlegrass (Seteria faberi) with
a ratio of 0.3 (maximum ¢ = 0.7). In a comparison of a large
number of sugarcane (Saccharum spp.) cultivars, Jackson et al.
(2016) found the minimum C;/C, to be 0.34 (maximum c = 0.66).
In C3 species, the value of C;/C, is much higher than in C4
species. In a field comparison of eight soybean [Glycine max
(Merr.) culitvars, L.] at different stages of development, Tomeo
and Rosenthal (2017) found the lowest value of C;/C, to be about
0.66 (maximum ¢ = 0.34) with most observations in the range
about 0.69 (maximum ¢ = 0.31) to 0.79 ( maximum c=0.21).Ina
comparison of seven cotton (Gossypium hirsutum L.) cultivars,
Ci/C, ranged from 0.66 to 0.68 (maximum c¢ = 0.34 to 0.32)
(Stiller et al., 2005). Hence, the maximum experimental values
of ¢ in C4 and C3 are consistent with the stated values in the
definition of k4 among species.

Given that both variables b and ¢ are approximately stable
with few practical options for major modification, it is concluded
that the kq term of TE does not appear to be a major priority
target for increasing TE. The variable left for increasing TE is
VPD. Unfortunately and importantly, VPD is often ignored in

comparisons of TE even though it is clear that this variable can
have a large impact on TE. Further, VPD is not simply defined
by the changing ambient environmental conditions, but can be a
physiological term resulting from plant adjustments in stomatal
conductance over time and environmental conditions (Vadez
et al., 2014).

Remembering that the VPD term in Eq. [2] represents daily
VPD weighted for transpiration rate, the value of this term
is decreased if the fraction of daily transpiration under high
VPD conditions is decreased. There are two major approaches
to result in decreased transpiration during the midday period
of elevated VPD. One approach is the possibility of limited-
transpiration rate due to the imposition of a maximum
water transport to the guard cells due to plant hydraulic
conductance limitations (Sinclair, 2017b). Under this condition,
further increases in VPD result in partial stomatal closure
so that the transpiration rate matches the water flow rate to
the stomata. If there was not a limitation on transpiration
rate due to partial stomatal closure, the leaf would rapidly
desiccate due to limited water flow into the leaf. This stomatal
response is sometimes observationally referred to as ‘midday
stomatal closure.” Sinclair et al. (2008) found that the limited-
transpiration trait in soybean genotype PI 416937 was associated
with low leaf hydraulic conductance, which was consistent
with apparent aquaporin activity of this genotype (Sadok and
Sinclair, 2010). Not surprising, in a study of peanut genotypes,
Devi et al. (2009, 2010) found that those lines exhibiting
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partial stomata closure at threshold VPDs also had significantly
greater TE.

A second approach to decreasing daily VPD can result from
a decrease partial stomatal closure as the soil dries. Decreasing
soil hydraulic conductance with soil drying results in partial
stomatal closure at midday when no more than one third or
less of the transpirable soil water remains in the soil (Sinclair,
2005). If a genotype with a low plant hydraulic conductance
is paired with low soil conductance resulting from soil drying,
then the threshold of extractable soil water at which transpiration
decrease is likely initiated is at a higher soil water content than
the usual one third transpirable soil water (Sinclair, 2017a). Those
genotypes that initiate stomatal closure at high transpirable soil
water will have a lower weighted VPD, and consequently greater
TE as the soil dries.

DECREASE IN WATER USE BY
ENVIRONMENTALLY SENSITIVE
STOMATAL REGULATION

Given that there appears to be limited possibilities for increasing
kq in crop species that have been subjected to breeding for
yield increase, a more rewarding focus for increasing TE seems
likely to be on plant traits associated with decreased effective
VPD (Eq. [2]). An increase in TE as a result of decreased
weighted VPD certainly indicates a major opportunity for
yield increase as shown in the Eq. [1]. However, Eq. [1]
represents a static view of crop yield and fails to account
for the temporally dynamic processes of mass accumulation
and water use through an entire growing season. Accounting
for the dynamic changes in water use through the growing
season is critical in resolving the impact of VPD. Not
only does weather directly influence VPD, but fluctuating
availability of soil water can have a major influence on weighted
VPD. Further, variation through the season on possible crop
transpiration rate can influence the determination of weighted
VPD.

In terms of increasing crop yield, an important outcome of
the two water-conservation traits discussed above is that they
result in altered seasonal patterns of water use. Conservation
of soil water, especially early in the growing season, can result
in greater soil water availability later in the growing season so
that the impact of late-season drought might be decreased as a
result of sustained physiological activity, especially during seed
fill. Richards and Passioura (1989) selected wheat genotypes with
smaller diameter metaxylem vessels as an approach to achieve
decreased plant hydraulic conductance and shift water use to
later in the growing season. While they found yield increases
of 3 - 11%, no commercial cultivars were released from their
study

A concern for each of the two water-conservation traits
discussed here is that partial stomatal closure to limit water
loss also results in a restriction on current photosynthetic
activity. A key question to be resolved is whether the gain in
conservation of soil water (and increased TE) overcomes the early
season loss in plant mass accumulation. This question cannot

be resolved using a static equation such as Eq. [1] but requires
a temporal analysis through the growing season requiring a
dynamic, mechanistic crop model. The model needs to be applied
over a number of seasons for each location to obtain enough
simulation results to allow adequate information to generate
average yields, and likely more importantly, probability estimates
for yield change.

