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2 New
N Phytologist

Thomas N. Buckley (©), Ethan H. Frehner

Department of Plant Sciences, University of California, Davis, Davis, CA 95616, USA

and Brian N. Bailey

Summary

Author for correspondence:
Tom Buckley
Email: tnbuckley@ucdavis.edu

¢ Optimality-based models of stomatal conductance unify biophysical and evolutionary con-
straints and can improve predictions of land-atmosphere carbon and water exchange. Recent
models incorporate hydraulic constraints by penalizing excessive stomatal opening in relation
to hydraulic damage caused by low water potentials. We used simulation models to test
whether penalties based solely on vulnerability curves adequately represent the optimality
hypothesis, given that they exclude the effects of kinetic factors on stomatal behavior and
integrated carbon balance.

e To quantify the effects of nonsteady-state phenomena on the landscape of short-term
hydraulic risk, we simulated diurnal dynamics of leaf physiology for 10 000 patches of leaf in
a canopy and used a ray-tracing model, Helios, to simulate realistic variation in sunfleck
dynamics.

e Our simulations demonstrated that kinetic parameters of leaf physiology and sunfleck prop-
erties influence the economic landscape of short-term hydraulic risk, as characterized by the
effect of stomatal strategy (gauged by the water potential causing a 50% hydraulic penalty)
on both aggregated carbon gain and the aggregated carbon cost of short-term hydraulic risk.
¢ Hydraulic penalties in optimization models should be generalized to allow their parameters
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to account for kinetic factors, in addition to parameters of hydraulic vulnerability.

Introduction

Stomata regulate CO, and water vapor exchange between most
land plants and the atmosphere. Stomatal behavior influences
forest and crop productivity, hydrology, and climate (e.g. Fischer
et al, 1998; Reichstein er al, 2002; Bonan, 2008; Choat
et al., 2012; Anderegg ez al., 2016). Biologists have therefore long
sought models for stomatal conductance (g; symbols are listed
in Table 1) that are reliable and can be parameterized and
improved based on physiological knowledge (Farquhar &
Wong, 1984; Ball et al, 1987; Damour er al, 2010; Buck-
ley, 2017), and optimization theory is a promising tool to this
end (Givnish & Vermeij, 1976; Cowan & Farquhar, 1977; Med-
lyn ez al, 2011; Prentice et al, 2014; Buckley er al, 2017;
Lavergne et al., 2020; Wang et al., 2020). Optimization-based
models predict stomatal responses from the hypothesis that they
maximize carbon gain relative to water loss. Such models diverge
in how they quantify the cost of water (Buckley ez 4/, 2017;
Wang ez al., 2020). Cowan & Farquhar (1977; CF) used a
constrained-optimization approach, treating total transpiration
over a day as an external constraint. However, the CF solution
involves a Lagrange multdiplier whose value is not specified by the
theory, making it difficult to apply the result, and the approach is
agnostic to the risks and costs associated with hydraulic decline.
Moreover, since the method of Lagrange multipliers assumes the
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constraint is invariant with respect to the control parameter, CF
tacitly assumes that hydraulics limit daily transpiration indepen-
dently of variation in stomatal conductance itself. Yet that is
inconsistent with the fact that, in most cases, a small increase in
Zow at one moment in the day would increase total transpiration
without violating hydraulic constraints.

An alternative approach pioneered by Jones & Suther-
land (1991), and more recently elaborated and advanced by Wolf
et al. (2016), Sperry ez al. (2016, 2017), Eller ez al. (2018, 2020),
and Wang ez al (2020) (the ‘HP’ approach, for hydraulic
penalty), instead penalizes high transpiration rates based on their
impact on the plant’s water transport system. The goal function
in HP models is
goal function = A(Wieer) —OWicar) Eqn 1
where A is net CO, assimilation rate, W, is leaf water potential
(£0), and O is a hydraulic penalty function that differs between
models (Table 2 lists the form of ® in each model). The function
©® increases as Wi, declines (and thus as stomatal conductance
and transpiration rate increase). In the Sperry, Eller, and Wang
models, ® is explicitly based on the hydraulic vulnerability curve
(the decline of plant hydraulic conductance, Kjjane> as Wiear decli-
nes; Fig. 1a). For example, in the Eller model, ® = A-(1 = Kjjan/

Kolanemax) = A-PLC, where Kjjnemax is the value of Kjjune at a
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Table 1 List of symbols.

Description Symbol Units Default value
CO, assimilation rate (mean over time and leaves) A (A) pmol m2s~" -

Rate constant for adjustment of Kieas and Kstem ax s 0.2
Rate constant for adjustment of 6z oy s7! 0.0052/0.0026*
Rate constant for induction of V25 ay s 0.0075/0.0045%
Ambient CO, mole fraction Ca pmol mol™ 400
Aggregated carbon cost of short-term hydraulic risk Crisk pmol m™2s™" -
Proportionality factor relating g to Pg and Pe x mol m™2 s~ MPa™’ 0.062
Guard cell osmotic gradient (target) om (61') MPa -
Leaf-to-air water vapor mole fraction difference Aw mol mol™’ -

Leaf transpiration rate E mol m=2s™" -

Stem elastance €stem MPa 10.0
Leaf thermal infrared sky-view factor fi - -

Leaf boundary layer conductance to heat (water vapor) 8bh (8ow) mol m=2s~" 2.67
Minimum value of stomatal conductance 8min mol m=2s~" 0.005
Stomatal conductance to water vapor (target) Zow (sw') mol m=2s~" -

Leaf hydraulic conductance (at 25°C) (at yiea = 0) Kieaf@s)max) mol m™2 s~ MPa™’ 0.006"*
Leaf heat capacity Klea Jm2K™ -

PPFD at which V25 is induced by half Ky pmol m—2s~" 97
Plant hydraulic conductance (Kieas " + Kstem™ )™ Kplant mol m—2 s~ MPa™" -

Stem hydraulic conductance (at 25°C) (at ysiem = 0) Kstem@5)ymax) mol m™2 s~ MPa™’ 0.006"*
Leaf mass per unit area LMA gm™ 140
Epidermal mechanical advantage m - 2

Leaf water content (at saturation) Nieaf(,max) mol M2 jea 12%
Stem water content (at saturation) Nstem(ma) mol M2 ea¢ 25%
Epidermal turgor pressure Pe MPa -

Guard cell turgor pressure Pg MPa -
Percentage loss of hydraulic conductivity (as a fraction) PLC - -

Leaf photosynthetic photon flux density PPFD pmol m=2 s -

Leaf osmotic pressure at full turgor 7o MPa 1.9
Leaf-absorbed shortwave radiation flux Qsw Jm2s™ -

Risk penalty r - -

Leaf relative water content (at turgor loss) Ritip) - 0.925%
Air temperature (in kelvins) (max) (min) T air(ky(max)(min) °C (K) min: 15, max: 25
Leaf temperature (in kelvins) Tieaf( °C (K) -

Time of day at which T, = Tairmax trairmax hour of day 13
Maximum carboxylation velocity at 25°C (target value) Vimas (V' m2s) pmol m—2 7" -
Ambient water vapor mole fraction Wair mol mol™ 0.01
Steepness parameter in risk penalty and vulnerability curves £ - 5.3
Leaf water potential Wieaf MPa -

Soil water potential Wsoil MPa 0

Stem water potential Ystem MPa -

Wieaf CAUSING 50% loss of Kieat Wis0oleaf MPa -2.0
Wieat Causing 50% loss of Kpyjant Ws0plant MPa -2.0
Water potential at which risk penalty is 0.5 W50risk MPa -

Wistem CaUSING 50% loss of Kgiem Ws0stem MPa -3.3

*6m or Vimas increasing/decreasing; values at 725 °C; *zero water potential; Sturgor loss. Symbols and values for physical constants are given in the text.

Table 2 Penalty functions used in hydraulic penalty (HP)-type stomatal optimization models.

