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Summary

� Plant response to water stress involves multiple timescales. In the short term, stomatal

adjustments optimize some fitness function commonly related to carbon uptake, while in the

long term, traits including xylem resilience are adjusted. These optimizations are usually con-

sidered independently, the former involving stomatal aperture and the latter carbon alloca-

tion. However, short- and long-term adjustments are interdependent, as ‘optimal’ in the short

term depends on traits set in the longer term.
� An economics framework is used to optimize long-term traits that impact short-term stoma-

tal behavior. Two traits analyzed here are the resilience of xylem and the resilience of nonsto-

matal limitations (NSLs) to photosynthesis at low-water potentials.
� Results show that optimality requires xylem resilience to increase with climatic aridity.

Results also suggest that the point at which xylem reach 50% conductance and the point at

which NSLs reach 50% capacity are constrained to approximately a 2 : 1 linear ratio; however,

this awaits further experimental verification.
� The model demonstrates how trait coordination arises mathematically, and it can be

extended to many other traits that cross timescales. With further verification, these results

could be used in plant modelling when information on plant traits is limited.

Introduction

An ongoing challenge in global climate and integrated land sur-
face models is to broadly connect stomatal conductance to plant
hydraulics and mathematically close the soil–plant-atmosphere
system. This mathematical closure entails a connection between
root zone and leaf water potential that is impacting stomatal reg-
ulation (Katul et al., 2012; Buckley, 2017). This is a particular
concern in conditions of water stress and over longer time scales
(Katul et al., 2012; Buckley, 2017). At the individual plant scale,
plant water-use strategies determine the adaptive relation between
plants and their environment. These relations involve a myriad of
plant traits and multiple temporal scales ranging from ‘instanta-
neous’ to lifetime and generational. A distinction between ‘trait-
syndrome’ and ‘response based’ metrics for quantifying water-use
strategies has been offered to highlight the significance of these
scales and their separation (Kannenberg et al., 2022). The former
encompasses measurable plant traits that change over weeks, sea-
sons, or even generations, while the latter is concerned with sto-
matal closure changes with time and short-term environmental
variables (e.g. sub-hourly). Such metrics are linked because
long-term plant traits set the conditions that determine
short-term responses and vice versa. This work aims to demon-
strate how plant trait optimization hypotheses traditionally lim-
ited to either long-term traits (e.g. carbon economy) or

short-term responses (e.g. stomatal dynamics) can be coupled to
find optimal solutions to traits that affect both simultaneously.

To incorporate both, a modeling system is used that includes
carbon and water dynamics. Plant water-use strategies and carbon
uptake are intertwined (Nikinmaa et al., 2013; Diaz-Espejo &
Hernandez-Santana, 2017; Holttä et al., 2017; Potkay
& Feng, 2022) through stomatal gas diffusion, coupled xylem–

phloem water potentials, and carbon allocation to optimize
hydraulics (Ehleringer & Cowan, 1986; Diaz-Espejo &
Hernandez-Santana, 2017; Holttä et al., 2017). Plant water
potential, the resulting outcome of soil water availability and
atmospheric demand, dictates flow in both the xylem and phloem
hydraulic systems within a plant (Diaz-Espejo & Hernandez-
Santana, 2017; Konrad et al., 2019). Water potential directly
limits photosynthesis through nonstomatal limitations (NSLs)
(Vico & Porporato, 2008; Volpe et al., 2011; Zhou et al., 2013;
Dewar et al., 2018; Flexas et al., 2018; Qiu & Katul, 2020).
NSLs may be caused by mesophyll conductance, translocation in
the phloem, maximum electron transport and carboxylation
capacity, or cell turgor that can all limit photosynthesis at
low-water potentials (Flexas et al., 2008; Zhou et al., 2013;
Holttä et al., 2017; Dewar et al., 2018). Hence, capturing the
plant-economics picture requires simultaneous consideration of
the hydraulic and photosynthetic systems (Bloom et al., 1985;
Buckley et al., 2017).
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Modeling plant systems and plant traits requires consideration
of the timescales over which traits change. The adjustment time
of a trait is proportional to the energy investment (Ehleringer &
Cowan, 1986). At the finest time scale, opening a stoma requires
only an osmotic adjustment in two guard cells, and thus occurs
in minutes. On the other hand, allocating carbon to grow
branches or roots takes more energy and occurs gradually over
years (Ehleringer & Cowan, 1986; Vico et al., 2011). If plants
behave optimally due to evolutionary selection, then the question
remains of how plants manage optimizations on different time
horizons. In classical microeconomics, it is typical to consider a
‘short run’ where some costs such as the technology used and the
land are fixed, while other costs, like labor, are variable. In the
‘long run,’ all costs are considered variable, with the fixed costs
being changed within the cost functions of the day to day optimi-
zation (Binger & Hoffman, 1998). Similarly, the adjustments
made by stomata and water potential are orders of magnitude fas-
ter than the rate at which other traits change; and in fact, the dif-
ference in rates is so large that in models of stomatal behavior,
these traits are considered quasi-stationary (Damour et al., 2010;
Wang et al., 2020).

Here, long run is defined as any trait adjustment that occurs at a
significantly slower rate than the rate of stomatal action. This
includes traits that may change over weeks to those that remain
near constant throughout the life of the plant, and only change over
generations. The cost associated with investing in long-run traits
comes directly from the energy or carbon associated with invest-
ment or from an indirect loss of potential carbon gains from inhi-
biting plant productivity in another way. According to the
generally accepted notion of evolutionary trade-offs, some cost must
exist for improving one trait or else the improvement would have
already been made in the course of evolution (Roff & Fair-
bairn, 2007).