Simulations to assess the yield response by introducing the
water-conservations traits into crop genotypes have been done
using the Simple Simulation Model (SSM, Soltani and Sinclair,
2012). This model tracks soil water content on a daily basis by
adding precipitation and irrigation to the soil and removing water
as a result of soil evaporation and canopy transpiration. The
daily amount of crop mass accumulation, transpiration, leaf area
development, and nitrogen accumulation are all adjusted in SSM
based on the fraction of transpiration soil water (FTSW) that
exists in the soil on each day as the simulation progresses through
the growing season. Hence, the simulations are temporally
dynamic and directly account for plant responses to soil water
status.

Assessment of Limited-Transpiration on
Crop Yield

The impact of water conservation due to decreased
transpiration rate under elevated VPD was first simulated
for sorghum (Sorghum bicolor L.) in Australia (Sinclair
et al., 2005). Weather data from four locations over more
than 100 years was used to simulate sorghum plants with
assumed, hourly limited-transpiration rates of 0.4 and
0.6 mm h~!. Simulated yields were generally increased, or
at least unchanged, at yield levels of about 4.5 t ha=! and
lower. Approximately 75 % of the growing seasons were in
this lower-yield classification that would benefit from the
limited-transpiration trait. Above 4.5 t ha™!, yields were only
slightly decreased due to the limited-transpiration trait. It
was concluded that the limited-transpiration trait appeared
advantageous for commercial production of sorghum in
Australia.

Simulations were also done on the impact of the limited-
transpiration trait on soybean in the United States (Sinclair
et al., 2010). The limited-transpiration response was invoked
whenever VPD during the daily cycle was greater than 2 kPa.
Simulations were done at each grid location (30 km x 30 km)
over the United States based on 50 years of weather data. Due to
the sensitivity of N, fixation to soil drying, water conservation
as a result of the limited-transpiration trait resulted in a high
probability of yield increase of 85 % or greater for most locations
(Figure 2a). Yields when ranked at each location showed yield
increases at the 75 (wet), 50, and 25 (dry) percentile ranking
in nearly all locations in the major areas of soybean production
(Figures 2b-d). In the 25 percentile ranking, the yield increase
ranged from 0.25 to 0.75 t ha™!. Similar simulations for soybean
in Africa were done with the threshold for limited-transpiration
trait at 1.8 kPa (Sinclair et al., 2014). Roughly half of the area in
both East and West Africa had an 85% or greater probability of
yield increase. The probability of a 70% or greater yield increase
included all but the wettest and driest locations in Africa.
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Geospatial assessments have also been done for several other
crop species and locations. In South Asia, lentil (Lens culinaris
Medik) was simulated with limited-transpiration thresholds of
2.2 and 1.1 kPa (Guiguitant et al., 2017). Limited-transpiration
with a 1.1 kPa threshold had yield increase probability greater
than 55% for much of the central zone of the South Asia region.
Outside the central region, however, the simulations indicated the
trait would not give consistent yield increase. Also, in South Asia
Kholova et al. (2014) simulated the yield response of sorghum
to modification in several plant traits. The limited-transpiration
trait was found to have highest positive effect on crop yield of
the studied traits. Over a wide range of yield levels, yields were
increased up to 0.2 t ha= 1.

The potential impact of the limited-transpiration trait on
maize (Zea mays L.) yields in the United States was simulated
by Messina et al. (2015). Using a 2.0 kPa limited-transpiration
threshold, yield was generally increased in environments where
yield without the trait was less than 10.5 t ha™!, with the greatest
yield increases occurring at yield levels less than 6.5 t ha—!. Hence
the greatest benefit in yield increase of the limited-transpiration
trait was in the western regions of maize production in the
United States, generally west of 95° west longitude. The results

of these simulations are being used by Pioneer to guide the
marketing of their AQUAmax hybrids, which have been shown
to express the limited-transpiration trait.

Assessment of Soil-Drying Sensitivity on
Crop Yield

Partial stomatal closure at a higher FTSW was simulated for
maize grown at Columbia, MO. Yield in only 3 out of 20
simulated seasons was benefitted by initiating partial stomatal
closure at higher soil water content than normally observed
(Sinclair and Muchow, 2001). A much more extensive simulation
of the response of soybean to higher FTSW for stomatal closure
was included in the study for the United States described above
by Sinclair et al. (2010). Due to the sensitivity to soil water
deficit of symbiotic nitrogen fixation in soybean, the probability
of yield increase was greater than 79% for three-fourths of
the locations (Figure 3a). Yields when ranked at each location
showed yield increases at the 75 (wet), 50, and 25 (dry) percentile
rankings in nearly all locations in the major areas of soybean
production (Figures 3b-d). Yields were increased especially
in the drier growing seasons represented by the 25 percentile
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ranking. Therefore, available water was much more effectively
used through the growing season as a result of the early initiation
of stomatal closure at high FTSW.

