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Abstract

Purpose of Review Harsher abiotic conditions are projected for many woodland areas, especially in already arid and semi-

arid climates such as the Southwestern USA. Stomatal regulation of their aperture is one of the ways plants cope with drought.

Interestingly, the dominant species in the Southwest USA, like in many other ecosystems, have different stomatal behaviors

to regulate water loss ranging from isohydric (e.g., piñon pine) to anisohydric (e.g., juniper) conditions suggesting a possible

niche separation or different but comparable strategies of coping with stress. The relatively isohydric piñon pine is usually

presumed to be more sensitive to drought or less desiccation tolerant compared to the anisohydric juniper although both

species close their stomata under drought to avoid hydraulic failure, and the mortality of one species (mostly piñon) over the

other in the recent droughts can be attributed to insect outbreaks rather than drought sensitivity alone. Furthermore, no clear

evidence exists demonstrating that iso- or anisohydric strategy increases water use efficiency over the other consistently. How

these different stomatal regulatory tactics enable woody species to withstand harsh abiotic conditions remains a subject of

inquiry to be covered in this review.

Recent Findings This contribution reviews and explores the use of simplified stomatal optimization theories to assess how

photosynthesis and transpiration respond to warming (H), drought (D), and combined warming and drought (H+D) for

isohydric and anisohydric woody plants experiencing the same abiotic stressors. It sheds light on how simplified stomatal

optimization theories can separate between photosynthetic and hydraulic acclimation due to abiotic stressors and how the

interactive effects of H+D versus H or D alone can be incorporated into future climate models.

Summary The work here demonstrates how field data can be bridged to simplified optimality principles so as to explore

the effect of future changes in temperature and in soil water content on the acclimation of tree species with distinct water

use strategies. The results show that the deviations between measurements and predictions from the simplified optimality

principle can explain different species’ acclimation behaviors.

Keywords Abiotic stressors · Juniper-piñon pine woodlands · Plant carbon-water economies · Stomatal optimization theories

Introduction

Climate change is expected to increase the frequency and

severity of both drought and heatwaves, especially in the

temperate, semi-arid, and arid zones. Shifts in plant func-

tioning and in turn in the tree and ecosystem-level water,

carbon, and energy balances in association with drought and
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rising temperature have already been documented in all major

global biomes [1, 2]. As the climate warms, the evapora-

tive demand will increase due to a higher vapor pressure

deficit, leading to a greater loss of water from the soil and

vegetation [3, 4], which will make these regions even more

susceptible to drought. The fate of the current vegetation in

these areas will depend on the ability of the species to tol-

erate and adapt to unprecedented conditions where higher

temperatures leading to increased evaporative demand and

“atmospheric drought” will coincide with a lack of precipita-

tion and more frequent and severe “soil drought.” Generally,

plants can adapt to new environments both structurally and

functionally. Structural adaptations, such as increased root
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growth to improve access to water and development of dif-

ferent leaf forms [5] and surface structures such as smooth or

seriated leaves bearing waxy cuticles in conifers [6], or thick

and hairy leaves with trichomes in angiosperms [7] to con-

serve water or reflect excess sunlight or reduction in xylem

conduit diameter [8–10] as a response to increased solar irra-

diation and drought occur at time scales of years to decades

[11]. Functional acclimation, such as biochemical changes in

leaves to reduce photodamage under increased irradiation, on

the other hand, can occur at time scales of several hours to

days [12]. While adaptation and acclimation both contribute

to plant survival in unprecedented conditions, the severity

and time scale at which environmental changes occur will

determine what amount of plasticity and at what time scale

is required for survival.

Stomatal control of water loss is one of the main ways

plants use to protect themselves from environmental stress

such as drought. While stomatal closure is an effective mech-

anism to conserve water during drought, it comes with a cost

of loss in photosynthetic productivity as stomatal closure

prevents both exit of water vapor and entry of CO2 for pho-

tosynthesis. This coupling of exit of water vapor and entry of

CO2 at stomatal level is the basis for the carbon-water econ-

omy coupling in plants. Different types of plants are known to

vary in the sensitivity of stomatal conductance g to drought

(soil drought) and heat (atmospheric drought) with conse-

quences for their survival and growth [13]. Due to the rapid

changes in leaf-to-air vapor pressure deficit, one of the key

regulatory roles played by stomata is to limit transpiration-

induced leaf water deficit. Plants that minimize water loss

with increasing vapor pressure deficit and/or drought stress

maintain a rather constant minimum leaf water potential and

are termed as “isohydric” [14]. In isohydric plants, when

drought pushes soil water potential close to this minimum

leaf water potential, water can no longer be extracted, and the

stomata close to prevent leaf desiccation. Plants that control

leaf water potential less strictly have been termed as “aniso-

hydric” [13]. Anisohydric plants allow leaf water potential

to reach a less stable and much lower set point. This strategy

produces a gradient in water potential between soil and leaf

that allows gas exchange to continue over a greater decline

in soil moisture and even under rising vapor pressure deficit

[15, 16]. It is also shown that this classification is not a

dichotomy but rather a continuum [17•]. The existence and

co-dominance of both isohydric and anisohydric behaviors in

many ecosystems have inspired a decade of research in how

stomatal control strategies influence and could help predict

tree mortality under drought [18, 19]. In terms of water and

carbon economy, it has been argued that water use efficiency

of isohydric plants should be higher than in anisohydric

ones because their stomatal conductance and water loss are

reduced quickly as soil dries [20], although there is evidence

that anisohydric plants might have a higher specific photo-

synthesis rate than isohydric plants [21]. However, because of

the non-linear shape of the CO2 assimilation curve with water

potential, isohydric plants are also expected to decrease their

photosynthetic rate more slowly than stomatal closure, and

thus, water use efficiency of isohydric species could poten-

tially be more sensitive to environmental conditions than that

of anisohydric species [21]. It is thus important to establish

whether the way stomata control water potential allows plants

to withstand more severe growing conditions by optimizing

water loss over carbon uptake.

Interestingly, in many ecosystems, trees with different

stomatal sensitivity to stresses co-exist or co-dominate. A

case in point is the semi-arid Southwestern USA where piñon

pine (Pinus edulis Englm.) trees co-dominate the ecosystems

with a sympatric one-seed juniper (Juniperus monosperma

Englm. (Sarg.)). Juniper keeps its stomata open further during

more severe water stress than piñon pine allowing the persis-

tence of more negative leaf water potentials [22]. Piñon pine

on the other hand minimizes the increase in transpiration with

increasing evaporative demand through a rather strong stom-

atal regulation of minimum leaf water status (water potential)