The inseparability of long- and short-term traits can be seen in
plant hydraulics. For example, the relation between stomatal con-
ductance and leaf water potential depends on xylem resistance to
low-water potentials, thus influencing optimal short-term beha-
vior (Sperry et al., 2016). Conversely, short-term optimization
dynamics, for instance, the degree of isohydry (maintenance of a
certain leaf water potential) influences the degree of xylem resili-
ence that is optimal. While xylem resilience is developed over
long time spans, the water potential adjusts approximately instan-
taneously on the same time scales as stomatal adjustments (Wolf
et al., 2016; Wang et al., 2020). Because of these complications,
traits at the intersection of long- and short-term dynamics thus
far have not been modeled using optimization hypotheses.

In this paper, short- and long-term dynamics are combined by
framing the plant as a ‘business’ that must optimize over two time
horizons. We assume that water status changes near instantaneously
in response to meteorological and stomatal activity – this is the
short-run response (Wolf et al., 2016; Wang et al., 2020). The
optimal strategy of these instantaneous adjustments depends on
the resilience of different plant traits or processes to water potential,
ψ (Wolf et al., 2016; Sperry et al., 2017; Mrad et al., 2019). Speci-
fically, we focus on hydraulic conductance, the ease with which
liquid water can flow through the plant hydraulic network and its

reduction with water potential (ψ) due to embolism (Tyree &
Sperry, 1988; Hacke et al., 2004; Sperry & Hacke, 2004; Zimmer-
mann, 2013; Mrad et al., 2018; Johnson et al., 2022), as well as
low-water potential effects on NSLs (Vico & Porporato, 2008;
Dewar et al., 2018). These traits have so far not yet been modeled
using an optimization framework due to their complex interactions
with short-term water potential fluctuations, which is dealt with
here by using a dual time horizon model.

Description

Hydraulic and photosynthetic limitations

Plant hydraulics provide physical boundaries on stomatal opera-
tion (Van den Honert, 1948; Bonner, 1959; Brodribb
et al., 2017). For negligible plant capacitance, mass conservation
necessitates that the demand for water due to atmospheric aridity
is met by the supply of water stored in soil pores (Sperry
et al., 2016). Demand for water or evaporation (E ) is determined
by the difference in humidity inside the leaf, qi, and in the atmo-
sphere, qa. Diffusion occurs proportionally to stomatal conduc-
tance, gs (mol m�2 s�1) so that:

E = g sa q i ψ lð Þ�qa
� �

≈g sD Eqn 1

where D (kg kg�1) is the constant specific humidity deficit in the
atmosphere (Table 1). For simplicity, the role of aerodynamic
conductance is ignored. It is further assumed that the relative
humidity in the sub-stomatal cavity is nearly 100%. These
assumptions, while appearing restrictive, do not qualitatively
affect the results.

On the supply side, the liquid water flow through the plant Φ
is approximated as (Manzoni et al., 2014; Porporato &
Yin, 2022):

Φ=K ψ lð Þ ψ l�ψ sj j Eqn 2

where ψ s and ψ l are the soil and leaf water potentials and K(ψ) is
the conductance (mol m�2 s�1MPa�1).

The K(ψ) is modeled as a single vulnerability curve (Tyree &
Sperry, 1988):

K ψ lð Þ=
K max

1þ exp �kK ψ lj j� ψ50K

�

�

�

�

� �� � Eqn 3

where kK and |ψ50K| are considered fixed in the short-run optimi-
zation. The choice of ψ l as the restrictive water potential is justi-
fied by the hydraulic segmentation hypothesis (Zimmermann,
2013; Johnson, 2014; Konrad et al., 2019; Johnson et al., 2022),
whereby K(ψ l) is the most restrictive conductance in the plant
hydraulic network. In the case when root or another hydraulic
conductance is limiting, the intermediate water potentials leading
to this limitation are still dependent on ψ l. Thus, the use of ψ l

can lead to effectively the same results as a distributed model.
Use of more detailed representations that account for the distrib-
uted nature of the resistance to flow from soil to roots to leaves is

� 2024 The Author(s).

New Phytologist� 2024 New Phytologist Foundation.

New Phytologist (2024) 244: 426–435
www.newphytologist.com

New
Phytologist Research 427

 1
4
6
9
8
1
3
7
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://n
p
h
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/n

p
h
.2

0
0
3
5
 b

y
 D

u
k
e U

n
iv

ersity
 L

ib
raries, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

4
/1

2
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



possible (Manoli et al., 2017) but make the analysis more compli-
cated and do not change qualitatively the conclusions as Φ

depends directly on leaf water potential (Sperry et al., 2016).
By equating the supply in Eqn 2 to the demand in Eqn 1, a

relation between gs and ψ l can be derived as:

g sD=K maxf K ψ lð Þ ψ s�ψ lð Þ Eqn 4

For a constant D, when stomata open and gs increases, the
decreasing ψ l creates a stronger pulling force but cavitation spread
in the xylem also increases the resistance to flow. Eventually, a
point is reached where any further stomatal opening is physically
impossible because supply, inhibited by embolism and cavitation
spread, is unable to match demand. This maximum stomatal con-
ductance permitted by plant hydraulics at a given level of ψ s and
D, gcrit, is the maximum value reached in the ‘Hydraulics’ (Fig. 1)
(Manzoni et al., 2013a, 2014). If gs is increased above gcrit, runaway
embolism occurs, breaking the hydraulic continuity and preventing
water flow to the leaves. For this reason, gcrit is a hydraulic upper
bound in the stomatal optimization, which decreases with lower
humidity (higher D) and drier soil (lower ψ s). Note that if one uses

a form of conductance continuously changing from roots to leaves
(e.g. Sperry et al., 2016), the relation between �ψ l and gs would be
monotonically increasing and thus no gcrit would be present (John-
son et al., 2022).

