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Allocation of non-structural carbohydrates to storage allows plants to maintain a carbon pool in anticipation of future stress. However, to do so,
plants must forego use of the carbon for growth, creating a trade-off between storage and growth. It is possible that plants actively regulate
the storage pool to maximize fitness in a stress-prone environment. Here, we attempt to identify the patterns of growth and storage that would
result during drought stress under the hypothesis that plants actively regulate carbon storage. We use optimal control theory to calculate the
optimal allocation to storage and utilization of stored carbon over a single drought stress period. We examine two fitness objectives representing
alternative life strategies: prioritization of growth and prioritization of storage, as well as the strategies in between these extremes. We find that
optimal carbon storage consists of three discrete phases: ‘growth’, ‘storage without growth’ and the ‘stress’ phase where there is no carbon
source. This trajectory can be defined by the time point when the plant switches from growth to storage. Growth-prioritizing plants switch
later and fully deplete their stored carbon over the stress period, while storage-prioritizing plants either do not grow or switch early in the
drought period. The switch time almost always occurs before the soil water is depleted, meaning that growth stops before photosynthesis. We
conclude that the common observation of increasing carbon storage during drought could be interpreted as an active process that optimizes

plant performance during stress.
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Introduction

There is currently a very active debate in the literature as to
whether plant growth is primarily source-controlled or sink-
controlled (Korner 20135, Fatichi et al. 2019, Cabon et al.
2022). Source control means that the plant growth rate is
determined by the availability of non-structural carbohydrates
(NSCs) produced during photosynthesis, whereas sink control
means that the plant growth rate is determined by environ-
mental factors such as water availability, with a feedback to
the photosynthetic rate via the size of the NSC pool. Under
both scenarios, the NSC pool is assumed to play a passive
role, serving merely as a buffer between source and sink.
However, there is evidence that NSC storage also plays
an important role as a crucial mechanism of plant stress
tolerance. Larger NSC pools are associated with improved
performance (O’Brien et al. 2014), higher survival rate (Kaelke
et al. 2001, Poorter and Kitajima 2007, Chuste et al. 2020,
Piper et al. 2022) and faster recovery from stress (Ruehr
et al. 2019). When a plant is subjected to abiotic stress
such as drought, the photosynthetic carbon uptake is limited
(McDowell et al. 2008, Ferner et al. 2012) and the energy
required for survival and post-stress recovery must be supplied
by stored NSCs (Hartmann and Trumbore 2016). Thus, an
alternative hypothesis to either source or sink control is that

plants actively control growth rates in order to regulate the
size of the NSC pool (Wiley and Helliker 2012, Dietze et al.
2014). This hypothesis is relatively under-explored despite the
increasing appreciation of the importance of NSC availability
in determining plant resilience to stress (Reed and Hood
2023). Our goal in this paper was to examine the conse-
quences of this hypothesis for the dynamics of plant growth
and NSC storage during a drought stress event.
Observations of plants during drought stress frequently
show that growth stops before photosynthesis does, and
NSC accumulates (Ayub et al. 2011, Muller et al. 2011,
Tardieu et al. 2011, Boyer 2018). These observations
have been interpreted to imply a physical limitation on
growth, with growth being more sensitive to turgor loss
than photosynthesis (Blackman 2018, Potkay et al. 20214,
2021b). This difference in the time courses of growth and
photosynthesis then results in a passive accumulation of
NSCs in the plant. However, an alternative explanation to the
passive storage argument is that storage accumulation during
the initial drought phase is an active strategy that evolved as
a way of avoiding carbon depletion during stress, ensuring
that energy reserves are available when photosynthesis stops
(Wiley and Helliker 2012, Dietze et al. 2014). There is
some support for this argument: for example, it has been
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Optimal carbon storage during drought

shown that the timing of carbon storage allocation during
drought depends on the drought tolerance of the species.
Specifically, the time between the cessation of growth and
that of photosynthesis (the ‘carbon safety margin’) is larger for
drought-tolerant than non-drought-tolerant species (Mitchell
et al. 2014), leading the former to accumulate more NSCs.
However, to further evaluate the active storage argument,
we need to understand what dynamics of growth and NSC
accumulation should be expected if plants are indeed actively
regulating storage.

The basis for the active storage hypothesis is that there
is a trade-off between NSC storage and plant growth that
plants actively regulate. Although NSC storage is essential for
surviving stress, the opportunity cost of storage can be sub-
stantial. If carbon is stored rather than allocated to increasing
structural or productive biomass, the opportunity to increase
light capture and photosynthetic capacity is missed (Lerdau
1992). While carbon that is stored may be used for growth
at a later time, the compounding benefits of early investment
in growth are not realized (Bloom et al. 1985). Conversely,
growth comes with additional costs: bigger plants have larger
metabolic maintenance costs (Mori et al. 2010), while faster
growth is associated with less resistant plant traits, such as
lower wood density (Eller et al. 2018) or leaf mass per area
(Wright et al. 2004, Blumenthal et al. 2020), and therefore
higher stress vulnerability (Onoda et al. 2017). Faster growth
means less carbon is kept in storage (Atkinson et al. 2014),
which increases the plant susceptibility during stress peri-
ods, including an increased risk of significant tissue damage
(Kreuzwieser and Rennenberg 2014, Ruehr et al. 2019) and
mortality (Adams et al. 2017, McDowell et al. 2022).