despite large fluctuations in soil moisture content [14, 23,

24]. The isohydric stomatal behavior of piñon pine reduces

photosynthesis and carbon uptake under drought, while the

anisohydric strategy of one-seed juniper maintains photo-

synthesis and carbon assimilation at a higher rate during

drought but potentially puts this species at a greater risk of

hydraulic failure (cavitation-induced embolism) if drought

is sufficiently intense to push soil water potentials below

values that would induce xylem dysfunction [25, 26]. In

contrast, stomatal closure at more negative water potentials

in juniper did not necessarily impair hydraulic efficiency,

due to its higher resistance to xylem embolism [27]. These

types of isohydric and anisohydric species co-dominate many

environments. Examples of co-dominant species in temper-

ate forests include maple (isohydric), birch (isohydric), oak

(anisohydric), and beech (anisohydric). In the boreal zone

spruces, pines and firs belong to the isohydric end of stomatal

control spectrum with larch and junipers following aniso-

hydric strategy. Globally, isohydricity seems to be more

prevalent in the boreal [28] and tropical [29] zones, while

co-dominance of iso- and anisohydric species is common

in the temperate zone [30, 31]. In terms of acclimation and

adaptation, the co-dominance of (an)isohydric species raises

the question of what would be the costs for species that main-

tain higher g and tolerate more negative leaf water potentials

under future drought and rising temperatures? As well as,

whether plants have the capability to switch from an anisohy-

dric to an isohydric behavior so as to maximize carbon gain

when soil moisture is available and limit plant desiccation

when soil moisture is low [15, 32]? Some plant genera such

as Populus, Citrus, and Acacia contain both iso- and anisohy-

dric species [20, 33], and in grapevine, different cultivars can
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show different stomatal responses to desiccation [34]. In the

current absence of a scientific understanding of what triggers

different stomatal behaviors, an alternative option to predict

how plants can withstand changing abiotic conditions is to

use model-based analysis of plant water and carbon econ-

omy within the framework of controlled experiments [35].

Manipulation studies offered compelling research data by

allowing the control of multifactor climate conditions (e.g.,

drought, temperature) [36, 37••]. In addition, mechanistic

insights from models can be monitored with respect to time

along with changes in the environment affecting the stresses

imposed. This merger allows hypotheses to be generated that

cannot be directly tested in natural settings.

In this review, the background for using optimality the-

ories to understand plant function is first considered. Next,

a case study from an ecosystem-scale climate manipulation

experiment is employed to re-examine plant gas exchange

data. In this experiment, drought, heat, and combined drought

and heat treatments were employed on juniper-piñon pine

woodland in the Southwestern USA. This case study seeks

to illustrate the use of optimality theories so as to shed light

on the connection between the plant water and carbon econ-

omy and the differences in acclimation resulting from iso-

and anisohydric stomatal control in co-occurring isohydric

piñon pine and anisohydric one-seed juniper. In particular,

the basic premises of this theory are covered, and the most

elementary version of the widely accepted stomatal opti-

mality theory is used. This theory, known as the “diffusive

conductance theory or photosynthesis-stomatal conductance

theory,” suggests that plants regulate stomatal aperture to

balance the trade-off between maximizing carbon dioxide

uptake for a given water loss [38, 39, 40••]. After this theory

is reviewed, modeled changes in environmental conditions

alone are contrasted against changes in environmental con-

ditions accompanied by acclimation. This contrast seeks to

explain the behavior of stomatal conductance for the two

“end-member” stomatal control strategies in stressed envi-

ronments with and without acclimation.

Methods

There are two guiding principles to the approach used for

addressing the questions posed here. The first is motivated

by the mathematician Pierre Louis Maupertuis (1698–1759)

while the second closely follows the mathematician and com-

puter scientist Seymour Papert [41]. Maupertuis is credited

for developing the principle of least action in physics, which

set the stage later on for the derivation of the Euler-Lagrange

equation and their solution using the calculus of variation.

The principle of least action was shown to recover all New-

tonian mechanics and is the most comprehensive principle in

physics. While elementary aspects of the calculus of varia-

tion will be followed here for representing g, it is Maupertuis

“portal” into the future that sets the stage for the review. This

stage is best summarized in Maupertuis’ own words when

assessing the consequences of the principle of least action:

“The laws of movement and of rest deduced from this

principle being precisely the same as those observed

in nature, we can admire the application of it to all

phenomena. The movement of animals, the vegetative

growth of plants ... are only its consequences; and the

spectacle of the universe becomes so much the grander,

so much more beautiful, when one knows that a small

number of laws, most wisely established, suffice for all

movements.”

The complexity sought for representing g (i.e., stomatal

movement, which defines stomatal conductance) follows the

framework of mind-sized bites set by Papert [41]. Mind-

sized bites models are not necessarily targeting predictions

per se (although they can) but are intended for understand-

ing the relation between cause and effect in simple (i.e.,

few elements), realistic (i.e., preserves known laws), struc-

tured (i.e., composed of basic building blocks), and testable

manner [42]. Thus, the approach for representing g here

can be viewed as a continuation of Maupertuis’ project on

movement (stomatal kinetics here) with model developments

routed in mind-sized bites. Optimality principles derived

from calculus of variation are gaining traction in the eco-

logical sciences to seek extra mathematical constraints on

missing processes given the complexity and knowledge gaps

in such systems [43]. Before presenting these optimality prin-

ciples, a historical overview of key developments of stomatal

conductance modeling is presented.

Brief Historical Overview

The topic of stomatal movement and its relations to envi-

ronmental stimuli is vast and cannot be covered in a single

sub-section. The overview here is only offered to illustrate

key mathematical models describing variations in stomatal

conductance in response to micro-climate and draws upon

a number of reviews and textbooks [44–46, 47•, 48, 49•,

50–52]. That micro-climate, especially its aridity, impacts

stomatal aperture has already been recognized by Darwin

[53]. Francis Darwin, the son of Charles Darwin, used a

hygroscope to measure the aridity of the air and observed

the closure of stomata on leaves when the atmosphere was

dry. This led Darwin to conclude the following:

“when we remember the innumerable adaptations

which serve to economize water, it is inconceivable

that the closure of the stomata should not cooperate.”
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The link between photosynthesis and transpiration was also

a subject of intense studies, especially in the early 1920s by

Scarth [54], who noted the following:

“when stomata regulate one process they must regulate

the other also but the question remains as to which of

these actions represents the real role of the stomata in

the economy of the plant.”

Around that time, Bowen [55] showed how evaporation from

lakes or open water bodies can be determined from the energy

balance and micro-meteorological conditions (i.e., vertical

gradients in the mean air temperature and water vapor con-

centration). Bowen’s work set the stage for the development

of the Penman “combination equation” for evaporation from

wet surfaces in the late 1940s, which combined atmospheric

aridity (or the drying power of the atmosphere) with available

energy [56]. It was Monteith [57] that revised Penman’s work

in the mid-1960s to include a stomatal conductance term in

the combination equation, thereby offering a blue-print on

how to mathematically unite physics (energy balance, tur-

bulent transport theories for determining the Bowen ratio)

and physiology (stomatal conductance). Versions of what is

now termed as the Penman-Monteith equation were later

adopted by the Food and Agricultural Organization and

remain in use today (see FAO manual, Ch.2). The attention to

the stomatal conductance term in the combination equation

lead to numerous empirical equations—the most common

is due to Jarvis [58] proposed in the mid-1970s. The Jarvis

model [58] represented stomatal conductance as a maximum

value (presumed to occur when stomatal aperture is fully

open) reduced by non-linear factors that depend on vapor

pressure deficit, photosynthetically active radiation, carbon

dioxide concentration, leaf water potential, and air tempera-

ture. These empirical functions enabled comparisons across

species and led to some “functional” classifications of them

such as shade-tolerant or drought-resistant species.