EFFECTIVE WATER USE

The above discussion of water conservations traits either by
limited-transpiration rate under elevated VPD or by early decline
in transpiration rate with soil drying showed the importance
of shifting water use from earlier in the cropping season to
later in the season, especially to the seed-fill period. Increasing
availability of water to the crop at the end of the season enhances
the possibility of sustained crop physiological activity, and hence,
decreasing the impact of water deficit on reproductive growth.
That is, the key response variable to increase yield as expressed in
the phenomenological perspective of Eq. [1] is an increased HI.
There are, of course, additional approaches to water-
conservation by crops other than those discussed above to
achieve effective water use through a cropping season. One
simple management approach that was empirically developed
from field trails is to shift the cropping season to cooler periods

when the VPD is lower and the overall water requirement is
less. Another management approach is to select shorter-season
cultivars so the cropping season can be completed before water
deficits develop. In the Midsouth of the United States, a major
shift in soybean management to increase yields by avoiding
drought, which commonly develops at the end of July (Purcell
etal., 2003), was achieved by using a combination of early sowing
and early-maturing cultivars (Bowers, 1995; Heatherly, 1999).

In contrast to the soybean experience, simulations of lentil
production in east Africa indicated longer-season cultivars had
a higher probability of yield increase (Ghanem et al., 2015). The
longer-season cultivars were better suited to take full advantage
of all rainfall to attain more effective water use. The optimum
sowing date varied substantially across the region so that full
consideration of the rainfall pattern is required to determine the
appropriate crop sowing date for each location.

Other plant traits can potentially be altered to decrease plant
water use in the early part of the cropping season. Lower leaf
photosynthesis rates early in the growing season as a result of low
leaf nitrogen content and low stomatal conductance, for example,
will result in water conservation for late season water use. Slower
leaf area development will also decrease the light intercepting
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leaf area index so early-season transpiration rate is lessened.
These traits are associated with the relative performance of
maize, sorghum and millet with increasingly dry conditions
favoring sorghum and then millet (Sinclair and Weiss, 2010).
Slow root extension in the soil will also limit early season
transpiration rate in favor of later season water use. The
simulations of soybean production across the United States
showed such traits would increase the probability of yield
increase for much of the soybean production area (Sinclair
et al, 2010). Of course, an important consideration in
these early-season water conservation traits is minimization
of water loss due to soil evaporation and competing
weeds.

PERSPECTIVE

The phenomenological equation indicating the importance of
TE turns out to be very complex at the mechanistic level.
As found in the derivation of Tanner and Sinclair (1983),
TE in the phenomenological equation is actually dependent
on several physical and physiological variables as well as
the environment. As a minimum, accounting for atmospheric
humidity conditions is essential as was done in deWit’s analysis
60 years ago. As shown in deWits results, little variation
within a crop species in TE normalized for VPD seemed to
exist.

Even “intrinsic” TE may offer minimum insight. This term
is usually assumed to be static, i.e., constant over a range a
conditions. In fact, environmental variation over the growing
season is likely to introduce instability that challenges the data
requirements to fully establish intrinsic TE. Simply obtaining
sufficient observations of intrinsic TE in a breeding population
may be a major problem. The carbon isotope discrimination
technique was developed in an effort to overcome this problem
but the approach in practice is essentially empirical and
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Understanding how nitrogen (N) and/or phosphorus (P) addition affects plants carbon-
and water- related ecophysiological characteristics is essential for predicting the global
change impact on the alpine meadow ecosystem structure and function in carbon and
water cycling. The Qinghai-Tibetan Plateau (QTP) with the largest alpine meadow in the
world is regarded as the third pole in the earth and has been experiencing increased
atmospheric N deposition. In this project, we focused on two key species (Elymus
dahuricus and Gentiana straminea) of the alpine meadow on the Tibetan Plateau and
investigated the variability of photosynthetic and stomatal responses to 8-year N and/or
P treatments through field measurements and modeling. We measured photosynthesis-
and gs-response curves to generate parameter estimates from individual leaves with
two widely used stomatal models (the BWB model and MED model) for validation of
growth and ecosystem models and to elucidate the physiological basis for observed
differences in productivity and WUE. We assessed WUE by means of gas exchange
measurements (WUF;) and stable carbon isotope composition (A3C) to get the intrinsic
and integrated estimates of WUE of the two species. P and N+-P treatments, but not
N, improved the photosynthetic capacity (Anet and Vemax) for both species. Stomatal
functions including instaneous measurements of stomatal conductance, intrinsic water-
use efficiency and stomatal slope parameters of the two widely used stomatal models
were altered by the addition of P or N+P treatment, but the impact varied across years
and species. The inconsistent responses across species suggest that an understanding
of photosynthetic, stomatal functions and water-use should be evaluated on species
separately. WUE estimated by A'3C values had a positive relationship with Anet and gs
and a negative relationship with WUE;. Our findings should be useful for understanding
the underlying mechanisms of the response of alpine plants growth and alpine meadow
ecosystem to global change.

Keywords: photosynthesis, stomatal conductance, intrinsic water-use efficiency, integrated water-use efficiency,
stomatal slope parameter
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INTRODUCTION

Terrestrial ecosystems worldwide are limited or co-limited by
nutrients, especially by nitrogen (N) and phosphorus (P)
(Elser et al., 2007; LeBauer and Treseder, 2008; Harpole et al.,
2011). While it is well-known that N and P addition typically
increases plant growth, less is known about how N and P
addition affects plants ecophysiological characteristics related
to carbon and water acquisition. The Qinghai-Tibetan Plateau
(QTP) is regarded as the third pole and has one of the
largest alpine grasslands in the world. The QTP has been
experiencing much greater than average global changes, such
as increased atmospheric N deposition and climate warming
(IPCC, 2013). The wet nitrogen deposition was estimated
6.96-7.55kg Nhm=2y~! on the QTP (Lv and Tian, 2007).
With the increase of global nitrogen deposition and the relative
slow mineralization rate due to the low temperature at the
high elevation, it is critical to investigate the ecophysiological
responses of the alpine grasslands species to N and P addition.
The information will be valuable in predicting the global change
impact on the alpine meadow ecosystem structure and function
in carbon and water cycling.