An optimization modelling approach can be used to
predict active storage dynamics during stress based on this
trade-off. Optimization modelling is based on evolutionary
theory (Parker and Smith 1990) and aims to find the set of
actions that maximize a fitness goal (Franklin et al. 2012).
Rather than assuming a priori values for parameters that
determine model behaviour, optimization modelling uses
the fitness goal to compute the values of these parameters.
Optimization approaches have been used to explain many
observations in plant systems involving trade-offs, for exam-
ple: carbon allocation to root and shoot biomass (Iwasa and
Roughgarden 1984, Hilbert 1990); leaf area and nitrogen
content balance (Franklin 2007); and tree investment into
mutualistic fungi (Moeller and Neubert 2016). When timing
is a factor, dynamic optimization modelling, especially optimal
control theory (OCT, Lenhart and Workman 2007), can be
used. For example, the diurnal timing of stomatal regulation
has been successfully modelled using dynamic optimization
of the trade-off between carbon uptake and water loss
(Cowan and Farquhar 1977, Medlyn et al. 2011, Lu et al.
2016, Wolf et al. 2016). Dynamic optimization models have
also addressed the trade-offs in plant carbon allocation:
Chiariello and Roughgarden (1984) modelled the timing of
vegetative growth and reproduction in herbaceous plants over
the growing season, and Iwasa and Cohen (1989) explored
carbon allocation to growth, storage and reproduction that
maximized reproductive output in perennial plants. In both
examples, the models show that the plant must stop growing
early in the season to accumulate enough storage to maximize
reproduction or survive the dormancy period. These examples
show that the dynamic optimization approach is promising
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to gain insight into the carbon storage dynamics during
drought.

A key challenge in applying optimization to explore plant
behaviour is to identify the fitness target to be maximized.
Optimization models commonly maximize net carbon gain,
or growth (Franklin et al. 2012). The best fitness targets for
plants experiencing drought may vary: prioritizing growth
may prove advantageous if the drought is short term or sea-
sonal, as the plants will have a competitive edge once wet con-
ditions return. Conversely, prioritizing storage, particularly
in unpredictable environments where the lower maintenance
costs associated with growth may be more suitable and access
to resources for post-drought recovery is critical, can also
be a strategic choice. Consequently, we propose that, during
drought, plants may opt to maximize either growth or storage
as a proxy for their fitness.

In this work, we identify the optimal active storage alloca-
tion under stress by applying OCT to a simple and analytically
tractable ‘toy’ model that incorporates only the key features
of carbon allocation to storage under stress. By applying
OCT to a simple model representing a plant subjected to a
simple drought stress regime, the optimal dynamic allocation
patterns can be calculated for a range of environmental con-
ditions and fitness assumptions. Ultimately, the model aims to
provide new insight into the controls on carbohydrate storage
and its role in the co-ordination of carbon source with sink
demand.

Materials and methods

In summary, a simple model of a plant is presented in which
the plant is subject to a drought represented by a pool of
available water, which is depleted through evapotranspiration.
Then, the optimal storage allocation for the plant is found
in the model. First, Pontryagin’s maximization principle is
used to obtain the general shape of the storage utilization
trajectory (Boltyanskii et al. 1960). The following alternative
fitness goals are used in the analysis: (i) maximizing storage,
(i) maximizing biomass and (iii) a general case in which a
combination of storage and biomass is maximized. The model
is then parameterized for Eucalyptus tereticornis Sm. saplings
using data from a Whole-Tree Chamber experiment in which
the trees were subjected to drought (Drake et al. 2019). This
species is used as an example to place the results within
interpretable ranges, but it is intended to represent a generic
forest tree species subjected to drought conditions. The model
is parameterized and the exact optimal solution is then found
numerically.

Simple model

The simple model represents photosynthesis, respiration,
water use and growth during a drought period (Figure 1).
The plant has two carbon pools: biomass (M) and storage (S),
which are increased and decreased by the biological processes
of photosynthesis (A), respiration (R) and growth (G). The
environment is represented by a soil water pool (W) which is
reduced by evapotranspiration (E). The W is defined as the
amount of water available for use by the plant. There is no
water input during the drought and, therefore, the only water
available to the plant is the initial available water, Wy. We
use a simple, linear representation of all carbon and water
processes.

G202 UoIB\ € Uo Jasn Binquexe YSVII AQ LZOLEIL/VE/E L/ /aIoE/sAYdaaI)/Ww0d dNoolLSpEO.)/:Sd)Y WOy papeojumod



36

Photosynthesis A Growth G

Storage S

Respiration R

Available Water | Evapotranspiration E
W

Figure 1. Conceptual model of carbon allocation in a droughted plant and
its soil water availability. The model consists of two carbon pools
(storage, yellow and biomass, green) and a single water pool (blue).
Storage (S) represents available labile carbon that can be used for
respiration (R) or growth (G) of the plant. Photosynthetic uptake (4) is
first delivered to storage to later be utilized for respiration and growth of
biomass. The available water pool is depleted through evapotranspiration
(E) proportional to plant photosynthesis.

Biomass M

The time course of utilization of stored carbon to biomass
is flexible and can be optimized, using OCT, once the fitness
objective is defined.

The storage pool S consists of plant labile carbon. It is
increased through photosynthesis (A) and can be used for
respiration (R) or for growing new biomass (G). The rate of
change of storage is:

S =A-R-G. (1)

Plant biomass M is represented as a single undifferentiated
pool and is changed only through growth:

dM

Photosynthesis and respiration are assumed to be directly
proportional to the amount of biomass M:

A = kyM, (3)

R = kM, (4)

where kp and k; are, respectively, the rates of photosynthesis
and respiration per unit biomass.