After Farquhar and co-workers [48] introduced the widely

used photosynthesis model in the late 1970s, it was com-

bined with Fickian mass transport for water vapor and carbon

dioxide along with other extra empirical equations such as

the Ball-Berry (e.g., [59]) or the Leuning equations [60] to

predict many of the light and temperature responses of stom-

atal conductance. These extra empirical equations, developed

in the late 1980s, primarily assumed that leaf stomatal

conductance is proportional to photosynthesis but reduced

by atmospheric carbon dioxide concentration and another

empirically specified atmospheric aridity index based on

either air relative humidity [61] or vapor pressure deficit [60].

The combined use of the Farquhar photosynthesis equation,

a mass transfer equation, and one of the empirical relations

(e.g., Ball-Berry or Leuning) were then introduced in cli-

mate models by the mid-1990s. This photosynthesis-stomatal

conductance approach constituted one of the first attempts to

“green” climate models [62]. The mathematical form of these

models remains in use today within many climate centers.

That stomatal conductance may, in fact, have a “universal”

response to vapor pressure deficit changes was established in

the late 1990s [63•] and verified on some 40 species. Attempts

to explain this universal character from plant hydraulics later

followed [64, 65]. In parallel, stomatal optimality theories

(to be reviewed later) were gaining attention in the 1970s

after the work of Cowan and Troughton [40••], Cowan [66],

Cowan and Farquhar [67], Givnish [38], and many oth-

ers [68–72]. Attempts to derive the universal response of

stomatal conductance to vapor pressure deficit from such

optimality principles was then established [70, 73] followed

by similar attempts to derive the family of functions codi-

fied by the Ball-Berry and Leuning formulations (and their

aridity index) from similar approaches [74–76].

A missing gap remains regarding soil moisture dynam-

ics, elevated temperature, and their interactive effects, which

frames the scope here. Regarding soil moisture stress, early

attempts assumed that the empirical parameters of the Ball-

Berry or the Leuning formulations for g vary with leaf

water potential [77] or simply soil moisture [78]. However,

progress in combining dynamic soil moisture with opti-

mality theories commenced with the pioneering work of

Cowan [79] and others [39]. These attempts later inspired

the use of dynamic optimality theories [80, 81••] and other

game-theoretic principles with legacy effects included [82].

However, the combination of thermal and soil moisture stress

and their interactive effect on stomatal conductance has

not been tackled by such optimality principles. This review

focuses on this issue with a lens on how isohydric versus

anisohydric strategies impact stomatal response to drought,

heat stress, and combined drought and heat stress.

Formulating the Optimality Principle

Stomatal optimality theories are premised on stomatal aper-

ture opening to maximize carbon gain (needed for reproduc-

tion, survival, and plant defenses) for a given amount of water

available in the soil per unit leaf area [38, 40••, 68, 72, 81••,

83]. This theory is presumed to be general and applicable

to most species, including the juniper-piñon pine woodland

considered here. In the process of uptaking a single carbon

dioxide molecule, plants lose some three orders of magnitude

more water molecules (transpirational cooling) that reduces

leaf heat stress. When the working assumption is that every

carbon dioxide molecule that enters the sub-stomatal cavity

is assimilated (i.e., steady-state conditions), the carbon gain

per unit leaf area per unit time can be represented by the

photosynthetic rate ( fc). Hence, stomatal optimization seeks

to quantify the optimal path to be followed by g for opening

and closing of the stomatal aperture in time t so as to maxi-

mize the carbon gain during a certain pre-defined period Tp.
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Mathematically, g should adjust over a time period Tp so that

[80, 81••]

Lo =
∫ Tp

0

fc(g)dt, (1)

where t is time, Tp is taken as the interpulse duration between

rainfall events, and Lo is the objective function to be maxi-

mized by g variations in t . Without any additional constraints,

it can be argued that stomata should remain open to a max-

imum allowed by their structural properties (e.g., fully open

aperture) so that g = gmax . Derivations that link gmax

to stomatal and leaf geometry as well as ventilation and

vapor interference across pores is a maturing field that can

be employed here [84]. However, there are numerous con-

straints on this maximization that prevent g = gmax to

operate at all times. Soil water availability is a logical one to

employ (especially here) given the voluminous loss of water

molecules incurred in the process of gaining a single carbon

dioxide molecule. Hence, a minimalist constraint is that the

maximization of Lo must be subject to a water availability

constraint in the root zone. Supposing that the initial amount

of water in the rooting zone per unit leaf area is Wo above

the wilting point, this Wo must then be sufficient to sustain

photosynthesis over the time period Tp when g adjusts in t .

Mathematically, this constraint may be expressed as [81••]

Wo =
∫ Tp

0

fe(g)dt, (2)

where fe is the loss of water or transpiration from leaves per

unit leaf area. Once again, this loss of water can be regulated

by g. To solve this “constrained optimization” problem for

Lo subject to the constraint in Eq. 2, a Hamiltonian (H ) can

be written as [68, 81••]

H = fc(g) − λ fe(g), (3)

where λ is referred to as the marginal water use efficiency

or the Lagrange multiplier of the optimization problem. The

ecological significance of the Lagrange multiplier here is

that it measures the cost of losing a water molecule to the

carbon economy of the plant. The solution for Lo subject to

the constraint in Eq. 2 can be derived using the calculus of

variation by solving the Euler-Lagrange equation [85]

d

dt

(

∂ H

∂ ġ

)

−
∂ H

∂g
= 0, ġ =

dg

dt
. (4)

Since H in Eq. 3 does not explicitly depend on ġ, all partial

derivatives of H with respect to ġ are set to zero and the

Euler-Lagrange equation reduces to

∂ H

∂g
=

∂ fc(g)

∂g
−

∂λ fe(g)

∂g
= 0. (5)

When the time variations in g (usually minutes) are occurring

on time scales much faster than the variation in root-zone soil

water (usually days), λ may be momentarily “arrested” for a

short amount of time so that

∂ H

∂g
=

∂ fc(g)

∂g
− λ

∂ fe(g)

∂g
= 0. (6)

As soil moisture is depleted, λ can be allowed to vary slowly

with root-zone soil moisture content, which will be used here

as a working assumption for simplicity [80]. In some studies,

Eq. 6 was used to define λ, and variability in computed λ was

deemed as evidence that plants are not operating optimally

[86].