The carbon dioxide supplied by the atmosphere through diffu-
sion into the stomata is:

A=
g s
1:6

c a�c ið Þ Eqn 5

where ca (mol m�2) is atmospheric carbon concentration,
assumed constant in the short-run optimization, and ci is the con-
centration inside the stomata; the 1.6 factor accounts for the dif-
ference in molecular diffusion coefficient between CO2 and
H2O. This supply is balanced by the biochemical demand for
carbon dioxide that depends on the photosynthetic machinery.
Since the biochemical demand is an increasing function of ci and
ψ l (see Supporting Information Methods S1 for details on the
used formulation), it can be expressed as:

A c i,ψ lð Þ=A0 c ið Þf L ψ lð Þ Eqn 6

where A0(ci) is the biochemical demand that does not include
NSLs, that is there is no explicit dependence on ψ l. The A0(ci) is
expressed as a saturation function of ci as conventionally done in
the Farquhar photosynthesis model (Farquhar et al., 1980). The
multiplicative function, fL(ψ l) (e.g. Tuzet et al., 2003; Daly
et al., 2004; Salvi et al., 2021), expresses NSLs (Vico & Porpor-
ato, 2008), which are limitations to photosynthesis due to several
processes related to water potential. Some are linked to para-
meters associated with the A0(ci) expression such as carboxylation
capacity and maximum electron transport, while others are linked
to the mesophyll conductance declining with reduced ψ l in the
cell (Flexas et al., 2008; Volpe et al., 2011) or cell turgor reducing
the gas diffusional space (Vico & Porporato, 2008; Dewar
et al., 2018). A number of NSLs have also been linked to the
other main hydraulic system in plants responsible for sugar and
water transport – the phloem. As ψ l is reduced, the ability of the
phloem to pull water from the xylem by osmosis becomes
impaired and sugar transport through the phloem becomes a lim-
iting factor (Thompson & Holbrook, 2003; Nikinmaa
et al., 2013; Sevanto, 2014; Jensen et al., 2016; Nakad
et al., 2021, 2023). All these NSLs are related to ψ l and can be
modeled similar to fK(ψ l) in Eqn 4 as:

f L ψ lð Þ=
1

1þ exp �kL ψ lj j� ψ50L

�

�

�

�

� �� � Eqn 7

with parameters ψL50 and maximum slope kL considered fixed in
the short-run optimization.

This equation can be seen in the ‘NSL’ plot (Fig. 1).
As stomata open, A increases because of increased carbon diffu-

sion into the leaf (A0 increases). Yet, because |ψ l| also increases, A is
limited by the NSL through fL(ψ l). This leads to A being a concave
down function of both gs and ψ l (‘Full Photosynthesis’ Fig. 1).
However, because many models of photosynthesis do not include

Table 1 A list of symbols used and their meaning.

Variable Description Unit

E Evaporation from the leaf mol m�2 s�1

Φ Liquid water flux through the plant mol m�2 s�1

s Relative soil moisture –

D Specific humidity deficit kg kg�1

gs Stomatal conductance mol m�2 s�1

gcrit Maximum gs allowed by plant hydraulics mol m�2 s�1

g�s Optimal gs which maximizes
photosynthesis

mol m�2 s�1

ψ l Leaf water potential MPa
ψ
�
l Optimal ψ l which maximizes

photosynthesis
MPa

ψ s Soil water potential MPa
Kmax Maximum water conductance through

the plant
mol m�2 s�1MPa�1

fK(ψ l) Conductance vulnerability curve –

kK Maximum slope of the conductance
vulnerability curve

–

ψ50K ψ l at which 50% of conductance is lost MPa
A Net photosynthesis accounting for NSLs mol m�2 s�1

A0 Photosynthesis not accounting for NSLs mol m�2 s�1

ci Carbon dioxide concentration inside the
stomatal cavity

mol mol�1

ca Atmospheric carbon dioxide
concentration

mol mol�1

fl(ψ l) Photosynthesis vulnerability curve from
NSLs

–

kL Maximum slope of the NSL vulnerability
curve

–

ψ50L ψ l at which 50% of photosynthetic
capacity is reached

MPa

Θ The carbon cost of investment in
long-term traits

mol s�1

αk The unit carbon cost of increasing |ψ50K|

by 1MPa
mol s�1MPa�1

αL The unit carbon cost of increasing |ψ50L|

by 1MPa
mol s�1MPa�1
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NSLs, this concavity has been overlooked in many past models
(Wang et al., 2020).