To keep the model parsimonious, biomass growth and
storage depletion are represented by a single flux, growth (G),
which is determined by the amount of carbon in storage and
a utilization coefficient that varies over time:

G =us, (5)

where u; is the growth rate per unit of storage (storage
utilization coefficient), which is a function of time (¢). The
value of #,; is assumed to have an upper bound given by kg,
the maximum storage utilization parameter:

0 <u; < k. (6)

The time course of the growth coefficient u; is flexible and
can be optimized, using OCT, once the fitness objective is
defined.

The plant is modelled over a deterministic drought period of
length T. As a simplifying assumption, a plant is considered to
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be alive only while its storage pool S(¢) is greater than or equal
to zero. This factor, in turn, implies that the end-of-drought
storage (St) must be greater than or equal to zero (further
explained in Stefaniak 2021):

S@t) >0= St >0. (7)

At the outset, the plant has access to a specified initial
soil water pool (Wy). No additional water is supplied during
the observed period and post-drought conditions are ignored.
The plant consumes soil water during photosynthesis through
evapotranspiration, E, at a rate of ky,, where ky, is the inverse
of the water-use efficiency (Bierhuizen and Slatyer 1965,
Sinclair et al. 1984):

The soil water pool is constrained within the model to
always be positive:

W) > 0. )

Photosynthesis is assumed to be dependent on the water
availability. The photosynthesis parameter kp, is a constant
when the available soil water is positive and becomes zero
when W (#) goes to zero:

0 when W(t) =0
kp = [ k;‘) when W() > 0 (10)

The time at which the available water goes to zero is
denoted as #,;. To satisfy the plant’s metabolic requirements
when the plant is photosynthesizing, the photosynthetic gain
must be greater than metabolic costs. This is implemented by
constraining the value ofk}:

k;>kr. (11)

Parameter estimation

Table 1 lists the relevant parameters, with units and baseline
values. Values are derived from a study by Drake et al.
(2019) in which young E. tereticornis trees were exposed to
factorial warming x rainfall reduction treatments in whole-
tree chambers for 15 months. Parameters were obtained from
the control treatment trees. The drought length T was set to
150 days.

Fitness objective

Evolutionary theory posits that, given sufficient time, species
will evolve such that they maximize evolutionary fitness
(Parker and Smith 1990), where fitness is defined as the
overall reproductive success, including the survival of all
offspring produced. However, because reproductive success
is exceptionally challenging to estimate for long-lived species
such as trees, it is common to use a proxy for fitness, such as
maximizing wood production (McMurtrie and Dewar 2013).
Here, because it is not clear what outcome would maximize
long-term fitness, we first consider two alternative proxies
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Table 1. Table of variables and parameters used in the model.
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Description

Storage carbon pool

Initial storage carbon pool
Biomass carbon pool
Initial biomass carbon pool
Available soil water pool
Initial soil water pool

Simulated drought length

Time of switch from allocating carbon to biomass to allocating
carbon to storage

Time at which soil water pool runs out

Photosynthesis parameter

Maximum value of the photosynthetic parameter
Respiration parameter

Water-use parameter

Maximum storage utilization parameter

Storage utilization rate

Symbol Units Value
Carbon and water pools
St ¢C plant™! —
So ¢C plant™! 550
M, gC plant™! —
My ¢C plant~! 3300
W kg H,O plant™! —
Wo kg H,O plant~! 1200
Time parameters
T days 150
ts days —
Lerie days -
Process parameters
kp ¢CglC daysf1 —
k3 ¢CgIC daysf1 0.2
ky gC g~1C days™! 0.06
kw kg H,O0 g~ 'C 0.4
ks gC g~ 1C days™! 0.06
Uy gC g~ 1C days™! —
k¢ _ 0-1

Fitness proxy parameter

for maximizing fitness: maximizing biomass (Mrt; herein,
MaxM) and maximizing storage (St; herein, MaxS) at the
end of drought period T.

The MaxM proxy can be taken to represent fitness because
the plant with the largest biomass at the end of the stress
period can potentially outcompete its neighbours and provide
increased carbon to reproduction. However, this optimization
target is subject to the plant maintaining a sufficiently large
storage pool such that S does not become negative, or die,
during the stress period. This proxy may best represent fitness
when plants experience a short stress period and rely on a
continued supply of immediate carbon through photosyn-
thesis for reproduction (sometimes referred to as ‘income
breeding’, Stearns 1989). Maintaining a large biomass pool
would increase the current assimilates that can be redirected to
reproduction post-stress and enhance fitness in environments
where plants experience ‘predictable’ (e.g., seasonal) stress
and the plant can maintain a sufficiently large storage pool
buffer to survive. Storing additional carbon may be detrimen-
tal to fitness when the approximate length and intensity of
stress are unlikely to vary much year to year. Therefore, carbon
that is not used will incur a cost to potential competitive and
reproductive effort.