Using the Optimality Principle

To utilize the Euler-Lagrange formulation in Eq. 6, it is neces-

sary to express fc and fe as functions of the “control variable”

g(t) regulated by plants. For C3 plants, the biochemical

demand for CO2 is described by the Farquhar photosynthesis

model [87••] expressed as

fc =
α1

α2 + ci

(

ci − cp

)

, (7)

where cp is the CO2 compensation point, α1 and α2

are two photosynthetic parameters selected depending on

whether the photosynthetic rate is RuBP (ribulose biphos-

phate) or RuBisCo (Ribulose-1,5-bisphosphate carboxylase-

oxygenase) limited, and ci is the intercellular CO2 con-

centration. Equation 7 assumes that the contribution of dark

respiration to fc is negligible, which is the case for high pho-

tosynthetic periods during the day. Equation 7 can be further

simplified by its linear part when cp � ci and the variability

of ci in the denominator of Eq. 7 are small. This assumption is

likely to hold for RuBisCo limitations. In this case, α1 can be

approximated by the maximum carboxylation capacity Vcmax

and α2 = Kc(1+Oa/Ko), where Kc and Ko are the rate con-

stants for CO2 fixation and oxygen inhibition and Oa is the

oxygen concentration in air. Hence, variations in ci (usually

of order 30 ppm) are now presumed to be small compared to

α2 (usually of order 550 ppm). Table 1 shows the definitions

of these parameters and their temperature dependence. With

this linearization to the fc − ci curve in the denominator, the

biochemical demand reduces to

fc =
α1ci

α2 + sca

(8)
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Table 1 List of the the C3

photosynthetic model

parameters (i.e., fc − ci curve)

and their respective temperature

(T ) adjustments

Parameter Value or temperature adjustment Units

α1 = Vcmax Vcmax,25 exp[m1(T − 25)][1 + exp[m2(T − 41)]−1 µmol m−2 s−1

α2 Kc(1 + Oa/Ko) µmol m−2 s−1

Kc Kc,25 exp[0.074(T − 25)] µmol mol−1

Ko Ko,25 exp[0.018(T − 25)] µmol mol−1

Kc,25 300 µmol mol−1

Ko,25 300 mmol mol−1

Oa 190 mmol mol−1

Vcmax,25 Fitted based on treatment µmol m−2 s−1

m1 and m2 Fitted based on treatment oC−1

where ca is the atmospheric CO2 concentration and s = 0.7

based on long-term mean ci/ca (ensemble-averaged for C3

plants) based on numerous studies [49•]. This simplifica-

tion reproduces comparable results to the nonlinear model of

Eq. 7 as shown in previous studies [75, 88] for RuBisCo lim-

itations. However, this linearization leads to a “mind-sized

bite” model for g, which can be used to quantify plant accli-

mation and responses to different abiotic factors.

The atmospheric supply of carbon dioxide and associated

plant water vapor loss to the atmosphere can be described by

Fickian diffusion through stomatal pores and are given by

fc = g(ca − ci )

fe = ag(ei − ea) ≈ agD, (9)

where g is interpreted here and throughout as the stomatal

conductance to CO2, a = 1.6 is the relative molecular diffu-

sivity of water vapor with respect to carbon dioxide, ei and

ea are the intercellular and ambient water vapor concentra-

tion respectively, and D is the vapor pressure deficit that is

approximated as ei − ea , which is only valid when the leaf

is well coupled to the atmosphere. In Eq. 9, the atmospheric

supply of carbon dioxide neglects the mesophyll pathway

that can be significant under certain circumstances [88, 89].

In this case, the mesophyll conductance is infinite, and the

chloroplastic CO2 concentration cc is approximated by the

intercellular CO2 concentration ci . This might not be the case

during drought conditions where the mesophyll conductance

might be more limiting than g. However, the inclusion of the

mesophyll conductance using simplified models described

elsewhere [88] that represent cc/ci as a function of soil mois-

ture had a minor impact on the results (not shown) and not

featured for simplicity. Combining Eqs. 8 and 9 yields the

sought fc(g):

fc =
gα1ca

α1 + g(α2 + sca)
. (10)

Before proceeding further, a number of comments about

Eq. 10 are in order regarding the general role of g and ca .

The first is that as ca becomes very large (exaggerated here

by allowing ca → ∞) but g > 0, fc saturates to α1/s and

does not monotonically increase. Thus, α1 = s fc,max may

be viewed as setting an upper bound on how much the bio-

sphere can absorb atmospheric carbon dioxide per unit leaf

area provided g > 0. At high g (exaggerated again by allow-

ing g → ∞) but finite ca ,

fc = α1

[

ca

(α2 + sca)

]

. (11)

For a ca = 550 ppm, α2 = 550 ppm, and s = 0.7,

fc/ fc,max =0.58. When removing stomatal limitations on

photosynthesis, ca becomes the limiting resource—and even

for an elevated ca = 550 ppm, fc/ fc,max remains only at

about 0.6. Naturally, these limiting cases must be treated with

caution as the linearized biochemical demand may not hold

for very high ca ; however, RuBisCo limitations may still set

an upper bound on fc in such cases. Specifically, extrapolat-

ing a linear fc − ci to high ci (as is expected from RuBisCo

limitations) overpredicts fc compared to a saturation limit

set by RuBP regeneration.

Solving for the Optimal Conductance

Assuming g > 0 (i.e., stomates are open), replacing Eqs. 10

and 9 into Eq. 6, and solving for g yields

g =
α1

α2 + sca

[

−1 +
( ca

aλD

)1/2
]

. (12)

In general, λ can be determined from the constraint in

Eq. 2. Operationally, implementing this constraint for time-

dependent D, air temperature, and soil water content and for

variable Tp along with stochastic Wo proves to be challeng-

ing [80, 81••]. In practice, λ is treated as a fitting parameter

to be determined and assumed to reflect the cost of losing

water in carbon units. Not withstanding this difficulty, dif-

ferent environmental factors that affect g can still be studied.
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For example, water availability in the rooting zone is embed-

ded in λ, and the temperature effects can be accommodated

through the photosynthetic parameters α1 and α2 as shown

in Table 1. While the approach here ignored dark respira-

tion, assumed that cp/ci � 1, and linearized the fc − ci

biochemical demand function, the complete solution for g

(labeled g f ull ) has been derived (analytically) when relaxing

these assumptions and is given by [75]

g f ull

α1
=

−
(

α′
2 − 2ca + 2cp

)

(

α′
2

)2
(13)

+

√

λu

(

ca − cp

) (

α2+ cp

) (

α′
2 −2λu

)2 (

α′
2 −λu

)

λu

(

α′
2

)2 (

α′
2 − λu

)

,

where g f ull is the stomatal conductance derived for the non-

linear fc − ci biochemical demand function including the

compensation point cp, λu = aλD, and α′
2 = α2 + ca . The

simpler expression given in Eq. 12 will be used throughout

for simplicity unless otherwise stated.

Emergent Properties fromOptimality Theory

The simplified optimality theory here establishes a relation

between cause and effect in simple (i.e., minimal number of

variables), realistic (i.e., preserves known mass transfer laws

such as Fickian diffusion and physiological principles such as

the fc − ci relation for C3 plants), structured (i.e., composed

of basic building blocks), and testable, which is the subject of

this sub-section. To begin, the simplified optimality theory in

Eq. 12 recovers several complex features about stomatal reg-

ulation (not originally assumed) and many empirical results

regarding the relation between photosynthesis and g. Those

features are now reviewed.