Alpine meadow system on the Tibetan Plateau is characterized
as low N and P availability due to the slow mineralization
processes at the low temperature. The addition of N and P
is therefore anticipated to boost the growth of the alpine
meadow species. Yang et al. (2014) reported that N and
P additions both increased the aboveground biomass on
QTP alpine meadow and the P effect was more evident
than the N effect. Fu and Shen (2017) synthesized 51
studies on the QTP and confirmed that nitrogen addition
significantly increased plant height and aboveground biomass.
Photosynthetic carbon gain of leaves was mainly affected by N
concentration and light availability (Field and Mooney, 1986).
This observation is supported by the positive relationships
between leaf N concentration and net photosynthesis observed
in many different species (Turnbull et al, 2007; Wang
et al, 2012). However, whether the alpine meadow species
is photosynthetically N or P limited and whether different
species respond to N/P addition differently remains unknown.
Chlorophyll fluorescence parameters, stomatal conductance (gs)
and maximum rate of carboxylation (V.max) are important
physiological parameters related to plant photosynthesis. All
these physiological parameters are nutrient-dependent and
probably affected under N and/or P addition conditions
(Reich et al., 2009; Liu and Greaver, 2010). Measurements of
photosynthetic and stomatal responses of the alpine meadow
species to N and/or P addition are needed for validation of
plant growth models and to elucidate the physiological basis for

Abbreviation: Ape, net CO, assimilation rate (umol m~2 s~'); F,/Fi, the
maximal photosystem II (PSII) efficiency in the light; g, stomatal conductance
(mol m~2 s7!); Juax, maximum electron transport rate (umol m~2 s~!);
Nmass> leaf mass-based nitrogen concentration (%); PFTs, plant functional types;
Dpgyy, the actual PSII efficiency; RuBP, ribulose-1,5-bisphosphate carboxylase;
Vemax, Maximum carboxylation rate (umol m~2 s~!); WUEI, intrinsic water-use
efficiency (umol CO,/mol H,0); ABC, stable isotope 13C discrimination values

(%0).

observed differences in plant growth responses to the addition of
N and/or P.

Successfully simulating canopy and ecosystem photosynthesis
and transpiration requires understanding the rate-impacting
factors in leaf photosynthesis and stomatal activities (Laisk
et al., 2005). Understanding and predicting larger scale carbon,
water, and energy cycles also requires accurate estimates of
the leaf diffusive (stomatal) conductance to water vapor using
stomatal conductance models. The regulatory role of stomata
in photosynthetic CO, assimilation and water vapor loss to
the atmosphere is arguably the most fundamental constraint
on plant function and most critical process in simulating
and predicting larger scale carbon, water and energy fluxes.
Empirical and mechanical models have been incorporated into
land surface models to simulate stomatal conductance. The
Ball, Woodrow & Berry (BWB model) and Medlyn model (MED
model) are two widely used stomatal models to describe the
complex behavior of stomata at the leaf level (Medlyn et al,
2001; Wolz et al., 2017). The parameters of these models (m and
go from BB model, g; and go from MED model) are valuable
for large-scale simulations and represent important physiological
traits that determine plant water-use efficiency. Compared with
instant measurements, the changes in stomatal slope parameters
(m and g1) with plant’s biophysical environment provide a simple
but synthetic framework for studying climate-change related
carbon and water cycling, because of its sensitivity to CO,
vapor pressure deficient, and photosynthesis, as well as its crucial
information about climate change impacts on photosynthesis
and water-use efficiency (Oren et al., 1999). How stomatal slope
parameters of alpine meadow species varies among different
species and at different fertilization conditions requires further
study and analysis.

Through gas exchange measurements, WUE can be expressed
as intrinsic WUE (WUE;, the ratio of net photosynthesis to
stomatal conductance, Ape/gs). Integrative WUE (A3C) can
be assessed indirectly with measurements of the stable carbon
isotope composition (8!3C) of leaves or other plant materials.
This latter method is based on the linear relationship between
313C and the ratio of the concentration of CO, inside and
outside of the leaf (Farquhar et al., 1982). Using gas exchange
measurements (WUE;) and carbon isotope composition would
provide both instantaneous and integrated estimates of WUE
(Seibt et al., 2008). Whether the integrated measurements
matches with the instantaneous measurements of water-use
efficiency, stomatal slope, and photosynthetic parameters for
the alpine meadow species requires further investigation and
analysis.