However, the total biomass at the end of a stress period may
not represent fitness in environments that experience more
intense, or uncertain, stress. The alternative fitness proxy,
MaxS, can be taken to represent fitness because a large storage
pool at the end of the stress period can be used to recover
after the stress event and may increase the carbon available
for reproductive effort following stress. Post-stress, plants can
redirect stored carbon to reproduction (a strategy referred
to as ‘capital breeding’, Stearns 1989), thus increasing their
evolutionary fitness (Kozlowski 1992). However, reproduc-
tion is not explicitly included in the model, which focuses on
survival during a single stress period. Increased growth can
become detrimental to the plant as additional biomass will
increase costs, thus decreasing storage and potential carbon
for reproduction. However, while a smaller plant might have
increased survival chances because of this strategy, it is less

likely to perform competitively against plants with strategies
maximizing their competitive output through growth. Thus,
the MaxS strategy is more advantageous when the stress risk is
significant enough to warrant a large storage pool and benefits
to reproduction can accumulate over a lifetime.

The two alternative fitness proxies may represent fitness
in different environments, but they may also be thought
of as representing different life-history strategies. Variations
in life-history strategies are often observed within a single
environment, both in terms of individual traits and the indi-
vidual position on a trade-off spectrum (Clark et al. 2007,
Ruger et al. 2020). The MaxM and MaxS strategies differ in
their trade-offs to stress risk, survival and overall benefits to
lifetime reproduction. Hence, we can consider MaxM to be a
‘risky’ strategy and MaxS to be a ‘safe’ one.

In addition to MaxM and MaxS, we also consider fitness
objectives that are linear combinations of these two objectives:

®p, = keMr + (1 — kf) ST, (12)

where kgis the fitness proxy parameter taking on a value
between 0 and 1. MaxM and MaxS are special cases of @,
with k¢ = 1 and k¢ = 0, respectively.

The OCT solution

The approach taken here is to initially find the optimal storage
utilization rate (#;) which maximizes the final carbon pool
(J; where ] refers to the function being maximized). It is
solved using the Pontryagin Maximum Principle (Boltyanskii
et al. 1960) from OCT (Lenhart and Workman 2007, Sten-
gel 2012). Following this method, a solution for the MaxS$
problem can be found (see Stefaniak 2021). The results of
this analysis indicate that the behaviour of the optimal allo-
cation trajectory follows the so-called ‘bang-bang’ behaviour
(Lenhart and Workman 2007), where the optimal growth
coefficient, u#}, takes on only the minimal or maximal value
within the allowed bounds. The time point at which the plant
switches between the maximal and minimal value of u is
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Figure 2. (A) Trajectory of the adjunct values over the three phases of
optimal growth: growth, storage and stress. Each line represents an
adjunct equivalent to a different pool in the model: biomass (A, green),
storage (Ag, yellow) and soil water (Ay, blue). Vertical dashed lines
correspond to points at which adjunct function changes and, therefore,
the phase of optimal growth changes: pink line for t; when growth stops
(switch from growth to storage phase) and red line for ¢, at the point at
which photosynthesis stops (switch from storage to stress phase).

(B) Equivalent values of the storage utilization rate u, (pink) and the
photosynthesis parameter k,, (red) throughout the three phases of
optimal growth.

defined as the switch time, #. In general, there are three
periods that can be distinguished in the optimal trajectory
(Figure 2): growth, storage and stress:

1) Growth: t < s, uf = ks, Wy > 0
ii) Storage: ts <t < terie, uf =0, Wy > 0
iii) Stress: tyir <t < T, uf =0, Wy =0

The length of each period is dependent on the specific
goal function (through the fitness parameter k¢) and the
initial water availability Wy. For both MaxS (k; = 0) and
MaxM (k; = 1), there are some special cases where the
optimal trajectory differs from this three-stage trajectory.
For MaxS these are: (i) water is never limiting (Wp > 0);
(ii) there is enough water for the plant to survive but not
to support any growth; and (iii) initial water availability
is insufficient to support the plant, and death occurs. For
MaxM, there are two additional special cases: (i) water is
limiting (Wt = 0), but growth is supported from stored
carbon such that the time of water depletion (¢;) and growth
cessation (¢f) is reversed (tir < tf < T), but a plant must
still experience a storage phase; and (ii) water is limiting
(Wt = 0), but the plant can grow throughout the entire
simulation (frir < #& = T). A full derivation of these cases
along with the equations and characteristics can be found in
Stefaniak (2021).

Numerical solution of optimal switch time

The analytical solution outlined above demonstrates that the
optimal trajectory consists of a period of maximum growth
followed by a switch to zero growth at time . Thus, the
optimal trajectory can be quantified in terms of the value

Stefaniak et al.
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Figure 3. Carbon and water pool trajectories using different switch times
(A: ts = 10 days; B: £, = 20 days and C: ¢, = 30 days) and an initial water
availability of Wy = 1000 kgH,O. The biomass pool (green line) increases
until the switch time and then remains constant for the rest of the
simulation. The storage pool (yellow line) increases gradually before the
switch time. After the switch time, it increases linearly until the point at
which the water runs out. It then decreases at a constant rate until the
end of the simulation. With an early switch time (A, #, = 10 days), some
storage remains available to the plant at the end of the simulation. A later
switch time (B, #, = 20 days) leads to all the stored carbon being used up.
Finally, in the third case (C, #;, = 30 days), there is not enough storage to
keep the plant alive until the end of the simulation. The plant dies once
the storage is used up (grey line).

of #f. Here, we solve the value of #f numerically using a
simulation approach applied to the simplified model (Egs.
(1)=(11)). The classic Runge-Kutta method (Stengel 2012)
is explicitly implemented to solve the model in continuous
time using a time-step size of At = 0.1 days. The approach
generates storage and biomass trajectories for a range of
possible values of 5 (0150 days). From these trajectories, we
tind the value t; = #} that gives the maximum value of the goal
function.