Sensitivity of g to Atmospheric Aridity

A widely used empirical formulation for g is given by [63•]

g

gre f

= 1 − m ln(D), (14)

where m was shown to be approximately constant with values

ranging between m=0.5 and m=0.6, and gre f is a reference

conductance defined at D = 1 kPa, high light levels, and high

soil moisture content. Equation 14 has received broad exper-

imental support in the literature at several scales spanning

leaf gas exchange, sap flow time series, and eddy-covariance

latent heat flux measurements [63•, 65, 90, 91]. Thus, Eq. 14

may be viewed as a summary of a large corpus of exper-

iments covering some 80 species. As reviewed elsewhere

[73], this model can be reconciled with optimality arguments

when noting that D−1/2 can be expanded in a Taylor series

around D = 1 kPa with the two leading order terms being

1 − (1/2) ln(D).

One puzzling feature about stomatal responses to D vari-

ation is the so-called apparent feedforward mechanism [45,

92•]. This mechanism, which was not assumed in the stomatal

optimization framework, is labeled as such because plants

appear to shut down their stomata faster than the increase in

the driving force for leaf transpiration (i.e., D). This rapid

closure provides the appearance that stomates are anticipat-

ing occurrences of high atmospheric aridity and thus close

faster than the driving force for fe ∝ D to conserve water

with increasing D. This topic has received significant atten-

tion since the early 1970s [45, 73, 93–97]. Some studies argue

that this response is an artifact of the temperature sensitiv-

ity of photosynthetic parameters [98]. Others have shown

that for RuBisCo limited photosynthesis, and even when

accommodating these temperature effects, the apparent feed-

forward mechanism still emerges albeit at a weaker level

than earlier field experiments suggested when field data are

not binned by temperature increments [99]. Mathematically,

as D increases, the point at which the apparent feedforward

commences can be derived from the fe versus D relation.

At the incipient D of the apparent feedforward, ∂ fe/∂ D=0

despite the fact that g monotonically declines with increas-

ing D [73]. The emergence of the coefficient −1 in Eq. 12 is

the main cause for the existence of such an apparent feedfor-

ward mechanism (or anticipatory response by the stomates),

and this term is an emerging outcome of the optimality the-

ory. The D at which the apparent feedforward mechanism

commences with increasing D (i.e., ∂ fe/∂ D=0) can now be

computed and given as Da f m = (4/9)(ca/a)λ−1. That is,

the D at which the apparent feedforward mechanism can be

expected varies with Wo or λ and ca . Equation 14 also pre-

dicts an apparent feedforward mechanism for D exceeding

Da f m = exp[(1 − m)/m]. This finding is dynamically inter-

esting because it enables a link between m and λ given by

λ =
4

9

ca

a
exp

[

m − 1

m

]

, (15)

and suggests that λ increases linearly with increasing ca for

constant m as demonstrated elsewhere for other theories [80]

and experiments [76, 83]. Equation 13 also suggests that an

apparent feedforward mechanism emerges only when

Ca f m =
−

(

α′
2 − 2ca + 2cp

)

(

α′
2

)2
< 0. (16)

For RuBP regeneration limitations on fc, α2 + 2cp is small

compared to current and future ca making Ca f m > 0. The

opposite is likely for RuBisCo limitations on fc, where α2

can exceed ca . Thus, it may be conjectured that the appar-

ent feedforward mechanism is likely to occur for RuBisCo
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limitations and not RuBP regeneration limitations on fc. For

example, a simplified (and popular) solution to the optimal-

ity problem assuming RuBP regeneration limitations to fc

[74] cannot reproduce the apparent feedforward mechanism.

Moreover, for any given instant, Ca f m varies with photosyn-

thetically active radiation, temperature, and ca .

Recovering Empirical Models for g

Empirical formulations for g used in climate models are com-

monly expressed as

g = m′′
(

fc

ca

)

FA, (17)

where m′′ is a species-specific sensitivity parameter pre-

sumed to vary with soil moisture or leaf water potential

[78], and FA is a dimensionless function of atmospheric

aridity. Some models set FA = RH [59] while others set

FA = (1 + D/Do)
−1 [60] where RH is the air relative

humidity and Do is a species-specific empirical coefficient.

The mathematical form of Eq. 17 has been shown to describe

a large number of leaf gas exchange measurements across

numerous species [60] and climatic conditions [100] and

may be viewed as a compact summary of all these exper-

iments [59]. Despite differences in FA, these (and many

other) empirical models suggest a robust near-linear relation

between g and fc/ca . Thus, it is instructive to ask whether

optimality theory can recover these formulations [74, 75].

Upon inserting Eqs. 12 into 10 and simplifying, it can be

shown that

g =
(

fc

ca

)
√

ca

aλ
D−1/2. (18)

The D−1/2 scaling and the linearity between g and fc/ca both

emerge from the optimality arguments and are not a priori

imposed or assumed [68, 73]. Moreover, when the findings

in Eq. 15 are combined with Eq. 18, the resulting outcome

offers a new perspective on m′′. These combined equations

yield

g = m′
(

fc

ca

)

D−1/2, m′ =

√

9

4
exp

(

1 −
1

m

)

, (19)

where m′ may be treated as a constant when m is constant.

When m varies with soil moisture, m is expected to decline

as has been shown using hydraulic models and a wide array

of flux measurements across biomes [65]. Hence, the simpli-

fied optimality argument here can be reconciled with prior

empirical stomatal conductance models [47•, 59]. Such rec-

onciliation is not limited to RuBisCo (the case here) but also

emerges for RuBP regeneration limitation on photosynthesis

[74].

Sensitivity of Water use Efficiency to Atmospheric Aridity

The simplified optimality model predicts an optimal ci/ca

associated with the optimal g given by

ci

ca

= 1 −

√

aλ

ca

D1/2. (20)

A large number of experiments and empirical models show

that as D increases, ci/ca decreases non-linearly [73, 101,

102]. Similarly, decreases in soil moisture lead to increases

in λ and concomitant increases in ci/ca as expected [102].

The optimal ci/ca leads to an optimal water use efficiency

WU E given by

WU E =
fc

fe

=
(ca) (1 − ci/ca) gs

aDgs

=
ca

(aD)1/2

√

λ

ca

. (21)

Once again, increases in ca , declines in D, and declines in

root-zone soil moisture resulting in increases in λ all lead

to increases in water use efficiency consistent with logical

expectations [102]. For a near constant m, Eq. 15 suggests

that λ ∝ ca and

WU E =
2

3

ca

a
√

D
F1(m); F1(m) =

√

exp

(

1 −
1

m

)

, (22)

where F1(m) is bounded between F1(0.5) = 0.6 and

F1(0.6) = 0.7. This finding explains why in well-watered

soil moisture conditions (i.e., constant m), WU E ∝ ca and

WU E ∝ D−1/2 as reported for numerous studies reviewed

elsewhere [73]. The D−1/2 scaling was shown to be the best

descriptor (statistically) across all FluxNet eddy-covariance

sites for ecosystem level WU E [103]. It is for this reason

that WU E ∝ D−1/2 is used to partition evapotranspiration

(ET) into its two components [104–106]. These partition pre-

dictions of ET have also been confirmed using independent

methods, where the D−1/2 scaling emerged in the WU E

[107]. Last, Eq. 21 also links the water use efficiency to the

marginal water use efficiency and can be used to set bounds

on λ.