Previous studies indicated that N and P additions increased
the aboveground biomass of grass but decreased forb biomass
(Yang et al, 2014; Fu and Shen, 2017). To identify the
ecophysiological responses of different PFTs to N/P addition, we
will select two key species (Elymus dahuricus, a Cs perennial
grass and Gentiana straminea, a Cz perennial forb) of the
alpine meadow on the Tibetan Plateau and investigate the
variability of photosynthetic and stomatal responses to N or P
additions and associated leaf traits through field measurements
and modeling. We measured photosynthesis- and gs-response
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curves to generate parameter estimates from individual leaves
for two widely used stomatal models (the BWB model and
MED model). We assessed WUE by means of gas exchange
measurements (WUE;) and stable carbon isotope composition
(A3C) to get the intrinsic and integrated estimates of WUE of
the two key alpine meadow species. The objectives of this study
were (1) to determine whether P or N or both was the nutrient
more limiting to the photosynthesis of two alpine meadow
species growing in the field; (2) to investigate whether long-term
fertilization treatments changes the stomatal slope parameters;
(3) to identify the relationship of leaf traits to integrated water-
use efficiency (A13C). We hypothesized that (1) as the effect on
the aboveground biomass, both P and N addition will improve
the photosynthetic capacity of the two species and the P effect
will be more evident than the N effect; (2) the addition of N
or P will not change the stomatal regulating properties; (3) the
integrated water-use efficiency (A'*C) will be correlated with the
instantaneous measurements of water-use efficiency (WUE; and
stomatal slope parameters).

MATERIALS AND METHODS

Site Description

The study site was established in an alpine grassland at
the Haibei Alpine Meadow Ecosystem Research Station
(37°37' N, 101°12' E, 3240 m above the sea level), located on
the northeastern Tibetan Plateau in Qinghai Province, China
(Yang et al, 2014; Song and Yu, 2015). The historic mean
annual temperature is —1.7°C and annual precipitation is
560 mm, 85% of which occurs in the growing season from May
to September. The PAR (photosynthetically active radiation)
reaches 370 W m~2 s~! in the growing season, equivalent
ot 10 MJ m~2 d~!'. The mean annual temperature was 2.89
and —0.02°C and the mean annual precipitation was 601 and
453 mm in 2015 and 2016, respectively. The mean daily day-
and night-temperature and maximal temperature was 11.6, 4.6,
and 28.4°C and 13.6, 5.2, and 28.9°C in the growing season in
2015 and 2016, respectively. The soil is classified as Mat Cry-gelic
Cambisols (Chinese Soil Taxonomy Research Group, 1995),
corresponding to Gelic Cambisol. Topsoil (0-10 cm) has a pH
value of 7.5, and contains 71.4 g kg~ ! organic C, 7.8 g kg™!
total N, and 0.77 g kg~ ! total P before nutrient treatments were
applied in 2009 (Huang et al., 2014). The experimental site was
fenced before the experiment plot was established. The plant
community at the experimental site is dominated by Kobresia
humilis, Stipa aliena, Elymus nutans, E. dahuricus, G. straminea,
and Festuca ovina.

Experimental Design and Sampling

The experimental design followed the standard protocols of
Nutrient Network (NutNet'). In mid-May 2009, an experimental
area of 1 ha was fenced to prevent grazing disturbance. Twenty-
four plots of 6 m x 6 m were randomly assigned to four
treatments with six replicates (blocks) in a complete randomized

Uhttp://nutnet.umn.edu

block design. The blocks were separated by a 2-m-wide buffer
zone, and the plots within each block were separated by a
1-m-wide buffer zone to minimize disturbance from neighboring
treatments. The four treatments consisted of the following:
(1) Control (CK, no fertilizer was added); (2) N addition (in
the form of urea, 100 kg N ha™! year’l); (3) P addition (in
the form of triple superphosphate, 50 kg ha=! year~!); and
(4) N+P addition (combined addition of N and P in the same
amounts as the solo treatments). Pelletized fertilizer was evenly
distributed by hand onto the plots after sunset in July from 2009
to 2016.

Photosynthetic Measurements

Gas exchange (including net photosynthetic rate and stomatal
conductance) was measured with a portable infrared gas analyzer
(LI-COR 6400LCF; LI-COR, Lincoln, NE, United States) on
1 randomly selected fully expanded healthy leaf from each
plot of each treatment in August, 2015 and 2016. During
measurements, leaves were exposed to a CO;, concentration
of 370 wmol mol~!, leaf temperature of 25°C, and airflow
through the chamber of 300 pwmol s~!. Leaves were acclimated
to a photosynthetic photon flux (PPED; 2000 jumol m~2 s=1)
until photosynthetic rates stabilized. The rate of photosynthesis
at a PPFD of 2000 pmol m~2 s~! was defined as the
net photosynthetic rate (Ape). PSII efficiency in light-adapted
leaves (F:,/F;n) and PSII operating efficiency (®psyy) were also
measured using a Licor 6400-40 Leaf Chamber Fluorometer.
The photosynthesis-CO, response (A-C;) curves were measured
each year in the middle of the growing season (August). During
measurement, leaves were acclimated for 30-60 min before
adjusting the CO; concentrations. Thereafter, CO, concentration
was decreased in five steps (400, 300, 200, 100, and 50 ppm
CO,) and then increased in four steps (400, 600, 800, and
1000 pwmol mol~! CO,). A-C; curves were fit to the Farquhar-
von Caemmerer-Berry model based on the methods developed
by Miao et al. (2009). By using grid search and non-linear
two-stage least square regression technique, the fitting model
solves the A-C; parameters including maximum ribulose 1-5-
bisphosphate carboxylase/oxygenase (Rubisco) carboxylation
rate (Vemax, kmol m~2 s~ 1) and potential light saturated electron
transport rate (Jmax, lkmol m~2 s~ 1), respectively.

