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ABSTRACT

A plant’s development is strongly linked to the water and carbon flows in the soil-plant-atmosphere continuum. Expected climate shifts will
alter the water and carbon cycles and will affect plant phenotypes. Comprehensive models that simulate mechanistically and dynamically the
feedback loops between a plant’s three-dimensional development and the water and carbon flows are useful tools to evaluate the sustainability
of genotype-environment-management combinations which do not yet exist. In this study, we present the latest version of the open-source
three-dimensional Functional-Structural Plant Model CPlantBox with PiafMunch and DuMu® coupling. This new implementation can be used
to study the interactions between known or hypothetical processes at the plant scale. We simulated semi-mechanistically the development of
generic C3 monocots from 10 to 25 days after sowing and undergoing an atmospheric dry spell of 1 week (no precipitation). We compared
the results for dry spells starting on different days (Day 11 or 18) against a wetter and colder baseline scenario. Compared with the baseline,
the dry spells led to a lower instantaneous water-use efficiency. Moreover, the temperature-induced increased enzymatic activity led to a higher
maintenance respiration which diminished the amount of sucrose available for growth. Both of these effects were stronger for the later dry spell
compared with the early dry spell. We could thus use CPlantBox to simulate diverging emerging processes (like carbon partitioning) defining
the plants’ phenotypic plasticity response to their environment. The model remains to be validated against independent observations of the
soil-plant—atmosphere continuum.

KEYWORDS: CPlantBox; functional-structural plant model; genotype-by-environment-by-management interactions; phenotypic plasticity;
plant modelling; soil-plant-atmosphere continuum

1. INTRODUCTION and management practices, which are adapted to these altered
environmental conditions and therefore to mitigate the negative
effects of climate change and maintain or even increase food pro-
duction (De Swaef et al. 2022; Galindo-Castaneda et al. 2022;
Soualiou et al. 2021; Vries 2021).

However, the complex spatio-temporal interactions between
the water and carbon fluxes in the soil-plant-atmosphere con-
tinuum make predictions and analyses of experimental results

Terrestrial carbon and water cycles are, amongst others, affected
by plant development (De Swaef et al. 2022; De Schepper et al.
2013; Vries 2021). Climate change is expected to alter the global
water and carbon balances (Swart et al. 2019) and thus plant
phenotype and fitness (Vries 2021). A better understanding of
the mechanisms driving the plant carbon and water fluxes, and
their relations to the environment is key to selecting phenotypes
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difficult. First of all, cellular scale characteristics (like the shape
and size of the xylem and phloem tissues) need to be considered
to understand emerging effects seen at larger scale (like the evap-
otranspiration and biomass production of a field) (Cabrita2011;
Bramley 2006; M. Thompson and N. Holbrook 2003; Cousse-
ment et al. 2020). Moreover, feedback loops and threshold ef-
tects make the influence of plant physiological traits on the water
and carbon cycles site specific (Vries 2021). For these same rea-
sons, we can also observe differences between short- and long-
term effects of climatic shifts on the water and carbon cycles
(Damour et al. 2010; Vries 2021) and experimental studies are
not sufficient to predict the equilibrium of ecosystems in the
distant future.

Mechanistic modelling can help evaluate plant behaviour
for as yet non-existing genotype—environment—management
combinations and can help decipher underlying interrelated
processes leading to experimental observations (Stanfield and
Bartlett 2022; Tuzet, Perrier, and Leuning 2003; Soualiou et al.
2021). Modelling can, therefore, be used to investigate the ben-
efits and drawbacks of novel crop management practices and to
set objectives for plant breeders (Stanfield and Bartlett 2022;
Louarn and Song 2020; Soualiou et al. 2021).

From three-dimensional functional-structural plant model
(3D FSPMs) properties emerge at the organism scale that can
be scaled up to the field or ecosystem (De Swaef et al. 2022;
Louarn and Song 2020; Soualiou et al. 2021). Functional-
structural plant models that represent the transport functions
of plant tissues are especially adapted to simulate plant carbon
and water fluxes in the plant and link these fluxes to (i) the
water and carbon transfer in the environments (soil and at-
mosphere), (ii) the smaller and larger scale structures of the
plant, and (iii) its growth and development (Cannell and J. H.
M. Thornley 2000; Lacointe and Peter E. H. Minchin 2019;
Coussement et al. 2020). For instance, axial flow (along the
transport tissues) can be represented by Darcy’s law. Likewise,
lateral flow (leaving or entering the transport tissues), which
involves transport across selective plant cell membranes, can
be represented by a membrane transport equation (Meunier
et al. 2017; M. Thompson and N. Holbrook 2003; Zhou et al.
2020) and depends on pressure or osmotic potential gradi-
ents. The plant water and carbon fluxes are hence the results
of (i) cellular-scale characteristics, like the number of cell lay-
ers between the vascular bundles and the epidermis (Bramley
2006); (ii) plant-scale characteristics, like the topology of the
xylem and phloem networks (Lacointe and Peter E. H. Minchin
2019); and (iii) water potentials in the soil and atmosphere
and photosyntesis and local sink terms that determine sugar
concentrations in the phloem. Therefore, FPSMs with trans-
port functions should be able to predict the fluxes of carbo-
hydrates and water from sources to sinks and determine organ
growth as a function of plant-external conditions. This implies
that these FSPMs should be able to reproduce phenotypic plas-
ticity in different climates and could complement crop models
by supplying plant structure parameters, like the ratio of shoot-
to-root biomass, computed semi-mechanistically under specific
genotype—environment—-management combinations.

The quality and applicability of an FSPM depend on the pro-
cesses and domains it considers: linking different mechanisms
(like the flow and use of carbon), domains (soil, plant and

atmosphere) and organs (root, shoot, etc.) via dynamic feed-
back loops is essential to understand the short- to long-term
effects of specific plant traits on the plant capacity to adapt to
the environment (Tuzet, Perrier, and Leuning 2003; Louarn and
Song 2020). For instance, the short feedback loop between the
plant stomatal regulation, water and carbon flows needs to be
represented. Indeed, the photosynthesis (source of plant car-
bon) and transpiration (loss of plant water) occur through the
same path and are both influenced by the stomatal opening
(Corso et al. 2020; Damour et al. 2010; Dewar 2002). This loss
of water (resp. source of carbon) is interlinked with the xylem
(resp. phloem) turgor pressure gradients that drive the flow in
the transport tissues (M. Thompson and N. Holbrook 2003).
As the stomatal opening also depends on the leaf water status,
it is itself influenced by the flow of water in the xylem (Damour
et al. 2010; Dewar 2002; Tuzet, Perrier, and Leuning 2003). An
important longer-term feedback loop involves the plant growth:
carbon and water flows regulate the partitioning of assimi-
lated carbohydrates between the different organs (and resulting
shoot-to-root ratio) (De Swaef et al. 2022; Lacointe and Peter
E. H. Minchin 2019). The growth will, in turn, indirectly influ-
ence the water and carbon fluxes in the soil-plant-atmosphere
continuum by changing plant transport network topology and
morphology (like the number of roots, leaf area, etc.) and with
this, its photosynthetic and water uptake capacities (Damour
et al. 2010; Chen et al. 2020; Galindo-Castaneda et al. 2022).

In this work, we present the latest implementation of CPlant-
Box, a 3D FSPM (Zhou et al. 2020), with PiafMunch (La-
cointe and Peter E. H. Minchin 2019) and DuMu* (Koch et al.
2021) coupling. The novel aspect of this CPlantBox implemen-
tation lies in the tight coupling with PiafMunch’s carbon flow
module, in the implementation of CRootBox modules (like
plant growth) (Schnepf et al. 2018) and in the addition of new
modules, such as the coupled photosynthesis—transpiration—
stomatal regulation (Tuzet, Perrier, and Leuning 2003; Bonan
2019) and water and carbon limitations on growth (De Swaef
etal. 2022; Schopfer 2006). While the earlier version of CPlant-
Box could simulate the effect of a static plant, soil and user-
defined transpiration rate on the plant water and carbon fluxes,
the new model can also simulate the influence of the plant water
and carbon fluxes on the soil water flow, the plant growth and
the stomatal regulation. The model can consequently represent
semi-mechanistically the interactions between the growth of a
3D plant (discrete structure) and the water and carbon fluxes in
the soil-plant-atmosphere continuum (continuum equations).
CPlantBox offers thus a generic and precise (high spatial and
temporal resolution) framework that can be used to test the in-
teraction between known or hypothetical processes (dynamic
of plant carbon and water uptake, flow and usage), and under-
stand the causes of emergent behaviours (exudation rate, carbon
partitioning). This new development of the model aims to be
user friendly and adapted to a wide variety of plant types. In this
paper, we present:

1. An overview of the equations implemented in the new
version of CPlantBox and the schemes used to solve them.
2. Anapplication of the model for a generic C3 monocot. The
parameters were set using experimental, literature and il-
lustrative data. The model was then implemented to look
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at the effect on the plant’s development of a dry spell of 1
week at different plant development stages.

2. MATERIAL OF METHODS
2.1. Description of the model

Figure 1 gives an overview of the different processes simu-
lated in CPlantBox. In summary: CPlantBox aims to represent
the soil-plant-atmosphere continuum and the interactions be-
tween those three domains. The environmental conditions are
represented by atmospheric forcing (Fig. 1A.1) and by the
soil water initial conditions. The soil water flow equations are
then computed during the simulation via the the open-source
simulation framework DuMu* (Koch et al. 2021) (Fig. 1A.3,
see Section 2.1.5). The plant domain is represented by a dis-
crete structure made of nodes linked by segments (Fig. 1A.2a,
see Section 2.1.2). The atmospheric, leaf boundary layer and
soil variables affect the stomatal opening, which regulates tran-
spiration (water sink) and photosynthesis (sucrose source)
(Fig. 1A.4, see Section 2.1.4 and Appendix C.3). CPlantBox sim-
ulates the resulting xylem water flow, lateral root (and leaf ) fluxes
and soil-root water exchanges (Fig. 1A.6, see Section 2.1.4).
CPlantBox simulates likewise the resulting mesophyll and sieve
tube sucrose flow (Fig. 1A.S, see Section 2.1.4). The sucrose dy-
namic is also influenced by the sucrose usage (or sink), which
yields the plant water- and carbon-limited growth, respiration
(linked to maintenance and growth) and sucrose exudation
(Fig. 1A.7, see Section 2.1.4).

The CPlantBox modules have the following dependency or-
der: plant growth < plant water flow < photosynthesis—stomatal
regulation < plant sucrose balance. Therefore, it is possible for
the user to run only the lower-level modules (e.g. plant growth
and water flow). Likewise, the user can choose whether or not to
run the dynamic soil water flow module.

The main differences between the CPlantBox version pre-
sented by Zhou et al. (2020) and the current version are pre-
sented in section 2.1.1.

In the following sections, we define how plants are repre-
sented as a discrete structure in the model (Section 2.1.2).
Following this, the equations of the implemented modules are
listed (Sections 2.1.2-2.1.5). Finally, we describe the computa-
tion loop (Section 2.1.6). The schemes used to solve these con-
tinuum models on the discrete plant structures are presented in
Appendix F and a sensitivity analysis of the water-related mod-
ules and carbon-related modules are presented in Appendix G. A
definition of the water potential components and of the conduc-
tance or conductivity variables used in this paper as well as their
notations are given in Appendix A. Tables presenting the lists of
symbols used with their respective units and (when applicable)
values can be found in Tables S1-SS and Table Al.

2.1.1. Comparison with the former CPlantBox implementation

The functional-structural plant model CPlantBox was first pre-
sented by Zhou et al. (2020). The differences between the ver-
sion of Zhou et al. (2020) and the current version of the model
are presented in Fig. 2.

In summary, the following modules were added or adapted
compared with the original model: (i) the plant meristems can
be intercalary, as opposed to apical only (see Section 2.1.3);
(ii) water- and carbon-limited growth were implemented (see
Section 2.1.4); (iii) the pre-existing xylem water flux analytical
solver (Meunier et al. 2017) was expanded from the root to
the whole plant and implemented (see Section 2.1.4); (iv) the
implicit numerical solver Piaf Munch (Lacointe and Peter E. H.
Minchin 2019) for phloem flows driven by hydrostatic pres-
sure gradients was adapted for tight coupling to CPlantBox (see
Section 2.1.4); (v) the DuMu* PDE solver (Koch et al. 2021)
simulating soil water fluxes with a cell-centred finite volume
method (see Section 2.1.5); and (vi) a coupled photosynthe-
sis (FvCB)-stomatal opening (Tuzet, Perrier, and Leuning 2003)
was added (see Section 2.1.4).

The tighter coupling between CPlantBox and PiafMunch
leads to a higher computation speed and simpler implementa-
tion for the end user. Moreover, the changes done to the Piaf-
Munch code allow its implementation with a dynamic (growing)
plant.

2.1.2. Structure of the plant

Figure 3A.1 presents a conceptual plant, which is defined as
an ensemble of organs. We consider the organs: ‘seed) ‘oot
‘stem’ or ‘leaf’. The organ class could be extended to include
also other organ categories like, for instance, flowers or fruits.
The shape variables are defined with subscripts: seed, root, stem,
leaf, st (sieve tube tissues), x (xylem tissues), seg (segment), org
(organ), sheath (leaf sheath) or blade (leaf blade).

As represented in Figs. 1A.2a and 3B, plant organs are seen
as a series of cylinders (root or stem segments) or cuboids (leaf
segments).

As shown in Fig. 3C, the conceptual plant topology is repre-
sented in a discrete way in CPlantBox using graph formalism:
the organs are made of 1D segments, which are defined by their
begin and end nodes (directed tree). Each node has 3D coordi-
nates. The orientation of the segments has an effect on the sign of
the inner plant flows Appendix F.1. CPlantBox stores one mean
value per segment of each variable defining the plant’s morphol-
ogy, like cylinder radius (or cuboid thickness) a, and cuboid
width w, bothin centimetres. Although the sieve tubes and xylem
tissues are not explicitly represented, their data are also stored,
for instance: number of xylem vessels per cross section (n,) and
radius (a, ). This allows us to directly use or compute at run time
the necessary plant variables.

More information regarding the plant conceptual shape and
the related equations can be found in Appendix B.