When NSLs are not included, maximum photosynthesis is
achieved at maximum stomatal aperture determined only by
plant hydraulics, gcrit (red dot Fig. 1). When NSLs are included,
maximum photosynthesis is achieved at an optimal ψ

�
l

�

�

�

� and g �s
(yellow star Fig. 1) that is lower than |ψ crit| and gcrit. If plants
maximize A, then there is a straightforward stomatal optimization
model (SOM) that arises directly from hydraulics and photo-
synthesis without relying on additional cost or constraints
(Dewar et al., 2018). The SOM hypothesizes that plants should
adjust gs until ψ

�
l is reached to maximize A, and has been sug-

gested previously using different forms of NSLs (Dewar
et al., 2018; Wang et al., 2020). This is the short-term optimiza-
tion that the proposed model assumes plants adhere to.

Note that conventional models known as ‘diffusive conduc-
tance’ or ‘photosynthesis-stomatal conductance’ models combine
Eqns 5 and 6, but set fL(ψ l)= 1, and then complement these two
equations by either an empirical expression linking gs to A/ca (Ball
et al., 1987; Leuning, 1995) or employ arguments that plants reg-
ulate gs to maximize A for a given water loss per unit leaf area.
The resulting parameters (e.g. the marginal water-use efficiency)
are then reduced in an ad-hoc manner by ψ l or soil moisture (Lai
et al., 2000; Tuzet et al., 2003; Daly et al., 2004; Manzoni
et al., 2011).

Optimization in the long run and trait coordination

Plant traits tend to be coordinated with one another (Chen
et al., 1993; Manzoni et al., 2013b; Reich, 2014; Mencuccini

et al., 2015; Li et al., 2021; Xu et al., 2021). A long-term trait
coordination is optimal when it allows for short-term optimiza-
tions to occur simultaneously. For instance, optimizing the risk
of xylem embolism and cavitation spread would simultaneously
optimize another aspect like maximizing photosynthesis. This
type of coordination/optimization process is difficult to model
due to the manifold interactions at different time scales: Adjust-
ing long-term traits impacts short-term stomatal behavior, and
short-term stomatal behavior determines the net impact of
long-term trait adjustment.

In the short term, the degree of stomatal aperture is varied
assuming constant plant traits such as xylem resistance to embo-
lism or the parameters describing the A0(ci). In the long term,
most inputs (i.e. traits) are variable. A business may buy new
technology, which then changes the conditions for short-term
optimization. Analogously, plants may invest in long-term traits
that in turn impact what stomatal behavior is optimal. If plants
invest in resilience to water stress, then stomata can open more
often and increase net carbon assimilation. Yet investing in resili-
ence means not investing in other areas such as growth and repro-
duction (Mencuccini, 2003) or defenses (Novick et al., 2012).
While this analogy appears to give plants agency, it should be
clarified that natural selection for optimal efficiency is what has
led to the hypothesized optimal investment strategies in
modern-day plants. The ‘investments’ in traits may be direct, in
terms of devoting further carbon to strengthen xylem conduits,
or indirect by through trade-offs with other less obvious aspects
of plant fitness (Roff & Fairbairn, 2007).

Plant traits that influence short-term stomatal optimization
dynamics are particularly important to improve models of

Fig. 1 A conceptual diagram showing the key
relations between variables expressed in
Eqns 4–7. The star in the ‘Full Photosynthesis’
plot is the short-term maximum A possible
given environmental conditions and certain
traits (ψ50K and ψ50L). The long-term optimal
traits are determined to maximize the A that is
achievable in the short term given the costs of
investment in the traits (αK and αL). The
dashed lines represent realms past which the
equations still exist mathematically but would
not feasibly be reached by plants due to
excessive embolism. NSL refers to
nonstomatal limitations on photosynthesis. D
is specific humidity deficit, ψ s is soil water
potential, ψ l is leaf water potential, gs is
stomatal conductance, A is photosynthesis, A0

is photosynthesis not including NSLs, ψ50K

and ψ50L are the water potentials at which
conductance and photosynthesis are reduced
to 50% capacity, fL(ψ l) is the photosynthesis
vulnerability curve from NSLs, αK and αL are
the unit costs of increasing ψ50K| and |ψ50L| by
1MPa, respectively, and Θ is the total cost of
investment of investing in long-term traits.
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stomatal behavior that rely on knowledge of these traits. Analyz-
ing the resilience of different plant processes to a decrease in
water potential requires considering traits related to the response
(vulnerability) curves to water potential. Other traits that can be
analyzed are those associated with the photosynthetic machinery
(e.g. A0(ci)) or phloem vascular properties (Jensen et al., 2016)
encoded in fL(ψ l). While their effect on critical plant processes is
evident, the physiological details of many of these vulnerability
curves remain unclear (Dewar et al., 2022; Lens et al., 2022).

Here, the vulnerability curve captured by fK(ψ l) (Eqn 3) and
the NSL resilience to ψ l captured by fL(ψ l) (Eqn 7) are consid-
ered. In particular, the focus is on the water potential at which
50% of capacity is reached, ψ50K and ψ50L, while assuming a
constant maximum slope of k= 2 for both (Salvi et al., 2021).
The slope, k, offers another dimension of potential optimization
that can be addressed in future work.