Results

Storage schedule: description of the general
solution

The emergence of the two dividing time points, the time of
switch to zero growth () and the time of water depletion
(ferit), leads to a three-phase storage utilization strategy, illus-
trated for three #; values in Figure 3. In the first phase (0 < # <
ts), i.e., the growth period, the plant uses a proportion of the
storage it has available to growing its biomass, thus increasing
subsequent photosynthate production (A). During this time,
biomass and storage grow exponentially, while water is being
used up at an increasing rate as the biomass growth leads to
exponential water loss. During the second stage (£s < ¢ < fcit),
the storage period, the growth rate is zero. Respiration costs
are continuous throughout this period but are smaller than
photosynthetic uptake, leading to a linear increase in storage.
The available water also decreases linearly. At ¢ = ., the
water runs out and photosynthesis stops. For the remainder of
the simulation (¢ < t < T), the stress period, the plant must
support its respiration requirement by drawing on any stored
carbon. The storage pool decreases linearly for the remainder
of the simulated period.

G202 UoIB\ € Uo Jasn Binquexe YSVII AQ LZOLEIL/VE/E L/ /aIoE/sAYdaaI)/Ww0d dNoolLSpEO.)/:Sd)Y WOy papeojumod



Optimal carbon storage during drought 39
8000 T T T T
' F 3000
A MaxM B MaxS
60004 W, = 1000kgH,O W, = 1000kgH,0
! ! ! ! F 2000
1 1 1 1
40004 N 1 : : %
@) I ‘ : : 1000 &
] 1 L & Y r Q
B0 2000 4 1 1 | 0;,;_&/4!“ — 5
0] ? &4’74;\ \Q§“:.,<>\\. 1 *&g” 1 7%"\7‘*% o
N ,:‘xi;?/} ! %%’"% L«f ! - o)
) | R - N ’Qh}qs;_, ] Lo S 1
5 0 i s u ———— s B | i |, i o TO §
O 8000 T T T o
a8 T ] 1 3000 @
c C MaxM i D Max$ A =
@] 1 1 2N
2 60001 Vi W, = 3000kgH,O (o
3 L) L //;9: -2000%
20004 i I 1 =
i -
: : : / : 1000
2000 A 11 1 ;’/ 1
‘nwly‘m 1 _” 1
! - 1
0- ! b e g o, B T
150 0 50 100 150
Time (day)
Carbon Pool: == Biomass === Storage Water Pool: - Available Soil Water

Figure 4. Optimal storage utilization and water pool trajectories for plants under differing goal strategies (maximizing biomass, A and C, and maximizing
storage, B and D) and initial water conditions (W, = 1000 kgH, O, A and B, and W, = 3000 kgH, O, C and D). Vertical purple dashed lines indicate the
optimal switch time, ¢, and the red vertical dashed lines indicate the time the water runs out, #.;;.

Effect of t; on the final biomass and storage pool
sizes

The time of the switch, 5, dictates the plant’s final biomass
pool size, storage pool size, time of water depletion and
ultimate survival. A plant which switches off growth earlier
has a higher final storage pool but lower final biomass (e.g.,
ts = 10 days, Figure 3A) compared with a plant that switches
later (e.g., ts = 20 days, Figure 3B). On the other hand,
switching off growth too late leads to the plant dying (e.g.,
ts = 30 days, Figure 3C) as the storage pool is insufficient to
support respiration through the stress period.

Optimal storage schedule: MaxM and MaxS cases

An optimal value of the time of switch ¢, = #! can be found
that satisfies the constraints of the model and maximizes the
final value of the biomass pool, MaxM, or the storage pool,
MaxS (Figure 4). For the MaxM strategy, the optimal schedule
involves high values of the optimal time of switch, ¥, and
fast water depletion. A later allocation switch means there
is more time for the plant to accumulate biomass, which
increases the risk of storage pool depletion by the end of the
simulation. This behaviour is inherent to the optimal solution:
if a given switch time has leftover carbon in storage at the end
of simulation, this carbon is ‘wasted’ (in simulation terms) as
it could have been allocated to increase growth instead and
thus delaying the allocation switch time. Thus, in general, the
MaxM strategy has zero storage at the end of the simulation.

Increasing the initial water availability, Wy, leads to a later
optimal switch time (e.g., 20.1 days vs 94.9 days for Wy =
1000 kgH,O plant™' and W, = 3000 kgH,O plant™!) and
a significant increase of the final biomass size due to the
extended exponential growth. It can also be observed that the
optimal storage period decreases with increased initial water
availability (Figure 4A and C).
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Figure 5. The relationship between the optimal switch time (solid line)
and time of water depletion (dashed line) and initial water content for (A)
maximizing storage and (B) maximizing biomass. Vertical dotted lines
indicate the values of initial water content that demarcate different model
behaviours for each strategy. Note that the x-axis limits are different
between the two plots.

A different optimal behaviour is observed for the Max$
strategy. The growth period is minimized; for lower initial
water availabilities, no time is allocated for growing, that
is the optimal time of switch from growth to storage is 0:
t* = 0 (e.g., Figures 4 and 5B). This implies only a two-phase
growth is observed: the plant immediately stops growing,
and the two phases involved are storage and stress. Once
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Table 2. Description of optimization when optimizing for the MaxM and MaxS goals and changing the initial water pool Wj.