The plant growth rate can either follow an empirical func-
tion or, when the water and sucrose modules are run, the water-
and sucrose-limited growth rate (rcyim in cm day '), can be
used (Fig. 1A.2b). The equations used to compute 7y, are
presented in Appendix 2.1.3. In brief, the initial potential (max-
imum) organ growth rate is user defined. CPlantBox then com-
putes the current potential organ growth rate, the limitation
caused by the symplast turgor pressure (¥}, gymplasm in hPa) and
by the supply of sucrose. This yields rcwiiy,, the actual growth
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(A) graphical overview. The water content and flow are defined along the segments. The sucrose
concentration and sink or source rates are defined for each plant node. Growth-related sinks can occur
in all meristem nodes, maintenance can occur in all nodes, and exudation can occur in all root nodes.
Assimilation can occur in all leaf-blade nodes.
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— Atmospheric conditions (1) influence the model via the atmospheric water potential ea,,, temperature T, , the incoming light PAR, and
CO2 concentration on the leaf surface cy,;

— The plant structure affects the segment shape data and node’s 3D position and the sucrose demand for growth. It is affected by the
water- and carbon-limited growth G, cwiim (7)

— Soil water potential i, 5011 (3) and xylem water potential 1, , (6) are linked via the root water uptake rate jia(x—soil
Wy, x (6) and stomatal opening gi,20,stomata (4) are coupled via the outer-xylem water potential ;. o, and leaf transpiration rate jia¢x—atm

— The sieve-tube sucrose concentration s, (5) is influenced by the xylem water potential s« (6) and the gross assimilation rate A (4)
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Figure 1. Representation of the domains and processes simulated within CPlantBox.
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(A) Former version of CPlantBox (Zhou et al. 2020)

Tight coupling
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(Lacointe 2019)
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Plant growth
4= Soft coupling #» (Zhou 2020)
1
BEEREEEET 1
Root water flow ' 1
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Plant water flow

Soil water flow
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balance : (Meunier 2017) | (Koch 2021)
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(B) Current version of CPlantBox (this paper)

Tight coupling

DuMu*-rosi

CPlantBox

PiafMunch

Pla:: |:l:|cc?se Plant growth
(Lacointe 2019) {zhos2020}

DuMuX
FerBg-:lt:g;antal Plant water flow Soil water flow
(Tuzet 2003) (Meunier 2017) (Koch 2021)

Figure 2. Evolution of CPlantBox within the DuMu*~ROSI interaction framework. Representation of (A) the former and (B) current versions
of CPlantBox. The main changes include an expansion of the root water flow module to shoot organs, implementation of a photosynthesis
(FvCB) and stomatal opening module, and adaptation and implementation within CPlantBox of a phloem flow module. The tighter coupling
between the phloem and plant module allows us to use the CPlantBox water module and the DuMu* soil flow module.

rate. This growth is represented via the elongation of existing
segments or via the creation of new segments.

The lateral growth of the xylem and phloem tissues can be
represented by setting a time-dependent axial conductance, lat-
eral conductivity as well as a time-dependent cross-sectional area
of the phloem vessels (Ao in cm*). We neglect the elastic
(reversible) variation of the tissue volumes (v in cm?) according
to the turgor pressures (3, in hPa).

The explicit representation of the plant segment and their
growth in CPlantBoxis presented in more detail by Schnepfetal.
(2018).

2.1.3. Maximum and carbon- and water-limited growth rate

Tmax,org (cm? day™!) is the maximum irreversible growth rate of
the organ’s growing zone when the cell’s symplast is at full tur-
gor and the xylem is at the reference water potential (¥,, =
0). To compute the carbon need for growth ( Gy may mmol su-
crose day '), we first divide this growth demand between the
nodes of the segments within the growing zone (using the di-
mensionless fienoem factor). The water-limited growth rate (ryyyip, ;s
in cm® day™") and carbon need (G i, mmol sucrose day ™)
are computed for the node i as follows:

"Wlim,i = rmax,org X fw2 X flength ( 1 )

_ max(lpp,symplast’ zl)p,crit,Z) - ¢p,crit,2 (2)

w2 —
_¢o,symplast - z)bp,crit,Z
vtend’org - vtiniuorg vtend,OYg:Chﬂd - vtinjt’ornghild
r =
max,org — —
’ tend tinit tend tinit

)

Py symplast (cm) is the turgor water pressure within the symplast
of the cell. 1, ¢, is the minimum symplast turgor potential

below which no growth occurs (the ‘wall yield threshold’). We
assume that the aploplast has the same water potential values
as the xylem tissues and that the permeability of the membrane
between the apoplast and the symplast is high: §; ool

Dt apoplast = Prx (De Swaef et al. 2022; Schopfer 2006). We thus
obtain P, s mplast = Pex — Po,symplast- Also, we do not represent
the osmotic regulation to drought. Therefore, we consider that
the osmotic water potential in the symplast ) is constant.
fu increases consequently linearly with 9, ...

As we neglect the elastic flexibility of the cell walls, Equation
(2) is conceptually similar to Zubairova et al. (2016, Equa-
tion 6). To facilitate the calibration from empirical data, we
normalized the gradient between ), o1 and P, crie 5 to obtain
the dimensionless f,,, which can be multiplied by .4y org- The
variation of 1,y o,y according to a negative exponential function
(Schnepf et al. 2018; Zhou et al. 2020) can be used to represent
implicitly the variation of the irreversible wall extensibility.

The volume of the organs according to their length can be
computed from the formulas given in Appendix B.

Vorgchild corresponds to the volume of the child (lateral) or-
gans attached to the node i and which are too small to be explic-
itly represented in the plant structure. They, therefore, use the
sucrose of parent organ’s node they are connected to.

As shown in Fig. 4, the growth zone (lgrowingZOne
roots is located at the organs’ tip (Bramley 2006), while the
leaf-growing zone is within the first centimetres at the base
of the leaf (Zubairova et al. 2016). For the stem, the grow-
ing zone is within the growing phytomer (Kirby 1988). These
growing zones correspond to the organ nodes where G >0.

Therefore:

o0,symplast

in cm) of

tot,max

I

segNgrowingZone
flength = ]

(4)

growingZone
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(A) Plant topology (B) Plant morphology
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(C) Discretized plant structure

Shoot Node data
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Segment data

(@ )
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number of xylem
vessels...

CPlantBox representation

Figure 3. Representation of a conceptual plant’s topology (A), the morphology of its organs (B) and its discretized representation in
CPlantBox (C). The plant topology is represented by the nodes’ 3D coordinates and by their connections (segments). The morphological data
are stored in arrays with one value per segment. Note: For better visibility, the cross section of the xylem and phloem vessels is not at the scale
of the organs’ cross sections.
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=0

lgrowingZone

< linternodal

' linternodal

seed

1]

_End
segment

7

©)

Apical or intercalary meristem. (G¢ot max > 0)

Node carrying a lateral too small to be
represented (G¢ormax > 0)

Segment with length lsq € [dXmin, AXmax])
Segment of organ or phytomere which have

reached their maximal length (contain no
meristem)

Figure 4. Location of a plant’s meristems (red-filled points, first item of the legend). Roots have apical meristem. Leaves have intercalary
meristem at their base. Stems with internode longation have intercalary meristems in each phytomere. These meristem nodes are carbon sinks
used in the sucrose flow module. When segments with meristems are too small to be represented (lseg < dx;), like for small laterals or end

segment of organs, the nearest node is used as carbon sink (points with red outline, second item of the legend).

With |
growingZone*

After running the phloem module, the water- and carbon-
limited growth rates (rcwym,, cm® day™') for the node i are
computed as follows:

the part of the segment which is within

segNgrowingZone

_ Gtot,CWlim,i XY (5)
Ps

T CWlim, i

with p, (mmol sucrose cm™) the plant tissue sucrose den-
sity, Y (—) the efficiency of the plant sucrose usage for
growth. Gy,; (mmol sucrose day™') is the actual (carbon- and
water-limited) plant sucrose usage rate for growth and growth-
related respiration given by the sucrose module (see Equa-
tion(54)). rcwlim,; of the nodes in the growing zone (cell division
and cell elongation) will then be used by CPlantBox to simulate
the organ growth.

For leaves and stems, this representation creates a small
growth compensation (artificial carbon flow) within the organ’s
growing zone (first centimetres of the leaf or growing phytomer
of the stem). For example, carbon used for growth at the start
of the growth section can lead to an elongation at the end of the
growth section.

A precise description of the methods used in CPlantBox to
create segments and define their orientation is presented in
Schnepf et al. (2018). In brief, each time a new node is added,
the tropism (resp. bending) function is called TropismN (resp.
bendingN) times. Sets of & and 8 (rad) angles are drawn from,
respectively, a normal distribution with zero mean and standard

deviation TropismS (resp. bendingS, in cm™') and a uniform
distribution between 0 and 277. The o and f8 set leading to the
optimization of the tropism (resp. bending) function is kept (see
Fig. 5.1).

Some functionalities were added in the new version of CPlant-
Box. It is now possible for existing nodes to be shifted (see
Fig. 5.2), elongating thus the length of the prior segment. For in-
tercalary meristems, this leads to the shift of all the subsequent
nodes. In such cases, the directions of the following segments are
re-computed.

2.14. Functions within the plant

Stomatal regulation, photosynthesis, and transpiration  In the fol-
lowing section, we present the FvCB-stomatal regulation mod-
ule (see Fig. 1A.4) (Farquhar, Caemmerer, and Berry 1980;
Leuning 1995; Tuzet, Perrier, and Leuning 2003). Transpira-
tion and photosynthesis outside of the leaf blades were ne-
glected. Outputs include (i) the net assimilation rate (4, in
mmol C cm™2day™!), which is the source term used by the su-
crose flow module (see Equation (41)), and (ii) the leaf outer-
xylem water potential (3, ,, in hPa), which is used by the xylem
module (see Equation (30)).

Leaf transpiration rate and stomatal hydraulic conductivity ~As
presented in Fig. 6, the water vapour has to go through sev-
eral compartments, defined by their respective conductances
gm,0,y (mmol em™ day™'); with Y standing for the outer-
xylem pathway to the stomata (ox), the stomata (stomata), the
leaf boundary layer (bl), the canopy above the leaf (canopy),
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(A) t = tine: Lateral organ

lseg € [dxmint dxmax] f

\

lseg = dXmax

lseg € [dxminv dxmax]

— —
—_—
—
—_—
—_—
— —
—

direction segment i

(B) t = t1: segment elongation

lseg € [dxminr dxmax]

o
~

direction segment j

Figure 5. Growth of the discretized plant structure. (A) All segments have a length I, > dux,y;,. (B) All segments are elongated until reaching

lie = dx,,, unless the internodal distance is reached beforehand. Segments of length I, < dx

seg

seg ‘min are not represented. (C) Once a segment

has reached its maximum length, the organ is further elongated by adding a new node. The position of the new node is selected according to the
result of the tropism (roots) or bending (shoot) function. Adapted from Schnepf et al. (2018, Figure A1)

or the air between the top of the canopy and the point of
measurement (atm). The total conductance between the outer
xylem compartment and the point of humidity measurement
(8,0,0xatm in mmol cm™ day™") is obtained by analogy with
electric resistances in series:

— (.1 -1 -1
8H,0,0xatm = (gHZO,ox + gHZO,stomata + gHZO,bl

-1
—1 —1
+gH2 O,canopy + gHZO,atm) (6)

g;zlo » includes the resistances of different leaf elements, such
as the mesophyll. The computation of gy, 0 stomata A0d g1, 0,0
are presented in Section 2.1.4. The evaluation of the other H,O

conductances is presented in Appendix C.3.

The area-specific water vapour flow rate (ji, oy.qtm in cm® cm ™2

day™!) corresponds to the water flow from the outside of the
vascular bundle sheath to the point of measurement of atmo-
spheric variables. It is obtained from Fick’s law applied to ideal
gases (Tuzet, Perrier, and Leuning 2003; Nobel 2009¢):

MmHZO

Jlat,ox-atm —

€doy — €datm
p

X gHZO,ox-atm X (

pHZO atm

(7)

With Mmy o (kg mmol™") and py, o (kg cm™), respectively,
the water molar mass and density, ea (hPa) the actual vapour
pressure, P, (hPa) the atmospheric air pressure. ea,, can be
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jl,x—atm

Laminar
layer

Turbulent layer

Figure 6. Water flow between the leaf xylem and the point of humidity measurement. The numbering of the image sections was kept identical
to those presented in Fig. 1A. The xylem total water potential (), ) varies along the plant segments while each segment has one mean

outer-xylem water potential (¥, ).

obtained from %, ,, using Equation (C6). We do not represent
the variations in water storage along the evaporation pathway.
We have Consequently: jlat,ox-atm = jlat,x-ox = jlat,x-atm' All the
elements of the considered leaf tissue are at the same height
(l,bg’oJC = l,bg’x) and we neglect the xylem osmotic potential
(Po,1)- Pp,ox can therefore be obtained from

jlat,x-atm
z)bp,ax = znbp,x - k (8)
lat,x
with ky, , the lateral conductivity of the vascular bundle sheath
(cm hPa™" day™"). The exact method used to compute 1, ,, is

presented in Equation (F33).

Carbon assimilation  In this section, we present the evaluation
of A, as limited by the rate of carboxylation by Rubisco (F, in
mmol C cm™*day™!) and by the rate of RuBP regeneration via
electron transport (F] in mmol C cm™2day ™).

Rubisco activity at the sites of carboxylation F~% .« (mmol cm™2
day™!) corresponds to the maximum F, for T = 298.15 K.
Qian etal. (2021) defined F2;,,, according to the leaf chlorophyll
content (Chlin mmol cm™2):

Fonax = kg X Chl + ky,p, )

with k., and k,;, fitting parameters representing the empiri-
cal relationship between Fry,, and Chl. k,,; and k,, can be set

according to the assimilation rate when F, is limiting for photo-
synthesis. Chlis currently an input parameter and can be used to
represent the effect of plant nitrogen uptake.

F.nax (mmol cm™ day™') is the maximal F, (mmol cm™

day™') at a temperature T:

2

F

cmax

=F2.« X Arrhenius (Tseg, E,,
X Templnhib (T g Ey,) (10)

E,, and E;, (m] mmol™") are, respectively, the activation and
deactivation energy for F.,. Arrhenius(Tseg,Ea,V) represents
the result of the Arrhenius function (see Equation (C7)) and
Templnhib(Tyq, E;,) represents the result of the temperature
inhibition function (see Equation (C8)).

