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Leaf Shedding and Non-Stomatal
Limitations of Photosynthesis
Mitigate Hydraulic Conductance
Losses in Scots Pine Saplings During
Severe Drought Stress

Daniel Nadal-Sala™, Riidiger Grote ', Benjamin Birami™2, Timo Kniiver'3,
Romy Rehschuh’, Selina Schwarz' and Nadine K. Ruehr’

" Karisruhe Institute of Technology, Institute of Meteorology and Climate Research - Atmospheric Environmental Research
(IMK-IFU), Garmisch-Partenkirchen, Germany, 2 University of Bayreuth, Chair of Plant Ecology, Bayreuth, Germany,
3 Department of Botany, University of Innsbruck, Innsbruck, Austria

During drought, trees reduce water loss and hydraulic failure by closing their
stomata, which also limits photosynthesis. Under severe drought stress, other
acclimation mechanisms are trigged to further reduce transpiration to prevent irreversible
conductance loss. Here, we investigate two of them: the reversible impacts on the
photosynthetic apparatus, lumped as non-stomatal limitations (NSL) of photosynthesis,
and the irreversible effect of premature leaf shedding. We integrate NSL and leaf shedding
with a state-of-the-art tree hydraulic simulation model (SOX+) and parameterize them
with example field measurements to demonstrate the stress-mitigating impact of these
processes. We measured xylem vulnerability, transpiration, and leaf litter fall dynamics in
Pinus sylvestris (L.) saplings grown for 54 days under severe dry-down. The observations
showed that, once transpiration stopped, the rate of leaf shedding strongly increased
until about 30% of leaf area was lost on average. We trained the SOX+ model with the
observations and simulated changes in root-to-canopy conductance with and without
including NSL and leaf shedding. Accounting for NSL improved model representation
of transpiration, while model projections about root-to-canopy conductance loss were
reduced by an overall 6%. Together, NSL and observed leaf shedding reduced projected
losses in conductance by about 13%. In summary, the results highlight the importance
of other than purely stomatal conductance-driven adjustments of drought resistance in
Scots pine. Accounting for acclimation responses to drought, such as morphological
(leaf shedding) and physiological (NSL) adjustments, has the potential to improve tree
hydraulic simulation models, particularly when applied in predicting drought-induced
tree mortality.

Keywords: leaf shedding, non-stomatal limitations of photosynthesis, Scots pine, tree hydraulic simulation
models, xylem vulnerability
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INTRODUCTION

There is increasing evidence that hydraulic failure is a main
trigger of tree death in response to drought and hot drought
(Allen et al., 2015; McDowell et al., 2018; Brodribb et al., 2020).
While trees are well-adapted to respond to seasonal and short-
term increases in soil and atmospheric drought, extreme climatic
conditions, e.g., anomalously high summer temperatures coupled
with low soil water availability, as experienced, for instance,
in central Europe during the summer of 2018 (Hari et al,
2020; Schuldt et al., 2020), can cause substantial hot drought-
induced damage. Increasing soil and atmospheric drought result
in increasing tree internal water column tensions. As such
tensions rise, air bubbles, i.e., emboli, can form in the xylem,
reducing xylem hydraulic conductance (Tyree and Ewers, 1991).
Reduced xylem conductance limits water transport upward, from
soil to the leaves, which may lead to dehydration of cambium
and apical meristems, canopy dieback, and ultimately tree death
(e.g., Carnicer et al,, 2011; Anderegg et al., 2012; Allen et al., 2015;
Choat et al., 2018; Reich et al., 2018; Hesse et al., 2019).

It is well-established that stomatal closure is the first and
foremost mechanism that limits water loss and buildup of
excessive xylem tension (Hall and Kaufmann, 1975; Monteith,
1995; Choat et al., 2018). This comes at a cost of reduced leaf
permeability to CO,, which limits C assimilation (Martorell
et al., 2014; Reich et al., 2018). Much research has focused on
modeling stomatal conductance (gs) to water deficit (Damour
et al., 2010; Mencuccini et al.,, 2019), as well as tree internal
water balance after stomatal closure (e.g., Martin-St. Paul et al,,
2017; Cochard et al., 2021). To date, many approaches exist that
combine gs responses to decreasing soil water content (SWC)
and increasing vapor pressure deficit (VPD). The approaches
range from empirical relationships (e.g., Leuning, 1995), to
mechanistical descriptions based on optimality theory such as
maximizing C gain per unit of transpiration (e.g., Medlyn et al.,
2011), maximizing transpiration while reducing conductivity loss
(Sperry and Love, 2015), or maximizing C gain while minimizing
loss in hydraulic conductivity (e.g., Sperry et al., 2017; Eller
et al., 2018; 2020). The success of these models has been mixed,
leading to a good representation of broad monthly and annual
transpiration and productivity patterns but often failing to
capture subtler responses arising when drought stress intensifies
(e.g., Drake et al., 2017; Yang et al., 2019; De Kauwe et al., 2020;
Bassiouni and Vico, 2021; Mu et al., 2021; Nadal-Sala et al., 2021).
Hence, challenges to model tree drought responses and mortality
persists albeit increasing developments of optimization-based
tree hydraulic models over the recent years. Therefore, further
model improvements regarding tree acclimation responses to
drought beyond stomatal closure have been recommended (e.g.,
Keenan et al., 2010; Wolfe et al., 2016; Martin-St. Paul et al., 2017;
Sperry et al,, 2019; Gourlez de la Motte et al., 2020). To do so,
controlled experiments that address specific tree physiological
responses to drought provide an opportunity to improve and
evaluate the performance of tree hydraulic models (e.g., Hartig
etal., 2012; Medlyn et al., 2015; Dietze et al., 2018).

Under sustained drought, stomatal regulation in response to
CO; demand on the one hand and evaporation demand on

the other may not be enough to mitigate hydraulic tension and
prevent embolism formation in the xylem. Other responses are,
thus, often triggered to reduce water loss, such as metabolic
changes or increased internal resistance that then feedback
to stomatal conductance, as well as accelerated senescence of
various tissues. In particular, many studies report a slowdown
of the photosynthetic activity during drought (e.g., Xu and
Baldocchi, 2003; Keenan et al., 2010; Yang et al., 2019; Gourlez
de la Motte et al., 2020). Such slowdown may have different
causes such as increased mesophyll resistance (Flexas et al., 2007,
2012; Evans, 2021), drought-related enzymatic down-regulation
(e.g., Flexas et al., 2004; Niinemets and Sack, 2006; Niinemets
et al, 2006; Sugiura et al., 2020), and/or decreasing carbon
demand (Fatichi et al., 2014). Since all these mechanisms lead to
a reduction in water loss, here, we consider them in a lumped
manner as non-stomatal limitations of photosynthesis (NSL),
thereby enabling the consideration of this additional response
process in models that are simulating stand productivity and
transpiration in dependence on water availability (Zhou et al,
2013; Drake et al., 2017; Yang et al., 2019).

Another key mechanism of how trees can respond to drought
is reducing their leaf area (e.g., Munné-Bosch and Alegre, 2004;
Sala et al., 2010; Martin-St. Paul et al., 2013; Wolfe et al., 2016;
Hochberg et al., 2017; Li et al., 2020; Schuldt et al., 2020).
Drought-induced leaf senescence reduces total tree transpiration,
at the expense of growth at mid-term, as rebuilding canopy
structure requires extra C investment, either from non-structural
carbohydrate reserves or from the assimilation of the remaining
or newly grown leaves once drought stress has been released
(Yan et al., 2017; Ruehr et al, 2019). Additionally, shedding
leaves without full nutrient resorption imply net nutrient losses
(Marchin et al., 2010; Chen et al, 2015), which may further
limit photosynthesis post-drought with consequences for tree
performance in the long term. Leaf shedding tends to occur
after stomata closure; hence, it mainly reduces marginal loss
in water via residual cuticular conductance and incomplete
stomatal closure (e.g., Martin-St. Paul et al., 2017; Cardoso et al.,
20205 Li et al., 2020). Under sustained drought, such water loss
may be critical for tree survival (e.g., Blackman et al., 2016,
2019), especially considering that residual cuticular conductance
increases with temperature (Schuster et al., 2016), leading to
faster dehydration of plants particularly during heat waves. While
leaf shedding, in response to drought, is routine in drought-
deciduous trees (e.g., Ichie et al, 2004; Pineda-Garcia et al.,
2013; Ruehr et al., 2016), it can be rather seen as an emergency
response in temperate conifers, with profound consequences for
drought recovery.

Here, we aim to quantify the importance of NSL and leaf
shedding mechanisms regarding hydraulic safety. To do so, we
measured hydraulic vulnerability, and transpiration and leaf
shedding dynamics in potted P. sylvestris L. saplings exposed to
2-month severe dry-down. Then, we trained a big-leaf canopy
gas exchange simulation model based on the optimization of
stomatal conductance as xylem tension increases (SOX model,
Eller et al.,, 2018, 2020). The SOX model assumes that trees
regulate stomatal conductance to maximize C uptake while
minimizing loss in soil-to-root hydraulic conductance. Once the
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model was trained, we evaluated the importance of NSL and
leaf shedding for hydraulic regulation. The initial hypotheses
were the following: (1) including non-stomatal limitations of
photosynthesis will improve the representation of transpiration
during drought; (2) seasonal leaf shedding in pine trees is
coordinated with stomata closure to reduce dehydration, and
(3) according to the “leaf fuse” hypothesis (e.g., Hochberg
et al, 2017) leaf shedding will mitigate mid-term losses in
hydraulic conductance.

MATERIALS AND METHODS

Experimental Setup

Potted P sylvestris L. saplings were grown in Garmisch-
Partenkirchen, Germany (708 m above sea level, 47°28'32.9"N,
11°3/44.2"E). Three-year-old Scots pine saplings were purchased
from a local tree nursery in 2018 and planted in individual pots
(1201, 55cm in diameter, 70 cm in height; Brute, Rubbermaid,
Atlanta, GA, United States) in a 6:3:1 mixture of potting substrate
(No. 170, Klasmann-Deilmann, Geeste, Germany), perlite
(Perligran Premium, Knauf Performance Materials GmbH,
Dortmund, Germany), and quartz sand (3-6 and 0.1-0.3 mm).
Slow-release fertilizer (100g, Osmocote® Exact Standard 5-
6M 15-9-124-2MgO+TE, ICL Specialty Fertilizers Benelux, The
Netherlands) was added to the mixture and supplemented by
liquid fertilizer (Manna® Wuxal Super; Wilhelm HaugGmbh,
Ammerbuch, Germany). From May to October 2019, the saplings
were kept inside the adjacent greenhouse and exposed to mild
soil water limitation with air temperature ranging between 10
and 35°C, to prime the trees for the upcoming experiment.
From October 2019 to July 2020, the saplings were again grown
outside and irrigated once a week from May 2020 onwards. After
leaf elongation was finished (mid of July), the then 5-year-old
saplings (n = 16) were transferred to the greenhouse once more
and irrigated to field capacity (SWC ~0.35 m®> m~2) before the
drought experiment was started. To minimize soil evaporation,
the top of the soil was covered with an opaque plastic sheet, which
was periodically ventilated.

The greenhouse is equipped with special UV-transmissive
glass, and incoming light was supplemented with plant
growth lamps (T-agro 400 W; Philips, Hamburg, Germany). Air
temperature and air humidity were computer-regulated (CC600,
RAM Regel- und Messtechnische Apparate GmbH, Herrsching,
Germany). Environmental conditions at canopy height such as
photosynthetic active radiation (PQS 1, Kipp&Zonen, Delft, The
Netherlands), air temperature, and relative humidity (CS215,
Campbell Scientific Inc., Logan, UT, United States) were
monitored and logged at 10-min intervals (CR1000; Campbell
Scientific Inc., Logan, UT, United States). The environmental
conditions during the experiment are shown in Figure 1.

Soil Water Content and Transpiration

We continuously measured soil water content (SWC) and
sap flow in six randomly selected saplings. Measurements
started on DOY 206, but the first week was excluded
from this analysis because of plant acclimation to the new
conditions, and sensor malfunction and re-calibration (data not

shown). Therefore, valid measurements started on DOY 212.
Volumetric SWC was monitored at 0-10 ¢ and 40-50 cm depth
(10HS; Decagon Devices Inc., Pullman, WA, United States,
Supplementary Figure 1) to cover the entire rooting area. To
estimate the water available for each tree, SWC data from the
two depths was averaged. Each SWC sensor was pre-calibrated
to the potting medium following the recommendation of the
manufacturer. Stem sap flow was measured using the heat-
balance method (EMS 62, EMS, Brno, Czech Republic). Sap flow
sensors were installed in the upper part of the canopy (height ~1-
1.5m) as the cylindrical build does not support stem diameters
>2cm. The sensors were shielded with aluminum bubble foil
to minimize error due to temperature fluctuations. Sap flow
measurements were stored in 30-min intervals. Daily whole-
tree transpiration was calculated by assuming that transpiration
per unit of leaf area (see section Tree Biomass Compartment
Measurement) was equal above and below the sensor, as in a
homogeneously coupled non-shadowed canopy we expected the
environmental drivers to be homogeneous for the leaves above
and below. Therefore, transpiration was calculated as the sum
of the measured sap flow plus the sap flow needed to supply the
transpiration of the leaves below the sensor (Equation 1)

LApeiow )

Tr = Jx(1 4 —below
LAuhove

1

where Tr is the daily whole-tree transpiration (in kg day~!
tree 1), J is the daily sap flow (in kg day™! tree™!), and
LApelow/LAabove is the proportion between the leaf area below
the sensor in relation to the leaf area above the sensor (in
m~2 tree™!).

Tree Biomass Compartment Measurement
Loss in leaf biomass was assessed once a week as follows. We
collected and carefully removed already brown needles from the
branches of each individual tree. Leaves were oven-dried at 60°C
for 48 h, and the dry weight was measured. Total tree biomass
was determined at the end of the experiment and separated
into needles, wood, and roots (Supplementary Table 1). We
separately assessed leaf biomass above and below the sap
flow sensor in order to derive total tree transpiration (see
section Soil Water Content and Transpiration). As needle
elongation was finished before the experiment started, initial leaf
biomass per tree was considered as the sum of the remaining
needles at the end of the experiment plus leaf biomass shed
during the experiment, assuming a constant above-sensor leaf
biomass/below-sensor biomass ratio. In order to obtain the actual
daily leaf biomass time series, we linearly interpolated cumulative
leaf shedding between measurement campaigns and subtracted
it from the initial leaf biomass. For each tree, conversion from
leaf biomass to leaf area was done based on specific leaf area
(SLA, cm? g~1), obtained by measuring the width and the length
of a representative sub-sample per tree (in total n = 18). No
significant differences were detected between monitored and
not-monitored individuals regarding SLA and tree biomass in
different compartments (see Supplementary Table 1).
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that was not compensated by heating the greenhouse.
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FIGURE 1 | Daily meteorological conditions during the experiment. Upper panel: daylight average photosynthetic active radiation (PAR, in wmol m=2 s~); middle
panel: maximum (red), minimum (blue), and average (orange) air temperature (in °C); bottom panel: maximum (red), minimum (blue), and average (orange) atmospheric
vapor pressure deficit (VPD, in kPa). Note that on DOY 216-217, vapor pressure deficit (VPD) and temperature conditions were lowest because of a cold weather front

Xylem Loss in Hydraulic Conductance

We measured xylem vulnerability of branches using the Cavitron
technique (Cochard, 2002). Briefly, the centrifugal force of the
Cavitron increases the negative pressure in the stem while
the hydraulic conductivity and the loss thereof is measured
concurrently. At the beginning of the experiment, we sampled
the terminal part of the lowest branch (~33 cm long) in five
randomly selected non-monitored trees. Branches were tightly
wrapped in cling film and additionally sealed in plastic bags
before being transported to Innsbruck where they were kept at
4°C for 2 days. Samples were prepared for the Cavitron as follows:
first, side twigs and needles were removed, and branches were
re-cut under water several times to relax xylem tension, until
a sample length of ~28 cm was reached and debarked at both
ends (~5cm) to avoid clogging of tracheids by resin. The cut
and debarked ends were cleaned with a sharp razor blade. To
remove native embolisms via vacuum infiltration, submerged
samples were subjected to a low-pressure water flow (0.08
MPa) for 30 min with distilled, filtered (0.22 pm), and degassed
water containing 0.005% (v/v) Micropur. Then, branch segments
were fixed into a custom-made, honeycomb 28-cm rotor and
positioned in a Sorvall RC-5 centrifuge (Thermo Fisher Scientific,
Waltham, MA, United States). Distilled, filtered (0.22-pwm pore
size), and degassed water with 0.005% (v/v) Micropur water

purifier (Katadyn Products, Wallisellen, Switzerland) preventing
microbial growth, was used for the measurements. Percent loss
of conductivity (PLC, in %) measurements started at a force of
about —0.5 MPa, which was gradually increased until minimum
xylem hydraulic conductivity (Kyyjem, mol m™' s~! MPa~') was
reached. PLC was recorded at about —0.5 MPa pressure increase
steps. We assumed that losses in conductivity reflect losses in
xylem conductance (kyyjep,, in mol m~2 s~ MPa~!). In order to
model normalized kxylem (knorm> 0-1) responses to xylem water
potential increase (W), we evaluated three different response
functions: a Weibull function (WB), a sigmoid exponential (SE)
function, and the original SOX model function (SOXf)

\yxylem )Acoef

—(

knorm,WB =1- (1 —e Ve ) (2)
1
k =1- 3
norm,SE (1 + (eprmef (q’xylem_lpso)) ( )
1
knorm,SOXf = ( (4)

lleylem ACOZf
-+ ()

where kuorm,wB> knorm,sg,» and k,,o,m,soxf are the predicted
normalized Ky, of theWB, SE, and SOXf formulations,
respectively. Wyylem (MPa) is the xylem water potential. In WB,
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Wt is the reference xylem water potential (MPa) when kyorm,ws
is equal to exp(~Y ~0.37. In SE and SOX, s is the xylem water
potential at which ko, = 0.5. In all the three formulations, A ef
is a unit-less shaping parameter. See section Xylem Vulnerability
for details about the fitting procedure.

Photosynthesis A,/C; Curves

In order to provide estimates for photosynthetic parameters in
the FvB model, A,,/C; curves were measured on trees grown in
the greenhouse in June, 2019. Measurements were made on sun-
exposed needles, using a portable infrared gas analyzer system
(L1-6800, Li-Cor, Inc., Lincoln, NE, United States) with a 6-
cm? leaf chamber. The measurements were taken at saturating
PAR (PAR > 1,200 wmol m~2s™1). Assimilation in relation to
[CO,] in the intercellular space (A,/C;) curves was generated
by increasing atmospheric CO, concentration (C,) inside the
chamber in five steps, starting at ~400 jLmol mol~! and then
progressively increasing C, by ~200 pumol mol~! each step, up
to a maximum of ~1,200 pumol mol~!. Leaf temperature (Tleaf,
in °C) and other standard variables were also measured. These
measurements were taken under prevailing leaf temperature
(~25°C) and humidity conditions within the greenhouse. A total
of 19 A,/C; curves were measured this way. We used these data
to determine carboxylation velocity limited by rubisco activity at
25°C (Vemaxs in umol m~2 s71) and the carboxylation velocity
limited by RuBP regeneration rate (/4,25 in pumol m~2s7h).

Modeling Approach

The tree hydraulic modeling approach is based on the process-
based model SOX (Eller et al., 2018, 2020). We have modified
the photosynthetic module, added the possibility to address
non-stomatal-limitations of photosynthesis (see below), and
included a third conductance node (i.e., the soil-to-root hydraulic
conductance, Figure 2). In the following, we refer to the modified
model version as the SOX+ model. Briefly, the model operates
on the assumption that plants regulate stomatal conductance to
maximize photosynthesis, while minimizing the loss in root-to-
canopy water conductance. The model is relatively simple in
terms of parameterization and computational power required
and, hence, applicable for a wide range of ecosystem models.
The environmental drivers required as an input to run the model
are air temperature, PAR, soil water content, and air relative
humidity. Here, we describe the main processes involved such as
the modification for SOX+, while a more in-depth description
of the original SOX model and the analytical solutions for its
equations can be found in Eller et al. (2020).

Water flow within the tree is described as a three-step pathway
with three different hydraulic conductance nodes: the soil-to-root
hydraulic conductance (kg,mol m~2 s~'!MPa~!), the root-to-
canopy hydraulic conductance (k,, molm~2 s~!MPa~!), and the
leaf-atmosphere hydraulic conductance (g;, mol m~2 s~!). The
model assumes a steady state of tree water status, i.e., it does not
account for tree capacitance. The soil-to-root conductance ks, is
calculated following Campbell (1985):

swe  @+3)

*(m (5)

ksr = ksr,max

wet +NSL 7 1.0 I~ 1.0
______ Koy = — S SO optimum c
—_— e Aws‘ K, max 8 0.8 \\ —08 o
=
s o Akas 206 N 2blos O
—> 3 N\, =
T 04 -~ I 104 5
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FIGURE 2 | Scheme of the SOX+ model. Soil-to-atmosphere is described as
a hydraulic pathway considering three nodes: hydraulic flow from soil to the
roots, mediated by soil-to-root conductance (kg), hydraulic flow from roots to
the canopy, mediated by root-to-canopy conductance (k.), and hydraulic flow
from the canopy to the atmosphere, mediated by stomatal conductance (gs).
The optimum gs is determined by considering the photosynthetic gain (A)
multiplied by the hydraulic cost function (keost), Which describes the decreases
in Kic @s Weanopy DeCOmMes more negative. Transpiration is calculated at the tree
level by multiplying gs and leaf area, and it has a direct effect on canopy water
potential, an indirect effect on soil water content, and therefore on Wyy;.
Non-stomatal limitations of photosynthesis (NSL) decrease optimum stomatal
conductance because of limiting A when ¥zy0p, declines below a predefined
threshold.

where kg max is the kgywhen SWC is at field capacity, SWC
is the volumetric soil water content (m?® m™3), SWCkc is the
volumetric SWC at field capacity (m® m~?), and b is an empirical
coefficient depending on average soil particle size characteristic,
calculated as described in Campbell (1985). Using kg on the one
hand, and transpiration per unit of leaf area (E, mol m—2 s~!)
on the other, the model calculates the water potential within the
roots (Wyoo1,t) based on Darcy’s law at hourly time-steps as

E(—1)
ksr(t—l)

(6)

\Ijroot,t = \Ijsoil,t -

where W, is the soil water potential at time step t (in MPa),
calculated according to Campbell (1985) from soil physical
properties. Canopy water potential (Weanopy,) is closely linked
to root water potential, which in turn strongly depends on soil
water availability. We assume a simple gravimetrical decline with
height, neglecting a potential influence of stored plant water:

E@-1

— hpg>|<10*6 (7)
krc(t—l)

“chunopy,t = \Ijroot,t -
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where k. ;—1) is the hydraulic conductance from the roots
to the canopy at t — 1 (mol m™2 s~'MPa~!) based on the
canopy water potential at that time. Therefore, we assume that
Weanopy,m equals Vsylem and that ky(Weanopy,m) follows the shape
of Kuorm(Wxylem), multiplied by the maximum root-to-canopy
hydraulic conductance (kyemayx> in mol m~2s~! Mpa~!). For
representing k,,orm(!llxylem), we selected Equation 2, as we found it
represented measured data best (see section Leaf Shedding Speed
Increased Concurrently With Transpiration Stop). Further, h is
the plant height (in m), p is the density of water (997 kg m™3),
and g is gravity (9.8 m s~2). The 10~° multiplier transforms Pa
to MPa. For each day, we calculated pre-dawn canopy water
potential (Weanopy,pp, MPa) using equation 7 but assuming E(_1)
~ 0, which results in Wez,0py,pp being dependent on W,,;; minus
the gravimetric component. As in the previous SOX model
iterations (Eller et al., 2018, 2020), SOX+ represents the water
potential in the xylem with a dampened canopy water potential

(Yeanopy,m>» MPa), calculated as M for all the hourly
calculations to account for the gradual decline in water potential
along the plant hydraulic pathway. Such assumption greatly
simplifies the calculation of water potential drop within the tree
(e.g., Sperry and Love, 2015; Sperry et al., 2017).

The core assumption in SOX+ is that stomatal conductance
(gs, mol m~2 s7!) is regulated to maximize photosynthetic net
assimilation (A, pmol m~2 s~!) while minimizing the decrease
in xylem hydraulic conductance, represented by root-to-canopy
conductance (k) here. Eller et al. (2020) solved for gs using an
analytical approximation based on the partial derivatives of A,
with respect to CO; concentration in the chloroplast (C;, pmol
mol ") and k;, with respect t0 Yeanopy.m-

0A 4
gssox = 0.5—( /( 5

3G\ aanac T -1 ®

where §A,,/8C; represents the gain in net photosynthesis per unit
of C; increase, i.e., the positive effect of opening the stomata on
Ay, solved numerically as in Eller et al. (2020), while £ represents
the cost in terms of loss in hydraulic conductance of opening the
stomata as canopy water potential declines and/or vapor pressure
deficit increases (Equation 9). Specifically, the lower the &, the
lower the stomatal conductance projected by SOX+. If estimates
of gssox are lower than a predefined minimum leaf conductance,
representing leaf leakiness once stomata are fully closed (gmin,
in mmol m~2 s~!; here 2 mmol m~2 s~!), we considered gs
equal to gmin, otherwise gs = gssox, following Duursma et al.
(2019). Note that in the approach, gmin integrates leaf water losses
both because of imperfect stomatal closure and leaf cuticular
conductance, considering a well-coupled canopy and low wind
speed conditions (e.g., Cochard et al., 2021).

2
5 = 1 Sknorm,re (9)
P — \Pmnup’m srplantmin, w1.6%xVPD
rplanty;
rplantypinw = _ TPiamin (10)
knorm,r,c(\ycanupy,m)

where VPD is the vapor pressure deficit at leaf level (kPa) and

3k, i
s represents the decrease in conductance as mean canopy
5q’can0p}’,m

water potential increases, solved numerically as described in Eller
et al. (2020). rplant iy is the minimum plant resistance (in MPa
m? s mol~2), a parameter used to describe the increase in whole
tree resistance with decreasing Weanopy,m-

Net assimilation (A,) is calculated according to the Farquhar,
von Caemmerer, and Bell photosynthesis model (FvCB, Farquhar
et al., 1980; De Pury and Farquhar, 1997). Briefly, the FvCB
assumes that A, is limited by either rubisco carboxylation
velocity (avc) or RuBP regeneration (4;), and is calculated
considering dark respiration (Rq). All of these processes depend
on leaf temperature (Farquhar et al., 1980; Harley et al., 1992;
Bernacchi et al., 2001), which we assume to equal air temperature.

Ay = argmin (Aye, Aj) — Ry (11)

As novelty compared with the original SOX model, SOX+
accounts for non-stomatal limitations (NSL) in photosynthesis,
as have been repeatedly found important to properly represent
reductions of transpiration and productivity under drought stress
(e.g., Keenan et al,, 2010; Duursma and Medlyn, 2012; Drake
etal,2017; Yanget al,, 2019, Gourlez de la Motte et al., 2020). NSL
assume that additional constrains on A, arise with decreasing
Weanopy from mesophyll conductance reductions, biochemical
limitations, or other indirect effects (e.g., Fatichi et al., 2014).
Here, note that in SOX+ and according to Equation 8, NSL will
result in a reduction in §An/8C;, thus also indirectly leading to
reduced gssox. In SOX+, declining Weanopy,m [f (Weanopy,m)> unit-
less, its value ranging between 1 (no limitation) and 0 (complete
limitation)] is calculated based on Tuzet et al. (2003) as follows:

1 + exp (“?M \I}ref,Tuz)

) (12)

\\7j =
f ( canOP)’,m) ( 1 + eXp[a’;..uz (\Ilref,Tuz_qJCﬂm?P)'vm)]

where W1, and ar, are two empirically determined
parameters, W, 1,,; being a reference canopy water potential (in
MPa), as defined in Tuzet et al. (2003), and ary, being a unit-less
coefficient that determines the sensitivity of the sigmoid curve
to Weanopy,mreductions. After simulating f (Weanopy,m)> apparent
Vemax and apparent Jmax are computed as

Xupparent = X;ax)25f (\ycanopy,m) (13)

where the Xapparent (mol m~2 s7!) is the apparent Kkinetic
parameter value for either Vimax Or Jmax for a Xmax2s (pmol
m~2 s71) reference value (see Table2) multiplied by the
NSL (Equation 12), represented by the unit-less stress term f
(Weanopy,m)- These new kinetic parameters accounting for direct
impacts of Weanopy decline on photosynthesis are then used to
calculate A, and A; in Equation 11.

Because of the feedback mechanism between A, and gs, SOX+
solves both processes iteratively for the equilibrium C;.

Model Parameterization and Calibration
Photosynthesis in the FvCB Model

Temperature dependencies of rubisco kinetics were obtained
from Bernacchi et al. (2001). Temperature dependencies for
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TABLE 1 | Fixed, not previously calibrated parameters used in the SOX+ model.

Parameter Units Value Source
EaVemax J mol™! 52,750 Wang et al. (1996)
EdVemax J mol™! 202,600 Wang et al. (1996)
SVomax Jmol~T K-! 669 Wang et al. (1996)
EaJmax Jmol~! 61,750 Wang et al. (1996)
EdJmax J mol™! 185,600 Wang et al. (1996)
SJmax Jmol~'K~! 621 Wang et al. (1996)
Rdos pmol m=2 s~ 0.5 Calculated as Vomax.25
*0.015
Q1o unitless 2 This study
Iys pwmol mol~" 422 Bernacchi et al. (2001)
Ear’ Jmol™! 37,830 Bernacchi et al. (2001)
Ko.os pumol mol~! 404 Bernacchi et al. (2001)
EaK, Jmol~! 84,200 Bernacchi et al. (2001)
Ko,2s wmol mol~" 278,000 Bernacchi et al. (2001)
EaKo Jmol! 15,200 Bernacchi et al. (2001)
9rmin mmol m—2 s~! 2 This study
LA m—2 1.35 This study
Height M 2 This study
SoilDensity gom=3 1.3 This study
FieldCapacity cm~—3cm~3 0.35 This study

EaVimax, EdVemax, and SVemax are the activation energy, deactivation energy, and entropy
for the Vemax temperature response, respectively. Eadmax, EdJmax, and SJmax are the
activation energy, deactivation energy, and entropy for the Jmax temperature response.
Rdys is the dark respiration at 25°C, calculated from Viemax 25 according to Collatz et al.
(1991), and Q4 is the increase rate of Ry as temperature increases. 1“2'5 and Eal’" are
the COo compensation point at 25°C and the activation energy of the compensation
point. Ko o5 and K25 are the kinetic constants of oxidase and carboxylase activity for
rubisco at 25°C, respectively. EaKo and EaK are the energy activation for the oxidase and
carboxylase activity of rubisco, respectively. gmin is the minimum leaf conductance, which
integrates both residual stomatal conductance because of imperfect stomatal closure and
leaf cuticular conductance. LA is the average tree leaf area on day 1 of the experiment.
Height is the average tree height. Soil density and field capacity are the dry soil weight per
unit of soil volume and the volumetric soil water content at saturation, respectively. Given
are parameter names, units, values, and reference.

the FvCB model were obtained for P. sylvestris from Wang
et al. (1996), see Table1 for the parameter values. To obtain
the carboxylation velocity limited by rubisco activity at 25°C
(Vemaxs in pmol m~2 s7!) and the carboxylation velocity
limited by RuBP regeneration rate (Jy;ax,25 in pumol m~2s71), we
used measured A,/C; curves under no drought stress to calibrate
the FvCB model for each curve individually, using the package
“DEOptim” (Mullen et al., 2011). The algorithm obtains the
most likely parameters providing the observations, a parameter
distribution and a likelihood function, by performing differential
evolution optimization (see below for more details). We used
the default three-chain settings to establish non-informative
priors within the biological meaningful range (Table 2). The
objective function for optimization was a Gaussian log-likelihood
distribution. This provided a Vipuax2s and a Jyux ko5 value for
each curve. To summarize the average photosynthesis kinetics
of the P. sylvestris population, we used the median calibrated
values of Viyax25 and Jax25 to run the SOX+ model (Table 2).
We calculated the dark respiration rate at 25°C (Rj55 in pmol

m~2 s71) as Rj25 = 0.015* Va5, according to Collatz et al.
(1991). After FvCB model optimization, A,estimates were very
close to observations [Figure 3, slope not significantly different
than 1(p > 0.1) and intercept not significantly different than zero
(p > 0.1)]. The median Jugx25 to Vimax2s ratio was ~1.7, with
Vemax.s values of 33.3[27.7-38.9] wmol m~2 s~! (median [95%
CI]), and J,ax 25 values of 51[45.1-56.8] jumol m 2 s~! (Table 2).
To run the SOX+ model, we used the median values of V4125
and Jinax,25-

Xylem Vulnerability

In order to decide for an appropriate response function and
define the respective parameters describing Kyyiem(Wyiem),
we first inversely calibrated each of the proposed equations
(Equations  2-4) with the Kyyem(¥yyiem) observations.
Independent of the equation we proceeded as follows: we
calibrated one vulnerability curve per sample using each of the
three equations, using broadly set but biologically meaningful
priors (Table2) and a Gaussian likelihood function. The
sampler used was a differential evolution Markov Monte-Carlo
Chain (MCMC) with memory and a snooker update (DEzs,
terBraak and Vrugt, 2008), implemented in the “BayesianTools”
R package (Hartig et al,, 2017). We ran each calibration for
50k iterations, and then the first 30k where discarded as a
burn-in. For initial trials, we ran tree calibrations for each
vulnerability curve and addressed between-chain convergence
via Gelman-Rubin convergence diagnosis (Gelman and Rubin,
1992). As running the model this way is time-consuming and
the initial trials provided very low Gelman-Rubin scores for
all the three equations (G-R < 1.02, n = 2 for each model),
which indicates fast convergence, we visually inspected the
MCMC to confirm convergence afterward. Once all individual
curves were calibrated, we merged the five posteriors to obtain
the average response by sampling with replacement 1k times
the posterior distribution for each curve. We then merged the
samples together into a new combined posterior distribution.
From this combined posterior distribution, we obtained the
median parameter value +95% confidence intervals. Model
predictions were performed by sampling 1k samples from the
combined posterior. Goodness of fit was assessed for each run
through the root mean square error (RMSE) and a pseudo-R?
calculated from Spearman’s correlation coefficient as pseudo-R?
= [cor (Observed, Modeled)]?. Finally, SOX+ was run with the
median parameters of the equation that presented the best fit
(i.e., the Weibull equation, Equation 2).

SOX+ Model

We calibrated the SOX+ model based on average daily
transpiration rates of the tree population (n = 6). To do so,
we performed Bayesian inverse model calibration (e.g., Ellison,
2004; Hartig et al., 2012) selecting the parameters ks max> Kre,max
rplantmin, Wyef, Tuz> and aryz. Since we were primarily interested
in the initial transpiration response to decreasing soil water
content to see if SOX+ was able to capture the dry-down phase,
we only used the initial 19 days (DOY 212-230) for calibration,
further excluding days 216 and 217 because of low VPD and
PAR conditions in the greenhouse (Figure 1). As including or
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TABLE 2 | Results of the three-step SOX+ model parameterization.

Prior Parameters (n = 19)
Model Parameter Units Distribution Min Max Median 95%CI
FvCB Vemax.25 pmol m=2 s~ Uniform 10 80 33.3 [26.8-38.8]
(Optimization)
Imax.25 pmol m=2 s~ Uniform 30 140 51 [45.1-56.8]
Kxytem (Wsyiem), wa Prior Combined posterior (n = 5)
(Calibration) Parameter Units Distribution Min Max Q2.5% Median Q97.5%
W MPa Uniform -15 -85 —3.21 -3.01 —2.12
Acoef unitless Uniform 1 8 2.03 2.85 3.16
Prior Posterior (Hydraulic + NSL) Posterior (Hydraulic)
SOX+ Parameter Units Distribution Min Max Q2.5% Median Q97.5% Q2.5% Median Q97.5%
(Calibration)
Ksrmax molm—2 s~ MPa™" Uniform 0.01 1 0.36 0.77 0.99 0.01 0.01 0.01
Mean SD
Kre,max mol m—2 s~ MPa~" Gaussian 0.025  0.01 0.024 0.085 0.043 0.083 0.042 0.045
Rplant i m2 s MPa mol~' Gaussian 10 3 4.75 4.87 4.92 4.75 4.77 4.8
Refr, MPa Gaussian —-1.5 0.5 —-1.75 -1.72 —1.71 NA NA NA
Atz unitless Gaussian 3 0.5 2.75 2.92 2.97 NA NA NA

For the FvCB photosynthesis model, the prior assumed for each individual An/C; curve (n = 19) for Vemax,2s and Jmax 25 is provided, together with the median and 95%CI parameter
value calculated from the 19 individual optimizations. For the Weibull (WB) xylem vulnerability model kyx/em(tI/Xy/em), wa calibration, the prior parameter distribution assumed for each
individual curve (n = 5) is provided for W.er and Acoer parameters. The median and the 95% credible interval are reported from the combined posterior distribution for the five curves.
Two different SOX+ model calibrations were performed, one accounting for non-stomatal limitations (NSL, Hydraulic + NSL) and one not accounting for NSL (Hydraulic). SOX+ model
calibrations are reported as median posterior parameter estimates + 95% credible interval for the five (three) parameters included in the calibration for the Hydraulic + NSL (Hydraulic).

For each model and parameter, assumed prior parameter distributions are also reported.

not a given process changes the whole structure of the model, and
because we wanted to run SOX+ with and without accounting for
NSL, we performed two different calibrations (hereafter referred
as “Hydraulic,” ie., SOX + model without including NSL,
and “Hydraulic+NSL,” i.e., SOX + model including NSL). The
procedure was the same in both cases, though the “Hydraulic”
calibration did not include the W 1,,and ar,, parameters.
Again, we used broadly set, biologically meaningful priors
(Table 2), a Gaussian likelihood function, and the differential
evolution MCMC with memory and a snooker update (DEzs,
terBraak and Vrugt, 2008) as implemented in the “BayesianTools”
R package (Hartig et al., 2017). We ran each calibration three
times, 30k iterations each, and then we discarded the first
20k iterations as a burn-in. Between-MCMC convergence was
addressed by the Gelman-Rubin convergence diagnosis (G-R
< 1.1 for both calibrations, G-R < 1.1 considered being a
conservative threshold; Brooks and Gelman, 1998). To assess
the calibrated SOX+ performance, we ran for 500 times both
the “Hydraulic” and “Hydraulic+NSL” model formulations for
the entire time series (DOY 212-265), by sampling resulting
posterior parameter distribution. For each run, we compared
projected daily cumulated transpiration with the observations
using a linear model accounting for temporal autocorrelation
with an auto-regressive [corAR()] correlation structure centered
in DOY. This was done with the package “nlme” (Pinheiro et al.,
2021). Goodness of fit was assessed through the RMSE and a
pseudo-R? [R%; Cox and Snell, 1989), based on the deviance from
the regressive model with respect to the null model and reported
as the median RMSE and R for the 500 runs.

Simulation Scenarios

NSL and Leaf Shedding Importance in Preventing
Loss in Hydraulic Conductance

To quantify the importance of non-stomatal limitations (NSL)
of photosynthesis and leaf shedding in preventing k,. decline,
we ran the calibrated SOX+model for 54 days (DOYs 212-
265) under the following scenarios: (1) hydraulic limitations
with observed leaf shedding dynamics, i.e., accounting for the
daily leaf area reduction (Hydraulic scenario, ran with the
“Hydraulic” calibration); (2) Hydraulic limitations and NSL,
but considering leaf area constant at the initial value during
the entire simulation (Hydraulic + NSL scenario, ran with the
“Hydraulic+NSL” calibration); and (3) Hydraulic limitations
and NSL plus observed leaf shedding dynamics (Hydraulic +
NSL + leaf shedding scenario, ran with the “Hydraulic4+NSL”
calibration). This setup enabled to assess the importance of
NSL and leaf shedding on k,loss separately. To obtain model
projections for each scenario, we sampled 500 times the posterior
parameter distribution. We report the daily evolution of percent
loss in k;c(PLky, in %), calculated as 100*k;o(¥eanopy,pD)/ kre,maxs
as the median %+ 95% CI of the 500 runs.

Importance of Leaf Shedding at Different Degrees of
Leaf Leakiness

We tested the sensitivity of the model to variations in minimum
leaf conductance (gmin). This highly uncertain parameter is
assumed to vary strongly between plants, while being extremely
important for water loss and leaf shedding under extreme
drought stress (e.g., Vilagrosa et al., 2003; Hochberg et al., 2017;
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FIGURE 3 | Comparison between FVCB model net assimilation (An, wmol m—2
s~') projections with observations after parameter optimization for each A,/C;
curve (n = 19), for the R, sylvestris saplings grown in the greenhouse in year
2019. Reported are the fit (R?), the median optimum Vemax.2s £ 95%
confidence interval, and the median optimum Jpmax,25 = 95% confidence
interval. The solid line indicates the trend between observed and modeled An
(o < 0.01), with the gray area representing the 95% CI. The slope was not
significantly different than 1 (p > 0.1), and intercept was not significantly
different than O (p > 0.1) based on a t-test. Dashed line represents the 1:1 fit.

Duursma et al., 2019; Li et al., 2020). It is assumed that plants
with higher gy, will likely benefit more from leaf shedding, as
the reduction in water loss per unit of leaf shed will be higher. The
model formulation “Hydraulic+NSL” was run with two different
Zmin Values (gmin = 2 mmol m~2 s and gpin = 3 mmol m~2
s71, a 50% increase), considering either constant leaf area, i.e.,
no leaf shedding, or observed leaf dynamics, i.e., observed leaf
shedding. Again, posterior parameter sampling with replacement
was carried out for 500 model runs for each of the 2 x 2
scenarios (leaf dynamics X g, assumption). Then, for each gy
scenario, we calculated the daily average cumulative benefits of
leaf shedding as

i
Zi:l PLkrc,NaShed,i_PLkrc,Shed,i

BeneﬁtLS,i =
1

(14)

where Benefitrs; is the daily average cumulative reduction in
percent loss of k. if trees dynamically shed their leaves relative to
the same trees in the absence of leaf shedding, “i” is the day since
the beginning of the experiment, and PLk, Noshed,i and PLk shed.i
are the percent loss in k,. on day “i” in the absence or presence of
leaf shedding, respectively. For this and all the other statistical
analyses described before, as well as to develop and implement
the SOX+ model, we used the R statistical program (R Core

Team, 2021, Version 3.6.1).

RESULTS

Calibration of Xylem Vulnerability Models
All the three equations to describe hydraulic vulnerability
[Weibull (WB); sigmoid exponential (SE), and original SOX+
formulation (SOXf)] provided similar, overlapping results. The
median xylem water potentials at which 50% of loss in
hydraulic conductivity occurred were: WB —2.53 MPa, SE —2.6
MPa, and SOXf-2.6 MPa. The WB function described the
observed trends slightly better than the other functions while
also maintaining the assumption in the original SOX model
that loss of hydraulic conductivity does not occur at Wy,
values ~ 0 (Figure4). Therefore, WB was selected to run
SOX+ for P. sylvestris in this experiment. Parameter values
describing prior and the posterior parameters are listed in
Table 2.

Leaf Shedding Speed Increased

Concurrently With Transpiration Stop

After starting the drought experiment at DOY 212, transpiration
of all six measured P. sylvestris saplings decreased from 1-
2.6kg tree”! day~! to about 10% of the starting value within
2 weeks (DOY 226). Within this period, transpiration was
strongly reduced for 2 days (DOY 216-217), most likely
because of exceptionally cloudy days with low temperature
conditions outside the greenhouse that were not compensated
(see Supplementary Figure 2). From DOY 227 onward, tree
transpiration almost stopped, with median [95% CI] values
of 0.034 [0.001-0.19] kg tree™! day‘1 (Figure 5). At the
same time, leaf shedding increased, which was only marginal
during the initial phase of the experiment (0.2 [0.02-0.2] %
day~! between DOY 212 and 225). Once transpiration was
close to zero, litterfall tripled to 0.55[0.03-0.9] % day_l. At
the end of the experiment (DOY 265), the trees had lost
30.2% [16.9-37.8] of the initial leaves. We observed that
only 2 and 3 year-old needles were shed but never current
year needles.

SOX+ Performance Improved When
Including Non-Stomatal Limitations of

Photosynthesis

SOX+ model calibration accounting for non-stomatal
limitations (Hydraulic + NSL) outperformed the standard
SOX+ model (Figure 6) during the entire experiment. It also
provided a more realistic set of posterior parameter estimates,
especially regarding kg uax (Table2). For the calibration
period (DOY 212-230), the standard “Hydraulic” model setup
led to 27.8 £ 17% (Median + SE) overestimation of daily
transpiration, while with “Hydraulic+NSL,” the error reduced
to 2.5 £ 16.9% (Figure 6C). Such differences were especially
important during the dry-down phase (DOY 220-228). The
differences in accuracy between the two model simulations
strongly declined during the second half of the experiment, when
both model setups resulted in full stomatal closure (gs = gmin,
DOY 240-265).
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(SOXf, C)] for the R, sylvestris saplings. Solid transparent lines are the five measured curves of the observed percent loss in xylem conductivity (PLC, in %) in relation to
xylem water potential decrease (Wyyem, in -MPa). Solid blue line 4 shadowed blue area is the median + 95 Cl obtained from 1k model runs sampling the combined
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end of the experiment when accounting for NSL (Hydraulic
+ NSL) was smaller by 6.3 £ 0.2%. Including observed leaf
o~ -} ao% shedding (Hydraulic + NSL + leaf shedding scenario) further
E _ re'duced projected PLk,, b}'r al3 =+ 9.2 % (Figure 7).’Inter'est1ng1y,
Ty 300 © with NSL and leaf shedding considered, the median simulated
o > PLkcafter 54 days of water shortage was below 80%, an important
° § threshold for pine mortality (Hammond et al, 2019). Leaf
g - 20% 2 shedding speed drastically increased between DOYs 225 and
s ‘,‘.’3 231, when trees had lost between 44 and 53% of their root-to-
a - 10% < canopy conductance, according to the SOX+ model (Figure 8)
E and their stomata were fully closed (daily maximum gs <
- 0% 10% of maximum simulated gs). After full stomatal closure,
tree water losses were highly dependent on leaf leakiness,
I I I i I . . .
220 230 240 250 260 here summarized as gmi. Increasing gmin by 50% resulted in
DOY (2020) shedding of leaves that was significantly beneficial in reducing
k. losses compared with no shedding leaves 6 days earlier
FIGURE 5 | Temporal evolution of whole-tree transpiration (in kg tree~" day~") than assuming gmin = 2 mmol m~2 s7! (DOY 244 vs. DOY
and percent of leaf shed for the six monitored P sylvestris saplings growing in 250). The benefits of leaf shedding were signiﬁcantly higher
the grleenhouse during the whole Iehgth ofthe gxperiment (DOY 212—265). at Emin = 3 mmol m,z Sfl than at Emin = 2 mmol m72
Blue line represen.ts the average daily transpiration :tj 8D, wheregs red line s—! after DOY 232 (P < 0.05, after a KolmogorOV—Smirnov
represents the daily cumulated percent of leaf shed since the beginning of the ;| X X
experiment 1 SD. Transparent dotted lines are the observed daily non-parametric test), and for the rest of the period simulated
transpiration for each tree, and transparent dashed lines are the cumulated (Figure 9).
percent of leaf shed for each tree.
DISCUSSION

NSL and Leaf Shedding Reduce Projected The findings suggest that non-stomatal limitations (NSL) of

Loss in Root-To-Canopy Hydraulic photosynthesis and leaf shedding processes play an important
Conductance role as hydraulic safety mechanisms in P. sylvestris, as they
Compared to the original “Hydraulic” SOX+ setup, projected  reduce losses in root-to-canopy conductance during severe
percent loss in root-to-canopy conductance (PLk,., in %) at the ~ drought stress (Figure 7). Drought-induced leaf shedding in
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FIGURE 6 | Performance of the SOX+ model calibrated without (“Hydraulic,” A, in red) and with (“Hydraulic + NSL,” B, in blue) non-stomatal limitations of
photosynthesis. (A,B) show the comparison between simulated and observed transpiration (in kg tree~'day~", points 4 SD error bars), during the experiment (DOY
212-265). Daily simulated transpiration is the projected median by sampling 500 times each of the SOX+ model formulation posterior parameter estimates. Noted is
the generalized linear model accounting for temporal autocorrelation, model fit (Rgs), and the RMSE. In both formulations, the slope was not significantly different than
1 (p < 0.01), and the intercept was not significantly different than O (o < 0.01). (C) represents the SOX+ error in transpiration estimates for the calibration period (DOY
212-230), and for the Hydraulic (red, dashed lines) and Hydraulic + NSL (blue, continuous lines) formulations. Simulation error was calculated as % where

Trsim IS the daily median transpiration from the 500 model, and Trqps is the daily observed transpiration, both in kg tree~" day~'. Horizontal lines represent the median

simulated error for each SOX+ formulation.