Model Penalty function ©(yieas) Notes

Wolf et al. (2016) Arbitrary function, except that d®/6yea¢ < 0 and d?0/dyea > 0 @ is 'the carbon costs of hydraulic damage'
Sperry et al. (2017) © = A - (1= et)0) » A = MaX{A(Wiear) | Viear € o, vl }
Eller et al. (2018) O=A- (1 - %) Equivalent to © = A - PLC(c)

Wang et al. (2020) O =A

v is the value of we,r that maximizes steady-state transpiration rate, E (Fig. 1a); PLC is the percentage of lost hydraulic conductivity at a given water
potential (expressed as a fraction).
*Note that K in the Sperry model is calculated as the integral of conductivity over the whole-plant pressure gradient.
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Fig. 1 (a) Sample relationships between leaf water potential (yiear) and hydraulic conductance (K), proportion of lost hydraulic conductivity (PLC), and
transpiration rate (E), based on expressions used in the Eller model. (b) Relationship between stomatal conductance (gs,) and the goal function in the Eller
model (net CO, assimilation rate, A, minus a penalty function ©, which in the Eller model is equal to the product of A and PLC; un-penalized assimilation
rate is shown for reference). PLC, K, E, A, and ® were calculated using parameter values as follows, and using default values given in Table 1 for all other
parameters: water potential causing 50% loss of hydraulic conductance (ys0) = —2.0 MPa; curvature parameter in vulnerability curve (£) = 5.3; hydraulic
conductance at zero leaf water potential = 0.006 mol m™2 s~ MPa™"; soil water potential = 0; PPFD = 500 pmol m~2 s™"; leaf-to-air water vapor mole

fraction difference = 0.015 mol mol™"; leaf temperature = 25.0°C.

water potential of zero, and PLC is the percentage of lost hydrau-
lic conductivity, expressed as a fraction (between zero and unity;
Fig. 1b).

The HP approach overcomes some of CF’s limitations and
represents a promising step forward. However, we suggest that
the form of the penalty function (®) deserves further considera-
tion. The rationale behind penalizing negative water potentials is
that they can reduce fitness in ways that are not captured by the
current, instantaneous value of photosynthetic rate. These detri-
mental impacts result chiefly from loss of hydraulic conductivity
at low water potentials (effects of water potential on photosyn-
thetic capacity (so-called ‘nonstomatal effects’; (e.g. Salvi
et al., 2021)) manifest directly in current photosynthesis rate).
Hydraulic decline slows water transport, and hence reduces the
transpiration rate, stomatal conductance, and photosynthesis rate
that can be sustained for a given leaf water potential. If hydraulic
decline is severe, as in the case of catastrophic xylem failure, it
may kill the leaf or plant (Anderegg er al, 2015; Choat
et al., 2018). The resulting costs could be conceived either as an
opportunity cost (a decline in future canopy carbon gain) or as a
maintenance cost (the carbon cost of sustaining carbon gain by
replacing or repairing damaged tissues). The hydraulic penalty,
0, in HP models is intended to be a proxy for these future costs.
For example, Wang ez al. (2020) referred to © as ‘a ‘shadow cos?
or ‘risk to future plant performance. Eqn 1, together with any
given formulation for the penalty function ®, defines a strategy
for current stomatal behavior based on both current and future
reductions in carbon gain. Interpreting Eqn 1 as an ‘optimization
model’ is tantamount to claiming that this strategy maximizes
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fitness, as gauged by the proxy of carbon gain — aggregated to the
scale of an individual plant and integrated over its lifetime, and
thus incorporating the realized carbon costs of hydraulic risk that
are represented instantaneously by the shadow cost ©.

What determines the risk that future carbon gain will be
reduced by hydraulic decline or failure? Clearly, that risk must
depend, in part, on the quantities used to calculate ® in existing
HP models — for example, the current degree of hydraulic decline
(as in the Eller model) or the proximity of the current transpira-
tion rate to the value that would result in catastrophic xylem fail-
ure (as in the Wang model). However, hydraulic risk must also
depend on factors that are not included in existing formulations
of ®. For example, the likelihood that catastrophic xylem failure
will occur in the near future, given the current value of water
potential, depends on the probability that an environmental per-
turbation will occur that is sufficiently severe to drive steady-state
leaf water potential below the threshold for catastrophic failure.
The environmental parameter that varies most rapidly and dra-
matically in plants is usually light intensity (photosynthetic pho-
ton flux density or PPFD). An increase in PPFD — for example,
when a leaf enters a sunfleck — will warm the leaf, increasing
evaporative demand and transpiration rate and thereby reducing
water potential. Hydraulic risk should thus depend on the char-
acter of such diurnal fluctuations in PPFD. Imagine, for example,
two leaves that experience similar average PPFD, but in one case,
PPED is constant over the day, while in the other leaf, PPFD
fluctuates dramatically between full sun and full shade. The leaf
in the more dynamic environment will likely have a greater prob-
ability of xylem failure at any given current value of water
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potential than the leaf in the less dynamic environment. Current
formulations of ® do not account for these stochastic and
dynamical features of the environment. Moreover, the risk of
catastrophic xylem failure should also depend on the probability
that leaf water potential could #ransiently exceed the failure
threshold. That probability must, in turn, be influenced by
kinetic factors that influence the transient dynamics of water
potential after environmental perturbations, such as how fast
stomata can respond, and the buffering effects of thermal and
hydraulic capacitance (heat and water storage) on temperature
and water potential. One might hypothesize, for example, that a
leaf with very fast-responding stomata should be able to more
closely approach the threshold for catastrophic xylem failure than
a leaf with very slow-responding stomata, because the faster leaf
could ‘pull back’ from the threshold more rapidly through stom-
atal closure in the event of sudden water potential decline
induced by a rapid environmental change such as a sunfleck. The
rate of photosynthetic induction following a change in PPFD
may also affect the risk—reward trade-off. Yet, none of these
kinetic factors are included in current formulations of ®.

Our objective in this study was to examine how short-term
hydraulic risk (i.e. at a diurnal time scale) is affected by kinetic
features of leaf physiology and the dynamic light environment,
which together determine transient dynamics of water potential.
To capture the dynamic environmental drivers of short-term
hydraulic risk, we simulated diurnal dynamics of PPFD for
25 000 leaves (each 5 X 5 cm in size, with PPFD resolved for
each 1 X 1 cm patch of leaf) in a canopy using a ray-tracing
model, Helios (Bailey, 2018, 2019), and then simulated dynam-
ics of physiology for each of 10 000 randomly selected leaf
patches. We sought to ask, more specifically, whether the eco-
nomic landscape of hydraulic risk — that is, the effect of stomatal
behavior on aggregated carbon gain and the aggregated carbon
cost of hydraulic risk — is influenced by stochastic and kinetic fac-
tors as described previously. In our simulations, we calculated
stomatal conductance using the HP model of Eller ez al. (2020),
but modulated stomatal strategy within the general framework of
that model by adjusting the water potential at which the penalty
function (@) equals 50% of net photosynthesis. We calculated
the carbon cost of hydraulic risk by comparing aggregated carbon
gain between the simulations described above and paired simula-
tions in which hydraulic risk was excluded by setting the ys5q for
hydraulic vulnerability to —100 MPa.

Description

Our objective was to determine whether kinetic factors influ-
ence the economic landscape of short-term hydraulic risk. By
economic landscape, we mean the relationship between stomatal
‘strategy’ (how risky or risk-averse stomatal behavior is) and
whole-canopy carbon balance integrated over a day. To quan-
tify that landscape, we needed to allow stomatal strategy to vary
widely. We achieved this by predicting stomatal conductance
in our simulations (to be described in detail later) using the
general HP model framework (Eqn 1), but using a penalty
function (@) that is defined not by parameters of the hydraulic
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vulnerability curve, but instead by a tunable parameter, Wsq,igk.
Wsorisk has no explicit physiological meaning; it is just a tool
that we used to represent a range of stomatal strategies. By
adjusting the numerical value of 5o, we could simulate a
continuum of strategies, from risk-averse (ysq,i5 closer to zero)
to risky (Wsosisk far below zero). We used the following penalty
function:

X |l//leaf |§
14
|W50risk| + |lzl/leaf|‘f

O(this study) = A Eqn 2

Eqn 2 has the same mathematical form as the penalty
function used by Eller et 4/ (2018, 2020), except that one
parameter in the Eller version (namely 5o, the water poten-
tal causing 50% loss of hydraulic conductivity) has been
replaced with a new, and totally unrelated, parameter: the
tunable parameter Wsog. (Our model still depends on the
hydraulic sy — it influences how hydraulic conductance
declines in relation to water potential — but the numerical
value of 5y was the same across simulations.)

To quantify the economic landscape of short-term hydraulic
risk, we simulated diurnal trends in gas exchange for 10 000
patches of leaf within a canopy. We repeated these simulations
for a range of stomatal strategies, each represented by a different
numerical value of the tunable parameter ¥5¢,. For each strat-
egy (each value of wsg,q), we calculated the average whole-day
rate of carbon gain among the 10 000 leaf patches (symbolized
A, in bold and Roman type to distinguish it from the instanta-
neous and leaf-scale net CO, assimilation rate, A). We also quan-
tified the carbon cost of hydraulic risk, Ciq, by repeating all
simulations while excluding hydraulic risk by pretending that
hydraulic conductance was not affected by changes in water
potential. Thus, for each stomatal strategy, we computed two val-
ues of A: one from simulations with hydraulic risk, and one with-
out. We calculated C as the difference between these two
values of A.