Immediately following gas-exchange measurements, leaf
samples were oven-dried till constant weight. Leaf samples
were then ground and N concentration (Npae, mass based
nitrogen concentration) were measured with a Perkin Elmer
CHN Analyzer (Model 2400).

Integrated Water-Use Efficiency (A13C)

Leaves were oven-dried at 65°C for 2 weeks, then ground
to fine powder. Approximately, 2 mg of homogenized leaves
were weighed into tin capsules and analyzed with an elemental
analyzer coupled to an isotope ratio mass spectrometer
(Elemental combustion system 4010, Costech instruments).
Carbon isotope ratios were expressed in conventional § notation
and referenced to the Pee Dee Belemnite (PDB) standard
for 3'3C. Measurement error was less than 0.3%o for 3'°C.
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The carbon isotope composition (3'3C) was calculated as the

ratio (%o):
3¢ = [(M) - 1] x 1000
Rstandard

Carbon isotope ratio values were converted to discrimination
values (A, %o) by the equation (Farquhar et al., 1989):

5p
A=0a—-38 1+ —
(8a p)/( + 1000)

Where 8a is the carbon isotope ratio of CO; in the atmosphere
(assumed to be -8 pars per mil, Seibt et al., 2008) and 8p is the
measured carbon isotope ratio of the leaf tissue. Lower values of
A indicate higher water-use efficiency values.

Stomatal Slope Parameter Calculations
The Ball et al. (1987) (Eq. 1) or Medlyn et al. (2001) (Eq. 2) models
of g; were used to calculate the stomatal slope parameters (m and
gl).

Ah

g =8 +me

Egq. 1
where g is stomatal conductance (mol m~—2 s7!), A is the
net rate of photosynthetic CO, uptake (jLmol m~2 s, his
atmospheric relative humidity (unitless), C, is the atmospheric
CO, concentration at the leaf surface (jumol mol™!), gy is the
y-axis intercept and m is the slope of the line.

Eq.2 gs:go+l.6(1+£)£
VD) G
where D is atmospheric vapor pressure deficit (kPa) and g; is the
model parameter related to the slope of the line.

For each leaf, a linear least squares regression of Eq. 1 or
Eq. 2 was used to estimate the intercept and slope parameters
of the Ball et al. (1987) (3) model and Medlyn et al. (5) model,
respectively. Biologically, the slope parameter of each model
represents the sensitivity of g to changes in Ape, C, and
atmospheric water status and will be the focus of this analysis.
A term for the y intercept of each model algorithm (go) can
be used to describe variation in minimum g. Only leaves that
provided a regression between modeled and observed stomatal
conductance with an R? > 0.8 were included in further analyses
(Wolz et al., 2017).

Statistical Analysis

Three-way analysis of variance (ANOVA) was used to test the
fixed effects of year, species, fertilization treatment and their
interaction on Apet, g WUEi, Niasss Fy/Frs ©psis Vemaxs
Jmax, and A3C. Post hoc Tukey HSD tests were conducted
on specific contrasts to examine significant treatment effects
among groups. General linear models (GLMs) were used to assess
the relationship between A'*C, WUE; and other physiological
parameters. For all tests, the normality of the residuals was
tested using the Shapiro-Wilk test. All statistical testes were
considered significant at p < 0.05. Mean values of each variable

were expressed with their standard error (SE). All analyses were
conducted in R (R 2.14%).

RESULTS

The three-way ANOVA analysis revealed that effects of nutrient
additions on photosynthetic traits varied among species, years,
treatment and their interactions (Figure 1 and Table 1).
Photosynthetic and leaf traits varied between years and among
species, with G. straminea possessing higher Aper, gs, F:,/F/m,
Opsi, Vemax> Jmaxs Nmass, and A3C and lower WUE; and
stomatal slope parameters compared with E. dahuricus (Table 1).
Apet of plants with P and N+P treatments was significantly
higher than those with N and CK treatments for E. dahuricus
and G. straminea in 2015 and 2016 (Figure 1). Across species
and years, the value of g of plants with P and N+P treatment
was significantly higher than those with N and CK treatments.
There were significant species, year and species * treatment effect
on WUE,. The value of WUE; of E. dahuricus with N+P and
P treatment was significantly higher than those with N and CK
treatments.

Significant effects were detected among species, year,
treatment and species x treatment for F/v / F/m and ®pgyg
(Figure 2 and Table 1). For E. dahuricus, plants with P and
N+P treatments had higher F;/ F;n and ®pgyp than those with
CK and N treatments. For G. straminea, P addition significantly
increased F, /F._in 2016 and 2017 compared with CK treatments
and @pgy compared with CK, N and N+P treatments in 2017.

There were significant effects of species, year, treatment and
their interactions for Vemax and Jmax (Figure 3 and Table 1).
Across E. dahuricus and G. straminea in 2 years, plants with P
and N+P treatments had higher V¢yay and Jpmax than those with
N and CK treatments.

There were no treatment, but species, year and
treatment x year effects on stomatal slope parameters of
m and gl (Figure 4 and Table 1). Variation in estimates of the
gl slope parameter from the Medlyn et al. model mirrored that
of m, both in species rank and treatment effects. In 2015, plants
with nutrient treatment had higher values of m and gl than
plants with CK treatments for both species. In 2016, plants with
P and N+-P treatments had lower values of m and g1 than plants
with CK treatment for E. dahuricus. There were no significant
treatment effects for G. straminea in 2016.