P. sylvestris saplings started when predicted loss of root-
to-canopy hydraulic conductance was close to 50%. This is
in accordance with the “hydraulic fuse” hypothesis, which
states that cavitation in leaves would occur earlier than xylem
cavitation to avoid irreversible xylem conductance losses (e.g.,
Hochberg et al, 2017, Choat et al, 2018), as leaves are
cheaper to rebuild than new vessels in the xylem (Tyree
and Ewers, 1991). The results also concur with previous
observations of leaf shedding delaying the time to reach lethal
dehydration thresholds (Blackman et al, 2019) while also
identifying gmin as a key trait involved in plant dehydration
processes (Duursma et al., 2019; Cochard, 2020). These findings
highlight the importance of including non-stomatal processes
(i.e., NSL and leaf area adjustments) into simulation models in
order to account for tree physiological feedback responses to
drought stress.

Non-Stomatal Limitations of
Photosynthesis as a Hydraulic Safety

Mechanism

Including NSL to restrict photosynthesis improved the SOX+
model representation of observed transpiration reductions
during the dehydration phase, especially when stomata were not
fully closed. Model improvements based on similar observations
have been reported previously (e.g., Yang et al., 2019; Gourlez
de la Motte et al., 2020). Including NSL reduced projected
losses in root-to-canopy conductance by overall 6% after 54 days
without irrigation. It also delayed reaching 80% of PLk,, an
important threshold for pine mortality (Hammond et al., 2019),
by 8 days. As plants dehydrate, considering NSL led to lower
optimum stomatal conductance per photosynthetic gain (i.e., it
led to decreased §An/8C; in Equation 8). We identified a Weanopy
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FIGURE 7 | Simulated percent loss in root-to-canopy conductance during the
experiment (PLk, in %) with three different SOX+ model formulations. Only
hydraulic constraints on stomatal conductance (Hydraulic, in gray); hydraulic
constrains on stomatal conductance and non-stomatal limitations of
photosynthesis accounting for equal leaf area during the whole experiment
(Hydraulic + NSL, in green); and hydraulic constraints on stomatal
conductance, non-stomatal limitations of photosynthesis, and observed leaf
shedding (Hydraulic + NSL + leaf shedding, in orange). Posterior parameter
distributions are different for (Hydraulic) and (Hydraulic + NSL, Hydraulic 4+
NSL + leaf shedding), see Table 2. For each model formulation, the figure
shows the daily pre-dawn median &+ 95% CI PLk,., obtained from running the
simulation by sampling 500 times the posterior parameter distribution.
Horizontal lines indicate when ki = 0.5 * Ki¢ max (PLkic50, dashed line), and
when ke = 0.2 * ke max (PLK80, dotted line), a threshold that has been found
to be critical for pine survival probability (Hammond et al., 2019).
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FIGURE 8 | Time series of averaged leaf area (in m? tree~", blue dashed ling)
for the six monitored Pinus sylvestris saplings and simulated dynamics in
percent loss in root-to-canopy conductance (PLK;c, in %, black continuous
line) according to the complete SOX+ model scheme (Hydraulic + NSL + leaf
shedding). Daily leaf area is represented as the mean + SD. Daily simulated
PLk is represented as the median + 95% ClI after 500 model simulation runs
by sampling the posterior parameter estimate. The horizontal line indicates
when ke = 0.5 * ke max (PLK50, dashed line), while the light gray area
represents the uncertainty of when the leaf shedding rate accelerated.
Because of weekly sampling campaigns, the area is relatively broad.
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FIGURE 9 | Daily averaged cumulated benefit of observed leaf shedding in
preventing loss in root-to-canopy conductance (PLkc, in %) for minimum leaf
conductance (gmin) = 2 mmol m~2 s~ (blue continuous line), and gmin = 3
mmol m~2 s~ (red dashed line). Results represent the median + 95% Cl of
500 model simulations obtained by randomly sampling the posterior parameter
distribution for each of the following scenarios and their combination:with and
without leaf shedding, and the two gmin values considered. The daily average
cumulated difference in PLk,. between shedding and no shedding is
calculated according to Equation 14. The vertical lines for both scenarios
indicate the DOY at which the benefit of leaf shedding is significantly >0.

reference value of —1.7 MPa for a 50% strength of the NSL
limitation, this value being lower than the observed Wiy so
(—2.6 MPa). This implies that NSL mechanisms are acting at
the onset of embolism formation, which may be indicative of an
active hydraulic safety mechanism (Choat et al., 2018).

We acknowledge that simulating NSL as a decline in apparent
Vemax and Jpma summarizes the effects from a multiplicity
of interacting plant physiological responses to drought, which
might be better considered separately. For example, water and
carbon transport in the mesophyll might be described as a
function of aquaporin expression in dependence on cell water
potential (Flexas et al, 2012; Paudel et al., 2019), and the
effects on photosynthesis could be separated into suppression of
rubisco regeneration (Rizhsky et al., 2002; Pilon et al., 2018), and
reduction in rubisco activity. Also, reduced sink strength of tissue
experiencing drought limitations (Hsiao et al., 1976; Fatichi et al.,
2014) could eventually be used to describe the down-regulation of
photosynthesis explicitly, e.g., via higher leaf sugar concentration
due to reduced phloem load (Riesmeier et al., 1994; Sevanto,
2014). These mechanisms, however, have not been sufficiently
resolved to be used in general models.

Shedding Leaves After Stomatal Closure
Buffered Projected Loss in Conductance

Reducing leaf area is a well-known phenomenon that decreases
whole tree transpiration (e.g., Whitehead et al., 1984; Martinez-
Vilalta et al., 2014; Wolfe et al., 2016). During the first phase of
the dry-down, leaf shedding was only marginal, but it increased
after full stomatal closure (Figures5, 8), when reducing leaf
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area was the only possibility to further reduce leaf leakiness and
leaf C maintenance cost. We found that leaf shedding reduced
projected ks losses by 7% at the end of the experiment. Also,
when including leaf shedding dynamics, the pines did not reach
the lethal PLk,.80 threshold. Interestingly, increasing gmin by
50% further underscored the benefits of leaf shedding, which then
even started earlier during the dry-down. Since gmin seems to
depend on environmental conditions during leaf development
(Duursma et al., 2019) and also increases with leaf temperature
(e.g., Schuster et al., 2016; Cochard, 2020), leaf shedding may
represent an acclimation strategy to counteract leaf leakiness
during later growth stages (Blackman et al, 2019) and heat
waves. This is supported by findings that less sclerophyllous
trees (i.e., those with higher gny) are likely to shed more leaves
earlier during heat-drought stress development (e.g., Ogaya and
Penuelas, 2004; Montserrat-Marti et al., 2009).

In accordance with recent findings (Wolfe et al, 2016;
Cardoso et al., 2020; Li et al., 2020), Scots pine shed its 2 and
3 year-old needles once ks was halved and leaf conductance
was strongly reduced (approximately gs = gmin). This implies
that in P. sylvestris, leaf shedding has likely been triggered as
a last-chance hydraulic safety mechanism, as pines do not re-
grow shed leaves until the next growing season. This may lead to
severe C uptake reductions after drought release, especially if the
drought occurs early during the growing season (Eilmann et al.,
2013), with consequences that may extend up to 4 years after
drought (e.g., Galiano et al,, 2011). In the experiment, the trees
shed about 30% of their leaves, which may imply an equivalent
loss in photosynthesis capacity after re-watering. Such C uptake
reductions may still have severe implications for post-drought
xylem and canopy recovery (e.g., Yan et al,, 2017; Ruehr et al,,
2019; Kannenberg et al., 2020). However, negative impacts of leaf
losses are probably less severe because mostly the older leaves,
which are less efficient in terms of photosynthesis, were shed first
(Escudero and Mediavilla, 2003; Niinemets et al., 2005, but see
Poyatos et al., 2013). Also, the C balance during drought is less
negative because of reduced maintenance respiration; thus, lower
depletion of non-structural carbohydrates reserves is expected.
The inclusion of the SOX+ model in a whole-tree dynamics
simulation model may shed more light upon the benefits and
drawbacks of leaf shedding in terms of whole tree C balance
and growth.

Uncertainties and Lines to Proceed Further
Trees may respond to soil drought with various physiological
reactions in order to save water and protect their conductive
tissue. Besides stomatal regulation of evaporation demand
and potential photosynthesis, additional processes are involved
that affect the relationship between stomatal opening and
photosynthesis activity, particularly under drought as has been
described, e.g., by Eller et al. (2018, 2020). In this study,
we have accounted for these processes in a lumped way by
training a process-based tree hydraulic model (SOX+) from
“in situ” observations (e.g., Medlyn et al.,, 2015; Dietze et al.,
2018). However, we acknowledge that the experimental basis
for this new mechanism is still poor, based on a small number
of repetitions and a relatively high variability in individual
plants. Also, it would be more convincing that loss in xylem

conductance is a driving force for drought responses if it would
have been directly measured instead of indirectly calculated from
water potential and transpiration. It should also be noted that
the additional parameters required to describe the new model
features are yet uncertain with respect to their generality; thus,
further studies are needed to evaluate their precision, species-
dependency, or relationship to wood or leaf anatomical traits
(Schumann et al., 2019, Velikova et al., 2020).

Similar caution needs to be applied to the second investigated
process of leaf shedding. It seems that there is a clear threshold
of loss in root-to-canopy hydraulic conductance at which leaf
shedding began. Therefore, we suggest a generalization of
drought-induced leaf shedding dynamics that may be included
in simulation models accounting for tree hydraulics. This is based
on a basal leaf turnover rate and a drought-induced leaf shedding
rate that is considered after a given threshold of loss in hydraulic
conductanceis reached:

LA,' = LA(,‘,D — basalLsLA(,»,l)szLkrc <X
LA; = LA(,',l) — drougtthLA(,-,l)ifPLk,CZx

(15a)
(15b)

@

where LA; is the whole tree leaf area on day “i” (in m? tree™ 1),
basalrs is the basal rate of leaf shedding without drought stress,
droughtyg is the leaf shedding rate under drought stress, and x
is the threshold of conductance loss at which drought-induced
leaf shedding occurs. For instance, in the experiment (Section
Leaf Shedding Speed Increased Concurrently With Transpiration
Stop), basalrs would equal to 0.002, droughtrs to 0.0055, and x
to 50%. According to recent observations, 50% loss in hydraulic
conductance seems to be a realistic threshold, occurring within a
wide range of environments and plant types (e.g., Wolfe et al,,
2016; Cardoso et al., 2020; Li et al., 2020). Nonetheless, we
acknowledge that depending on the species-specific strategies to
face hydraulic stress, such threshold may vary (e.g., Ruehr et al,,
2016). We hypothesize further that this strategy may be linked to
differences in gp;in, as the benefits of leaf shedding appear earlier
and to a larger degree when leaf leakiness is higher.

The suggested model modifications account for non-stomatal
acclimation mechanisms affecting canopy conductance, which
are commonly accepted as an important driver of plant water
use regulation but are still poorly tested in simulation models.
Nevertheless, we are aware that other potential acclimation
processes such as changes in rooting depth, root distribution,
or soil-to-root conductance (e.g., Mu et al., 2021), as well as
changes in leaf distribution or traits, such as leaf thickness and
stomatal density, affect whole plant conductance. Also, short-
term responses, such as an increase in leaf cuticular conductance
(gmin) In response to rising temperature (e.g., Cochard et al.,
2021), are not addressed in this version of SOX+, which
leaves room for model improvement. Furthermore, the SOX+
model has, so far, been tested only for small trees growing
under controlled conditions. Thus, model performance should
be assessed under field conditions, particularly for trees of
different sizes and species. Still, the inclusion of NSL and leaf
shedding processes enhanced model transpiration estimates,
which were identified as key mechanisms that trees trigger to
buffer conductance losses under drought stress.
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Relevance for Climate-Change Scenario

Analyses

Including the proposed processes into ecosystem models would
improve water consumption estimates during drought and hot
drought events. Because heat waves alongside increased VPD are
supposed to increase in intensity and frequency (Basarin et al,,
2020), this may potentially improve model projections of forest
drought responses. Parametrizing species in order to consider
tradeoffs between elongating carbon gain and reducing hydraulic
stress via leaf shedding will also enable to better represent
the differences in competition strength between tree species
under future environmental conditions. This is particularly
useful in ecosystem models addressing the interactive impacts
of increased atmospheric CO; and a hotter and drier climate
on forests. In addition, the mechanistic simulation of loss in
xylem conductance also considering feedback responses may
lead to an improvement in tree mortality process description
(Bugmann et al., 2019). In contrast to empirical approaches,
it allows to consider species- and environmental-specific
adaptation strategies, represented by species traits that indicate
different hydraulic vulnerabilities. Since tree mortality is an
underrepresented but highly important process when addressing
forest dynamics under global warming (Meir et al, 2015),
incorporating leaf area acclimation to drought and non-stomatal
limitations of photosynthesis in larger-scale forest simulation
models will likely improve climate change scenario assessments.
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Recent studies have identified soil drying as a dominant driver of transpiration reduction at
the global scale. Although Arbuscular Mycorrhiza Fungi (AMF) are assumed to play a pivotal
role in plant response to soil drying, studies investigating the impact of AMF on plant water
status and soil-plant hydraulic conductance are lacking. Thus, the main objective of this study
was to investigate the influence of AMF on soil-plant conductance and plant water status of
tomato under drought. We hypothesized that AMF limit the drop in matric potential across
the rhizosphere, especially in drying soil. The underlying mechanism is that AMF extend the
effective root radius and hence reduce the water fluxes at the root-soil interface. The follow-up
hypothesis is that AMF enhance soil-plant hydraulic conductance and plant water status
during soil drying. To test these hypotheses, we measured the relation between transpiration
rate, soil and leaf water potential of tomato with reduced mycorrhiza colonization (RMC) and
the corresponding wild type (WT). We inoculated the sail of the WT with Rhizophagus irreguilaris
spores to potentially upsurge symbiosis initiation. During soil drying, leaf water potential of the
WT did not drop below —0.8 MPa during the first 6 days after withholding irrigation, while leaf
water potential of RMC dropped below —1MPa already after 4days. Furthermore, AMF
enhanced the soil-plant hydraulic conductance of the WT during soil drying. In contrast, soil-
plant hydraulic conductance of the RMC declined more abruptly as soil dried. We conclude
that AMF maintained the hydraulic continuity between root and sail in drying sails, hereby
reducing the drop in matric potential at the root-sail interface and enhancing soil-plant hydraulic
conductance of tomato under edaphic stress. Future studies will investigate the role of AMF
on sail-plant hydraulic conductance and plant water status among diverse plant species
growing in contrasting soil textures.

Keywords: Soil drying, AMF, rhizosphere, root water uptake, biostimulant, plant microbiome, abiotic stress

INTRODUCTION

Water scarcity in soil and atmosphere escalates stress on vegetation and threatens future
agricultural production and forest survival, especially in the face of climate change (Madadgar
et al., 2017; Brodribb et al., 2020). Recent studies have identified soil drying as a primary
cause of transpiration reduction globally, which is a greater stress factor than vapor pressure
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deficit (VPD; Liu et al, 2020). Thus, detailed knowledge of
water flow processes, particularly belowground, is required to
fully understand and predict plant behavior under drought
episodes and future climate conditions.

Water flow across the soil-plant-atmosphere continuum is
driven by gradients in water potential between the atmosphere
and soil. Water evaporation at the leaf surface (i.e., due to
the increase in the vapor pressure deficit) creates a tension
that propagates down to the roots and the soil. The leaf
water potential (yi..s) depends on both water potential in the
soil (w,u) and the hydraulic conductivities of the different
elements (soil, root-soil interface, root, xylem, and leaf)
composing the soil-plant continuum. Sperry and Love (2015)
used a hydraulic model of water flow to propose that stomata
regulation allows plants not to exceed the water supply function
determined by soil-plant hydraulics. In other words,
downregulation of stomata in dry conditions avoids an excessive
decline in leaf water potential before approaching a critical
transpiration rate. This hypothesis implies that the leaf water
potentials at which stomata close depend also on belowground
hydraulic properties (root, soil, and their interface). Despite
their importance, studies investigating the impact of
belowground traits on plant water status and soil-plant hydraulic
conductance remain limited.

In wet soils, the hydraulic conductivity of soil is much
higher than that of roots and hence, water flow is mainly
controlled by root hydraulic conductivity (Draye et al., 2010).
However, as soil dries, its conductivity drops by a few orders
of magnitude, limiting the water flow toward the root surface
(Passioura, 1980; Draye et al., 2010). Indeed, Carminati and
Javaux (2020) combined a soil-plant hydraulic model with
meta-analysis to elucidate that the loss in soil conductivity,
especially at the root-soil interface, controls stomatal response
during water deficit. Similarly, we have recently showed that,
in tomato, the decline in soil-root hydraulic conductance was
the main driver of stomatal closure (Abdalla et al., 2021).
Rodriguez-Dominguez and Brodribb (2020) used a novel
rehydration technique to demonstrate that the loss in hydraulic
conductivity at the root-soil interface occurred in parallel
with stomatal closure. In a follow-up study, Bourbia et al.
(2021) showed that a decline in root hydraulic conductivity
was concomitant with a stomatal closure in both herbaceous
and woody species. Plants developed various strategies to
deal with the drop of conductivity at the root-soil interface
(Carminati et al., 2016; Ahmed et al.,, 2018a). For instance,
in barley, root hairs were not only documented to soften
the gradients in matric potential at the root-soil interface
(Carminati et al., 2017) but also enhance plant water status
and yield during water deficit (Marin et al., 2020). Another
example is mucilage, a gel exuded at the root tip, which was
shown to facilitate water uptake in drying soils (Ahmed et al.,
2014). Furthermore, root-microbiome interactions (e.g.,
Arbuscular mycorrhiza fungi) provide fitness advantages to
the host plant to mitigate water stress conditions [reviewed
in Trivedi et al. (2020)].

Arbuscular mycorrhiza fungi (AMF) symbiosis, which occurs
naturally between fungal and most plant species, is documented

to play a positive role in plant water relations, especially under
water deficit (Augé, 2001; Augé et al, 2015; Ouledali et al,
2018). For instance, Bitterlich et al. (2018b) showed that, in
tomato, AMF facilitated higher transpiration rates in dry soils.
Similarly, Chitarra et al. (2016) demonstrated that AMF enhanced
tomato performance under water stress. The authors showed
that AMF improved plant biomass and water use efficiency
(Chitarra et al., 2016). In maize, Quiroga et al. (2019) reported
that AMF symbiosis enabled higher stomatal conductance under
soil water deficit. Furthermore, it was also suggested that AMF
increase root hydraulic conductivity (Aroca et al., 2007; Quiroga
et al., 2019) and alter soil hydraulic properties (Bitterlich et al.,
2018a; Pauwels et al., 2020). However, the impact of AMF on
soil-plant hydraulic conductance, especially in drying soil,
remains unknown. Note that this would be crucial to improve
our current understanding of plant response to drought
(Carminati et al., 2020; Hayat et al., 2020; Rodriguez-Dominguez
and Brodribb, 2020; Abdalla et al, 2021). Thus, there is an
urgent need to investigate the influence of AMF on soil-plant
hydraulic conductance during soil drying.

We hypothesize that AMF increase the root-soil contact
and hence the effective root radius, especially in dry soil. This
would reduce the flow velocity at the root surface and soften
the drop in matric potential at the root-soil interface (Figure 1).
This, in turn, would facilitate higher (less negative) leaf water
potential and enhance soil-plant hydraulic conductance during
soil drying.

We tested this hypothesis in tomato plants inoculated with
Rhizophagus irregularis spores. We utilized mutant variety with
highly reduced AMF symbiosis and the corresponding wild
type. We measured transpiration rate, soil water content, water
potentials in soil and leaf during soil drying. We used the
relation between transpiration rate and leaf water potential to
infer the hydraulic conductance of the soil-plant system for
both genotypes during soil drying.

MATERIALS AND METHODS

Plant Preparation

We used two tomato genotypes (Solanum lycopersicum L.): a
mutant with highly reduced AMF symbiosis (RMC) and its
wild-type counterpart (WT; Barker et al., 1998). Growth was
shown to be very similar in both genotypes, suggesting no
pleiotropic effects of the mutation (Cavagnaro et al., 2004).
Seeds were sterilized in 30% H,O, for 90 s and thereafter washed
and germinated on Petri dishes. The seeds were then planted
in PVC columns of 30cm in height and 9cm in diameter.
The columns had small five holes on the side, which were
used for soil water content measurements during the experiment.
The columns were filled with sandy soil through a 1-mm sieve.
The hydraulic properties and fertilization of the soil are reported
in Vetterlein et al. (2021) and in supplementary information
(Supplementary Figure S1). To potentially upsurge AMF
colonization of the W, the soil was inoculated with commercial
R. irregularis spores (BIOFA AG, Miinstingen, Germany) in a
ratio of 50 spore kg™
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FIGURE 1 | Hypothetical role of Arbuscular Mycorrhiza Fungi (AMF) in enhancing plant water status and soil-plant hydraulic conductance. During soil drying, AMF
increase the root-soil contact and extend the effective root radius hereby reducing the water fluxes at the root-soil interface and softening the drop in matric potential
across the rhizosphere. The follow-up hypothesis is that AMF enhance soil-plant hydraulic conductance and plant water status during soil drying. Plants without
AMF symbiosis (-AMF) require larger gradients in matric potential around their roots to sustain similar transpiration rates.

Growth Conditions

Twenty plants (10 per genotype) were placed in a climate-
controlled chamber with a day/night temperature of 29/19°C,
a day/night relative humidity of 51/79%, 14h of photoperiod,
and light intensity of 1,000 pmol m~ s™". Plants were randomized
inside the chamber. The soil surface was covered with polyolefin
to prevent evaporation. We measured shoot fresh weight at
the end of the experiment.

Transpiration Rate

Plants were placed into wireless balances that automatically
recorded the changes in weight every 10mins. Transpiration
rate was obtained gravimetrically by calculating the difference
in weight over time. We extracted the transpiration rate for
predawn (no light and low VPD) and midday. Plants were
irrigated daily until the start of measurements.

Leaf Water Potential Measurements

After withholding irrigation, leaf water potential was measured
on daily basis at midday. A leaflet was covered with a
plastic bag and lined with aluminum foil for at least 20 mins
before measurement. Covered leaves were cut and placed
inside a Scholander-type pressure chamber (MODEL 3115,
Soil Moisture Equipment Corp, Santa Barbara, CA, Unites
States) to obtain stem water potential, which was used as
a proxy for leaf water potential (One leaflet was measured
per plant).

Soil Dryness Assessment

Soil water content () was measured daily using time-domain
refractometer that encompasses two rods (spacing: 0.5cm;
length: 6 cm) connected to a data logger (E-Test, Lublin, Poland).
Soil water potential was computed from the soil water content
using the soil water retention curve (Supplementary Figure S1).

Soil-Plant Hydraulic Conductance
During soil drying, soil-plant hydraulic conductances of RMC
and WT were obtained using Equation (1) as follow:

Kp=Fny

where Ksp is soil-plant hydraulic conductance (cm’ s™ MPa™),
E is transpiration rate (cm’ s7'), and Ay is the difference
between absolute values of leaf and soil water potentials
(MPa).

(1)

AMF Abundance Assessment

Roots were collected at the end of the experiments and stored
in 60% ethanol. Root samples of both genotypes were washed
with distilled water, cleared with 5% KOH, and stained in 5%
ink-vinegar solution to visualize AMF colonization in roots
[after Vierheilig et al. (1998)]. The percentage of colonized
root length was determined by recording 150 root-intersects
per sample using the light microscopy (Olympus BX40) and
the attached digital camera (Olympus SC50).
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FIGURE 2 | AMF abundance assessment in roots of reduced mycorrhiza
colonization (RMC) and wild-type counterpart (WT). AMF colonization was

four times higher in WT compare to RMC (value of p<0.05).
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FIGURE 3 | Leaf water potential (y..) and transpiration rate (£) of RMC and
WT tomato during soil drying. .. declined markedly in the absence of AMF,
which nicely support our initial hypothesis. Asterisks denote significance
decline of i (value of p<0.01), on top for WT and bottom for RMC. DA,

day after last irrigation. n=10.

Statistical Analysis

ANOVA was used to identify significant differences in
transpiration rates, leaf water potential, and soil-plant hydraulic
conductance of WT and RMC. T-test was applied to evaluate
the differences in root colonization between the WT and RMC

RESULTS AND DISCUSSION

We investigated the impact of AMF on plant water status and
soil-plant hydraulic conductance in two tomato genotypes,
reduced mycorrhiza colonization (RMC) and its wild type
counterpart (WT). Plant biomass of both genotypes was similar
(Supplementary Figure S2). Shoot fresh weight was 30.2+8.2¢g
and 284+79g for the WT and RMC, respectively
(Supplementary Figure S2). The root colonization of the WT
was four times higher than RMC (value of p<0.05; Figure 2).
This finding is consistent with results of Zhou et al. (2020),
who assessed AMF root colonization in same tomato genotypes
and observed significantly higher AMF abundance in roots of
WT compared to RMC.

Leaf water potential of the WT plants did not drop below
—0.8 MPa 6days after withholding irrigation, while leaf water
potential of the RMC dropped below —1.0MPa already after
4days (value of p<0.01; Figure 3; Supplementary Table S1).
These results are in line with previous findings in maize,
soybean, and barley (Subramanian et al., 1997; Porcel, 2004;
Khalvati et al., 2005). The authors showed that, under water
deficit, plants with AMF colonization exhibited higher (less
negative) leaf water potential compared to plants without AMEF.

Transpiration declined in both treatments as a consequence
of water deficit (Figure 3). During soil drying, we observed,
surprisingly, no differences in transpiration rate between the
two genotypes (value of p=0.5, Supplementary Table S2).
These results are in line with the findings of Chitarra et al.
(2016), who reported similar stomatal conductance of tomato
inoculated with different AMF species and the control [see
Figure 1B in Chitarra et al. (2016)]. Despite the absence of
difference in transpiration rate, the authors compared the
water use efficiency and demonstrated that AMF improved
tomato performance under water deficit (Chitarra et al., 2016).
Similar transpiration rate was also observed in inoculated
and not inoculated common bean (Aroca et al., 2007). On
the other hand, Bitterlich et al. (2018b) showed that, in
tomato, AMF facilitate higher transpiration in dry soil. Similarly,
Hallett et al. (2009) used the same genotypes and reported
a significant increase in transpiration of the wild type compared
to RMC mutant. These apparently contradicting findings on
the impact of AMF on transpiration rate clearly suggest that
the role of AMF on transpiration (and stomatal conductance)
is soil, species, and environment specific. Hence, the impact
of AMF on transpiration on some of these studies might
have been masked out as a result of speciesx environment
interactions, which is well known to impact transpiration
(Vadez et al., 2013, 2021). Indeed, an improved performance
of AMF treatment was shown in field experiments compare
to greenhouse and climate-controlled experiments (where
normally plants are grown in pots; Poorter et al., 2012; Augé
et al, 2015). The fact that the two genotypes exhibited no
significant difference in transpiration in the present study
could be explained by the limited soil volume. Hence, plants
and AMF had to share a limited amount of water (and

mutant. MATLAB (R2019) was wused to perform the nutrients) within the pot (Chitarra et al., 2016). Moreover,
statistical analysis. this explanation can potentially justify the drop in leaf water
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FIGURE 4 | Relation between transpiration rate (E) and leaf water potential () during soil drying. Subplots show the relation on daily basis after last irrigation. As
soil progressively dried, the RMC plants showed lower £ and more negative yj.,s On the same day compare to WT. n=10.

potential in both genotypes on the seventh day after withholding
irrigation (Figure 3).

In previous studies, simultaneous measurements of
transpiration rate and leaf water potential with high temporal
resolution revealed that leaf water potential drops rapidly when
a critical transpiration rate is reached at a given soil water
potential (Carminati et al., 2017; Abdalla et al., 2021; Cai
et al, 2021). In other words, at a specific transpiration rate,
leaf water potential can vary based on belowground hydraulic
conductance [see Cai et al. (2021)]. In this study, we observed
a decoupling in the relation between transpiration and leaf
water potential (Figure 3). We explain this by the fact that
RMC plants require larger gradients in soil water potential at
the root-soil interface to sustaining a similar transpiration rate
to the WT. The underlying mechanisms is that AMF extends

the root surface active in water uptake, which reduces the
flow velocity and attenuate the drop in matric potential at the
root surface (see Figure 1). Hence, RMC plants exhibited more
negative leaf water potential to sustain a similar transpiration
rate as in WT. This would explain why RMC plants displayed
more negative leaf water potential while maintaining similar
transpiration rate as WT plants. These results demonstrate that
the relation between transpiration rate and leaf water potential
is not unique and depends on belowground hydraulics. Moreover,
our data show that AMF clearly affect this relation. More
work would be needed to test the impact of AMF on this
relation among diverse plant species, contrasting soil types,
and climatic conditions.

Another possible explanation for similar transpiration rate
is that AMF colonization might influence the stomatal density.
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FIGURE 5 | Soil-plant hydraulic conductance (Ksp) decreases as soil water
potential (ws.i) declines. Plants with mycorrhiza symbiosis (WT) show higher
Ksp during soil drying (similar symbols and diverse colors) compare to RMC
mutants. D, day after last irrigation. n=10.

Chitarra et al. (2016) demonstrated that inoculation with
Rhizophagus intraradices induced two times stomatal density
compared to un-inoculated tomato plants or inoculated with
Funneliformis mosseae. However, a different AMF species was
used in this study, namely, R. irregularis, and its influences
on stomatal density in tomato are yet to be explored. Nevertheless,
our data on leaf water potential suggest that AMF could
contribute positively, allowing tomato plants to mitigate water
stress conditions.

During soil drying, the relation between transpiration
and leaf water potential was affected by AMF colonization
(Figure 4). In wet conditions, i.e., day one, both genotypes
showed high transpiration and leaf water potential (Figure 4).
As soil progressively dried, RMC showed relatively lower
transpiration and more negative leaf water potential than
the WT (Figure 4). Soil-plant hydraulic conductance (Ksp)
was obtained from the relation between transpiration rate
and leaf water potential at a given soil water potential
(Figure 5). Figure 5 shows that, during soil drying, WT
plants exhibited a higher Ksp compared to RMC (Figure 5;
value of p=0.06; Supplementary Table S3). Note that Ksp
is highly dependent on both transpiration rate and leaf water
potential [see Equation (1)]. The marginal difference in Ksp
is a reflection of the similar transpiration rate and the
significantly different leaf water potential between the two
genotypes. This finding supports our hypothesis that AMF
maintain soil-root hydraulic conductance. Further, Ksp of
RMC plants declined at less negative soil water potential
compare to WT (Figure 5). The absence of AMF in the
RMC plants entailed a severe reduction in leaf water potential
as soil water potential declined, possibly due to loss of
contact between root and soil (Carminati et al., 2009, 2013).
On the other hand, AMF presence in the WT facilitated
higher leaf water potential despite declining soil water

potential (Figure 3). AMF could play a central role in
sustaining the hydraulic continuity between root and soil,
as it not only improves the unsaturated hydraulic conductivity
(Bitterlich et al., 2018a; Pauwels et al., 2020), but also avoids
excessive drop of soil water potential around roots.

Taken together, we have demonstrated the direct influence
of AMF on soil-plant hydraulic conductance and plant water
status during soil drying. WT plants exhibited higher soil-plant
hydraulic conductance and leaf water potential compared to
RMC plants during soil drying. We conclude that AMF extended
the effective root radius hereby reducing the water fluxes at the
root-soil interface and softening the drop in matric potential
across the rhizosphere. This would result in an enhanced soil-
plant hydraulic conductance and plant water status in drying
soil. Further research is needed to directly measure the effects
of AMF on water fluxes under contrasting soil textures and
nutrient availabilities. The latter could be achieved using the
combination of isotopes and neutron imaging (Ahmed et al,
2016, 2018b). Our data suggest that AMF could play an essential
role in achieving sustainable agricultural production with greater
importance in regions faced by water scarcity conditions worldwide.
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Six cultivated rice genotypes showing different stomatal conductance (gs) values were
used to investigate the influence of leaf vein traits on leaf gas exchange and leaf
hydraulics. The results showed that gs was the main determinant of the varietal difference
in the net photosynthetic rate (Py), whereas the area-based leaf nitrogen content (Narea)
and mesophyll conductance (gm) were not main factors. gs and Py were both positively
correlated with leaf hydraulic conductance (Keqf). A high density of leaf veins (vein length
per leaf area, VLA), especially minor leaf veins (VLAminor), Was of benefit for improving
the Kiear. The proportion of the minor leaf vein length to the total leaf vein length did not
impact the leaf hydraulics or leaf gas exchange. Overall, these findings suggested that a
high density of leaf veins, especially minor leaf veins, enhances Kiegr and promotes gs and
Pn in cultivated rice genotypes and a high VLA can be regarded as a high photosynthetic
capacity trait in rice plants.

Keywords: cultivated rice (Oryza sativa L.), leaf gas exchange, stomatal conductance, leaf hydraulics, leaf vein
density

INTRODUCTION

Under the current ambient atmospheric conditions, CO, diffusional conductance from air to
carboxylation sites is regarded as one of the main limiting factors of net photosynthetic rate (Py)
in Cs3 plants (Evans et al., 2009; Li et al., 2009; Yamori et al., 2011; Flexas et al., 2012; Adachi et al,,
2013; Gago etal., 2019). To reach carboxylation sites, CO; in the air must first overcome the air-leaf
boundary resistance to reach the surroundings of the stomata, and it then enters the stomatal pores
to reach the substomatal cavity, diffuses to the surroundings of the cell wall, and successively passes
through the cell wall, cell membrane, cytoplasm, chloroplast envelope, and the stroma (Terashima
et al., 2011; Tholen et al., 2012). The CO, diffusional resistance from air to the surface of the leaf is
called boundary layer resistance, the CO, diffusional resistance from air to the substomatal cavity
is called stomatal resistance, and the CO; diffusional resistance from the substomatal cavity to
the carboxylation sites is called mesophyll resistance. Mesophyll resistance can be as important as
stomatal resistance under many conditions (Terashima et al., 2011), although it was ignored in
earlier studies (Farquhar et al., 1980; Kodama et al., 2011). The reciprocals of stomatal resistance
and mesophyll resistance are called stomatal conductance (g;) and mesophyll conductance (gn),
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respectively. Many previous studies have shown that Py is
positively correlated with both g and g, (Giuliani et al., 2013;
Carriqui et al., 2015; Liu and Li, 2016).

Stomatal pores are the common pathway for CO; entering the
leaf and H,O evaporating from the leaf. g; is mainly determined
by the stomatal size, stomatal density and distribution, and
especially by the stomatal aperture (Xu and Zhou, 2008;
Ocheltree et al.,, 2012; Ouyang et al., 2017). g; has been found
to be closely linked to plant hydraulics (Hirasawa et al., 1992;
Brodribb et al., 2007; Xiong and Nadal, 2020). Tabassum et al.
(2016) reported that the Py, gs, and the transpiration rate (E)
values in Oryza sativa L. plants were all positively correlated with
whole-plant hydraulic conductance.

As leaf hydraulic conductance (Kje,) is one of the key
components of whole-plant hydraulic conductance (Sack et al.,
2003; Sack and Holbrook, 2006), it is vitally important for
determining leaf gas exchange parameters. Brodribb et al. (2007)
found that Py was positively correlated with Kje, across diverse
terrestrial plants. Hirasawa et al. (1992) found that g; was
positively correlated with Kje,¢ in rice plants across different light
and chemical treatments. Taylaran et al. (2011) found that the
Py of the high-yield rice cultivar Takanari was higher than that
of the other common rice cultivars, which was partly due to its
higher Kje,s. In higher plants, transpiration drives water from
the stem into the petiole, and then, the water enters the midrib,
flows in an orderly fashion to different vein branches, passes
through the vascular bundle sheath, enters the mesophyll tissue,
evaporates into the intercellular airspace, and finally diffuses out
of the leaf from stomatal pores (Rockwell et al., 2014; Xiong et al.,
2017). Thus, leaf hydraulic transport can be divided into xylem
hydraulic transport and outside-xylem hydraulic transport.

According to the water transport route inside leaves, Kjeaf
is mainly determined by the leaf vein traits such as the leaf
vein density, the size of the xylem conduits within the bundle
sheath (Flexas et al., 2013), and the leaf anatomical traits such as
the fraction of intercellular airspace (Xiong et al., 2017). Many
recent studies have focused on the relationships between Kje,f
and leaf vein density (vein length per leaf area, VLA) (Xiong
et al,, 2015; Tabassum et al., 2016). Although a few studies have
demonstrated that Kje,r showed no or even negative relationships
with VLA, most studies illustrated that a high VLA is beneficial
for improving Kje,r and promoting gs and Py (Sack and Frole,
2006; Brodribb et al., 2007; Boyce et al., 2009; Brodribb and
Field, 2010; McKown et al., 2010; Field et al., 2011; Walls, 2011;
Nardini et al., 2012; Flexas et al., 2013). High VLA can improve
the parallel transport pathways per leaf area, thus improving
the xylem hydraulic conductance (Ky), and it can also shorten
the distance from veins to evaporating sites, thus improving
the outside-xylem hydraulic conductance (Kyx) (Sack and Frole,
2006; Brodribb et al., 2007; Sack et al., 2013; Buckley et al., 2015).

Nevertheless, VLA was found to affect Ky but not Kox or Kje,t
across Oryza species, including cultivated and wild genotypes
(Xiong et al, 2015, 2017). The irrelevance of Kox and Kieaf
with VLA may be due to the low ratio of xylem hydraulic
resistance (Ry) to leaf hydraulic resistance (Rye,f), which is only
40% (Xiong et al., 2017). Thus, although a high VLA improved
Ky, the improvement in K contributed to Kje, very slightly.

Although the average Ry/Rjer in Oryza species was only 40%,
the ratios in cultivated rice genotypes were much higher than
40% (Xiong et al,, 2017), which may be due to the increase
in VLA during domestication. Thus, although no correlations
were found between K.,r and VLA across Oryza species, these
correlations may exist when only considering cultivated rice
genotypes because cultivated genotypes have relatively high
Ry/Rjeqf (Xiong et al,, 2017). Therefore, we hypothesized that in
cultivated rice genotypes in which Ry/Rye,f is relatively high, high
VLA can enhance Kj.,¢ and promote leaf gas exchange.

In fact, the correlations among leaf gas exchange, leaf
hydraulics, and leaf vein traits have already attracted a lot of
attention. For example, Brodribb et al. (2007) reported that
leaf maximum photosynthetic rate and venation are linked by
hydraulics across 43 species. Brocious and Hacke (2016) found
that stomatal conductance was positively correlated with the
transport capacity of the petiole, estimated from the diameter
and number of xylem vessels, whereas the variation in stomatal
conductance and leaf hydraulic conductance was not linked
to vein density or other anatomical lamina properties across
different populus genotypes. However, most previous studies
were done in wood species, and rare studies were done in cereal
species, especially in rice.

In the present study, six rice genotypes that showed different
gs values in a previous study (Ye et al, 2019) were selected
to verify the hypothesis that high VLA can enhance Kj,s and
promote leaf gas exchange in cultivated rice genotypes. The
results may provide insights for high photosynthetic capacity
rice breeding.

MATERIALS AND METHODS

Plant Materials
A pot experiment was conducted at the Huazhong Agricultural
University (114.37°E, 30.48°N), Wuhan, Hubei Province, China.
Six cultivated rice genotypes (O. sativa L.) found worldwide
were used, including Kirmizi Celtik, Huayou 675, Teqing,
Huanghuazhan, Champa, and N22. The g; of these six genotypes
varied greatly in the study by Ye et al. (2019), thus indicating
feasibility for studying the underlying mechanisms for different
gs and Py values in rice. Rice plants were grown from September
to December 2014. After germination on moist filters, seeds were
transferred to nursery plates. When the seedlings had developed
an average of three leaves, they were transplanted to 11 L pots
with a density of three hills per pot and two seedlings per hill.
There were five pots per genotype, and each pot was filled with
10 kg of soil. The soil used for the experiment had a clay loam
texture, with pH 6.63, organic matter 6.42 g/kg, total nitrogen (N)
0.07 mg/kg, available phosphorus (P) 8.21 mg/kg, and available
potassium (K) 126.95 mg/kg. P and K were applied as basal
fertilizers at an amount of 1.5 g/pot. N was applied at an amount
of 2.0 g(N)/pot, with 40% applied as a basal fertilizer, and 60%
applied at the mid-tillering stage. Plants were watered daily, and
a minimum 2 cm water layer was maintained to avoid drought
stress. Pests were intensively controlled using chemical pesticides.
Rice plants were grown outdoors. All genotypes were
arranged in a random design with five replicates. The radiation
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intensity, average temperature, and relative humidity during
rice growth were 12.6 + 57 MJ/m?/d, 23.3 + 3.4°C, and
74.4 £ 10.4%, respectively. Gas exchange measurements were
conducted in a growth chamber (Conviron GR48, Controlled
Environments Limited, Winnipeg, MB, Canada) [photosynthetic
photon flux density (PPED), 1,000 pwmol(photo)/m?/s at the
leaf level; temperature, 28°C; relative humidity, 60%; and
CO;, concentration, 400 pwmol/mol] to avoid the influence of
a changing environment on gas exchange parameters. The
vapor pressure deficit between leaf and air (VPDjef ,) of
the six rice genotypes during the measurements is shown in
Supplementary Table 1. The measurements were conducted 2
weeks after mid-tillering fertilization, and all measurements were
conducted on the newly expanded leaves from three different pots
of each genotype.

Gas Exchange and Chlorophyli

Fluorescence Measurements

A portable photosynthesis system (LI-6400XT, LI-CORInc.,
Lincoln, NE, United States) with an integrated fluorescence
leaf chamber (Li-6400-40; Li-Cor) was used to measure gas
exchange and chlorophyll fluorescence on leaves between 08:00
and 16:00. Measurements began after the plants had acclimatized
to the chamber for ~2h. In the LI-6400XT cuvette, the
ambient CO, concentration was controlled and set to 400
pmol/mol, the leaf temperature was maintained at 28°C, the
PPFD was 1,500 umol(photo)/mz/s, and the flow rate was
500 pwmol/s. After reaching a steady state, which usually takes
25min, the gas exchange parameters, steady-state fluorescence
(Fs), and maximum fluorescence (Fy,’) were recorded with a
light saturating pulse of 8,000 jmol(photo)/m?/s. The actual
photochemical efficiency of photosystem II (P pgyr) was calculated
as follows:

(Fp — Fy)
] = 1
PSIT . (1)
The electron transport rate (J) was calculated as follows:
] = PPFD x Ol,B X CDPSII (2)

where « is the leaf absorptance and S is the partitioning of
absorbed quanta between photosystem II and photosystem I. The
product o was determined from the slope of the relationship
between ®pgyr and the quantum efficiency of CO; uptake (®co32),
which was obtained by varying the light intensity under non-
photorespiratory conditions at <2% O, (Valentini et al., 1995).

The variable ] method described by Harley et al. (1992) was
used to calculate the chloroplastic CO, concentration (C.) and
gm- Cc and gn, were calculated as follows:

' x [J+ 8 x (PN + Ry)]
J—4 x (PN +Ry)
Py

Ci_Cc

Cc = (3)

&m (4)

where I'* represents the CO, compensation point in chloroplasts
without day respiration. The day respiration (R4q) and the

apparent CO, photocompensation point (C;) were determined
using the Laisk method (Brooks and Farquhar, 1985). Briefly,
A/C; (A, net photosynthetic rate; Cj, intercellular CO,
concentration) curves were measured over the linear portion of
the response curve (at 100, 80, 50, and 25 pmol CO,/mol air)
over three PPFDs (150, 300, and 600 pwmol/m?/s) with an LI
6400-02B chamber (Li-Cor), and then linear regressions to the
responses for each PPFD were fitted for individual leaves. The
intersection point of three A/C; curves was considered as C;
(x-axis) and Ry (y-axis) (von Caemmerer et al., 1994). I'* was
calculated as follows:

I = C; + Ra/gp (5)
The I'* and Ry of the six rice genotypes are shown in
Supplementary Table 2.

Leaf Hydraulic Conductance

The evaporative flux method (EFM) was used to determine the
Kieaf (Sack et al., 2002; Brodribb et al., 2007; Guyot et al., 2012;
Sack and Scoffoni, 2012; Tabassum et al., 2016). A leaf of each
genotype was excised in water, and the base of the leaf was placed
in a test tube filled with distilled water under favorable conditions
for transpiration (in a growth chamber under a PPFD of 1,000
pwmol(photo)/m?/s and air temperature of 28°C). Immediately
after placing the leaf in a test tube filled with distilled water,
the leaf was attached to a Li-COR 6400XT portable infrared
gas analyzer (IRGA) (LI-COR, NE, United States) to record
the leaf transpiration rate (E). A Dewpoint Potential Meter
WP4C (Decagon, Pullman, WA, United States) was used to
measure the leaf water potential (We,¢) of the leaf that was used
to measure E. Kje,r was calculated as follows (Taylaran et al.,
2011):

E

0 (6)
0— \Ijleaf

Kleaf =

Leaf Morphological Traits

Leaf width was measured in vivo, and leaves were excised
to count the major veins (midrib vein and large veins)
and minor veins separately under 40x magnification using
a light microscope (SA3300, Beijing Tech Instrument Co.,
Ltd, Beijing, China). Four leaves were counted for each
genotype. As rice leaf veins are parallel to each other, the
major leaf vein density (VLAmajor), minor leaf vein density
(VLA pinor), and total leaf vein density (VLA) were calculated
as follows:

Numbers of leaf major veins x leaf Length

VEAmsjor = Leaf width x leaf length @

VLA = Numbers of leaf minor veins x leaf Length ®)
Leaf width x leaf length

VLA = VLAmajor + VLAminor 9)

Leaf Nitrogen Content
The leaf used for gas exchange measurements was detached,
and another two leaves were also detached, then the leaf
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TABLE 1 | Gas exchange parameters and area-based leaf nitrogen content (Narea) Of the six rice genotypes.