Optimizing hydraulic vulnerability

To illustrate how a single trait can be optimized, the equation for
short-term profit that only includes ψ50K is considered. When
doing so, complications arise because gs (or ψ l) appears in the
equation as an unknown. To eliminate this short-term variation,
we assume that in the short term, stomata maximize short-term
profit for a constant ψ50K. For the sake of notation later on, we
will take ψ l to be the control variable here because of its 1 : 1 rela-
tion with gs, so that:

ψ
�
l = argmax

ψ l

A½ � Eqn 8

Thus A ψ
�
l

� �

represents the maximum possible short-term
profit, given constant environmental conditions and ψ50K (gold
star Fig. 1).

The gain from investing in ψ50K is embedded within Eqn 3
that models xylem resilience to leaf water potential. As the xylem
become more resilient to water stress (�ψ50K increases), the opti-
mal stomatal behavior shifts to open more often under drier con-
ditions and incurs lower costs from xylem embolism. Greater
stomatal conductance allows for more assimilation and a
greater total short-term profit for the plant.

We lump the costs for developing resilience (Lens et al., 2022)
into a single effective long-term cost, Θ= αk|ψ50K|, for simplicity
assumed to be linear, with α (mol s�1MPa�1) representing the
average cost per unit time that needs to be invested to increase
resilience by 1MPa. This yields a long-term optimization pro-
blem:

max
ψ50K

A ψ
�
l ,ψ50K

� �

�Θ ψ50Kð Þ
� �

Eqn 9

occurring over a long-enough time that fluctuations in
A ψ

�
l ,ψ50K

� �

from changing environmental conditions average
out. Thus A ψ

�
l ,ψ50K

� �

represents the average short-term profit
over the long term. Solving this optimization is done in two
steps: calculating ψ�

l by solving the short-term optimization pro-
blem for a given ψ50K (Eqn 9), then iterating plausible values of

ψ50K (between 0 and �10MPa) to obtain the long-term profit,
A�Θ.

The plot of long-term profit can be seen in Fig. 2 for different
average soil water potentials, representing different mean cli-
mates. To the right of the maximums, the plant has not invested
enough in hydraulic resilience and closes its stomata often to
avoid xylem embolism, missing potential photosynthesis. To the
left of the maximums, the plant has invested more carbon into
resilience than it is gaining by allowing stomata to open more
often. At the maximum:

∂A

∂ψ50K

=

∂Θ

∂ψ50K

= αK Eqn 10

This solution demonstrates that resilience should be invested
in until the marginal gain (∂A/∂ψ50K) is equal to the marginal
cost, which in this case is a constant equal to the unit cost of resi-
lience (αK). Investing until marginal gain equals marginal cost is
a core tenet of microeconomics and can be found in other plant
optimizations, including SOMs (Bloom et al., 1985; Binger &
Hoffman, 1998; Wolf et al., 2016).

Long-term optimization of nonstomatal limitations and
hydraulic traits

Nonstomatal limitations on photosynthesis are minimally repre-
sented here by fL(ψ l), see Eqn 7. Similar to the hydraulic case, we
choose to optimize the leaf water potential at which photosyn-
thetic capacity (A0) reduces by 50%, ψ50L, and maintain the
slope constant (k= 2) (Salvi et al., 2021). We assign αL to be the
carbon cost of increasing |ψ50L| by 1MPa. Because NSLs depend
on ψ l, they are inextricably tied to plant hydraulics. Thus, ψ50L

Fig. 2 A plot showing profit (A�Θ) on the y-axis plotted against ψ50K on
the x-axis. Contours show different values of average soil water potential,
ψ s, in MPa. ψ50K is the water potential at which conductance is reduced by
50%, A is photosynthesis, and Θ is the cost of investment in long-term
traits (just ψ50K here).
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must be investigated with respect to ψ50K. This co-limitation
forms the basis for coordination.

The short-term optimization needs to be solved first for each
pair of ψ50L and ψ50K to remove dependence on short-term vari-
ables. The short-term profit may be expressed as:

A ψ
�
l ,ψ50K,ψ50L

� �

=max
g s

A g s ψ lð Þ,ψ l,ψ50K,ψ50L

� �� �

Eqn 11

where no explicit θ is necessary because A includes the impact of
NSLs. The long-term optimization that we hypothesize is:

max
ψ50K ,ψ50L

A ψ50K ,ψ50Lð Þ�Θ ψ50K,ψ50Lð Þ½ � Eqn 12

where

Θ ψ50K,ψ50Lð Þ= αK ψ50K

�

�

�

�þ αL ψ50L

�

�

�

� Eqn 13

To carry out this optimization, the first step, obtaining A as a
function of only ψ50K and ψ50L, remains the same as before. The
difference is that every combination of ψ50K and ψ50L needs to
be optimized for. The second step, the long-run optimization, is
more complicated with two variables. As before, we treat ψ50K

and ψ50L as inputs that can be invested to increase output. We
obtain level sets (or isoquants) where production is constant, that
is A(ψ50K, ψ50L)= Ax (Binger & Hoffman, 1998).

Results

Fig. 2 shows the results of the optimization of ψ50K described in
‘Optimizing hydraulic vulnerability’ in the Description section,
which keeps ψ50L constant. Going from right (ψ s=�0.1) to left
(ψ s=�4.0) (Fig. 2), the curves represent progressively drier cli-
mates and less mean water availability. The optimal ψ50K for each
ψ s is the maximum value achieved in each contour. As visible,
the optimal |ψ50K| increases with aridity because there is a greater
gain from investing in resilience at low-soil moisture values; this
is a repeatedly observed trend across rainfall gradients (Choat
et al., 2007; Li et al., 2021). Also visible is a decreasing maximum
long-term profit, as more water-limited systems incur higher
investment costs and lower photosynthetic gains (from closing
stomata). A lower long-term profit means that less free carbon/e-
nergy is available to be used for growth in drier environments.
This agrees with the observation that plants in more arid environ-
ments are slower growing than those in wet environments.