The economic landscape of hydraulic risk is thus represented
by two relationships: one between wsq,;4 and A, and one between
Wsonsk and G- To determine whether that landscape was
affected by kinetic parameters, such as the rate constants for
stomatal responses to the environment (a;) or photosynthetic
induction in fluctuating light (av), or the leaf water content at
saturation (SWC), we repeated all of the simulations described
above many times — each time adjusting one kinetic parameter in
isolation, and generating new relationships between w54 and A
and Cjg.. This allowed us to see whether, for example, the eco-
nomic landscape differed between plants with slow vs fast stom-
ata (low vs high ay).

We also asked three ancillary questions: to what extent do the
effects of kinetics on hydraulic risk depend on (1) whether leaf
hydraulic decline can be rapidly reversed, (2) sunfleck dynamics,
and (3) soil drought? By default, the model assumed K.,¢ decline
was irreversible within a single day; to address (1), we repeated all
simulations assuming Ki,s decline was immediately reversible.
To address (2) and (3), we repeated simulations for canopies dif-
fering in structure and leaf angle distribution (LAD; which
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25 000 leaves
(each 5x5cm)

625 000 leaf patches

(each 1x 1 cm)

Ixlcm
leaf patch

Helios
model

Time courses of PPFD
for 625 000 leaf patches

In each time step:

Find “target” value of g_, that maximizes goal function (A - ©)

Randomly select
10 000 patches

Update corresponding “target” value of GC osmotic pressure

Calculate the value of each state variable in the next time step,
based on its differential equation*

Time courses of PPFD
for 10 000 leaf patches

Simulate dynamics of
physiology for each patch

Time courses of carbon gain
for 10 000 leaf patches

For this state variable...

Repeat for next time step

*Differential equations

The rate of change equals...

Integrate over the day and
over all 10 000 leaf patches

Leaf water content

Aggregated carbon gain (A) and carbon cost
of short-term hydraulic risk (C_)

Repeat for a range of stomatal
strategies (v, ) and a range
of values of some parameter**

Leaf or stem hydraulic

Guard cell osmotic
pressure gradient

Stem water content

Difference between optimal target value
and current value, times a rate constant

Rate of flow into leaf from stem,
minus leaf transpiration rate

Rate of flow into stem from soil,
minus rate of flow into leaf

Difference between steady-state value

Influence of parameter on relationship conductance (defined by vulnerability curve) and current
between stomatal strategy and Aand C value, times a very large rate constant
Repeat for various parameters** . . . .
peat f p o Leaf temperature Difference between incoming and outgoing
(**rate constants for GC osmotic adjustment & fl divided by leaf heat it
photosynthetic induction; saturated leaf water EIMEIEY WIDHES, @INEIEt] 1247 e NEE Gl peidsy
content; soil water potential; canopy structure)
Photosynthetic Difference between steady-state value

Influence of parameters on the economic
landscape of short-term hydraulic risk

induction state

(defined by current PPFD) and current
value, times a rate constant

Fig. 2 Diagram illustrating the logical flow of simulations performed in this study. Mathematical expressions for differential equations are given in
Appendix A1. Not shown here are additional simulations performed on a subset of 500 leaf patches for parameter sensitivity analysis, and calculations
performed to quantify the strength of sunflecks in PPFD time courses. Symbols: g, stomatal conductance; A, leaf net CO, assimilation rate; ®, penalty
function for optimal stomatal conductance; GC, guard cell; A, mean value of A over the day and all leaves in the canopy; C,s, difference in A between

simulations with and without hydraulic risk.

influence sunfleck properties), and for different values of soil
water potential, respectively; for (2) and (3), we used a subset of
500 leaf patches instead of all 10 000.

Fig. 2 illustrates the general logical flow of these simulations
and the underlying calculations, and Table 3 provides a list of
simulations.

© 2023 The Authors
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Summary of dynamic model

This section briefly summarizes how we simulated dynamics of
PPFD and leaf physiological variables over 1 d for each of many
leaf patches in a canopy; additional details are given in
Appendix Al.
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Table 3 List of simulations.

Description Figure(s)

I. Simulations at 20 values of w5, X with/

without hydraulic risk

I(a). standard simulations
All parameters set at default values
given in Table 1

I(b). varying kinetic parameters
Slow vs fast stomata (a, = 50% smaller or larger) Fig. 5
slow vs fast photosynthetic induction Fig. S4
(ay = 50% smaller or larger)
Low vs high leaf water content Fig. 6
(Meaf,max = 50% smaller or larger)

I(c). varying crown structure and LAD

Figs 3-8, 10, S6(a)

Spherical crowns + spherical LAD Fig. S6(b)
Spherical crowns + planophile LAD Fig. S6(c)
Spherical crowns + erectophile LAD Fig. S6(d)

I1(c). varying soil water potential (yso) (subset of 500 leaf patches)
Varying wsoi between —1.8 and 0 MPa Fig. 9
II. Parameter sensitivity analyses (ysorisk = —2.0 MPa)
lI(a). varying parameters from 75 to 125% of default values

Plant parameters Figs S9-511

Environmental parameters Fig. 512
l1(b). varying epidermal mechanical

advantage (m)

Varying m between 0 and 4 Fig. S13

Except where noted, simulations used Helios output for 10 000 leaf
patches from a uniform, laterally continuous crown with spherical leaf
angle distribution (LAD), and default values for all parameters given in
Table 1.

PPFD dynamics We computed diurnal PPFD dynamics at
0.1 Hz for 25 000 leaves (each 5 X 5 cm square) in a canopy,
using a reverse ray-tracing model, Helios (Bailey, 2019), with
PPFD resolved for each 1 X 1 cm patch in each leaf (25 patches
per leaf). We randomly selected 10 000 leaf patches and simu-
lated diurnal dynamics of physiology for each of those patches.

Gas exchange At each point in time, we identified a targer value
for stomatal conductance (g,,) by maximizing the goal function
in Eqn 1 with respect to g, using the penalty function given by
Eqn 2. The leaf dynamically seeks this target value for g, by
adjusting the osmotic pressure of its stomatal guard cells (Haefner
et al., 1997). We calculated stomatal conductance from guard cell
osmotic pressure using a hydromechanical model that includes
the effects of dynamically varying leaf water potential on guard
and epidermal cell turgor pressures (Sharpe ez al., 1987; Haefner
et al., 1997; Buckley ez al., 2003), which allows the model to cap-
ture transient features of stomatal behavior, such as the ‘wrong-
way response’ (Buckley & Mott, 2002; Buckley ez al., 2011). The
goal function requires a value for assimilation rate (A4), which we
calculated from the biochemical model of Farquhar ez a/. (1980);
Supporting Information Methods S1, based on instantaneous
values of stomatal conductance, leaf temperature, and photosyn-
thetic capacity.

Dynamics of water content, temperature, and photosynthetic
induction state In the model, dynamics of g, influence
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dynamics of leaf transpiration rate, which in turn affects leaf
water content and temperature. We simulated leaf and stem
water contents, and hence the influence of capacitive water stor-
age on hydraulic dynamics and risk, dynamically based on con-
servation of mass. We calculated leaf and stem (xylem) water
potentials from their respective water contents and adjusted leaf
and stem hydraulic conductances according to their respective
vulnerability curves, assuming conductivity loss in either com-
partment is irreversible during a single day (unless otherwise
noted). We simulated leaf temperature dynamically based on
conservation of energy, using an unsteady energy balance that
accounts for the buffering effect of leaf heat capacity on tempera-
ture fluctuations. We also simulated photosynthetic induction
state (actual photosynthetic capacity as a fraction of its fully
induced value) dynamically, assuming it changes exponentially
over time toward a moving target defined by current PPFD (Tay-
lor & Long, 2017; Salter ez al., 2019).

Coordination of maximum hydraulic conductance and photo-
synthetic capacity among leaves We assumed that maximum
leaf and stem hydraulic conductances at 25°C (which are time-
invariant for each leaf in our model) varied among leaf patches in
proportion to the fully induced value of photosynthetic capacity
at 25°C (Brodribb & Feild, 2000; Brodribb ez 4/, 2002), which
in turn we assumed to be proportional to mean daily PPFD for

each patch (Field, 1983).

Quantifying sunfleck dynamics To help quantify how the
dynamic light environment influenced hydraulic risk, we quanti-
fied the duration and intensity of sunflecks in each PPFD time
course using wavelet analysis (Figs S1, S2; Methods S2). Mini-
mum Y,s was negatively related to both sunfleck duration and
intensity (Fig. S3a,b), though the effect of duration saturated at
¢. 30 min. The product of duration and intensity predicted
Wieaf,min Detter than either parameter alone, but with weak sensi-
tvity (Fig. S3c). We thus computed a composite parameter,
‘sunfleck strength’, as log(intensity minimum (duration, 30 min)),
which predicted W)caf min in sigmoidal fashion (Fig. S3d).