The Hamiltonian and Halox Experiments

Similarities in representing the cost of losing water to

the carbon economy as λ fe and the findings from Halox

(Helium/oxygen mixture) gas experiments [108] are now

pointed out. These experiments are based on the fact that

water vapor diffuses about 2 times faster in Helox than in air.
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Hence, the water vapor concentration difference between the

leaf and the air at the leaf surface can be experimentally var-

ied independent from the transpiration rate and vice versa.

These experiments showed that stomata did not directly sense

or respond to either the water vapor concentration at the

leaf surface or the difference in water vapor concentration

between the leaf interior and the leaf surface. The main

mechanism responsible for stomatal closure as a function of

varying humidity was the rate of water loss itself accompa-

nied by reductions in fc even when ci was held constant.

These results are consistent with Eq. 18 derived from the

Hamiltonian in Eq. 3.

Other Optimality Theories

The finding in Eq. 12 may be viewed as appropriate when

water availability sets the constraint (i.e., Wo). There are

numerous instances where both access to water and transmis-

sion of water in the plant system impose severe constraints

[81••]. In those cases, representing the (i) rhizospheric con-

trols on soil water access [109–112] and (ii) plant hydraulics

(i.e., organ wide vulnerability curves) on water transmission

becomes necessary [81••, 113, 114]. Given the prolifer-

ation of hydraulic traits, a number of extensions have

been proposed when water transmission is limited. Notably,

those approaches are now labeled as “profit maximization”

[115–117]. They argue that evolutionary strategies in water-

competitive environments lead to the maximization of carbon

gain minus hydraulic risk. This approach proved effective

in explaining broad patterns of hydraulic failure in woody

plants [116]. Other variants consider the effects of water

stress directly on leaf photosynthesis by adding a meso-

phyll conductance thereby linking leaf water potential to

photosynthesis [88, 118]. Water moves in leaves through

xylem conduits within the veins and, once passed the bun-

dle sheath, is transported through the mesophyll cells. This

outside-xylem pathway is sensitive to cell water content

and water potential [119]. In these models, the cell carbon

dioxide concentration (cc) deviates from ci due to the pres-

ence of a mesophyll conductance, and cc/ci is presumed

to vary with leaf water status. Evidence from drought and

salt-stress experiments supports these simplifications [89,

118]. Another line of inquiry is that during drought, sucrose

transport in the phloem becomes the constraining factor to

photosynthesis. To maintain osmoregulation, large amounts

of sucrose are needed to ensure sufficient driving force for

water and sugars. However, at high sugar concentration, the

water viscosity increases rapidly thereby resisting the driv-

ing force [120]. Thus, the objective function becomes sucrose

transport maximization instead of carbon uptake maximiza-

tion by leaves. In this framework, plants regulate leaf water

potential to maximize sucrose transport from the source (leaf)

to the sink (root) as featured elsewhere [121–125]. Another

perspective argues that leaves minimize the summed unit

costs of transpiration and carboxylation [126]. This approach

recovers results similar to those featured here but using an

entirely different objective function. To sum up, the stud-

ies listed here are by no means an exhaustive list. They are

selected because they arrive at mathematical models that

share some resemblance to those presented here and may

be summarized as

∂

∂ y
He f f =

∂

∂ y

(

Ga − λe f f Lo
)

, (23)

where He f f is the objective function to be extremized (e.g.,

the Hamiltonian here), y is the control variable by the plant

(i.e., g for the approach here or leaf water potential in the

profit maximization), Ga is a gain (often linked to the car-

bon economy of the plant), Lo is a loss (related to water

availability, water access, or transmission), and λe f f is a con-

version factor (e.g., Lagrange multiplier) linking the costs to

the carbon economy of the plant. In the profit maximization

approach, for example, it is set to unity because Ga and Lo

are expressed as relative gains and relative losses. A subset of

the aforementioned models have been compared against sev-

eral data sets with results that are qualitatively similar even

for other stresses such as salinity [127].

Re-examining Recent Field Experiments

Thus far, the optimality theory was explored in the context

of a universal response of g to D, how elevated atmo-

spheric carbon dioxide may impact λ, and the emergence

of a linear g − fc/ca relation. The work also highlighted

connections between λ and water stored in the rooting zone

via the constraint in Eq. 2. The findings from optimality the-

ory can be used to interpret numerous leaf gas exchange

experiments across many C3 species. Next, the interactive

effects of drought and warming at longer time scales are to

be considered. These interactive effects and their connec-

tion to iso-hydricity remain a frontier in ecology. To address

the “data gap,” a unique experiment was conducted at the

Los Alamos Survival-Mortality (SUMO) site [37••] and is

now re-interpreted using optimality theory. Briefly, the site

is composed of two different species expressing isohydric (in

this case piñon pine) and anisohydric (in this case juniper)

stomatal behavior. The trees were assigned to four differ-

ent treatments: (i) ambient conditions (A) representing a

semi-arid climate (i.e., the climate of the site location), (ii)

heated conditions (H) where air temperature was maintained

at 4.8 oC above ambient air temperature using air-conditioned

open-top chambers, (iii) drought conditions (D) where trees

experienced a 45% precipitation reduction obtained cover-

ing the area with plastic troughs that diverted precipitation

away from the site, and (iv) heat and drought conditions
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(H+D) where both treatments were applied simultaneously.

The data collected included time series of sap flux density

(F D), mean air temperature (T ), mean vapor pressure deficit

(D), and mean relative extractable water (REW ) calculated

from soil moisture content data [37••]. The duration of the

experiment was 200 days starting from March 1st to Septem-

ber 18th of 2016. All data were publicly available as daily

averages, and the vapor pressure deficit was divided by the

atmospheric pressure (based on temperature and site loca-

tion) for unit conversion (unitless D is needed in the g model).

Since this long-term experiment provided only daily aver-

aged temperature values that include nighttime, the average

daily temperature was increased by 20% to reflect mean day-

time temperature needed in the photosynthesis calculations.

Across treatments, there were no significant anatomical

changes in lumen area, sapwood area to leaf area ratio, and

wall thickness during the experiment [37••]. Much of the

treatment effects within a species appeared to be in xylem

hydraulic conductance, which impacts ci/ca (and λ) [128].

Since comparisons between the isohydric and anisohydric

species are sought and only daily meteorological condi-

tions and sap flow measurements are publicly available, the

fc − ci curve was presumed to be linear and given by Eq. 7.

Physiologically, this simplification is akin to assuming fc is

RuBisCo limited. Light saturation were expected for most

of the day given the geography of the site and the small

size of the plants. The different parameters needed for g and

the examination of acclimation are briefly reviewed. From

Eq. 12, plant acclimation can be divided into two effects: (i)

acclimation due to photosynthetic changes, which is related

to changes in the maximum rate of carboxylation α1 = Vcmax

(and provided from separate studies), and (ii) acclimation

due to water uptake strategies (i.e., plant hydraulics), which

is related to the plant response to water availability and is

embedded in how λ varies with soil water (to be inferred

from the re-assessment of the experiments here). For simplic-

ity, the Kc,25, Ko,25 and the coefficients in the exponentials

shown in Table 1 are assumed to be unaffected by the treat-

ment. However, for α1 = Vcmax , the net assimilation to

intercellular CO2 concentration curves at different tempera-

tures have been measured in separate experiments and used to

approximate Vcmax,25, m1 and m2 for each treatment. These

parameters are shown in Table 2, and they are assumed to

be the result of acclimation due to photosynthetic response.