The relation between ψ s and optimal ψ50K depends on several
things including the details of the parameters selected for the
photosynthetic model, fluctuating environmental conditions, and
the cost of investment, αK. This result is not compared to data as
it is highly dependent on the choice of parameters, but could in
theory be used to estimate the fitness cost of investing in resili-
ence, αk, by fitting to data.

The results of the long-term optimization of hydraulic and
photosynthetic traits are presented in Fig. 3. The isoquants are
shown as colored curves and illustrate combinations of inputs
(ψ50K, ψ50L) that create that level of output. The fairly sharp

corners mean that for a fixed ψ50K no degree of increase in ψ50L

can increase total production, and vice versa. The dashed lines
(Fig. 3) represent level sets of cost, that is Θ(ψ50K, ψ50L)=
αKψ50K+ αLψ50L=Θx. These lines are tangent to level curves if
and only if that Θx is the minimum possible cost for a given level
of production, Ax. Thus, we expect plants to operate at the points
at which the isocost lines are tangent to the isoquants, which
minimize cost for a given level of production (Bloom
et al., 1985). The optimal trajectory line represents the optimal
trajectory of inputs if a plant were to change its level of output.
The parameterization gives an optimal trajectory of about
ψ50L≈ 0.5ψ50K or ψ50K≈ 2ψ50L, that is a plant should invest so
that its xylem are about twice as resilient to water stress than its
photosynthetic apparatus.

The data (Fig. 3) come from an extensive literature survey
(Manzoni, 2014). The data points include deciduous angios-
perms, evergreen angiosperms and gymnosperms from boreal,
temperate, dry tropical, and Mediterranean climates. The two
data points at the bottom of the graph (ψ50K<�12) are from
Mediterranean climates. Due to the large variation in species and
biome of origin, there is a large variety of strategies employed by
various species. Different strategies including hydraulic redistri-
bution, plant water storage, and deciduousness amongst others
could change the optimal relation between ψ50K and ψ50L in
unforeseen ways. Different data collection methods also add
uncertainty. More data are needed to verify the results here and
to identify the effects of different plant strategies on these derived
relations.

Fig. 3 A plot showing selected isocost and isoquant lines from different
investments in ψ50K and ψ50L based on the model compared to data points
from plants. The optimal trajectory passes through the tangent points of
these lines. The isoquants, or level sets, of constant A (photosynthesis)
values are curved. Dashed, straight lines are isocost lines representing
constant values of Θ. The slope of the best fit line (solid blue) is 1.75 and
the slope of the optimal trajectory line (solid black) is 2.04, a difference of
17%. ψ50K and ψ50L are the water potentials at which conductance and
photosynthesis are reduced to 50% capacity, respectively. Data points are
from the literature (Manzoni, 2014), originally from other studies for a
variety of biomes and plants.
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Nonetheless, the predictions offered here agree with this exten-
sive dataset (Manzoni, 2014). The slope of the optimal trajectory
can vary slightly for different parameterizations in the equation
for photosynthesis (Methods S1), namely for Kmax, D, and a1
that represents a variety of photosynthetic parameters. Here, we
chose the unit costs such that αK= αL for simplicity. However,
due to the relatively sharp corners of the isoquants, for αs of a
similar order of magnitude, the tangent point will be near the
corner of the isoquant. Thus, the optimal trajectory should not
be sensitive to the precise numerical value of α. This is conveni-
ent because it is difficult to quantify the various αs, which encap-
sulate a myriad of physical traits (Choat et al., 2007; Lens
et al., 2022).

While two specific traits (ψ50K and ψ50L) have been consid-
ered, this type of analysis can be extended to a suite of functional
plant traits. For example, photosynthesis is given by the mini-
mum of two limiting cases, Rubisco limitation by carboxylation
capacity, AV/ Vcmax, or light/RuBP regeneration by maximum
electron flux, AJ/ Jmax (Farquhar et al., 1980). Moreover, Vcmax

and Jmax are usually proportional to each other at a given refer-
ence temperature despite large variations in edaphic conditions
(Leuning, 1997). It has been shown that both Vcmax and Jmax

decrease with water potential (Vico & Porporato, 2008; Zhou
et al., 2013, 2014). We define a water potential at which they
decrease by half as ψ50V and ψ50J, respectively. If ψ50V≫ ψ50J,
then under moderate water stress RuBP regeneration would
always be limiting, while resources are invested in maintaining
capacity for ψ50V. This would be inefficient, so we can see from
an intuitive argument that ψ50V≈ ψ50J should be optimal.

Performing the entire optimization above, assuming a constant
ψ50K and varying ψ50V and ψ50J supports this argument. In
Fig. 4, the limitation nature of the optimization creates a perfect
right angle where ψ50V= ψ50J. As such, for any value of αV or αJ,
the optimal trajectory of values is just the line ψ50J= ψ50V. This
finding agrees with published data (Zhou et al., 2014). The data
are from four species of the genus Eucalyptus across a climatic gra-
dient in Australia, three species of the genus Quercus across a cli-
matic gradient in Spain, and the species Alnus glutinosa and
Fraxinus excelsior also from Spain (Zhou et al., 2014). The data
appears to agree with the optimal trajectory (a 1 : 1 line) with a
coefficient of determination (R2) value of 0.89.