Parameter estimation Estimation of parameter values and
parameter sensitivity analysis methods are described in Methods
S3 and $4, respectively.

Additional model details are provided in Appendix Al.

Results

Sample dynamics of PPFD and physiology

Fig. 3 shows diurnal time courses of PPFD simulated by Helios
for 12 leaf patches with a range of mean PPFD and sunfleck pat-
terns. These and similar traces were used as forcing functions in
simulations of diurnal physiology for 10 000 leaf patches. Fig. 4
shows sample results for two patches. Leaf temperature (Fig. 4a,
b) follows air temperature through the day, rising periodically
above it due to light absorption during sunflecks. Stomatal con-
ductance (Fig. 4c,d) also rises during each sunfleck, lagging
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Fig. 3 Time courses of photosynthetic photon flux (PPFD) for 12 sample leaf patches, illustrating the variation in dynamic light environment simulated by
Helios. Time courses are grouped by ranges of mean PPFD ((a) 472-793 pmol m~2s~", (b) 358-408 pmol m=2s7", (c) 178-246 pmol m2s7", (d) 36—
92 pmol m™2s™") and colored differently within each panel to distinguish them from one another.

behind its optimal target value. Stem and leaf water potentials
(Fig. 4e,f) follow similar patterns, but vertically inverted — falling
as stomatal conductance rises — and with dynamics muted by the
capacitive effect of leaf and stem water contents. In both sample
simulations, large sunflecks early in the day cause declines in leaf
water potential sufficient to reduce leaf hydraulic conductance
substantially (Fig. 4g,h); stem hydraulic conductance does not
decline noticeably, because stem water potential is less negative
than ¢ and the hydraulic y5o is more negative for stems than
for leaves.

Kinetic parameters influence the economic landscape of
short-term hydraulic risk

To explore and quantify how transient phenomena affect
hydraulic risk, we computed aggregated carbon gain (A) and
the aggregated carbon cost of short-term hydraulic risk (Cq)
for 10 000 leaf patches, across a range of values for various

© 2023 The Authors
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kinetic parameters and for the parameter, 5o, that describes
the degree of ‘riskiness’ of stomatal behavior. The resulting
relationships between A and ysg.is, and between Ciy, and
Wsorisk» describe the economic landscape of short-term hydraulic
risk: that is, they show how stomatal behavior mediates the
impact of hydraulic risk on carbon economy at the integrated
scale of a canopy over an entire day. Our results demonstrate
that kinetic parameters influence that economic landscape. For
example, the effects of wsgis on A and G differ when the
rate constant for adjustment of stomatal conductance via guard
cell osmotic pressure (ay, Fig. 5) is altered. A is maximized by
less-risky stomatal behavior (a less-negative value of w0 in
a canopy with faster stomatal kinetics (a; = 50% larger than
the default value in Table 1) and conversely by more-risky
stomatal behavior when stomata are slower (a; = 50% smaller
than the default value; Fig. 5a). Likewise, A is maximized by
more-risky stomatal behavior in leaves with greater saturated
water content (SWC), which buffers the effects of transient
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Fig. 4 Sample simulation results for two leaves. (a, b) Leaf and air temperatures; (c, d) stomatal conductance (actual simulated value (blue lines) and

steady-state target value (red lines)); (e, f) water potentials of stem (blue) and leaf (red) compartments; (g, h) hydraulic conductances of stem (blue) and
leaf (red) compartments. In (g, h), values corrected to 25°C (solid lines) are shown alongside actual values that include the effect of temperature (dashed
lines), to highlight loss of conductivity independent of temperature. Time courses of photosynthetic photon flux (PPFD) are shown in the background for

in Fig. 3(b) with a green line.
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Fig. 5 Intrinsic speed of stomatal responses to the environment (ay, the rate constant for adjustment of guard cell osmotic pressure) affects the economic
landscape of short-term hydraulic risk, regardless of whether leaf hydraulic decline was assumed to be irreversible (a, b) or instantaneously reversible (c, d).
(a, ¢) a, influences the stomatal strategy (as gauged by the parameter ysorisk) that maximizes aggregated carbon gain (A, mean daily CO, assimilation rate
across all 10 000 simulated leaf patches); the point of maximum A in each curve is shown with a closed circle. Dashed lines in (a, ¢) represent aggregated
carbon gain from simulations in which hydraulic risk was omitted by setting the water potentials at which leaf and stem hydraulic conductance declined by
50% (ys0leat aNd Wiostem, respectively) to —100 MPa. (b, d) a; also influences the relationship between stomatal strategy and the aggregated carbon cost
of short-term hydraulic risk (C,s, the decrease in A caused by hydraulic risk; i.e. the difference between dashed and solid lines in (a, c)). (The x-axis range
in (b, d) is narrower than in (a, ¢), to focus on the range of wsoyisk in which the maximum in A occurs.)

fluctuations in gas exchange on leaf water potential and hence
hydraulic conductance (Fig. 6a). Kinetic parameters also influ-
ence how stomatal behavior affects the carbon cost of hydraulic
risk: Ci increases as stomatal behavior becomes more risky (as
Wsorsk declines), but the exact shape of that relationship
depends on kinetic parameters (Figs 5b, 6b). For example, for
Wsorsk between ¢ —2.4 and —3.1 MPa, Cjq, is greatest for
‘slow’ stomata, whereas for Wsgic below —3.3 MPa, Cq is
greatest for ‘fast’ stomata (Fig. 5b). Similarly, the effect of dif-
ferences in leaf-saturated water content on Ci is greater at
intermediate o peaking at ¢ —3.1 MPa, than at more
negative Wsoiqk (Fig. 6b). In contrast to oy and leaf SWC, the
rate constant for photosynthetic induction (ay) had very small

© 2023 The Authors
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effects on the economic landscape of short-term hydraulic risk
(Fig. S4).

Effects of kinetics on the economics of hydraulic risk persisted,
but were quantitatively different, in simulations that assumed
Ko decline was instantaneously reversible (Figs 5c¢,d, 6¢,d).
With reversible K¢ decline, a, had weaker effects on the value
of Wspysk that maximized A (Fig. 5¢), whereas SWC had slightly
stronger effects (Fig. 6¢). Shifts in kinetic parameters led to clear
changes in the relationship between stomatal strategy and the car-
bon cost of hydraulic risk, regardless of the reversibility of K¢
decline (Fig. 7).

To visualize the effect of kinetic parameters on physiological
kinetics, we simulated responses of stomatal conductance, leaf
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Fig. 6 Because leaf water stores can act as a buffer to mute transient dynamics of leaf water potential, leaf-saturated water content (SWC or jeaf, max)
affects the economic landscape of short-term hydraulic risk, whether leaf hydraulic decline is assumed to be irreversible (a, b) or instantaneously reversible
(c, d). (a, ¢) Leaf SWC influences the stomatal strategy (as gauged by the water potential at which the penalty function reaches 0.5 (50%), wsorisk) that
maximizes aggregated carbon gain (A, mean daily carbon gain across all 10 000 simulated leaf patches); the point of maximum A in each curve is shown
with a closed circle. Dashed lines in (a, c) represent aggregated carbon gain from simulations in which hydraulic risk was omitted by setting the water
potentials at which leaf and stem hydraulic conductance declined by 50% (wsoieat 2nd wsostem, respectively) to —100 MPa. (b, d) Leaf SWC also influences
the relationship between stomatal strategy and the aggregated carbon cost of short-term hydraulic risk (Ciis, the decrease in A caused by hydraulic risk;
i.e. the difference between dashed and solid lines in (a, c)). (The x-axis range in (b, d) is narrower than in (a, ), to focus on the range of wsoyisk in which the

maximum in A occurs.)

water potential, and temperature to a discrete increase in PPFD
from 100 to 1600 pmol m™ 57", for each of the three values of
a, and SWC discussed above (Fig. S5). The effect of a, on g,
dynamics was greatest for ‘slow’ vs ‘normal’ stomata (Fig. S5a);
by contrast, the effect of SWC on leaf water potential dynamics
was similar for ‘slow’ (high SWC) vs ‘normal’ and for ‘normal’ vs

‘fast’ (Fig. S5d).