Genotype Py (wmol/m?2/s) Narea(9/m?) gs (mol/m?/s) Im (Mol/m?/s)
Champa 36.2+0.5a 1.80+0.01b 0.46 £ 0.03a 0.31 £0.05a
Huayou 675 353+ 1.2a 1.64 +0.13b 0.45+0.07a 0.26 + 0.05 ab
Teqing 27.7 £ 2.7 bc 1.69 £ 0.08 b 0.22 £0.01¢c 0.33+0.04a
Huanghuazhan 30.0+2.0b 1.75+£ 011 b 0.31+0.04 b 0.27 + 0.02 ab
Kirmizi Celtik 25.6 +£1.9c¢c 2.06 + 0.08a 0.22 +£0.03¢c 0.23+0.02b
N22 21.2+36d 1.23+0.05¢c 0.18 £ 0.05¢ 0.31 £0.08 a
ANOVA

Average 29.3 1.69 0.31 0.29
Genotype ns

Data are shown as the means + SD of three replicates. *** indicates significance at the 0.001 level; ns indicates not significant at the 0.05 level. Within a column, different letters represent
data that are significantly different from each other in the LSD (0.05).
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FIGURE 1 | Relationships of net photosynthetic rate (Py) with: (A) area-based leaf nitrogen content (Narea), (B) stomatal conductance (gs), and (C) mesophyll
conductance (gm) across the six rice genotypes. Data are shown as the means + SD of three replicates.

area of these three leaves was measured using a LI-Cor RESULTS
3000C (LI-COR Inc., Lincoln, NE, United States) leaf area . . .
analyzer. Leaves were then oven-dried at 80°C until they Varietal Differences in Leaf Gas Exchange
achieved a constant weight. Afterward, the leaf dry mass was Parameters and Narea
weighed and the leaf mass per area (LMA) was calculated As shown in Table 1, PN, Nyrea, and g showed significant
as the ratio of the leaf dry mass to leaf area. The leaf Varietal differences among the six rice genotypes. Px ranged
N content based on leaf mass (N, %) was measured from 21.2 to 36.2 pwmol/m?/s, and the highest and the lowest
with an Elementar Vario MAX CN analyzer (Elementar values were found in Champa and N22, respectively. Kirmizi
Analysesysteme GmbH, Hanau, Germany), and the area-based ~ Celtik showed the highest Nare, of 2.03 g/m* and N22 showed
leaf N content (N,ra) was calculated by multiplying Ny  the lowest Nareg of 1.23 g/m?. g, ranged from 0.18 to 0.46
with LMA. mol/m?/s and the highest and lowest values were found in
Champa and N22, respectively. g, showed no significant varietal
difference among the six rice genotypes. The highest g, was
0.33 mol/m?/s, which was found in Teqing, whereas the lowest
o : gm was 0.23 mol/m?/s, which was found in Kirmizi Celtik.
Statistical AnaIyS|s As shown in Figurel, Py was not correlated with Nypea
or gm but was positively correlated with g across the six
rice genotypes.

One-way analysis of variance (ANOVA) was used to assess the
effects of the genotypes on each parameter using Statistix 9.0
software (Analytical Software, Tallahassee, FL, United States).
Parameters were compared between genotypes based on . . .
the least significant difference (LSD) test level at the 0.05 Varietal Differences in the Leaf

probability level. Graphs were created, and a linear regression ~ IMorphological Traits and Leaf Hydraulics
analysis was performed to test the correlations between the  As shown in Table 2, leaf width showed significant varietal
parameters using SigmaPlot 10.0 (Systat Software Inc., CA,  differences. Champa possessed the widest leaf of 14.2mm,
United States). whereas Kirmizi Celtik possessed the narrowest leaf of 9.4 mm.
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TABLE 2 | Leaf morphological traits and leaf hydraulics of the six rice genotypes.

Genotype Leaf width VLA (mm/ mm?) VLAmajor VLAminor Proportion of  E (mmol/m?/s) Viear (MPa) Kieat
(mm) (mm/mm?2) (mm/mm2) minor leaf vein (mmol/m?2/s/MPa)
length to total
leaf vein length
(%)

Champa 142+08a 4.98+0.19a 0.81 +£0.092a 416 +0.17a 836+ 1.5a 895+ 021a —0.69 + 0.03a 13.0+09a
Huayou 675 11.2+0.1cd 4.94+0.32ab 0.82+0.052a 4.11+0.36a 832+22a 8.31 £ 1.90a —0.64 +£0.09a 129+26a
Teqing 18.4+27ab 4.58 +0.46 ab 0.80 £0.13a 3.77 £0.38a 82.5+1.9a 7.66 £ 1.28a —0.73 £ 0.22a 10.6 +1.8ab
Huanghuazhan10.8 +1.2cd 4.55+0.21ab  0.72 +0.05ab 3.83 +0.20a 84.1 £1.0a 8.04 £ 1.09a —0.68 + 0.03a 11.7+1.1ab
Kirmizi Celtk 9.4 4+0.8d  4.34 £0.83b 0.72 £+ 0.09 ab 3.62 +£0.82a 82.9+ 3.8a 7.05+0.93a —0.74 £ 0.15a 9.6+12b
N22 11.8+15bc 4.32+0.14b 0.66 &+ 0.04 b 3.66 + 0.14a 84.7 £ 0.9a 7.86 £2.30a —0.81 £ 0.09a 9.7+24b
ANOVA
Average 1.8 4.62 0.76 3.86 83.5 7.98 —0.71 1.3
Genotype > ns * ns ns ns ns ns

Data are shown as the means + SD. There were four replicates for leaf morphological traits and three replicates for E, Wear, and Kiegr. * @and ** indicate significance at the 0.05 and 0.01
levels, respectively; ns indicates non-significant at the 0.05 level. Within a column, different letters represent data that are significantly different from each other in the LSD (0.05). VLA,

vein length per leaf area.

VLA, VLApinor, and the proportion of minor leaf vein length
to the total leaf vein length all showed no significant varietal
differences. VLAmajor showed significant varietal differences.
Huayou 675 had the largest VLA pjor of 0.82 mm/mm?, and N22
had the smallest VLA p,jor of 0.66 mm/mm?. E, ¥, and Kiegs
all showed no significant varietal differences.

Relationships Among the Leaf Gas
Exchange Parameters, Leaf Hydraulics,

and Leaf Morphological Traits

As shown in Figure 2, g; was positively correlated with both E
and Kje,r across the six rice genotypes and Py was positively
correlated with Kje,r but had no relationship with E across the
six rice genotypes. As shown in Figure 3, E, K.y, g5, and Py were
all positively correlated with VLA and VLA pinor across the six
rice genotypes; PN was positively correlated with VLA p,j0r, but
E, Kieafs and gs had no relationship with VLA p,jor across the six
rice genotypes.

DISCUSSION

In the present study, Py was not correlated with Nyre, and
gm but was correlated with gy and Kje,r. VLA and VLApiner
showed no varietal differences in the present study, which
was perhaps due to the few genotypes used, and their vein
traits ranged very narrowly. Rice leaf veins are distributed in
parallel, and the leaf vein density is strongly affected by the
leaf width (Baird et al., 2021). For example, Tabassum et al.
(2016) reported that polyethylene glycol-induced water deficit
caused rice leaf narrowing and led to an increase in leaf density.
Xiong et al. (2015) investigated the leaf morphological traits
of 11 rice genotypes, including seven wild genotypes and four
cultivated genotypes, and found that leaf morphological traits
showed great varietal differences because the leaf area showed
~seven times the variation, ranging from 18.4 to 127.3 cm?,

and leaf width showed ~six times the variation, ranging from
0.38 to 2.20cm. The leaf width in the present study only
showed 1.5 times the variation, ranging from 9.4 to 14.2 mm.
Thus, leaf vein densities in the present study did not vary
greatly. More genotypes and varying environmental conditions
should be included in future studies to investigate the varietal
differences in rice leaf vein traits and their impacts on leaf
gas exchange.

In the present study, Kie,s, E, gs,» and Py all substantially
increased with VLA and VLAninor across the six cultivated
rice genotypes, thus verifying the hypothesis that high
VLA can enhance Kjs and promote leaf gas exchange
in cultivated rice genotypes in which Ry/Rje,s is relatively
high. By sorting the correlations between leaf gas exchange
parameters, leaf hydraulic parameters, and leaf vein densities,
we drew the conclusion that leaf vein density affected leaf
gas exchange parameters by regulating leaf water transport.
However, we still lack the analyses of many other vein
traits such as the diameter of xylem conduits and the
outside xylem anatomical traits on leaf hydraulics and
gas exchange. More studies should be done to explore the
coordination between the physiological and structural traits of
the leaf.

Furthermore, VLA and Kj.,¢ data from other studies (Xiong
et al., 2015, 2017) were extracted to verify our hypothesis. As
shown in Figure 4, Kj.,s was positively correlated with VLA
and VLApinor across the cultivated rice genotypes, whereas
these correlations disappeared across the wild rice genotypes.
Therefore, we conclude that in cultivated rice genotypes, high
VLA and high VLApinor can enhance Kje,s and promote leaf
gas exchange, and a high VLA can be regarded as a feature of
rice materials having high photosynthetic capacity. Variations
in VLA drove the correlation between Kj.;s and VLA, which
was probably due to the determining role of VLA on Kie,y,
as other features of hydraulic architecture may vary slightly
in cultivated rice genotypes. However, this correlation may be
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FIGURE 2 | Relationships of stomatal conductance (gs) and net photosynthetic rate (Py) with leaf transpiration rate (E) (A,C) and leaf hydraulic conductance (Kieaf)
(B,D) across the six rice genotypes. Data are shown as the means + SD of three replicates.

obscured when other features of hydraulic architecture vary.
For example, the positive effects of high VLA on Kje,s may
be attenuated by the negative effects of small xylem conduits
in a plant. Besides, as one of the few studies on cereal crops,
the present study showed different results with previous studies
on wood species, for example, populus plants in Brocious and
Hacke’s (Brocious and Hacke, 2016) study. A positive correlation
was found between Kje,s and VLA in the present study but
not in Brocious and Hacke (2016) may also be attributed to
the different importance of VLA to Kje,s in the species. The
comprehensive effects of hydraulic architecture on leaf hydraulics
should be summarized.

Correlations between Kje,r and VLA existing in cultivated but
not wild rice genotypes illustrate the importance of leaf vein
traits during rice domestication or genetic improvement. For
example, Wu et al. (2020) revealed that an increase in leaf vein
dimensions during rice genetic improvement enhanced leaf gas
exchange. In addition to leaf vein traits, leaf morphological traits
associated with leaf gas exchange, such as stomatal density and
stomatal size in rice, have also been improved during crop genetic
improvement (Panda et al., 2018; Wu et al., 2020). There is a need

for establishing the underlying morphological and physiological
changes for crop improvement.

A previous study (Venturas et al., 2017) illustrated that minor
leaf vein length accounts for more than 80% of the total leaf
vein length in higher plants. In the present study, minor leaf
vein length accounted for 83.5% of the total leaf vein length on
average (Table 2). Xiong et al. (2015) reported that the proportion
of minor leaf vein length to total leaf vein length but not leaf
vein density is the critical factor determining Kje,r. However, in
the present study, neither E, Kje,f, gs, nor Py showed significant
correlations with the proportion of minor leaf vein length to total
leaf vein length (data not shown).

Except for the leaf vein density, other vein traits also
greatly impacted Kje,s. Previous studies documented that short
distance from minor veins to stomata and large diameters
of xylem conduit accompanied by thin xylem conduit walls
were beneficial for improving Kje,¢ (Brodribb et al., 2007; Sack
and Scoffoni, 2013; Venturas et al., 2017; Xiong and Nadal,
2020). Nardini et al. (2014) found that large leaves tend to
have higher VLA pajor than small leaves and can promote Kjeqy.
Simonin et al. (2012) demonstrated that Kje,s increased with
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FIGURE 3 | Relationships of the leaf hydraulics and leaf gas exchange parameters with (A-D) total leaf vein density (VLA), (E-H) major leaf vein density (VLAmnor), and
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replicates for Py, gs, Kiear, and E.

leaf area. However, a recent study exploring the development
and biophysical determinations of grass leaf size worldwide
revealed that small leaves have hydraulic benefits due to their
higher VLA major (Baird et al., 2021). Optimal leaf morphological
and anatomical traits for improving Kje,f and Py should be
defined to provide theories for high photosynthetic capacity
rice breeding.

Ky is mainly determined by leaf vein traits, whereas Koy
is mainly determined by leaf anatomical traits. Xiong et al.
(2017) found that Koy is positively correlated with the fraction
of intercellular airspace, the mesophyll cell surface area exposed
to intercellular airspace per leaf area, and the surface area
of chloroplasts exposed to intercellular airspace per leaf area,
whereas it is negatively correlated with cell wall thickness.
gm has been reported to be positively correlated with g5 in

recent years (Flexas et al., 2013). One reason for the positive
relationship between g and g, is that they are both positively
correlated with Kje,r (Xiong and Nadal, 2020). g5 is positively
correlated with Kje,r due to the close relationship between
stomatal opening and leaf water transport; gn, is positively
correlated with Kje,r and Kox because g, and Koy are mediated
by leaf anatomical traits (Xiong et al., 2017). However, Ky, Koy,
and leaf anatomical traits were not measured in the present
study, and more studies should be done to investigate and explain
the coordination among leaf gas exchange, leaf hydraulics, and
leaf anatomy.

In addition, the water transport pathways inside leaves,
i.e., where the evaporating sites occur, are currently unclear.
Rockwell et al. (2014) reported that water dominantly evaporated
from the vascular bundle sheath and its surroundings to
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FIGURE 4 | Relationships of leaf hydraulic conductance (Kiear) With leaf vein densities across (A-C) cultivated rice genotypes and (D-F) wild rice genotypes. The solid
circles are data for the six cultivated rice genotypes in the present study, and the empty circles are data from Xiong et al. (2015, 2017) studies.

the intercellular airspace in Quercus rubra. Moreover, the
conversion of water between the vapor and liquid phases
is unknown. For example, Buckley et al. (2015) found
that vapor phase transport contributed 39.25-44.00%
to Kox when the temperature difference between the
xylem and leaf epidermis reached 0.2K, suggesting that
temperature greatly affects leaf hydraulic status. Evaporating
sites and leaf hydraulic status inside rice leaves need
more investigation.

CONCLUSIONS

In the present study, VLAp,jor showed great varietal differences
among cultivated rice genotypes, whereas VLA, VLA yinor, and
the proportion of minor leaf vein length to total leaf vein
length showed no varietal differences. E, Kjeaf, g5, and Py were
all positively correlated with VLA and VLApiner, and Py was
positively correlated with VLApajor. We concluded that high
VLA and high VLAminor can enhance Kje,s and promote leaf
gas exchange in the cultivated rice genotypes and high VLA
can be regarded as a high photosynthetic capacity trait in
rice plants.
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Maintaining sufficient water transport via the xylem is crucial for tree survival under
variable environmental conditions. Both efficiency and safety of the water transport
are based on the anatomical structure of conduits and their connections, the pits.
Yet, the plasticity of the xylem anatomy, particularly that of the pit structures, remains
unclear. Also, trees adjust conduit dimensions to the water transport distance (i.e.,
tree size), but knowledge on respective adjustments in pit dimensions is scarce. We
compared tracheid traits [mean tracheid diameter d, mean hydraulic diameter d,, cell
wall reinforcement (t/b)?], pit dimensions (diameters of pit aperture D, torus Dz, margo
Dm, and pit border Dp), and pit functional properties (margo flexibility F, absolute overlap
Oa, torus overlap O, and valve effect V) of two Scots pine (Pinus sylvestris L.) stands
of similar tree heights but contrasting growth rates. Furthermore, we analyzed the
trends of these xylem anatomical parameters across tree rings. Tracheid traits and pit
dimensions were similar on both sites, whereas Oz, O, and F were higher at the site
with a lower growth rate. On the lower growth rate site, dj, and pit dimensions increased
across tree rings from pith to bark, and in trees from both sites, d scaled with pit
dimensions. Adjusted pit functional properties indicate slightly higher hydraulic safety
in trees with a lower growth rate, although a lack of major differences in measured
traits indicated overall low plasticity of the tracheid and pit architecture. Mean hydraulic
diameter and pit dimension are well coordinated to increase the hydraulic efficiency
toward the outer tree rings and thus with increasing tree height. Our results contribute
to a better understanding of tree hydraulics under variable environmental conditions.

Keywords: xylem anatomy, water transport, interconduit pit, Pinus sylvestris, tracheid, plasticity

INTRODUCTION

To cope with variable water availability, trees must maintain sufficient water transport (McDowell
et al, 2008; Adams et al., 2017). Water transport is, besides mechanical support and storage,
the main function of the xylem and is based on the xylem’s anatomical structures (Kramer and
Kozlowski, 1960; Zimmermann, 1983). Xylem conduits transport water from roots to leaves based
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on a water potential gradient (negative pressure or tension)
induced by transpiration from the stomata (Dixon and Joly,
1895). Water flow is restricted by resistances along the entire
pathway and the cumulative resistance thus increases with
pathway length (Ryan and Yoder, 1997). Resistance of single
xylem elements decreases approximately with the fourth power of
conduit lumen diameter (Hagen-Poiseuille’s law; Zimmermann,
1983), and trees counteract pathway length resistance by,
respectively, widening their conduits with distance to the treetop
(or branch tip; Anfodillo et al., 2013; Carrer et al., 2015; Lazzarin
etal., 2016; Olson et al., 2021). However, with increasing conduit
lumen diameter, the risk of hydraulic failure can increase (e.g.,
Rosner et al., 2016).

Larger conduits may have a higher probability of vulnerable
pits (interconduit connections) as more pits are embedded in
their cell walls (Hargrave et al., 1994; Jacobsen et al., 2019).
Bordered pits are crucial structures regarding both hydraulic
efficiency (by representing the main resistance within the xylem;
Domec et al,, 2006) and hydraulic safety (i.e., resistance against
hydraulic failure; Zimmermann, 1983). Both water flow between
conduits and the probability of air seeding, which may cause
embolism and block water transport, increase with a pore size
of pit membranes (e.g., Zimmermann, 1983; Tyree et al., 1994;
Hacke and Sperry, 2001; Choat et al., 2008). In conifers, valve-
like structured pits counteract this trade-off: their pit membrane,
formed by the primary wall, consists of an outer microfibril web
(margo), and a central thickening (torus). The secondary cell wall
protrudes to form a border with an aperture on each side of
the membrane (toward both adjacent tracheids). If neighboring
conduits are functional, the membrane is in a relaxed, central
position, exposing both margo pores and pit apertures to water
flow. If one conduit is air filled (i.e., embolized; Zimmermann,
1983), the pressure difference between the adjacent conduits
causes the torus to seal the pit aperture, covering large margo
pores to prevent air seeding (Bailey, 1916; Zimmermann, 1983;
Sperry and Tyree, 1990). However, under critically high tensions
pits may fail. Several air-seeding mechanisms have been proposed
for this process (Sperry and Tyree, 1990; Domec and Gartner,
2002; Hacke et al., 2004; Cochard, 2006; Cochard et al., 2009;
Delzon et al., 2010), which imply that dimensions of the pit
border, margo, torus, and aperture, and particularly the ratios of
these dimensions play a crucial role concerning the resistance
against air seeding (e.g., Cochard, 2006; Hacke and Jansen,
2009; Delzon et al., 2010; Jansen et al., 2012; Schulte and
Hacke, 2021). Hacke et al. (2004) found both smaller margo
and pit aperture to respond to higher resistance to embolism.
Furthermore, Hacke and Jansen (2009) reported that the ratio
of torus and pit membrane area to pit aperture increase with
resistance to embolism. According to Schulte et al. (2015), a
high total area of margo pores and pit diameter reduce the
hydraulic resistance of pits, while margo pore size and number
also influence the hydraulic efficiency (Hacke et al., 2004).
Thus, an optimized pit architecture and torus-margo ratio is
important for hydraulics of length-limited tracheids in conifers
(Hacke et al., 2004). The potential plasticity of xylem anatomical
structures may be relevant for tree survival and is the subject
of several studies. For example, Castagneri et al. (2015) found

temperature and precipitation to influence conduit dimensions
in Picea abies (L.) Karst. In contrast, Olson et al. (2018, 2021)
suggested that trees hardly adjust their conduit dimensions to
environmental conditions and that different conduit dimensions
at the commonly sampled breast height can occur as a
secondary effect due to different tree heights (or branch lengths).
Furthermore, knowledge concerning the potential plasticity
in conifer pit dimensions and the coordination of pit and
conduit dimensions remains poor (e.g., Lazzarin et al., 2016;
Losso et al., 2018).

In our study, we analyzed xylem anatomical traits in Pinus
sylvestris L. sampled on two sites with contrasting growth rates
but similar tree heights (tree-ring width 727 £ 15 pm vs.
2,724 £ 135 pm; tree height 17.4 + 0.4 m vs. 16.9 £ 0.3 m)
to reveal if trees adjust these traits to growing conditions
independently from the distance to the treetop. Measured
tracheid traits were mean tracheid lumen area (a), mean tracheid
lumen diameter (d), mean hydraulic diameter (dj), and cell
wall reinforcement [(¢/b)?; Hacke et al., 2001]. From the pits,
we measured border diameter (D), margo diameter (D),
torus diameter (D), and aperture diameter (D,), with which
we calculated the following functional properties according to
Delzon et al. (2010) and Domec et al. (2008): margo flexibility
(F), absolute overlap (O,), torus overlap (O), and valve effect
(Vef). Our study aimed to (a) explore differences in these
tracheid and pit traits between trees that are of similar height
but have experienced different growing conditions, and (b) to
better understand the within-tree variation and coordination of
tracheid and pit characteristics. We hypothesized that (1) trees
on the limited site have a higher hydraulic safety than trees on the
favorable site thanks to adjusted tracheid and pit characteristics,
particularly D,,, D, D,, and resulting functional properties, and
(2) trees adjust their tracheid and pit characteristics according to
the distance from the treetop. Thus, at breast height we expected
anatomical adjustments increasing the hydraulic efficiency from
the inner to the outer tree rings.

MATERIALS AND METHODS

Site Description

This study was performed in the Eastern Alps, on two forest
sites situated in the Inn valley west of Innsbruck (Tyrol, Austria).
Tree growth was limited on one site, whereas the other site had
more favorable conditions. The limited sampling site (Tschirgant;
N47°13.922', E10°50.886") lies at 745 m asl. Its rock bed consists
of post-glacial rockfall material (Patzelt and Poscher, 1993)
classified as dolomite (Land Tirol, 2021) and has a low water-
holding capacity due to shallow, stony soils, and low nutrient
availability (Oberhuber et al., 2014). A weather station close to
the site (Haiming) measured a mean annual temperature of 7.4°C
and mean annual precipitation of 716.7 mm (ZAMG, 2021).
P. sylvestris dominated this site with P. abies and Larix decidua
Mill,, occurring occasionally in the understory. The natural
forest types in the sampled area are Erico-Pinetum dorycnietosum
germanici (dominated by P. sylvestris) and Carici albae-Tilietum
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cordatae typicum (broad-leaf dominated), of which the latter has
a higher water and nutrient demand (Land Tirol, 2021).

The favorable site (Mieming; N47°18.542', E11°01.019') lies
at 825 m asl on a gravel terrace, which is partly covered by scree
material (von Klebelsberg, 1935), which is siliceous but rich in
carbonates (Land Tirol, 2021). As the favorable site lies about
10 km northeast of the limited site, the climatic conditions are
similar; however, due to a precipitation gradient toward the west,
the favorable site may experience a slightly higher mean annual
precipitation. Here, P. sylvestris grew mixed with P. abies. The
natural forest type in the sampled area is Carici albae-Tilietum
cordatae typicum (Land Tirol, 2021). Sampled trees on the limited
site were 17.4 £+ 0.4 m high, with an average cambial age at
breast height of 160 & 7 years, whereas, trees on the favorable site
were 16.9 & 0.3 m high (difference between sites non-significant;
p = 0.162), with a cambial age at breast height of 32 & 1 years
(mean = SE).

Sampling

On each site, we selected ten P. sylvestris trees of similar height
and sampled them using a tree increment borer (5.15 mm
diameter, 400 mm length; Haglof, Mora 400). We extracted
two cores per tree at breast height (1.25-1.35 m) from the
south-facing side of the trunk in November 2017 (limited site)
and March 2018 (favorable site) for tree-ring and anatomical
analysis via light and scanning electron microscopy. We also
recorded tree circumference at breast height and tree height, the
latter using a laser rangefinder (TruPulse 200 Series, Laser Inc.
Technology, Centennial, CO, United States).

Tree-Ring Analysis

One core per tree was used for the tree-ring analysis. Using a
measuring table (LINTAB 6, RINNTECH, Heidelberg, Germany)
connected to the tree-ring program TSAPwin Scientific (ver.
4.80e RINNTECH), earlywood and latewood widths were
measured (resolution 1 pm). The boundary between earlywood
and latewood was set to a point where double cell wall
thickness was equal or larger than the tracheid lumen area
(both in radial direction). In P. sylvestris, the transition from
earlywood to latewood is abrupt (Schweingruber, 1993), allowing
for a relatively accurate determination of the boundary. Total
tree-ring width was calculated as the sum of earlywood and
latewood width. We checked the quality of cross-dating using the
COFECHA software (Holmes, 1986).

Xylem Anatomical Analysis

For tracheid analysis, we extracted selected tree rings (tree-ring
samples) from the cores of five trees per site (randomly selected;
previously used for tree-ring analysis). In tree cores from the
limited site, we selected every 20th tree ring starting from the
outermost tree ring (2017) to compare the measured tracheid
traits between sites (to sample the whole life span with regular
intervals as on the limited site). To analyze trends in tracheid
traits from the inner to the outer tree rings, we used the same
tree-ring samples as for the site comparison but added additional
tree-ring samples to make the trends better visible. From one of
the trees, we selected every 10th tree ring throughout the whole

life span, and from the remaining trees, we selected every 10th
tree ring within the innermost 50 tree rings (because trees grow
usually faster while they are young; Baker, 1950). In tree cores
from the favorable site, we selected every 10th tree ring for site
comparison and trend analysis. Also, we compared the tracheid
traits of the outermost tree ring separately, as this tree ring was
formed when the trees on both sites reached similar heights. For
pit analysis, we used the second tree core of all ten trees per
site and selected tree rings according to the same scheme as for
tracheid analysis (Supplementary Table 1).

For tracheid analysis, tree-ring samples were soaked in
ethanol/glycerol/water solution (1:1:1, v/v/v) for at least 5 days
(Losso et al., 2018), before cross-sections (around 30 um
thickness to avoid breaking and to get a good contrast) were
produced using a sliding microtome (Sledge Microtome G.S.L.
1, Schenkung Dapples, Zurich, Switzerland). The sections were
stained with Etzold’s solution for at least 15 min. Images
were taken with a light microscope (Olympus BX41, Olympus
Austria, Wien, Austria), connected to a digital camera (ProgRes
CT3, Jenoptik, Jena, Germany) at 10 x magnification and
with a resolution of 2,048 x 1,536 pixels (see Supplementary
Figures 1A-F for an example tree ring from the limited and
favorable site, respectively). With the Image] 1.45 software
(National Institutes of Health, Bethesda, MD, United States),
we measured the cross-sectional tracheid lumen area in both
earlywood and latewood in at least five radial files, whereby we
differentiated tracheid lumina from walls by applying a threshold
value on gray-scale images and edited the images manually where
necessary. From each image, we cropped the area of interest
manually. In tree rings covering several images, we analyzed each
image separately. The mean tracheid lumen area was calculated
for each tree-ring sample. The lumen diameter was calculated
for each tracheid assuming square-shaped lumina and then
averaged (mean tracheid lumen diameter, d). Tracheid diameter
distribution based on 2-pm classes was calculated for each site.
Furthermore, the mean hydraulic diameter (dj), which weighs
conduit diameters with respect to the theoretical hydraulic
conductance (Sperry et al., 1994), was calculated according to
Sperry and Hacke (2004) as Sd°/2d*, where d; is the diameter
of each analyzed tracheid. For calculating cell wall reinforcement
[(t/b)?] according to Hacke et al. (2001), tracheid lumen diameter
(b) and wall thickness (t) were manually measured (therefore
b # d) on 10 selected tracheids per tree-ring sample with a
hydraulic diameter of dj, & 6 wm. The (¢/ b)?is typically measured
on tracheids within a certain diameter range around dj. The
diameter range applied here was necessary for small tree rings to
reach the sample number of 10.

For pit analysis, tree-ring samples were soaked in 50% ethanol
for at least one night. Using a sliding microtome (see tracheid
analysis), the samples were radially cut to produce woodblocks
of approximately 5 mm x 5 mm X 2 mm, which were dried
at 70°C for at least one night. Next, they were fixed on object
stages and dried again at 40°C overnight. Finally, they were
sputtered with gold using Leica EM SCD050 (Leica Microsystem,
Wetzlar, Germany). A scanning electron microscope (SEM model
XL 20, Philips, Amsterdam, Netherlands) was used to measure
the dimensions of ten pits per sample, which were randomly
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cut open by the microtome. The entire selected tree ring was
searched for measurable pits (i.e., opened pit chamber, all pit
structures visible, horizontal orientation). When the number
of measurable pits was insufficient, pits of adjacent tree rings
were included in the measurements. Most of the measurable
pits were found in the earlywood (as the pits of larger tracheids
are more likely to be cut open). Measured dimensions were
the diameter of pit aperture (D,), torus (D¢), margo (D,,), and
pit border (D). From these dimensions (Figure 1), functional
properties were calculated for each pit: the absolute torus overlap
(04 = Dy/D,) was calculated according to Domec et al. (2008),
and the margo flexibility [F = (D,, —D;)/Dy,], torus overlap
[O = (D; —D,)/D;], and valve effect (Ve =F x O) were calculated
according to Delzon et al. (2010).

Data Analysis and Statistics

All values are given as mean = standard error (SE). For statistical
analyses, R (version 4.0.1, R Core Team, 2020) was used in
RStudio (version 1.3.959, RStudio Team, 2020) by applying
the packages tidyverse (version 1.3.0, Wickham et al., 2019)
and Hmisc (version 4.4-1, Harrell and Dupont, 2020). The
Shapiro-Wilk Normality tests were carried out before further

analyses. To analyze differences between sites, parameters were
averaged per tree and tested with Welch’s t-test if normally
distributed, otherwise the Mann-Whitney U tests were carried
out. For correlations, parameters were averaged per year and
site. Correlations were tested using either the Pearson product-
moment coefficient or Spearman’s rank correlation coefficient (in
the case of non-normally distributed data).

RESULTS
Radial Growth

Trees on the limited site were older than those on the favorable
site. On average, tree cores from the limited site contained
160 £ 7 tree rings, whereas those from the favorable site
contained 32 = 1 (p < 0.001; all values given as mean =+ SE).
No false or missing rings were observed in any tree individual.
However, the pith was missing in some cores, and thus,
the cambial age at breast height was underestimated by
approximately 3 years in some trees. Trees on the limited site
had larger circumferences at breast height (93.0 & 5.3 cm) than
those on the favorable site (70.6 &+ 3.7 cm; p = 0.003). The
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AccV Magn
10.0 kV 3500x
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FIGURE 1 | A dissected pit is viewed via a scanning electron microscope. Diameter of pit (Dp), margo (D), torus (Dy), and pit aperture (D) are indicated.
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average earlywood width was 515 4 12 pm vs. 2,099 £ 156 pm
(p < 0.001) and latewood width was 212 + 5 pm vs. 625 &+ 36 um
(p < 0.001) on the limited vs. favorable sites, respectively,
resulting in an average tree-ring width of 727 & 15 pum on the
limited and 2,724 &+ 135 wm on the favorable site (p < 0.001).
The ring width chronology of the limited site covered a time
span (i.e., maximum number of tree rings) of 192 years. Tree-
ring width and earlywood width exhibited a decreasing trend
from pith to bark (p = 0.002 and p < 0.001), whereas latewood
width remained constant. The ring width chronology of the
favorable site covered a time span of 37 years. While tree-ring
width and earlywood width exhibited a decreasing trend, an
increasing trend in latewood width was observed (each p < 0.001;
Supplementary Figure 2). Thus, the earlywood-latewood ratio
decreased with cambial age on both sites.

Tracheid Traits

We found no differences in the analyzed tracheid traits between
the study sites (Table 1), both when considering tree rings
representing the entire life span or only the outermost tree ring.
Tracheid diameter frequency distribution calculated from the
entire life span (Supplementary Figure 3) exhibited two peaks
at both sites, representing latewood and earlywood tracheids.
Tracheids between 2 and 4 wm, 4 and 6 pwm, and 6 and 8 pm
in diameter were more frequent on the limited site (p < 0.05),
while those between 12 and 14 pm, 14 and 16 wm, and 16 and
18 wm in diameter were more frequent at the favorable site
(p < 0.01). Tracheids wider than 48 wm only occurred in trees

TABLE 1 | Comparison of analyzed tracheid traits, pit dimensions, and pit
functional properties between study sites [d = mean tracheid diameter, d, = mean
hydraulic diameter, (/b)? = cell wall reinforcement, Dp = pit border diameter,

Dy, = margo diameter, Dy = torus diameter, D5 = aperture diameter, F = margo
flexibility, O4 = absolute overlap, O = torus overlap, V' = valve effect].

All analyzed tree rings Outermost tree ring

Limited site Favorable site Limited site Favorable site
Tracheid traits
d (m) 17.20 £ 0.92 19.65 +1.02 18.09 £1.22 16.38 £ 1.12
dp (um) 29.04 +1.12 29.29 + 1.12 3153+ 1.52 27.33 +£1.92
(t/b)? 0.040 +0.0042 0.026 4+ 0.004% 0.040 £+ 0.007% 0.043 £ 0.0112
Pit dimensions
Dp (wm)  19.92 £ 0.262 19.14 4+ 0.332 20.53 4 0.442 19.86 + 0.502
Dm (wm) 18.38 £0.26% 17.91 £0.30° 19.08 +£0.43%  18.59 + 0.492
D¢ (wm)  10.63 +£0.202 10.08 £0.20® 11.21 £0.32%8  10.74 +0.312
Dz (um) 5.28 +£0.102 571 +0.12° 574 £0.162 5.91 £0.212
Pit functional properties
F 0.422 +0.0052  0.437 + 0.003° 0.410 + 0.0062 0.423 + 0.0062
O 2.05 + 0.022 1.78 £ 0.02° 1.95 + 0.032 1.83 + 0.03°
(0] 0.503 + 0.0042  0.433 + 0.005° 0.519 + 0.0352  0.447 + 0.006°
Ver 0.212 +0.003% 0.188 + 0.001° 0.211 +0.013%  0.188 + 0.003°

Different letters indicate significant differences (p < 0.05) between sites.
Mean + SE.

from the limited site. Considering the outermost tree ring, 6-8-
pm tracheids were more frequent on the limited site (p = 0.047),
while 10-12 pm, 12-14 pm, 14-16 pm, and 16-18 pm tracheids
were more frequent on the favorable site (p < 0.05). Tracheids
wider than 40 pm only occurred in trees on the limited site. In
trees on the limited site, dj, increased toward the outer tree rings
(Figure 2). On the favorable site, d decreased and (#/b)? increased
toward the outer tree rings.

Pit Dimensions and Functional

Properties

Comparing pits from tree rings representing the entire life span,
D, was lower on the limited site than on the favorable site
(p = 0.002; Table 1). In the outermost tree ring, pit dimensions
were similar on both sites. Functional properties indicated several
differences between the study sites: F was lower on the limited site
than on the favorable site (p = 0.007). O,, O, and Vs were higher
on the limited than on the favorable site (p < 0.001). This was
also observed in the outermost tree ring: O,, O, and V, differed
(p < 0.05). On the limited site, Dy, Dy, Dy, and D, increased
toward the outer tree rings (Figure 3). On the favorable site, no
trends for the analyzed pit dimensions were observed from the
inner to the outer tree rings, however, D; tended to be larger in the
outer tree rings. No trend was found in trees from the limited site
for F, whereas O,, O, and Vs were higher in the inner compared
to the outer tree ring. On the favorable site, I tended to be and V¢
was lower in the outer than the inner tree rings. Furthermore, pit
dimensions Dy, Dy, Dy, and D, scaled positively with dj, among
the tree rings (Figure 4).

DISCUSSION

Tracheid traits and pit dimensions were similar in trees of
both sites (in contrast to our hypothesis). However, at a similar
distance to the treetop, pit functional properties O,, O, and Vy
were higher in trees from the limited site, indicating higher
hydraulic safety. Furthermore, dj, and pit dimensions increased
toward the outer tree rings in trees from the limited site,
indicating higher hydraulic efficiency with increasing distance
from the treetop.

Slightly Higher Hydraulic Safety on the
Limited Site

Although trees on the limited site were older than those on
the favorable site, both sampled stands had similar tree heights
because trees on the favorable site were growing faster (tree
rings were on average 3.75 times wider; see also Supplementary
Figure 2). The higher growth rate was most probably caused
by higher nutrient and water availability due to different
soil properties.

Despite the striking difference in radial growth between the
sites, tracheid dimensions were similar (Table 1). Accordingly,
Kiorapostolou et al. (2018) found no difference in conduit lumen
area in P. sylvestris saplings exposed to different water availability
and sampled at the same distance from the treetop. Generally,
the allometric scaling with distance from the treetop (or branch
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FIGURE 2 | Trends in tracheid traits across tree rings from pith to bark (red = limited site, blue = favorable site). (A) mean tracheid diameter (d; r? zyorapie = 0.94,
p = 0.032) and mean hydraulic diameter (dj; r2jmiteq = 0.57, p < 0.001), (B) cell wall reinforcement [(t/b)2; r?fayorapie = 0.97, p = 0.015]. Mean + SE. Measurement
points without SE bars represent tree rings, which were sampled only in one tree individual. Given r2- and p-values resulted from Pearson product-moment
coefficient or Spearman’s rank correlation coefficient. Significant trends are marked with regression lines.

tip) seems to be the main driver of conduit diameters, whereas
environmental conditions have low influence (Olson et al., 2018,
2021). Deviating from the optimal scaling pattern may decrease a
plants fitness by pushing hydraulic efficiency and hydraulic safety
out of balance (Olson et al., 2021). For example, Kiorapostolou
et al. (2020) found larger tracheid diameters in P. sylvestris trees
declining from drought stress than in non-declining trees at the
same distance from the treetop.

In addition to conduits, pits are crucial for hydraulic efficiency
and safety. Pit functional properties O, O, and Vs, which
were higher in trees on the limited study site compared to
those on the favorable site (Table 1), indicated slightly higher
hydraulic safety, as these properties play a crucial role in various
air-seeding mechanisms (Domec et al., 2008; Delzon et al,
2010). Seal capillary seeding, occurring when the torus-aperture
seal is insufficiently airtight, is the most probable air-seeding
mechanism in P. sylvestris (Bouche et al., 2014), possibly due
to the uneven surface of the pit border (Figure 4). A larger
torus relative to the pit aperture (i.e., O, or O) increases
resistance against air seeding by this mechanism (Delzon
et al., 2010). However, with increasing torus diameter, hydraulic
efficiency decreases, which Roskilly et al. (2019) suggested to
be contributing to the trade-off between longevity and fast
growth in conifers.

Pit dimensions change with tracheid size within tree rings,
and even small variations in pit dimensions affect the tracheid
hydraulic functions (Sviderskaya et al, 2021). Our selection
of randomly cut open pits, which mainly occurred in large
earlywood conduits, may have led to a small overestimation

of pit dimensions in tree rings with a higher proportion
with large conduits. However, the potential bias, particularly
concerning the pit functional properties, is small, as the
proportions of large earlywood tracheids were similar on both
sites (Supplementary Figure 3).

Increasing Hydraulic Efficiency From

Inner to Outer Tree Rings
In trees from the limited site, dj and pit dimensions increased
from the inner to the outer tree rings (Figures 2, 5), leading
to increased hydraulic efficiency at breast height as the trees
grew. Trees, therefore, adjusted their tracheids and pits to the
increasing distance from the treetop to counteract the increasing
pathway length resistance (compare Lintunen and Kalliokoski,
2010; Anfodillo et al., 2013; Lazzarin et al., 2016; Losso et al.,
2018; Christof et al., 2020). Existing deviation from the linear
regression may on the one hand result from unknown height
growth dynamics of the tree individuals. On the other hand, it
may indicate, that other factors besides the distance from the
treetop may have some influence on tracheid and pit dimensions.
Castagneri et al. (2015) found the mean tracheid lumen area in
P. abies to be sensitive to summer precipitation and suggested that
water availability could influence tracheid enlargement.
Simultaneously with increasing pit dimensions, functional
properties O,, O, and V,r decreased toward the outer tree
rings (Figure 2), which indicates a trade-off between hydraulic
efficiency and safety at the pit level (Domec et al., 2006).
However, as trees grow, they develop an increasingly efficient
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root system (Brodribb et al., 2010), and the improving water
supply may allow a slightly decreasing hydraulic safety in favor of
increasing hydraulic efficiency at breast height. On the contrary,
Domec et al. (2008) and Losso et al. (2018) found O, to
increase with tree height in Pseudotsuga menziesii, P. abies, and
Pinus cembra.

Trees on the favorable site showed a decreasing trend from
the inner to the outer tree rings in Vs, similar to the trees
from the limited site (Figure 2). For the short time span of
37 years, the sampling interval of every 10th tree ring was possibly
insufficient to show trends in dj, pit dimensions, and functional
properties. The deviation due to height growth dynamics or

Frontiers in Plant Science | www.frontiersin.org

December 2021 | Volume 12 | Article 786593


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

Held et al. Pit Dimensions of Pinus sylvestris

20
‘\
¢ o
>
[ )
|w)
3
[ ]
»
xx"
[ )
{ ]
( ]
o \oo
\
.\
1947 1997
Year

15
°
1897

1847

10
-
o
S
>
L J
@
\
¢

Pit structure diameter [um]
1510

A o
- - D, a o
0 '. _____ a. —‘w.
f f | I f f f
20 25 30 3520 25 30 35

Mean hydraulic diameter [um]

FIGURE 4 | Correlation of mean hydraulic diameter with diameter of (A) pit border (Dp; r? =0.8, p < 0.001), (B) margo (Dm; r> = 0.81, p < 0.001), (C) torus (D;

r2 =0.77, p < 0.001), and (D) aperture (D4; r? = 0.72, p < 0.001). Averaged per year for each site (circles = limited site, triangles = favorable site). Correlations were
calculated for both sites together. Given r2- and p-values resulted from Pearson product-moment coefficient. Significant correlations are marked with regression
lines. Color gradient indicates year.

AccV Magn
10.0 kV 3500x

FIGURE 5 | Uneven surface structure (white arrows) of a pit border visible through an aspirated margo.

Frontiers in Plant Science | www.frontiersin.org 46 December 2021 | Volume 12 | Article 786593


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

Held et al.

Pit Dimensions of Pinus sylvestris

possibly due to external influences (as mentioned above for
the trees from the limited site) may blur the trends. According
to Anfodillo et al. (2013) and Kiorapostolou et al. (2020), the
adjustment of hydraulic efficiency to transport distance (i.e.,
distance from the treetop) is independent of environmental
conditions. An increasing proportion of latewood in the tree rings
due to the opposite trends of earlywood width and latewood
width (Supplementary Figure 2) explains the negative trend in
d toward the outer tree rings.

Because pits can contribute > 50% to the xylem’ total
hydraulic resistance (Domec et al., 2006; Choat et al., 2008), trees
under any condition need to coordinate dj, and pit dimensions
(Figure 3; Hacke et al., 2004; Lazzarin et al.,, 2016) to optimally
adjust hydraulic efficiency.

CONCLUSION

Despite the contrasting growth rates due to different
environmental conditions, P. sylvestris trees of similar height
formed similar-sized tracheids. Only the pit architecture
differed, indicating slightly higher hydraulic safety on the
limited site and higher efficiency on the favorable site.
This suggests that maintaining efficient xylem transport is
necessary for tree survival under any condition, whereas
the importance of hydraulic safety increases under stressful
conditions. The distinctly older trees on the limited site
adjusted their dj and pit dimensions during their lifetime
according to the growing distance from the treetop and
clearly coordinated these traits with each other to increase
their hydraulic efficiency at breast height. Our results provide
evidence that under contrasting growing conditions, intra-
specific variation in tracheid and pit traits is mainly driven
by the distance from the treetop. However, even at a similar
distance from the treetop, small but significant variations in
pit traits occur, which may affect tree hydraulic safety and
efficiency under drought.
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Coordination Between Phloem
Loading and Structure Maintains
Carbon Transport Under Drought

Ryan C. Stanfield* and Megan K. Bartlett

Department of Viticulture and Enology, University of California, Davis, Davis, CA, United States

Maintaining phloem transport under water stress is expected to be crucial to whole-
plant drought tolerance, but the traits that benefit phloem function under drought are
poorly understood. Nearly half of surveyed angiosperm species, including important
Crops, use sucrose transporter proteins to actively load sugar into the phloem. Plants
can alter transporter abundance in response to stress, providing a potential mechanism
for active-loading species to closely regulate phloem loading rates to avoid drought-
induced reductions or failures in phloem transport. We developed an integrated
xylem-phloem-stomatal model to test this hypothesis by quantifying the joint impacts of
transporter kinetics, phloem anatomy, and plant water status on sucrose export to sinks.
We parameterized the model with phloem hydraulic resistances and sucrose transporter
kinetic parameters compiled from the literature, and simulated loading regulation
by allowing loading rates to decline exponentially with phloem pressure to prevent
excessive sucrose concentrations from inducing viscosity limitations. In the absence of
loading regulation, where loading rates were independent of phloem pressure, most
resistance values produced unrealistic phloem pressures owing to viscosity effects,
even under well-watered conditions. Conversely, pressure-regulated loading helped
to control viscosity buildup and improved export to sinks for both lower and higher
resistant phloem pathways, while maintaining realistic phloem pressures. Regulation
also allowed for rapid loading and export in wet conditions while maintaining export
and viable phloem pressures during drought. Therefore, we expect feedbacks between
phloem pressure and loading to be critical to carbon transport in active-loading species,
especially under drought, and for transporter kinetics to be strongly coordinated with
phloem architecture and plant water status. This work provides an important and
underexplored physiological framework to understand the ecophysiology of phloem
transport under drought and to enhance the genetic engineering of crop plants.

Keywords: carbon transport, drought, phloem resistance, phloem loading (apoplasmic, symplasmic), viscosity
limit, phloem anatomy, molecular regulation

INTRODUCTION

The phloem is the “enigmatic central banker” that appropriates and transports carbon from the
photosynthesizing sources to the carbon-consuming sinks (Ryan and Asao, 2014). For the plant
to “cash-out” the carbon-rich phloem sap for growth, respiration, or storage, the phloem must
maintain a sufficient pressure gradient from source to sink to drive bulk flow (Miinch, 1930;
van Bel, 2003). The phloem builds pressure at the source by drawing in water from the xylem,
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making plant water status important to carbon transport.
A wide range of xylem and stomatal traits have been linked to
maintaining hydraulic function under water stress and adapting
plants to dry environments (Meinzer et al., 2009; Bartlett et al.,
2016). However, the traits that confer phloem drought tolerance
by maintaining pressure gradients for carbon transport under
water stress are not well understood, due to the technical difficulty
of measuring phloem transport in vivo (Jensen et al., 2016;
Savage et al., 2016).