Due to lack of leaf gas exchange data on the heat and drought

conditions, it was further assumed that the drought photosyn-

thetic parameters are more representative of these conditions

in qualitative agreement with empirical findings from a prior

study [37••].

For the hydraulic response, λ can be approximated by fit-

ting it to the relative extractable water (REW ) for different

starting phases of rain event (i.e., Wo) for each rainfall dura-

tion Tp. In this case, the transpiration fe (the sap flux density

F D per unit leaf area) from Eq. 9 can be used to obtain the

measured stomatal conductance g. Using the measured g,

λ is then calculated from Eq. 12 using the fitted parameters

from Table 2. Finally, the nonlinear regression toolbox in

MATLAB is used to fit λ to REW .

To ensure that fitted parameters were reasonable, plau-

sibility constraints were also enforced. First, the calculated

conductance should be positive, and that leads to a weak

constraint that ci/ca > 0. To make sure that this condition is

uniformly enforced for all runs, ci/ca > 0.3 was imposed for

both species where the value 0.3 was tuned for maximizing

the number of days used in the analysis while minimizing an

unrealistic lower limit on ci/ca . Also, to ensure that dark res-

piration does not play a role, a threshold should exist on the

lower bound of ci . Second, since RuBisCo limitations were

assumed in the model derivation (i.e., linear fc −ci ), another

constraint should be imposed but this time on ci/α2. Theo-

retically, the value ci/α2 should be less than unity, and this

condition was satisfied for almost all the runs for anisohy-

dric juniper. However, this was not the case for the isohydric

piñon pine. Hence, the condition ci/α2 < 0.4 was further

imposed to ensure that the linearization remains adequate

for the purposes of comparing across treatments. This means

that light-saturated conditions may not have been met, and

the full model in Eq. 13 may be needed for some of the days

(including the RuBP limitation).

Results and Discussions

The optimality hypothesis is now used to demonstrate

the use of this framework to address the study objectives

using the aforementioned experiments, literature survey, and

Table 2 Published

photosynthetic parameters used

for the linearized fc − ci

biochemical demand function

Piñon pine Juniper

Ambient Heat Drought Ambient Heat Drought

Vcmax,25 34.5 31.8 27.0 54.3 50.9 43.8

m1 0.073 0.069 0.096 0.094 0.091 0.090

m2 0.23 0.11 0.20 0.15 0.17 0.10

The units of Vcmax,25, m1 and m2 are µmol m−2 s−1 and oC−1 respectively as shown in Table 1
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independent gas exchange measurements. Again, the goal

here is not to model all the details of g but to compare the g

across treatments for each species. The computed λ for the

two species are first presented and compared. Throughout

this section, the stomatal conductance g has the following

unit mmol m−2s−1 and water use efficiency λ is unitless,

respectively. All other units for the constants are shown in

Table 1.

Model Parameters

Figure 1 a and b show the results for the fitted λ as

a function of REW for piñon pine and juniper, respec-

tively. Interestingly, the λ for piñon pine did not vary

appreciably across treatment whereas, for the anisohydric

juniper, the variations were more pronounced for ambi-

ent and heated (0.006–0.01) conditions. Recall that g ∝
λ−1/2 further ameliorating the differences for piñon pine

(0.004−1/2=15.8, 0.006−1/2=13) and to a lesser extent

juniper (0.008−1/2=11.2, and 0.01−1/2=10). Another inter-

esting observation regarding the magnitude of λ is that

juniper λ had a higher maximum value compared to piñon

Fig. 1 Fitted marginal water use efficiency λ as a function of relative

extractable water (REW ) for a piñon pine (isohydric) and b juniper

(anisohydric). Different colors denote different treatments where A

stands for ambient, H for heat, D for drought, and H+D for heat and

drought

pine. This again shows the difference between anisohydric

and isohydric behaviors where the cost to extract water is

higher for juniper compared to piñon pine. The supplemen-

tary Figs. S1 and S2 show the fitted and measured λ as a

function of REW for piñon pine and juniper respectively.

The supplementary Table S1 shows the performance of the

fitted data for λ.

Figure 2 a and b compare the measured and modeled g

for piñon pine and juniper, respectively. The calculated and

measured g reasonably agree despite the model simplicity.

The supplementary Table S2 shows the performance of the

fitted data for g.

Evaluating Photosynthetic Acclimation

Having demonstrated that the optimality hypothesis reason-

ably recovers g, it is now used to separate the different

strategies plants use to acclimate to a changing environ-

ment. As discussed earlier, the effects of acclimation on the

photosynthetic machinery can be detected in the maximum

carboxylation rate. In this case, one can analyze the changes

in the photosynthetic parameters for each treatment and how

it affects g. To do so, g was calculated using the photo-

synthetic parameters of the ambient conditions, which are

provided in Table 2, while accounting for the water use effi-

ciency by using the fitted λ for each treatment. This allows

discerning acclimation on carbon assimilation alone and its

effect on g. Figures 3 a and b show these results for piñon

pine and juniper respectively. In these figures, g with accli-

mation is calculated from the fitted parameters as discussed in

“Re-examining Recent Field Experiments” section and plot-

ted against g without acclimation, which is the calculated g

using the photosynthetic parameters for ambient conditions

as discussed earlier, for different treatments.

The deviation from the one-to-one line highlights the

effect of acclimation of photosynthetic parameters on g. As

one can see from these figures, both species behaved in

a similar manner during combined drought and heat and

drought-only conditions where they decreased their g to

acclimate to a changing environment. However, under heated

conditions only, juniper was able to maintain the same g,

which was not the case for piñon pine. As shown in Fig. 3a,

g of the isohydric piñon pine had to decrease by 19% for

heated conditions, 32% for drought conditions, and 26% for

heat and drought conditions. On the other hand, g of the

anisohydric juniper decreased by only 2% for heated con-

ditions, 20% for drought conditions, and 22% for heat and

drought conditions (Fig. 3b). These percentages were similar

for drought and heat-drought conditions, which might reflect

the assumptions of using the same photosynthetic parameters

for both conditions. The supplementary Table S3 shows the

deviation statistics for all treatments and both species.
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Fig. 2 Calculated conductance

(g) from Eq. 12 as a function of

measured conductance from sap

flux density F D for a piñon pine

and b juniper. Different colors

denote different treatments

where A stands for ambient, H

for heat, D for drought, and

H+D for heat and drought

Water Effects

The effect of acclimation of hydraulic traits can be explored

in a similar manner. As discussed earlier, the marginal water

use efficiency λ represents the integrated effects of the water

uptake strategies for the plant. In this case, studying the

changes in λ and their effects on g for each treatment high-

lights the acclimation of hydraulic traits of a plant. To do so,

g was calculated using the marginal water use efficiency of

the ambient conditions, which is the fitted one and shown

in Fig. 1, while accounting for the photosynthetic parame-

ters of each treatment shown in Table 2. Figure 4 a and b

show these results for piñon pine and juniper, respectively.