Sunfleck strength influences the economics of short-term
hydraulic risk

Sunfleck strength influenced both A and (. For example,

A was maximized by more-conservative stomatal strategies
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(less-negative Wsoyig) in leaf patches with the strongest sunflecks
and conversely by more-risky strategies in patches with weak sun-
flecks (Fig. 8a). Likewise, Ci;q was generally greater in leaf
patches with stronger peak sunflecks (Fig. 8b).

Canopy structure slightly alters the economics of short-
term 'hydraulic risk’

The simulations described above used Helios output for a spa-
tially homogeneous canopy with a spherical LAD. To assess the
impact of aggregation of leaves into individual tree crowns and
the influence of varying LAD, we performed additional simula-
tions using Helios output for canopies with spherically
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aggregated crowns and either spherical (isotropic), planophile
(mostly horizontal), or erectophile (mostly vertical) LADs. Values
of Wsouek that maximized A were strongly positively related to
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Fig. 7 Changes in kinetic parameters alter the relationship between the
carbon cost of hydraulic risk (Cs) and stomatal strategy (psorisk),
irrespective of the reversibility of leaf hydraulic decline. Shown here are %
differences in C,is caused by changes in kinetic parameters (a, stomatal
speed, a; b, leaf-saturated water content, SWC). a,, or SWC was reduced
(red) or increased (blue) by 50% compared with its default value; leaf
hydraulic decline was assumed irreversible (solid lines) or reversible
(dashed lines).
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peak sunfleck strength across cohorts differing in mean daily
PPFD (Fig. S6a), but the shape of the relationship differed some-
what in heterogeneous crowns with different LADs (Fig S6b—d);
for example, peak sunfleck strength was generally smaller in
heterogeneous crowns, particularly for leaf patches with interme-
diate PPFD. Much of the difference between the homogeneous
canopy simulation and those with heterogeneous canopies may
be attributable to the greater leaf area density used in the latter.

Soil water potential influences the economics of short-term
hydraulic risk

Decreasing ., from 0 to —1.8 MPa greatly reduced A and
increased Gy for any stomatal strategy (Fig 9a,b). The stomatal
strategy that maximized A was somewhat more risky under slight
soil drought (A was maximized by wspug = —3.2 MPa at
Wil = —0.2 MPa, vs by ys0 = —2.8 MPa at w5 = 0), but
further reduction in w; favored less-risky stomatal strategies
(Fig. 9a; e.g. A was maximized by wsgig = —2.4 MPa at
YWsoil = —1.8 MPa)

Transient dynamics amplify loss of hydraulic conductivity
during a sunfleck

To illustrate how transient dynamics of gas exchange, which
depend on kinetic parameters, influence hydraulic risk, we
examine an example in which transient phenomena cause leaf
water potential to decline below its eventual steady-state value
during a sunfleck. Fig. S7 shows a close-up view of a large
sunfleck from ¢. 09:30 to 10:30 h (this is the same sunfleck
shown in Fig 4b,d,f,h). As PPFD increases, both evaporative
demand and photosynthetic induction state increase (Fig. S7a,
blue and black lines). Their effects on the optimal target value
of g, mostly cancel out after the peak PPFD has been reached
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Fig. 8 Sunfleck strength influences the economic landscape of short-term hydraulic risk. (a) The stomatal strategy (represented by the water potential caus-
ing 50% penalty, ysorisk) that maximizes aggregated carbon gain is more conservative (ysorisk is less negative) in leaves with stronger peak sunflecks, and
(b) the aggregated carbon cost of short-term hydraulic risk (Cyis) is generally greater in leaves with stronger peak sunflecks. Colors = mean peak sunfleck
strength within cohorts of 1000 leaf patches (cohorts defined by percentiles of sunfleck strength). Leaf hydraulic decline was irreversible in these simula-

tions.
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Fig. 9 Soil water potential (o) influences the economic landscape of short-term hydraulic risk. (a) As w0 declines, aggregated carbon gain (A, mean
daily carbon gain across all 10 000 simulated leaf patches) decreases, and the stomatal strategy (as gauged by the parameter wsoyis) that maximizes A also
shifts; the point of maximum A in each curve is shown with a colored symbol. Dashed lines in (a) represent aggregated carbon gain from simulations in
which hydraulic risk was omitted by setting ysojear and ysostem to =100 MPa. (b) Decreasing w . increases the aggregated carbon cost of short-term
hydraulic risk (Cyisk, the decrease in A caused by hydraulic risk; i.e. the difference between dashed and solid lines in (a)) and also changes the shape of the
relationship between stomatal strategy and C. Leaf hydraulic decline was irreversible in these simulations.

(red line in Fig. S7d). However, g, is controlled not only by
guard cell osmotic pressure (7,; solid black line in Fig. S7b),
which is actively regulated to seek the optimal target g, but
also by the effect of leaf water potential (Fig. S7c¢, red line) on
guard cell and epidermal turgor pressures (Fig. S7b; red and
blue lines, respectively). As yi.,¢ declines, the resulting drop
in epidermal backpressure transiently increases g, (dashed
black line in Fig. S7b) even as r, is declining. As a result,
transpiration rate transiently overshoots its eventual steady-
state value (Fig. S7a, red line) — causing a decline in ., that
briefly becomes self-amplifying due to an associated decline in
hydraulic conductance (increase in PLC; dashed black line in
Fig. S7a). PLC only stops increasing after stomatal conduc-
tance and transpiration rate have declined (at ¢. 9:50).

Transient dynamics mediate the impact of stomatal
strategy on carbon economy at the diurnal scale

In the example described above, nonsteady-state dynamics caused
a greater decline in Wi and thus in K. than would have
occurred in the absence of transient phenomena. Simulating
more ‘risky’ stomatal behavior by setting 50, to more negative
values leads to greater stomatal conductance and hence carbon
gain, but also lower minimum s and greater conductivity loss
(PLC; Fig. S8a,b). The net effect of 5, on carbon gain inte-
grated over the sunfleck and, on PLC at the end of the sunfleck,
depends on a trade-off between greater gas exchange early in the
sunfleck — including a higher transient peak — and lower gas
exchange later in the sunfleck (Fig. S8a,c). This illustrates explic-
itly how transient phenomena, and hence kinetic parameters,
influence the pattern of stomatal behavior that maximizes total
carbon gain.
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Sensitivity analysis

Adjustment of plant-related parameters between 75% and 125%
of their default values caused small changes in A and mean daily
minimum leaf water potential across 500 randomly selected leaf
patches (Figs S9-S11). The most influential parameter was
Kieaprsmas Whose sensitivity coefficient (% change in dependent
variable per 1% change in parameter) was 0.14% for A and
0.11% for Wiear,min» respectively (Fig. S11). Most environmental
parameters had little effect (Fig. S12); the largest sensitivity coef-
ficients were 0.32% for Tiimax VS Wieat.min and 0.75% for ¢, vs A.
Varying epidermal mechanical advantage between 0 and 4
increased A by ¢. 10% and reduced Wieaf,min by ¢. 40% (Fig. S13).

Discussion

The hydraulic penalty (HP) paradigm for stomatal modeling
(Wolf et al., 2016; Sperry et al., 2017; Eller ez al., 2018, 2020;
Wang et al., 2020) has advanced practical prediction of stomatal
conductance from optimization theory. Most HP models penal-
ize excessive stomatal opening using the hydraulic vulnerability
curve, or quantities derived from it. We hypothesized that the
economic landscape of short-term hydraulic risk is also influ-
enced by nonsteady-state processes mediated by physiological
kinetics and the dynamical light environment. Our results con-
firmed this hypothesis by demonstrating that kinetic parameters
modify the effect of stomatal strategy on the carbon cost of short-
term hydraulic risk (C;g.) and carbon gain (A), aggregated over a
day and over a canopy. For example, leaves with greater water
storage capacity achieved maximum A with a more-risky stomatal
strategy (Fig. 6), because water storage can buffer transient fluctu-
ations in water potential and thereby reduce the risk of diurnal
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hydraulic decline — particularly for leaf hydraulic conductance
(Brodribb & Holbrook, 2003, 2004; Guyot et al, 2012;
Hernandez-Santana et al., 2016), as leaf water potential is likely
far more dynamic than stem water potential, given the large stem
water stores often available in trees (Cermak et al, 2007). The
impact of kinetic properties on hydraulic risk was altered, but not
eliminated, if we assumed K., decline was immediately reversi-
ble, rather than irreversible. Similarly, leaves that experienced
stronger sunflecks gained more carbon, in the aggregate, under a
more-conservative (less risky) stomatal strategy, largely because
sunfleck strength increased the carbon cost of hydraulic risk

(Fig. 8).