F. is affected by '+ (mmol CO, mmol air™!), the CO, com-
pensation point (equilibrium CO, level reached when A,=0) in
the absence of mitochondrial respiration (Ry in mmolcm ™ d~').
I+ and R are obtained from Equation (C9).

F. follows a Michaelis—Menten function and depends on the
CO, and O, molar fractions in the substomatal cavity, respec-
tively, ¢; (mmol CO, mmolair~') and o; (mmol O, mmol air~™").

F, can then be computed using Equation (11):

¢, — I'*
cmaxx ’ ’0 (11)

F,. = max|F,
Ci +MCOZ (1 + ]\:iz)
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With Mco, and M,, (mmol mmol~") the Michaelis coefficients
for, respectively, CO, and O, (see Equation (C9)). The compu-
tation of ¢; is presented in Section 2.1.4.

Electron transportrate ], ezs(mmol cm™2 day~!) is the the max-
imum electron transport rate for T = 298.15 K. It is assumed to
be proportional to F% . (Tuzet, Perrier, and Leuning 2003):

] el%nsax = kjmaxF grsnax (12)

With ki (—) aset coefficient which can be defined according to
the light saturation point for photosynthesis under well-watered
conditions. Je,,, (mmol cm™ day™!) is the the maximum elec-
tron transport rate and is computed with the following equation:

Jemax :]erznsax X Arrhenius (Tseg, Ea,]-)
X TemplInhib (Tseg, Ed,j) (13)

with E, ; and Ey; (m] mmol™"), respectively, the activation and
deactivation energy for Je,,..

We can then obtain Je (mmol cm™ day™!), the electron
transport rate for a value of photosynthetically active radiation
absorbed (PAR in mmol photons cm ™2 day™):

wJe* — (aPAR + Je,,.) Je + aPAR X Je,... = 0 (14)

with @ (—) a parameter that determines the shape of the
parabola and & (—) the quantum yield of whole-chain electron
transport.

Je corresponds to the smaller root of the quadratic equation
(Bonan 2019):

Je =

aPAR+ ]em—\/ (QPAR+]epny)” —40APAR]e s

(13)

2w
From Je, we can compute F;:
Je  —Tx >
F = — X —, 16
/ max<4 ¢+ 2l (16)

Gross and net assimilation rates  The gross and net CO, assimi-
lation rates (respectively, A, and A, in mmol cm™ day™") cor-
respond to the quantity of sucrose gained by the plant per unit
of leaf exchange surface and time. They are computed from F,
(Equation (11)), F; (Equation (16)) and Ry (Equation (C9)):

A, = min (F,, F)) (17)
A, =A,—Ry (18)

A, is then used as source term for the sucrose flow (see
Section 2.1.4). When A, < Ry we have a negative sucrose
source in the mesophyll (see Equation (41)). In such cases, R, is
also limited by the amount of sucrose available in the mesophyll
and can be lower than the value obtained from Equation (C9).

Leaf water and CO, conductance The molar conductances of
the domain Y to CO, and H, O (respectively gco, yand gy o,y in
mmol cm~2day ') correspond to the flow of gaseous CO, (resp.
H,O) per unit of CO, concentration (resp. water vapour pres-
sure). gcoa stomata depends on the gradient between ¢; and the
CO, compensation point (I in mmol CO, mmol air™!). T is
obtained from Equation (19).

T % +Mco, R (1 + = )/chax
= = (19)
1 — Ry/F,

cmax

A low 1, ,, will lead to lower gco, stomata a0 gp1, 0,05+ This re-
sponse is represented empirically via a dimensionless water

scarcity factor (f,;):

l + ekfwl wt,crit,l

fwl :fwlr + (1 _fwlr) (20)

1 + ekfwl(wt,crit,l_‘[:bt,ox)

with 9, e ; (hPa) the critical water potential. kg,; (=) is a sen-
sitivity parameter. A higher value of k;,; leads to a stronger vari-
ation of f,,; around ¥, ;. , whereas a lower value leads to a more
gradual response.

8H,0,0 (mmol cm™2day™!), the conductivity to water of the
pathway between the xylem membrane and the substomatal
cavity, is computed from its maximum value (gHzo,ox’max, as-
sumed constant) and the water scarcity factor f, ;: 8H,0,0
&H, 0,0x,max ><fwl .

8H, 0,stomata 20 80, stomata ar€ computed following the model
of Tuzet, Perrier, and Leuning (2003):

gHZO,stomata = g2,stomata X gCOz,stomata (21)
kA
_ gl4in
gCOz,stomata - gO,COZ,stomata + ¢ —T ><fwl (22)
i

with gy co, stomata (mmol cm~2day™!) the residual stomatal
opening. kg, accounts for the H,O to CO, ratio of molecu-
lar diffusivity—kp gomata = 1.6 (Tuzet, Perrier, and Leuning
2003). As opposed to the model of Leuning (1995), the model
of Tuzet, Perrier, and Leuning (2003) model uses ¢; and not ¢
(mmol CO, mmol air™!), the CO, molar fraction at the leaf
surface. Indeed, ¢; was shown to have a stronger influence on
80, stomata (Damour et al. 2010). k1 (—) is a fitting parameter
representing the effect of A, on gco, stomata- It can be computed

from the expected = ratio when f,; = 1 using Equation (26)
bl
presented in the next section.

Substomatal CO, molar fraction  Following an Ohm’s law adap-
tation of Fick’s law of diffusion, ¢; (mmol mmol™!) can be calcu-
lated with the ‘CO, supply function’ (Damour et al. 2010; Dewar
2002):

An
P = Cam — (23)

gCOZ,stomata-atm

C

with ¢,y (mmol mmol™!) the CO, molar fraction at the point
of measurement. However, when A, is low, our fixed-point iter-
ation solving scheme (see Section 2.1.6) does not converge and
gives unrealistic c; value (¢; < 0 or¢; > ¢;). For this reason,
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similarly to Dewar (2002), we use the CO, molar fraction on the
leaf surface (c;; in mmol mmol™1).

il (24)

G=C—
gCOZ,stomata

With ¢;; an input parameter.
We then combine Equations (22) and (24) and we neglect

gO,COZ ,stomata *

G = kglAnA—n (25)
¢—T X fur

o coikgifur + T (26)
! 1+ kgifur

If we assume that ¢;; and k,; are set parameters and I' < ¢y, the
¢; value then mainly depends on f,,; (—), the water scarcity fac-
tor of the stomatal model. This follows field observations, where
s usually seen to be constant, except in case of water scarcity

Ci
(Damour et al. 2010).

Xylem water flow Darcy’s law is seen as a good approximation
to compute the axial flux of water in the xylem (J,,,  in cm® d™")
(Roose and Fowler 2004). Moreover, we assume that the xylem
solution has physical characteristics similar to that of pure water.
We, therefore, neglect 1, (hPa), the xylem osmotic potential.
We thus have ¥, , = 9, . + P, ,, with 1, , the total xylem solu-
tion potential, 1, .. the xylem hydrostatic potential and ¢, , the
gravitational potential, all in hPa. For a straight xylem segment,
we obtain:

Y, 5¢g,x) ’ (27)

]ax,x = _Kax,x (? + a%-
allbt,x

]ax,x = _I<ax,x ag ’ (28)
T o
K., = X 4 2
ax,x S,UHZO zl ax,, ( 9)

K, (cm*hPa~'day™") is the xylem intrinsic axial conductance
and & (cm) corresponds to the local axial coordinate of the plant.
Mp,0 (hPa day) is the temperature-dependent viscosity of pure
water. a,; (cm) is the radius of the xylem vessel number i in the
segment cross-section and n, is the number of xylem vessels in
the cross-section.

The sink and source for water are given by the lateral water
flow (jlag .oue in cm day™"), which corresponds to the xylem-soil
(jiat,x-s0i1) OF Xylem-atmosphere (ji,; y oum ) Water exchange:

jlat,x»soil = klat,x(’vbp,x - l)bm,sojl), ifroot
jlat,x-atm = klat,x(zpp,x - Ipp,ox), ifleafblade,
(30)

j lat,x-out — {

where ki, (ctm hPa™" day™") is the lateral hydraulic conductiv-
ity of the root cortex (for roots) or of the vascular bundle sheath
(for leaves). ¥, ;1 is the soil matrix water potential in hPa.
Y, s0il 18 given by the soil water flow module (see Section 2.1.5)
and 9, ,, is given by the FvCB-stomatal regulation module (see

Section 2.1.4, Equation 8). CPlantBox offers several options
for setting ky , and K, (constant, age dependent, organ type
dependent, etc.). ji,  oue > Orepresentsawaterloss for the plant.

We do not currently represent the effect of cavitation on the
xylem conductivity. Likewise, we do not represent the effect of
the water flow between the phloem and the xylem on the xylem
water balance. This lateral water exchange is very low when com-
pared with the xylem flow during the day (Zhou et al. 2020;
Windt et al. 2006; Holtt et al. 2006, Fig. 2B). However, because
of this simplification, we cannot simulate the ‘Miinch’s coun-
terflow” (xylem water flux driven by the phloem water flux) al-
though it is the main force driving the xylem solution at night
(Zhou et al. 2020; Windt et al. 2006; Holttd et al. 2006, Fig. 2B).
However, this flow remains low and has a limited effect on our
output variables of interest (transpiration rate, growth rate and
carbon partitioning).

We neglect the variation of water storage in the plant. The
mass balance gives the following driving equation for the xylem
solution flow (see Fig. 1A.6):

_K azltbp,x
ax,x azg
0Py,
¢

with p.. (cm) the perimeter of the plant exchange zone, Q
the domain considered (here the plant), and 9Q, the do-
main’s boundary (here the tip or end node of each organ).
Thus, the soil (Section 2.1.5, Fig. 1A.3), xylem (Fig. 1A.6), and
photosynthesis-stomatal opening subproblems (Section 2.1.4,
Fig. 1A.4b) are coupled via Equation (31).

= TPseg X jlat,x—out for Q\3Q, (31)

= 0 for dQ(all organ end-nodes) (32)

Sucrose balance  In the following section, we present the equa-
tions defining the plant sucrose dynamic (Fig. 1A.S), yielding
the sucrose concentration in the sieve tube (s in mmol su-
crose cm™3) and in the leaf mesophyll (s, in mmol su-
crose cm™2). The flow and concentration of sucrose in other
tissues (such as the parenchyma) are not explicitly represented.
The module also yields [F,,] (mmol sucrose cm™3day™!), the
sy loss rate, which gives the exudation rate and the plant water-
and carbon-limited growth (see Section 2.1.4).

Sucrose in the phloem  Similarly, to Section 2.1.4, we compute
Jux.st (cm® day™!), the sieve tube axial solution flow, by imple-
menting Darcy’s law (see Equation (27)). We therefore obtain
(M. Thompson and N. Holbrook 2003):

a¢p,st ang,st
LT )

T gt
Kux,st = % X 2 a:t,i X B (34)

]ax,st = _Kax,st<

K,y (cm* hPa~'day™") is the sieve tube axial intrinsic conduc-
tance and 9, (hPa) is the sieve tube hydrostatic pressure.

U (hPa day) is the viscosity of the sieve tube solution and
it is computed from the temperature and sucrose concentration
according to the method of Mathlouthi and Génotelle (1995,

20z Arenuer g0 uo Jasn uieano Jo AlsiaAlun aloyie) Aq /86+22./600PBIP/Z/S/a111e/s1uejdooljisul/woo dnoolwepese//:sdiy woll papeojumod



12 . Mona Giraud et al.

Equation (6.29)) as implemented by Lacointe and Peter E. H.
Minchin (2019). ay; (cm) is the radius of the sieve tube num-
ber i in the segment cross section and ng is the number of sieve
tubes in the cross section.

Following the recommendation of M. Thompson and N. Hol-
brook (2003), we added the parameter 8 (—) to the compu-
tation of K, ; to represent the ratio of axial conductance with
sieve plates to that without. 8 can be evaluated via empirical
data or from images of phloem and sieve plates (M. Thompson
and N. Holbrook 2003). This parameter is not needed for the
xylem tissues as the openingin its cells’ end walls are much larger
(Nobel 2009a). CPlantBox offers several options for defining a
(constant, organ type dependent, etc.).

We assumed water equilibrium between the xylem and
phloem Appendix D for more explanations]. We therefore
obtain:

¢t,st = ¢t,x (35)

We assume that there is a semi-permeable membrane (perme-
able to water but not to sucrose) between the phloem and the
xylem. The total potential in the phloem, 3, 4, is equal to the
sum of sieve tube solution’s hydrostatic (¥, , hPa), gravitational
(l,bg,st, hPa) and osmotic potential (¢}, ;, hPa). We consequently
obtain:

Z)bp,stt + gbg,st = I)bt,x - ¢o,st (36)

We consider that sucrose makes up the largest fraction of so-
lutes in the sieve tube solution (De Schepper et al. 2013). The
1, can, therefore, be computed according to van’t Hoff rela-
tion: P, 4 = —RT g8 With T, the segment’s temperature in
K. As explained by Hall and P. E. H. Minchin (2013) and Cabrita
(2011, Section2.2.3.1), the van’t Hoff relation may not be appro-
priate when s, > 0.5 mmol sucrose cm™3. We kept nonetheless
that definition of 3, ; for this first implementation of the model.

Equation (33) becomes:

a¢t,x asst
]ux,st - _I<ax,st( ag + RTseg ag ) (37)

Using the relations defined above, we do not need to solve
another equation for ¢, ;, but can at all times compute it from
other known state variables, namely %, (see Equation (31))
and s.

Assuming then that sucrose is transported within the phloem
by advection only, with no lateral gradient, constant initial con-
ditions and no-flux boundary conditions, we obtain:

5sst 5 65 t a¢tx
— + = K RT,. — + —=
at + ag <Sst>< ux,st( seg ag + ag )
Ostarch

— [Fy] + [Foue] + % = 0for Q\9Q, > t,, (38)

Ssp = S0 fort = ty, (39)
655 a¢t,x

&M(Rn%5?+ a§)=0ﬁn&2 (40)

with [F,,| and [F,,.] (mmol sucrose cm™3d™"), respectively, the
source and sink of s, (see Sections 2.1.4 and 2.1.4, respectively),

starchy, (mmol sucrose cm™3) the concentration of starch in the
sieve tube (see Sections 2.1.4), and t, the time at the beginning
of the simulation.