Experimental constraints have made modeling approaches
crucial to assess the impacts of phloem traits and plant hydraulics
on phloem transport (e.g., Thompson and Holbrook, 2003a,b;
Holttd et al., 2006, 2009; Jensen et al., 2012). Many models have
demonstrated an important role for the coupling of phloem
sucrose loading rate with photosynthesis to maintain phloem
transport in response to drought stress (Daudet et al.,, 2002;
Holttd et al., 2009; Nikinmaa et al., 2013; Huang et al., 2018).
However, for active loading species, photosynthetic regulation
of phloem transport may not be necessary, as phloem loading
rates may be modulated in response to environmental conditions
through molecular regulation of sucrose transporters (e.g., Xu
et al., 2018, 2020; Bush, 2020). This added regulatory pathway is
important to study, because up to 42% of species surveyed utilize
an active sugar loading mechanism (Rennie and Turgeon, 2009),
including economically important crops such as celery, tobacco,
spinach, tomato, cotton, sunflower, wheat, and grapevine (Kuo
etal., 1974; Davies et al., 1999; Rennie and Turgeon, 2009; Muller
et al., 2014). Active-loading species use specialized transport
proteins to load sugar into the phloem. Transgenic studies have
tested upregulating these transporters as a strategy to improve
crop performance, but with mixed success; these manipulations
improved vegetative growth and grain yield in some species and
not others (Leggewie et al., 2003; Dasgupta et al., 2014; Wang
etal., 2015; Lu et al., 2020). A greater understanding of the impact
of active transport mechanisms on phloem function is needed
to inform crop improvement efforts (Lawlor, 2013; Braun et al.,
2014) and to better understand the ecological and evolutionary
significance of this loading strategy (Savage et al., 2016). Thus,
we conducted the first study to our knowledge evaluating the
impacts of sucrose transporter kinetics and loading regulatory
mechanisms, and the interactive effects of phloem anatomy, on
sugar translocation under drought.

Sucrose loading into phloem (Lemoine et al., 2013) as well as
transport long distance from source to sink (Holttd et al., 2006,
2009; Zhou et al., 2020) is closely linked to drought. Drought
stress impacts phloem transport by making it more difficult for
water to enter the phloem. As water potential becomes more
negative (i.e., drier) in the leaf xylem, the phloem is hypothesized
to compensate by increasing the sugar concentration in the
loading zone (Turgeon, 2010). This mechanism reduces the
osmotic potential and strengthens the water potential gradient
drawing in water from the neighboring xylem. This influx of
water generates the high turgor pressure in the loading zone that
powers source-to-sink carbon transport. However, this presents
a conundrum, since greater sucrose loading and the resulting
higher concentrations increase the viscosity of the phloem sap
and, thus, the hydraulic resistance of the phloem (Nikinmaa et al.,

2013; Sevanto, 2014, 2018; Salmon et al., 2019). In well-watered
conditions, the sugar concentrations measured in many species
are consistent with those modeled to be optimal for efficient
flow (Jensen et al., 2013). However, a higher viscosity pathway
(i.e., higher phloem pathway resistance) means that even more
loading is needed to generate the pressure differentials required
for transport. This can create feedback between loading and
resistance that becomes untenable, causing transport to slow or
even stop as the sap becomes too viscous to push down to the
sinks, (i.e., “viscosity limitation”) (Holttd et al., 2009; Nikinmaa
et al., 2013; Sevanto et al., 2014).

In active loaders, membrane transporter proteins lining
the phloem conduit (sieve element/companion cell complexes)
membranes load in sugars from the surrounding extracellular
space (apoplasm) (Rennie and Turgeon, 2009). Unlike passive
(symplasmic) loaders, this mechanism decouples loading rates
from the concentration gradient between the mesophyll and
phloem loading complex (Lalonde et al., 2004; De Schepper
et al., 2013; Schulz, 2015; Milne et al., 2018; Rockwell et al.,
2018). This mechanism could reduce constraints on phloem
transport by allowing loading to be regulated independently from
photosynthesis (Nikinmaa et al.,, 2013; Huang et al., 2018; Xu
et al., 2018), and is hypothesized to produce the higher phloem
concentrations and pressure potentials observed in active loaders
(Turgeon, 2010). These higher pressures could be advantageous
in discouraging phloem-feeding pests or supporting faster growth
rates (Savage et al,, 2016), but potentially increase the risk of
viscosity limitation during drought. However, active loading
could also prove beneficial to translocation under drought, by
tightly regulating sucrose transporter activity to increase phloem
osmotic strength, while preventing viscosity limitations.

Sucrose loading transporters (SUTs or SUCs) are under
dynamic regulation, especially in response to environmental
stress (Ainsworth and Bush, 2011; Bush, 2020). This is evidenced
by their rapid degradation in the loading complex membrane,
with a half-life as short as 4 h (Liesche et al., 2011a). Under water
stress, SUT transcript abundance can be upregulated (Ibraheem
et al,, 2011; Xu et al., 2018) or the transporters can be stabilized
to prevent their breakdown from the plasma membrane (Ma
et al., 2019), which would increase loading and strengthen the
gradient for water uptake from the xylem. Alternatively, other
experiments have shown high leaf sucrose concentrations to
downregulate phloem loading rates (Chiou and Bush, 1998),
pointing to a potential mechanism for active loaders to avoid
viscosity limitations. The signal driving this dynamic regulation
is unknown, but could be phloem turgor pressure, as loading
rate has been demonstrated to respond to sieve tube pressure
(Smith and Milburn, 1980). Moreover, phloem turgor has been
hypothesized to trigger a hormonal signaling cascade that
alters transporter expression or post-translational modification of
sucrose transporters (Patrick et al., 2001). Thus, it is plausible that
a mechanistic relationship regulates sucrose loading in a turgor-
dependent manner, but the consequences for phloem function
have yet to be explored. V,,,, (the maximum transport rate
in Michaelis-Menten formalism) has only been measured for
phloem loading proteins in less than six species (Cataldo, 1974;
Kuo et al., 1974; Sovonick et al., 1974; Fondy and Geiger, 1977;
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Wimmers and Turgeon, 1991; Weise et al., 2000; Borstlap and
Schuurmans, 2004; Thompson and Wolniack, 2008), while the
functional impacts of variation in V. and its regulation in the
context of viscosity limitation and drought are unknown. It is
also unknown whether an active loading mechanism may aid in
preventing detrimental viscosity build-up through the dynamic
down-regulation of sucrose loading proteins.

Since viscosity limitation is caused by excessive resistance
along the transport pathway, the structural resistance of the
sieve tube is expected to impact the risk of transport failure.
Both the sap viscosity and the dimensions of the sieve tube
contribute to the vulnerability to viscosity limitation (Sevanto,
2014). More specifically, phloem anatomical properties such
sieve tube diameter and end wall (sieve plate) porosity strongly
impact phloem resistance (Holttd et al, 2009; Mullendore
et al., 2010; Jensen et al, 2012; Stanfield et al, 2019).
Further, pathway resistance can suddenly increase due to callose
accumulation (Esau et al, 1962) from insect or mechanical
damage (Pickard and Minchin, 1992; Hao et al., 2008). In
other words, conduits with higher resistance due to structure
are more prone to viscosity limitation, especially in the
presence of callose. However, phloem structural resistance
(estimated from sieve tube anatomy) was not correlated
with habitat water availability (Liesche et al., 2017); while
many of those species were likely passive loaders, data
we compiled also shows no relationship between loading
mechanism, pathway resistance, and maximum drought stress
(Figure 1). Viscosity limitation could potentially limit the
maximum loading rate in a species with high structural
resistance, selecting for coordination between phloem anatomy
and transporter kinetics. Further, it can be hypothesized that
active-loading species from environments with frequent drought
could critically depend on downregulation of loading to control
viscosity limitation, especially species with high structural
phloem resistance.

Overall, our goal was to investigate the interactive effects
of loading transporter kinetics and phloem anatomy on sugar
transport across a range of water stresses. We predicted that
the constraints of viscosity limitation to strongly coordinate
phloem loading rates with phloem structural resistance and plant
water stress. Specifically, this study addressed the questions:
(1) what are the interactive effects of phloem anatomy and
drought intensity (i.e., soil water potential) on sugar export
by active-loading species? and (2) in scenarios where phloem
resistance and drought induce viscosity limitation, how does
changing loading transporter kinetics, including introducing
pressure-coupled downregulation, impact sucrose export to
sinks? We addressed these questions by integrating a stomatal-
hydraulic model (modified from Bartlett et al, 2019) that
calculated leaf water potentials and gas exchange rates from
environmental and hydraulic trait inputs. We then combined
this with a simple phloem transport model (De Schepper
and Steppe, 2010) that calculated phloem pressure gradients
and flow rates within a single sieve tube from leaf sucrose
concentrations and water potentials, using the Michaelis-Menten
enzyme formalism to represent active loading and unloading
(Figure 2).

MATERIALS AND METHODS

Model Overview

Conceptually, the model was divided into three components:
plant water status, gas exchange and phloem transport (Figure 2).
The plant water status component calculated the leaf mesophyll
and xylem water potentials (¥,, and ¥y) from an input
soil water potential (¥), gas exchange and hydraulics. The
gas exchange component calculated photosynthesis from the
stomatal aperture, which was determined from the mesophyll
water status (W,,). The phloem transport component calculated
a source — sink phloem sucrose concentration and pressure
gradient generated from the Michaelis-Menten kinetics of
loading/unloading sucrose and the water stress experienced by
the phloem (¥, or ¥).

Model Assumptions

To simplify the model, we made the following assumptions:

(1) The simulated plant used active phloem loading and
unloading, which captures the mechanisms driving crop
production in many economically important species [e.g.,
grapevine (Zhang et al, 2006), tomato (Hackel et al,
2006), and kiwi (Gould et al., 2013)]. The unloading rates
depended on the sucrose concentration in the phloem
unloading zone, not the concentration gradient between
the unloading zone and sink tissue. This also captures
passive unloading dynamics for species that enzymatically
convert unloaded sucrose to starch (Goeschl and Han,
2020), or use active uptake processes to remove sucrose
immediately surrounding the phloem unloading zone into
storage vacuoles (Saftner et al., 1983).

(2) Unloading did not constrain sucrose export, and all
sucrose that reached the unloading zone was exported
in the same timestep (i.e., the maximum unloading rate
Vimax >> Viaxr). This assumption has some empirical
support, as unloading fluxes from the roots of pea plants
(Pisum sativum) are 95.8% higher than in active loading
rates from this species (Wimmers and Turgeon, 1991;
Liesche, 2017). Further, we expected unloading limitations
to simply exacerbate viscosity limitations by pressurizing
the unloading zone and reducing the turgor gradient
for phloem transport. Thus, in this study, we prevented
unloading from having a confounding effect on viscosity
limitation by assuming V,,,axu was 20% greater than Vaxr
(see Supplementary Figure 1 on the consequence of
loading limitation on phloem pressure).

(3) All sucrose produced by photosynthesis was available for
loading into the transporting sieve elements (i.e., we do
not model intermediary transport through the mesophyll
or companion cells).

(4) Sucrose only entered/exited from the phloem
loading/unloading zones, and the sucrose exported
from the unloading zone arrives in sink tissue outside the
sieve tube. Leakage of sucrose back out of the loading area
by diffusion did not meaningfully impact sucrose export to
sinks (Supplementary Figure 2).
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2011b; Liesche, 2017).
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FIGURE 1 | A meta-analysis scatterplot for phloem resistance coefficients and minimum mid-day leaf ¥ that show no association between these two parameters in
terms of loading type. Points are color coded by species phloem loading strategy. The species used in the model simulations are indicated from R1-R5 in order of
increasing pathway resistance. Anatomical data is from Liesche et al. (2017) and scaled equally to obtain a phloem pressure of >0.6 MPa for all resistance values.
Minimum mid-day leaf ¥ was obtained from Choat et al. (2012) and Bartlett et al. (2016). See Supporting Information Table 1 for data and references used for
loading types. Here we assume Gymnosperms are passive loaders, although a systematic study of this taxa for loading mechanism is still warranted (Liesche et al.,

(5) Phloem water potentials equilibrate with the source xylem,
but we did not explicitly model water flow or volume.
Total phloem resistance (Roonguir) was calculated from
sieve element structural resistance (Rp) and phloem sap
viscosity (v), which increased with sucrose concentration
(Reonduit = Rp X ).

Structural resistance was calculated from sieve element
dimensions compiled from the literature for stem tissue
in active loaders (Liesche et al., 2017; Jensen, 2019). These
species were not measured for several factors that impact
scaling from sieve element to whole-plant resistance,
including total path length or anatomical variation along
the path length (i.e., allometric scaling). Thus, these values
should be considered plausible first-order estimates, rather
than precise species-specific parameters.

Instead, we scaled resistance from individual sieve
elements (Rse; representing the lumen and sieve plates) to
a whole-plant phloem pathway by multiplying with a scalar
value (2.5¢23) and normalizing by the length of each sieve

(6)

element (Rsel):

_ Rse x 2.5e23

Rp = Rsel M)

Since phloem anatomical data to obtain a whole plant
phloem resistance is only sparsely available, we selected
a scalar value that produced reasonable phloem pressures
for our baseline/default parameter values (Table 1)
(i.e., a minimum phloem pressure in the loading zone
(P;) > 0.6 MPa) (see Supplementary Table 1 for Rse and
Rsel values).

Viable phloem pressures in the loading zone ranged from
0.6 to 2.4 MPa, which captures the range of pressures
reported in the literature from empirical pressure probe
measurements of source-adjacent phloem tissue (reviewed
in Turgeon, 2010). Simulations which produced pressures
outside this range were considered biologically unrealistic.
(9) Light was constant and non-limiting for photosynthesis.

®)
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TABLE 1 | Description of mathematical symbols used in the model.

Symbol Definition Value (or units) References
af Apoplastic fraction inside the leaf 0.3 Bartlett et al., 2019
ags Shape parameter relating gs¥so and ¥, 2.0 Bartlett et al., 2019
Anet Carbon assimilation through photosynthesis (Mol CO, m—2 57 1)
Ca Atmospheric CO» concentration 400 Parts Per Million Bartlett et al., 2019
Cm Concentration of sucrose in mesophyll (M)
CoLu Concentration of sucrose in phloem loading (L) or unloading (U) area (mM)
Es Rate of sucrose leaving phloem loading area (ms=1
Fp Volumetric flow rate of phloem (m3s—T
Imax Maximum stomatal conductance 400 mmol m=2 s~ (default)
Js Stomatal conductance (mmolm=2s~1)
gs ¥so Water potential of mesophyll at 50% stomatal closure —1.5 MPa Bartlett et al., 2016
Km.x Hydraulic conductance of mesophyll (m) or xylem (x) (mmolm=2s~1)
Kmax Maximum hydraulic conductance of the leaf 20 mmolm=2 s=! MPa~!
Ms The affinity of the sucrose molecule to the SUT protein 3.3mM Borstlap and
Schuurmans, 2004
LA Leaf area 47.4 cm?
LsucL,u Loading rate of sucrose per unit tissue area for the loading (|) or (molm=2 s~ 1)
unloading (u) area
mm Molar mass of sucrose 342.3 gmol~"
Plu Phloem pressure in loading () or unloading zone (u) (MPa)
r Radius of phloem conduit 5.5e~% m (tobacco) Thompson and
Wolniack, 2008
Rc Gas constant 8.3m3 paK~"! mol~!
Reonduit Total resistance of the phloem conduit (MPa's m—9)
Rr Leaf respiration rate, assumes 12 C atoms in 1 sucrose 0.25 pmol Cm=2s~1 Bartlett et al., 2019
RF Dimensionless value which determines if phloem is in water Dimensionless Thompson and
potential equilibrium with xylem Holbrook, 2003b
Rp Structural resistance coefficient of the phloem See Table 2 Liesche et al., 2017
RWC, Relative water content of the mesophyll (%)
S/ Leak rate of sucrose in the phloem conduit 73670 ms! Edelman et al., 1971
Sm Moles of sucrose in apoplasmic space (mols)
Sp.p Mass of sucrose inside loading phloem (p) or unloading phloem (b) ((¢)]
t Run time of model 12h
T Temperature 293 K
v Viscosity of phloem conduit sap (MPa s)
Vimaxt. Maximum rate of sucrose uptake (phloem loading) 1.58¢~" molm~2 s~ (default) Borstlap and
Schuurmans (2004)
(tobacco)
Vimaxu Maximum rate of sucrose export (phloem unloading) Vipaxt. % 1.2 molm=2 g1
(default)
VPD Vapor pressure deficit of leaf 9.9e~3 (dimensionless)
W, Water volume inside phloem 3.57e~ " m® (R1 and R2;
default)
1.04e~8 m® (R3)
1.37e 8 m® (R4 and R5)
a Shape parameter for determining mesophyll conductance 2 Bartlett et al., 2019
0 Density of phloem sap (@m=9)
Ty Osmotic potential of phloem @ loading (l) or unloading (u) zones (MPa)
Ys0,m Mesophyll water potential at which 50% of the mesophyll —2.0 MPa Bartlett et al., 2016
conductance is lost.
Y Water potential- mesophyll (MPa)
Y Water potential- soil —0.001 MPa (default); See
Table 2 for drought
Yy Water potential - xylem (MPa) Vs Description:

Phloem velocity in
loading area, unit:
(ms™1)

If values are outputs of the model, then only units of the parameter are shown.

Frontiers in Plant Science | www.frontiersin.org 54

February 2022 | Volume 13 | Article 787837


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

Stanfield and Bartlett

Phloem Loading Regulation and Drought

Apoplasmic Active Loading

= -BP, 'm
(Eqn 88) LsucL VmaxLe (Ms + Cm)
= Phloem
Important Loading loading
Variables area
B=0 (Figs. 3-5) osmotic

potential

>0 (Figs. 6-7)
v ()

o = 1.58e"mol m” s
(N. tabacum, Default)

Phloem

Phloem Pressure
Eqn (12) P,=W,-T, (R,)

Phloem

Sucrose Unloaded

area
(Ean 17) S,=[L,. LA

sucrose
unloaded

conductivity of xylem.

[Sjrose] \

viscosity (v)
pressure (P

Resistance

Volume (W,)

unloading

Phloem Unloading

FIGURE 2 | Parameterization and conceptual schematic of the water and sugar transport model. The model inputs are shown in purple, while the outputs of the
model are in red. The model first produced a xylem water potential based on the input soil water potential. Sucrose concentrations are built in the leaf compartment
(source), and actively loaded into the phloem through protein transporters. Loading variables that were altered in the different simulations are shown, which impact
the resulting phloem specific outputs such as: phloem osmotic potential, viscosity, pressure, and the eventual sucrose exported to the sink area. Symbols:

Lsucr = loading rate per unit leaf area, Ve = maximum rate of sucrose uptake, p = shape parameter for loading downregulation, Pl = phloem pressure in loading
area, C = concentration of sucrose in source area, Ms = Michaelis-Menten constant for sucrose affinity, S;or = total sucrose exported over the entire simulation,
Lsucu = total unloading rate, LA = leaf area, ¥, = water potential of source area, ky, = hydraulic conductivity of mesophyll, kmax,x = maximum hydraulic
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(10) The water volume in the mesophyll changed over time,
while the xylem was at steady state.

(11) Sucrose concentration in the mesophyll did not impact the
water potential of the mesophyll.

Plant Water Status and Gas Exchange

We separated the plant into two hydraulic elements, the
mesophyll of a single leaf and the root-to-leaf xylem network,
to capture the protective effect of vulnerability segmentation
(Tyree and Ewers, 1991). The leaf accounts for at least 30%
of whole-plant hydraulic resistance, with the mesophyll tissue
accounting for about half of this resistance (Sack and Holbrook,
2006; Scoffoni et al., 2011). This generates a strong water potential
gradient across the mesophyll that buffers the xylem and phloem

against water stress. We adapted the water balance equations
from Sperry et al. (1998) to calculate the mesophyll and xylem
water volume at each timestep:

AW,
dt

¥,
= | Knd¥ — g VPDLA (2a)
@,

dw. Py
: :Kx(‘{ls_‘{"x)_ f KmleZO

2
- g (2b)

where W is the water volume, V¥ is the water potential, and K
is the hydraulic conductance of the mesophyll (subscript m) and
xylem (subscript x). The VPD and ¥, are the environmental
parameters, the vapor pressure deficit and soil water potential,
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TABLE 2 | Parameters which varied during the simulations.

Symbol Definition Value
Rp Estimated structural resistance coefficient of the phloem 2.4e%0 m=3 (R1:; Vitis vinifera)
such that R1 obtains > 0.6 MPa loading pressures 5.4e%0 (R2:; Liriodendron chinense)
under wet soil conditions (i.e., ¥ = —0.001 MPa) 1.1e2" (R3:; Ricinus communis)
2.3e?! (R4:; Robinia pseudoacacia)
8.5e2! (R5:; Gossypium barbadense)
VimaxL Maximum rate of sucrose uptake (phloem loading) 1.58e~7 (Default, N. tabacum; Borstlap and Schuurmans, 2004) — see
Table 3 for range of values used in Figure 7
VimaxU Maximum rate of sucrose export (phloem unloading) =Vmax x 1.2
Ys Water potential of soil —0.001 — (-)1 MPa

For Rp, sieve element resistances from stem tissue were based upon stem anatomical data from Liesche et al. (2017, see Eq. 1 for formulation).

TABLE 3 | Data on available apoplasmic active loader maximum loading rate (Vmax) and phloem anatomical characters to calculate Rp.

Species Maximum loading rate (mol

m~2577) (Vinax)

Rp (for one sieve element)

References

Nicotiana tabacum 1.6e~7 (1),3.3e77 (2)

9.86E+17 (3) (petiole)

Beta vulgaris

Vicia faba

Trticum aestivum
Arabidopsis thaliana
Solanum tuberosum

Pisum sativum

1.6e77 (1), 8.2e77 (2)
1.60e~7

2.30e~6

1.30e 8 (1)

11068

2.90e~6

2.03E+19 (2) (stem)

Borstlap and Schuurmans, 2004 (1); Cataldo, 1974 (2);
Thompson and Wolniack, 2008 (3)

Fondy and Geiger, 1977 (1); Sovonick et al., 1974 (2)
Delrot and Bonnemain, 1980

Kuo et al., 1974

Weise et al., 2000 (1); Thompson and Wolniack, 2008 (2)
Weise et al., 2000

Wimmers and Turgeon, 1991

respectively; g; is the stomatal conductance, and LA is the area
of a single leaf (see Table 1 for constant parameter values and
Table 2 for the parameters varied across simulations).

The mesophyll water volume is converted to a relative
water content by dividing by the maximum water volume

(RWCm = %), and then to a water potential through the

pressure-volume relationships:

ml-a) i 1o ) oy g
g, — | RWCy—a * RWCy—ap) "7~ 7%
TUm
Y, <
RWC,, " —(T;;’P

where T,, T, af, and € are the leaf pressure-volume curve
parameters of osmotic potential at full hydration turgor loss
point, apoplasmic fraction, and cell wall modulus of elasticity,
respectively (Bartlett et al., 2012). We considered the effects
of mesophyll sugar content on water relations to be outside
the scope of this study, and, thus, we assumed here that
Tt, was constant.

Water flow through the mesophyll was determined by
integrating the mesophyll vulnerability curve:

4 Kmux m
Kpy=)[—""7TF+FZ77—= 4
" {1+e*°‘(‘1’m*“‘50’m) @
where Knax,m is the maximum hydraulic conductance of the
mesophyll, normalized by leaf area, o is a shape parameter,
and Wsp,,, is the mesophyll water potential at which 50% of

conductance is lost. To simplify these calculations, we used a
sufficiently negative xylem VW5 value (—2 MPa) to assume K was
constant and equal to the maximum xylem conductance (K ax, x)
over the range of xylem water potentials in these simulations.

We calculated g; from the assumption that mesophyll water
stress induced stomatal closure:

max (5)

gs = 1 + e*ags(\Pm*gs\PSO)

where gy, is the maximum stomatal conductance, ags is the
shape parameter for this relationship, and g; 50 is the mesophyll
water potential inducing 50% stomatal closure. Photosynthesis
(Ayer) was then calculated from g, based upon an extrapolation
of the original Farquhar equations (Farquhar et al, 1980;
Bartlett et al., 2019).

At the beginning of each timestep, ¥, was calculated from the
change in mesophyll volume over the previous timestep (Eqs 2a,
3). Mesophyll water flow was then calculated by integrating the
mesophyll vulnerability curve over water potential, bounded by
the new ¥,, and the W, from the previous timestep (Eqs 2, 3).
Stomatal conductance (g;) was then calculated from the new ¥,
(Eq. 5), and ¥, was updated from the new mesophyll water flow:

Lt K d

lIIx,t = lPs - (6)

Kmax,x

where t indicates the current timestep and was used to determine
the new xylem flow Kpaxx (¥s —¥x) (Eq. 2b). The new
mesophyll flow and g; values were then supplied to Eq. 2a to
update the mesophyll volume for the next timestep. We ran
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the model at a 1s timestep over 12 h simulations to achieve
steady-state solutions, which were reported as the model results.

Phloem Transport

The mass of sucrose in the mesophyll (S,) was increased
by photosynthesis and reduced by loading into the phloem
companion cells via sucrose transporters:

% = ApetLA — Lgyc LA (7)
where Ly, is the loading rate per unit leaf area. To simplify
the model, we assumed all the sugar produced by photosynthesis
is exported into the apoplasmic space surrounding the sieve
element/companion cell complexes of the loading zone, and
thus available for phloem loading. For loading (subscript i = L)
or unloading (subscript i = U), Lg,; was calculated from the
Michalis-Menten formalism for enzyme kinetics:

C
Lsuc,i = Vmax,im (8a)
Sm
Cp=— 8b
"= (8b)

where Viqy; is the maximum loading or unloading rate of
the sucrose transporters, normalized by leaf area, and Mg is a
shape parameter capturing transporter affinity for sucrose. C is
either C,,, the sucrose concentration in the mesophyll outside
the loading zone, or Cpy, the sucrose concentration in the
unloading phloem zone. W,, is the mesophyll water volume
(Eq. 2a), which changes the concentration of sucrose available for
loading in Eq. 8b.

Loading increased the mass of sucrose in the phloem loading
zone (Sp,1), which was transported to the unloading zone:

dSp’L
dt

where E; is the mass flow rate of sucrose transport (g s71). E;
was calculated from the volumetric flow rate of the phloem sap
(Fps m* s~!) and sucrose concentration in the loading zone (Cj, 15
mol m™3):

= Lsuct LA — E; )

Es = F,Cp pmm (10a)
S
p.L
Cpp = —= (10b)
p.L
Wp

where mm is the molar mass of sucrose and W), is the maximum
water volume in the loading zone. Thompson and Holbrook
(2003a) found that accounting for diurnal changes in phloem
volume did not substantially impact the flux of sucrose through
the transport pipeline. Thus, we made the simplifying assumption
that W, was constant at the maximum loading zone phloem
volume, so that Cpy, only varied with the mass of sucrose.

The sucrose concentration determined the osmotic potential
(7;) in the loading (L) or unloading zone (U):

;= —RCTCP’,‘ (11)

where Rc is the gas constant and T is the temperature within
the phloem loading area. Following Thompson and Holbrook
(2003b), we made the simplifying assumption that the water
potential of the phloem loading zone equilibrates with the xylem
water potential (W) when the phloem is at steady state. Further,
we estimate that the anatomical dimensions, osmotic strength,
and enhanced permeability due to aquaporins (Muries et al.,
2013; Stanfield et al., 2017) of our loading zone has an RF (axial
to radial resistivity) value >> 1 (see Thompson and Holbrook,
2003b), which equates to phloem in water potential equilibrium
with the xylem. The turgor pressure in the loading or unloading
zone (P;) was then determined from the water and osmotic
potentials:

Pi=Y,—m; (12)

Noting that for determining the phloem pressure in the
unloading zone, ‘¥ is used. The volumetric phloem flow rate F,,
(m? s7!) was calculated from the pressure difference between
the loading (Pr) and unloading (Py) zones and the hydraulic
resistance of the phloem (R onduit):

_PL—Py

Fp= (13)

Rconduit

which increased with the phloem sucrose concentration due to
viscosity (v) effects (see Appendix A), and integrated into a
resistance formula:

Reonduit = RP XV (14)

where Rp is the resistance coefficient of the single phloem
conduit, or sieve tube (see Table 2).

The velocity of sap flow (V;) was calculated by normalizing
volumetric flow by conduit area:

F
v
mr

(15)
where r is the radius of the conduit.

The same processes then take place when the sucrose reaches
the unloading zone, where unloading is determined from:

BSu_ o eulA
dr = Lg SUCU

We made the simplifying assumptions that the source and sink
area (LA) and the phloem volume in the loading and unloading
zones (W) are equal.

Finally, we quantified sugar export (S¢) as the cumulative
mass of sucrose unloaded over the simulation, as:

(16)

t
Stot = LAgLSUCU (t) dt (17)

The model was implemented using MATLAB R2020a (9.8.0)
(Mathworks, Inc., Natick, MA, United States). Access to the code
may be obtained through DOI: 10.5281/zenodo.5907490.

Model Parameterizations to Test
Hypotheses

We tested the impacts of water stress and phloem anatomy
and transporter kinetics on phloem function by varying
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the (1) soil water potential (¥;), (2) phloem structural
resistance (Rp), (3) phloem volume (Wp), (4) maximum
sucrose loading rate (Vya.r), and (5) the shape parameter
for the relationship between loading rate (Lg,r) and turgor
(B) across simulations (see Table 2 for parameter values).
We parameterized a range in soil water stress by varying ¥
from well-watered to droughted values (—0.001 to —1 MPa).
We used the published sieve element dimensions for stems
from 5 active loading species to produce reasonable estimates
of Rp (Figure 1; see model assumption #7). Data for source
phloem volume is scarce, so we initially estimated Wp
by multiplying the mean sieve element area for Populus
tremula x alba leaf (Carvalho et al, 2017) by the total
vein length in a grapevine leaf, as a representative active
loader (Pagano et al, 2016). However, this estimation only
accounted for 0.002% of total volume in our hypothetical
leaf, while the phloem has been estimated to account
for up to 0.4% of leaf volume (Sjolund, 1997). Thus, we
parameterized the model with phloem volumes ranging
from 0.002 to 0.8% of leaf volume to capture a wide range
of potential parameter space. We compared the cumulative
sucrose export (S), phloem loading zone concentration
(Cp), pressure (Pj), phloem viscosity (v) and velocity (V;)
across simulations.

Phloem resistance and volume had strong interactive
effects on sugar export, with small volumes exacerbating
viscosity limitations for high resistances (see “Results;’
Figure 3). Thus, we were concerned that incorrect
assumptions about these parameter combinations could
overestimate viscosity limitations under drought. We
used our first simulations to identify the phloem volumes
that (1) maximized sugar export with (2) viable phloem
pressures under drought (¥ = —1 MPa) for each Rp
value. We used these values to parameterize the rest of the
simulations, to evaluate the impacts of transporter kinetics
on viscosity limitation under the most favorable anatomical
parameterizations.

Next, we parameterized variation in maximum loading rate
(Vimaxr) by compiling published values for low (Arabidopsis),
intermediate (tobacco), and high (wheat) rates (Weise et al., 2000;
Borstlap and Schuurmans, 2004; Liesche and Schulz, 2013). We
used the intermediate value from tobacco as our default unless
otherwise noted (Table 3). We also tested whether regulating
loading rates in response to pressure would protect the phloem
from viscosity limitations, by reducing loading before reaching
excessive concentrations and pressures. We used an exponential
decay function to reduce the loading rate as a function of loading
zone pressure:

grr . C

_ 18
Ms+C (18)

Lsuc,L = Vmax,Lei

and increased the shape parameter (§) from 0 to 10 to test
the impacts of loading downregulation. We first varied B
and Vay independently, and then together, to identify the
combinations that (1) maximized sucrose export and (2) obtained
viable loading zone pressures (see model assumptions #8) for

different resistances (R2 and R4) and soil moisture scenarios
(W5 = —0.001 and —1 MPa).

RESULTS

Coordination Between Phloem Anatomy
Traits Strongly Influenced Phloem

Vulnerability to Viscosity Limitation

The importance of viscosity limitations on sugar transport
depended strongly on phloem anatomy (Figure 4). Simulations
either reached stable, equilibrium sucrose concentrations over
the course of the 12-h model runs (i.e., steady-state), or
failed to converge on a stable concentration due to excessive
viscosity (i.e., non-steady-state) under high water stress and/or
sieve tube structural resistances and small phloem volumes.
For example, a simulation with moderate structural resistance
(R2) reached steady-state and achieved a stable loading zone
concentration, pressure, total resistance, and flow rate under
dry conditions (yy = —0.001 and —1 MPa) (Figure 4,
yellow lines). By contrast, a simulation with ~25% greater
structural resistance still reached steady-state in wet soil
(Figure 4, blue lines), but failed to equilibrate under water
stress and phloem concentration and pressure increased
without limit (Figures 4A,B, red lines). In these non-
steady-state simulations, phloem viscosity and total resistance
remained too high for the loading zone pressure to overcome
(Figure 4C, red line), even as concentrations increased,
preventing phloem flow (Figure 4D, red line). In these scenarios,
sugar export only proceeded for a small fraction of the
12-h simulation.

Coordinating phloem volume with pathway resistance
alleviated runaway viscosity and avoided non-steady-state
transport failure. There is little data available to parameterize
phloem volume and resistance in leaves for active loading
species, so we simply varied these parameters widely (i.e., by
three orders of magnitude for phloem volume; see Methods) to
evaluate the impacts on sucrose export (Figures 3A,B), phloem
pressure (Pj; Figures 3C,D) and viscosity (v; Figures 3E,F). In
the lower resistance pathways (R1 and R2), all phloem volumes
allowed sucrose export to proceed without runaway viscosity,
while the smallest volumes produced the greatest sucrose
output, under both wet and dry conditions (¥; = —0.001 and
—1 MPa). However, for the intermediate (R3) and high (R4
and R5) phloem resistances, phloem pressure and viscosity
reached intractable values at lower volumes; this effect was
exacerbated under drier soils. Overall, larger phloem volumes
were optimal for sucrose export in more resistive pathways
and drier conditions. We also used the volumes that optimized
export under drought (white asterisks) to parameterize volume
for each resistance in the subsequent simulations, to avoid
overestimating the importance of viscosity limitations by
making incorrect assumptions about phloem anatomy (i.e.,
W, = 3.57e"!! m? for Rl and R2, 1.04e"® m® for R3, and
13778 m® for R4 and R5; see “Materials and Methods”
and Table 2).
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FIGURE 3 | Sucrose unloaded, phloem pressure (P)) and viscosity (v) as a function of phloem volume and pathway resistance (R1-R5). These simulations were run
under wet (¥s = -0.001 MPa: A,C,E) or dry (¥s = -1 MPa: B,D,F) soil conditions. (A,B) As phloem volume declined, sucrose export increased for the lower
resistance pathways (R1 and R2). Export peaked at intermediate volumes and resistances (R3) and continued to increase at higher volumes and resistances (R4 and
R5). This effect was intensified for the drier simulation. (C,D) Phloem pressure remained stable over all tested volumes for the lower resistance pathways (R1 and
R2), while increased with lower volumes for the higher resistance pathways (R3-R5). For the higher resistance pathways and lower volumes, resulting pressures are
not shown due to excessive values. (E,F) The phloem viscosity remained stable for lower resistance pathways (R1 and R2) over the range of volumes tested, while
runaway viscosity began to occur at the lower phloem volumes for the higher resistance pathways (R3-R5). A drought scenario would induce the runaway viscosity
effect at lower phloem volumes for these resistances. In subsequent analysis, volumes were chosen (white asterisks) for each resistance that maximized sucrose
export while preventing the runaway viscosity effect over the range of Ws tested: R1 and R2; 3.57 e~ m®, R3; 1.04e~8 m®, and R4 and R5; 1.37e8 m3,

Sucrose Export Was Independent of
Phloem Resistance and Xylem Water
Status Until These Variables Reached

Thresholds for Viscosity Limitation

Sugar export was constant over the soil water potentials tested
for structural resistances below thresholds for viscosity limitation
(Figure 5A, R1 and R2), and declined above these thresholds
(Figure 5A, R3-R5). Below these thresholds, loading zone
concentration and turgor increased until flow reached a steady-
state equilibrium (see Figure 4), where the mass of sucrose
imported into the phloem equaled the mass exported. Here, we
assumed transport was not constrained by unloading and that
all sucrose that entered the unloading area was immediately
exported to sinks (i.e., Vg >> Vyanr; see “Materials and
Methods”™: assumption #2). Thus, sucrose export in these lower
resistance simulations (R1 and R2) were independent of water
stress and phloem pressure. Drier conditions increased sap
viscosity and reduced phloem velocity by changing the total
resistance and source to sink pressure gradient (Figures 5B,C).
For the least resistant phloem (Figure 5D, R1), phloem pressure
slightly decreased with soil water potential, because the xylem
water potential was decreasing at a greater rate than phloem
osmotic potential (e.g., Supplementary Figure 3, green line).

In contrast, the simulations with the most resistant sieve
tubes (R3-R5) not only declined in their overall sucrose output
but varied in their response to the soil dry-down (Figure 5A).
The decline in sucrose output was attributed to a viscosity
limitation, as the higher resistance scenarios had both higher
overall viscosity, and increased viscosity under higher drought
stress (Figure 5B). As with the lower resistance pathways,
velocity declined with soil water potential, but did so more
rapidly (Figure 5C). Finally, phloem pressures in the higher
resistance pathways were well above empirically measured values
of 0.6-2.4 MPa (Figure 5D, red dashed lines). Of note was the
intermediate resistance (R3) which showed increased phloem
pressure with declining soil water, as a result of phloem
osmotic potential increasing faster than xylem water potential
(Supplementary Figure 3, red line).

Maximizing Export While Maintaining
Viable Phloem Pressure Using Pressure
Regulated Loading

Although increasing phloem volume helped alleviate runaway
viscosity, higher resistance pathways where still under the effects
of viscosity limitation, which caused phloem pressures to be
unrealistic. Thus, we hypothesized maximum loading rates to be
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modulated according to these anatomical constraints, by either
downregulating V4,1 constitutively (Figures 6A,C) or inducibly
as a function of pressure (Figures 6C,D). Reducing the maximum
loading rate by half (V,,a1) reduced sucrose output to sinks
(Figure 6A) in comparison to the non-regulated loading, but
lowered phloem pressures to reasonable bounds (Figure 6C, red

dashed lines). However, using Eq. 18 to downregulate phloem
loading as a function of pressure improved overall sucrose output
over simply reducing V4, while maintaining viable phloem
pressures over most soil water conditions (Figures 6B,D).
Comparing wet soils (Vs = —0.001MPa) between unregulated
loading (Figure 5A) to pressure regulated loading (Figure 6B),
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sucrose output dropped by 30.6, 27.8, and 2.36% for R1, R3,
and R5 resistances, respectively (B = 0.6). However, under dry
soils (¥s = —0.001 MPa), sucrose output dropped by 22.9 and
8.5% for R1 and R3, respectively, but for the highest resistance
(R5), improved by 3.2%. This led to the hypothesis that pressure
regulated loading may be optimized according to both sieve tube
anatomical traits (e.g., Rp), environmental conditions (e.g., ¥s)
or maximum loading rates (e.g., VyaxL)-

Maximizing Sucrose Export to Sinks
Varies With Pressure-Regulated
Maximum Loading Rate and Sieve Tube

Resistance
We next sought to determine how the transporter kinetics
that maximize sucrose export while maintaining viable phloem

pressures depend on pathway resistance and soil moisture.
We first identified the range of viable p values for each
resistance and soil moisture scenario (i.e., ¥s = —0.001 and
—1 MPa), assuming a constant V., (i.e., for N. tabacum)
(Supplementary Figure 4). We then varied V4,1 from 1.30e~8
(i.e., Arabidopsis) to 2.30e % mol m~2s! (i.e., wheat) to identify
the combinations of V4, and p that maximized export for each
scenario (Figure 7).

Coordination between loading downregulation and the
maximum loading rate strongly benefitted sucrose export
(Figure 7). This simulation showed sugar export for the
B and Vg combinations that produced viable phloem
pressures (i.e., 0.6-2.4 MPa). For low-resistance phloem (R2)
under wet conditions, sucrose export was maximized at
19.07 mg by Vi = 1.79¢7® mol m™2 s~! and B = 0.79
(Figure 7A). Drought reduced the maximum output at this
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FIGURE 6 | The amount of sucrose unloaded or phloem pressure in the loading zone (P+) as a function of soil water potential (¥s) for two differing loading rate
scenarios: a 50% reduction in Vax (A,C) or a pressure regulated reduction in the default VmaxL, with a downregulation strength of = 0.6 (B,D; see Eqg. 18). The
first scenario (A,C) shows the amount of sucrose unloaded and P+ for a 50% reduction in Vpax . Output remained stable over the drought for R1 and R2 and began
to decline with soil water for R3-R5. Meanwhile, phloem pressure began to fall with drier soils, with most R, values falling within the empirical pressure window,
except for the lowest pathway resistance which was under-pressured. (B,D) Using pressure downregulated loading, sucrose output slightly improved as the soil
dried for lower Ry, values (R1 and R2) but started to decline with higher values (R3-R5). Downregulation of loading allowed most of the tested resistances (R2-R5) to
have phloem pressures within empirical bounds. Red dashed lines signify phloem pressure potentials recorded previously empirically (0.6-2.4 MPa).

Rp to 13.6 mg (ie, a 29% reduction) (Figure 7C), which
occurred at a higher V5,1 (2.22¢7° mol m—2 s~ 1) with stronger
pressure-coupled downregulation (8 = 1.14); in comparison
to default V.1, the expanded Vi, improved export by
50 and 28% for the wet and dry conditions, respectively, at
this resistance.

Increasing resistance (R4) in wet conditions substantially
reduced maximum output to only 4.18 mg (Figure 7B); this
corresponded to a lower V,y and stronger downregulation
than for R2 (Ve = 1.68¢7® mol m™2 s~ ! and a p = 1.33).
Water stress reduced maximum output to 2.98 mg (a 29%
reduction) (Figure 7D) and this corresponded to the strongest
downregulation across scenarios (Vg = 1.72¢=% mol
m~2 s7! and B = 1.61); this improved sucrose output
by 27 and 33% over default V. values for wet and dry
conditions, respectively. Overall, when comparing the impacts

of pressure regulated loading (Figure 7) vs. non-regulated
loading (Figure 5), we found that non-water stressed,
low resistant pathways and water stressed, high resistant
pathways benefit the most from a pressure regulated loading
mechanism (Table 4).

DISCUSSION

This study is the first to show that pressure-regulated loading
is a potential strategy to circumvent viscosity limitations
and improve the efficiency of sugar translocation, especially
under drought and for highly resistive phloem pathways.
Our findings also suggest sucrose loading proteins and
phloem architecture (e.g., sieve tube anatomy) are highly
coordinated. We discuss the potential molecular mechanisms
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driving pressure-adjusted loading during drought, the interacting
effects between anatomy and viscosity limitations, and the
potential for this model to inform future genetic transformation
studies to increase crop yields.

Plants Benefit From Loading Regulation:

A Molecular Regulation Perspective

Our study provides theoretical support for our hypothesis
that loading regulation is adaptive for phloem function.
Pressure-regulated loading prevented the excessive buildup of
sugars that causes viscosity limitations, reducing the impacts
of water stress on sugar transport for highly resistive phloem
(Figures 6, 7). Regulated loading also benefitted less resistive
pathways by allowing for a higher V. and, thus, greater
sugar export, than in the absence of regulation (Table 4). These

model findings are bolstered by empirical evidence supporting
pressure-regulated behavior and the discovery of molecular
mechanisms that could dynamically adjust sucrose loading
during drought.

Previous experiments have shown that loading rates may be
adjusted as a function of turgor and/or sucrose concentration
during osmotic stress. For example, exposing tissues to
membrane-impermeable sugars (i.e., sorbitol or mannitol)
reduces the apoplasmic water potential outside the phloem,
drawing out water and reducing phloem turgor (Smith and
Milburn, 1980; Patrick, 1994; Bell and Leigh, 1996). These
treatments showed that a decline in phloem pressure upregulated
sucrose loading in castor bean leaf discs (Smith and Milburn,
1980) and sucrose unloading in bean seed coats (Patrick,
1994). Conversely, reducing external mannitol concentrations
increased phloem turgor and decreased unloading rates in
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TABLE 4 | Comparing the maximum sucrose output of the unregulated phloem
loading scenario (Figure 5), to the pressure regulated loading scenario (data
found in Figure 7).

Phloem No regulation Pressure regulation % Change
resistance (Rp) sucrose output sucrose output

(mg) (mg)
Vs = —0.001 MPa
R1 11.06 41.02 271
R2 11.05 19.07 73
R3 7.13 9.22 29
R4 3.35 4.18 25
R5 0.81 1.06 30
Vs = -1 MPa
R1 11.05 27.75 151
R2 11.05 13.6 23
R3 4.5 6.18 37
R4 1.91 2.98 56
R5 0.48 0.81 70

beet root disks (Bell and Leigh, 1996). Supporting loading
downregulation, isolated vesicles from beet leaf disks exposed
to increasing sucrose concentrations showed declines in loading
rate in a concentration-dependent manner (Chiou and Bush,
1998). This downregulation also corresponded to a reduction in
sucrose symporter transcript abundance with increasing sucrose
concentrations, causing maximum loading rate (V,,4y) to decline
by up to 74% compared to controls which were not subjected to
increased sucrose concentrations.

The empirical and modeling results suggest that plants would
benefit from the ability to exhibit a range of loading rates,
while the directionality of loading responses would depend on
internal phloem conditions (e.g., anatomy or viscosity). For
example, the model predicted that more resistive phloem would
require stronger downregulation to optimize sugar transport
under drought than less resistive pathways (Figures 7B,D; R4
vs. Figures 7A,C; R2). Weaker downregulation would allow
excessive sucrose concentrations to build in the phloem, causing
pressure and viscosity to rise and flow rates and export to decline
(Figure 6B; R3-R5). Thus, upregulation could be beneficial
during drought if resistance is below thresholds for viscosity
limitation, allowing greater osmotic strength to compensate for
the lowered xylem water potentials.

Changes in the regulation of sucrose transporter activity
may be the primary cause of loading up- or downregulation
and several mechanisms could allow these changes to occur
in response to drought. Alteration in phloem turgor have
been hypothesized to trigger a hormonal signaling cascade that
alters transporter expression or post-translational modification
(Patrick et al.,, 2001). This has been evidenced by water stress
upregulating most (but not all) sucrose transporter subfamilies
involved in phloem loading in some species (Medici et al.,
2014; Xu et al, 2018). For example, Arabidopsis, soybean,
barley, rice, wheat, and maize saw an overall upregulation of
phloem loading SUT expression, but potato and tomato did
not. However, phloem exudates from these studies indicate

that sucrose concentrations decreased under water stress
for all species, which contradicts the hypothesis that SUT
transcript abundance alone drives differential loading rates
but is consistent with our model results for differential
control of V. and pressure down-regulation of loading
(Figure 7). Alternatively, post-translational modification of
transporter proteins may regulate the rate of sugar movement
past the phloem membrane (reviewed by Liesche et al., 2011a).
For instance, ubiquitination of these proteins increases their
degradation rate in the plasma membrane, while phosphorylation
increases their affinity for sucrose in plants exposed to
differing light (Xu et al, 2020) or drought (Ma et al,
2019). Interestingly, in high light conditions, photosynthesis
and SUC2 phosphorylation were significantly increased, while
SUC2 transcript remained stable (Xu et al, 2020). This
implies that SUC/SUT transporter regulation is complex and
under multiple controls. Future experiments may incorporate
a variety of progressively intensified abiotic challenges (e.g.,
high light intensity, drought) and track both expression
levels and post-translational modifications of SUTs/SUCs; this
would help determine if thresholds of sucrose transporter
upregulation exist, beyond which downregulation occurs to
prevent viscosity limitation.