In these figures, g with acclimation, which is the calculated

g from the fitted parameters as discussed in “Re-examining

Recent Field Experiments” section, is plotted against g with-

out acclimation, which is the calculated g using λ for ambient

conditions as discussed earlier, for different treatments.

Again, the deviation from the one-to-one line highlights

the effect of hydraulic acclimation. As one can see from these

figures, the behavior of each species was different as expected

because of their isohydric and anisohydric stomatal behavior.

In Fig. 3a, piñon pine showed a decrease in stomatal conduc-

tance for all treatments with drought showing the highest

impact, 30% with a 1% change for heated, and 15% for heat

and drought. However, juniper showed a constant behavior

for drought (around 4% decrease in conductance, and this is

due to some points with extreme values) while decreasing

the stomatal conductance for heated (around 11%) and heat

and drought conditions (around 34%) as shown in Fig. 4b.

This result highlights the anisohydric behavior of juniper

that maintains its stomatal conductance much better dur-

ing drought compared to piñon pine. Another difference is

apparent in the heat and drought conditions where the heat

offset the drought effects for piñon pine, which was not the

case for juniper where the heat exacerbated the result. The

Supplementary Table S4 shows the deviation statistics for all

treatments and both species.

Cumulative Effects

The total effect of acclimation can also be shown so as to

discuss the interactive effect of both physiological traits. To

study these interactive effects, g was calculated using the

Fig. 3 Results highlighting the

effects of photosynthetic

parameters acclimation on

stomatal conductance for a

piñon pine and b juniper.

Different colors denote different

treatments where H stands for

heat, D for drought, and H+D

for heat and drought
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Fig. 4 Results highlighting the

effects of hydraulic traits

acclimation on stomatal

conductance for a piñon pine

and b juniper. Different colors

denote different treatments

where H stands for heat, D for

drought, and H+D for heat and

drought

marginal water use efficiency and the photosynthetic param-

eters of the ambient conditions, which are shown in Fig. 1

and Table 2 respectively. Figures 5 a and b feature these

results for piñon pine and juniper respectively. In these fig-

ures, the stomatal conductance with acclimation, which is

the calculated g from the fitted parameters as discussed in

“Re-examining Recent Field Experiments” section, is plot-

ted against the stomatal conductance without acclimation,

which is the calculated g using λ and Vcmax for ambient

conditions as discussed earlier, for all treatments.

Again, the deviation from the one-to-one line highlights

the effect of acclimation on both physiological traits. For all

treatments, piñon pine appears less tolerant to a changing

environment compared to juniper. This assertion stems from

the fact that acclimation occurred in both species, yet the

piñon pine did experience a decrease in the overall stomatal

conductance despite acclimation in both hydraulic and phys-

iological parameters. The highest impact was apparent in

drought conditions as shown in Fig. 5a where the decrease in

stomatal conductance was around 53%. Heated conditions

exhibited the lowest reductions with stomatal conductance

decreasing by only 19%. For heat and drought, the result

was less severe (around 37%) compared to drought-only

as expected from “Water Effects” section. On the other

hand, juniper was more resilient to drought where stom-

atal conductance decrease was around 23%. It was even

better for heated conditions (around 13%) and more severe

for heat and drought (around 48%) as shown in Fig. 5b.

From these figures, one can see that the highest impact on

g was due to hydraulic traits, and this is expected since

plants are more affected by drought, which increases the

cost for the plant to photosynthesize, compared to heating.

The Supplementary Table S5 shows the deviation statistics

for all treatments and both species. Overall, the insights into

the controls of stomatal conductance responses to drought

between isohydric piñon pine and anisohydric juniper match

earlier experimental findings [37••]. Piñon pine reacts more

to drought, and juniper reacts more to heating. Finally, the

water potential at turgor loss has been used as a functional

trait for determining plant drought tolerance. Species with a

more negative turgor loss point have been shown to maintain

significant g and carbon uptake under drier conditions [129].

Fig. 5 Results highlighting the

effects of cumulative

acclimation on stomatal

conductance for a piñon pine

and b Juniper. Different colors

denote different treatments

where H stands for heat, D for

drought, and H+D for heat and

drought
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Interestingly, [130] showed that piñon pine does not perform

osmoregulation in response to decreasing water status, while

juniper turgor loss point fluctuates in concert with leaf water

potential (from −3.4 to −6.6 MPa). Therefore, it is likely

that the plastic response to drought of juniper trees was also

possible because this species could control its turgor loss

point compared to the isohydric piñon pine and thus adjust

to drought and heated conditions to avoid tissue dehydration.

Conclusions

Models of photosynthesis are essential for understanding and

predicting the functioning of terrestrial ecosystems, which

account for about 56 and 30% of the global fluxes of carbon

dioxide and water, respectively [131]. By understanding how

stomatal kinetics function and drive photosynthesis, and how

they are influenced by temperature and water availability,

how plants respond to changes in their environment can then

be conjectured. These conjectures can be used to assess the

effects of extreme hydroclimatic conditions on ecosystem

services.

The work here reviewed and showed how optimality prin-

ciples can be employed to diagnose the effects of future

changes in temperature and in soil water content and their

impact on the water use efficiency and acclimation of tree

species with contrasting stomatal behavior. This approach

provides a scientific basis for understanding and predicting

the impact of changing environmental conditions on for-

est functioning. The analyses describe what regulates the

exchange of water vapor and carbon dioxide between the

plant and the atmosphere under different environmental con-

ditions assuming that stomata maximize carbon gain under

soil water availability constraints. This optimality principle

provides a reference state for stomatal kinetics that can then

be contrasted to actual measurements. When measurements

deviate from these predictions, these deviations suggest addi-

tional constraints (e.g., nutrients) or acclimation factors (e.g.,

Vc,max ) to be significant. The optimality model developed

here makes a number of assumptions (e.g., linear biochemical

demand function, temporal changes in stomatal aperture are

much faster than temporal changes in soil water availability)

that can be relaxed albeit at the expense of mathematically

more complex expressions or numerical models. Moreover,

carry-over (or legacy) effects have not been treated explic-

itly though they can be via dynamic optimality theories (i.e.,

those that evolve λ in time and soil water). The effects of

soil water stress on mesophyll conductance alone or the

explicit inclusion of soil-plant hydraulic constraints can gen-

erate such legacy effects [132]. The persistence of drought

effect can occur due to changes in leaf hydraulic conduc-

tance following vein cavitation-induced embolism and/or

reduction in mesophyll hydraulic conductance that cannot

rapidly be repaired before rain resumes or new xylem tis-

sue is added [15, 119, 133]. Other goal-seeking functions

can also be selected to be maximized or minimized instead

of Lo reflecting different strategies to describing stomatal

aperture kinetics. In short, balancing biochemical demand to

atmospheric supply of CO2 yields an indeterminate problem

necessitating at least one additional expression for stom-

atal conductance. Historically, this expression was provided

empirically. Optimality theories offer a viable and attractive

alternative to such closure as they encode generic statements

presumed to be applicable to most terrestrial plants now and

in a climatically altered future.
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