Instantaneous shadow costs vs aggregated carbon costs

HP models assume stomatal behavior is ‘optimal’ if it maximizes
carbon gain minus the costs of hydraulic risk. A facit assumption
of most HP models is that those costs are accurately represented
by a penalty function (®) defined solely by the hydraulic vulnera-
bility curve. But, what is ® and how should it be formulated?
Wang et al. (2020) note that © is a ‘shadow cost’ — a cost that is
hard to compute but is nonetheless real, and commensurable
with carbon gain. In other words, ® must represent real carbon
costs in some way, at some scale of aggregation. The reason HP
models express those costs as a shadow cost, instead of simply
computing them from a mechanistic model, like photosynthesis,
is that the costs depend on future contingencies and therefore
cannot be entirely computed from current instantaneous condi-
tions (the costs of embolism repair may be computable, but are
poorly constrained; Zwieniecki & Holbrook, 2009). For a leaf
that is trying to choose the best value of stomatal conductance for
the next moment in time, the prospect that its future carbon gain
may be reduced by hydraulic decline is not predicted by the cur-
rent instantaneous value of A in the HP goal function. In eco-
nomic terms, that prospect is an externality to A. The purpose of
O is to capture such externalities, which only manifest as real,
computable carbon costs when gas exchange is integrated over a
long time frame and over many leaves. (If it were practical to sim-
ply write down an equation for that aggregated carbon gain as a
function of stomatal conductance, we would not need the myste-
rious ‘shadow cost’ formulation.) A truly ‘optimal’ formulation
of ® would be one that maximizes net carbon gain at such an
aggregated scale.

The rationale behind our approach was to perform part of that
aggregation by brute force, by integrating over a day for many
leaves. Our measure of aggregated carbon gain (A) thus includes
externalities that are not captured by the instantaneous value of 4
in the goal function, and which therefore represent part of ©.
Importantly, we have not identified the truly optimal formula-
tion of ®, because computational constraints prevented us from
integrating beyond a single day. Other important risks manifest
only at longer time scales, such as mortality during sustained
drought and the cost of replacing tissues that succumb to total
hydraulic failure. Nonetheless, because we have shown that
kinetic factors influence the short-term component of the carbon
cost of hydraulic risk, it follows that broader, longer-term
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measures of those costs must also be influenced by kinetic factors.
(Longer-term processes could somehow exactly cancel out the
effects of kinetics on short-term risk, but that seems unlikely.)
Therefore, we conclude that current formulations of ® are
incomplete and should be relaxed to accommodate kinetic fac-
tors.

Empirical accuracy vs theoretical coherence

This study concerns a purely theoretical question: do HP models
that ignore kinetic properties truly represent the optimization
hypothesis? Our results suggest they cannot. A completely differ-
ent, empirical question is whether HP models accurately predict
actual stomatal behavior, and whether including kinetic proper-
ties would improve their predictions. Evidence suggests HP mod-
els predict stomatal behavior well, at least qualitatively (e.g. Eller
et al., 2020; Wang ez al., 2020; Bassiouni & Vico, 2021). How-
ever, one study has shown that basing penalty functions explicitly
on hydraulics did not improve predictive accuracy (Bassiouni &
Vico, 2021). Other evidence points in the same direction. Pen-
alty function parameters calibrated to produce the best fit
between predicted and observed productivity differed systemati-
cally from hydraulic vulnerability parameters, across a range of
functional types (Eller ez al., 2020), namely best-fit penalty func-
tions were less ‘risky’ than hydraulic penalty functions (Fig. S14).
Wang ez al. (2020) also conducted an empirical test of HP mod-
els, including a new model they proposed in which ® = E/E_ (the
ratio of transpiration rate to its value at the critical water poten-
tial for catastrophic xylem failure). Unfortunately, they reported
only mean absolute percentage prediction errors for each model,
so we cannot infer whether their model would be more accurate
if ® were modified to account for kinetic factors.

It is unsurprising that vulnerability curve parameters alone
cannot fully predict stomatal behavior, given that some species
close their stomata at water potentials far above the threshold for
catastrophic xylem failure, while others more closely approach
the threshold (Klein, 2014; Anderegg er al, 2016; Bartlett
et al., 2016; Meinzer et al., 2017; Pivovaroff et al., 2018; Chen
et al., 2019; Li et al., 2019). Such differences may arise, at least in
part, from effects of kinetic factors of physiology and the dynami-
cal light environment on the economics of hydraulic risk. The
HP modeling paradigm cannot, by design, predict large differ-
ences in safety margin unless the penalty function is relaxed to
account for such factors. However, the flexibility needed to
accommodate kinetic factors would not necessarily cause predic-
tions to diverge wildly from observations. For example, because
stomata usually close before substantial xylem hydraulic decline
occurs, leaf water potential usually remains above thresholds for
catastrophic xylem failure, except during sustained drought that
causes maximal stomatal closure (Bartlett ez 2/, 2016; Martin-
StPaul ez al, 2017; Creek et al, 2020). Our simulations pre-
dicted a similar outcome: leaf water potential remained above the
threshold for stem xylem failure in all 10 000 leaf patches even
when s was decoupled from the hydraulic w5 for whole-
plant water transport (Wsgpland and set to much more negative
values (Fig. 10).
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Fig. 10 Minimum daily leaf water potential (eat,min) in all simulated leaf patches remained far above the water potential causing 50% loss of stem
hydraulic conductance (ysostem: —3.3 MPa), (a) even for stomatal strategies in which the water potential causing 50% penalty in the goal function for
optimal stomatal conductance (ysoisk) Was quite low and nearly equal to ysostem, and (b) even when soil water potential was reduced (and wsorisk Was set
at the value that maximized A at each soil water potential (o), as shown in Fig. 9). In (a), distributions of yieas min are shown for simulations using values
of wsonsk Spanning the range of values that maximized aggregated carbon gain for different values of kinetic parameters in Figs 5 and 6. Simulations in (a)

used 10 000 leaf patches; those in (b) used 500 leaf patches.

In light of our results, we suggest that the usefulness of the
HP paradigm would benefit from a systematic evaluation of (1)
whether its predictions deviate systematically from observations
across species, as suggested by the study discussed earlier (Eller
et al., 2020; Fig. S13), and (2) whether such deviations are
associated with differences in kinetic factors that influence
hydraulic risk. For example, our findings suggest that the opti-
mal stomatal strategy should be less risk-averse in species with
slower stomatal responses or greater saturated leaf water con-
tent, all else equal (cf. Figs 5, 6). More generally, we suggest
that there is no rational basis to assume that y5¢-based hydrau-
lic penalties generate stomatal behavior that actually optimizes
the trade-off between carbon gain and hydraulic risk. We agree
that the ‘truly optimal’ penalty function probably looks a lot
like the hydraulic vulnerability curve: that is, the water poten-
tial scale of stomatal closure should be correlated with w5, and
the penalty should increase ever more steeply as water potential
becomes more negative. But, we do not believe it has been
shown that the truly optimal penalty function is simply the
hydraulic vulnerability curve itself (nor another function derived
from it, as in the model of Wang er al, 2020). A first step
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toward generalizing HP models would be to augment the pen-
alty function with an empirically tunable parameter. For exam-
ple, for the Eller model, the penalty function might change as
follows:

. |1//1mf|5
’Wso‘f + |Wleaf|§

. |l//1eaf\cf
lwso + 5’5 + Wieatl

O(original) = A4 — O(new)

Eqn 3

The new parameter 6 could be tuned to optimize the resulting
predictions: § would be positive for species whose stomata behave
more conservatively than predicted by the original goal function,
or negative for species with more-risky behavior. A benefit of this
approach is that all of the factors that influence hydraulic risk
other than the vulnerability curve itself would be distilled into a
single parameter, 8, which would facilitate analysis of those fac-
tors and their ecological and environmental correlates. A similar
alternative is to have 6 be multiplicative, rather than additive,
with Ys0-
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Sunflecks drive hydraulic risk

We found that the economic landscape of short-term hydraulic
risk was strongly influenced by the strength of sunflecks, which
drive transient increases in water loss. In our simulations, leaves
that experienced stronger peak sunflecks generally achieved maxi-
mal A with a more-conservative stomatal strategy (less-negative
Wsonsks Fig. 8). Sunfleck strength also largely mediated differ-
ences in the economics of short-term risk between leaves in differ-
ent light environments: A was maximized by more-conservative
stomatal behavior for leaves of intermediate mean PPFD, which
also had stronger sunflecks (Fig. S6). Canopy structure and LAD
had weak effects: clumping of leaves into dense crowns reduced
peak sunfleck strength somewhat but had litde effect on the
stomatal strategy that maximized A (Fig. S6).

Stomatal kinetics: a speed vs safety trade-off?