Loading Regulation to Prevent Viscosity
Limitation May Extend to the Pre-phloem
Pathway

The current work focuses on the role of regulating loading
proteins at the companion cell/sieve element interface. However,
there is emerging evidence that phloem loading may be
controlled in the pre-phloem pathway (Liesche, 2017), which
would expand the applicability of studying viscosity limitations
past strict apoplasmic loaders; for example, passive loaders or
species with alternating loading types (i.e., English Oak; Liesche,
2017). Understanding how loading regulation varies between
species may also help to elucidate carbon allocation patterns in
response to stress (Savage et al., 2016).

For example, poplar (Populus trichocarpa) shows regulation
of sucrose in the pre-phloem pathway through differential
expression of tonoplast sucrose transporters in mesophyll
cells (Payyavula et al, 2011). Under drought stress, these
transporters were downregulated, stem growth reduced, and
leaf sugar accumulation increased (Frost et al., 2012), signaling
that phloem export from the leaf was diminished (Liesche,
2017). Tt could be hypothesized that if the Populus phloem
was on the verge of viscosity limitation, sucrose needed to
be withheld from entering the phloem loading pathway by
being sequestered in vacuoles to prevent viscosity build-ups.
Alternatively, other species such as beech (Fagus sylvatica)
did not show reduced carbon export from the leaf during
drought, but instead saw a reduction in photosynthesis (Hommel
et al., 2016; Liesche, 2017). Beech has been identified as a
passive symplasmic loader (Rennie and Turgeon, 2009), which
may make it more reliant on adjustments of photosynthesis
to control proper sucrose gradients in the phloem. Future
work will need to identify sucrose transporter proteins in
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both the pre-phloem and phloem pathways to understand
what role loading regulation plays in supporting efficient
phloem transport across multiple plant taxa with differing
loading strategies.

Linking Anatomical Traits With Phloem
Export to Sinks

Pressure-based loading improved sucrose export to sinks over
non-regulated scenarios by up to 3.7x, while the lowest resistance
pathway (R1) improved loading over the highest (R5) by
38.7x (Table 4). This might imply that plants with higher
growth rates correlate to a lower resistance phloem pathway.
However, a recent meta-analysis on phloem anatomical traits
did not find a significant trend between growth rates and sieve
tube resistance (Liesche et al., 2017) but did find increased
variability in taxonomic groups that actively load. Potentially,
loading regulation allows for higher pathway resistances to
achieve similar levels of export to sinks in comparison to non-
regulated pathways, which would make anatomical characters
less constrained.

Another interesting interaction in phloem anatomy that was
highlighted here was the relationship between phloem volume
and resistance. In our simulations, export was maximized at
phloem volumes that were small enough for rapid loading, but
large enough to avoid viscosity limitations (Figure 3). Further,
optimal volumes were larger for more resistant pathways.
The relationship between phloem volume and resistance
would depend on the underlying traits; for example, doubling
conduit radius would increase phloem volume four-fold and
reduce resistance 16-fold, while doubling the number of
parallel conduits per unit area would decrease resistance and
increase volume linearly (Holttd et al., 2009; Jensen, 2019).
This flexibility suggests it is highly plausible for natural or
artificial selection to achieve optimal coordination between
resistance and volume, though more work is needed to
determine whether the inverse relationships between volume
and resistance would prevent highly resistive pathways from
achieving optimal volumes.

Using Loading Regulation Mechanisms
to Improve Genetic Engineering

Outcomes

Previous studies have used genetic engineering to upregulate the
expression of phloem loading sucrose transporters in pea (Pisum
sativum; Lu et al., 2020), Arabidopsis (Dasgupta et al., 2014),
potato (Solanum tuberosum, Leggewie et al., 2003), and rice
(Oryza sativa; Wang et al., 2015). Although these transformations
increased loading rates (Lu et al., 2020), the impacts on growth
and viability varied by species. One successful example from pea
plants saw the upregulation of PsSutl which increased sucrose
concentrations in the phloem exudate and significantly increased
biomass and yield (Lu et al., 2020). The authors hypothesized that
upregulating SUT1 enhanced both loading and unloading in the
developing seeds, which was key to making this transformation
successful (Lu et al., 2020). Similarly, we found that reducing
sink limitations would minimize the buildup of sucrose that

would encourage viscosity limitation (Supplementary Figure 1).
Our study also suggests that lowering phloem pathway resistance
in coordination with increasing maximum loading rate would
lower pressure induced downregulation and increase sucrose
output substantially (Figure 7). This could be achieved by
screening potential lines of SUT transformation for sieve
tube anatomical characteristics that lower resistance, such
as sieve element length, diameter, and sieve plate porosity
(Stanfield et al, 2019). While sieve tube anatomy may be a
difficult genetic target, reducing plant height (dwarfing) could
be a simple method to reduce pathlength resistance (e.g.,
Qiao and Zhao, 2011) to determine the interacting effects
of SUT upregulation, lowered pathway resistance and yield.
Further, elucidating the mechanisms that generate turgor-
dependent signaling cascades that modify sucrose transporter
expression (as suggested by Patrick et al., 2001) could allow
genetic engineering approaches to optimally target maximum
loading rates.

CONCLUSION

We present a model that highlights the interactive effects of
regulated phloem loading, phloem architecture, and drought
on the total export to sink tissue. We find that phloem
pathway resistance and maximum sucrose loading rate (Vayx)
are coordinated and that higher resistance phloem pathways
may experience viscosity limitations which result in diminished
sucrose export to sinks. After coordinating phloem structural
resistance with phloem volume, we hypothesized that the loading
rate requires pressure-induced regulation to ease viscosity
limits and maximize phloem export. Using pressure regulated
loading, we found that phloem transport could be made more
efficient across all phloem pathway resistances, and that this
mechanism buffered against the effects of moderate drought
stress. We suggest future studies that use genetic engineering
tools to upregulate the abundance of phloem loading SUTs/SUCs
integrate phloem architecture and regulatory pathways that
control transporter expression in response to phloem water
status. Studying the interactive effects of these traits has the
potential to provide pathways to increase crop yield, and to
elucidate the drivers of plant growth and mortality responses
to climate change.
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APPENDIX A
The fluid viscosity of phloem sap was calculated using:
y = v,,e(0-0328/—(0.0125)7+(0.0235))°) (1A)
Sf = CpL x mm 2A)
p
CpL
p= F‘%QOJZ,‘% 4+ 1.0019 (34)

where p and v are the density and viscosity of the phloem sap, respectively. These equations follow Jensen et al. (2013), where v is
calculated from v,,, the viscosity of pure water at 20°C, and Sf, the mass fraction of sucrose in the phloem (w/w), and p is calculated as
a linear function of phloem sucrose concentration.
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Drought-related tree mortality has become a major concern worldwide due to its
pronounced negative impacts on the functioning and sustainability of forest ecosystems.
However, our ability to identify the species that are most vulnerable to drought, and to
pinpoint the spatial and temporal patterns of mortality events, is still limited. Model is
useful tools to capture the dynamics of vegetation at spatiotemporal scales, yet
contemporary land surface models (LSMs) are often incapable of predicting the response
of vegetation to environmental perturbations with sufficient accuracy, especially under
stressful conditions such as drought. Significant progress has been made regarding the
physiological mechanisms underpinning plant drought response in the past decade, and
plant hydraulic dysfunction has emerged as a key determinant for tree death due to water
shortage. The identification of pivotal physiological events and relevant plant traits may
facilitate forecasting tree mortality through a mechanistic approach, with improved
precision. In this review, we (1) summarize current understanding of physiological
mechanisms leading to tree death, (2) describe the functionality of key hydraulic traits that
are involved in the process of hydraulic dysfunction, and (3) outline their roles in improving
the representation of hydraulic function in LSMs. We urge potential future research on
detailed hydraulic processes under drought, pinpointing corresponding functional traits,
as well as understanding traits variation across and within species, for a better representation
of drought-induced tree mortality in models.

Keywords: drought, tree mortality, hydraulic failure, carbohydrates, functional traits, plant hydraulics, land surface
models

INTRODUCTION

The survival of forests around the globe is increasingly threatened by climatic extremes (Brodribb
et al, 2020; Bennett et al., 2021; Gora and Esquivel-Muelbert, 2021). Massive forest dieback
induced by climate change type drought has been recorded on every vegetated land within
the past few decades (Adams et al., 2009; Allen et al, 2010, 2015). These events will become

Frontiers in Plant Science | www.frontiersin.org 70

April 2022 | Volume 13 | Article 835921


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.835921﻿&domain=pdf&date_stamp=2022--04
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.835921
https://creativecommons.org/licenses/by/4.0/
mailto:liximeng2009@hotmail.com
mailto:d.tissue@westernsydney.edu.au
https://doi.org/10.3389/fpls.2022.835921
https://www.frontiersin.org/articles/10.3389/fpls.2022.835921/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.835921/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.835921/full

Lietal

Hydraulic Traits Predict Tree Mortality

more common given that climate projections indicate that
future drought episodes will be typified by increased frequency,
severity, and duration (Adams et al., 2009; Carnicer et al,
2011; Dai, 2013). Forests cover approximately 30% of the land
surface area and provide numerous crucial ecological, economic
and social benefits. Globally, forests store ca. 45% of the carbon
in terrestrial ecosystems and sequester approximately 25% of
annual anthropogenic carbon emissions each year (Bonan, 2008;
Pan et al., 2011). In addition, forests can regulate the terrestrial
energy budget and hydrological cycle by modifying surface
albedo and evapotranspiration, which exert strong control over
global carbon cycle. Forest mortality can therefore significantly
influence ecosystem structure and function, resulting in cascading
negative effects on biochemical and biophysical cycles,
consequently generating a positive feedback to the climate
(Adams et al, 2010; Anderegg et al., 2013).

Elucidating the spatial-temporal pattern of imminent mortality
events is essential for ameliorating the detrimental consequences
of tree death triggered by drought. Land surface models (LSMs)
with mechanistic representations of vegetation and soil processes
are an efficacious tool for predicting future plant dynamics
(Geary et al,, 2020). These models are capable of simulating
growth, mortality, and reproduction of vegetation and are often
coupled with climate models to predict the dynamics of
biosphere-atmosphere interactions at large scales (Fisher et al.,
2014). Early LSMs often poorly performed when simulating
tree mortality events caused by drought, as evidenced by the
existence of offsets between model outcomes and field
observations (McDowell et al., 2013; Bugmann et al, 2019;
Thrippleton et al., 2021). While subsequent progress in physiology
research has led to updated model structure and components,
thereby enabling better predictions of ecosystem fluxes as well
as vegetation dynamics under drought with improved accuracy
(De Kauwe et al., 2020; Sabot et al., 2020; Wang et al., 2021),
predicting drought-related tree mortality remains a significant
shortcoming of current LSMs (Trugman, 2021).

More accurate simulation of drought-induced tree mortality
events requires detailed knowledge of the mechanisms through
which drought affects plant physiology and the cascading effects
on plant carbon and water status. Empirical models exist, but
they often lack theoretical underpinnings; thus their predictive
power for novel conditions or subjects is limited. Process-based
models can overcome these weaknesses by representing biological
processes in detail. Current experimental evidence points to
the crucial role of plant hydraulic traits in explaining the
pattern of drought-induced tree mortality (Anderegg et al,
2016; Zhu et al,, 2018; Chen et al., 2019, 2021a; Powers et al.,
2020; Nolan et al., 2021), which subsequently motivated the
development and integration of plant hydraulic modules into
LSMs (De Kauwe et al., 2020; Eller et al., 2020; Sabot et al.,
2020; Lopez et al., 2021). Nonetheless, physiological processes
driving hydraulic dysfunction are incompletely integrated into
these models, mainly because of knowledge gaps surrounding
the physiological mechanisms of drought response, as well as
inadequate empirical datasets enabling adequate model
parameterization (Meir et al., 2015; Hartmann et al., 2018).
Hence, modelers must employ largely unvalidated assumptions

such as leaf phenology when drought strikes, lethal threshold
during drought or post-drought recovery of hydraulic function,
which consequently produce unrealistic outcomes (McDowell
et al, 2013; Xu et al, 2016; De Kauwe et al, 2020), e.g.,
model suggests that trees in South-East Australia forests did
not approach lethal water potential (De Kauwe et al., 2020),
despite large-scale forest mortality was substantiated by field
observation (Nolan et al., 2021).

In light of the modeling need, this review attempts to provide
a brief overview of the current understanding of mechanisms
leading to tree mortality under drought stress, with particular
emphasis on carbon and hydraulic functions. Next, the
development of hydraulic failure under drought stress, together
with current understanding about key traits modulating this
process, is outlined and discussed. We suggest that incorporating
these hydraulic traits would improve the predictability in terms
of mortality events during drought of process-based models.
Finally, coordination among traits is discussed in the context
of facilitating model parameterization. Here, we emphasize that
this review does not attempt to provide a comprehensive
summary of the gaps between data and models; such a summary
must be interdisciplinary and requires iterative collaborations
between modelers and experimentalists. Rather, our aim is to
facilitate such an advancement by providing a physiological
interpretation of the merit of functional traits, especially hydraulic
traits involved in drought tolerance, to improve the predictive
power of vegetation models under climate change. Finally, the
matter of scale is a crucial but challenging consideration when
incorporating plant hydraulic traits to predict drought-induced
mortality in LSMs. While tree death at the individual level
can be quantitatively determined via better representation of
plant physiology, mortality events at the larger scales (e.g.,
population and landscape) are much more complex, involving
interactions among individuals within and across species,
heterogeneous plant-environment feedback across the landscape,
and stochasticity to account for other co-variates that are
difficult to capture in a typical LSM (e.g., insect and disease
effects). Given that our overall objective is to frame a pathway
linking plant hydraulic trait with improved predictive power
in the models, the current review will focus exclusively on
attributes at organ or canopy scale, while characteristics at
other spatial scales are beyond the scope of discussion.

THE HISTORY OF TREE MORTALITY
RESEARCH: PHYSIOLOGICAL
MECHANISMS

Four decades ago, Manion (1981) proposed a slow decline
hypothesis to explain the progress of tree mortality. In this
theory, tree death begins with a moderate long-term stress
that predisposes trees to mortality risk, which is intensified
by a short-term severe stress, and death eventually occurs due
to a contributing factor. Early modeling often builds on this
original framework, with particular emphasis being placed on
the role of carbon balance in tree mortality (McDowell et al.,
2011; Sevanto and Xu, 2016). Based on the many physiological

Frontiers in Plant Science | www.frontiersin.org

n

April 2022 | Volume 13 | Article 835921


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

Lietal

Hydraulic Traits Predict Tree Mortality

processes documented in trees approaching death under drought
stress, McDowell et al. (2008) put forward two physiological
hypotheses that explain and generalize mechanisms underlying
this phenomenon. The carbon starvation (CS) hypothesis suggests
that downregulated stomatal conductance during chronic,
moderate drought stress will lead to reduced carbon assimilation.
As plants still require photosynthate to fuel metabolic processes
such as respiration and osmoregulation, limited carbon supply,
and the continued demand for it will eventually deplete plant
carbon storage (e.g., non-structural carbohydrates, NSCs), which
in turn causing tree death due to carbon starvation. Alternatively,
the hydraulic failure (HF) hypothesis suggests that water transport
failure-induced desiccation is the primary cause of tree mortality
under drought stress. According to the air-seeding hypothesis
(Zimmermann, 1983), when xylem water transport is operating
under greater tension during acute drought due to high
evaporative demand and/or decreased soil water availability,
air will be aspirated from air-filled vessels into adjacent water-
filled, functional vessels through inter-conduit pits, forming
air bubbles, and consequently creating emboli that break the
continuity of water transport in xylem. Embolized conduits
are unable to transport water to distal organs and are unlikely
to recover over short periods (Brodribb et al., 2010; Choat
et al., 2015; Li et al,, 2018b; Choat et al, 2019), eventually
leading to desiccation and death at multiple organizational
levels (ie., cell, tissue, organ, and whole plant). It is worth
noting that hydraulic failure does not exclusively occur in the
vascular system of plants, but can also arise at the plant-soil
interface as the hydraulic pathway connecting roots and soil
is interrupted by air (Sperry et al., 1998). However, mortality
under drought is still finalized by hydraulic failure of vascular
system in this scenario.

Given the intimate link between carbon and water
metabolism, the binary theory of tree mortality mechanisms
during drought stress is apparently oversimplified. In recognition
of the interdependency between CS and HF, an integrated
mechanism was further proposed (McDowell et al., 2011).
In this updated theory, CS and HF are synergistic and
interrelated through a “carbon-hydraulic feedback loop” During
drought stress, rates of carbon assimilation progressively
decrease due to stomatal closure, consequently reducing the
tissue non-structural carbohydrates content, which act as
osmolytes facilitating water absorption by maintaining the
water potential gradient between plant and soil. Inadequate
water supply will result in increased xylem tension and degree
of embolism, which diminishes hydraulic conductivity and
leads to intensified physiological water deficit. This will
ultimately feedback to leaves, causing enhanced stomatal
closure or leaf shedding, which in turn exacerbates the NSCs
deficiency. This integrated framework is generally supported,
as both shifted tissue NSCs and xylem conductivity are often
observed concomitantly in plants killed by drought (Adams
et al., 2017). Therefore, pure CS or HF may not exist. Rather,
CS and HF are likely the two endpoints of the “mortality
mechanism spectrum”. However, it is still necessary to identify
the primary contributing factors for drought-induced tree
mortality given that models require quantitative information

on the tipping point where recovery is impossible, so as to
accurately predict the dynamics of tree mortality under different
environmental conditions. Incorporating both mechanisms
will likely add extra complexity to computation without much
improvement of predictive power.

NON-STRUCTURAL CARBOHYDRATES
FACILITATE THE INTEGRITY OF XYLEM
WATER TRANSPORT

Carbohydrate may be involved in the process of drought-related
tree mortality through its effects on plant hydraulics, particularly
by lowering the risk of xylem embolism. In support of this
theoretical expectation, a strong relationship between the percentage
loss of xylem conductivity (PLC) and the extent of NSC depletion
has been observed (Trifilo et al, 2017; Tomasella et al., 2019).
It has long been acknowledged that NSCs contribute to osmotic
regulation, which may lower the risk of hydraulic failure by
increasing plant water uptake (De Roo et al., 2020). For example,
by manipulating tissue NSCs, O'Brien et al. (2014) showed that
trees fed by exogenous NSCs exhibited higher survival rate during
drought stress. Trees with enriched NSCs typically exhibited less
negative water potential, which in turn reduced PLC, assuming
xylem vulnerability to embolism was not shifted by the treatment.
Alternatively, NSCs may lower the risk of xylem embolism by
restraining the movement of air bubbles within the vascular
system under negative pressure (De Baerdemaeker et al., 2017).
It has been suggested that several carbon-based organic compounds,
such as choline, amphiphilic lipids, or proteins, may act as
surfactants that increase the stability of nanobubbles against
increased tensile force, thereby lowering xylem vulnerability to
embolism (Schenk et al, 2017). In addition, NSCs have been
suggested to facilitate the repair of embolism by generating osmotic
force that helps draw water from the reservoir to air-filled conduits
(Liu et al., 2019) or change the embolism resistance by mediating
the structure of vessels during the ontogenesis of xylem. Note
that both NSC-mediated xylem refilling, and structural change
requires sufficient time to occur and thus may not alter the fate
for trees exposed to short-term pules of lethal drought.

HYDRAULIC DYSFUNCTION
DETERMINES TREE DEATH DURING
DROUGHT

The interplay between CS and HF is intricate, hence validating
these mechanisms can be complex. In many studies, partial or
complete loss of hydraulic conductivity in dead trees has been
observed with little or no change in tissue carbohydrate
concentration. A multi-species synthesis shows trees that died
from drought typically exhibit more than 60% embolism with
various degrees of carbon depletion, indicating hydraulic failure
is a universal phenomenon for trees exposed to lethal drought
stress (Adams et al, 2017). The role of plant hydraulics in tree
death under drought is further supported by studies showing
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correlative relationships between hydraulic traits related to embolism
resistance and mortality patterns at both regional and global scales
(Anderegg et al., 2016; Li et al,, 2018a; Nolan et al.,, 2021; Chen
et al,, 2021a). In comparison, experimental evidence supporting
carbon starvation as the main mechanism of mortality is relatively
scarce. In Sevanto et al. (2014), tissue carbohydrate content decreased
by nearly 70% in dead Pinus edulis treated with light exclusion,
while both water potential and xylem conductivity were comparable
to non-stressed controls. These results indicate that protracted
carbon deficiency can generate tree death independent of hydraulic
impairment. However, in the same study, trees killed by drought
stress showed identical loss of xylem conductivity but different
degrees of carbon depletion depending on the duration of drought
exposure; hence, hydraulic failure remained the decisive factor
generating tree mortality during drought stress.

DECIPHERING THE PROCESS OF
DROUGHT-INDUCED HYDRAULIC
FAILURE

Incorporating hydraulic failure into models requires its process
to be elaborated. According to Choat et al. (2018), the development
and progression of hydraulic failure under drought can be divided
into two major phases (Figure 1A). During the initial phase
(Phase I), drought stress develops as soil water availability
declines due to decreased precipitation or depth to groundwater
and can be exacerbated by an increase in the soil-atmosphere
moisture gradient (i.e., vapor pressure deficit). Xylem tension
becomes greater, as indicated by the continuously decreasing
(i.e., more negative) maximum water potential (¥) of plants
(e.g., predawn V). Plants minimize water loss by reducing
stomatal conductance until complete stomatal closure, either
driven by the loss of turgor in guard cells and/or accumulation
of cellular hormones (Buckley, 2019). It has been shown in
many studies that the occurrence of complete stomatal closure
precedes the inception of xylem embolism (Hochberg et al.,
2017; Martin-StPaul et al., 2017; Creek et al., 2020). Therefore,
the xylem water transport system remains largely intact during
this stage, with no significant change in the hydraulic conductivity.

As drought stress persists, plant water potential slowly
decreases. Roots can no longer extract water from soil due
to xylem cavitation or disconnection between roots and soil,
leading to decoupled water potentials between soil and plants.
Once stomata are fully closed, water leaves the plant mainly
through the leaf cuticle, leaky stomata, or other tissues, although
with markedly reduced rates (Phase II; Duursma et al., 2019).
Water will be extracted from intercellular spaces, apoplast, or
living tissues (i.e., hydraulic capacitance), to meet the evaporation
demand and maintain cellular water status. In some species,
water loss during this stage can be further prevented by leaf
shedding (Pivovaroff et al., 2014; Levionnois et al., 2020). If
drought remains unalleviated, xylem water potential will
ultimately exceed the threshold of embolism. Air bubbles rapidly
propagate and spread within the vascular system until all vessels
are embolized, with the spatial pattern of propagation depending
on the vessel arrangement and connectivity (Johnson et al,
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FIGURE 1 | Key physiological processes following reductions in plant water
potential as outlined by the biphasic framework of drought-related tree
mortality (panel A). Physiological functions including stomatal conductance
(9s, cyan), percentage loss of hydraulic conductivity in leaves (PLC, .y, red)
and stems (PLCg.nm, blue), as well as branch relative water content (RWC,
orange) are shown as percentage of maximum. Vertical dashed line indicates
the leaf turgor loss point (TLP). Lethal water potential thresholds (Pyeia) for
leaves and stems are indicated by red and blue circles. Transition from Phase
I to Phase Il occurs when stomata are fully closed, which theoretically
coincides with the turgor loss (broken dashed line). Panel (B) shows the
observed variation of these physiological processes from Eucalyptus
sideroxylon during a dry-down experiment conducted in a common garden
(Blackman et al., 2019), with shaded regions surrounding the lines denoting
the 95% confidence interval of fitted curves. Similarity in the two panels
indicate that the biphasic framework is generally supported by the
experimental evidence. Note that TLP in panel (B) occurred prior to complete
stomatal closure, and leaf shedding was initiated when leaf xylem was
completely embolized, indicating these traits may not be robust for predicting
the timing of these physiological adjustments (see text for detail).

2020; Wason et al, 2021). Complete loss of water transport
capacity results in desiccation of living tissue and cellular death,
including meristematic cells that govern post-drought resilience,
finally resulting in whole tree mortality (Li et al., 2016; Mantova
et al., 2021).

PARAMETERIZING DROUGHT-INDUCED
HYDRAULIC FAILURE: WHAT TRAITS
MATTER?

The timing of inception and progression of hydraulic failure
can be complicated given it may be driven by impacts associated
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with plant morphology, biochemistry, and physiology.
Nonetheless, the biphasic hydraulic failure framework offers a
simplified yet mechanistic approach for locating key traits
involved in this process given that this framework is generally
supported by empirical evidence (Figure 1B). Below, we list
a few key aspects and corresponding traits with a brief discussion
about their significance regarding plant drought response as
well as current understanding and uncertainties. Of note, one
implicit assumption for the development of xylem embolism
during this phase is that plants and soil have become hydraulically
disconnected prior to the occurrence of embolism in leaves
and stems. This assumption is supported by some early studies
showing that roots are often more vulnerable to embolism
than stems or leaves (Johnson et al., 2016; Wason et al., 2018).
However, some recent findings suggest that roots are comparably
or even more tolerant to drought-induced embolism compared
with other organs in some species (Rodriguez-Dominguez et al.,
2018; Peters et al., 2020; Liibbe et al., 2021). Clearly, more
studies are required to confirm the spatial pattern of vulnerability
to embolism within plants, particularly within the root system
and rhizosphere.

Rooting Depth

Rooting depth delimits the root zone extension of plants in
the vertical direction and largely determines plant water
acquisition capacity and the availability of water resources
to plants. Therefore, rooting depth can significantly affect the
response and resilience of plants to drought stress (Canadell
et al., 1996), and has long been explicitly considered in most
vegetation models, albeit using relatively simplistic mathematical
representations (Zeng, 2001). Intuitively, species with deeper
rooting systems have a greater chance to capitalize on relatively
stable water resources such as deep soil water or groundwater,
so there will be less risk of experiencing negative water
potential during protracted drought stress. This suggests that
the rooting depth trait can be informative in predicting
species-specific  mortality  vulnerability, especially for
co-occurring species or individuals showing contrasting drought
response (Johnson et al., 2018b; Li et al., 2018b; Jiang et al.,
2020). Interestingly, in a study conducted by Wu et al. (2018),
the authors noted that the legacy effects of drought, as
represented by the offsets between observed growth and
predicted growth, persisted longer in deep-rooted trees
compared with shallow-rooted functional types such as grasses
or shrubs, indicating that deeper roots may compromise
drought resilience, therefore questioning the role of deeper
roots in facilitating overall fitness. Very few studies have
related rooting depth to observed whole plant drought response,
mainly due to lack of relevant information regarding this
trait. It is well known that plant rooting depth is controlled
by many climatic, edaphic, hydrological, and biological factors
(Canadell et al., 1996; Fan et al., 2017). However, due to the
great difficulty in studying roots, especially roots in the deep
soil layer, and the high dynamics of root growth, information
regarding rooting depth and its environmental drivers is still
very scarce for many species, limiting our ability to better

constrain the models. In a synthesis of 2,200 root observations
for more than 1,000 species around the globe, Fan et al.
(2017) established a hydrologic framework to interpret the
spatial variation of plant rooting depth and demonstrated
that soil hydrology is a globally common force driving rooting
depth patterns from the landscape to global scale. This provides
a useful approach to predict plant rooting depth based on
the long-term characteristic of soil water profile, which is
determined by both precipitation and groundwater level. Yet,
the relationship between rooting depth and plant water
absorption could become decoupled as the deep soil layer
desiccates or the groundwater level declines beyond the capture
extent of roots (Xi et al., 2018). Therefore, identifying the
environmental and biological drivers for the variation of
rooting depth warrants further study.

Stomatal Regulation

Strictly speaking, stomatal regulation during drought stress is
not a trait, although it can be defined by quantitative metrics,
which are the dynamics of stomatal conductance (g;) in response
to organ water status (i.e., leaf ¥; Figure 1, cyan line). However,
several key traits can be derived from this response curve and
can encompass important implications to model drought-induced
tree mortality (Klein, 2014; Blackman et al., 2019; Chen et al,,
2019; De Kauwe et al., 2020). Current studies commonly measure
g as a function of leaf ¥, with the sensitivity of g to drought
being quantified by the W at the inception of complete stomatal
closure (P,). Theoretically, stomatal closure at less negative
water potentials during drought stress would significantly prevent
water loss, which in turn reduces the risk of xylem embolism.
However, given that stomatal closure also prevents the entry
of CO, for carbon assimilation, closing stomata at the expense
of carbon gain in the absence of embolism risk will negatively
impact the plant and increase the probability of carbon starvation
(McDowell et al., 2008). Therefore, water potential at stomatal
closure per se would be less informative about overall species
drought tolerance (Garcia-Forner et al., 2016; Martinez-Vilalta
and Garcia-Forner, 2017). In a meta-analysis conducted by
Martin-StPaul et al. (2017), the water potential triggering
stomatal closure ranges between —1MPa and approximately
—4MPa across a wide range of species; however, hydraulic
safety is largely conferred by more negative water potential
thresholds of xylem cavitation, especially for species in arid
regions. Therefore, combining stomatal regulation with other
traits can often yield metrics that are more informative to
plant drought response. For example, by combining water
potential thresholds at stomatal closure and xylem cavitation,
Skelton et al. (2015) found that the risk of hydraulic failure
can be well predicted by the safety margin defined by these
two traits. Likewise, in the study of Chen et al. (2019), the
percentage of tree survival was correlated with the safety margin
based on the P,. Other typical examples include the index of
desiccation time proposed by Blackman et al. (2016), which
integrates stomatal regulation with many other traits potentially
affecting plant drought response and shows great promise in
estimating the duration from stomatal closure and mortality.
Clearly, quantifiable information on hydraulic safety margin,
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together with stomatal regulation, is useful to develop better
models, yet traits delineating stomatal regulation (e.g., P,) are
available for only a few species. Given the difficulties in
measuring the response of stomata to drought, extrapolating
these values from proper proxies will be instrumental for model
parameterization (see below).

Minimum Conductance

Leaf minimum conductance (g,.) presumably becomes the
main route for water leaving the plants, after complete stomatal
closure during drought, and hence directly relates to the drought
response strategy and survival of the plant (Duursma et al.,
2019; Carignato et al., 2020; Lanning et al., 2020). Note that
gmin Characterizes the overall water loss rate after stomatal
closure under field conditions; therefore, it can be higher than
the conductance specifically measured for the adaxial side of
leaves (i.e., cuticular conductance, g.,) and is lower than the
conductance value measured from leaves that are dark-adapted
or with minimal photosynthetic rate (Duursma et al, 2019).
Lower g, should confer longer times for dehydration, but
studies testing the functional significance of g, in the process
of drought-related tree mortality are scare. In an experiment
designed to test the model described above, Blackman et al.
(2019) found no correlation between observed g, and observed
time to desiccation. However, this does not mean that g,
plays no role in controlling water loss during dehydration.
Instead, water loss during Phase II might be controlled by
the conductance of other tissues such as bark. In support,
Gleason et al. (2014) showed that desiccation time was
significantly correlated with lower rates of transpiration in
detached branches, which was the sum of water loss from
both leaves and bark. It is also possible that the lack of a
relationship was masked by the plasticity of g, It has been
shown that g, is highly responsive to various environmental
stimuli, including temperature and water availability (Schuster
et al,, 2017). In Blackman et al. (2019), g,;, may have acclimated
to the environment in the common garden, showing only 2-fold
variation despite the distinctly different times to mortality
across species. More generalizable information regarding the
variation in g, is required to facilitate model advancement.

Relative Water Content

Relative water content (RWC) is the classic metric describing
the water status of plants. The amount of water in cells governs
cell turgor, the maintenance of which is essential for many
cell functions. With respect to drought stress, water content
in plants directly determines the duration of drought stress
that plants can sustain, especially in Phase II when exogenous
water supply is no longer available (Blackman et al, 2019).
Furthermore, RWC is more than a simple indicator of cell
hydration state. Under drought stress, plants need to retain a
minimum amount of water to prevent complete cell desiccation.
At this stage, the water balance of plants is co-regulated by
the capacity of water supply via the vascular system, as well
as the capacity to retain water in the cell by osmotic regulation;

the former depends on xylem embolism resistance, while the
latter primarily relies on NSCs (Martinez-Vilalta et al., 2019).
The variation is therefore thought to reflect the integration of
CS and HE This concept is highly intriguing as it provides
a tool for identifying mortality risk and also allows monitoring
tree health at large scales given that RWC can be detected
through remote sensing, thus enabling large-scale model
evaluation (Konings et al,, 2019). However, few studies have
tested this concept to date. In Sapes et al. (2019), plant water
content scaled linearly with PLC at both the organ and whole
plant level in Pinus ponderosa, and water content could reflect
NSCs content at a given soil water availability. Importantly, a
threshold-like function was observed between population
mortality risk and plant water content, suggesting the usefulness
of this metric in ascertaining the probability of tree death
under drought stress.

Hydraulic Capacitance

Plant hydraulic capacitance (C,) refers to the water that can
be extracted per unit change in water potential. The significance
of water storage to whole plant water balance varies among
species, and it has been suggested that C, could contribute
up to 50% of daily water loss from evapotranspiration (Pfautsch
et al., 2015). During short-term drought, water stored in
the apoplastic, intracellular capillary space or in living cells
can be discharged, radially transported to xylem through
ray parenchyma, thereby buffering the increasing tension of
xylem sap to limit the development of embolism (Richards
et al., 2014). In line with this suggestion, a negative correlation
between C, and the steepness of the xylem vulnerability
curve, as represented by the slope of the rapidly increasing
PLC phase, has been observed across species (Meinzer et al.,
2009). During later phases of drought stress, when C, becomes
the only water source once water can no longer be taken
up from the soil, a larger C, should therefore allow plants
to live longer. However, experimental evidence supporting
this hypothesis is rare and equivocal (Gleason et al., 2014;
Blackman et al., 2019). The inconsistent observations among
different studies might be attributed to the scale (branch
vs. whole plant) or plasticity of the response. For example,
there are reports that the C, of roots contains a comparable
amount of extractable water as stems in some species, and
C, is also reportedly responsive to environmental moisture
(Salomoén et al,, 2020). In addition, it is also possible that
the water provided by C, is not utilized to prevent xylem
embolism but to sustain the vitality of other tissues such
as the cambium (Knipfer et al., 2017, 2019). Nevertheless,
C, is a measurable trait that can potentially buffer the impact
of drought on plant hydraulic status and therefore warrants
further studies.

Leaf Shedding

Plant water loss primarily occurs through leaves; therefore,
adjustments in canopy leaf area have significant influence
on water balance of plants. Drought deciduous plants undergo
annual cycles of leaf shedding and flushing in response to
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regular seasonal drought; this phenological strategy allows
deciduous trees to avoid water stress associated with the
dry season. However, even in evergreen species prolonged
drought stress can trigger leaf shedding (Figure 1, dashed
yellow line). This phenomenon, commonly termed as hydraulic
segmentation, is hypothesized to reduce the risk of xylem
embolism given that water loss can be significantly minimized
once leaves have been hydraulically isolated from the plant.
Studies of hydraulic segmentation commonly focus on revealing
its underlying mechanisms by identifying differences in
vulnerability to embolism or hydraulic resistance across organs
(Pivovaroff et al., 2014; Levionnois et al., 2020). It has been
shown that embolism resistance or hydraulic resistance varies
across organs in some species, but not in others, indicating
that leaf shedding is not a universal strategy (Zhu et al.,
2018). On the other hand, the effects of leaf shedding on
plant water status are less well understood. Incorporating a
leaf shedding function into models significantly increased
the time to mortality and reduced the offset between predicted
and observed values, suggesting that leaf area adjustment
does facilitate water retention during drought stress (Blackman
et al,, 2019). However, the functional significance of this
strategy may be debatable for some species exhibiting leaf
shedding during drought stress. For instance, Wolfe et al.
(2016) reported that the occurrence of leaf shedding coincided
with a 50% loss of maximum xylem conductivity. Of note,
one of the studied species, Genipa americana, showed
continuously decreasing water potential after leaf shedding,
indicating that leaf area adjustments may not always stabilize
plant water status, if water loss with continuous drying is
dominated by other organs. Similarly, in the study of Blackman
et al. (2019), leaf shedding was initiated at water potentials
triggering 50% loss of hydraulic conductivity in stems (Ps),
suggesting that reducing canopy leaf area may have limited
capacity to prevent the occurrence of xylem embolism
(Figure 2).

Lethal Threshold

Given that hydraulic failure occurs due to massive xylem
cavitation, it is intuitive that there is a lethal threshold in
xylem vulnerability that generates a fatal degree of embolism.
By subjecting plants to drought and then a re-watering treatment,
Brodribb and Cochard (2009) showed that once the xylem of
several gymnosperms lost 50% of the maximum hydraulic
conductivity, recovery did not occur upon re-watering. Based
on this finding, they suggested that the Ps, of stems can be used
as the lethal water potential threshold (Pj.,) for this functional
group. Using the same approach, Urli et al. (2013) found that
the Py in angiosperms corresponds to the water potential
threshold triggering 88-100% loss of xylem hydraulic conductivity
(Pgg). These thresholds are generally valid for whole plants
and organs such as leaves (Blackman et al., 2009; Figure 1,
Piena). However, uncertainty remains regarding the commonality
of these water potential thresholds. Common approaches for
determining Py, are often time-consuming; therefore, these
threshold water potentials are derived from limited species.

By compiling existing Py, data, Liang et al. (2021) recently
showed that stem P5, and Pg explained 75 and 43% of the
variation in Pje4, across gymnosperm and angiosperm species,
respectively. In particular, lethal water potentials of some
angiosperm species are much lower than Pg, as have been
observed by Li et al. (2016). Tree death occurs under drought
because living cells are dehydrated and therefore, trees are
unable to regain metabolic function by reconstructing damaged
tissues even after drought stress has been alleviated. Given
the observed discrepancy between embolism threshold and
Piea it is likely that drought tolerance of some species can
be organization level-specific, such that cell vitality can persist
longer than the integrity of vascular water transport under
drought stress. Therefore, assigning Ppga based on cellular
hydraulic failure represents a more mechanistic and robust
approach, yet the vulnerability of cell vitality to dehydration
remains unclear.

TOWARD A BETTER REPRESENTATION
OF TREE DROUGHT MORTALITY IN
MODELS WITH A MECHANISTIC
APPROACH

Providing a mechanistic underpinning to better simulate drought
mortality in trees is not an easy endeavor, as described above,
but data-driven evidence is emerging and has led to an increasing
momentum toward incorporating plant hydraulic traits in LSMs.
Previously, predictive models often relied on empirical
relationships to introduce soil moisture stress on plants and
to induce the subsequent tree death (De Kauwe et al., 2015;
Medlyn et al., 2015, 2016; Christoffersen et al., 2016; Trugman
et al,, 2018). Clearly this approach is not very applicable for
novel conditions, which often change rapidly over space and
time with global climate change. The abovementioned hydraulic
traits and the associated ecophysiological processes offer a
framework through which a more mechanistic simulation of
drought mortality can be realized.

Indeed, many LSMs have incorporated some of these hydraulic
traits and processes into their modeling framework. These
models are often conceptually similar, i.e., plant hydraulics
exert control on growth through leaf gas exchange, and tree
mortality occurs once P, is approached (Figure 2) but can
differ in model structure and parameter. McDowell et al. (2013)
evaluated six models of different scales using a data-model
inter-comparison and highlighted that the capacity to simulate
internal hydraulic and carbohydrate dynamics is crucial to
capture observed tree mortality in the models. More recent
modeling exercises showed a similar role for plant hydraulics.
For example, De Kauwe et al. (2015) replaced the empirical
scalar parameter (i.e., beta) for drought stress with a new
expression for drought sensitivity of gas exchange that depends
on leaf water potentials (i.e., Zhou et al, 2013, 2014) in the
CABLE model. This new model feature led to improved
simulation of gross primary production during the drought
period, especially at the more xeric sites along a rainfall gradient
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FIGURE 2 | Conceptual diagram summarizing current understanding
regarding the relationship among functional traits and illustrating the general
approach for simulating of tree dynamics in response to water availability with
hydraulic traits in process-based models. Light blue boxes indicate traits that
are directly involved in the occurrence of hydraulic failure during drought
stress but are not well represented in current TBMs, either due to lack of trait
values or insufficient knowledge regarding the variation at spatial or temporal
scales. Traits presented in the diagram are maximum rooting depth (RDya),
water potential of soil, root, stem, and leaf (¥eoi, ooty Petems @Nd Piears
respectively), relative water content (RWC), hydraulic capacitance (Cy),
minimum conductance (9., water potential threshold of stomata respond to
drought (Ps), hydraulic conductivity (K), percentage loss of hydraulic
conductivity (PLC), stomatal conductance (gs), evaporation (E), leaf area index
(LAI), leaf photosynthesis (A), non-structural carbohydrates (NSCs), lethal
threshold (Piera), gross (GPP), and net primary productivity (NPP).

(De Kauwe et al., 2015). Similarly, Xu et al. (2016) introduced
a trait-driven plant hydraulic module into the ED2 model,
which led to more realistic predictions of plant hydraulic
dynamics, such as leaf water potential and stem sap-flow and
better spatial predictions of leaf area index. Kennedy et al
(2019) implemented a plant hydraulic stress configuration to
the Community Land Model (CLM5) that better connects
stomatal conductance to water stress via the influence of
vegetation water potential, allowing hydraulic redistribution
and compensatory root water uptake to buffer shortfalls in
rainfall (Kennedy et al., 2019). All these abovementioned model
developments regarding plant hydraulics could have significant
implications for the simulated land-climate feedback, thereby
providing crucial benefits to better anticipate cascading climate
change consequences. Nonetheless, few LSMs have explicitly
integrated current state-of-art knowledge regarding the
development of hydraulic dysfunction into modeling due to
existing data uncertainties for many traits mentioned above.

We suggest that advancing our mechanistic understanding and
building sufficient datasets, that allow traits variation at spatial
or temporal scales to be predicted, will help to reduce these
uncertainties (Table 1). Overall, this will facilitate data-model
integration and improve the representation of drought-induced
tree mortality in LSMs.

EXPANDING THE TRAIT DATABASE
USING EASILY MEASURED PROXIES

A critical pre-requisite of process-based modeling is the
information regarding traits values and the pattern of
variation. Global databases of functional traits are becoming
increasingly available but are often constrained to limited
trait types and species (Kattge et al.,, 2020). This poses a
major obstacle to its application, especially when predicting
drought-induced tree mortality, the occurrence of which
is likely ubiquitous across diverse tree species and is often
a function of various traits (Blackman et al., 2016; Choat
2018; Blackman et al., 2019; Chen et al.,, 2021a).
With regard to plant hydraulics, many of the fundamental
traits engaged in the process of hydraulic failure are only
available for a few hundred species (Bartlett et al., 2012;
Choat et al., 2012; Klein, 2014; Bartlett et al., 2016), which
accounts for a trivial portion of the vast plant taxa. One
important reason for the lack of sufficient data is that
traits representing plant hydraulics are usually difficult to
measure. Assessments of key functional traits (e.g., thresholds
for stomatal closure, xylem embolism, or tree death) are
often time- and labor-consuming, and can often be hard
to realize under field conditions. Although new techniques
are emerging to address these issues (Gauthey et al., 2020;
Chen et al., 2021b), building substantial datasets still requires
considerable time.

In plants, many functional traits are mathematically correlated
across species. Positive correlation can arise because of shared
ancestry, functional convergence, or subjected to co-selection,
while negative correlative relationships can result from functional
or structural trade-offs (Wright et al., 2007; Reich, 2014; Bartlett
et al, 2016). Such correlative relationships not only provide
insights into many key ecological questions, such as principles
governing community assembly or species coexistence, but also
offer the opportunity to rapidly gain information regarding
traits variation across diverse species. Using easily measured
traits (i.e., soft traits), as proxies of traits that are difficult to
measure (i.e., hard traits), has become a common approach
in traits-based ecology, especially when TBMs are parameterized
(Rogers et al, 2017). Importantly, these relationships often
reflect mechanistic implications rather than demonstrated
causality (Reich et al, 1998).

With respect to plant water relations, coordination and
trade-offs have been found among various hydraulic or structural
traits. Among others, woody density (WD), which is thought
to integrate a suite of plant functions, has been shown to
be a strong predictor of xylem vulnerability to embolism

et al,,
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TABLE 1 | Key summary of plant hydraulic traits and/or variables and their model integration recommendations.

Measurable

Data uncertain
Data-model integration u inty

. . Definition Drought-related functionali . to support model
trait/variable 9 ty recommendations . pp.
integration
RWC Relative water content in plant tissue Affects plant hydraulic capacitance Need to generalize the functional relationship High
and plant drought tolerance to guide model development, possibly via a
variable RWC (within bound) in response to
environmental perturbation
RD1ax The maximum rooting depth Affects plant water uptake from the Refine PFT-specific parameter in the model to Low
soil and plant drought tolerance better reflect plant and landscape
heterogeneity
v Water potential of major plant tissue Affects plant hydraulic conductivity Incorporate the functional relationship into Moderate
and water loss via stomatal models, in particular those plant hydraulic
conductance, also affects plant vulnerability and carbon status, and collect
carbon uptake and transport model evaluation datasets
Co Plant hydraulic capacitance: the Affects plant xylem vulnerability Incorporate this parameter to better reflect its Moderate
amount of water that can be and plant hydraulic conductivity functional effect in the model
extracted per unit change in v
K Whole plant hydraulic conductance Determines the capacity for plant Develop datasets to generalize its functional High
to transport water during drought effect
Gmin Leaf minimum stomatal conductance Characterizes plant water loss via Incorporate this parameter in the model and Moderate
leaf after stomatal closure during allow decoupling between carbon assimilation
drought and stomatal conductance during drought
Pgs Leaf water potential at the inception Affects plant hydraulic conductivity, Collect this parameter together with g, and Moderate
of complete stomatal closure stomatal water loss and plant integrate into the functional relationship of
desiccation time during drought plant hydraulics in the model
Pso 50% loss of xylem conductivity Affects plant hydraulic conductivity Develop a dataset and integrate into the Moderate
and desiccation time functional relationship of plant hydraulics in
the model
Pgsg 88% loss of xylem conductivity Affects plant hydraulic conductivity Develop a dataset and integrate into the Moderate
and desiccation time functional relationship of plant hydraulics in
the model
Plethel Lethal threshold of loss of xylem Indicates plant mortality Develop a dataset and integrate into the Moderate

conductivity

functional relationship of plant hydraulics in
the model

Note that the data uncertainty to support model integration is a qualitative assessment based on available literature and thus should be considered in caution. PFT denotes plant-

functional group.