Sucrose in the mesophyll Like sy, we solve s, (mmol su-
crose cm ™), the sucrose concentration in the leaf source com-
partments (considered to be the mesophyll cells). As repre-
sented in Fig. 1A.5a, A, is obtained from the photosynthesis
module (see Section 2.1.4) and leads to a variation of s, .. Then
occurs an active phloem loading from the mesophyll to the sieve
tube ([F,,] in mmol sucrose cm™> day™') (De Schepper et al.
2013), defined according to Stanfield and Bartlett (2022). We
do not simulate axial flow within the mesophyll compartments.
In summary:

OSmeso~ Ap Phlade X 1 Ostarch, e,
a = l—;pbld —[Fin]—a—, fOI't> t()
t Vmeso t
(41)

Smeso — Smeso,O fort = tO’ (42)
i N

[Fin] = omax meso X e_ﬁmesosst (43)
Vst Mmeso + Smeso

Poiade (cm) and v (cm?) are, respectively, the leaf blade
perimeter and mesophyll volume. The factor 12 allows us to
go from mmol C d~"' to mmol sucrose d~'. F,, ., (mmol su-
crose day ') is the maximum loading rate into the sieve tube,
Bueso (—) is a factor indicating the strength of the s, down-
regulation for loading. M., (mmol sucrose cm™) is the
Michaelis—Menten coefficient for the sucrose loading. starch,,,
(mmol sucrose cm™3) is the concentration of starch in the mes-
ophyll (see Sections 2.1.4). When A, < 0, the sucrose in the
mesophyll is used for mitochondrial respiration (R, see Equa-

tion (C9)).

Sucrose storage 'We represent the storage of sucrose as starch
(Starch,x in mmol sucrose cm ™) via Equation (44), taken from
Lacointe and Peter E. H. Minchin (2019):

aSt(lY'ChX _ Fmax,starch,X X sx
ot Mstarch,X + Sx

+ ktarg,starch,X (SX - Starg,X) (44)

with the X subscript standing for st or meso. As Lacointe and
Peter E. H. Minchin (2019) explained in their paper, this equa-
tion allows the user to represent several dynamic. A Michaelis-
Menten synthesis dynamic can be represented by setting a
non-zero (i) maximum value of starch synthesis (Fpay carch,x i
mmol sucrose cm ™ day~') and (ii) Michaelis constant (M, x
inmmol sucrose cm ™). Relative starch hydrolyse rate is given by
Kisyd starch, x (d71). Starch metabolism is dependent on a target sy

- khyd,starch,X X StarChX

(Starg,X in mmol sucrose cm™3) if the related constant k
(d™1) is not null.

targ,starch,X

Sucrose usage In this section, we present how to compute the
maximal or water-limited sucrose usage rates for each sink cate-
gory. From this, we obtain the total sucrose sink term ([F,,] in
mmol sucrose cm > day™!) used in the s balance equation (see
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Equation (38) and Fig. 1A.7). We also present how [F, ] is used
to compute the realized (sy-limited) sinks (Fig. 1A.2b).

In the plants, s, can be used for growth (Gr, in mmol su-
crose day '), root exudation (Exud, in mmol sucrose day™")
and respiration (Dilkes, D. L. Jones, and Farrar 2004; J. H. M.
Thornley and Cannell 2000; Galindo-Castafieda et al. 2022).
sq respiration can be divided in two conceptual categories:
growth respiration (R, in mmol sucrose day™'), which is
linked to Gr, and maintenance (or residual) respiration (R,,,
in mmol sucrose day™'). This conceptual representation fol-
lows the growth-maintenance paradigm (Roux et al. 2001; J. H.
M. Thornley and Cannell 2000; Amthor 2000). Other sucrose
sinks, notably starch synthesis, are not represented (discussed
in Section 4.3). Each carbon sink X (mmol sucrose day ') can
also be given in concentration units (with [X] in mmol su-

X with vy (cm?) the

crose cm™2 day™!), obtained from [X] = =,

s

volume of the sieve tube.

Exudation The root exudation rate (Exud, in mmol su-
crose day™!) is assumed to be a passive process (Galindo-
Castafieda et al. 2022), dependent on the lateral sucrose gradi-
ent:

Exud = klat,st X pseg XX max(s;t — Ssoil> O) (45)
S;t = mm(sst — Sst,min> O) (46)

with ki (cm d™') the lateral sieve tube conductivity for
sucrose. Similarly to k., CPlantBox offers several options
for setting ki, (constant, root order dependent, etc.). s,
(mmol sucrose cm™3) is the mean soil carbon concentration
in equivalent sucrose. [ (in cm) is the evaluated length. s i
(mmol sucrose cm™3) is the minimum sucrose concentration
below which no usage of sucrose occurs. This parameter allows
the user to define more easily a minimum sucrose concentration
to follow experimental observations and to respect the necessary
conditions for water equilibrium between xylem and phloem
(Appendix D).

Water-limited growth and growth respiration  The water-limited
(or potential) growth-related sink (Giowiim, in mmol su-
crose day™!) corresponds to the potential carbon used for
growth (Gryy,) and growth-related respiration (Rgr,Wlim)' Itis
computed as follows:

Gtot,Wlim = Rgr,WIim + GrWlim’ (47)

GrWlim = rWlimpsAcross,seg’ (48)
1-Y

Rgr,Wlim = GrWIimT (49)

with Y (=), the sucrose use efficiency for growth. o, (mmol su-
crose cm™3) is the volumetric structural carbon content of this
tissue in unit of sucrose. Across,seg (cm?) is the cross-sectional area
of the segment. ryyy, (cm d™') is the water-limited growth rate,
computed via Equation (2).

Maximal maintenance respiration R, .. (mmol sucrose cm™3
day™!) corresponds to the maximal (non-carbon limited) value
of R,,. It represents, for instance, the sucrose usage to replace the

structural carbon (re-synthesis), secondary growth, the phloem
leakage and futile cycles (J. H. M. Thornley and Cannell 2000;
Lacointe and Peter E. H. Minchin 2019). R,, .., is obtained
empirically from Equation (50):

T_Trefqlo
Ilm,max = 1)seg(f:)sk'ml + Sgt X ka) X Qlo 10 (50)
with vy, (cm?) the volume of the plant tissues. k,,y, K, are fit-

ting parameters defining R, .., according to, respectively, the
structural (for wall re-synthesis) and non-structural carbon con-
tents. Following the example of Gauthier et al. (2020), we added
the short-term effect of temperature on R, ., via Q10 (=)
and Tyefq10 (K) (Amthor 2000). Q10 is a coefficient which is
widely used in the scientific literature and which defines the
temperature sensitivity of chemical reactions: higher Q10 value

leads to steeper increase with temperature. T, ¢, o defines the ref-
T_Trefqlo
erence temperature: |Q10 10 |T:Trefq1 , = 1. As other mod-

ules are added to CPlantBox (like nitrogen uptake and flow),
their related respiration may be added to the computation of

Rm,max'

Sucrose-limited sinks [Fou ] (mmol sucrose em™ day™")
is the sucrose usage rate for growth and maintenance. It fol-
lows a saturation dynamic and is computed from the Michaelis—
Menten response function (Gauthier et al. 2020; S. Jones and
Cox 2019; Lacointe and Peter E. H. Minchin 2019):

Ss
——, (51

[Fout,MM] = ([Rm,max] + [Gtot,Wlim]) X 5;t +M

out

with M, the Michaelis—Menten coefficient. After adding the
passive Exud, we obtain [F, ] (mmol sucrose cm™> day™') the
total sucrose usage rate:

[Fout] = [Fout,MM] + [Exud] (52)

Ahigh increase in sy will only affect the maintenance and growth
rate if the sink cells are not saturated, while the exudation will not
be demand limited.

Fouevm gives us the value of [R,, ] and [ Gy cwiim | (mmol su-
crose cm™? day '), the realized sucrose usage rate for mainte-
nance and growth respectively:

[R,,] = min([R,, max]: [Foutpam]) (83)
[Gtot,CWIim] = [Fout,MM] - [Rm] (54)

Equation (53) indicates that maintenance has priority over
growth, which is a common assumption (Roux et al. 2001,
Fig. 1).

2.1.5. Soil water flow

aesoi .
The variation in soil water content ( a—l ) is computed, thanks to
¢

the DuMu* module (see Fig. 1A.3) using the Richards equation,
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which describes the movement of water in an unsaturated soil
(Richards 1931; Koch et al. 2021):

aesoi
Wl -V (Ksoil (esoil) (V¢m,soil + V¢ ,soil))
1 N
= \% Z (pl X li X jlat,x-soil,i) (55)

soil

with Z;V(p,- X 1 X fiat vsoili)y the root—soil water exchange for all
roots i in the considered soil domain (Neumann boundary con-
dition obtained from Section 2.1.4), V,; (cm®) the volume of
the considered soil domain, and %,,3(6,.;;) (in cm? hPa~! 1)
the soil conductivity for a specific water content.

The soil water content (6,,; in cm® cm™) and % ;(6,,;) are
obtained from the van Genuchten—-Mualem equations (Mualem
1976; Genuchten 1980):

6. .—0 .
esoil = er,soil-l_ cu V7501Lmi1 Mgoil if‘z)bm,soil<0
[l+ (asoillzpm,soill) ]
(86)
esoil = es,soilif¢m,s0ﬂ >0 (57)

Ksoil (esoil) = Koil (es,soil)
fgoil—1 ool ~s0il\ 2
(1_ (asoill¢m,soill) [1+ (asoi1|¢m,soil|) ] )

soi /2
[1+ (asoillllbm,soilD:Oil]m I

(88)
me,soil = z)bm,soil,O fort = tO (59)
1
Mgoi] = 1- (60)
Mol

with o,y (hPa™') a parameter related to the inverse of the
air-entry suction, f,; and mg; (=) parameters representing
the soil pore-size distribution, 6, and 6,y (cm® cm™?)
the saturated and residual soil water contents, %,.;(6; ioi) (in
cm?® hPa~! day™!) the saturated soil conductivity. We neglect
the effect of 9, ¢, and 9, (the osmotic potential in the soil and
in the xylem) on the flow. §,, ;i can thus be used by the xylem
module (Dirichlet boundary condition), see Equation (30). The
coupling between CPlantBox and DuMu* is made available via a
python binding within the root—soil interaction module DuMu*-
ROSI (Khare et al. 2022). The method for the soil discretization
and interface with the xylem flow is given in Appendix F.2.1.

We do no represent in this implementation the variation of
soil carbon concentration.

2.1.6. Numerical solution and computational loop

The numerical solutions of each CPlantBox modules and of the
DuMu* soil water flow module are described in Appendix F and
in Koch et al. (2021), respectively. Briefly, the soil water flow
is solved by a cell-centred finite volume method (CC-FVM)
(Koch et al. 2021). The xylem water flow is solved using the
hybrid analytical method of Meunier et al. (2017). The sucrose
balance (sucrose usage and transport in the sieve tube and meso-
phyll) is computed by discretizing the continuous equation into

a series of ODEs solved numerically (Newton iterations with
implicit time stepping) on each plant node (vertex-centred finite
volume method, VC-FVM) (Hindmarsh et al. 2005 ). The xylem
water flow and FvCB-stomatal regulation are computed together
via fixed-point iterations. For these two modules, an iterative
calculation of ¢;, Ay, 80,/ fiatx—outr Prox a0d Py, for each plant
segment is carried out (in that order). Convergence is said to
have been reached when the relative difference between two con-
secutive loops in each segment for each of these variables is be-
low 1% or when the absolute difference is below a set threshold.
The other modules are run sequentially at each user-defined time
step. The user can run all the modules at eachloop orincrease the
time step of some modules by running them every set number
of loops (operator splitting). The optimal time step for the data
exchange between the modules is strongly problem dependent
and to be selected by trial and error. Figure 7 gives a graphical
representation of the simulation loop and main exchange of data
between the modules.

2.2. System modelled

The model was calibrated for C3 monocots using experimen-
tal Appendix E.1], literature or illustrative data. The list of the
parameters, with their value and source, is given in Appendix E.2.

Notably, for this implementation, different kg 00 and
Kjat,x,root Were defined for each root order. Moreover, we set

klat,root,l > 0ifl € [0’ lrootExchange]

where [is the distance from the root tip and /g gxchange = 0.8 cm.
This means that root water uptake and exudation are assumed
to occur in the immature portion of the root (Bramley 2006,
Chap. 4).

We simulated the growth of a C3 monocot under a control
scenario (hereafter called baseline) compared with dry spells at
two stages of the development of the plant.

The environmental variables (see Table 1) of baseline (resp.
the dry spell periods) were set from the data of Swart et al.
(2019) for Germany in June of 2010 (resp. 2100, under the
SSPS—8.5 scenario), making baseline relatively wetter and colder
(vesp. the dry spell periods relatively drier and warmer). €041 soi
for baseline was set near saturation. €., «; during the dry spells
was set 30% lower, which corresponds to the relative decrease in
moisture in the upper soil column between June 2010 and 2100
(Swart et al. 2019).

Both dry spells were represented by a period of 1 week with-
out rainfall: 11-18 days and 18-25 days after sowing, hereafter
called early dry spell and late dry spell.

The virtual plants were obtained by running CPlantBox up
to Day 10 (after sowing) using a mean empirical growth rate
(neither dependent on the carbon nor water flow) and with-
out simulation of the water and carbon fluxes. Indeed, the plant
leaf blades (the carbon source and water sink) had to be large
enough before starting the carbon- and water-limited growth. Af-
ter 3 h of burn-in time, we simulated the carbon and water fluxes
and of the carbon- and water-limited growth. The plants all grew
under the baseline conditions with a static soil (constant mean
Ppsoil = 0.4 cm*em™ at hydraulic equilibrium), except during
the dry spell between Day 10 and (for early dry spell, resp. late dry
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Figure 7. Representation of the simulation loop of the model with (A) the overall loop, and (B) the fixed-point iteration loop used for the
coupled plant water flow-FvCB-stomatal regulation modules. The dashed arrows represent the exchange of data between the modules. The
full arrows give the sequence of the modules in the loop. At each time step, each part of the model is computed sequentially, except for the
water flow—FvCB-stomatal regulation modules which are looped over until convergence.