Significant effects were detected among species, years,
treatment and their interactions for Ny and A3C (Figure 5
and Table 1). Across the two species in the 2 years, plants with
N and N+-P treatment had higher N5 than plants with P and
CK treatments. The value of A'>C varied among species and
treatments. Plants with N+P treatment had lower A'*C than
plants with CK treatments across two species.

A'3C had a positive relationship with A and g, a negative
relationship with WUE; and no relationship with stomatal slope
parameter of m or gl (Figure 6).

Zhttp://www.r-project.org/
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FIGURE 1 | The response of net photosynthetic CO, assimilation (Anet), stomatal conductance (gs), and intrinsic water-use efficiency (WUE;) to the nutrient addition
for Elymus dahuricus and Gentiana straminea. Measurements were taken at CK (control), N (nitrogen), P (phosphorus), and N+P (nitrogen and phosphorus)
treatments in the peak growing season in 2015 and 2016. Values are means + 1 SE; n = 5. Bars sharing the same letters are not significantly different.

DISCUSSION

In order to investigate the variation in the ecophysiological
responses to N and/or P treatment and detect whether there is
stomatal acclimation with long-term fertilization treatment, we

assessed leaf traits of two

key species on Tibet alpine grassland

across two growing seasons. The systematic measurements of
gas exchange after long-term fertilization treatment are essential
for validation of plant growth and ecosystem models and
to elucidate the physiological basis for observed differences
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TABLE 1 | Analysis of variance (F-value) of the effects of species, treatment, year and their interactions on net photosynthetic rate (Anet), stomatal conductance (gs),
intrinsic WUE (WUEI), leaf nitrogen concentration (Nmass), the maximal PSII efficiency in the light (F'V/F'm), the actual PSII efficiency (®pg)), maximal carboxylation rate
(Vomax), potential light saturated electron transport rate (Jmax), Stomatal slope parameters m and g1, and A'3C.

Variation Anet Js iWUE F,/Fo, Dpgy Vemax Jmax gl m Nmass Al3C
Species 8.9%* 96.9%** 48.7%%* 110.4%* 79.3%* 4.9* 4.9* 9.9 12.3%* 565.6"** 264.7%*
Treatment 19.8%** 11.5%* 1.6 17.8%* 11.6%* 7.5% 8.2%* 1.0 0.8 10.7%** 2.9*
Year 19.9%** 0.8 12,270 48.9% 61.2%%* 21.9%* 14.9%** 15.4%** 27.3* 15.8%** 0.1
Species x treatment 1.1 3.3* 3.2¢ 4.6 2.0 2.8* 0.7 0.8 0.3 0.4 0.3
Species x year 6.9%* 15 1% 0.0 1.4 4.5% 5.2* 6.8** 2.7 0.7 8.0 167.7%%*
Treatment x year 0.7 3.6% 0.9 1.7 1.0 1.8 2.6 4 1% 4.1 1.5 0.4
*** Indicates significance level at 0.001, ** 0.01, * 0.05.
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2015 and 2016. Values are means + 1 SE; n = 5. Bars sharing the same letters are not significantly different.
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in the response of growth and water-use to N and/or P
additions.

In our study, photosynthetic and leaf traits varied among
species and treatment, with G. straminea possessing higher Ape,
gs» By /F., ®psit, Vemaxs Jmax> Nimass» and A'3C and lower WUE;
and stomatal slope parameters compared with E. dahuricus
(Table 1). Contrary to our first hypothesis, 8 years of N treatments
had no effects on photosynthetic traits of either species, despite
significant increases in foliar N for both species. No stimulation of
photosynthetic traits by N treatment in the present study was not
in line with other results from this experiment site demonstrating
that N addition increased the aboveground biomass by 24% (Yang
et al., 2014). Though nitrogen addition significantly increased

plant productivity in the alpine meadow (Bassin et al., 2012; Fu
and Shen, 2017) and other grasslands (LeBauer and Treseder,
2008; Lee et al., 2010), the effect of nitrogen addition on plants’
photosynthetic performance on alpine meadow has not been
investigated widely. The results implied that the elevated foliar N
might not have been partitioned to photosynthetic components,
i.e.,, RuBP carboxylase (Rubisco) or chlorophylls (Bauer et al.,
2004), suggesting a decoupling of photosynthesis and elevated
foliar N. The proportion of N allocation to Rubisco may not
increase, as shown by the maximum Rubisco carboxylation
efficiency, which was not altered by N fertilization. The effect
of N on plant growth is generally due to both an effect on
photosynthesis and leaf growth, which was mostly confirmed
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on Cs species. Such long and high N treatments might have
eliminated any N limitation to photosynthetic performances.