(Markesteijn et al.,, 2011; Li et al.,, 2018a; Liang et al., 2021).
Furthermore, wood density is correlated with sapwood hydraulic
capacitance, which may facilitate both drought resistance and
resilience (Li et al., 2018a; Santiago et al, 2018). It has been
observed that species with high wood density are more resistant
to drought-induced xylem embolism. Mechanisms underpinning
this observation may be due to reinforced vessel walls, which
can resist xylem implosion and therefore cavitation (Hacke
et al, 2001), although collapse of xylem vessels is seldomly
reported in stems. The correlation between WD and xylem
embolism resistance has been adopted by some models. For
instance, in the work of Xu et al. (2016), WD was used to
predict the water potential threshold of xylem embolism, and
the latter was then used to parameterize the hydraulic module
of ED2. However, caution should be taken when extrapolating
this correlation to assess mortality risk for field-grown trees
given that the two traits are not always related (Figure 3A).
For example, some species characterized by high WD tend to
exhibit a higher mortality ratio during drought stress (Hoffmann
et al., 2011). One possible reason is that WD is not consistently

correlated with embolism resistance. Indeed, high WD can
be supported by features that are unrelated to plant hydraulics,
such as fiber traits (Russo et al, 2010). Additionally, the
occurrence of hydraulic failure, as discussed above, is a function
of multiple traits. A species characterized by embolism-resistant
xylem can still die rapidly during drought stress due to a
profligate water regulation strategy or water acquisition ability
(Hoffmann et al., 2011; Fu et al,, 2019).

Another valuable trait is leaf water potential at turgor loss
point (TLP), which has been used to assess drought tolerance
in plant physiology for decades (Bartlett et al, 2012). TLP is
often correlated with water potential thresholds triggering
stomatal closure and xylem embolism (Figure 3B), either because
of mechanistic linkages given that stomatal closure is structurally
driven by the turgor loss of guard cells, or functional linkages
as less resistance xylem typically requires early stomatal closure
to minimize water loss (Buckley, 2019). Recent findings also
suggest that TLP integrates a wide range of hydraulic traits
and thereby describes the overall water use strategy of plants
(Meinzer et al., 2016; Fu et al., 2019; Li et al., 2019). Furthermore,
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FIGURE 3 | The relationships between stem water potential at 50% loss of xylem hydraulic conductivity (Ps,) and two easily measured traits, sapwood density (WD,
panel A), and leaf turgor loss point (TLP, panel B), at global scale. Ps, data were obtained from Choat et al. (2012). Data for WD were sourced from Zanne et al.
(2009), and TLP data were compiled from Bartlett et al. (2012) and Zhu et al. (2018). Regression formula for panel (B) y=1.34x+0.25 (R*=0.22, p<0.001).

it has been shown that TLP can also be correlated with economic
traits such as specific leaf area, photosynthetic rate, or leaf
longevity, although the correlations can be much weaker (Zhu
et al., 2018), suggesting that diverse aspects of plant strategy
can probably converge to a simple trait (Reich, 2014). Indeed,
several meta-analysis studies have shown that TLP varies
systematically with site water availability within and across
biomes, indicating that TLP does provide some adaptive
advantages (Bartlett et al., 2012; Zhu et al.,, 2018). However,
the correlation between TLP and traits such as xylem embolism
threshold is still surprising as TLP is known to be highly plastic
(Farrell et al., 2017; Johnson et al., 2018a), while embolism
threshold is more conservative within and across species (Lamy
et al., 2014; Li et al,, 2018a). Again, one should be cautious
when using TLP as a surrogate given that it can easily become
decoupled from other hydraulic traits due to growth conditions.
Overall, soft traits like WD or TLP provide a rapid tool for
generating other traits essential for model parameterization, as
well as assessing plant strategy for a considerable number of
species. Nonetheless, “true” values of hard traits are warranted
to increase the precision of model outcomes.

PATHWAY FORWARD

The elusive nature of physiological mechanisms underpinning
drought-induced tree mortality suggest that detailed biological
processes and their interactions from the beginning of drought
response to complete desiccation can be difficult to model.
Nonetheless, the identification of hydraulic dysfunction as a
major driver of tree death during drought stress, together with
the biphasic framework depicting the development of xylem
embolism, allows us to locate key functional traits involved
in this complicated phenomenon and to predict its occurrence
using a mechanistic approach. To better represent hydraulic

failure in process-based models, we suggest that the following
areas require future attention.

Firstly, physiological mechanisms for plant water regulation
strategy during drought stress need to be better elucidated.
Drought-induced tree death occurs when plant water potential
approaches a critical threshold where xylem water transport
is largely blocked by embolism. To prevent water potential
from reaching this tipping point, plants would adopt diverse
regulation strategies to maintain a reasonable water status.
However, many of these strategies are not well represented in
current models. For example, hydraulic segmentation has long
been thought to mitigate the decline of water potential. Yet,
the physiological basis of this phenomenon remains unclear.
Hypotheses explaining leaf shedding during drought stress
include differences in vulnerability to embolism or hydraulic
resistance across organs, both of which are supported by
experimental evidence, but can generate distinct ecological
consequences. A similar example is xylem refilling, which still
represents a research frontier in the field of plant hydraulics.
Whether an embolized vessel can hydraulically recover after
drought is still controversial. Several mechanisms have been
proposed, but it remains unknown whether it is common in
species, the nature of the circumstances leading to xylem
refilling, and potential impacts on water transport. Identification
of these physiological mechanisms is crucial because it determines
how this strategy will be represented and parameterized in models.

Secondly, functional traits influencing water transport of
plants need to be fully examined, especially for traits governing
belowground hydraulic processes. Although data of key hydraulic
traits such as vulnerability to embolism are rapidly accumulating,
information regarding other functional traits affecting plant
hydraulics is limited. With respect to aboveground water relations,
traits, such as cuticular conductance, hydraulic capacitance, or
water potential threshold for stomatal closure, are only available
for a relatively small number of species compared with embolism
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thresholds. In addition, trait variation with the environment
is also largely unknown. Likewise, belowground traits affecting
water uptake and conductance are limited. Root functional
traits that can be measured with relatively simple approaches
should be the focus, such as maximum rooting depth, vertical
root distribution, proportions of fine (absorption) and coarse
(transport) roots, and water uptake vulnerability to soil
desiccation. In addition, the variability of root traits with tree
age should be determined to facilitate assessment of impacts
in a dynamic way.

Patterns and sources of intraspecific trait variation at spatial
and temporal scales require further investigation. The inter-
specific variation of traits related to water regulation has been
extensively studied and many of these traits vary systematically
along an aridity gradient. However, the pattern of intraspecific
trait variation is less clear, with the environmental drivers
somewhat inconclusive. In some species, the variation of
hydraulic traits among populations shares a similar pattern
as variation across species, i.e., traits generally shift toward
an increased drought tolerance as habitat water availability
becomes limited. However, in other species, hydraulic traits
can be highly conservative despite variation in environmental
dryness. In addition, traits may also vary over time for a
given population, but studies focusing on this aspect are
infrequent. It has been shown that some hydraulic traits,
including vulnerability to embolism or hydraulic capacitance,
can shift seasonally or interannually (Guo et al., 2020; Sorek
et al, 2021; Wu et al,, 2021), leading to temporally altered
overall water regulation strategy. This type of variation can
be due to differences in ontogeny or shifts in environmental
conditions over time. A useful framework for understanding
observed differences in traits within species is to separate
the observed difference into genotype variation and phenotypic
plasticity and to unravel the source of variation using common
garden experiments. If trait expression is governed by genetics,
then we would expect small differences in targeted traits
across populations, and we could apply a single trait value
in models, regardless of the population-specific growth
conditions. However, if phenotypic plasticity is dominant, then
controlled environment experiments or transect studies in
the field will be needed to uncover the environmental driver
and then calculate the trait value as a function of environmental
variables in models.

CONCLUSION

In conclusion, drought-related tree mortality is a ramification
of complex interactions, consisting of multiple physiological
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Selection criteria that co-optimize water use efficiency and yield are needed to promote
plant productivity in increasingly challenging and variable drought scenarios, particularly
dryland cereals in the semi-arid tropics. Optimizing water use efficiency and yield
fundamentally involves transpiration dynamics, where restriction of maximum transpiration
rate helps to avoid early crop failure, while maximizing grain filling. Transpiration restriction
can be regulated by multiple mechanisms and involves cross-organ coordination. This
coordination involves complex feedbacks and feedforwards over time scales ranging from
minutes to weeks, and from spatial scales ranging from cell membrane to crop canopy.
Aquaporins have direct effect but various compensation and coordination pathways
involve phenology, relative root and shoot growth, shoot architecture, root length distribution
profile, as well as other architectural and anatomical aspects of plant form and function.
We propose gravimetric phenotyping as an integrative, cross-scale solution to understand
the dynamic, interwoven, and context-dependent coordination of transpiration regulation.
The most fruitful breeding strategy is likely to be that which maintains focus on the phene
of interest, namely, daily and season level transpiration dynamics. This direct selection
approach is more precise than yield-based selection but sufficiently integrative to capture
attenuating and complementary factors.

Keywords: drought, cross-scale coordination, water acquisition and use, selection criteria, transpiration
restriction, vapor pressure deficit

INTRODUCTION

Increasing temperature, aridity, and unpredictability of rainfall events motivates the development
of dryland cereal crops that produce grain in severe and variable drought scenarios, but still
have high yield potential in less stressful scenarios. In these agroecological zones, high temperature,
and low relative humidity can combine to make extremely taxing vapor pressure deficit (VPD)
conditions, meaning more water transpired per carbon gained. High VPD conditions are
predicted to become more common and more severe (Grossiord et al., 2020).
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Root system architectural and anatomical traits or phenes
(phene is to phenome as gene is to genome, thus phenotype
is composed of phenes) that optimize water acquisition per
unit carbon invested (Lynch, 2007, 2019) and “right-size” plant
water usage (Borrell et al., 2014a; Lynch, 2018) are a positive
step. Identifying and selecting for root trait plasticity may also
be a useful step (Topp, 2016; Schneider and Lynch, 2020).
Similarly, the ratio of shoot to root area is of fundamental
importance for plant water balance (Hsiao and Acevedo, 1974).
However, optimized root to shoot growth can have limited
utility when there is simply a limited amount of soil water available.

In these scenarios, a strategy based upon parsimonious water
usage co-optimizes transpiration, carbon fixation, and yield by
conserving soil water for the grain filling stage (Richards et al.,
2002; Zaman-Allah et al, 2011; Vadez et al., 2013a; Borrell
et al., 2014b; Vadez, 2014; Hammer et al., 2020). Conserving
soil water for grain filling can be achieved by limiting leaf
area, limiting transpiration rate, or accelerating senescence of
older leaves (Borrell et al.,, 2014a; George-Jaeggli et al., 2017;
Sinclair et al., 2017). However, these adaptations may entail
reduced yield potential under less stressful conditions (Gao
et al,, 2020a). Constraining daily transpiration rates from climbing
above a certain threshold, when VPD is high (i.e., when the
trade-offs between carbon fixation and water loss becomes too
costly), is promising means to conserve water for the grain
filling period, without reducing total leaf (Sinclair et al., 2017).

Inducible limitation of maximum transpiration increases
transpiration efficiency saves water over the course of a day
and over the course of the season (Sinclair et al., 2005, 2017).
Modeling studies have shown the great benefit with little trade-off
of high VPD induced transpiration restriction in soybean (Sinclair
et al., 2010), maize (Messina et al., 2015), and sorghum (Sinclair
and Muchow, 2001; Kholova et al., 2014). However, there may
be trade-offs between leaf cooling and transpiration restriction
under very high temperatures. Field studies indicate that
transpiration restriction is related to greater yield for maize,
sorghum, pearl millet, and wheat under severe terminal drought
conditions (Sinclair et al., 2017; Tharanya et al., 2018a; Medina
et al., 2019). Selection for transpiration restriction phenotypes
has been implemented in peanut, maize, and soybean breeding
programs and cultivars have been generated exhibiting soil water
conservation strategies (Shekoofa and Sinclair, 2018). Similar
transpiration restriction strategies may conserve soil water and
increase dryland production of other annual crops (Belko et al.,
2012; Polania et al,, 2016). Understanding species and genotype
level variation in transpiration restriction may help accelerate
crop genetic improvement.

PART 1: REGULATION OF
TRANSPIRATION RESTRICTION BY
PLANT HYDRAULICS

Plants connect the pedosphere, with relatively high water
potential, to the atmosphere, with relatively low water potential.
Water movement along this soil-plant-air continuum is driven
by a water potential gradient, as described by Ohms law and

the cohesion-tension theory (Tyree, 1997; Carminati and Javaux,
2020). Plants use a network of specialized architectural,
anatomical, morphological, and functional mechanisms to
regulate the axial and radial flow of water (Steudle, 2000).
Root radial water transport involves passage through the
epidermis, cortex, endodermis, and xylem parenchyma via the
symplastic (cell to cell) or apoplasticaly (through cell walls
and intercellular spaces; McCully and Canny, 1988; Bramley
et al., 2007). Water ascends axially by tension and cohesion
through root, stem, petiole, and leaf vein xylem vessels. Tension
draws water from the leaf veins, across multiple sets of cell
membranes, including the bundle sheath, mesophyll, or epidermal
cells. Water vapor then diffuses through the cuticle, or in a
highly controlled fashion through the stomatal cavity. The actors
and processes involved in hydraulic regulation are presented
using a non-structured, conceptual arrangement in Figure 1,
which serves to guide the literature review. Supporting
information is supplied in Table 1; Supplementary Table 1.
Functionally structured perspectives of plant hydraulic regulation
are provided in Figure 2; Supplementary Figure 1.

Root Conductance

Root-based regulation of transpiration can be divided into radial
and axial conductance. Root axial water conductance is typically
not considered the most rate limiting step, but genotypic differences
do exist in xylem number and diameter, which determine axial
conductance capacity, and can relate to transpiration dynamics
and adaptation to drought stress (Prince et al., 2017; Nogueira
et al,, 2020; Strock et al, 2020). Reduced seminal root xylem
conductance capacity was the basis of developing wheat cultivars

Leaf
anatomy
9

Root AQP Leaf AQP
12
11
Root
anatomy Leaf
conductance

Root

architecure Leaf water

Soil water ¢

FIGURE 1 | Non-hierarchical arrangement of actors and processes involved
in plant water acquisition, water transport, and transpiration regulation across
all levels of plant organization. Numbered lines between circled actors
correspond to publications demonstrating indicated connection, listed in
Table 1. The network is not intended to be exhaustively populated, but rather
representative, and indicates a high degree of interconnectivity, yet with
substantial lacunae among actors and processes that are logically related. It
suggests that as we accumulate more data, we find more interactions and
more complexity.
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adapted to the water-limited Australian context (Richards and
Passioura, 1989). The utility of reduced root axial conductance
capacity for late season soil water conservation in wheat has
been further supported in recent work (Hendel et al., 2021).
There may also be the possibility for longitudinal adjustments

TABLE 1 | List of publications demonstrating links between nodes.

Edge Node 1 Node 2 Reference numbers
1 VPD Leaf conductance 1,18
2 Soil water potential RSA 2,3, 40
3 Root AQP Transpiration 4,5, 6, 20, 22, 25, 26, 31, 32
4 Leaf AQP Transpiration 7,18, 19, 21, 27, 28, 33
5 Soil water potential Root AQP 8,9
6 Leaf growth Root conductance 10, 11, 22, 25, 31, 32
7 Leaf anatomy Leaf conductance 7,183, 14, 30, 37, 41, 42
8 Root AQP Leaf AQP 8
9 Root AQP Root conductance 15, 16, 17, 23, 24, 25, 31, 32,
34, 38, 39
10 Root conductance Leaf water potential 22
11 Root anatomy Root conductance 12,16, 23, 24

12 Leaf conductance  Leaf AQP 29, 33, 35, 36, 38

13 VPD Transpiration 43, 44, 45, 46, 47, 49, 50, 51,
52

14 VPD Root conductance 44, 48

15 Root conductance  Transpiration 44,48

16 VPD Leaf growth 49, 53

17 Soil water potential  Transpiration 52, 54, 55, 56

Edge numbers correspond to links between nodes in Figure 1. References and
reference numbers presented in Supplementary Table 1.

of xylem conduits (Meunier et al., 2017), regulation at the root
to shoot junction (Meunier et al, 2018), as well as among the
various attributes of protoxylem and metaxylem vessels, their
pits (Xu et al, 2020) or perforation plates (Gao et al., 2020b).
These may be part of a suite of embolism response traits and
do not preclude the possibility that embolism is itself a means
of restricting transpiration (McCully, 1999), in which aquaporins
play a key recovery role (Secchi et al., 2017).

Root anatomical phenes related to radial water transport
include distance between root tip and suberized zone, as well
as completeness of suberization (Barberon et al., 2016; Doblas
et al, 2017) and lignification (Foster and Miklavcic, 2017).
Construction of Casparian bands, suberin lamellae, and
lignification may respond dynamically to abiotic stress factors
and be deployed differentially on roots of different diameters
and class (Tylova et al, 2017). Variation in cortex cell file
number, or cortex cell size may lead to a different proportion
of cell-to-intercellular spaces, which are hypothesized to affect
root hydraulics (Vadez, 2014), with some evidence in pearl
millet (Kholova et al, 2016). Genotypic variation in radial
conductance pathways has been observed in chickpea (Sivasakthi
et al., 2017, 2020). Similar effects of anatomical differences in
the root radial water transport pathway were observed in wheat
and lupin, showing predominance of apoplast water transport
in lupin, whereas wheat dependent mostly on Hg-sensitive
aquaporin in the endodermis (Bramley et al., 2007).

Root radial conductance is influenced by AQP at
various membranes including; epidermis, outer cortex
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FIGURE 2 | Hierarchically structured network diagram of phenes influencing plant water acquisition and transport, including the same actors and processes as in
Figure 1. This projection of plant hydraulic regulation highlights the distal position of aquaporins in relation to tissue level conductance, the complementary role of
relative shoot and root growth, and the nested structure of plant form and function. C is an abbreviation for carbon and N for number.
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(Ranathunge et al., 2004), endodermis, and Casparian strip
(Grondin et al,, 2016). AQP expression in rice shoots and
roots suggests AQP mediated root conductance was most
limiting to mid-day transpiration (Nada and Abogadallah, 2014).
A pearl millet aquaporin gene transferred to tobacco conferred
greater drought, heat, and higher water use efficiency (Reddy
et al., 2022). Knockout and overexpression mutants showed a
specific AQP isoform in maize roots was an important regulator
of root hydraulic conductance, with effects on plant growth
(Ding et al,, 2020). The same study suggested non-uniform
patterns of radial conductance, implying aquaporin function
must integrate with root anatomy.

Leaf Conductance

Leaf conductance is an aggregate phene, sensu (York et al,
2013), integrating leaf vein anatomy, stomatal density size, and
aperture, as well as xylem parenchyma, bundle sheath, and
mesophyll cell number, size, and density, in addition to AQP
function (Sack and Holbrook, 2006). This presents a variety
of regulatory opportunities operating at different scales, involving
different actors and signaling pathways. Outside xylem
conductance, meaning conductance on the path between xylem
and sites of evaporation (Scoffoni et al, 2017; Corso et al,
2020) contributes to transpiration restriction (Sinclair et al.,
2008). Guard cell conductance is involved in transpiration
regulation in response to VPD (Sinclair et al., 2008). Regulation
of conductance by bundle sheath cells, likely attributable to
AQP, was demonstrated using applied ABA and mercury (Shatil-
Cohen et al,, 2011). Subsequent work used microRNA AQP
silencing to demonstrate a role of AQP at the bundle sheath
to mesophyll transition (Sade et al., 2014, 2015). Knockout
mutants were used to demonstrate that light-dependent activity
of a single AQP isoform in leaf veins is a major regulator of
leaf conductance (Prado et al., 2013).

Anatomy, and its interaction with membrane level
conductance, may play a role in regulating transpiration dynamics.
Within the leaf, two-thirds of outside xylem hydraulic
conductance was attributed to vapor transport, which is strongly
influenced by distance between veins, distance between vein
terminus and stomata, as well as spongy mesophyll anatomy
(Sack and Frole, 2006; Sack and Holbrook, 2006; Brodribb
et al., 2007; Sack and Scoffoni, 2013; Buckley et al, 2015).
One study noted various leaf anatomic factors involved in
transpiration efficiency and observed distinct association of
anatomy and aquaporin function at different drought intensities
(Henry et al., 2019). Transpiration restriction phenotypes were
associated with modified epidermal cell size and stomatal density
in response to VPD in cotton (Devi and Reddy, 2018). Leaf
petiole conductance, and by implication, all of xylem axial
conductance could be involved in hydraulic regulation (Postaire
et al., 2010). The integration of these water transport factors
into a complex series has potential regulatory ability in addition
to the regulation of individual components (Zwieniecki et al.,
2007). Indeed, canopy development, leaf anatomy, root growth,
and water uptake have been related to the stay-green phenotype
(Borrell et al., 2014a), which has transpiration restriction as
an underlying phenotype. We conclude that focus is needed

on the interactions among steps of the water transport pathway,
as well as interactions with anatomy, irradiance, leaf water
status, and growth to fully understand the regulation of leaf
hydraulics (Prado and Maurel, 2013).

Cross-Organ Environmental Responses
Highly dynamic root and leaf expression of multiple AQP was
related to maintenance of water use efficiency over the course
of a day in sorghum but not in maize (Hasan et al, 2017).
Maize, sorghum, and pear]l millet may deploy transpiration
restriction strategies along a spectrum of reduced leaf area
expansion rate or restricted transpiration rate (Sinclair et al,
2017; Choudhary et al., 2020). These species may also vary in
their transpiration restriction across different soils (Vadez et al.,
2021). At high VPD maize restricted maximum transpiration
rate, and transpiration rate became more sensitive to soil drying,
while pear] millet and sorghum relied mainly on reduced leaf
expansion as a means to reduce transpiration (Choudhary et al.,
2020). Genotypic variation also exists for the ability to restrict
transpiration rate in response to environmental cues, such as
high VPD or highly negative soil matric potential (Choudhary
and Sinclair, 2014; Sinclair et al., 2017; Medina et al., 2019).
Measurements of leaf and whole plant hydraulic conductance
in 12 maize genotypes suggest coordination between root and
shoot conductance effectively regulated transpiration in response
to high VPD (Sunita et al, 2014). However, work using 20
sorghum genotypes found genotypic variation in both leaf and
root conductance and suggested a shoot-based causal mechanism
of limited maximum transpiration rate (Choudhary and Sinclair,
2014). Growth chamber, glass house, and field experiments on
sorghum linked genetic variation for response of maximum,
transpiration rate under increasing VDP to water saving, but
observed significantly different results between experiments
(Karthika et al., 2019). In sum, the data suggest there are different
transpiration restriction strategies and mechanisms with substantial
species and genotypic level variation, some of which is
environmentally dependent.

PART 2: TRANSPIRATION RESTRICTION
CAN INVOLVE MULTIPLE SIGNALS,
HYSTERESIS, AND PHENOTYPIC
INTEGRATION

Transpiration is a dynamic process, involving coordination of
structural and functional aspects across organizational scales
in both roots and shoots. Therefore, identifying transpiration
restriction mechanisms can be very complex (Figure 2;
Supplementary Figure 1). Outcomes of studies on transpiration
restriction are influenced by plant size (Sadok and Sinclair,
2010), time interval studied (Tardieu and Parent, 2017), timing
of water stress (Shekoofa and Sinclair, 2018), stage of water
stress (Pou et al., 2013), severity of stress (Lovisolo et al,
2010), temperature (Yang et al., 2012), and breeding history
(Vadez et al, 2011). Transpiration restriction can also
be influenced by employing an isohydric or anisohydric strategy
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(Vandeleur et al, 2009), and generally if plants are “water
savers” or “water spenders.

A water spender, or profligate water use strategy, is associated
with large leaf area and/or unrestricted transpiration in
response to high VPD. A water saver, or conservative water
use strategy, would reduce leaf area and/or restrict transpiration
at high VPD. Isohydric behavior entails sensitive stomatal
control that maintains relatively constant leaf water potential,
even when soil water is limited or VPD is high. An anisohyric
strategy would tolerate a drop in leaf water potential (Grossiord
et al, 2020). Genotypes with a water saver strategy may
rely more on the apoplastic pathway, whereas water spenders
may rely more on the symplastic pathway, but pathway
utilization can also depend on growth rate (Grondin et al.,
2020; Sivasakthi et al., 2020).

Practices, such as deficit irrigation (Chaves et al, 2010)
and cropping system (Sadras et al, 1989), can influence if a
plant employs an isohydric or anisohydric strategy. However,
these are just two points on a spectrum and strategy can vary
by genotype and over time within a single plant (Knipfer et al.,
2020). This flexibility along the iso- to anisohydric continuum
has been characterized using the hydroscape concept, defined
as the area between predawn and mid-day plant water potential
regression lines, which captures processes across the soil-plant—
atmosphere pathway (Meinzer et al., 2016; Javaux and Carminati,
2021). We conclude that a more robust, yet accurate, selection
for transpiration restriction involves the cross-scale dynamic
coordination of a spatially and temporally complex set of
interacting phenes and processes.

Multiple Types of Signals Can Influence
Membrane Conductance
Coordination of root and shoot AQP expression, localization,
and function makes use of multiple signals, such as ABA,
xylem pH (Davies et al, 2002), and xylem pressure potential
itself (Chaumont and Tyerman, 2014; Vandeleur et al., 2014)
and may require the integration of multiple signals (Comstock,
2002). Multiple lines of research suggest the importance of a
hydraulic signal but differ as to if that signal originates from
root or shoot (Fuchs and Livingston, 1996; Yao et al., 2001;
Vandeleur et al., 2014). Soil hydraulic conductivity, referring
to the hydraulic connection between roots and the soil, has
recently been identified as an important signal and regulator
of plant hydraulics, transpiration, and stomatal response to
drought (Carminati and Javaux, 2020; Hayat et al., 2020; Cai
et al, 2021). The rapidity of transpiration response to VPD
suggests hydraulic rather than biochemical signals are the
immediate mechanisms (Kholova et al., 2010b). However, there
is evidence that hydraulic and biochemical signals interact,
perhaps over longer time scales (Christmann et al., 2013).
Similarly, partial root drying studies suggest root originating
signals that do not involve AQP transcription (Li et al., 2008).
For example, ABA and xylem pH can influence transpiration
(Davies et al., 2002). The role of ABA as both a local and
long-distance signal of soil water limitation has been identified
in several species (Dodd, 2005; Wang et al., 2019), although

a role for cytokinin has also been suggested (Kudoyarova et al.,
2007). Other work suggests ABA signaling operates in conjunction
with hydraulic signals, which in turn affects hydraulic
conductance of bundle sheath cells (Sade et al., 2014) and
may promote root growth, all while being sensitive to stress
severity (Miao et al., 2021). Other research suggesting both
root and shoot need to be in communication (Castro et al.,
2019) are consistent with the multiple signal hypotheses. ABA
accumulation in the root has been linked to increased root
hydraulic conductivity (Sharipova et al., 2016). However,
enhanced root ABA production was linked to reduced leaf
conductance under non-limiting conditions, and greater
transpiration restriction under high VPD (Thompson et al., 2007).

In summary, particular signaling mechanisms have
demonstratable involvement in communicating and responding
to particular environmental conditions in particular experimental
systems. Studies on membrane or organ level conductance
usually involve transgenic, pharmacological, stem girdling, or
de-topping approaches that have distinct limitations. These
types of studies may fail to account for compensatory mechanisms
at other organs and scales, like the opposite effects of ABA
on leaf and root conductance described above (Thompson
et al., 2007; Sharipova et al., 2016). Furthermore, there appears
to be little consistency in signals identified as mechanisms of
transpiration regulation across experimental systems. This
suggests a high degree of environmental dependency and implies
that the actors, forces, and signals identified may not
be commensurate with an unperturbed system. For these reasons
reductionist experimental systems are ill-suited to deciphering
the complexity of the whole system (Tardieu and Parent, 2017)
and a broader perspective is warranted.

Hysteresis Influences Plant Responses
Hysteresis, in the context of a water acquisition and use, involves
how the plant’s environment and history affects signal and
response mechanisms. Hysteresis can thus describe a type of
cross-scale legacy effect, involving previous architectural,
anatomical, and cellular responses. Hysteresis also implies
functional factors, such as stomatal aperture, water use strategy,
and isohydricity, and if water is being absorbed into the root
via symplastic or apoplastic pathways, which can make use
of different AQP (Javot et al., 2003). Shifting between isohydric
vs. anisohydric strategies (Sade et al.,, 2012) may depend upon
a combination of soil moisture, VPD, and hormonal cues
(Rogiers et al., 2012) interacting in a tissue-specific and dose-
dependent manner (Rosales et al., 2019). The shift in strategies
likely involves modified AQP expression (Sade et al, 2009),
different root radial transport pathways (Tharanya et al., 2018b),
as well as different signaling pathways in different scenarios
(Aroca et al., 2012; Moshelion et al., 2015; Rosales et al., 2019).
For example, Pou et al. (2013) found that the apoplastic pathway
was more important during water stress. Furthermore, dynamic
transpiration regulation, and its regulation by aquaporins, can
depend upon N availability (Cramer et al., 2009; Di Pietro
et al, 2013; Ding et al, 2018) and its degree and duration
of deprivation (Dodd et al., 2003).
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The existence of multiple overlapping regulation pathways
is further shown with research in grapevine, suggesting not
only that there is variation in water use strategy by cultivar,
which has impact on WUE, and is dependent on type and
severity of stress (Lovisolo et al., 2010), but also that the
same cultivar can employ different strategies based on
legacy effects (Chaves et al., 2010). Transpiration response
to VPD may involve different mechanisms under different
environmental scenarios (Pou et al., 2013; Sunita et al., 2014;
Henry et al, 2019). A study comparing maize, sorghum,
and pearl millet growth under contrasting VPD conditions,
and then exposed to high VPD, showed species level variation
in transpiration dynamics and leaf area, contingent upon
growing conditions (Choudhary et al., 2020). Work in pearl
millet found diurnal variation and VPD treatment dependency
on AQP expression patterns among VPD sensitive and
insensitive genotypes (Reddy et al, 2017). The impact of
AQP overexpression in two rice cultivars on growth,
transpiration patterns, and ultimately water use efficiency,
was contingent upon root to shoot ratio and the expression
of other aquaporins (Nada and Abogadallah, 2020). AQP
downregulation can be balanced by increases in root size,
bundle sheath cell osmotic permeability, and other mechanism
(Kaldenhoff et al., 1998; Martre et al., 2002; Siefritz et al.,
2002; Vandeleur et al., 2014). These examples demonstrate
the existence of dynamic cross-scale compensation and a
high degree of interconnectivity in transpiration regulation.

In terms of environmental interactions, temperature influences
transient transpiration response to VPD (Seversike et al., 2013)
and soil drying influences root morphology and transpiration
response in soybean (Seversike et al., 2014). Genetic differences
in root architecture and variation in root growth response to
environmental factors may interact with transpiration regulation
and have different impacts on transpiration, canopy temperature,
and yield in different environments (Henry et al., 2011). Fully
describing a signal—response pathway may require multiple
theories, similar to how explanations of nutrient regulation of
plant growth differ in accord with the limiting nutrient (Rubio
et al, 2003). Indeed, it has been proposed that ABA signals
originating from either root or shoot overlap with and mediate
hydraulic signals to influence stomatal conductance and leaf
hydraulic conductance (Pantin et al., 2013). The high level of
interactivity among signals and environmental dependence
suggests multiple signals operate in an integrated fashion to
influence the emergent transpiration response phenotype. In
summary, the legacy of previous physiological responses dictates
available responses to the next set of conditions and needs to
be taken into account when examining transient responses.

Phenotypes Integrate Across Scales

The integration of water acquisition, transport, and daily and
season level water use dynamics, along with phenology,
influence the effectiveness of the plant water use strategy in
a given environment. Temporal dynamics in water availability
and use introduces the need for cross-scale coordination
of processes, such as plastic root growth (Topp, 2016;
Schneider and Lynch, 2020), involving both architectural

(Schneider et al., 2020b) and anatomical (Schneider et al.,
2020a) adjustments. Spatio-temporal variation in hydraulic
conductance among different root classes and ages highlights
an additional layer of variation (Schneider et al., 2020c).
Root architecture, xylem characteristics, and stomatal
conductance integrate as a coordinated network in maize to
enhance performance (Gleason et al., 2019). Integrated root
architectural, xylem conductance capacity and maturity group
phenotypes have been related to performance and water use
strategies in Phaseolus (Strock et al., 2020) and in Zea mays
(York and Lynch, 2015; Klein et al., 2020). Integrated phenotypes
involving root architecture, root hydraulic conductance capacity,
and phenology have been hypothesized to exist in grain
legumes (Burridge et al., 2020) and observed at the gene
pool and race level in common bean (Jochua et al., 2020).

There are likely multiple mechanisms for transpiration
optimization that are composed of distinct integrated phenotypes
involving architectural, anatomical, cellular, and even soil and
canopy elements integrating with growth, phenology, and
transpiration patterns. For instance, decades of research on
the slow wilting phenomenon in soybean have uncovered
multiple mechanisms (Kunert and Vorster, 2020) including
reduced stomatal conductance (Tanaka et al., 2010), contrasting
leaf morphology (Hudak and Patterson, 1995), a larger, more
fibrous root system (Pantalone et al., 1996) and by unknown
mechanism(s) (Bagherzadi et al,, 2017). A recent paper (Ye
et al., 2020) used different soybean germplasm than a previous
study and identified transpiration restriction mechanisms distinct
from the previously identified silver sensitive mechanism (Sadok
and Sinclair, 2010). These findings support early work suggesting
multiple water conservation mechanisms in soybean (Charlson
etal., 2009) and again suggest phenotypes integrate to coordinate
transpiration, growth, and soil water use.

Integrated transpiration regulation phenotypes involving
conductance, transpiration, canopy size, and phenology have
also been observed in sorghum, wheat, chickpea, and pearl
millet. A study of four stay-green QTL in sorghum found the
four QTL regulated canopy size but also affected leaf anatomy,
root growth, and water uptake (Borrell et al., 2014a). Contrasting
integrated phenotypes, involving root axial and transmembrane
conductance, could be involved in wheat drought tolerance
strategies (Schoppach and Sadok, 2012; Schoppach et al., 2014).
In chickpea, early vigor, as gauged by canopy size, was related
to transpiration restriction and preferential use of the root
apoplastic pathway (Sivasakthi et al., 2020). Similarly, greater
propensity to restrict transpiration via root conductance was
associated with larger canopy size in pearl millet (Kholova
et al., 2010b; Tharanya et al., 2018b) and chickpea (Zaman-
Allah et al,, 2011) suggesting transpiration regulation mechanisms
specific for large or small canopy size.

Root hairs provide another example for how phenotypic
integration connects to the issue of coordination between root
and leaf conductance. In addition to xylem embolisms, hydraulic
disruptions between root and soil (Newman, 1969; Draye et al.,
2010; Carminati and Javaux, 2020; Hayat et al., 2020) may
be another type of hydraulic signal, which is theoretically
impacted by heterogenous soil conductivity and particle size
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(von Jeetze et al., 2020). Recent evidence demonstrates that
roots signal this localized hydraulic resistance, which in turn
triggers stomatal closure before leaf conductivity reduces
(Rodriguez-Dominguez and Brodribb, 2020). Apart from
potentially being involved in this signaling, root hairs may
help maintain rhizosphere to bulk soil connectivity (Segal et al.,
2008; Draye et al., 2010; Lobet et al., 2014; Carminati et al.,
2017). Root hair length and density may thus integrate with
root length distribution profile and daily transpiration dynamics
to promote increased season level transpiration (Tardieu and
Parent, 2017).

PART 3: TOWARD EFFECTIVE
INTEGRATIVE PHENOTYPING

There seems to be consensus in the literature that the primary
short-term mechanisms for fine-tuning transpiration to
environment and plant needs involve aquaporins. Aquaporins
regulate conductance at the membrane level in both root
and leaf (Hachez et al., 2006a, 2008, 2012; Wang et al.,
2019). For that reason, selection for particular AQP isoforms
or AQP expression levels are tempting targets for engineering
transpiration efficiency, even while intricacies of AQP function
are acknowledged (Hachez et al., 2006b; Afzal et al., 2016;
Zargar et al., 2017). One of the challenges is that there is
no consensus on a correlation between AQP abundance and
tissue level conductivity (Aroca et al.,, 2012). The challenges
these intricacies pose for genetic improvement are further
indicated by how different research programs, using different
experimental designs and species, have contrastingly attributed
hydraulic regulation almost exclusively to the root (Rodriguez-
Dominguez and Brodribb, 2020) or the shoot (Sinclair et al.,
2008; Figure 1; Table 1). Delving into the many studies on
aquaporins makes clear only that there is extensive interaction,
compensation, and redundancy among aquaporins within
and across scales, across organs, as well as architectural and
anatomical effects. We therefore conclude that AQP are
currently ill-suited to be used as a selection criterion for
the genetic improvement of transpiration responses to
environmental conditions.

Identification of robust selection criteria, with good heritability,
becomes complicated when phenotypes are complex, cross-
scale, as well as legacy and environmentally dependent. Inducible
transpiration restriction is one such multi-scale phenotype. It
requires the coordination of plant water acquisition, transport,
growth, and transpiration and is regulated by multiple actors
and pathways. These actors and pathways can vary according
to type, severity, and timing of stress, and in relation to plant
size, phenology, and hysteresis. Viewing the dynamic coordination
of plant transpiration and growth from this perspective highlights
three potential approaches to accelerate crop genetic
improvement. Firstly, multi-scale modeling and machine learning
could be used to predict outcomes and limit the number of
phenotypic combinations to test empirically. Secondly, there
is a potentially indicative phene. Thirdly, we propose an integrative
direct selection strategy.

Multi-Scale Models

Understanding how modifications of transpiration and growth
feedback and feedforward with tissue hydraulic conductance,
stomatal conductance, shoot, and root architecture, hormones,
and aquaporins is critical for identifying selection criteria for
inducible transpiration restriction phenotypes (Tardieu and
Parent, 2017). Multiple recent calls for integrating multi-scale
computation models with crops simulations emphasize the need
to integrate across spatial and temporal scales (Chew et al,
2017; Marshall-Colon et al, 2017; Benes et al, 2020; Peng
et al., 2020), across disciplines (Hammer, 2020) and even beyond
the plant and into the rhizosphere and soil (Lobet et al., 2014).

Organizing soil, plant, and canopy simulation models in
nested networks, linked in multiple ways mirrors the function
of the inducible transpiration restriction phenotype. Developing
and benchmarking multi-scale models offers the potential to
apply machine learning to data generated by said models. While
truly multi-scale models are only just emerging (Ajmera et al,,
2022), and benchmarking has much progress to make (Schnepf
et al., 2020), machine learning could conceivably help identify
latent features and highlight selection targets. Models may help
decipher how modifying a particular phene integrates with
other phenes and effects the emergent phenotype of yield, in
a given environment. A yield-risk approach (Hammer et al,
2020) could then be applied to evaluate the influence of the
timing, sensitivity, and degree of changes in transpiration.
Emergent phenotypes related to transpiration optimization could
then be directly selected for using traditional breeding techniques.

Xylem Conductance Capacity May Indicate
Transpiration Strategy
Elementary plant phenes may indicate broader strategies, similarly
to how selection for genes that lie at the hubs of gene networks
likely modulate more complex phenotypes than genes at the
outer spokes of a network (Dietz et al., 2010). Root axial
conductance capacity, as estimated by xylem vessel number
and diameter using the Hagen-Poiseuille equation, is an example
(Tyree et al., 1994). Xylem conductance capacity can be estimated
using laser ablation tomography and has been linked to
performance (Nogueira et al., 2020; Schneider et al., 2020a;
Strock et al,, 2020; Hendel et al,, 2021). Potentially further
facilitating selection, is the observation that xylem conductance
phenotypes of young plants were related to mature plant
phenotype (Falk et al, 2020). It should be noted here that
the targeted phenotype, that is, xylem conductance, would
be an estimate, which could overestimate the actual value.
Root anatomical modifications, such as suberization and lignin
deposition, are also identifiable using laser ablation tomography
(Strock et al., 2019) and lignification may have added benefits
related to soil resistivity as well as pathogen and root pest
resistance (Schneider et al., 2021). AQP may integrate with
xylem parenchyma traits to refill xylem embolisms (Secchi
et al.,, 2017), which laser ablation tomography could help address
by quantifying parenchyma number, size, and positioning.
Xylem conductance capacity could indicate water use strategy
for two reasons. Firstly, under-utilizing a high conductance
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capacity xylem phenotype would unnecessarily increase the
risk of cavitation. Empirical and modeling evidence suggests
that plants operate near the upper threshold of xylem imposed
limits on hydraulic conductance (Sperry et al, 1998).
Conceptually this makes sense, to avoid cavitation risk and
to not waste the construction and maintenance costs of xylem
and parenchyma. Secondly, elevated transpiration rates could
not occur with a low xylem conductance phenotype, precluding
the possibility for high transpiration, photosynthesis, and growth
rates. Selection for reduced xylem conductance capacity estimated
using root anatomical cross sections may thus be an easy way
to select for reduced transpiration rate. Alternatively, a high
conductance capacity phenotype may indicate a risk-taking
approach involving highly dynamic transpiration regulation
imposed at the cell membrane scale.

Direct Selection for Transpiration
Restriction

Direct phenotypic selection of inducible transpiration restriction
in the target environment using realistic systems, such as
gravimetric phenotyping, overcomes the potentially confounding
cross-scale interactions and compensatory mechanisms to
which organ level or controlled environment studies are
sensitive. This type of direct phenotypic selection targets the
emergent, or integrated phenotype, rather than lower-level
component phenes, and acknowledges that feedbacks and
compensation among component processes can obscure plant
level processes and the ultimate target, yield (Vadez et al,
2013a; Kholova et al., 2016).

Phenotyping transpiration dynamics in a field-based lysimeter
system, with realistic VPD and progressive soil drying captures
the aggregate phenotype of interest as well as component phenes
(Vadez et al., 2015; Kar et al.,, 2020, 2021). While field-based
lysimeters have significant construction and operating costs,
they have demonstrated utility for both trait-based and QTL-based
selection (Kholova et al., 2012; Karthika et al., 2019). Heritability
values for metrics describing transpiration dynamics range from
moderate to high (Aparna et al., 2015; Sivasakthi et al., 2018;
Tharanya et al., 2018a). This type of system uses lysimeters
of large enough depth and total volume that permits additional
root exploration, but with density similar to farmer’s conditions.
It facilitates direct phenotypic selection of transpiration
restriction, particular transpiration strategies and transpiration
efficiency without eliminating dynamic and interacting
environmental and plant factors (Kholova et al., 2012; Vadez
et al,, 2013b; Tharanya et al., 2018a,b). Weekly weighings are
adequate to identify genotypes that employ early season water
conservation and enable late season transpiration and grain
filling (Vadez et al, 2013a; Tharanya et al., 2018a). However,
weekly weights do not necessarily permit distinguishing if the
mechanisms of water saving arises from leaf area dynamics,
daily transpiration dynamics, or weekly transpiration dynamics.

Significant insight on daily dynamics, and in particular
transpiration restriction in response to daily VPD (Ryan et al,
2016), can be gleaned from three (Kholovd et al., 2012) or even
one daily measurement (Choudhary et al., 2020). A similar system

enables minute level resolution transpiration measurements and
permits selection for amplitude of daily transpiration restriction
(Vadez et al, 2015; Sivasakthi et al, 2018). Studying daily
transpiration dynamics under variable VPD, as well as under
progressive soil drying (Karthika et al., 2019), may reveal multiple
useful transpiration patterns (Kholova et al., 2016). Non-destructive
shoot imaging enables quantification of leaf area dynamics. Root
systems of smaller plants can be washed and measured to reveal
differences in root system size and root to shoot ratio. Combined
utilization of these lysimeter systems capture hourly, daily, and
season level interactions between soil water acquisition and use.
These systems can quantify feedbacks among root investment,
leaf area development, phenology, and density. By imposing
realistic environmental conditions and enabling complex feedbacks
to impact performance, gravimetric phenotyping offers the chance
to identify superior integrated phenotypes and accelerate
genetic improvement.

Next Challenges

Of primary importance for selecting for resilience to current
and future climates is addressing the utility of favorable
transpiration dynamics in progressive soil drying scenarios.
Enhanced resilience to terminal drought likely involves multi-
scale coordination of water acquisition and use. Feedbacks
among environment and phenes including axial root and leaf
growth dynamics, tiller initiation, and transpiration dynamics
quickly become complex and result in many trait combinations.
The question of tillering, which relates to canopy density, leads
to another very interesting set of questions involving if increasing
planting density may reduce soil evaporation and create a
favorable in-canopy micro-climate that improves the water loss
to carbon gain ratio. In short, the challenge is to develop the
conceptual frameworks, phenotyping platforms, and models
that integrate across scales and capture overarching meta-
mechanisms, such as inducible transpiration restriction, in order
to identify important and selectable phenes.

CONCLUSION

Our ultimate goal is the identification of robust selection criteria
for water acquisition and use optimization, likely including
inducible transpiration restriction. These selection criteria should
optimize yield in increasingly variable high-temperature and
drought-prone environments. A review of the literature suggests
that transpiration restriction can lead to an optimized
transpiration phenotype through multiple mechanisms and that
multiple coordination pathways may be involved. Pharmacological
or gene editing tools, when used in isolation, are poorly
positioned to detect dynamic, hysteretic, multi-element, and
multi-scale coordination associated with overlapping transpiration
regulation pathways. Directly phenotyping for transpiration
restriction in response to high VPD or limited soil water has
demonstrated its utility for QTL and trait-based selection.
Efforts to increase drought tolerance via the optimization of
water acquisition and transpiration should focus on daily and
season level transpiration dynamics at the whole plant level.
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This direct selection approach is likely to identify key integrated
phenotypes and coordination mechanisms that have immediate
utility for a breeding pipeline.
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Drought is expected to increase in the frequency and duration associated with climate
change. Although hydraulic function and carbon (C) storage have been widely recognized
as key components to plant survival under a single drought, the physiological responses
to continuous drought remain largely unknown, particularly for high northern temperate
and boreal forests which are sensitive to water stress. In this study, we quantified the
survival, growth, gas exchange, water relations, and nonstructural carbohydrates (NSCs)
in 3-year-old Jezo spruce (Picea jezoensis) seedlings responding to continuous drought
stress. Seedlings were maintained in drought conditions for 392 days, covering two
growing and one dormant winter season. Seedlings subjected to drought showed a
significant decrease in net photosynthesis rate (Ane) and stomatal conductance (gs)
in both growing seasons, and biomass in the second growing season. The seedling
mortality continuously increased to 35.6% at the experimental end. Notably, responses of
C storage and leaf water potential to drought varied greatly depending on seasons. Living
seedlings exposed to drought and control treatments had similar NSC concentrations
in both growing seasons. However, seedlings with concentrations of both the soluble
sugars and starch less than 1% in root died in the winter dormant season. In the
second growing season, compared with the control treatment, droughted seedlings had
significantly lower leaf water potential and stem wood-specific hydraulic conductivity
(Kw). Meanwhile, the leaf predawn water potential did not recover overnight. These
suggest that C starvation might be an important reason for seedlings that died in
the winter dormant season, while in the growing season drought may limit seedling
survival and growth through inducing hydraulic failure. Such seasonal dependence in
hydraulic dysfunction and C depletion may lead to higher mortality in spruce forests facing
extended drought duration expected in the future.

Keywords: northern temperate forests, drought, mortality, C starvation, dormant season, growing season, Picea
jezoensis
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INTRODUCTION

Climate change has been leading to frequent and continuous
drought globally (Dai, 2013). Extreme drought events could
increase the massive tree mortality, especially in the temperate
and boreal regions, where forests are much sensitive to changes
in water conditions (Allen et al., 2015). For instance, the 2011
unprecedented drought induced the mortality of more than 300
million trees in the USA (Yan et al., 2022). The severe drought and
massive tree mortality would compromise forest ecosystems, the
regional ecological security, and the terrestrial carbon (C) sink
(McDowell et al., 2020). Thus, understanding the response and
adaptation mechanism of trees to continuous drought is crucial
to predicting how forest ecosystems and the C-cycle feedbacks
respond to climate change (Choat et al., 2018).