Table 1. Environmental variables

Min-max of sinusoidal function® emean’soﬂ
PAR T (K) h (%)  (cm3em™3)
baseline  0-940  288.95-295.15 0.6-0.88 0.4
dry spell 293.85-303.42  0.44-0.74 0.28

* Tyums PAR and h,,,, go from their minimum to their maximum value via a sinusoidal
function with a period of 1 day to represent the day—night cycle. All the atmospheric
variables correspond to values 2 m aboveground.

b Relative air humidity.

The baseline variables were used for all simulations before and after the dry spells.

spell) the start of the dry spells (11d, resp. 18 days). At the start
of the dry spells, the dynamic soil water flow module was imple-
mented. For the plants under drieréswarmer, the alternative ini-
tial soil conditions were used (initial 1, ,; = 0.28 cm*cm™?).
The soil water flow was simulated until the end of the dry spells
(18 days, resp. 25 days). After the dry spells, the baseline environ-
mental and static soil variables were used. Table 2 summarizes
the above-given timeline of the four simulations.

The minimum plant segment length was set to 1 cm. The 6,
per voxel is (until the start of the dry spells) constant per layer
and varies with the depth (hydraulic equilibrium). The mean

Table 2. Timeline of the simulations. The grey (resp. blue) cells
between days 1 and 9 (resp. 10 and 25) indicate the empirical (resp.
semi-mechanistic) growth period and “ds” the implementation of
the dynamic soil. The blue gradient during the dynamic soil
simulation represent the decreasing soil water content. The sharp
shift from dark to light (resp. light to dark) blue at the beginning
(resp. end) of the dry spells represent the implementation of the dry
spell (resp. baseline) atmospheric and initial (resp. constant) soil
variables.

day after sowing

10 9...18 18...25

scenario
1...9

baseline

early dry spell ds
late dry spell ds

B0 value is given in Table 1. The voxel size (resolution) was set
to 1 cm?.

The Van Genuchten parameters are presented in Appendix E.2
and Supporting Information—Table 4. The mean soil-soluble
carbon concentration was set as a unique constant value. In or-

der to represent the effect of the water uptake by neighbouring
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root systems, we defined the lateral dimensions of the simula-
tion domain to be equal to the inter-plant distance, 3 X 12 cm?,
and used a laterally periodic domain. The depth of the simula-
tion domain was 60 cm. During the dynamic soil simulation,
no rainfall occurred and we assumed that the soil was covered
with gravel (negligible evaporation). We could thus set a no-flux
upper boundary condition for the soil water-flow module. We,
moreover, set a free-flow lower boundary condition.

Although we represented the air humidity gradient between
the middle of the canopy and the point of measurement, the
atmospheric conditions were represented by a set of mean val-
ues, equal for the whole canopy. This means that the same
¢piy PAR, T, and ea,,,, were set for all shoot segments. We
assumed a constant wind speed 2 m above ground u,, of
8.467¢ + 7 cm day™! (or 2 m s™! in SI units). The CO, con-
centration on the leaf surface (c;;) was set constant at 350e —
6 mmol mmol, an illustrative value based on measurements from
the TERENO- observatory network in Selhausen (Puetz et al.
2016). We simulated a unified temperature in the whole system
Tolant Tom- PAR, Ty and by, (relative air humidity
2 m aboveground) went from their minimum to their maximum
value via a sinusoidal function with a period of 1 day.

The time step for the main simulation loop was of 1 h. Within
thisloop, the time step for the exchange of data between the plant
and the soil water modules was 1 min.

soil —

(A) 3D-plant at 18 days

Node id. 156

25 - (leaf) \/ - 25
20 20 -453.
\ -460
15 15
10 10 -480
5 5 S
-500 %
€ 0 0 8
°5. | 5 -520
-10- =10 | -540
"184 15
-20 ! 220 -566.
25 \ - -25

Vix (hPa)

sgt (mmol/ml)

3. RESULTS

3.1. Simulation of the time course of water and carbon
flows

The model was implemented on a Lenovo Thinkpad T490,
with an Intel(R) Core(TM) i5-8265U processor, using the Win-
dows subsystem linux Ubuntu20.04. The run time of the sim-
ulation was about 1 h 10 min for baseline, 2 h 40 min for early
dry spell and S h 25 min for late dry spell. The number of plant
nodes went up to 2448 (for baseline). The relatively high run time
of the simulation was linked to the high number of nodes and
will be lower for plants with smaller root systems or when de-
creasing the resolution (increasing the minimum plant segment
length).

Figure 8illustrates the simulated plant structure and output by
the model. Figure 8A shows a 3D visualization of the monocot
at 18 days for baseline.

Figure 8B shows examples of run-time variables for selected
nodes: the total water potential in the xylem (3, ,, in cm) and
the mean concentration of sucrose in the sieve tubes (s, in
mmol cm™3).

The development of the plant led to a higher 3,, be-
cause of the improved water uptake capacity. We can also
observe an increased gradient of s; between the shoot and
roots.

(B) Output variables in selected nodes

-500

-1000

- 156 (leaf) — 69 (root) 0 (seed)

-1500

0.7

0.6

0.5

10 12 14 16 18 20 22 24
day of growth (d)

Figure 8. Representation of some CPlantBox outputs at the end of a simulation (A) a 3D image of a C3 monocot at 18 days under baseline; (B)
values for three specific plant nodes of the xylem water potential (; ) and phloem sucrose concentration (s ). The red arrows and rectangles

indicate the selected nodes.
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Figure 9. Partitioning of the carbon loss between the three sinks according to time: maintenance respiration (Rm), growth and growth
respiration (Gioy cwiim ), root exudation (Exud). The black vertical lines define the start and end of the atmospheric dry spells (11-18 days or
18-25 days). We compare an early (thin dashed lines) and late dry spells (thin lines) against a baseline scenario (thick lines).

3.2. Sucrose usage and non-structural sucrose content

Figure 9 presents the sucrose partitioning between the differ-
ent sinks. Figure H1 in Appendix H presents the same data but
over a shorter period to give a clearer example of the daily s
variations. During the dry spells, the absolute value of mainte-
nance respiration (R,,) was higher because of the higher temper-
ature, leading to a higher enzyme activity. The daily R,, peak was
likewise caused by the higher temperature at midday.

Because of the sink prioritization (maintenance > growth),
in case of low assimilation (night time) or high R,, (midday),
growth respiration (Gio cwiim) diminished to fulfill the R, need.

The minimum soil matrix potential (3, .,;) remained con-
stantat —129 hPa for baseline and outside of the dry spell periods.

At the beginning of the dry spells (11 or 18 days) minimum
Dpsoil (Pmsoit in the upper soil layer) was —467 hPa. At the
end of the dry spell simulations (18 or 25 days), minimum
Yusoil = —1376 hPa for early dry spell and —1984 hPa for late
dry spell. P, i and ., affected the symplasm turgor potential
(P, symplast): the minimum P, 1. was 8537 hPa for baseline,
7119 hPa for early dry spell and 8095 hPa for late dry spell. For
early dry spell, P, o mplase Was closer to the critical symplasm tur-
gor potential for growth below which no growth occurs (zpp,crit,Z ,
set to 2000 hPa), leading to a lower Gy, cwiim- Soil and air water
contents had, therefore, a moderate effect on Gyo; cwiim-

Exud varied according to s, and was lower at night time.
Moreover, we saw similar variations of Exud during the dry
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spells. Indeed, The higher R, and the lower assimilation rate (see
Fig. 14) for early dry spell and late dry spell were not compensated
by the decrease in Gy cwiim and led to a lower daily maximum
Exud when compared with baseline.

Table 3 gives the absolute values of the cumulative R,,,
Giot,cwiimy and Exud at the end of the simulations. Compared
with baseline, early dry spell and late dry spell led to a strong de-
crease of cumulative G, cwiim (—17% and —21% respectively),
and Exud (—30% and —26%, respectively). early dry spell led to
a slight decrease of cumulative R,, (—5%) while late dry spell led
to a strong increase of cumulative R,, (+20%).

Figure 10 presents the mean sy per organ type. s, did not
vary strongly during the simulation: it always remained between
0.42 mmol cm ™3 and 0.82 mmol cm™3. For this simulation, the

(A) root

Table 3. Total value of the cumulative sucrose sinks at the end of the
simulation in mmol for maintenance respiration (Rm), growth and
growth respiration (G cwiim ), root exudation (Exud).

Scenario R, Giot,CWiim Exud
baseline 2.44 5.37 423
early dry spell 2.30 4.47 2.97
late dry spell 2.93 4.22 3.14

starch dynamic in the sieve tube was dependent on the gradient
between sy and s, - As We set s = 0.4 mmol cm™3, the
starch reserves of the plant only increased during the simulation.
During the dry spells the lower assimilation rate and higher R,,

0.74

0.64

0.5;

(B) stem

o
N

Sst (mmol/ml)
o
(o]

o
o

0.74

0.64

0.54

10 12 14 16

18 20 22 24

day of growth (d)

-- early dry spell — late dry spell == baseline

Figure 10. Mean sucrose concentration (s, ) according to time in the (A) root, (B) stem and (C) leaf organs. The black vertical lines define the
start and end of the dry spells (11d to 18 days or 18-25 days). We compare an early (thin dashed lines) and late dry spells (thin lines) against

against a baseline scenario (thick lines).
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led to a lower sy compared with baseline. For early dry spell, the
difference in sy, was maintained even after the end of the dry
spell. These differences in s in the roots caused the different
Exud observed in Fig. 9.

3.3. Structural sucrose content

Figure 11 presents the absolute structural sucrose content for
each organ type and subtype.

At the beginning of the dry spell (11d, resp. 18 days),
the monocots under early dry spell (resp. late dry spell) and
baseline were exactly identical. We can observe several growth

(A) root—order0

plateaus in the development of the stems. This was caused by
the user-defined growth delay of the main stem and tillers. It was
used to represent the period after the first appearance of the stem
and before the stem elongation phase.

Moreover, the lower Gy cwim under early and late dry spell
(see Fig. 9) led to a lower growth for all organ types. Es-
pecially, we see a lower growth for late dry spell compared
with baseline, which fits with the lower G, cwim Observed in
Fig. 9. For all simulation scenarios, we can observe that the
growth rate of the second-order laterals is much higher after
Day 18.

(B) root—order1
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Figure 11. Absolute structural sucrose content per plant organ type and subtype according to time, with (A) 0-order roots; (B) first-order
roots, (C) second-order roots, (D) stem (E) and leaf organs. Structural sucrose corresponds to the carbon in the plant tissues, in equivalent
sucrose. The black vertical lines define the start and end of the dry spells (11-18 days or 18-25 days). We compare an early (thin dashed lines)

and late dry spells (thin lines) against a baseline scenario (thick lines).
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Figure 12. Relative structural sucrose content per plant organ type and sub-type according to time, with (A) zero-order roots; (B) first-order
roots, (C) second-order roots, (D) stem (E) and leaf organs. Structural sucrose corresponds to the carbon in the plant tissues, in equivalent
sucrose. The black vertical lines define the start and end of the dry spells (11-18 days or 18-25 days). We compare an early (thin dashed lines)
and late dry spells (thin lines) against against a baseline scenario (thick lines).

Figure 12 presents the relative structural sucrose content for
each organ type and sub-type.

For all simulations, the root-to-shoot ratio of structural su-
crose content increased during the simulation. We observed
that the dry spell intensities had a slight effect on the relative
structural sucrose partitioning.

For instance, the final relative sucrose content in the root was
53% for baseline, 51% for early dry spell and 50% for late dry spell.

Because the growth of the second-order roots was much more
important after Day 18, late dry spell had the lowest relative

structural sucrose content of second-order roots (30%) when
compared with baseline (33%).

Figure 13 shows the 3D representation of the plants at the end
of the simulation. Under baseline (13A), we observed a higher
development of the leaves and root systems compared to early
dry spell and late dry spell (13B and 13C). Indeed, the lower
increase in root structural carbon is reflected by the different
total root lengths per root order at Day 25: we obtained 3456 cm
for baseline, 2793 cm for early dry spell and 2586 cm for late dry
spell.
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Figure 13. 3D representation of the virtual plants at 25 days after (A) baseline wetter and colder scenario, or drier and warmer dry spells (B)
between Days 11 and 18, (C) between Days 18 and 25. Each segment is coloured according to its sucrose concentration in the sieve tube (s,

mmol cm™3).

Likewise, we can observe the different total leaf length per
plant at Day 25: we obtained 161 cm for baseline, 148 cm for early
dry spell and 145 cm for late dry spell.

Moreover, Fig. 13 allows us to see the sy gradient along the
plant’s organs. For instance, longer mature leaves had the highest
s values.

Finally, we could observe that the root system of late dry
spell is less fibrous than under baseline, as observed in section

3.3. This was linked to lower development of the higher-order
roots.

3.4. Instantaneous water-use efficiency
Figure 14 presents the cumulative transpiration and sucrose
assimilation (cumulative Ay plant 1D mmol) for all scenarios
(baseline, early dry spell and late dry spell).
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Figure 14. Cumulative assimilation of sucrose (Ag,Pkmt, in orange) and cumulative transpiration (blue) according to time. The black vertical

lines define the start and end of the dry spells (11-18 days or 18-25 days). We compare an early (thin dashed lines) and late dry spells (thin

lines) against against a baseline scenario (thick lines).

The dry spells had a negative effect on cumulative Ay jq:
—19% for early dry spell and —15% for late dry spell, when
compared with baseline. This is caused by the lower leaf
development (see Section 3.3) and by the lower assimilation rate
per unit of leaf area (Ag).

For all simulations, we observed a small closing of the stom-
ata because of the leaf water potential near midday. The water
scarcity factor for stomatal opening (f,,; ) went down to 0.94 for
baseline scenarios, 0.86 for early dry spelland 0.91 for late dry spell.
A smaller opening of the stomata led to a lower substomatal CO,
concentration (¢;) and through this also caused the lower A, for
drier&warmer. Likewise, for early dry spell and late dry spell, max-
imum air temperatures of 303.42 K, above the optimum value of
298.15 K, led to a lower A,

Moreover, the higher leaf to air vapour pressure deficit during
the dry spells led to a higher cumulative transpiration compared
with baseline: +16% for early dry spell and +58% for late dry spell.