W value

Description

Optimal MaxM behaviour
Wo < Womin
Womin < Wo < Worev
Worey < Wo < WOgrow

WOgrow < Wo < WoMmax

Wommax < Wo

Initial plant water is below the minimum water required for plant survival.

Switch time between growth and storage, #, is lower than the time of water depletion, ¢..;. Both values
increase with the growing initial water pool.

Time of water depletion, #.j, is lower than time of switch between growth and storage #;. Both values increase
with growing initial water pool.

Time of water depletion, #i, is lower than time of switch, #g; #; value is at maximum, meaning the plant grows
for the entire duration of the drought.

Time of water depletion, z.; value, reaches the entire duration of the drought period, implying that the plant is

no longer droughted. Maximum possible biomass reached.

Optimal MaxS behaviour
Wo < Womin
Womin < Wo < Wostore

Initial plant water is below the minimum water required for plant survival.
Plant stores for the initial duration of drought (switch time, 5 = 0) and time of water depletion, ¢, steadily

increases with growing initial water pool.

Wostore < Wo < Wosmax

Time of water depletion, z.j; value, reaches the entire duration of the drought period, implying that the plant is

no longer droughted. Switch time, #, increases with growing initial water pool.

Wosmax < Wo

Switch time, %, reaches maximum possible value and maximum possible storage reached.

water availability becomes high enough, a two-phase growth
is observed with the final (stress) phase omitted. The plant first
grows and then stores for the rest of the simulation period,;
water is depleted at the end of the simulation (¢ = T;
Figure 4D).

Environmental conditions

When the optimal switch time, #f, is used as the 1D proxy for
the optimal allocation schedule of individual life strategies,
it is possible to find how the initial water availability (W)
impacts this optimal allocation trajectory (Figure 5). There is
a minimum initial water availability, Wy min, that is required
for the plant to survive the drought period, given no allocation
to biomass (time of switch is 0, leading to no growth phase,
ts = 0) and with no stored carbon leftover at the end of
the drought period (final value of storage is zero: St = 0).
For the parameter values shown in Table 1, this minimum
initial water availability is Wo min = 572 kgH, O plantfl. For
the MaxM strategy, there are five different cases depending
on the initial water availability (Table 2). In the first case,
initial water availability is smaller than the required minimum
(Wo < Womin), and the plant cannot survive because the
initial water availability is below the minimum required.
Therefore, there is no viable optimal schedule. In the second
case, the initial water availability is bigger than the minimum
and is smaller than the point at which the switch time is at the
point of loss of water availability (Womin < Wo < Worey)s
and a three-phase (growth—storage-stress) growth trajectory
is observed: 0 < #f < fuir < T. In this case, the plant
grows for a period and then switches to storing before running
out of water and becoming stressed. In the optimal storage
schedule, the stored carbon is depleted at the end of the
simulation (St = 0; Figure 5B). The Wy, can be calculated
numerically to be Wy, = 3700 kgH,O plant_l. In the
third case (Worey < Wo < Wogroweh), there is a three-
phase growth, but stress and storage switch times are reversed
(terie < ¥ < T) and a phase of growth during stress can be
observed. It can also be observed that the stored carbon is
still depleted at the end of the simulation (St = 0; Figure 5B).
The Wogrowth can be calculated numerically to be Wogrowh =

4700 kgH, O plantfl. The fourth case (Wogrowh < Wo <
WoMmax) sees the growth period extended over the entirety

of the growing period (¢) = T) and overlapping with the
stress period (f.ic < T). This implies a two-phase growth
period: growth and growth during stress with no storage
period observed. Additionally, storage is no longer depleted
at the end of the simulation (St > 0).

For the fifth case (Wy > Wommax), no more changes in
final storage and biomass pools are observed and both time of
switch, #s, and water loss, #i, are at their maximum, meaning
terie = £F = T. This value of Wopnmax can also be found numer-

ically to be Wommax = 5808 kgH,O plantfl. The MaxS
strategy has four cases (Table 2, Figure SA). The first case is
the same as the MaxM case: Wy < Wo_. in which the plant
cannot survive because the minimum initial water availability
is not sufficient to support the plant for the entirety of the
drought period. In the second case (Wo_,, < Wo < Wostore,
where Wogore is the minimum water availability required for
a plant to begin to allocate carbon to growth in the MaxS$
fitness strategy), a two-phase growth is observed with the
plant not allocating any carbon to biomass (tf = 0) and
water is depleted by the end of the simulation (¢, < T). The
Wostore can be found to be Wogore = 2772 kgH, O plant_l.
The third case (Wostore < Wo < Wosmax) has a three-
phase growth (#f > 0) and the available water is depleted
at the end of the simulation (¢ = T). In the fourth case
(Wo > Wosmax = 4075 kgH, O plalnt_1 ), the plant no longer
runs out of water, that is water is available throughout the
simulation and at the end of the simulation (Wr > 0), and
thus it is considered to be not stressed. However, unlike the
‘not stressed’ case with the MaxM strategy, the plant will still
stop growing at some value of #f < T because additional
growth might lead to decreased storage. The value of this time
of switch, t¥, is 49.9 days. However, the benefit of the extra
growth at the beginning of the simulation period is small. For
water availabilities above Wysmax, when comparing between
the optimal trajectory which switches at £f = 49.9 days and
one that does not grow at all (¢f = 0 days), there is only an
8% increase in the final storage size.