Our simulations predicted that a plant with fast stomatal kinetics
will gain more carbon over a day under a more-conservative
stomatal strategy. By contrast, we had suspected that leaves with
faster stomata could close more rapidly to prevent hydraulic fail-
ure and would therefore be less likely to suffer negative conse-
quences of less-conservative behavior. Faster stomatal opening
may, however, enhance hydraulic risk by increasing peak transpi-
ration rate during a sunfleck. Lawson & Vialet-Chabrand (2018)
concluded that slow stomatal responses can improve average
water use efficiency, albeit at the cost of reduced carbon gain. We
similarly found that, for a given stomatal strategy, leaves with
slower stomata gained less carbon over the day than leaves with
faster stomata (Fig. 5a). Optimal stomatal kinetics may thus
depend on a trade-off between increased photosynthesis and
reduced hydraulic risk. Fast stomatal responses may themselves
also be inherently more costly than slow responses (Vico
et al., 2011), although the energetic costs are difficult to quantify
(Lawson & Blatt, 2014), and any such costs are likely greatly out-
weighed by the resulting gains (Papanatsiou ez al., 2019). More
generally, the effects of sunfleck properties and physiological
kinetics on the economics of short-term hydraulic risk argue
strongly that stomatal behavior cannot be understood without
considering nonsteady-state phenomena. One major reason
stomata must maintain a safety margin between Wi and .
(Sperry, 2004; Meinzer et al., 2009; Johnson ez al, 2011), in
addition to hedging against the risk of desiccation during sus-
tained drought (Mikeld er al, 1996), is to prevent excursions
below . during unpredictable transient spikes in transpiration
rate caused by sunflecks. This suggests dynamical phenomena are
fundamental in defining what pattern of stomatal behavior is
optimal.

Limitations of our approach

Our results are based entirely on simulations; direct measure-
ments are infeasible at the scale and density needed to infer the
economic landscape of short-term hydraulic risk for an entire
canopy. Some elements of our model may thus limit the

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research"15™

generality of our conclusions. (1) Our sunfleck simulations
assumed rigid leaves; in reality, high-frequency motion caused by
wind may dampen sunfleck intensity, reducing hydraulic risk
(Pearcy, 1990; Burgess ez al., 2021). Turbulence may also rapidly
deliver packets of dry air deep in the canopy (Bailey &
Stoll, 2016); we assumed vapor pressure was constant over the
day. (2) We simulated physiological dynamics for the smallest
leaf elements resolved by Helios (1 cm X 1 cm patches), rather
than for entire leaves (5 cm X 5 cm); this ignores potential inter-
actions between stomata in different regions of a leaf exposed to
different PPFD (Buckley & Mott, 2000). (3) We compared
stomatal strategies by varying one parameter of the penalty func-
tion (Wsoriek)- Future work should also vary the steepness parame-
ter (£), and examine different penalty functions altogether. (4) As
noted earlier, we did not examine the influence of long-term risk
posed by extended drought (Lu ez al., 2016, 2020; Martin-StPaul
et al., 2017). However, accounting for long-term risk should not
change the general conclusion that the economics of stomatal
function depends on dynamic features of the light environment
and leaf physiology; indeed, our results align with the general
conclusions of Lu et 2/ (2016, 2020) and Martin-StPaul
et al. (2017) in showing that optimal stomatal behavior is partly
defined by stochastic dynamics in the environment.

Conclusion

We used diurnal simulations of physiology in 10 000 leaf patches
within a canopy to infer whether the economic landscape of
short-term hydraulic risk is influenced by physiological kinetics
and dynamics of PPFD. Our results show that the influence of
stomatal behavior on aggregated carbon gain and the aggregated
carbon cost of short-term hydraulic risk depends on stomatal
response speed, the buffering effect of leaf water storage, the
strength of sunflecks, and soil water potential, but minimally on
photosynthetic induction speed. These results suggest the penalty
function in HP models should be modified to account for kinetic
factors, which would better represent the optimization hypothesis
while capturing a degree of parametric freedom that may help to
represent diversity in stomatal strategies across species and envi-
ronments.
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Appendix A1 Additional details of model

Dynamical model

We modeled stomatal conductance to water vapor (g,,) as a lin-
ear combination of guard cell and epidermal turgor pressures (P,
and P, respectively):

Bsw :)((Pg_mpe) :Z(éﬂ_M(l/’leaf + ”e)) Eqn Al
where  is the epidermal mechanical advantage, y is a scaling fac-
tor (which we assumed to be constant), éz is the guard cell osmo-
tic gradient (the difference in osmotic pressure between guard
and epidermal cells), M = m — 1 is the net epidermal mechanical
advantage, and 7, is epidermal osmotic pressure. Eqn A1 assumes
that guard cell and epidermal water potentials are equal to each
other and to the bulk-leaf value green, .5 calculated from stem
and leaf hydraulic conductances, soil water potential, and transpi-
ration rate, as described later. We also assumed that 7. was equal
to bulk-leaf osmotic pressure, and thus changed passively in
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relation to leaf water content as described in Eqn A4 below, and
that g,, could not reach precisely zero, but was instead limited to
be greater than or equal to a value g, (nominally
0.005 mol m™*s7").

We predicted the ‘target’ value of stomatal conductance at any
given time (g3,) using Eqns 1 and 2 (with net CO, assimilation
rate, A, calculated using a biochemical model; Supporting Infor-
mation Methods S1), solved numerically using the optimize()
function in Juuia with a Golden Section search algorithm
bounded between g, = 0 and 2.0 mol m 2 s, We assumed
that the guard cell osmotic gradient, 6z, changes at a rate propor-
tional to the difference between its current value and a target
value 67/, with a rate constant a, (which differed when Sz was
increasing or decreasing):

dérx

W = 0y (577,'/—571')

Eqn A2

where 57’ is the value of 6z needed to make g, equal to ¢, and
is related to ¢, as

Loy = 2(07' =M (y1 + 7). Eqn A3

Thus, 67’ — 67 = (¢ ww—gww)/x- This latter relation may seem to
suggest that g, could be modeled more directly, without refer-
ence to 67, using an equation analogous to Eqn A2; however,
that would not account for the interactive roles of leaf water
potential and 6z in generating dynamic features of stomatal
responses that may be important in hydraulic risk (e.g. the tran-
sient ‘wrong-way’ responses of stomata to changes in water status;
Buckley ez al., 2011).

We modeled leaf water potential as a function of leaf relative
water content, R, following Sack ez al. (2018):

— o maxd BB 017
Yleaf 4 l_Rtlp’ R

Eqn A4
where 7, is leaf osmotic pressure (>0) at full turgor and Ry, is
leaf relative water content at the turgor loss point; the term
involving max{} represents cell turgor, which we assume cannot
be negative; the term #,/R is osmotic pressure. To model R
dynamically, we expressed it in terms of the number of moles of
water in the leaf, 7 ,¢

Pleaf

R= Eqn A5

7eaf ,max

where 7jcafmax is the value of 7. at full turgor. The rate of
change of 7.,r equals the difference between the rate of water
flow into the leaf from the stem and the transpiration rate:

d”leaf
ds = Kleﬂf (Wstem _Wleaf) —E

Eqn A6

where K¢ is leaf hydraulic conductance, Wy is stem water
potential, and E'is leaf transpiration rate, given by
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E = _Sswdbw Aw, Eqn A7
Zow T &bw

where Aw is the leaf-to-air water vapor mole fraction gradient
and g, is leaf boundary layer conductance to water vapor. We
calculated Aw from leaf temperature (7j..s simulated dynami-
cally; Eqn A12) and ambient water vapor mole fraction (w;;,) as
Aw = wo(Tiear) — twair, Wwhere wy (Tieap) is the saturation water
vapor mole fraction. Wy, depends on stem water content, 7Zem.
We assumed a linear relationship between Wem and 7y, and
hence a fixed elastance (sensitivity of water potential to relative
water content), €yem: Weem = @stem’(Mstem! Pstem.max — 1), Where
Tgem.max 15 the value of 7., at a water potential of zero. Stem
water content changes as the balance of water flow in from the
soil and out to the leaf:

d7ge
Cltt == Kstem (Wsoil _ll/stem) - [(leaf (lI/Stem _lllleaf)

Eqn A8

where K, is stem hydraulic conductance and ; is soil water
potential. Although this formulation does not explicitly incorpo-
rate root hydraulics, Kr, and 7., can be interpreted as includ-
ing the contributions of roots to water transport and storage.