Overall, we observed a decrease in instantaneous water-use
efficiency (Ag,Plam-to-transpiration ratio) at the end of the simu-
lation for the dry spells scenarios compared with baseline: —30%

for early dry spell and —46% for late dry spell.

4. DISCUSSION

4.1. CPlantBox offers a user-friendly flexible
representation of the interactions between plant
development and water and carbon fluxes

In this model, we implemented modules that were already
included in other FSPMs: 3D representation of shoots and roots
(Seleznyova and Hanan 2018; Zhou et al. 2020), linked car-
bon and water fluxes (Seleznyova and Hanan 2018; Zhou et al.
2020; Lacointe and Peter E. H. Minchin 2019), carbon respi-
ration (Barillot, Chambon, and Andrieu 2016; Gauthier et al.
2020), exudation (Zhou etal. 2020), distributed carbon sources,
sinks and storage (Lacointe and Peter E. H. Minchin 2019),
water and/or carbon dependent growth (Postma et al. 2017;
Coussement et al. 2020; Louarn and Song 2020; Gauthier et al.
2020), coupled soil and root water flux (Khare et al. 2022), ef-
fects of the atmosphere variables and plant water status on the
coupled stomatal opening and photosynthesis (Tuzet, Perrier,
and Leuning 2003). The novel aspect of this latest implemen-
tation of CPlantBox comes from linking all of these modules
within one single user-friendly framework (Louarn and Song
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2020) to represent the carbon and water fluxes in the soil-plant-
atmosphere continuum. This allowed us to look at the feedback
effects between plant growth and water and carbon fluxes, which
were lacking in earlier models (Damour et al. 2010; Soualiou
et al. 2021; De Swaef et al. 2022; Zhou et al. 2020). Processes
that are usually predefined in FSPMs, like carbon partitioning
(Postma et al. 2017; Soualiou et al. 2021), became consequently
emerging properties of our model. We could, therefore, simu-
late how growth and carbon partitioning vary according to the
growth conditions via semi-mechanistic process descriptions.

CPlantBox is also a flexible model: the spacial and temporal
resolution (respectively, plant segment length and time step) can
be defined at run time by the user. CPlantBox can also repre-
sent a wide variety of plants, contrary to other available FPSMs
(Coussement et al. 2020; Louarn and Song 2020).

This is in agreement with the aims of CPlantBox which is to
be a tool to (i) test the effect of the interactions between plant
genotype, environmental conditions and agricultural manage-
ment; (i) help understand how/why these interactions lead to
emerging properties (like plant structure and photosynthetic ca-
pacity); and (iii) return output parameters used as inputs by crop
models (like carbon partitioning).

On the computing side, CPlantBox represents organisms us-
ing a graph formalism (similarly to OpenSimRoot (Postma et al.
2017)). This representation allows us to implement existing
solvers created for graphs or 1D meshes (Hindmarsh et al. 2005;
Guennebaud, Jacob, et al. 2010; Koch et al. 2021). These solvers
greatly increase the efficiency of the flow computation (Lacointe
and Peter E. H. Minchin 2019). Likewise, the implementation
of CPlantBox in C++ with Python binding allows us to use the
rapidity of C++ and the flexibility and clarity of Python. This is
a non-negligible advantage as computational power becomes a
significant limitation for the development of FSPMs (Soualiou
etal. 2021; Coussement et al. 2020).

4.2. Results of the simulation

In this study, we used our model to look at the effect of a dry
and warm spell of 1 week on plant water flow, carbon flow and
growth, based on the expected temperature, air-relative humidity
and relative variation in soil water content in Germany for June
of 2100 (but without changes of CO, concentrations).

We could observe a lower growth rate for all organs, fitting
with the results of X. Chen et al. (2021) for monocots under
drought stress. In this simulation, the moderately lower tur-
gor pressure during the drought affected the growth negatively.
However, the lower growth was mainly caused by a lack of su-
crose. This is contrary to the literature consensus as water stress
is linked to a higher sucrose concentration because the lower
growth rate over-compensates the lower assimilation (Lemoine
et al. 2013; Michelena and John S. Boyer 1982). This change in
osmotic potential leads in turn to a higher turgor pressure in the
symplast (Lemoine et al. 2013; Michelena and John S. Boyer
1982). The effect of the water stress on the plant’s sucrose con-
centration can, however, be adapted by recalibrating the phloem
module. Moreover, the coupling between the sucrose concentra-
tion and symplast turgor pressure can be represented by imple-
menting the symplast pressure and solution flow of PiafMunch
(Lacointe and Peter E. H. Minchin 2019).

We observed a lower assimilation-to-transpiration ratio dur-
ing and after the dry spells compared with the baseline. This was
also observed experimentally by Tshikunde et al. (2018) for a
monocot. The influence of the leaf area on the plant’s photo-
synthetic capacities confirms the assumption of Damour et al.
(2010) in their review of stomatal regulation models.

During the simulation, the ratio of exudation to total car-
bon usage remained within the range found in the literature for
monocots: 3—40% (Dilkes, D. L. Jones, and Farrar 2004). How-
ever, as soil-soluble carbon concentration was a constant during
the simulation, we could not model the feedback effects of dif-
ferent exudation levels. The plant sucrose concentration varied
between 0.4 and 0.9 mmol cm ™3, which fits with the values re-
ported by (M. Thompson and N. Holbrook 2003; Jensen, Sav-
age, and N. Michele Holbrook 2013). The low pressure gradient
between source and sinks follows as well the current assumption
for herbaceous angiosperms (De Schepper et al. 2013).

Contrary to other modelling studies, the dry spells did not
lead to a decrease in transpiration (Tuzet, Perrier, and Leun-
ing 2003; Bingham and Wu 2011). Indeed, the slight closing
of the stomata did not compensate the higher evaporative de-
mand caused by the lower air relative humidity. Additionally,
the initial soil water potential remained high. The chosen grid
resolution for the soil (1 cm?®) was also relatively coarse and
might have led to an over-estimation of the plant water uptake
and thus of the transpiration (Khare et al. 2022). As shown by
Khare et al. (2022), representing rhizosphere drying helps simu-
late more accurately the flow of soil water and root water uptake
under dry conditions. A module representing this process is cur-
rently available within CPlantBox, but was not used within this
study. Moreover, we did not represent the loss of conductivity
caused by cavitation and this process can strongly affect the tran-
spiration rate (Corso et al. 2020; De Swaefet al. 2022). Likewise,
we did not simulate the stomatal closure linked to an increase
in s, (De Schepper et al. 2013), which would have lead to a
lower assimilation and transpiration for the plants at the begin-
ning of the simulation, when s is higher. Divergences between
our model and other observed or simulated results remain, how-
ever, useful as they can give insight into which processes are key
to representing emerging properties.

4.3. Current limitations of the model and future
perspectives

The increasing number of modules in CPlantBox leads to a
high number of parameters and (intermediary) outputs. Also,
several variables and parameters cannot be measured experi-
mentally (like the separation of the respiration between main-
tenance and growth (John H. M. Thornley 2011)) making their
experimental evaluation more complex.

A first sensitivity analysis (Appendix G) was, therefore, done
to evaluate the most important parameters. Moreover, several
controls were set up in CPlantBox to warn the user in case of im-
possible outputs (like negative transpiration rate and too high
sucrose concentration in the sieve tube). Building on this work,
the development of an effective calibration pipeline and param-
eter database would be an important step towards making this
model more readily usable (Louarn and Song 2020). On the ex-
perimental side, new (field) experiments will be conducted to
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parameterize the model for a specific wheat genotype rather than
a generic C3 monocot. When CPlantBox is not precisely param-
eterized, it can be used to do qualitative tests rather than quan-
titative predictions. Until the new modules are calibrated and
tested against real data, this new version of CPlantBox should,
moreover, be used to do qualitative evaluations rather than quan-
titative predictions.

The fixed-point approach used for the plant water flow—
photosynthesis—stomatal regulation modules (Sections 2.1.4
and 2.1.4) always converged for our simulations (convergence
reached in < 5000 loops). However, in case of a slow conver-
gence (small variable variation between two consecutive loops),
the computation time might become very high or the software
might assume prematurely convergence. Adapting the compu-
tation scheme would make flow—photosynthesis—stomatal reg-
ulation modules more robust to a wide range of set-up. More-
over, the other modules are solved sequentially. Therefore, the
selected time step needs to be small enough to avoid divergence.
In the future, other parts of the module coupling which are more
susceptible to diverge (like the coupled plant-soil water flow)
will be solved with an implicit time stepping.

Regarding the functional processes represented, the accu-
racy of the phloem flow outputs could be further improved by
adapting the representation of the sucrose usage. First of all, the
plant’s respiration is currently following the widely used growth-
maintenance paradigma. As other processes/functional modules
are added into CPlantBox (like nitrogen uptake and flow), it will
be possible to shift to a process-based definition of the respira-
tion rate, as recommended by Cannell and J. H. M. Thornley
(2000) and implemented by Gauthier et al. (2020). This would
also improve the evaluation of the feedbacks between the envi-
ronmental conditions and the plant’s processes. Also, the repre-
sentation of the sucrose exudation rate, and of the chlorophyll-
dependent assimilation offers the first elements of a more explicit
representation of the nutrient flow within the plant, which are
an important aspect of a plant’s adaptation to its environment
(Galindo-Castaneda et al. 2022). Moreover, the representation
of sucrose-induced closing of the stomata would help evaluate
the plant’s sucrose-related adaptation capacity to a changing en-
vironment (De Schepper et al. 2013). The negative feedback of
the sucrose on photosynthesis would, on the other hand, help
better represent the decrease of photosynthetic capacity in case
of low sucrose usage. Representing tissue death caused by water
and/or carbon scarcity would allow CPlantBox to simulate plant
development under more extreme weather conditions.

It would, moreover, be possible to update the internal
CPlantBox-PiafMunch module to represent other processes
available in PiafMunch, such as the osmotic and elastic adjust-
ments of the plant tissues to its water content. Integrating these
processes would allow us to simulate more precisely possible
compensation between the total and osmotic potential in the
symplast in case of drought (Michelena and John S. Boyer 1982).
While elastic deformation of the xylem (Corso et al. 2020) and
phloem (M. V. Thompson 2006) was not found to have a strong
effect on their respective conductivities, elastic adjustment of the
symplast can, however, lead to a higher resilience to droughts
by maintaining a higher water potential in the plant (shrink-
ing) (Kramer and Boyer 1995) or by increasing its water storage
capacity (expansion) (Saliendra and Meinzer 1991).

Moreover, water stress can lead to a lower growth even when
turgor pressure and sucrose concentration are high Michelena
and John S. Boyer (1982), via, for instance, phytohormones,
which we cannot yet represent in CPlantBox.

Regarding the 3D representation of the plant, the first descrip-
tion of graminaceous shoot growth was implemented: the leaf
sheaths grow together upward, making a pseudo stem. We have,
moreover, a stem elongation phase. The user can then set up an
age-dependent tropism function to have the bending of the leaf
blade once they have reached a specific age. The explicit 3D rep-
resentation of the shoot organs makes it possible to simulate pre-
cisely the atmosphericvariables (like PAR, T, g, gcmopy) foreach
leaf segment. Next implementations of the model could include
the simulations of the canopy micro-climate.

5. CONCLUSION

In this paper, we presented the latest version of CPlantBox and
implemented it to represent the effect of atmospheric dry spells
of 1 week, starting at different days (11 against 18 days after
sowing) and compared the results with a baseline wetter and
colder scenario. We could observe that the dry spells led to lower
growth and exudation rates. The model also showed that the
early dry spell affected the plant processes (higher transpiration,
lower assimilation and lower organ growth) less than the late dry
spell when compared with the wetter and colder climate.

The model was, therefore, capable of computing plant vari-
ables at a sub-diurnal scale and for each plant control volume in
a complex architecture (fully grown monocot with distributed
water and carbon sink and sources). The model could, more-
over, simulate semi-mechanistically the interplay between the
3D plant topology and the environmental conditions via the wa-
ter and carbon flows in the soil-plant-atmosphere continuum
by representing a growing plant in a dynamic environment. The
computed variables at small time and spatial scales led to emerg-
ing properties that are usually less precisely defined in plant
models (growth rate and carbon partitioning).

CPlantBox is a versatile open-source tool that can be used
to test hypotheses and understand the underlying relations be-
tween selected processes leading to specific phenotypes under
different genotype—environment—-management combinations.

Next steps in the development of CPlantBox will include the
set-up of a calibration pipeline and the gathering of field and lab-
oratory data to represent a specific plant phenotype, in order to
test the model’s capacity to mimic experimental outputs.

SUPPORTING INFORMATION

The following additional information is available in the online
version of this article —

Table S1. Soil parameters.

Table S2. Notation, symbols, values (std) and units—input
parameters of the structural CPlantBox modules.

Table S3. Notation, symbols, values and units—input param-
eters of the functional CPlantBox modules.

Table S4. Xylem tubes’ shapes.