Fitness strategy and environmental variability

We also explored other intermediate strategies lying between
the extreme strategies of MaxM and MaxS. These fitness
strategies are specified by the fitness proxy parameter k.
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Figure 6. (A) The optimal switch time, ¥ (solid line), and resulting time of water depletion, ¢ (dashed line), for the spectrum of fitness proxy
parameters k¢ for two initial soil water availabilities: Wy = 1000 kgH, O (red) and Wy = 3000 kgH, O (blue). (B) Point of shift in strategy behaviour
between the MaxS safe behaviour (below line) and the MaxM risky behaviour (above line) as determined by the initial water availability. The fitness proxy
parameter k¢ determines the proportion of biomass versus storage prioritized in the calculation of optimal trajectory. The stepwise discontinuity is an

artefact of the resolution of simulation.

The solutions for these intermediate strategies are shown in
Figure 6A for two different initial water availabilities (W =
1000 kgH, O plant™ ! and Wy = 3000 kgH, O plant™!). These
optimal solutions do not fall on a spectrum but rather follow
either the trajectory for the MaxM or the MaxS strategy. This
outcome suggests that, although there is a range of theoretical
fitness strategies, k¢, there are essentially only two optimal
storage schedules: to either allocate as much as possible
and deplete the storage (‘risky” schedule) or allocate little to
biomass and accumulate storage (‘safe’ schedule).

As the initial water availability increases, the border
between the two optimal storage schedules shifts: risky
schedules are optimal for a wider range of fitness goals.
This outcome is further examined in Figure S1 available as
Supplementary data at Tree Physiology Online, where the
goal function for each fitness proxy parameter value, ®, are
presented for a range of switch time values. The pool sizes
either increase with the lengthened growing time or decrease
depending on the proportion of final storage and biomass size
in the final carbon outputs. For larger values of initial water
availability, Wy, the size increases first peaked at the MaxS
optimal switch time #. Later, the size decreased for strategies
that followed MaxS and increased for strategies that followed
MaxM behaviour.

These trends are consistent for the entire spectrum of initial
water availability W values that encompass the drought
conditions and it can be further seen that the border between
the two alternative strategies decreases with higher Wy but
stays within the range of 0.5 < k¢ < 0.7 (Figure 6B).

Discussion

The key outcome of our optimization model analysis is that
the optimal growth strategy during a drought is a three-phase
trajectory: (i) an initial period, when soil moisture is high,
when growth occurs at the maximum rate, increasing growth
and future carbon gain; (ii) an intermediate period, when
carbon is stored and no growth occurs; and (iii) finally, the
stress period, when both photosynthesis and growth are zero
and stored carbon is used for maintenance respiration. While
some alternative optimal growth strategies emerged, these are
generally simplifications that exclude one of the three phases,

and the optimal pattern remains consistent for a wide range
of initial water conditions and fitness proxies. Crucially, in
almost all cases, the optimal point for growth to stop occurs
before the plant is fully stressed, leading to storage accumu-
lation, irrespective of the objective function being maximized.
This behaviour, often observed in droughted plants (Wirth
et al. 2005, Adams 2013, Duan et al. 2013, Mitchell et al.
2014), has been commonly associated with sink limitation and
passive NSC storage (Muller et al. 2011, Palacio et al. 2014,
Korner 2015, 2020, Zweifel et al. 2021). However, our results
indicate that this behaviour would also be expected under the
active storage hypothesis. Wiley and Helliker (2012) argued
that plants may have adapted to avoid carbon depletion
during stress by accumulating carbon during the initial phase
of stress which, as our results suggest, requires growth to
halt before photosynthesis. Here, our results demonstrate the
hypothetical trajectory of active storage when modelling the
process of carbon storage under stress.

The tendency for NSC content to increase at the onset of
drought before later decreasing can thus be consistent with
of active storage allocation strategy. However, the adoption
of different strategies (MaxS and MaxM) results in differ-
ent NSC dynamics and may hint at links to species-specific
strategies and relationships to drought tolerance. For example,
Mitchell et al. (2014) showed that after subjecting Eucalyptus
globulus seedlings to drought, plants first slowed growth,
then accumulated NSCs until photosynthesis stopped. In the
same experiment, Pinus radiata seedlings grew for a longer
time and accumulated much less NSCs before photosynthesis
ceased. The difference in response between the two species
emulate the two MaxS (E. globulus) and MaxM (P. radiata)
survival strategies in the face of stress. The E. globulus has
adapted both to drought (Valdés et al. 2013) and fire (Catry
et al. 2013), resprouting following stem mortality. These
adaptations may require E. globulus to maintain higher NSC
stores. By contrast, P. radiata occurs naturally in a small area,
is less drought adapted than other gymnosperms (Duan et al.
2015), and while being relatively fire resistant, it relies on seed
germination as a response to fire and cannot resprout post-
fire (Fernandes et al. 2008). Another important difference
between the two species’ responses is the turgor loss point:
the leaf water potential at which wilting is observed is a
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measurement that positively correlated with drought toler-
ance (Zhu et al. 2018), and maintaining cell turgor is required
for cell division and growth (Tardieu et al. 2011). If active
storage is observed, it would suggest that plants stop growing
before the soil water potential reaches the species’ turgor loss
point. Indeed, the difference between species turgor loss points
(—2.03 MPa in E. globulus and —1.41 MPa in P. radiata)
and the water potential at which the individuals stopped
growing (~—1.4 MPa) suggested that only P. radiata had a
physical water-stress limitation. This observation suggests that
the P. radiata prioritizes growth over storage during stress by
extending growth to its physiological limit, as predicted by the
optimization for the MaxM strategy.