Empirical evidence has shown that hydraulic failure is the
primary reason for tree mortality induced by drought (Adams
et al.,, 2017), which is resulted from the irreversible dysfunction
in xylem water transportation (McDowell et al., 2008). However,
tree mortality under continuous drought may be caused by
both water and C relation which are interdependent inside trees
(McDowell et al., 2008). Continuous drought could not only
inhibit tree water transport, leading to severe xylem hydraulic
dysfunction before death (Lopez et al, 2021) but also hinder
photosynthetic function by inducing embolism in the vascular
conduits, consequently reducing nonstructural carbohydrates
(NSCs) reserve (Ivanov et al., 2019). In turn, C depletion causes
less support for the refilling of the embolisms which is essential
for the repair of hydraulic function (Secchi and Zwieniecki, 2011;
Tomasella et al., 2019, 2021). The complex relationship between
water and C confuses understanding of mechanisms of drought-
induced mortality (Gessler et al., 2018). Furthermore, previous
studies also reported that these two mechanisms occurred in the
same species accounting for tree death, e.g., Pinus edulis (Sevanto
et al., 2014), while the occurrence timing may depend on the
drought stage (Kono et al., 2019). These suggest that the causes of
drought-induced mortality vary with drought duration (Mitchell
et al., 2013; Kono et al., 2019).

In temperate forests, variation in the season and duration
of drought differently affects hydraulic and C dynamics in
trees (Gebauer et al., 2020; Charrier et al., 2021). In summer
(growing seasons), trees require more water for transpiration
and photosynthesis due to relatively high temperatures and
active physiological activities (Morales et al., 2021). It leads
trees to face a high risk of hydraulic failure (Nardini et al.,
2013), accompanied by C depletion under drought conditions
during the growing season (McDowell et al., 2008). In winter
(dormant seasons), the C reserve is critical for tree survival rather
than water transportation because C reserve plays a key role
in cold and frost resistance (Charrier et al., 2021), while severe
embolism (with percentage loss of conductance (PLC) closed to
100%) is not lethal due to the low transpiration and cessation
of water absorption (Christensen-Dalsgaard and Tyree, 2014;
Maruta et al., 2020; Mayr et al., 2020). These findings suggest
that mechanisms of drought-induced tree mortality interact
with seasonality in temperate forest ecosystems. In addition, C
accumulation in trees only occurs in the growing season, which

is critical for the survival and regrowth of trees in the following
seasons (Tixier et al., 2019; D’Andrea et al., 2021). However, most
of the studies generally focus on the response of hydraulic and
C storage to drought conducted in growing seasons. Up to now,
how hydraulic and C storage in trees respond to continuous
drought stress across seasons still remains poorly understood
(Galvez et al., 2013).

Spruce (Picea spp.) is widely distributed in northern temperate
and boreal forests (Brenzel, 2001), and is more sensitive to
water stress than other conifer species (Kharuk et al, 2015).
Drought has been generally considered as a driver to spruce
mortality occurring in the world (Schuldt et al., 2020; Obladen
et al., 2021). In the last two decades, considerable mortality
of Jezo spruce (Picea jezoensis) was also observed in Changbai
Mountains Natural Reserve (CMNR) in northeast China, the
largest primitive temperate forest reserve at the same latitude
in the world. The tree-ring data showed that Jezo spruce might
suffer from the warming-induced water deficit in the early and
late growing season (Yu et al., 2021). To clarify the internal
physiological mechanisms, we conducted a 392-day drought
manipulation experiment on 3-year-old Jezo spruce seedlings
and quantified seedling survival, growth, gas exchange, water
relations, and C storage and dynamics responding to continuous
drought over two growing and one winter dormant seasons. We
explored the following questions: (1) How do the gas exchange,
growth, and C and hydraulic of Jezo spruce seedlings respond to
continuous drought? (2) Whether the cause of drought-induced
mortality of Jezo spruce seedlings varies between seasons during
continuous drought in temperate forests?

MATERIALS AND METHODS

Population Distribution Area

The spruce-fir forest, naturally distributing between 1,100 and
1,800 m a.s.l. (above sea level), is one of the main forest types in
CMNR in the north temperate climate zone of eastern Eurasia
(41°31'-42°28' N and 127°09'-128°55 E). The climate here is
classified as the temperate continental monsoon climate with the
characteristics of warm and rainy summer, and cold and dry
winter. The monthly mean temperature ranges between —17.5°C
in January and 20.1°C in July. The mean annual precipitation
is 680 mm, with 80% of precipitation in the growing season (Yu
etal, 2011, 2013).

Experimental Design

In April 2019, we established the experiment at the Changbai
Mountain Forest Ecosystem Research Station, Chinese Academy
of Sciences. The ambient climate data in the station were shown
in Supplementary Figure S1.

Three-year-old Jezo spruce seedlings were collected from a
local nursery garden and planted into 31 wooden rectangle
containers (length x width x height: 120 x 25 x 25cm) with 7
individuals per container on 30th April 2019. Wooden rectangle
containers were placed under a transparent rain roof in a forest
gap, avoiding rapid water loss due to strong sunlight exposure.
The light condition was similar in different positions under the
roof according to condition premeasurement. The soil used in the
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TABLE 1 | The seedlings’ size before the experiment. Values were mean + SE.
The difference in the size between control and drought was not significant (p >
0.05).

Treatment Stem base diameter/mm Height/cm
Control (n = 84) 3.95 4+ 0.67 20.25 +£ 3.2
Drought (n = 132) 3.98 + 0.59 21.20 + 2.81

experiment was obtained from local forests’ topsoil without the
large stone and roots. Since 5th July 2019, 132 healthy seedlings
in 19 containers were not watered throughout the experiment as
the drought treatment, while water was continually supplied to
the amount of 84 homogeneous seedlings in 12 containers in the
control treatment (see the initial seedling status in Table 1). The
significant difference in the size (stem base diameter and height)
between control and drought was not detected (p > 0.05).

The experiment period was from 5th July 2019 to 30th July
2020 (392 days in total), including the first growing season
(GS2019: D1-D88, 5th July to 30th September), winter dormant
season (DP2019: D89-D180, Ist October to 31st December;
DP2020: D181-D301, 1st January to 30th April), and the second
growing season (GS2020: D302-D392, 1st May to 31st July)
referring to Yu et al. (2021). In the dormant season, irrigation
was stopped as the stomatal closure and transpiration stopped,
referring to previous studies (Fajstavr et al., 2019).

During the drought process, the soil water content was
measured with the gravimetric method. The soil water content
was determined as the ratio of water weight to the soil sample
weight (Piper and Fajardo, 2016). The soil water content
was not measured in the winter dormant season due to low
evapotranspiration and soil frost in the study area (Yang et al,,
2006).

According to the phenology, we harvested seedlings on the
D49 (August 2019, the middle growing season), D127 (November
2019, the early dormant period), D270 (March 2020, the late
dormant period), and D392 (July 2020, the middle growing
season). For each harvest, one container of each treatment was
randomly selected, and all living seedlings in that container were
sampled and then transported to the laboratory in a cooling box.
Collected seedlings were divided into leaves, branches (including
stems and twigs), and roots. Samples were dried at 105°C for
30 min to stop the enzymatic activity, then oven-dried at 65°C
for 48h, and finally stored at —20°C for further NSC analyses
(Huang et al., 2019).

Measurement of Seedling Mortality

To evaluate the effects of drought on seedlings survival,
we examined seedling mortality weekly during the growing
season and biweekly during the dormant season. It is
difficult to determine the exact death time of the evergreen
species. In this study, dead seedlings were identified
when all leaves turned yellow and fallen (referring to
previous studies, e.g., Hartmann et al, 2013; Ivanov et al,
2019). The mortality rate of seedlings was counted during
the experimental period. In this work, we calculated

the mortality rate on the D49, D127, D350, D372, and
D392 as:

Cumulative mortality rate (%) = 100 x Zni /N (1)

where i is the days after the treatment; n; is the number
of dead seedlings from D; to D; and N is the total
number of seedlings of each treatment at the beginning of
the experiment.

Measurement of Leaf Water Potential

Leaf predawn water potential (y/pq) between 3:00 and 4:00 and
middy water potential (1 ,4) between 12:00 and 13:00 from 4 to 7
living seedlings were measured on sunny days (D17, D47, D349,
D370, and D390) using a pressure chamber (PMS1000; Albany,
OR, USA; maximum measurement: 8 MPa). One twig from
each seedling was selected for the measurement. No repeated
measurement was conducted on the same seedling throughout
the experiment.

Measurement of Stem Hydraulic
Conductivity

The hydraulic conductivity was measured on the same seedlings
that were used for leaf water potential measurement at D350,
D371, and D391, respectively. The seedlings were cut at the stem
base in the next early morning (before sunrise) after leaf water
potential measurement. Stems were cut immediately under water
to avoid the formation of embolism during sampling, and were
transported to the laboratory (<100 m). In the laboratory, the
stem segment was recut repeatedly under water at two ends to
release the tension. The segment with 7 cm length was used to
measure native hydraulic conductivity (Ky,, kg m s™! MPa™!).
The K}, was measured using a pressure induced by the gravity
of a hydraulic head of 50 cm with the 20 mM KClI solution. The
Ky, was calculated by: Ky, =], / (F / L), where ], is the flow rate
(kg s~1), F is the gravity-induced driving pressure (MPa), and
L is the length of the segment (m). The K}, was divided by the
xylem wood area to calculate the stem wood-specific hydraulic
conductivity (K, kg m~ s~ MPa™!) (Fang et al., 2018).

Measurement of Net Photosynthesis Rate

and Stomatal Conductance

Net photosynthesis rate (A,¢) and stomatal conductance (g;)
were measured between 9:00 and 12:00 on sunny days (D17, D47,
D349, D370, and D390). The measurements were done under the
ambient light (c. 1,000 pmol m~2 s~ 1) and CO, concentration (c.
400 wmol mol™1). The relative difference in Ay, and gs between
drought and control was calculated: Relative to control (%) =100
x (Valuegrought / Mean ontrol), Where the Valuegrougne is the value
of drought seedling and Mean_p ] is the mean value of control
at the same time.

Nonstructural Carbohydrates (NSCs)
Quantification

Nonstructural carbohydrate (NSC) concentrations (soluble
sugars + starch) were quantified according to the standardized
protocols by Landhausser et al. (2018). For soluble sugars
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FIGURE 1 | Variation in soil water content (A), and cumulative mortality rate (B) over the experimental period. Green and gray rectangles indicate growing and
dormant seasons, respectively. GS2019, the first growing season (D1-D88); DP2019 and DP2020, the early and late winter dormant seasons (D89-D180 and
D181-D301); and GS2020, the second growing season (D302-D392). Black square and red triangle represent control and drought treatments, respectively. Asterisk
indicates a significant difference (p < 0.05) in soil water content between control and drought treatments, analyzed using Wilcoxon rank-sum test. Values are mean +
SE (n = 4-6) (A).

extraction, approximately 30 mg sample was bathed at 90°C
for 10 min after mixing with 1.5ml 80% (v/v) ethanol. The
mixture was centrifuged at 3,500 rpm for 10min, and the
supernatant was used for soluble sugars quantification. For
soluble sugars quantification, the solution was colored with
phenol-sulfuric and the absorbance was determined at 490 nm
with a microplate reader [Multiskan Sky, Thermofisher Scientific
(China) Co., Ltd.]. For starch digestion, the pellet after soluble
sugars extraction was digested at 85°C for 1h with the a-
amylase from Aspergillus oryzae (600 U/ml, Macklin A861434).
The supernatant obtained after centrifuging was further digested
with amyloglucosidase from Aspergillus niger (100 U/ml, Macklin
A800618). For starch quantification, the solution color was
regulated by peroxidase-glucose oxidase, and the absorbance was
determined at 525 nm. Concentrations of soluble sugars, starch,
and NSC were expressed as a percentage of dry matter (% d.w.).

Statistical Analysis

Two-way ANOVA was used to analyze the effects of season,
drought, and their interaction on concentrations of NSC, soluble
sugars, and starch. The difference in variables among control,
drought, and dead seedlings was assessed using least significant
difference (LSD) with package “agricolae” (Mendiburu, 2021).
The difference in soil water content, A, and g; between control
and drought seedlings was evaluated using Wilcoxon rank-sum
test with the package “stats” (R Core Team, 2020). In addition, the
difference between 1,4 and v/ 4 at the same date was evaluated
by Wilcoxon rank-sum test. The starch concentration in the root
and the K, were logarithmic (In) transformed to meet normality
and homogeneity before the analysis. Statistical analysis for all
data was conducted in R 4.0.0 (R Core Team, 2020).

RESULTS

Response of Seedling Mortality Rate to

Continuous Drought

Soil water content in control ranged from 47.1 to 35.8% in
the GS2019 and stabled at 38% in the GS2020, but in drought
condition rapidly decreased from 47.1 to 19.0% in GS2019 and
from 10.8 to 4.0% in the GS2020 (Figure 1A). Accordingly, from
the DP2019, seedlings exposed to drought showed a considerable
increase in cumulative mortality rate toward the experimental
end (D392) from 9.1 to 35.6% (Figure 1B).

Response of Seedling Growth to

Continuous Drought

Effects of continuous drought on seedling biomass varied
significantly depending on season and organ. The whole-plant
biomass was similar between control and drought treatments
in the GS2019 and DP2019 (Figures 2A,B), but significantly
different in the GS2020 (Figure 2C). Seedlings exposed to
drought were categorized into living and dead individuals to
clarify the detailed response in biomass. Branch biomass of dead
but not living individuals was lower than that of seedlings in
control in the DP2019 (Figure 2B). However, leaf and branch
biomass of both living and dead seedlings was significantly
lower than those in control in the GS2020 (Figure2C and
Supplementary Table S1). A similar trend was observed in
leaf biomass in the GS2020. Root biomass had no significant
variation between treatments and among organs across the
experimental period.
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FIGURE 2 | Variation in seedling biomass over the experiment period. (A) GS2019, the first growing season (D1-D88); (B) DP2019 and DP2020, the early and late
winter dormant seasons (D89-D180 and D181-D301); and (C) GS2020, the second growing season (D302-D392). In DP2020, the biomass was not measured.
Different capital letters indicate significant differences in total biomass among control, drought living, and dead seedlings on the same sampling date. Different
lowercase letters indicate significant differences (p < 0.05) in leaf (dark gray), branch (light gray), and root (blank) among control, drought living, and dead seedlings on
the same sampling date. Values are mean + SE (n = 4-7).

Response of Hydraulic Status to

Continuous Drought

Leaf water potential was significantly affected by the interaction
between treatment and season (Figure3). Leaf vpq and
¥md showed no significant difference between control and
drought treatments in the GS2019 (Figures 3A,B), while both
variables in seedlings exposed to drought were much lower
than those to control especially in the middle and late
(82020 (Figures 3A,B). Specifically, ¥ pq and ¥ g significantly
decreased from —0.9 and —1.4 MPa on D349 to —4.3 and
—4.0 MPa on D390, respectively. ¥4 was significantly higher
than v ,g in both control and drought treatments in the
GS2019, while ¥,q and Y existed no significant difference
under drought condition since middle GS2020 (Figures 3A,B).
In terms of stem hydraulic conductivity, K, in seedlings

exposed to drought was significantly lower than those of
control in the middle and late GS2020 (Figure 3C). Specifically,
Ky was 27.4 and 20.2% of the control on D371 and D391,
respectively (Figure 3C).

Response of Seedling Gas Exchange to

Continuous Drought

Seedlings exposed to drought showed an evident decrease in
Aper and g from the GS2019 to GS2020 (Figure 4). A, was
significantly lower under drought than control since D17 and
accounted for 55.1% of that in control, and reached below zero
in the GS2020. g; under drought had a similar trend with A,
since D47. The g; under drought decreased to 10.6% of that in
control at the end of GS2020.
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FIGURE 3 | Variation in leaf water potential and stem wood-specific hydraulic conductivity (K.,) in response to continuous drought. Leaf predawn water potential (¥ pq,
A) and leaf midday water potential (1 mg, B) under control (black) and drought (red) treatments were measured in the GS2019 (D1-D88) and GS2020 (D302-D392).
Stem wood hydraulic conductivity (Ky, C) was measured in the GS2020. Different letters indicate significant differences among all measurement dates and between
the two treatments on each measurement date (o < 0.05) based on the LSD test. The statistical difference between y,q and ¥mg on the same measurement date is
labeled with (*p < 0.05) and n.s. (not significant) at the bottom in (A). Values are mean + SE (n = 4-7).

Response of Seedling C Dynamic to

Continuous Drought

Drought treatment, season, and their interaction significantly
affected concentrations of NSC and its components, but
the effect magnitude depended on organs (Table2 and
Supplementary Tables $2-S4). In two growing seasons, NSC

concentrations were similar irrespective of drought treatment
or organs (Figure 5). The exception was that dead individuals
exposed to drought had higher NSC concentrations in leaves than
control (Figure 5]). However, such response in concentrations of
NSC and its components was opposite in woody organs across
the winter dormant season (except for leaf in the DP2019).
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FIGURE 4 | The relative difference in net photosynthetic rate (Anet) and stomatal conductance (gs) of seedlings exposed to drought and control. Asterisk indicates a
significant difference between drought and corresponding control treatment on the same measurement date (o < 0.05) based on Wilcoxon rank-sum test. GS2019
and GS2020, the first and the second growing seasons (D1-D88 and D302-D392). Values are mean + SE (n = 4-7).

Especially in roots, concentrations of soluble sugars, starch, and
NSC for dead individuals from drought averagely reached 0.6,
0.4, and 1.0%, respectively. Meanwhile, the concentrations of
soluble sugars, starch, and NSC were 9.8, 15.4, and 11.5% of the
control (Figures 5EI).

DISCUSSION

Dynamic of Hydraulic and C Under

Continuous Drought
The stomatal closure, one of the earliest reactions to decrease
in the soil water (Figure4), reduced the canopy water loss
and maintained high water potential in the GS2019 and the
early GS2020 (Figure 3). This behavior suggests a protective
mechanism against embolism (McDowell et al., 2008; Xiong and
Nadal, 2020), which is consistent with the finding from another
spruce species (P. abies) (Hajickova et al., 2021). However, the
water loss did not stop due to passive water loss and incomplete
stomatal closure (Duursma et al., 2019). Moreover, water loss
could be exacerbated by the relatively high temperature in the
growing season (Hartmann, 2015; Yan et al., 2020). The ongoing
water loss could lead to massive embolism, which constrains
xylem water transport (Gebauer et al,, 2020). In this study,
two results could support the xylem hydraulic dysfunction in
the GS2020.

First, drought significantly decreased K, in the middle and
late GS2020 (Figure 3). In this study, the Ky, in living seedlings
exposed to drought reduced c. 80% compared to the control,

and complete loss of hydraulic conductivity was detected in
dead seedlings. This is consistent with the previous results that
severe long-term drought led to great damage in stem hydraulic
integrity and hydraulic conductivity (Chen et al., 2020; Li et al.,
2020).

Second, V/pq was similar to Y q in droughted seedlings since
D370 (Figure 3). Y pq and ¥ g correspond to the daily maximum
and minimum leaf water potentials, respectively (Donovan et al.,
2001). ¢rpq recovers overnight through xylem water transport
under normal water conditions (Gleason et al., 2017). Similar
values of g and Y in this study suggest that massive
embolism impaired water transport. Therefore, the hydraulic
dysfunction might be a primary reason for mortality in the
GS2020, which has been proven in field trees and potted seedlings
in many extreme drought events (Adams et al., 2017; Arend et al.,
2021).

Unexpectedly, living seedlings exposed to drought had
similar hydraulic conductivity with control at D351 (Jun,
2020). This might indicate that the hydraulic conductance
is above the critical threshold (McDowell et al., 2019) since
the xylem embolism formed in the winter dormant season
might be repaired (Maruta et al., 2020). It is necessary to
frequently measure hydraulic dynamics after winter drought in
future work.

Under continuous drought, trees may adjust phenology to
maintain the C dynamic (Jin et al, 2018). In the GS2020,
seedlings exposed to drought showed higher NSC but lower
growth than control (Figures 2, 5). It is possible that seedlings
sacrificed growth to maintain higher NSC for subsequent C
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TABLE 2 | Results of two-way ANOVA for effects of season, drought, and their interaction on concentrations of soluble sugars, starch, and NSC among organs.

Tissue Factor Df Sugars Starch NSC
F p F p F p
Leaf Season 3 7.9 <0.001 30.7 <0.001 27.8 <0.001
Drought 2 5.2 0.009 0.4 0.839 3.1 0.054
Season x Drought 5 7.1 <0.001 13.4 0.020 16.1 <0.001
Branch Season 3 3.5 0.023 21.8 <0.001 1.4 0.267
Drought 2 15.8 <0.001 1.0 0.390 12.5 <0.001
Season x Drought 5 3.8 0.006 8.6 <0.001 5.1 0.001
Root Season 3 7.3 0.063 5.6 0.002 6.5 0.090
Drought 2 7.5 0.024 27.9 <0.001 1.7 0.003
Season x Drought 5 17.6 0.003 5.0 0.001 15.9 0.007

Bold indicates statistical significance (p < 0.05).

use (e.g., osmoregulation) (Huang et al, 2021; Luo et al,
2021). In addition, as a drought-defoliation species, Jezo spruce
fell off leaves to protect the hydraulic system, which may
also stimulate C accumulation in branches and roots (Santos
et al, 2022). However, C reserve may be unavailable under
drought stress, and less change at the time of death (Sala
et al, 2010; Jin et al, 2018; Wiley et al, 2019), which
may lead to high-level NSC in drought and dead seedlings
(Figure 5). Alternatively, seedlings that died in the GS2020
were collected earlier than the drought and control seedlings.
The higher NSC in dead seedlings than living seedlings
exposed to drought might result from an earlier occurrence
of use constraint and (or) the shorter time duration of
negative Apes.

Seedling Survival and C Reserve in the

Winter Dormant Season
The mortality rate increased in the winter dormant season
(Figure 1), suggesting that droughted seedlings might be more
vulnerable in the winter dormant season. The temperature below
—32°C is expected to induce frost damage to Jezo spruce (data
from https://www.worldplants.ca). The minimum temperature
reached —33.7°C during the experiment. Furthermore, the
winter drought might aggravate the freezing damage of plants
(Charrier et al., 2015; Ferndndez-Pérez et al., 2018).
Nonstructural carbohydrate (NSC) plays a critical role in
drought and cold tolerance of temperate trees (Charrier et al.,
2015). In contrast to the growing season, we detected NSC
depletion in the roots of dead seedlings in the winter dormant
season (Figure 5). This is consistent with the results of Galvez
et al. (2013), which showed that insufficient NSC reserve in
roots might be the primary reason for seedling mortality of
two poplar species in the winter dormant season. However, the
concentrations of soluble sugars and starch did not decrease to
zero in dead seedlings, indicating that there may be a minimum
threshold of NSC reserve for tree survival (McDowell, 2011).
In this work, NSC concentration in dead seedlings is consistent
with the life-threatening NSC level in previous drought studies

(Schonbeck et al., 2020), defoliation (Barker Plotkin et al., 2021),
and shade (Weber et al., 2018, 2019).

In this study, drought (living) seedlings had higher or similar
soluble sugars than control (Figure 5). Similar results were also
observed in previous studies, e.g., Chuste et al. (2020) and
Schonbeck et al. (2020). These support the theory that NSC
concentration initially increases and shifts to decrease with
drought persisting (McDowell, 2011). It is possible that NSC
reserve might increase or be stable during the early drought
stage by limiting growth respiration and consuming with drought
persisting (McDowell, 2011). In this work, different death times
among seedlings under drought treatment might indicate the
different exact physiological stress stages among seedlings (Zhang
et al., 2021). However, the reason why seedlings exposed to
the same drought showed different death times should be
further investigated.

The insufficient NSC reserve and severe embolism may
threaten tree survival in the winter (Galvez et al., 2013). Since
the lack of hydraulic conductivity and PLC data in the winter
dormant season, it is unable to assess the direct contribution
of hydraulic dysfunction to seedling mortality during the
dormant season. However, almost complete loss of hydraulic
conductance may not be damaging due to stomatal closure
and reduction in water uptake (Beikircher et al, 2016). As
shown in previous studies (Ogasa et al, 2019; Mayr et al.,
2020), trees that experienced near to 100% PLC in winter
recovered growth in the following seasons, suggesting the whole
tree and tissues were still alive in the winter dormant season.
Thus, future studies are required to explore the appropriate
methods for assessing the linkage between tree mortality and
hydraulic dysfunction in the winter dormant season under
drought stress.

CONCLUSION

This study demonstrated that seedlings subjected to continuous
drought showed a significant decrease in net photosynthesis
rate, stomatal conductance, and biomass in the second than the
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FIGURE 5 | (A-L) Variations in concentrations of nonstructural carbohydrates (NSCs) in each organ under drought treatment over the experimental periods. GS2019,
the first growing season (D1-D88); DP2019 and DP2020, the early and late winter dormant seasons (D89-D180 and D181-D301); GS2020, the second growing
season (D302-D392). Different capital letters indicate significant differences (p < 0.05) in NSC among control, drought living, and dead seedlings. Different lowercase
letters indicate significant differences (o < 0.05) in soluble sugars (lower) and starch (upper) among control, drought living, and dead seedlings. Gray and blank bars
represent the concentrations of soluble sugars and starch, respectively. Result without significant difference was not labeled. Values are mean + SE (n = 4-7).
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first growing season, while the seedling mortality continually
increased toward the end of the second growing season. Under
drought stress, seedlings with root concentrations of both soluble
sugars and starch less than 1% died in the winter dormant
season. Hydraulic conductivity was significantly lost in the
growing season. These suggest that C starvation may partly
explain seedling mortality in the winter dormant season, while
hydraulic failure may determine seedling survival in following
growing seasons with continuous drought. Two processes may
interactively cause more tree death in northern temperate forests
in the case that the drought duration is projected to extend
associated with climate change in the future.
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Leaves are enormously diverse in their size and venation architecture, both of
which are core determinants of plant adaptation to environments. Leaf size is an
important determinant of leaf function and ecological strategy, while leaf venation,
the main structure for support and transport, determines the growth, development,
and performance of a leaf. The scaling relationship between venation architecture
and leaf size has been explored, but the relationship within a community and its
potential variations among species with different vein types and leaf habits have not
been investigated. Here, we measured vein traits and leaf size across 39 broad-leaved
woody species within a subtropical forest community in China and analyzed the scaling
relationship using ordinary least squares and standard major axis method. Then, we
compared our results with the global dataset. The major vein density, and the ratio of
major (1° and 2°) to minor (3° and higher) vein density both geometrically declined with
leaf size across different vein types and leaf habits. Further, palmate-veined species have
higher major vein density and a higher ratio of major to minor vein density at the given
leaf size than pinnate-veined species, while evergreen and deciduous species showed
no difference. These robust trends were confirmed by reanalyzing the global dataset
using the same major vein classification as ours. We also found a tradeoff between the
cell wall mass per vein length of the major vein and the major vein density. These vein
scaling relationships have important implications on the optimization of leaf size, niche
differentiation of coexisting species, plant drought tolerance, and species distribution.

Keywords: leaf habit, leaf size, leaf vein type, scaling relationship, subtropical forest, vein density, vein distribution

INTRODUCTION

The leaf is the main organ of photosynthesis in higher plants and a critical component in the plant
water transport system, which accounts for 30% or more of whole-plant hydraulic resistance (Sack
and Holbrook, 2006). Leaf size is an important determinant of plant physiological function and
ecological strategy. It reflects the efficiency of light interception and the ability of carbon capture
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in plants (Parkhurst and Loucks, 1972; Givnish and Vermeij,
1976). Leaf size also shapes the tradeoff between carbon
assimilation and water use efficiency, which is crucial for
leaf temperature regulation under different climatic conditions
(Michaletz et al., 2014; Fauset et al., 2018; Li et al., 2020).
Leaf venation is the main structure for physical support and
water/nutrient transport in the leaf, which has an important
role in maintaining the growth and development of a leaf. It
also transports photosynthate and signal molecules from the
mesophyll to the rest of the plant. Thus, leaf venation is strongly
related to the leaf hydraulic conductance, gas exchange rates,
and plant performance (Niklas, 1999; Sack and Holbrook, 2006;
Sack et al.,, 2012, 2013). The leaf hydraulic conductance (Ke,f)
is determined by the conductance of a series of the xylem
(Kx) and outside-xylem pathways (Koy). The vein density is a
determinant of both Ky and K,y because higher densities provide
more numerous xylem flow pathways that are parallel per leaf
area and shorten pathways for water movement outside the
xylem (Cochard et al., 2004; Sack and Frole, 2006; Brodribb
et al., 2007; McKown et al,, 2010). The higher vein densities
and conductivities are expected to be adaptations to higher-
resource conditions (Sack et al., 2005; McKown et al., 2010),
and large leaves are predominant in moister and/or shaded
habitats (Givnish, 1987; Fonseca et al., 2000). Smaller leaves and
higher major vein densities are more frequent in dry habitats
(Givnish, 1987; Ackerly, 2004; Scoffoni et al., 2011). In addition,
the development of the algorithm for vein formation during
leaf expansion also provides the basis correlation for vein trait
and leaf size (Sack and Scoffoni, 2013). Hence, leaf venation
has an important role in the optimization of leaf size. In
addition, the variation of leaf size would be closely related to leaf
venation architecture.

The scaling of vein traits with leaf size across species has been
explored by several studies, but not systematically (except for
Sack etal., 2012, 2013). Hence, the conclusions are not consistent.
Previous studies with fewer species (<10) found a negative
correlation between major vein density and leaf size, while no
relationship between minor vein density and leaf size was found
in most studies (Sack et al., 2008; Dunbar-Co et al., 2009; Scoffoni
et al., 2011). However, Walls (2011) showed a weak relationship
(R?> = 0.11). Then, Price et al. (2012) showed that vein density
was independent of leaf size by using an automated analysis of
low-resolution images, but did not distinguish vein orders in
339 species collected from the National Cleared Leaf Collection
at the Museum of Natural History, Smithsonian Institution.
Another study analyzed 485 globally distributed species with
new, high-resolution measurements of vein systems (Sack et al.,
2012). They found that larger leaves had major veins with larger
diameters, but lower major vein density. Meanwhile, minor vein
traits were independent of leaf size, and total leaf vein density
was not related to leaf size for both palmate-veined (multiple
1° veins) and pinnate-veined (with a single 1° veins) species.
These inconsistent conclusions were not only because of the
different image resolutions of leaf venation, but also the different
classification standards of major veins and minor veins. In Sack
et al. (2012), the major vein included 1°, 2°, and 3° veins,
while the minor veins were defined as all more higher-order

veins (Sack et al., 2012). In contrast, Price et al. (2012) did not
distinguish vein orders. However, the major vein might also
be defined based on different formation timing and the gene
expression during development (Haritatos et al, 2000; Evert,
2006). Based on the newly developed synthetic model for the
development of vein hierarchy, the formation of 1° and 2° veins
coincides with the first slow phases, while most 3° and higher-
order veins form during the rapid expansion phase (Sack et al.,
2012). Hence, it could be reasonable to define the major vein as
the sum of 1° and 2° veins, and the minor veins as the 3° and
higher-order veins. This classification is the same as in Ellis et al.
(2009) and Walls (2011), which will be used in this study. To the
best of our knowledge, although the scaling relationship between
leaf venation architecture and leaf size has been studied within the
given genera and families and at the global level, it has not been
investigated within a community sharing similar environmental
conditions. It is not clear if this general scaling relationship is
conserved across species that coexist in a community.

The major and minor veins differ in the timing of development
and xylem and phloem formation (Sack et al., 2012; Sack and
Scoffoni, 2013). The variation in the ratio of major to minor vein
density could affect leaf hydraulic conductance and vulnerability
to cavitation (Scoffoni et al., 2011). Hence, the ratio of major to
minor vein density should be considered because even within
species with the same total vein density and leaf size, leaf vein
distribution could be different. Additionally, the major vein
continually thickens with the increase of the leaf size, while
the diameter of the minor vein quickly reaches the maximum
and is kept constant with the further increase in leaf size (Sack
et al., 2012). Thus, the construction cost of extending the major
vein and minor vein should be different. Also, the cell wall
mass of veins should be considered when studying the scaling
relationship between vein architecture and leaf size. These will
be helpful for us to understand the covariant relationship of leaf
venation structure with leaf size.

In addition, species with different vein types (palmate- vs.
pinnate-veined) have different numbers of midribs, resulting in
different major vein densities and tolerance to vein damages
(Sack et al., 2008; Scoffoni et al., 2011). Species with different
leaf habits (i.e., evergreen versus deciduous species) also present
significant differences in leaf size, leaf mass per area (LMA), vessel
size, photosynthesis, and stress tolerance (Cavender-Bares and
Holbrook, 2001; Wright et al., 2004; Yang et al., 2008). Therefore,
leaf habits and leaf vein types might also change the general
scaling relationship.

Here, we measured leaf size, leaf vein length, and leaf vein
cell wall dry mass across 39 broad-leaved woody species within a
subtropical forest community in Tiantong National Forest Park
of China. These species belong to 27 genera in 18 families,
including different leaf habits and leaf vein types, with leaf
sizes ranging from 7.68 to 196.00 cm?. We aimed to (1) test
whether the general scaling relationship of leaf vein density
with leaf size holds across species within a community, (2)
determine whether the ratio of major to minor vein density
and vein cell wall mass per length are also related to leaf
size, and (3) test whether the scaling exponents are consistent
between different leaf habits and different leaf vein-type species.
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Additionally, we compiled the global dataset from Sack et al.
(2012), redefined the major vein and minor vein as we did in
this study, and reanalyzed and compared the scaling relationship
between our data and data from Sack et al. (2012). This
comprehensive study on the scaling trends of leaf venation
with leaf size would provide a fundamental understanding of
the adaptive significance of leaf size and venation and their
ecological strategies.

MATERIALS AND METHODS
Study Sites and Leaf Materials

Leaf materials were collected from 39 broad-leaved woody
species (including 8 palmate-veined deciduous, 7 pinnate-veined
deciduous, and 24 pinnate-veined evergreen species) in an
evergreen broad-leaved forest of Tiantong National Forest Park,
China (29°48' N, 121°47" E) on August 2019 when leaf expansion
was completed. In all collected species, there were only a few that
were not native species, but have been planted for many years
in the park. The study site has a subtropical monsoon climate.
The mean annual temperature and precipitation from 2012 to
2017 was approximately 16.6°C and 1824.4 mm, respectively.
The meteorological data were from the Zhejiang Tiantong Forest
Ecosystem National Observation and Research Station.

For each species, four to five healthy adult individuals within
a similar environment were selected, and three to five random
branches with tips at the outer edge of the middle layer of
the plant crown were chosen. Healthy, undamaged, and fully
developed current-year leaves located on the third or fourth
leaf position were sampled for venation architecture and leaf
traits measurements.

Vein Systems Analysis

One leaf per branch from three branches on each of five
individuals was collected. Therefore, a total of 15 leaves per
species were used for vein system measurements. The leaf vein
orders were classified and divided into major (including 1° and
2° veins) and minor veins (3° veins and higher-order veins)
according to Ellis et al. (2009), Walls (2011). Firstly, cleaned fresh
leaves were scanned using a scanner (LiDE 300, Canon, Vietnam),
and leaf area and the length of 1° and 2° veins in each leaf
were measured by Image] 18.0 (National Institutes of Health').
Secondly, all leaves were chemically cleared with 5% NaOH
solution and boiled in a water bath with a constant temperature
for 20-30 min. Then, 1-cm?-sized samples (avoiding 1° and 2°
veins as much as possible) were cut from symmetrical locations
of the tip, middle, and bottom of the leaves (6 samples per leaf,
15 leaves per species, see Supplementary Figure 1) and bleached
in 5% NaClO solution, then stained with an alcoholic solution of
toluidine blue (3%) overnight. The above protocols were similar
to other studies (Scoffoni et al., 2011; Sack et al., 2012; Petruzzellis
et al., 2019). Finally, three images of each sample (a total of
18 images per leaf) were obtained with a digital camera (Leica,
DFC7000 T, Germany) mounted on an optical microscope (Leica,

Uhttps://imagej.nih.gov/ij/

DM6B Wetzlar, Germany) at 40 x magnification. Then, minor
vein length was measured using the phenoVein software with
manual correction (Biihler et al., 2015). The major and minor
vein densities were calculated by dividing leaf area with vein
length in major and minor veins, respectively. The ratio of major
to minor vein density was obtained by the major vein length
divided by the minor vein length.

Leaf Vein Cell Wall Mass Analysis

One leaf on a sun-exposed branch from each of the same five
individuals measured for vein architecture was collected for leaf
vein cell wall mass measurements (cell wall mass denotes cell wall
dry mass except where we specifically mentioned fresh mass).
After scanning and measuring the leaf area, the leaves were
chemically cleared with the same protocols as described above
for vein systems. Then, the leaves were washed with deionized
water and dried with absorbent paper. Then, 1°, 2°, and minor
veins were separated from the cleared leaves with scissors and
tweezers before the fresh mass was measured with an analytical
balance (0.1 mg, Mettler Toledo, XPE 205, Switzerland). For the
leaf vein cell wall extraction, we used the same protocol as Wang
et al. (2017). Briefly, the weighted fresh vein was transferred to
a centrifuge tube that was injected with 75% ethanol, and the
samples were ground to homogenate with a grinder (70 Hz,
2 min). Then, the homogenates were washed into a 50 ml
centrifuge tube with 75% ethanol and kept in an ice-cold bath for
20 min. Later, the homogenates were centrifuged at 1,000 RPM
for 10 min, and sediments were washed according to a sequence
of 1:7 (vein fresh mass/volume) of ice-cold acetone, methanol-
chloroform mixture (1:1, V/V), and methanol. The supernatant
in each washing was discarded, and the final deposit was dried in
an oven at 70°C for 48 h. The dry mass of the powder is the vein
cell wall mass, hence the cell wall mass of 1°, 2°, and minor veins
were separately obtained. Except for vein traits mentioned above,
the other current-year leaves located on the third or fourth leaf
positions of selected branches were collected. Then, the leaf area
and leaf mass were obtained for calculation of (LMA).

Ideally, the vein cell wall mass and vein length should be
measured at the same leaf area to get the vein cell mass per
vein length. However, we used different leaves with different leaf
areas for these two measurements. Hence, the vein cell wall mass
was converted proportionally to the corresponding vein cell wall
mass in the leaf area that was used for measuring vein length
for each branch in each species. Based on the LMA values, the
same proportional conversion was performed for obtaining the
leaf mass of the same leaf area that was used for vein length
measurements. In this way, all traits were obtained with the same
leaf area that was measured for vein length in each species. For
ensuring that the vein cell wall mass conversion was correct, we
tested the scaling relationship of vein cell wall mass with leaf
area across species. Since the scaling exponents were not different
between original vein cell wall mass measurements and converted
data with the same leaf area in the vein length measurements,
we confirmed that the conversion was correct. The leaf area of
each species in the two measurements was similar. Particularly,
the points were on the 1:1 line, and the slope did not deviate from
1.0 (R = 0.93).
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Data Analyses

Preliminary regression analyses showed that all bivariate
relationships were log-log linear. Thus, log;o-transformed data
were used in all statistical analyses for scaling relationships. The
bivariate relationship was described by the equation y = ax?,
where x and y were two traits and a and b represented the
intercept and slope of the linear relationship. We followed
the other published papers on vein architecture and leaf trait
studies in using ordinary least squares (OLS) or standard
major axis (SMA) linear regression for fitting the data. They
mainly depended on the calculation of the given trait and thus
its relative level of measurement error (Niklas, 1994; Smith,
2009; Scoffoni et al., 2011; Price et al., 2012; Sack et al,
2012). The SMA is preferred for allometric scaling analyses,
particularly when the measurement error in both variables is
proportional and when there is no dependent variable (Warton
et al,, 2006). Furthermore, when measurement error in the
ordinate variable is significantly higher than in the abscissa
variable, the results analyzed by SMA are not as accurate as
that in the OLS (Kimura, 1992; Sack et al., 2012). Therefore,
for the scaling relationship of vein traits with leaf size, we
used OLS, and alternatively, we used SMA. We noted that for
most of the relationships, the directions of the relationships
were not different regardless of using SMA or OLS, and the
scaling exponents were similar when the correlation coefficients
were high. The analysis of scaling relationships was conducted
using Standardised Major Axis Tests and Routines (SMATR)
(Falster et al., 2006), and confidence intervals for individual
regression slopes were calculated following Pitman (1939). The
common slops were obtained where homogeneity of slopes was
demonstrated based on the methods of Warton and Weber
(2002). Then, the differences in elevation of regression lines
(y-intercept) were tested as in standard analysis of covariance
(ANCOVA) (Wright and Westoby, 2002; Westoby and Wright,
2003; Yang et al., 2009).

Phylogenetically independent contrasts (PIC) were also
performed for analyzing the correlation between functional
traits throughout their phylogeny. The phylogenetic tree was
constructed using PHYLOMATIC, which is based on the
Angiosperm Phylogeny Group III classification of angiosperms
(APG III*). The PIC analysis was conducted using the “ape”
package (Paradis et al., 2004) in R 4.1.0 version.

To test trait differences between species groups of this study,
the t-test was performed. The partial correlation analysis was
performed for the intercorrelated relationship among the major
vein density, the ratio of major to minor vein density, and leaf
size across species, testing the relationship between two variables
while holding the third variable constant (Scoffoni et al., 2011).

The global dataset (from Sack et al, 2012) was reanalyzed
based on the same definition of major and minor veins as ours,
so that the data are comparable. There were 485 species in
the global dataset, including data from previous literature (36
species) and original data from their study, which had 410 of
449 species collected from the Daniel I. Axelrod cleared leaf
image collection (Museum of Paleontology of the University of

Zhttp://phylodiversity.net/phylomatic/

California, Berkeley, California). We extracted species in two
ways. One contained detailed data of major and minor veins
(63 species, called “Sack’s data”) to compare with our data. The
other included all species from Axelrod, which accounted for
most of the global dataset, including 1° and 2° but not more
than 3° veins. Thus, we can get major vein data (401species)
from Axelrod (called “Axelrod’s data”) to compare with ours
or Sack’s data. In addition, because there was no significant
difference in the y-intercept of major vein density and the ratio
of major to minor vein density vs. leaf area between evergreen
and deciduous species within pinnate-veined species in our
results, only venation type species were separately analyzed when
comparing with Sack’s data or Axelrod’s data.

RESULTS

Relationships Between Leaf Vein Density

and Leaf Size

In the current study, the leaf size ranged from 7.69 to 196.00 cm?,
with a considerable range in total vein density from 52.04
to 122.54 cm™!. Detailed functional traits can be found in
Supplementary Table 1.

A strong negative correlation between the major vein density
and leaf area in palmate-veined deciduous, pinnate-veined
deciduous, and pinnate-veined evergreen species groups was
found (all R? > 0.824), with a common slope of -0.525 [95%
confidence interval (CI) -0.576, -0.450, p = 0.158], which did
not differ significantly from -0.5 (Figure 1A and Table 1). The
same result was found when leaf size was represented by lamina
mass with a common slope of -0.453 (95% CI -0.561, -0.328,
p = 0.517) (Table 1). These results indicated that the major vein
density geometrically declined with leaf size. However, palmate-
veined deciduous species had a significantly higher y-intercept
than both the pinnate-veined deciduous and evergreen species
(p < 0.01, Figure 1A and Table 1), suggesting that the palmate-
veined species have a greater major vein density at the given
leaf area than in the pinnate-veined species. However, deciduous
and evergreen species showed no difference within the same
pinnated-veined vein type. By contrast, the density of minor
veins was independent of leaf size, as was the total vein density
(Figure 1B and Table 1). The correlation between the major
vein density and leaf size was also significant when expressed as
correlated evolutionary divergences (Table 2).

Vein length was significantly and positively related to leaf area
within each species group (all R?> > 0.827). The slope of vein
length vs. leaf area was not different among species groups, with
the common slope 0.461 (95% CI 0.412, 0.545, p = 0.072) and
0.970 (95% CI 0.856, 1.053, p = 0.202) for major and minor veins,
respectively (Figures 1C,D and Table 1). The palmate-veined
deciduous species were significantly greater in the vein length
than two pinnate-veined group species at the same leaf area
(p < 0.01, y-intercept in Figures 1C,D and Table 1), indicating
that the major and minor vein lengths were both significantly
larger in palmate-veined species than in pinnate-veined species.
The result of the PIC analysis also showed a positive correlation
between correlated evolutionary divergences (Table 2).
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Relationships Between Vein Cell Wall
Mass per Length and Leaf Size

The major vein cell wall mass per length was significantly and
positively related to leaf area in three groups (all R* > 0.554), with
a common slope of 0.583 (95% CI 0.437, 0.721, p = 0.919), which
did not significantly deviate from 0.5 (Figure 2A and Table 1).
This was consistent with the positive relationship between
correlated evolutionary divergences (Table 2). The difference in
y-intercept was found to be significant between palmate-veined
deciduous species and pinnate-veined (evergreen and deciduous)
species (p < 0.001), but not significant between two pinnated-
veined species groups (p > 0.05, Table 1). In contrast, minor vein
cell wall mass per length was independent of leaf size (Figure 2B
and Table 1).

In addition, there was a significantly negative correlation
between the major vein cell wall mass per vein length and the
major vein density within each species group (all R* > 0.501),

with the common slope of -1.295 (95% CI -1.708, -1.048,
p = 0.355), which marginally but significantly deviated from -
1.0 (Figure 2C and Table 1). This suggested a tradeoff between
the major vein density and the major vein cell wall biomass
investment per unit vein length. The relationship was also strong
when expressed as correlated evolutionary divergences (Table 2).
However, there was no significant correlation between the minor
vein cell wall mass per vein length and minor vein density in each
species group (all p > 0.05).

The Scaling Relationship of the Ratio of
Major to Minor Vein Density With Leaf

Size

A significant scaling relationship was found between the ratio
of major to minor vein density and leaf area within each
species group (all R > 0.496). Neither the slopes nor the
intercepts of the ratio of major to minor vein density vs. leaf
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TABLE 1 | Parameters for the scaling relationships of vein traits and leaf traits.