Discussion

The proposed analysis captures with one main parameter, ψ50K,
the aggregate behavior of many interacting components and phy-
sical characteristics that determine hydraulic vulnerability. It
encompasses the net result of different root, xylem, and leaf char-
acteristics. Thus, investing in ψ50K may take different forms and
may even include root growth strategies. Similarly, ψ50L, the
resistance of photosynthetic capacity to water stress, encompasses
the resistance of mesophyll, carboxylation capacity, phloem trans-
port capacity and more (Holttä et al., 2017; Dewar et al., 2022).
Because of these complications, it is nearly impossible to measure
the carbon cost of investing (Θ) in these emergent traits. Fortu-
nately, assuming a linear relation does not significantly change

the link between ψ50K and ψ50L. This can be visually confirmed
by the shape of the isoquants (Fig. 3). Because of the relatively
sharp corners of the isoquants, any cost line that is a positive
function of ψ50K and ψ50L will naturally be tangent to the lines
near the corners, thus keeping the ratio between ψ50K and ψ50L

within a small range.
To remove short-term fluctuations from the long-term optimi-

zation, the environmental conditions are held constant.
Obviously, there are diurnal cycles and seasonal variations of
most variables, especially photosynthetically active radiation, that
influence stomatal dynamics. By focusing on periods of light
saturating conditions, RuBisCo is limiting and not RuBP regen-
eration, and therefore, the linearization in Eqn S1.1 (Methods
S1) is plausible. Once again, including the full nonlinearities in
the biochemical demand can be carried out but it does not alter
the key findings here (but leads to unwieldy expressions). Keep-
ing conditions constant at a point where stomata will be open
then dramatically overestimates total assimilation. However, the
interest here is in the relation between climate and plant traits
rather than exactly quantifying net gain and net cost of carbon
investment.

As with all models, approximations and simplifications are
required. One simplification is ignoring the role of plant water
storage (PWS). The PWS is usually assumed to have negligible
effects in other stomatal optimization models due to the relatively
small water storage capacity of most C3 and C4 plants (Wang
et al., 2020). PWS introduces a time lag between soil and leaf
water potential on diurnal time scales, but does not

Fig. 4 A plot showing isoquants of different investments in ψ50V and ψ50J

based on the model compared to data points from plants. The level sets
(isoquants) of constant A (photosynthesis) are shown in color for different
values of ψ50V and ψ50J. ψ50V and ψ50J are the water potentials at which
carboxylation capacity and maximum electron transport are reduced to
50% capacity, respectively. The data is from an experimental study of
NSLs and stomatal limitations (Zhou et al., 2014).
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fundamentally change any relations we are concerned with in the
long term (Huang et al., 2017).

The results here suggest that optimality imposes a constraint
on the relation between climate and various plant traits, as well as
between different traits related to resilience within a plant. Speci-
fically, the first result here shows that xylem resilience to embo-
lism should increase with drier average climates. The second
result suggests that plants should invest such that their xylem
(ψ50K) are about twice as resilient to water stress as their photo-
synthetic apparatus (ψ50L). This finding is also congruent with
the hydraulic segmentation hypothesis as leaves are ‘cheaper’ to
replace than xylem. Finally, it was shown that the coordination
of many other plant traits, including carboxylation capacity and
electron flux resilience to ψ l can be shown to be optimal using
similar methods.

The result that optimal ψ50K ≈ 2ψ50L is nonobvious. Physiolo-
gically, a 2 : 1 relation can be explained because of the push and
pull between limitations on photosynthesis. A greater xylem resi-
lience (more negative ψ50K) allows for a greater flux of water
through the plant and thus a higher stomatal conductance can be
maintained. On the other hand, a greater NSL resilience (more
negative ψ50L) means photosynthesis is not limited. In other
words, ψ50K has a positively increasing relation with potential
carbon assimilation, whereas the gain from ψ50L plateaus once it
is not limiting. Thus, investing in ψ50K would yield a greater
benefit than ψ50L, but the two are constrained to be near each
other so that neither one becomes limiting to carbon input and
the water supply needed to maintain this input. Mathematically,
the constraint appears through the multiplication of the logistic
functions in Eqns 6 and S1.5 (in Methods S1). When changing
the parameters of the system, the slope of the optimal
ψ50K� ψ50L line deviates slightly from 2 but remains within
c.�20%. Furthermore, different, valid methods for modeling
plant processes could also lead to variations in this result, and
further theoretical and empirical work is recommended to
explore their outcome.

Conclusion

While optimality principles have long been used to describe plant
function (Bloom et al., 1985), a new economics based approach is
applied to predict vulnerability curves from optimality arguments,
thus effectively coupling short- and long-term optimization. The
outcome of this application demonstrates mathematically the prin-
ciple of co-limitation (Bloom et al., 1985) and why resistance
should increase with climate aridity. Trait coordination through
long-term optimality here predicts a roughly 2 : 1 relation between
the water potential at which xylem conductance is halved, ψ50K,
and the water potential at which photosynthetic capacity is limited
by nonstomatal limitations, ψ50L. This agrees with the limited data
available. Full verification must wait future experiments where both
short- and long-term water-carbon relations and associated traits
are measured.