Table SS. Sieve tubes’ shapes.
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APPENDICES

A. WATERPOTENTIALS, CONDUCTIVITIES,
AND CONDUCTANCES

We evaluate the water potentials in four domains: the soil, the
xylem, the sieve tubes and the atmosphere, respectively, denoted
with the subscripts soil, x, st and atm. For clarity, we define
here the total potential 9, and its components in each of those
domains. We define 1, as

1) — Dret
d)tz Tre :¢p+¢g+¢u’
where 7) and 7), are the chemical potentials of the considered
and reference water, respectively, ¥, is the pressure potential,
%, is the gravitational potential and 1), is the osmotic potential
(Nobel 2009b). 1, includes all the potentials except the osmotic
and gravitational ones and can be positive (absolute P, >ab-
solute z,bp,ref) or negative (absolute ¥, < absolute Il)p,ref). In

unsaturated soils,

zlbp,soil = zabm,soil + ¢u,soil <0

with 9, the matric potential and 3, the pneumatic potential.
The pneumatic potential corresponds to the over-pressure of the

Symbol Description Units
Photosynthesis
oo . _ -1
A, gross carbon assimilation rate per unit of surface mmol cm ™2 day
. o -1
Agq daily gross carbon assimilation mmol day
. - -1
G substomatal CO, molar fraction mmol~" mmol
: : -1 -1
Catm CO, molar fraction at the site of measurment mmol mmol
D vapor deficit coefficient -
E, water vapor flow rate per leaf area cm® ecm™2 day_1
ea actual vapor pressure hPa
es saturated vapor pressure hPa
fu water scarcity factor of the stomatal model -
8gco, conductance to CO, mmol cm ™2 day_1
- -1
hoa conductance to HO2 mmol cm ™2 day

relative humidity

Je electron transport rate for a set for a set PAR

mmol cm™?2 day_1
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Table Al. Continued

Symbol Description Units
Jemax maximal electron transport rate mmol cm™2 day_1
Je2s. maximal electron transport rate at 25°C mmol cm™2 da.y_1
Mco, Michaelis coefficient for CO, mmol mmol ™'
M, Michaelis coeflicient for O2 mmol mmol ™"
Py atmospheric air pressure hPa
PAR photosynthetic active radiation

absorbed by the plant mmol photons cm ™2 day_1
Ry dark respiration rate mmol cm™2 day_1
Res resistivity dem? em™3
F, carboxylation rate mmol cm™2 day_1
Fomax maximal carboxylation rate mmol cm™2 day_1
FX o maximal carboxylation rate at 25°C mmol cm ™2 day_1
V; electron transport rate mmol cm™> day_1
r CO, compensation point mmol mmol ™"
I'x CO, compensation point

in the absence of mitochondrial respiration mmol mmol ™'

Other
a element’s radius or leaf thickness cm
Across cross-sectional area cm?
Exud sucrose sink for exudation mmolday ™'
[Exud] sucrose sink for exudation mmolcm_:‘day_1
Fyy Fouey Foue it source terms for s, loading, total unloading, and unloading with Michaelis-Menten mmolday_1
[Fiul [Fout) [Foumae] ~ source terms for s loading, total unloading, and unloading with Michaelis-Menten mmolem day ™'
Gior sucrose sink for growth mmolday_1
[Giot sucrose sink for growth mmolem day ™'
Jlat solution lateral flux cm? day_1
] solution volumetric flow rate cm® day_1
K, intrinsic axial conductance for the solution cm*hPa”! da.y_1
ki area specific conductance of the membrane cm hPa_lday_1
L, total length, arbitrary small length cm
)4 perimeter cm
r growth rate cmday_1
R, sucrose sink for maintenance mmolday_1
[R,] sucrose sink for maintenance mmolcm_3day_1
5,8 sucrose concentration, residual between actual and minimum sucrose concentration ~ mmol cm ™3
5 sucrose content mmol
starch starch concentration mmol cm™3
t time d
v volume cm?
w leaf blade’s or sheath’s width cm
T temperature K
z height, z = 0 at the soil surface, upward-pointing axis cm
u dynamic viscosity hPad
13 local axial coordinate of the plant cm
Y water potential hPa
Q,0Q studied domain and its boundaries -
Subindices

0 initial or residual value
atm atmosphere
ax axial
bl leaf boundary layer
blade leaf blade
canopy canopy
Clim carbon limited
CWlim carbon and water limited
crit critical
h hydrostatic (in phloem: turgor)
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Table Al. Continued

Symbol Description Units
Subindices

g gravitational

i,j plant node index

in entering the sieve tube

l value over the length 1

lat lateral

lim limited

m matric potential

max maximum (potential) value

meso mesophyll

0 osmotic potential

ox outer xylem

org organ

out outside of plant (value) or leaving the plant (flow)

P turgor pressure (in xylem: hydraustatic potential)

sheath leaf sheath

ref reference

sheath leaf sheath

soil soil

seg plant segment (discretised model) studied plant zone (continuous model)

st phloem sieve tube

stomata stomata

t total

x xylem

wlim water limited

Table A2. Number of samples per parameter for each simulation for
the Sobol sensitivity analysis

water modules carbon modules
plant age
scenario 11 day 18 day 11 day 18 day
baseline 212 212 11 i1
dry spell 212 yl12 211 511

air: P, = Py — Pyoitair- Pam (hPa) is the atmospheric pressure
at ground level, dependent on the pressure of all the gases in the
Earth’s atmosphere. The reference water (denoted with the sub-
scripts ref ) is pure, at ground level (z,.; = 0), and the hydrostatic
potential equals the atmospheric pressure. In the plant, ), = 9,
with ¢, the hydrostatic potential. 1, is generally positive in the
plant tissues and is also called the turgor pressure. For specific
cells, like the xylem %, is usually under tension. All the water
potentials are given in hPa (corresponding to 100X Joule/m?).

In this paper, the flow of fluids considered can be computed
with either the lateral conductivity (ki y, in L P~'T~", here in
cm hPa™! day™!), or the intrinsic axial conductance (K, y, in
L*P7!T~!, here in cm* hPa™! day™') (Meunier et al. 2017). lat
stands for lateral and ax for axial. Y is a stand in for the denomina-
tion of the flow channel (compartment, tissue, membrane, etc.)
considered.

For the photosynthesis module, we use the stomatal conduc-

tance in molar units (g y, in N L7>T~!, here in mmol cm™>
day™!), with Z standing in for either H,0 or CO,.
For the soil module, the hydraulic conductivity (x,,; ), units

are in cm? hPa™! day™" (L?> P~!T™!) given the definition of the
soil water potential.

B. COMPUTATION OF THE PLANT SHAPE VARIABLE

An organ’s length is equal to the sum of the length of its seg-
ments: Ly, < Ly, with L in cm. Root and stem organs are de-
fined as cylinders, where shapes are computed from their lengths
and radii (a in cm). In the current CPlantBox implementation, a
is constant for all segments of the organ: a,, = .

Leaf organs are defined as cuboids where shapes are com-
puted from their thicknesses (a in cm) and widths (w in cm).
The leaf organs are separated in two regions: the sheath and the
blade. a and w of the sheath can be different to that of the blade.

The seed is represented by one node linking the main stem
(and tillers) with the zero-order roots. The sieve tubes and xylem
tissues are defined as cylinders. Each organ can have one or more
sieve tube or xylem cylinders. Finally, the shape of the mesophyll
isassumed to be equal to that of the leafblade it is in (for instance,
with v, the volume in cm3: v, ., = Vpq0)-

Aross (cross-sectional area, cm?), v (volume, cm?) and p
(perimeter of the exchange surface, cm) of all the organs, seg-
ments, sieve tubes and xylem tissues are calculated thus:

(B1)

o = | Veheath + Vpge forleaf organs
Y Aqossy X Ly else

nx
Across,Y = ZAcross,Y,i (Bz)

1

n
py = ZPY,:‘ (B3)

_ | wyay forleafblades and sheaths
Across,Y,i - { T[a;i else (B4)
2w; for leaf blades and sheaths
Pri= { 27ay; else (BS)
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with Y as a stand-in for either st (sieve tube tissues), x (xylem tis-
sues), seg (segment), org (organ), sheath (leaf sheath), and blade
(leaf blade). i represent one cylinder of the tissue type in the
studied segment. ny corresponds to the number of tissue unit of
segment (or vessel) per cross section of segment. Thus ., = 1.
In our parameterized model, n (resp. n,) corresponds to the
number of vascular bundles per cross section times the number
of sieve (resp. xylem) tubes of a specific radius per bundle. As p
corresponds to the perimeter of the lateral exchange surface, we
only take into account the width of the leaf and not its thickness,
as, for our virtual plant, the stomatas are located on the upper
and lower sides of the leaf blade.

C. PHOTOSYNTHESIS: AUXILIARY EQUATIONS

We present the below complementary equations that are used in
the photosynthesis module.

C.1. Raoult'slaw

The area-specific water vapour flow rate ji, o4 (cm® cm™
day™!) can be driven by the gradient of water vapour pressure
(ea in hPa) or of total water potential (), in hPa). We convert b,
to ea using Raoult’s law (Nobel 2009b):

2

_ RTYPHZOZ ( edy

t,Y — CS(Ty)) + ng,Y (C6)

MmHZO

with, for the domain Y, Mmy o (kg mmol™!) and P,0
(kg cm™3), respectively, the water molar mass and density,
es(Ty) (hPa) the saturation vapour pressure at temperature Ty
(K), the ideal gas constant R (cm® hPa K™! mmol™!) and the
gravitational potential 3, . (hPa).

C.2. Plant functions

Several photosynthesis variables are dependent on the tem-
perature. This temperature dependence can be described by
the Arrhenius and the temperature inhibition functions (Bonan
2019): The Arrhenius function (Bonan 2019):

E T.
Arrhenius(Tseg,Eu,X) = exp (ﬁ (1 — T25 ))
. 25

seg

(C7)
1
TempInhib(Teq, Eqx) = p— (Cs)
1+ exp <—Seg d’X>
0.1XRT g

with E, ; and E;; (m] mmol™"), respectively, the activation and
deactivation energy. S (m] mmol™! K™!) is an entropy term.
The factor 0.1 is used to go from hPa cm® K™' mmol™! to
mJ K~ mmol ™.

Mco,, My, Ry, and I+ can be calculated with the following
equation:

X, = X2 x Arrhenius(Teg, Eq ) (C9)

where E,

Ry, or T'+) in mJ mmol~!, and X2’ is the value of X, for T =
298.1S K.

is the activation energy for X, (either Mco,, M,

C.3. Air conductance

We separate the area outside the leaf in three zones:
the laminar layer directly outside the leaf (boundary layer),
the turbulent layer between the leaf boundary layer and
the canopy-induced zero displacement height, the turbulent
layer between the canopy-induced zero displacement height
and the point of measurement. The effect of each layer
is represented by a resistivity to the water vapour flow,
respectively: Resy, 051 ReSy,0,canopys ad Resp, 0 aemy 2ll in
day cm™!.

Resy, 0,atm is computed according to Allen et al. (1998):

2 2
zy—=h Zp—=h
In| 2= xin | 232
0.123><hp O.Ith
Resatm,HZO = 2 (CIO)

Karman "2

with z,, (cm) height of wind and humidity measurements, h,
(cm) the height of the highest plant node, kg, (0.41—) the

von Karman’s constant, u, (cm day™') wind speed at height z,,,.
2, . . . .
;hp is the canopy-induced zero displacement height.

We set the mean canopy resistance as (Nobel 2009d):

3l

RESHZO,canopy = k (Cll)

eddy,canopy

with lhp the mean length of the canopy turbulent layer be-

tween the leaf boundary layer and the canopy-induced zero dis-
placement height, kegqy,canopy (8-64€8 cm’day™") the mean eddy
covariance value, corresponding to the value given by Nobel
(20094d) for the space 1 m below the top of a maize canopy. And,
assuming a constant leaf boundary layer thickness of 0.03 cm, we
obtain

0.03
Resy, 0,01 = Diffro
H,

=1.5¢—6

with Diffy, o & 2¢3 cm*day ™!, the diffusion coefficient of water
vapour in air (Nobel 2009¢).

1
We can then convert the physical conductances (

in
Resy, 0,y
day cm! cm™?) in molar conductances (gm,0,y in mmol cm™

day™!) (Nobel 2009¢; Tuzet, Perrier, and Leuning 2003):

1 2

P
am (C12)

8100 = Restox X RTy

D. ASSUMPTION OF LOCAL WATER EQUILIBRIUM

M. Thompson and N. Holbrook (2003) presented a mathemat-
ical model to justify the assumption of water equilibrium be-
tween the xylem and the phloem. Briefly, when their RF coef-
ficient is above unity, equilibrium can be assumed.

20z Arenuer g0 uo Jasn uieano Jo AlsiaAlun aloyie) Aq /86+22./600PBIP/Z/S/a111e/s1uejdooljisul/woo dnoolwepese//:sdiy woll papeojumod



CPlantBox: a fully coupled modelling platform for the water and carbon fluxes in the soil-plant-atmosphere continuum « 31

In their model, they looked at a sieve tube with a constant ra-
dius and viscosity, where the loading and unloading of sucrose
occurred at the boundaries. Those simplifications can be applied
to our model when focusing on the segment level. Indeed, the
(un)loading of sucrose occurs in the nodes at the segments’
extremities. The RF coefficient can be computed thus:

A A P st Zseg
RF; = 1 X R Tgeg S5t X = X kigg stoxw (D13)
Cross,st J ij
_ ) Sstj ifjij 20
Sst,. - { Sst,i else (D14)

with kyq ., the water permeability of the membrane linking the
xylem and phloem tissues.

In order to have RE > 1, we had to adapt our parameter
set to have Fu = 0 mmol ml™" day™! (no usage of carbon)
when s, < 0.4 mmol ml™". This fits with observations for wheat
plant where s, was observed to be above this value (M. Thomp-
son and N. Holbrook 2003). For our four simulations, after a
burn-in time of 3 h, we needed to have an area-specific conduc-
tance between the xylem and the phloem kj,; ¢ ,, at least equal
to 1.1e — 4 cm day~! hPa™! so that RE > 1 for all segments.
This value was found to be plausible for wheat plants. This con-
firms the analysis of M. Thompson and N. Holbrook (2003): in
their study, they found this simplification to be acceptable for the
transport system of most plants, including wheat.

Likewise, in the study of Lacointe and P. P. Minchin (2008)
for s, > 0.15 mmol cm™3, decreasing the permeability of the
membrane between the xylem and phloem had no effect on the
outputs.

The assumption oflocal water equilibrium between xylem and
phloem was also tested in experimental studies and found to
be acceptable (Sevanto, Hoelttae, and N. M. Holbrook 2011;
Cabrita 2011, Section 2.2.1.5).

E. CALIBRATION AND NOTATIONS

E.1. Experiments for direct calibration
E.11. Plant growth conditions

The wheat phenotype studied in this experiment (UQR1S) was
obtained from the Hickey lab (University of Queensland, Aus-
tralia) (Rambla et al. 2022). Thirteen PVC columns (diameter =
8 cm, height = 45 cm) were filled with silty loam soil from one
testing site of the Research Center Jiilich, located in Selhausen
(50.8659 N, 6.4471 E). The columns received two seeds each
(equivalent to a sowing density of 400 seeds/m?*) and were af-
terwards installed in a climate chamber (20°C day, 18°C night,
50% RH, 1000 u mol m™*s™! of PAR from 6 am to 8 pm).
The mean initial soil gravimetric water content (6,,;) was of
0.40 cm® cm™3. Water was added twice a week to keep the 6
value between 0.30 and 0.44 cm? cm™3.