Other comparative drought studies in plants also show
differences in timing or magnitude of growth and NSC
accumulation. For example, a study of seasonal drought in
nut trees showed a large NSC seasonality and a peak in NSC
concentration following the cessation of growth in almond,
but a smaller response in walnut and pistachio, with NSC
concentrations remaining fairly stable throughout the year
(Tixier et al. 2020). Similarly, provenance may also play a
role: e.g., Phacelia secunda individuals from temperature-
limited environments prioritize carbon allocation to stor-
age more than those from water-limited environments
(Reyes-Bahamonde et al. 2021).

The distinct pattern resulting from the model analysis,
growth-storage—stress, can significantly aid in understand-
ing the dynamics of active carbon storage allocation in the
field. The time between the cessation of growth, #;, and the
cessation of photosynthesis, ., is referred to in physiolog-
ical literature as the Carbon Safety Margin (Mitchell et al.
2014). In the results of the optimization, the two strategies
showed significant differences in the length of the Carbon
Safety Margin: MaxM minimized this period, while MaxS$
maximized it, thus hinting at the potential link of the strategy
to drought tolerance and alternative carbon storage strategies.
Notably, one does not need destructive sampling to iden-
tify these time points: cessation of growth and cessation of
photosynthesis can be observed and measured in vivo using
standard growth and gas exchange measurements. If the link
between these time points and peak NSC and stress-inducing
water potential can be further supported through integration
of optimization modelling into experimental work, we can
attempt to infer storage dynamics from proxy observation and
gain insight about the process in a wider range of species and
scenarios.

Our simple model makes several unrealistic simplifications
for the sake of analytical tractability. For example, photo-
synthesis is assumed not to slow during drought and only to
stop when the soil moisture is fully depleted. While we do not
believe these simplifications affect the fundamental conclusion
of our study, further insights could potentially be obtained by
implementing more realistic stomatal and hydraulic behaviour
in the model. For example, adding stomatal and hydraulic
function would allow the exploration of the relationship
between the carbon safety margin and the hydraulic safety
margin (Meir et al. 2015), which is generally defined as
the degree of conservatism in a plant hydraulic strategies
and expressed as, for example, the difference between the
minimum xylem pressure a stem experiences and the pressure
at which it would lose 50% of its hydraulic conductivity
(Johnson et al. 2012). The hydraulic safety margin is thought
to be a good predictor for plant mortality during drought

Stefaniak et al.

(Anderegg et al. 2016), and it has increasingly been used in
optimality models that predict stomatal and photosynthetic
responses to drought (e.g., Anderegg et al. 2018, Mrad et al.
2019). Linking the two optimizations would be a promising
avenue to understand plant responses to drought stress more
fully.

Other elaborations of the model would also be of interest
to explore. For example, one important simplification in the
model is the ‘bucket’ representation of the soil water avail-
ability, which assumes a fixed amount of water available to
the plant. The model could potentially be extended to enable
the available soil moisture to increase with the growing root
biomass. Adding this feature to the model would alter the
trade-off towards growth, particularly of root biomass, and
could potentially alter the outcome of the optimal storage
strategy. Similarly, we have assumed that plant respiration
rates are constant and that turnover does not occur. Res-
piration rates may decline under stress (Ayub et al. 2011),
which would alter the growth/storage trade-off by reducing
the requirement for NSC storage. Turnover is also likely to
occur during drought. Dropping of leaves and branches is a
common plant strategy which would affect the growth/storage
trade-off by lowering costs during stress, but decreasing plant
competitive ability after the stress is alleviated. Additionally,
there is evidence that when plants are stressed, they become
more susceptible to pathogens and herbivory; investment in
defence is then crucial to avoid mortality, giving rise to a
growth—defence trade-off (Deslauriers et al. 2015, Monson
et al. 2021). An elaboration of the model could potentially
explore relative allocation to growth, defence and storage.

The ecological context for our model is also important.
We consider a situation in which plants are competing for
resources but are subject to a periodic drought, such as a
productive temperate or tropical forest with a predictable dry
season. Other ecological contexts could have similar growth/
storage trade-offs, such as boreal forests with a cold stress
period, or forests with regular fire return intervals. However,
the trade-off is not likely to be universally applicable; for
example, it may not apply in desert environments, where
plant—plant competition for resources is limited.

Finally, we have assumed a constant drought duration in
our model, whereas most droughts are unpredictable in length.
A stochastic version of the OCT approach used here has
previously been successfully applied to predict some aspects
of plant function during drought (Cowan 1986, Mikeli et al.
1996, Lu et al. 2019) and could potentially be applied here.
However, it is not clear that extending the optimization in this
direction would provide more insight, in particular because of
the need to consider plant mortality when there is insufficient
allocation to storage. In future work, we aim to embed the
results of the current study in a long-term dynamic model that
directly simulates competition among species with different
fitness maximization strategies (Stefaniak 2021).

In conclusion, we have shown that a modelled optimal
carbon storage allocation trajectory can explain some of the
observed patterns of carbon storage dynamics in response to
water stress. Our results indicate that the cessation of growth
before photosynthesis can be interpreted as an active storage
response rather than a purely passive outcome of physiolog-
ical growth limitation. The use of phenological observations,
such as growth cessation or NSC maxima during stress, may
help to explain the observed variability in drought tolerance
and allocation strategies of different species and to understand
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the role of carbon storage and the mechanisms for carbon
allocation.
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