Nonstomatal limitations are an underinvestigated but increas-
ingly recognized component for exploring plant function. The
results here suggest that it may be possible to extrapolate from

knowledge of the more widely available ψ50K to determine ψ50L.
Needless to say, verification through empirical studies remains
necessary before definitive conclusions can be drawn. Optimiza-
tion theories often seek to isolate one aspect of plant function
and assume other aspects are static. By integrating short- and
long-term traits we have demonstrated a new method to explore
optimizations of multiple traits across time scales. Going forward,
the framework developed can be applied to other plant traits and
processes, including the role of vulnerability curve slope on isohy-
dricity and plant responses to salinity over different time scales.
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Dewar R, Holttä T, Salmon Y. 2022. Exploring optimal stomatal control under

alternative hypotheses for the regulation of plant sources and sinks. New
Phytologist 233: 639–654.
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Flexas J, Ribas-Carbó M, Diaz-Espejo A, Galmés J, Medrano H. 2008.

Mesophyll conductance to CO2: current knowledge and future prospects.

Plant, Cell & Environment 31: 602–621.
Hacke UG, Sperry JS, Pittermann J. 2004. Analysis of circular bordered pit

function II. Gymnosperm tracheids with torus-margo pit membranes.

American Journal of Botany 91: 386–400.
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Zhou S, Medlyn B, Sabaté S, Sperlich D, Prentice IC, Whitehead D. 2014.

Short-term water stress impacts on stomatal, mesophyll and biochemical

limitations to photosynthesis differ consistently among tree species from

contrasting climates. Tree Physiology 34: 1035–1046.
Zimmermann MH. 2013. Xylem structure and the ascent of sap. Berlin, Germany:

Springer Science & Business Media.

Supporting Information

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

Methods S1 Description of the photosynthesis model used.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.

� 2024 The Author(s).

New Phytologist� 2024 New Phytologist Foundation.

New Phytologist (2024) 244: 426–435
www.newphytologist.com

New
Phytologist Research 435

 1
4
6
9
8
1
3
7
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://n
p
h
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/n

p
h
.2

0
0
3
5
 b

y
 D

u
k
e U

n
iv

ersity
 L

ib
raries, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

4
/1

2
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se


	 Summary
	 Introduction
	 Description
	 Hydraulic and photosynthetic limitations
	nph20035-disp-0001
	nph20035-disp-0002
	nph20035-disp-0003
	nph20035-disp-0004
	nph20035-disp-0005
	nph20035-disp-0006
	nph20035-disp-0007
	 Optimization in the long run and trait coordination
	nph20035-fig-0001
	 Optimizing hydraulic vulnerability
	nph20035-disp-0008
	nph20035-disp-0009
	nph20035-disp-0010
	 �Long-term� optimization of nonstomatal limitations and hydraulic traits
	nph20035-fig-0002
	nph20035-disp-0011
	nph20035-disp-0012
	nph20035-disp-0013

	 Results
	nph20035-fig-0003

	 Discussion
	nph20035-fig-0004
	 Conclusion

	 Acknowledgements
	 Competing interests
	 Author contributions
	 Data in Fig.&nbsp; from Manzoni&nbsp;(). Data in Fig.&nbsp; from Zhou et&nbsp;al.&nbsp;().

	 References
	nph20035-bib-0001
	nph20035-bib-0002
	nph20035-bib-0003
	nph20035-bib-0004
	nph20035-bib-0005
	nph20035-bib-0006
	nph20035-bib-0007
	nph20035-bib-0008
	nph20035-bib-0009
	nph20035-bib-0010
	nph20035-bib-0011
	nph20035-bib-0012
	nph20035-bib-0013
	nph20035-bib-0014
	nph20035-bib-0015
	nph20035-bib-0016
	nph20035-bib-0017
	nph20035-bib-0018
	nph20035-bib-0019
	nph20035-bib-0020
	nph20035-bib-0021
	nph20035-bib-0022
	nph20035-bib-0023
	nph20035-bib-0024
	nph20035-bib-0025
	nph20035-bib-0026
	nph20035-bib-0027
	nph20035-bib-0028
	nph20035-bib-0029
	nph20035-bib-0030
	nph20035-bib-0031
	nph20035-bib-0032
	nph20035-bib-0033
	nph20035-bib-0034
	nph20035-bib-0035
	nph20035-bib-0036
	nph20035-bib-0037
	nph20035-bib-0038
	nph20035-bib-0039
	nph20035-bib-0040
	nph20035-bib-0041
	nph20035-bib-0042
	nph20035-bib-0043
	nph20035-bib-0044
	nph20035-bib-0045
	nph20035-bib-0046
	nph20035-bib-0047
	nph20035-bib-0048
	nph20035-bib-0049
	nph20035-bib-0050
	nph20035-bib-0051
	nph20035-bib-0052
	nph20035-bib-0053
	nph20035-bib-0054
	nph20035-bib-0055
	nph20035-bib-0056
	nph20035-bib-0057
	nph20035-bib-0058
	nph20035-bib-0059
	nph20035-bib-0060
	nph20035-bib-0061
	nph20035-bib-0062
	nph20035-bib-0063
	nph20035-bib-0064
	nph20035-bib-0065
	nph20035-bib-0066
	nph20035-bib-0067
	nph20035-bib-0068
	nph20035-bib-0069

	nph20035-supitem