In consistent with earlier findings that P addition increased
the aboveground biomass by 52% (Yang et al., 2014), P
addition increased Apet for both species compared with CK
treatment (Figure 1). The increase of Ape promoted by
P addition may be attributed to increases in g, F,/F,,
®pgp; and Rubisco activity (Vemax and Jmax) for both species

(Figures 1, 3). Phosphorus (P) nutrient is essential to a variety
of plant functions and a major component of nucleic acids,
sugar phosphates, ATP, and phospholipids, all of which play
important roles in photosynthesis. Low leaf P is thought to limit
Apet through reductions in ribulose-1,5-bisphosphate (RuBP)
regeneration, carboxylation activity, light use efficiency, and
stomatal conductance (Campbell and Sage, 2006; Thomas et al.,
2006). It had been shown that P supply influenced partitioning of
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N to Rubisco and important for RuBP regeneration, suggesting
there might be interactive effects of N and P availability on
Apet (Warren et al,, 2005). In a cross-biome analysis of the
influence of P on the linear relationship between photosynthetic
capacity (Amax) and foliar N, the slope of such linear relationship
increased with leaf P (Reich et al., 2009). The results in this
study indicated there was no additive effect of N+P treatment
on the photosynthetic capacity of these two species. In alpine
ecosystems on the Tibetan Plateau, these two species were limited
by P rather than N availability photosynthetically and P addition

will trigger a stronger positive response of plant photosynthesis
than N addition. The findings here suggest that it is important
to learn more about the physiology of P effects on Ape for
modeling carbon and biogeochemical fluxes and vegetation-
climate interactions, especially for regions where low P supply
may play a role in limiting plant and ecosystem function. The
significant year * species and year * treatment effects also
suggested that the meteorological conditions might also play a
significant effect on the ecophysiological responses of the two key
species to the nutrient treatments.
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FIGURE 6 | The linear relationship between integrated water-use efficiency (A 3C) and net photosynthetic CO, assimilation (Anet), stomatal conductance (gs),
intrinsic water-use efficiency (WUE;), stomatal slope m from Ball-berry for E. dahuricus and G. straminea. Only significant relationships (p < 0.05) with equations were

Nutrient addition not only affected plants carbon gain of these
two species, but also their stomatal functions in water relations.
P addition significantly increased g5 for E. dahuricus and
G. straminea. P stimulation on stomatal conductance indicated
that nutrient availability may limit stomatal function and thus
was important for maximizing carbon gain. Higher stomatal
conductance and thus higher transpiration can enhance nutrient
uptake. Variation across PFTs and environmental gradients in
the g; and m parameters had been reported widely (Medlyn
et al., 2011; Lin et al., 2015; Wolz et al., 2017). Consistent with
our prediction, there was no altered stomatal sensitivity under
different nutrient addition treatments. N, P or N+4-P treatment
increased m and gl in 2015 (p = 0.06 for E. dahuricus and for
G. straminea). The slope parameter gl and m (dimensionless)
relating g, to AH/cs was obtained by fitting the equation to leaf
gas-exchange data (Leakey et al., 2006). The values of gl and
m are largely representative of the ratio gs/A, the reciprocal of
intrinsic water-use efficiency (Franks et al., 2017). Therefore, it
might be expected that plants with characteristically higher WUE;
will exhibit lower g1, which was the case for the stomatal slope
parameter gl and m in 2015 and 2016 for both species. The
case study of 15 temperate C3 tree species revealed that long-
held assumptions about stomatal function were a substantial

source of error in physiological models of carbon and water
fluxes at the leaf scale (Wolz et al, 2017). Current modeling
approaches assuming a universal stomatal slope parameter under
different conditions could probably propagate the errors to
simulations of crop performance, ecosystem function and global
biogeochemical cycles.

The ratio Ci/C,, measured under normal (light-saturated)
conditions of leaf gas exchange or as a time-integrated value
from carbon isotope discrimination (A'*>C) in plant material, has
long been recognized as an index of plant water-use efficiency.
A decline in Ci/C, [and A3C] is equivalent to an increase
in intrinsic water-use efficiency (Farquhar et al., 1989). This
relationship can be difficult to resolve because the two variables
integrate plant response over different time spans: WUE; is
an instantaneous measurement while A3C is integrated over
the growing season. There was evidence for a negative linear
relationship between WUE; and A'3C in different species and
functional types (Roussel et al., 2009; Orchard et al., 2010; Wang
et al,, 2012). Recent analyses had suggested that using A'>C as
an indicator of variation in WUE could be less effective when
applied across species (Warren and Adams, 2006; Seibt et al.,
2008; Wang et al.,, 2012; Cernusak et al., 2016). Our study showed
that the diversity of A'3C had a negative relationship with WUE;
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of the two species, consistent with previous studies (Figure 6).
Plants can increase WUE by increasing the efficiency of carbon
fixation inside the leaf, either by increasing the efficiency of
light harvesting or carboxylation processes. However, A*C was
positively correlated with Ay, implying that the decrease of
WUE (increase of A¥C) was more driven by the increase of
gs. The overall A'3C during carbon assimilation is dependent
on the CO;, concentration at the sites of carboxylation, which
in turn is strongly dependent on mesophyll conductance (gp,).
Many studies reported no significant relationship between A3C
and WUE; (Seibt et al., 2008; McCarthy et al., 2011), claiming
mesophyll conductance contributed to the observed variability
of ABC.

CONCLUSION

This study provided an ecophysiological investigation of two
alpine meadow species after 8-year N and/or P treatments
with a systematic measurement of leaf traits across two
growing seasons. P and N+P addition improved the
photosynthetic capacity for both species. Ape of the two
alpine species in this study responded similarly to N and/or
P treatment and the P stimulation on the A,e was associated

with increased g, F:,/F;n and Vimax for E. dahuricus and

G. straminea. The stomatal functions including instantaneous
measurements of stomatal conductance, intrinsic water-use
efficiency and the stomatal slope parameters of the two
widely used stomatal models were altered by the addition
of P or N+4P treatment, but the impact varied across
years or species. This suggests that an understanding of
photosynthesis, stomatal functions, and water-use should be
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