We assumed that leaf and stem hydraulic conductances both
declined with water potential according to a hydraulic vulnerabil-
ity curve:

/ K}ZSmax

Kips=—"3 Eqn A9
1+ (ﬂ)
¥ijso

where the subscript j refers to either leaf or stem, yjs is the water
potential at which conductivity is reduced by half, and ¢ is a
dimensionless empirical parameter. Eqn A9 refers to values of K
at 25°C because only the anatomical (temperature-independent)
component of hydraulic conductance is reduced by embolism
formation. Independent of embolism formation, we also allowed
K to vary with temperature as Kj(7) = I(izs-(TleafK/298.15)7
(where Ti.s is in kelvins) due to the temperature dependence of
viscosity.

Embolisms take a finite period of time to expand to fill a con-
duit; ‘primes’” in Eqn A9 refer to equilibrium values after embo-
lism expansion was completed, and each hydraulic conductance
was simulated dynamically using Eqn A10:

dK s
Lo

where ay is an empirical rate constant. The true rate of embolism

Eqn A10

expansion is unknown. Some evidence suggests that air-seeded
embolisms expand to fill conduits within milliseconds (Mayr
et al., 2014). However, using an appropriately fast rate constant
in Eqn A10 makes the overall system of differential equations
intractably stiff (i.e. having rates of change that differ by many
orders of magnitude among variables). One solution would be to
treat hydraulic conductances as quasi-static with respect to
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variations in water potential; that is, simply use Eqn A9 rather
than modeling them dynamically. However, that solution is not
suitable in this context, because embolism-induced declines in X
are generally irreversible in the short term: embolism repair must
wait for water potential to recover to near zero overnight (Broder-
sen & McElrone, 2013). Treating K as quasi-static with respect
to water potential would require treating Eqn A9 as a time-
independent state function, which is irreconcilable with the irre-
versible nature of declines in K. To capture irreversible changes,
it is necessary to account explicitly for the direction of change in
K at any moment. We resolved this dilemma by setting dKj,s/d#
to zero whenever water potential, and hence Kjs, is increasing
(ie. [(}25 > Kjs), but when water potential and K5 are decreas-
ing, using Eqn A10 with a very small value of the rate constant
ax (namely, the smallest value that led to stable solutions,
ax = 0.2; i.e. step declines in hydraulic conductance were 63.2%
complete in 5 s):

ax (K K; ) Klys < Kjps
dKﬂS B K( 725 Jj25 ) J25 J
= if Eqn All

ds
0 else

Evaporative demand (Aw) and K., as well as key parameters
of photosynthesis, depend on leaf temperature, 7j.¢. The rate of
change of 7. equals the difference between the rate of energy
inputs to the leaf and the rate of energy losses, all divided by the
leaf heat capacitance, A,¢

A7 et
dz
_ Qsw + [1;€y0 Tfirz( —fi€0 T14eaf1<*f pagbh( Tiaf— Taie) —AE
Kleaf

Eqn A12

where Qgy is the absorbed shortwave radiation flux, gy, is sky
emissivity, € is leaf emissivity, o is the Stefan—Boltzmann con-
stant, ¢, is the heat capacity of the air, g, is the boundary layer
conductance to heat (a whole-leaf, two-sided value), T; is air
temperature ( 7,k in kelvins), 4 is the latent heat of vaporization,
and K., is leaf heat capacity (J m 2 K™). fi: is the longwave sky-
view factor of the target leaf (the rate of thermal infrared
exchange between the leaf and the atmosphere as a fraction of the
rate that would occur for an otherwise identical leaf at the top of
the canopy, unobstructed by other canopy elements). Eqn A12
ignores net IR exchange at the lower leaf surface, in effect assum-
ing the average temperature of lower canopy elements is equal to
that of the target leaf. We estimated Qsw and f; for each leaf
using the Helios model (see Methods S5). We calculated &g, as
0.642(w,;,-10°/ Ty (Brutsaert, 1975), where 10° (Pa) is
atmospheric pressure, which converts w,;, to a partial pressure.
We calculated Kj..¢ from leaf water content (7., mol m™2) and
leaf dry mass per unit area (LMA, nominally 140 g m™) as:
Kicar = 4.184-18.01 706 + 1.5-LMA, where 4.184 (J g') is the
heat capacity of water, 18.01 (g mol™"), and 1.5 (J g7') is the
heat capacity of leaf dry matter. We assumed 7; varied
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sinusoidally over time during the daylight hours, thus:
7ﬂ:xir = ’I;irmin + (’I;irmax - Eirmin)'Sin(O'Sﬂ(time - 5)/(tTairmax -
5)), where time is time of day in hours, fryma = 13 h,
Tirmin = 15°C and Tjma = 25°C.

We simulated the maximum velocity of RuBP carboxylation at
25°C (Vi) dynamically, to capture finite kinetics of photosyn-
thetic induction under fluctuating PPFD:

d Vm25
dz

= aV(VixQS_ Vm25) Eqn A13

where a, is an empirical rate constant and V55 is the target
value of Vs, calculated as a saturating function of PPFD:
Vimas = (fully induced V,.5)-PPFD/(PPED + K.,,). Thus,
V'mas is half of the fully induced value when PPFD = K, (nom-
inally 97 pmol m™? s™'). We assumed the fully induced V.5
varied across leaves in proportion to daily mean PPFD (such that
(fully induced Vi,55) = 0.25-(mean PPFD), where Vs and
PPED have units of pmol m™? s™'). We also assumed the values
of Kiapand Ko, at 25°C and water potentials of zero (Kieaf25max
and Kiemasmaw respectively) were equal to one another but varied
among leaves in proportion to fully induced photosynthetic
capacity, such that K..psmax = Kiem2smax = 0.01-(fully induced
Vim2s) = 0.025-(mean PPFD), where Kicapsmax and Kieem25max
have units of mol m™%s™! MPa™".

We computed net CO, assimilation rate from gy, Tjea Vinzss
and PPFD using the Farquhar ez 2/ (1980) biochemical model
(Methods S1), assuming that values of potential electron trans-
port rate and nonphotorespiratory CO, release in the light were
proportional to V5.

Simulation of PPFD dynamics

The main environmental driver of short-term dynamics in the
model is PPFD; we assumed ambient H,O and CO, concentra-
tions are constant and air temperature varies sinusoidally over the
day. We used the Helios reverse ray-tracing-based model
(v.1.2.8; Bailey, 2018, 2019) to simulate diurnal trends of
absorbed PPFD (direct + diffuse) and ambient longwave radia-
tion in realistic canopies. The simulated canopy had a leaf area
index of 2.5 and was 1 m tall with a horizontal extent of
5 m X 5 m, although a periodic boundary condition was applied
to effectively simulate a horizontally infinite canopy. The 3D spa-
tial position and angle (normal vector) of each leaf were selected
randomly from specified inclination distributions. Most simula-
tions assumed a spherical inclination distribution and vertically
and horizontally homogeneous spatial distributions of leaves;
additional simulations varied inclination distributions (spherical,
planophile, and erectophile, sensu de Wit, 1965) and used spa-
dally clumped distributions of leaves representing trees with
homogeneous spherical crowns (i.e. no sub-crown clumping) and
an LAI of 2.5 (calculated on the basis of total ground area, i.e.
including not only the projected area of each individual crown,
but also the ground area in between individual crowns). We ran-
domly selected 10 000 1 cm X 1 cm leaf patches from the total
of 625 000 patches (25 000 leaves X 25 patches per leaf). For
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each leaf patch, we converted the temporally discrete (0.1 Hz)
series of PPFD values generated by Helios into a continuous
function of PPFD vs time using cubic spline interpolation
(Splinel1D() function in the DIERCKX package in JuLia v.1.5.3; see
Methods S5 for more details).

Numerical methods

PPFD time series from Helios for each patch were output to file.
Physiological simulations were performed in JuLia v.1.5.3. We
solved the system of coupled differential equations describing
time evolution of physiological variables numerically, using the
functions ODEProblem() and solve() from JuLia package Differen-
tialEquations.jl. We allowed solve() to choose the optimal algo-
rithm (usually a composite of the 7sit5() and Rosenbrock23()
algorithms; respectively, a fourth-order Runge Kutta algorithm,
and an order 2/3 L-stable Rosenbrock-W method suitable for
stiff systems). We interpolated solution values at 0.1 Hz using
the package’s default interpolation algorithms. Initial conditions
(values at the beginning of the day, which are needed to initialize
the numerical solutions) were set as follows: leaf and stem water
contents were saturated, leaf and stem hydraulic conductances
were equal to their maximum values, leaf temperature equaled air
temperature, the activation state of photosynthetic capacity was
set to 100%, and guard cell osmotic pressure was set to give a
stomatal conductance of zero at a water potential of zero. Simula-
tion code is included as Methods S6 and will be made available
in a public GitHub repository upon publication. Code for Helios
is available in a public GitHub repository at (https://www.
github.com/PlantSimulationLab/Helios).
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