X y b-Value (95% Cls) a-value
Method Paimate D Pinnate D Pinnate E Paimate D Pinnate D Pinnate E
Leaf area Vein length, cm
(cm?) Major vein OLS 0.461(0.412, 0.545) 1.217a 1.134b 1.140b
R2: 0.969 0.887 0.879
Minor vein OLS 0.970(0.856, 1.053) 2.032a 1.926b 1.923b
R?:0.990 0.952 0.827
Total vein OLS 0.958(0.846, 1.039) 2.064a 1.958b 1.955b
R?:0.990 0.952 0.830
Vein density, cm cm™2
Major vein OLS —-0.525(-0.576, —0.450) 1.212a 1.122b 1.132b
R?:0.979 0.935 0.824
Minor vein OLS ns ns ns - - -
R?:0.007 0.337 0.085
Total vein OLS ns ns ns - - -
R?:0.003 0.387 0.103
Vein cell wall mass per length, g cm™"
Major vein OLS 0.583(0.437, 0.721) -4.968a -4.702b -4.614b
R?:0.672 0.887 0.554
Minor vein oLs ns ns ns - - -
R2: 0.001 0.390 0.021
Total vein OLS ns ns ns - - -
R?:0.001 0.397 0.049
MVD/M;VD OoLs -0.454(-0.554, -0.298) -0.892a -0.828a -0.845a
R2: 0.950 0.592 0.496
Lamina mass MVD oLs —0.453(-0.561, —0.328) 0.158a 0.010a 0.156a
(9) R2:0.764 0.734 0.635
MVD/M;VD OoLs -0.391(-0.509, -0.230) -1.802a —-1.825a —-1.688b
R?:0.682 0.843 0.376
MVD MVW/MVL SMA -1.295(-1.708, —1.048) -3.575a -3.422ab -3.282b
R?: 0.638 0.814 0.501
M\VD MVW/M;VL SMA ns ns ns - - -
R?:0.191 0.003 0.017
MVD MVD/M;VD SMA 0.975 (0.820,1.130) -1.967a -1.865b -1.868b
R2:0.965 0.872 0.377
Leaf area Lamina mass SMA 0.960 (0.839,1.103) -1.964ab —2.100a —-1.880b
R?:0.721 0.862 0.872

Cls, confidence intervals; OLS, ordinary linear regression; SMA, standard major axis; PamateD, plamate-veined deciduous species; PinateD, pinnate-veined deciduous
species; and PinnateE, pinnate-veined evergreen species; MVD, major vein density, cm cm—2; M;VD, minor vein density, cm cm~2; MVL, major vein length, cm; M;VL,
minor vein length, cm,; MVD/M;VD, the ratio of major to minor vein density; MVM/MVL, the cell wall mass per vein length of the major vein, g cm~ - MiVM/M VL, the cell
wall mass per vein length of the minor vein, g cm~". b-value is the common slope among different species groups by ordinary linar regression (OLS) or standard major
axis (SMA) method, a-value is the y-intercept based on the common slope, the small letter after the a-value is the significance test, different letters mean the significant
difference; ns represented the scaling relationship was not significant. R is the absolute coefficient of scaling relationship between two traits.

area relationships differed among the species groups, with a
common slope of -0.454 (95% CI -0.554, -0.298, p = 0.064)
that did not significantly deviate from -0.5 (Figure 3A and
Table 1). A similar scaling relationship was also found when
the leaf size was represented by lamina mass (Table 1).
These results indicated that the leaf vein density distribution
was tightly correlated with leaf size. Furthermore, the ratio
of major to minor vein density was significantly related
to the major vein density in each species group, with the

common scaling exponent of 0.975 (95% CI 0.820, 1.130,
p = 0.472) not being different from 1.0. Thus, these two
venation traits have an isometrical relationship (Figure 3B and
Table 1).

In addition, the relationships between the ratio of major
to minor vein density and leaf size, and between the ratio of
major to minor vein density and major vein density were also
highly significant when expressed as correlated evolutionary
divergences (Table 2).

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 873036


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

Peng et al.

Leaf Venation Scaled to Size

TABLE 2 | The regression slopes between functional traits (log-log transformed
data) of correlated evolutionary divergences for 39 subtropical woody plants in
Tiantong National Forest Park, China.

Traits (x-axis—y-axis) Slopes R2 P-value
LA-MVD -0.428 0.914 <0.001
LA-MVL 0.574 0.953 <0.001
LA-MVL 0.994 0.960 <0.001
LA-MVM/MVL 0.433 0.638 <0.001
LA-MVD/M;VD -0.427 0.835 <0.001
LM-MVD -0.432 0.701 <0.001
LM-MVD/M;VD -0.431 0.641 <0.001
MVD-MVW/MVL -1.035 0.732 <0.001
MVD-MVD/M;VD 0.942 0.814 <0.001

The OLS method on log-transformed variables was applied. All the regression lines
were highly significant (p < 0.001). LA, leaf area; LM, lamina mass. For other
abbreviations, see Table 1.

The Comparisons Between Our Results
and the Global Dataset

The major vein density negatively scaled to leaf area in both this
study and SacK’s data (both R? > 0.60). Neither the slopes nor
the intercepts of relationships differed between these two groups,
with common slopes of -0.532 (95% CI -0.594, -0.454) and -
0.496 (95% CI -0.553, -0.439) for palmate- and pinnated-veined
species, respectively, which did not significantly deviate from -0.5
(Figures 4A,B and Table 3). However, the scaling exponent in the
Axelrod’s data (401 species) was significantly larger (less negative)
than for this study and Sack’s data, with exponents of -0.408
(95% CI -0.440, -0.375) and -0.427 (95% CI -0.447, -0.407) for
palmate- and pinnated-veined species, respectively, both being
significantly deviated from -0.5 (Table 3). Consequently, when
we plot the scaling relationship for Axelrod’s species, our data,
and SacK’s data, there was no common slope among them in both
venation type species (Figure 5A and Table 3).

The ratio of major to minor vein density was significantly and
negatively correlated with leaf area in both this study and SacK’s
data (both R? > 0.39), with common slopes of —0.509 (95% CI -
0.602, -0.378) and -0.437 (95% CI -0.523, -0.347) for palmate-
and pinnated-veined species, respectively, which did not differ
from -0.5 (Figures 4C,D and Table 3). The y-intercept was also
not different between this study and Sack’s data in the palmate-
veined species. However, the Sack’s data had a significantly higher
ratio of major to minor vein density than our data at a given
leaf area in the pinnate-veined species. In addition, similar to
Sack’s global dataset, our data showed a considerable range in
total vein density. The two datasets, both used high-resolution
images, did not differ significantly (Figure 5B, p = 0.231 of ¢-test,
Supplementary Table 1).

DISCUSSION

Our results showed an extremely strong and consistent scaling
relationship of leaf venation architecture with leaf size across
species with different leaf habits (evergreen and deciduous) and
leaf vein types (palmate-veined and pinnate-veined) within a
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community. The scaling relationship between leaf vein density
and leaf size across species was the same as what was found
in the global dataset (Sack et al., 2012). Additionally, we found
that the leaf vein distribution (the ratio of major to minor vein
density) and the major vein cell wall mass per length were
significantly correlated with leaf size across species. Indeed, it is
intriguing when different leaf habits and leaf vein types species
have the same scaling relationships between leaf vein traits and
leaf size. This pattern suggests that these leaf vein traits are of
importance for leaf size and are governed by the law of physics
or physiological requirements. These relationships are core
discoveries in leaf structure and function, which have important
ecological and biogeographic implications. These results also
provide a new way to understand the optimization of leaf size.

The Scaling Relationship of Leaf Vein
Density With Leaf Size

We found a strong negative correlation of major vein density
with leaf size across 39 woody broad-leaved species within
a community. However, minor vein density was independent
of leaf size (Figure 1). Since total vein density was mainly
determined by the minor vein length per area, which accounted
for > 97% of the total vein length in this study (Supplementary
Table 1), the total vein density was also not related to leaf size.
This was consistent with findings from the previous global-
scale dataset and small groups with no more than 10 species in
previous studies (Sack et al., 2008, 2012; Dunbar-Co et al., 2009;
Scoffoni et al., 2011).

These relationships were robust across different leaf habits and
leaf vein types, with the common slope of major vein density
with leaf size not different from -0.5 (Figure 1 and Table 1).
The consistent results when leaf size was represented with leaf
area and lamina mass was because of the isometric relationship

between leaf area and lamina mass (b = 0.96, 95% CI 0.84, 1.10,
Table 1). This robust geometrical scaling of the major vein density
with leaf size could be directly demonstrated from the scaling
relationship between vein length and leaf area in the current
study. The significant relationship between major vein length
(MVL) and leaf area (A) among all groups showed a scaling
slope not significantly different from 0.5 (b = 0.46; Figure 1C
and Table 1), i.e., MVL scaling with A was described as MVLx
AY48_and the leaf area scaled with leaf area as AccA®. Therefore,
the major vein density was determined by MVD = MVL/A
xA~%34, and the scaling exponent was not different from -0.5
(Figure 1 and Table 1). Additionally, considering the geometric
dimensions, geometric scaling predictions have been derived
(Niklas, 1994) by treating each fundamental trait as an area (A) as
a two-dimensional variable and length (L) as a one-dimensional
variable. Hence, vein density is an L/AxA~%5. Thus, we can
say that the major vein density geometrically declined with leaf
size. However, the scaling of minor vein length (M;VL) with
leaf area was described as M; VLo A%%7, which was not different
from 1.0 (Table 1). Thus, the minor vein density was determined
by M;VD = M;VL/A o« A=%%, suggesting that M;VD did not
change with leaf size. These trends can also be explained by the
development mechanism of venation according to the synthetic
model (Sack et al,, 2012). With the leaf development, the 1°
and 2° veins are formed during a “slow” limited expansion
phase due to cell proliferation, and the vein density peaks as
procambium forms and declines as leaves are pushed apart
during subsequent rapid expansion. Thus, the major vein density
would geometrically decline with increasing leaf size. In contrast,
the 3° and other higher-order veins are principally formed
during a “rapid” dramatic expansion phase mainly because of
cell expansion, although cell divisions continue. Thus, the minor
vein density stabilizes as their initiation, and is maintained during
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leaf expansion (Sack et al., 2012). The declining trend of major
vein density with leaf area was consistent among different leaf
vein types and leaf habit groups. However, the palmate-veined
species had higher major vein density than pinnate-veined species
at a given leaf area (Figure 1A), which can be mainly ascribed
from palmate-veined species having more midrib compared with
pinnate-veined species (Sack et al., 2008; Scoffoni et al., 2011).
Additionally, major vein length in palmate-veined species was
significantly higher than in the pinnate-veined species at the same
leaf area (Figure 1C and Table 1), which also contributed to the
above difference. Even though evergreen species normally have
smaller leaf area, photosynthesis efficiency, and higher LMA than
for deciduous species (Zhang et al., 2013; Qi et al., 2021), major
vein length and the major vein density were both insignificantly
different between deciduous and evergreen species within the

same leaf vein type in the current study (p > 0.05). Therefore,
the y-intercept of scaling relationship in leaf vein density with leaf
size was only impacted by vein type, not by leaf habit. Also, in the
future, the evergreen and deciduous species could be combined
within the same leaf vein type to study the scaling relationship of
leaf venation architecture with leaf size.

The exponent of the geometrically scaling between major
vein density and leaf area (no different from -0.5) in this
study was different from that in the global dataset, which has
the major vein density conservatively declined with leaf size
(b = -0.341, 95% CI -0.360, —0.322) (Sack et al.,, 2012). This
difference is not caused by different definitions of the major vein,
but by the different range of leaf size of the studied species.
When we reanalyzed the scaling relationship from the global
dataset by recalculating major vein density based on the same
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TABLE 3 | Parameters for the scaling of vein traits with leaf size analyzed by OLS method in this study, Sack’s data, and Axelrod’s data (Sack et al., 2012).

Vein Traits Data N R2 bq-value by-value as-value Tests for differences
type source between groups
Slope (95% Cls) Common slope
(95% Cls) P-value
Palmate MVD Sack’s 34 0.607 -0.478(-0.616, -0.339) -0.532 (-0.594, -0.454) 1.196 by:0.434
(emcm~2) This study 8 0.979 -0.544(-0.624, -0.464) 1.224 ap: 0.211
MVD/M;VD Sack’s 34 0.391 -0.402(-0.583, -0.221) -0.509 (-0.602, -0.378) -0.765 bo: 0.172
This study 8 0.950 —0.545(-0.670, -0.420) -0.792 ap: 0.382
MVD Axelrod’s 67 0.906 -0.408 (-0.440, -0.375) - - bo:0.016
This study 8 0.979 -0.544 (-0.624, -0.464) -
Sack’s 34 0.607 -0.478 (-0.616, -0.339)
Pinnate MVD Sack’s 29 0.740 -0.442(-0.545, -0.339) -0.496 (-0.553, -0.439) 1.137 bo: 0.209
This study 31 0.897 -0.519(-0.586, —0.453) 1.087 ap: 0.069
MVD/M;VD Sack’s 29 0.513 -0.509(-0.704, -0.313) -0.437 (-0.5283, -0.347) -0.738 by:0.389
This study 30 0.727 -0.415(-0.514, -0.317) -0.876 ap: 0.006
MVD Axelrod’s 334 0.839 -0.427 (-0.447, -0.407) - - bo: 0.042
This study 31 0.897 -0.519 (-0.586, -0.453) -
Sack’s 29 0.740 —-0.442 (-0.545, -0.339)

Cls, confidence intervals; OLS, ordinary linear regression;, MVD, major vein density, cm cm~2; MVD/M;VD, the ratio of major to minor vein density. Parameters for the
scaling of vein traits, that is, of b value in the equation log (trait) = a + b log (leaf size), across species in different data sources. bi-value is the slope of each data group,
bo-value is the common slope of two or three groups. as-value is the y-intercept based on the common slope. P-value is the test between groups for common slope

bo-value and y-intercept ap-value, respectively.
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definition of ours, the scaling exponent was still significantly
larger than -0.5 (common slope of palmate- and pinnate-veined
species, b = -0.405, 95% CI -0.383, -0.427), in agreement
with original results reported in Sack et al. (2012). However,
considering the data source, we found that the scaling exponent
of Axelrod’s data (401 species) was significantly larger than -
0.5 (Figure 5A and Table 3), while the scaling exponent of

SacK’s data (63 species including major and minor veins) was
not significantly different from -0.5, in agreement with our
results (Figures 4A,B and Table 3). The conservative scaling
exponent (>-0.5) found in the original global dataset was mainly
determined by the Axelrods data because Axelrods species
accounted for 85% of total species. The significant difference in
scaling exponent between Axelrod’s data and ours or Sack’s data
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might attribute to the source of species collected by Axelrod
or their venation treatment. We noted that the leaf area of the
species collected by Axelrod ranged from 0.16 to 57.67 cm?,
compared to 7.69 to 196.00 cm? in our study and 3.77 to
279.65 cm? in Sack’s 63 species. Thus, most species collected
by Axelrod were smaller than ours or SacKs, which could be
related to the environment or climate condition. Therefore, we
could say that within the same subtropical broad-leaved forest
community, the major vein density was geometrically declined
with leaf size, and this scaling exponent is consistent with another
dataset that includes big leaves, but not with that including only
small leaf species (Axelrod). The conserved scaling relationship
between major vein density and leaf size may have important
implications for understanding leaf size evolution, biogeography,
physiological adaptation, and paleobiology. Further research
work could be done to test whether the scaling exponent is related
to the climate by studying different communities with different
climate/environments. This will provide a new understanding of
the species distribution based on the relationship between leaf
venation structure and leaf size.

The Scaling Relationships of the Vein
Cell Wall Dry Mass per Length With Leaf

Size and Vein Density

Despite that the total dry mass of the cell wall of veins increased
with leaf size across species in this study (in each group,
R? > 0.50, p < 0.001), the cell wall mass per vein length was not
fixed with the leaf growth, and the major and minor veins have
different patterns. There was a significantly positive correlation
between the cell wall mass per length and leaf size in major veins
(Figure 2A and Table 1), but not in minor veins (Figure 2B
and Table 1). As minor veins usually account for most of the
total vein length, total vein cell wall mass per length was not
significantly related to leaf size (Table 1). The above difference
between major and minor veins could be caused by different
diameter growth patterns of them during leaf development. The
1° and 2° veins have a prolonged diameter growth with the leaf
development, and the power scaling exponent of vein diameter
vs. leaf area was 0.452 (95% CI 0.426, 0.480) and 0.368 (95% CI
0.344, 0.394) for 1° and 2° veins, respectively (Sack et al., 2012).
The thickening of major veins will lead to the increase of major
vein volume per leaf area, resulting in the increase of cell wall
biomass investment in the major vein (Niinemets et al., 2007;
Niklas et al., 2007). However, minor veins (3° and higher-order)
rapidly reach maximum diameter, and there is no correlation
with leaf area (Sack et al., 2012). Hence, with the increase of leaf
size, the cost of lengthening the major vein will increase, while the
cost of that for the minor vein is relatively stable.

The results showed that the cell wall mass per unit length of
major vein allometrically scaled with leaf area, with the scaling
exponent not significantly different with 0.5 (Figure 2A and
Table 1) across leaf habits and leaf vein types, indicating that the
increase of cell wall mass per unit length of major vein could
not keep up with the increase in leaf area. In other words, the
leaf area that could be obtained by investing in the biomass of
major vein cell wall per unit length increased with leaf area, i.e.,

“increasing returns.” Based on this allometrically relationship, it
will be beneficial for the plant to increase the cell wall mass per
unit length of the major vein. However, it is impossible for plants
to infinitely increase their investment in the major vein cell wall
mass per length, because the major vein density would decline
with the increase of cell wall mass per unit vein length of major
veins (Figure 2C and Table 1). Therefore, there is a trade-oft
between the length growth and thickness growth of the major
vein at a given biomass investment for the major vein. For a
leaf, the greatest mechanical stress occurs along its longitudinal
axis (Anita et al.,, 2001), and the mechanical reinforcement is
determined by its low-order veins (Kull and Herbig, 1995). With
the increase of leaf size, the larger major veins are required
to provide stronger mechanical support, and increasing the
diameter of the major vein increases the hydraulic conductivity
within the leaf, which is the premises to improve the water
transport efficiency of the whole plant (McKown et al., 2010).
Consequently, at the same major vein cell wall mass investment,
plants will prefer increasing vein diameter but not extending the
vein length, leading to a tradeoff between the major vein cell wall
mass per length and major vein density. This might be one of
the reasons for the continuous increase in thickness of the major
vein, while the major vein density peaks as procambium forms
during leaf growth.

The trade-oft of cell wall mass per unit length of the major
vein and major vein density was of great significance for the
optimization of leaf size. Although a thicker major vein is more
conducive to support a larger leaf size, it will limit the length of
the major vein and shorten the water transport distance within
the major vein, which would impact the whole leaf hydraulic
conductance. In order to maintain the water transport efficiency,
itis impossible to increase leaf area by infinitely increasing the cell
wall mass per unit length of the major vein. Rather, plants reach a
reasonable leaf size due to this trade-off.

The Ratio of Major to Minor Vein Density
Scales With Leaf Size

In this study, the ratio of major to minor vein density was
significantly scaled with leaf size among different species groups,
which was consistent with a 10 species study (Scoffoni et al,
2011). This could be because the major and minor veins have
different functions. For example, major veins (primary and
secondary veins) act as the support and distribution network for
leaves (Roth-Nebelsick et al., 2001; Ellis et al., 2009), while minor
veins act as the sites of exchange between the mesophyll and
the vascular system (Haritatos et al., 2000; Sack and Holbrook,
2006). Hence, the different distribution patterns of major and
minor veins within a leaf would be preferred by different leaf
sizes for adaption to the specific environment. In addition, this
negative correlation could be ascribed to the slower speed of the
increase in major vein length with leaf area compared to that
of the minor vein. The scaling exponents were not far from 0.5
and 1.0 for major vein length and minor vein length, respectively
(Figures 1C,D and Table 1). Thus, the ratio of major to minor
vein density scaled with leaf area with an exponent not different
from -0.5 (Figure 3 and Table 1). The y-intercept of this scaling
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relationship was not different between different leaf vein types or
leaf habitats, although at the same leaf area major vein length was
higher in palmate-veined species than in pinnate-veined species
(Figure 2 and Table 1). However, the same trend was found in
the minor vein length vs. leaf area. Therefore, the y-intercept
difference was offset during the major vein length divided by the
minor vein length to analyze the scaling relationship between the
ratio of major to minor vein density and leaf area. The above
results demonstrated that the scaling relationship between the
ratio of major to minor vein density and leaf area was robust,
approximately -0.5, regardless of palmate- or pinnate-veined
species and evergreen or deciduous species.

The ratio of major to minor vein density was scaled with
leaf area in our study and SacK’s data (63 species). This stable
scaling relationship indicated that the ratio of major to minor
vein density was another key venation trait linked with leaf area
that maintained the same scaling exponent 0.5, which could be
used for explaining the evolution of leaf size and adaptation to
the environment. Also, the ratio of major to minor vein density
was isometrically related to the major vein density [SMA results:
b =0.975 (95% CI 0.820, 1.130)] in our data (Table 1). However,
within the subtropical community, we found that the evergreen
species have higher mean values in the ratio of major to minor
vein density and smaller leaf area compared to deciduous species
within the same pinnate-veined species (Figure 3, both p < 0.05
by t-test). These trends are beneficial for species with small leaf
areas because the higher the ratio of major to minor vein density,
the smaller leaf area and more tolerance to leaf xylem cavitation
(Scoffoni et al., 2011). This can be extended to the global scale
species, of which small leaf species can survive unfavorable
situations with a higher ratio of major to minor vein density.

The dramatic linkage between venation architecture
(including major vein density and the ratio of major to minor
vein density) and leaf size in the subtropical forest community
or at the global scale (Figures 1, 3, 4) provides a hydraulic
mechanism for explaining the ecological or biogeographical
distribution of leaf size. Small leaves are predominant in drier
and more exposed habitats (Givnish, 1987; Peppe et al., 2011;
Sack et al., 2012), while large leaves in moister and/or shaded
habitats (Givnish, 1987; Fonseca et al., 2000). A spatially explicit
model showed that the greatest impact for the increase of Kje,f in
the reticulate hierarchy system was from increases in major vein
conductivity and in the minor vein density (McKown et al., 2010).
Hence, the major veins normally have long and wide conduits
(Choat et al., 2005), which in turn have higher vulnerability to
cavitation (Choat et al., 2005; Blackman et al., 2010; Scoffoni
et al., 2011). Because of this, higher major vein density in
small leaves provides redundant hydraulic “superhighways,’
i.e., pathways around embolized major veins (Sack et al., 2008,
2012; Scoffoni et al., 2011). Both a high major vein density and
a high ratio of major to minor density could reduce hydraulic
vulnerability (Scoffoni et al., 2011). This study showed that small
leaves generally have higher major vein density and ratio of
major to minor vein density across leaf habits and leaf vein types
(Figures 1, 3). Therefore, the hydraulic mechanism in providing
the benefit of small leaves in dry and exposed habitats are the
tight scaling relationships between leaf major vein density and

leaf area, and between the ratio of major to minor vein density
and leaf area. With a partial correlation analysis, the relationship
of the ratio of major to minor vein density with leaf area was still
significant after partialing out major vein density (r = -0.585,
p < 0.01), and the correlation of major vein density with leaf
area was also significant after partialing out the ratio of major to
minor vein density (r = -0.778, p < 0.01) for pooled data of our
study. These results indicated that the major vein density and the
ratio of major to minor vein density both played a key role in
leaf size distribution. Small leaves would have a lower hydraulic
vulnerability that is preferred in dry habitats (Ackerly et al,
2002; Bragg and Westoby, 2002; McDonald et al., 2003; Sack
et al., 2012). This provides an explanation for the fact that leaf
size declines as annual temperature and precipitation decrease
(McDonald et al., 2003).

In conclusion, we found strong correlations of the major vein
density and the ratio of major to minor vein density with leaf
size, and the isometrical relationship between the major vein
density and the ratio of major to minor vein density across 39
species within a subtropical forest. These findings were confirmed
by reanalyzing the global dataset. However, these relationships
were not found in small leaf species collected by Axelrod, thereby
asking for further studies to test this scaling exponent in different
ecosystems with leaf size ranges. Interestingly, our results also
demonstrated that these trends were robust in different vein types
and leaf habits. However, palmate-veined species have higher
major vein density and ratio of major to minor vein density at
the given leaf size than pinnate-veined species, which was mainly
due to a more uniform distribution of large veins in palmate-
veined leaves (Niinemets et al., 2007). In contrast, evergreen
and deciduous species have similar venation architecture at
a certain leaf area. The linkages of the major vein density,
the ratio of major to minor vein density with leaf size, and
the negative relationship between the major vein density and
the cell wall mass per vein length of major vein could have
important implications in the optimization of leaf size, niche
differentiation of coexisting species, plant drought tolerance, and
species distribution.
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Water use efficiency (WUE) plays important role in understanding the interaction between
carbon and water cycles in the plant-soil-atmosphere system. However, little is known
regarding the impact of altered precipitation on plant WUE in arid and semi-arid regions.
The study examined the effects of altered precipitation [i.e., ambient precipitation (100%
of natural precipitation), decreased precipitation (DP, —50%) and increased precipitation
(IP, +50%)] on the WUE of grass species (Stipa grandis and Stipa bungeana) and forb
species (Artemisia gmelinii) in a temperate grassland. The results found that WUE was
significantly affected by growth stages, precipitation and plant species. DP increased
the WUE of S. grandis and S. bungeana generally, but IP decreased WUE especially
in A. gmelinii. And the grasses had the higher WUE than forbs. For different growth
stages, the WUE in the initial growth stage was lower than that in the middle and late
growth stages. Soil temperature, available nutrients (i.e., NO3~, NH4*, and AP) and
microorganisms under the altered precipitations were the main factors affecting plant
WUE. These findings highlighted that the grasses have higher WUE than forbs, which
can be given priority to vegetation restoration in arid and semi-arid areas.

Keywords: climate change, grassland, precipitation, soil microbe, soil nutrients, soil temperature, water use
efficiency

INTRODUCTION

Precipitation patterns are important environmental factors that affect the structure and process of
terrestrial ecosystems and the key drivers of biological activity in semi-arid and arid ecosystems
(Nielsen and Ball, 2015). With the intensification of climate change, the global precipitation
pattern has undergone enormous changes, and the frequency of extreme manipulation events
has been increasing (Sponseller, 2010). This affects the structure and function of plants and
microbial communities, which in turn influences the water, energy and nutrient cycles of terrestrial
ecosystems (Weltzin et al., 2003).

Water use efficiency (WUE) is the ratio of carbon (C) assimilation to water losses, which
reflects the interaction between the C and water cycles for the plant-soil-atmosphere system (Bai
et al., 2020). Moreover, it is also an important indicator to explore the adaptability of plants to
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environmental change and to predict the impact of global change
(Nielsen and Ball, 2015). At the leaf scale, WUE is the ratio
of photosynthetic rate to transpiration rate (Bai et al., 2020).
C isotope fractionation is highly correlated with the ratio of
photosynthetic C assimilation and transpiration rate, and C
isotope fractionation is also highly correlated with plant WUE
(Latif et al., 2014). Stable C isotope technology is used globally
to determine WUE, and the main principle of this technology is
that there is a strong correlation between the stable C isotope ratio
(Bc/2¢, $13C) or stability C isotope discrimination coefficient
(A) and WUE of C3 plants, thus can be used it as an indicator
of WUE (Latif et al., 2014). It is an effective method to study
the long-term WUE of plants and reflects the use of water and
adaptation of plants to water stress over time (Chen et al., 2011).

The factors affecting plant WUE mainly including plant
species, environmental and regional factors, especially, soil
moisture (SM) is one of the most direct factors (Law et al.,
2010). Under limited soil water conditions, plants can control
water losses and increase their WUE by reducing stomatal
conductance, which varies among plant species and depends
on water availability and carbon dioxide concentration in
the atmosphere (Latif et al, 2014; Silva, 2015). Precipitation
deficiency is frequently recorded as a result of global warming,
and affects the terrestrial C and water cycles by reducing the
C sequestration ability and aggravating the evaporation rate
of plants (Battipaglia et al., 2014), which further influences
the WUE of plants. However, one study reported that
plant WUE also decrease with drought in semi-arid regions
(Yang et al, 2016). Moreover, previous studies paid more
attentions on the precipitation changes effect on WUE at the
community scale, little information at the plant species scale.
Furthermore, plant species is the key factor determined the
WUE under the changes in precipitation patterns. Therefore,
it is necessary to explore the variation tendency in plant
WUE at the species scale, which are crucial for predicting
the impact of future climatic change on plant C and water
cycling processes.

The grassland area of the world is approximately 50
million km?, accounting for approximately 33.5% of global
land area (Kang et al., 2007). As an important subsystem
of terrestrial ecosystems, grasslands play a key role in global
change and ecosystem function. Considering the background
of global climate change, alterations in precipitation patterns
will affect water utilization in plants directly and the functions
and processes of grassland ecosystems indirectly. However,
most of the previous studies had only focused on short-
term (at the day scale) WUE of plants, a single plant species
or single growth period responded to altered precipitation
(Karatassiou and Noitsakis, 2010; Sensula, 2015; Han et al.,
2020). Therefore, this study first to explore the effect of
altered precipitation on WUE among functional groups (two
grasses and one forbs) following the whole growth period,
and further to identify the key abiotic and biotic factors
effecting on the dynamic of WUE in temperate grasslands.
It would be useful to better understand the changes and the
response mechanisms of WUE to altered precipitation patterns
in grassland ecosystems.

MATERIALS AND METHODS
Study Area

This study was conducted at the national fixed grassland
monitoring point (106°17'49.2"'E, 36°16'44.5”N, 1,963 m a.s.l.)
in the Yunwu Mountains on the Loess Plateau of China, where
has a temperate continental climate and is located inland.
The mean annual temperature is 7.12°C. The mean annual
precipitation of 439.3 mm and where has a strong rainfall
seasonality (mainly occurring between June and September). The
soil types were gray cinnamonic soil and loessial soil. The study
area is a typical temperate grassland, and the main vegetation
types are Stipa. grandis, Stipa. bungeana, Artemisia. gmelinii,
Agropyron cristatum, and Heteropappus altaicus et al.

Experimental Design and Sampling

The experiment platform was built in 2017 where as a
randomized complete block design with five replicate blocks
in the grassland. In each block, three 6 m x 6 m plots
were established with a 1 m buffer zone between each plot.
A transparent plastic rain sheltering rack (the uniformly laid
rain shelter was constructed with PVC with a length of
5 m, a groove width of 30 cm, and a light transmittance of
95%) was adopted to support the collecting bucket and the
artifact drip irrigation system to realize real-time collection and
redistribution of the natural precipitation in the plots. Rain
shelters intercepted half of the ambient precipitation (control)
to form a reduced precipitation treatment (DP). The intercepted
water was piped to an adjacent plot to form an increased
precipitation manipulated (IP). To prevent the interference of
soil moisture from the outside, 1-m deep PVC boards were
embedded around the perimeter to prevent the surface soil
moisture from seeping sideways (Figure 1).

The terminology of Allen et al. (2011) was used as the basis
to divide all the plants into the two functional groups: grass
(plant species of the Poaceae family) and forb (herbaceous,
dicotyledonous broad-leaved plant). Based on a field survey, we
found that there had three dominant species that are S. grandis,
S. bungeana, and A. gmelinii, which were typical zonal vegetation
and the main constructive species in the hilly and gully region on
Loess Plateau. The three plants can be divided into two functional
groups: grass species (S. grandis and S. bungeana) and forb species
(A. gmelinii).

During the initial (May), middle (July), and final (September)
stages of the growing season of 2019, we harvested the
aboveground biomass of individuals in these plots, the biomass
was mixed to form a composite sample, stored in ice boxes, and
brought back to the laboratory to measure relevant indexes. The
plant 3'3C were analyzed by isotope ratio mass spectrometer
(IRMS, Thermo-Fisher Scientific, Bremen, Germany) after the
samples were dried at 60°C for 72 h. After removing the litter
layer, soil samples were collected from each quadrat. In each plot,
three soil cores (5 cm diameter) were randomly collected with an
“S” shape using a soil drilling sampler (9 cm inner diameter), and
the soils were combined to provide one composite soil sample
per plot. The soil samples were passed through a 2 mm sieve to
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FIGURE 1 | Schematic diagramof study area and experiment design.

remove roots and stones. Then, all soil samples were separated
into two parts; one part was used for the determination of soil
properties (air-dried and stored at 25°C) and the other part was
utilized for soil microbial biomass (stored at 4°C).

Measurement of the Abiotic and Biotic
Properties

Soil moisture (%) and soil temperature (ST, °C) were measured
using a soil moisture meter (Takeme-10, Mianyang, China).
The soil organic carbon content (SOC) was analyzed using
exothermic heating and oxidation using the potassium
dichromate method (Nelson and Sommers, 1982). The soil
total nitrogen content (TN) was determined using the Kjeldahl
method (Bremner, 1996). The soil available nitrogen content
(AN) was determined using the alkali-hydrolyzed diffusion
method (Stanford, 1982). Soil total phosphorus (TP) and
available phosphorus (AP) were determined using melted
molybdenum, antimony, and scandium colorimetry (Olsen
and Sommers, 1982). Soil nitrate nitrogen (NO3~-N) and
ammoniacal nitrogen content (NH41-N) were measured using
a continuous flow analytical system (Autoanalyzer 3, Bran and
Luebbe, Germany).

Microbial biomass for carbon (MBC), nitrogen (MBN), and
phosphorus (MBP) concentrations were analyzed using the
chloroform fumigation extraction method (Vance et al., 1987).
The specific experimental methods referred to Li J. W. et al.
(2019).

Calculation of Carbon Isotope

Discrimination and Water Use Efficiency
The isotopic discrimination in photosynthesis can be described
by the model proposed by Farquhar et al. (1989):

ABCO) = a+ (b—a) Ci/Ca (1)

Where C; is the intercellular CO, concentration, C, is
the ambient CO, concentration, a (4.4%0o) represents the
fractionation effect that occurs during CO; diffusion through the
stomata, and b (27%o) represents the discrimination associated
with carboxylation. The leaf conductivity used for water vapor
loss (gr20) and CO, absorption (gcoz) has the following
relationship:

gH,0 = 1.68,,8 (2)

In addition, the net photosynthetic rate (A) of the plant has the
following relationship with gCO, (Hietz et al., 2005):

A = gn,0(Ca — G 3)

Combined with the above formula, WUE (A/gH,0) can be
determined by A3C:

APC (%) =a+ (b —a)(1 - I'CLAgHzo) (4)

So,

WUE = = (b—2ARC)/1.6(b—a) (5)

8H,0

where A is the net photosynthesis, g is the stomatal conductance,
and 1.6 is the ratio of diffusivities of water and CO; in air.

Statistical Analyses

Two-way ANOVA were performed to test the main effects of
precipitation manipulated, growth stages, and their interactive
effects on WUE, soil properties and ecological stoichiometry
characteristics of the microbial biomass. Significance was
evaluated at the 0.05 level (P < 0.05). We have carried out
normality analysis and the test of homogeneity of variance before
ANOVA analysis. When significance was observed at the P < 0.05
level, Post Hoc Duncan’s multiple range test was used to carry
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higher than ambient precipitation and IP generally, among them,
significant differences were found in the middle growth stage of
S. grandis and in the final growth stage of S. bungeana. However,
IP decreased WUE, especially in S. bungeana and A. gmelinii
(Figure 2). Among the different growth stages, the WUE of the
S. grandis, S. bungeana, and A. gmelinii in the initial growth stage
was lower than that in the other growth stages.

Correlation Analysis of Factors Affecting
Water Use Efficiency With Precipitation
Manipulation

For S. grandis, the factors that were significantly related to
WUE were ST, NH;*—N, NO3™-N, MBC, and MBC:MBP.
For S. bungeana, ST, NHyT-N, MBC, and MBC:MBP were
significantly correlated with WUE. The WUE of A. gmelinii
was significantly correlated with ST, TN, SOC.TN, NO3;™ -
N, MBC, and MBC:MBP (Figure 3). Moreover, the stepwise
regression models detected that the WUE of S. grandis was mainly
influenced by NO3; ~-N and NH4-N, ST, NO3; ~-N, and NH, -
N had strong effects on WUE of S. bungeana, and the influencing
factors for A. gmelinii were ST, MBC:MBP, NO3 ™ -N, AP, and TN
(Table 2).

Structural Equation Model of Soil
Properties and Microbial Biomass
Ecological Stoichiometry Characteristics
Affecting Water Use Efficiency With
Precipitation Manipulation

The final structural equation model accurately fitted the data
describing the interaction pathways among WUE, soil properties,
and microbial biomass ecological stoichiometry in response to
altered precipitation (Figure 4).

The main factors associated with the WUE of S. grandis and
S. bungeana were NO3 ~-N, NH4-N, ST, MBC, and MBC:MBP,
and the final model explained 63 and 56% of the variation in
WUE of S. grandis and S. bungeana, respectively. In addition,
ST, TN, SOC:TN, AP, NO3;~-N, MBC, and MBC:MBP played
a critical role in the WUE of A. gmelinii, and the final model
explained 62% of the variation in WUE. As a driving force,
SM indirectly affects WUE by having positive or negative effects
on other factors.

DISCUSSION

Effects of Precipitation Manipulation on

Plant Water Use Efficiency

Higher WUE indicates generally more dry matter production or
C uptake per water loss (Gao et al., 2009). Generally, DP increased
WUE and IP decreased WUE (Figure 2). Plants have higher
WUE under drought, mainly because the stomatal conductance
and transpiration rate of leaves decrease, but the change in
net photosynthetic rate is relatively small (Latif et al., 2014).
However, it is different in increasing photosynthesis and stomatal
conductance of plants when higher SM under the IP conditions.

TABLE 2 | Multiple regression equation between WUE and soil properties and
microbial biomass ecological stoichiometry characteristics.

Species Multi-regression equation P-value

S. grandis y = 0.006 + 0.0056NO3~ =N — 0.007NH4 =N 0.00%**

S. bungeana y =29.376 + 0.005ST — 0.005NH4 - 0.00***
N + 0.002NO3z~-N

A. gmelinii y =29.403 + 0.004ST + 0.001MBC:MBP 0.00***

+ 0.004NO3~-N + 0.01AP — 0.07TN

ST, soil temperature; TN, soil total nitrogen; NH4 =N, soil NH4+~N content; NOz~—
N, soil NOz~—N content; MBC:MBF, MBC:MBP ratio.
**P < 0.001.

The same increase in precipitation will greatly increase the
amount of water available for evaporation, but which has little
effect on promoting the photosynthetic rate of plants (Tian et al.,
2010), thus reducing the WUE of plants.

Certain studies have reported that plants of different
functional group are characterized by diversities in ecological
strategies (Davison et al., 2020). Such variable strategies make
plants to regulate the ability of resource absorption, utilization
and transformation under changing environments, indicating
mutable phenotypic plasticity of different function groups
(Davison et al., 2020). The unique biological characteristics of
grasses and forbs have adopted an underground strategy for
storing in infertile soils potentially (Chapin, 1980). In our study,
the WUE of A. gmelinii under different precipitation treatments
showed no obvious change trend (Figure 2), and generally the
WUE was higher in grasses than forbs given its larger leaf area.
Although leaves are beneficial for intercepting the maximum light
resources, it also means more water loss. Therefore, plant controls
water loss through stomatal regulation resulting in a reduction in
photosynthetic rate per unit area and thus leading to lower WUE,
which showed a trade-off between different functional groups to
maximize access to light and control water loss (Reich et al., 1997)
and indicated that future vegetation restoration can be dominated
by the functional groups with high resource competitiveness and
WUE such as grasses in arid and semi-arid regions.

Plants WUE is synchronized with the total primary
productivity, which is lower at the beginning and the end
of the growing period, but higher at the growth peak (Tang et al.,
2015), suggesting WUE varied with plant growth. However,
our study showed that the WUE of the plants in the middle
and final growth stages was significantly higher than that at the
initial stage of growth (Figure 2). The reasons may be that in the
middle and final growth stages when the temperature, amount
of water evapotranspiration and the water demand of plants is
high, the imbalance between water loss caused by vegetation
evapotranspiration and the amount of SM replenishment will
make the available water more and more short (Reynolds et al.,
2004) and increase the plant WUE.

Effects of Soil Hydrothermal Conditions

on Plant Water Use Efficiency

The SM is the main determinant of plant WUE (Law et al.,
2010). However, our study found that SM could not adequately
explain the change in WUE (Figures 3, 4), indicating that
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CK
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CK, ambient precipitation; DR, decrease precipitation (50%); IR, increase precipitation (560%); SM, soil moisture; ST, soil temperature; SOC, soil organic carbon; TN, soil total nitrogen; TF, soil total phosphorus; SOC:TN,

SOC:TN ratio; SOC:TR SOC: TP ratio; TN: TR, TN:TP ratio; NH4+-N, soil NH, =N content; NO3~—N, soil NOz~-N content; AN, soil available nitrogen content; AR soil available phosphorus content.

Different small letters mean significant difference between different treatments at the 0.05 level; different capital letters mean significant difference between different growing stages at the 0.05 level.

small precipitation events do not effectively replenish the water
available to plants in the arid area (Wright et al., 2001). At the
same time, the weak correlation between WUE and soil water
content may also be caused by the fact that the ecohydrological
process mainly depends on the amount of water available in the
phenological period, and the supplementation of SM through
precipitation does not necessarily coincide with plant demand
(Dong et al, 2011). In addition, precipitation has a delayed
effect, which means that the effect of supplementation of SM on
plants growth and community structure is a cumulative process
(Sala et al., 2012; Bunting et al., 2017). Therefore, the effects of
precipitation change on plant community may not be reflected
if only did one growing season’s study. Therefore, long-term
observation data are urgently needed to explore the effects of
precipitation changes on the structure and function for plants.

Temperature is also an important factor affecting plant C
isotope fractionation, which affect C isotope fractionation by
regulating C;/C, (Liu and Li, 2007), and affect plant WUE by
causing a photosynthetic carboxylase reaction directly. Previous
studies have found that WUE decreases with an increase
in temperature due to high temperatures limit the stomatal
conduction of plants (Ponton et al, 2006). With increasing
temperature, the water vapor pressure difference between the
inside and outside of the leaves increases and the transpiration of
plants becomes intense, leading to a drop of leaf water potential
that intensifies the change in transpiration and decreases
WUE accordingly. However, our study found that ST had a
significant positive effect on WUE (Figure 4), which may be
supported by reduced stomatal conductance and high internal
resistance of the thick epidermis (Latif et al, 2014). Our
results also showed that ST affects plant WUE by affecting
soil microbes [i.e., MBC (P < 0.05) and MBC:MBP] indirectly
and positively. Soil microbes can form parasitic, symbiotic, or
saprophytic relationships with plants directly or by promoting
the decomposition of SOM, nutrient transformation, oxidation,
nitration and the N biogeochemical processes of soil (van der
Heijden et al., 2008). The rise of ST increased the activity of soil
microbes, which affected the extracellular enzymes involved in
SOM decomposition (Li et al., 2022), the regulation of nutrient
cycling and thus affecting plant WUE.

Effects of Soil Nutrients Conditions on
Plant Water Use Efficiency

Soil moisture is one of the crucial factors affecting soil nutrient
cycling both directly and indirectly. Plants consume excessive
amounts of soil water content and nutrients during periods of
rapid growth and reproduction, leading to plant growth being
gradually limited by N and P (Deng et al., 2021). Our results
showed that altered precipitation had a significant effect on TN
and TN:TP positively at the initial growth stage (Table 3), because
SM accelerates the decomposition of SOM with an increase in
precipitation, and leading to the accumulation of soil TN (Cui
etal., 2019; Deng et al., 2021). In our study, there was a significant
negative correlation between WUE and soil TN of A. gmelinii
(Figure 4). More C is often fixed by plants in low-N soil and more
biomass per unit of N is produced (high N use efficiency, NUE)
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(Aerts and Chapin, 2000). Some studies have shown that there
is a trade-off between plant WUE and NUE, where plants often
decrease their WUE with the increase in NUE (Gong et al., 2011).
Physiological constraints in the leaf have been used to explain the
trade-oft when plants increase intercellular CO, concentration of
leaves by opening their stomata, which increases photosynthesis
per unit of N in leaves. However, it will increase transpiration
and reducing WUE (Gong et al., 2011). Therefore, reduced WUE
by greater water availability frequently increases NUE. Similarly,
N in leaf tissue increases when N availability increases (NUE
decreases), which promotes the photosynthetic capacity of leaves,
thereby increasing WUE (Ripullone et al., 2004).

Soil inorganic N mainly resulted from the ammonification and
nitrification activities of soil microorganisms, which transform
soil organic N into NH;"-N and NO3 ™ -N (Chapin et al., 2011).
In our study, the NH4"-N and NO3;™-N showed a decreasing
trend under DP conditions (Table 3), which may be related to the
reduction in ammonification and nitrification rate. In addition,
NH4T-N played a negatively critical role in WUE, but NO3;™ -
N had a significant positive effect on WUE (Figure 4). Giese
et al. (2011) observed that the pools of NO3 ™ -N and NHy*-
N were controlled by precipitation. When the precipitation is

low, NH4t-N is the main form of inorganic N available, and the
content of NO3 ™ -N increases with an increase in precipitation.
However, NH4 TN is an effective N that is converted from soil
organic N by microbial mineralization, which can be absorbed
by soil but not easily leached and can be directly absorbed and
utilized by plants. Moreover, NO3 ~-N is negatively charged and
is not easily absorbed by soil colloids, and as it is easily lost
because of leaching with an increase in precipitation, it results
in a large loss of N (Deluca et al, 2002). Soil NH4t-N and
NO3™-N can be absorbed and utilized by plants and affecting
the WUE directly.

Soil AP is an important indicator for evaluating the ability
of soil to provide P. In our study, AP content increased
with increasing precipitation (Table 3). This is because that
increased precipitation can improve the utilization rate of P
by plants, promote the growth of plant roots, enhances the
osmotic regulation ability of plants, and maintain the balance
between water absorption and water loss (Gutiérrez-Boem and
Thomas, 1998). Moreover, increased precipitation will enhance
soil microbial activity and thus accelerate the P cycle rate, which
may lead to an increase in AP content. Our results also showed
that soil AP had a significant positive effect on the WUE of
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A. gmelinii, and the reason is probably that AP can improve the
water relationship of plants to a certain extent and significantly
affect the growth status of plants. In addition, P plays a very
important role in the improvement of photosynthesis as it is an
important player in the photosynthetic process, and can affect the
catalytic rate of Rubisco carboxylase either directly or indirectly,
and promote photosynthesis in plants (Pieters et al., 2001).

Effects of Soil Microbial Biomass
Ecological Stoichiometry Characteristics

on Plant Water Use Efficiency
Changes in precipitation patterns may affect soil microbial
biomass and its community structure by changing SM, ST,
nutrient, and SOM input from aboveground and underground
plant residues either directly or indirectly (Hawkes et al., 2011).
Soil microbes are the driving force of SOM decomposition, which
are closely related to C, N, and P cycling in soil (Xu et al,
2013). The ratios of microbe C:N:P can be used to determine
the nutritional status and limitations of microbial growth (Zhou
et al., 2019). In our study, soil microbial biomass was negatively
affected by DP treatment generally (Figure 5), suggesting that the
decrease in precipitation inhibited the proliferation and turnover
of soil microorganisms (Wang et al, 2015). The consumer-
driven nutrient cycling theory highlights that the biogeochemical
cycle of nutrients can be promoted by microorganisms when
these nutrients are required to meet their own needs (Elser and
Urabe, 1999). Therefore, a high MBC represents high microbial
activities, which reflects the strong ability of material circulation
and promote plant growth and development of the ecosystem.
The MBC:MBP reflects the potential of soil microorganisms
to regulate soil P availability (Li P. et al., 2019). A low MBC:MBP
indicates that P is relatively abundant compared with soil SOC.
At the time, microorganisms mineralize SOM to supplement
the soil P pool, which further increases the restriction of soil
C on microorganisms. A high MBC:MBP indicates that the
soil is relatively rich in SOC and limited in P. At this time,
microorganisms need to assimilate more P and maintain their
normal growth and development, which shows that the ability
of P fixation is improved. In our study, MBC and MBC:MBP
affected WUE indirectly by affecting soil available nutrients
(NH4T-N, NO3 ™ -N, and AP). The higher MBC and the greater
population of microorganisms influence the content of AN in soil
through their N fixation and nitrification activities positively (Leff
et al., 2015). Moreover, the release of extracellular enzymes and
the decomposition of substrates by microorganisms also affect the
supply of nutrients such as AP in the soil (Makino et al., 2010).
However, a low MBC:MBP indicates that soil microorganisms
have a greater potential to release P through circulation and thus
play a significant role in replenishing the soil effective P pool.
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