Fertilizer (7% nitrate, 19% ammonium) was added at 6
and 34 days after sowing (stage Z11 and Z25 of the Zadok’s
growth scale, respectively) in liquid solution supplied at a rate

of 3kg m~2.

soil

E.1.2. Non-destructive measurements

The plant development was evaluated 2-3 times a week via the
following measurements: number of tillers and leaves, plant stage
(on the Zadok scale), and length and width of the leaves’ blade.
The chlorophyll content of the lowest and second highest leaf
of each plant tiller was also recorded using a chlorophyll meter
(SPADS02, Konika Minolta, Bremen, Germany). The mean 8, ;
value for each column was measured by weighing the column on
ascale.

E.1.3. Soil Water Profiler

In order to measure the transpiration rate, we used the Soil Wa-
ter Profiler (SWaP) developed by Dusschoten et al. (2020).
At 4, S and 6 weeks after sowing (stages Z24, Z25 and Z33,
respectively), four of the soil columns were randomly selected.
The measurements lasted 36 h (2-day and 1-night periods). The
sensor temporal and spatial (vertical) resolutions were 15 min
and 1 cm, respectively. The day-light intensity alternated be-
tween high and low irradiation levels every 4 h. The variation in
total O, allowed us to measure the root water uptake rate (as-
sumed equal to the transpiration) at those irradiation levels. The
soil surface was covered and the evaporation was thus assumed to
be negligible. The same transpiration measurements were done
while progressively increasing the irradiation level in order to
measure the light saturation point.

E.1.4. Destructive measurement

Following the SWaP measurements, we extracted the root sys-
tems from the soil. The fresh weight of the roots, stems and
leaves was measured. The roots were then stored in 30% ethanol
solutions. The fresh weight of the root, stems and leaf was
measured via a weighing scale (precision = 1 mg; Kern 572-30,
Kern & Sohn GmbH, Balingen, Germany). The stems and leaves
were stored in a freezer at —20°C. Afterwards, the leaves were
scanned (Canon, 4 Krefeld, Germany) for analysis with Image]J
(Schindelin et al. 2012) to measure the leaf blade and sheath sur-
face together with the position and number of the nodes along
the stems. The volume of the leaves and stems was obtained by
immersing them in a graduated cylinder containing water and
measuring the variation of the water level. Lateral cuts of the leaf
blades (at 5 cm to the leaf sheath, on the second leaf of the tiller),
stems (at 1 cm above the soil, when the stems were present)
and roots (at 9-18 cm depth) were done with a cryomicrotome
(CM 3050S; Leica Microsystems GmbH, Wetzlar, Germany).
The images were analysed with Image] to measure the number of
vascular bundles and the average shape of the xylem and phloem
tissues in each bundle.

E.2. Inputparameters and other variables and parameters

Tables S1-SS and Table Al present the input parameters and
variables of the model. The source used for the parameter esti-
mation can be either (i) direct calibration—direct experimental
measurements (see section above), (ii) indirect calibration—
value set to fit with objective outputs, (iii) from the literature
(copying the value or recomputing it from the dataset of the
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publication), in which case the reference is given. The shoot
shape parameters were obtained from the experiments described
above while the root shape parameters (except for the phloem
and xylem tissues) were taken from Bingham and Wu (2011), as
adapted by Schnepf et al. (2018).

F. NUMERICAL SOLUTION

In this section, we first give an overview of the main notations
used to describe the numerical solutions. We then define the an-
alytical solution for the xylem water flow, leaf outer-xylem water
flow (transpiration) and phloem flow for one segment. Finally,
we describe the matrix notation and solving scheme. Numerical
details of the soil water flow are described in Koch et al. (2021).

F.1. Mathematical definitions

The branched plant structure is divided into connected line
segments with N; segments and N, nodes. From the point of
view of a mathematical graph, it corresponds to a directed tree
(see Section 2.1.2). According to the graph (or mesh) termi-
nology, a CPlantBox node is a graph node (mesh vertex) and a
CPlantBox segment is a graph edge (mesh cell). For the defini-
tion of segment or node variables: We define the segment ij as
the segment going from i to j.

We have for the segment flows: J; = —J; For other seg-
ment variables, X;; = Xj;. Subscripts of brackets or parenthesis
([.--13 (.--);) apply to all the variables within. For the definition
of matrices, the subscript seg indicates vectors of size [N, 1] con-
taining segment data. node indicates vectors of size [NS + 1, 1]
containing node data. The sign ‘- indicates a hadamard product,
‘@’ a hadamard division and 7 indicates a transposition.

The FvCB-stomatal regulation variables (such as A,
80, stomatas S€€ Section 2.1.4), the xylem water-flux variables
(Jaeyr Jiat,x-soils Jlat,xatmy S€€ Section 2.1.4) and the phloem solu-
tion axial flux (], ¢, see Section 2.1.4) are solved for each seg-
ment. The other sucrose-related variables (s, Smesor Fins Fout S€€
Sections 2.1.4, 2.1.4) and ¢, , (see Section 2.1.4) are solved for
each node.

IM is the incidence matrix of the directed graph (of size [N,
N,]) and IMT is its transposition (of size [N,, N, ]). Thus we
have:

—1 ifasegmentk hasj as begin-node
IM[j, k] = { 1 if a segment k has j as end-node
0 else

(F15)

BM is a boolean matrix of size [N, N, ]. It gives for each segment
the index of the upflow node:

1 f IM[j, k] X ], ceg[k] < O

&MRJ]={O (F16)

else

with J,, ... [k] the net water flow of the segment k going from the
begin node to the end node. Therefore, BM[k, j| = 1 only if the
water flow in the segment k goes from the node j to the other
node of the segment k.

F.2. Analytical solution for one segment

In this following section, we present the definition of the driv-
ing equations of Sections 2.1.4, 2.1.4 and 2.1.4, discretized for
one plant segment (graph edge) or node (graph vertex).

E2.1. Plant water flow

F2.1.1. Axial flow The analytical solution to Equation (31)
presented below is based on the approach of Landsberg and
Fowkes (1978) and Meunier et al. (2017, Appendix B). How-
ever, contrary to them, (i) we define the xylem axial flow ac-
cordingto 9, , and not P, ,, (i1) we use an exponential function
instead of an hyperbolic function.

When ki, > 0and K

axe > 0, we use the analytical
continuous solution

l/)p,x(l) = Zpcout + d,‘erl + dje_fl (F17)
_ l,bm,soﬂ if belowground
bo={ 4 et 1)

with 9, (hPa) the water potential outside of the plant, uniform
over the axial distance I. The above equation is solved with

T= \/ porg X klat,x/1<ax,x

where the constants d;, and d; (hPa) can be calculated from the
boundary conditions.

To discretize the equation for each segment ij, the Dirichlet
top (I = 0), and bottom (! = L) boundary conditions are given
by the begin and end nodes of the segment: 1, .(0) = 9,, . ; and
¥,:(L) = P, ;- They are inserted into the analytic solution and
yield the two equations

1 1 di ¢p xi ¢out ij )
_ = ™ ? . F20
( et et )( dj ) ( ¢p,x,j _¢out,ij (F20)

Y y

(F19)

Each plant segment is given amean ,,, ;1 (gbm,soﬂ,,j of the voxel
were the segment centre is located) or Pp,ox,j- Therefore, Py ; is
a constant. From these equations, we can calculate the constants

d;;; and d; ; of the segment ij as

d. ) _ P lﬁ )
) = 5f1< ) ( o (F21)
( G 1y =t 1 i\ i/,
with
e [,—TL L
517 = e et ]ij’ (F22)
and
gﬁl”i"j = llbp,x,i - .Qbout,ij (F23)
lpp’j’ij = Ipp,x,j - Zpout,ij (F24)

Thus, 1,1_)1,,,-,,-]- and 1/_)1,,]-,1-}- are constants.
Putting the constants d;; and d, ; into the solution for ¥,,
(Equation (F17)), we can write down the exact axial flow in the

segment ij, as (Meunier et al. 2017, B2):

]ux,x,ij(l) == [I(ux,x (diTeTl - djfe_ﬂ + dlpg(l))] (FZS)

i
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with dl,bg(l) the gradient of gravitational water potential between
the nodes i and the point at 1 cm from i. Replacing the constants
d;; and d; ; with their definition yields the explicit axial flow
equation:

]ux,x,ij(l) = _I<ux,x,ij [5_IT [(e_TLIDEp,x,i - ‘L)Ep,x,j) eﬂ

- (_eTLII)p,x,i + I)Ep,x,j) e_Tl] + dl)bg(l)]l] (F26)
Evaluation of the axial flow at | = 0 (node i) yields
]ax,x,ij(o) = Kax,x,ij (5_17'- [(e_TL + eTL) Iﬁp,i
"2¢5J]*'d¢%(0))g' (F27)

For conservation of mass in each node i, the summed exact axial
flows have to equal zero,

Z ]ax,x,ij(o) = 0

JEN()

(F28)

where N(i) are the indices of the segments starting from node
index i to j. We can solve this system of equations (see Ap-
pendix F.2.5) and obtain thus ¥, and ], for each plant node
and segment, respectively.

¥, and ], . are then used by the photosynthesis and phloem
module (Equations (20) and (33)) and by the core CPlant-
Box module to compute the water-limited growth rate (Equa-
tion (2)).

F2.1.2. Lateral flow Once 1, is known, the exact lateral wa-
ter flow (Ji¢you in cm>day™') for a segment ij with length
L; and lateral conductivity ky,; can be computed with the
following equations:

(F29)

]lat,x»out,ij

Ly
= — [porg klat,x]ijf lpout,ij - IPP,xdl
0

d, d
[porg Kige x <? (eh—1) +

-?(1—@‘”))]“ (F30)

Y

]lat,x-out,ij =

Inserting the definition of d; ;; and d; ;; into the exact lateral flow
yields

1
]lat,x-out,ij = porg klat,xa
X (P, (1—e ™ =™ +1)

Py (et H 11— (B3

and

1 ,- _
]lat,x-out,ij = [porg klat,xa (¢p,i+¢p,j) (z_e_TL_eTL)]“ (F32)
ij

The iy x ot Values from root segments can then be used as source
term in the soil module (see Section 2.1.5). The Ji,; . o values
from leaf segments corresponds to the transpiration rate (see
Section 2.1.4).

F2.2. Stomatal regulation, photosynthesis, and transpiration

Once P, and ji,g yam are known, we can compute 9, (hPa),
the water potential on the surface of the leaf vascular bundle
sheath, by implementing Equations (F31), and solving for 1,
(here, equivalent to z/Jp’ox):

jlat,x»atm X L X P

¢p’ﬂx’ij - k 1 (2 _ e_TL _ eTL)
i

lat,x P

AW + Yiy)) X 0.5 (F33)

Jiatxcatm 1S obtained from Equation (7). 9,,,, can then be used in
the xylem flow module (see Equation (30)) at the next compu-
tation loop.

E2.3. Sucrose balance

As explained above, s, $;,ce0r Finy Four are node variables. When
segment-defined variables or parameters are needed to compute
them (such as vy, Ay, ki), we allocate to the node i the variable
from the segment.i which has i as end node: X; ,g. = X geg-
We set sy, (mmol sucrose) the sucrose content in the com-

partment Y, either the mesophyll or the sieve tube.

dsg _ e
% (mmol sucrose day™!), the variation of sucrose content

t
in the node j, is defined thus:

st q
dt = ]ax,st,q,j. + (Fin,j - Fout,j) (F34)
NYI
]ax,st,q,j = Z (Sij X ]ax,st,HZO,ij) (F35)
i
ax,st,ij
]ax,st,HzO,ij = Tx (RTX(S]' - Si)+(1lbxj - l)bx;)) (F36)
y
s if],; <0
L= ’ F37
K { sp iy 20, (537)
dsmeso,q,j
T = (FAg,i - Fin,i) X Vmeso,i* (F38)

¥,; and 1,; are obtained, thanks to the xylem flow computation
(see Sections 2.1.4 and F.2.1). F,,i corresponds to the sucrose
assimilation rate computed according to Equations (17), (41).
F,;and F,,; are computed according to Equations (43) and
(52), respectively. ], 0. (t€SP- Jur s 1,0,5) corresponds to the
axial flow in the sieve tube of sucrose content (resp. water) at
node i.

F24. Matrix form and solving scheme
In the following section, we present the discretized system of

s
equations and the solving schemes to obtain ¥, ,, % and
’ t
ASmeso

ol
dt
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E2.S. Xylem water flow

From Equations (F27-F28), we can construct a system of equa-
tions, that can be solved for 1, .:

z)bh,x,node = C_l X bnode (F39)

With C and b, 4, matrices of size [N,, N,] and [N, 1], respec-
tively. They are filled with zeros except at the following locations:

Cli,i] = Cli, i] + ¢ (F40)

Clis j] = 2[K,, 677y (F41)
buodelis 1] = bpogelis 1] + [Kax,x X dz)bg]ij

+ (Ci,ij + C[ivj])¢out,q (F42)

Cj = [Ko 0~ '7(e™™ + ™)y (F43)

for each segment ij going from node i to node j.

This system of equation is solved for the steady-state solution
of, , with the sparse linear solver (SParseLU) of the C++ Eigen
library (Guennebaud, Jacob, etal. 2010). The 9, , are then used
to compute the variables from the FvCB-stomatal regulations
module. The fixed point iteration between the computation con-
tinues until convergence.

E2.6. Sucrose balance

The equations from Section F.2.3 can be set in matricial form:

dsg

»q

[ ] = IM X (]w,seg : Sst,seg)
node

dt
+ (Fin,node - Fout,node) * Vstnode (F44)
sst,seg = BM X Sst,node (F45)
Sstnode — Sst,q,node @ Vst node (F46)
]w,seg = Coax,st,seg(IMT X RTSst,node
+ IMT X l)bx,node) (F47)
dsmeso
»q
[ dt ] = (FAg,node - Fin,node) * Vst node (F48)
node

with Cogy ey the vector defining the conductance (cm3hPa™!

day™!) per sieve tube segment.
The system of equations is solved numerically using an im-

plicit method: the value of s;"’" (the vector containing the es-

,node
timation m at time step n of s, per node) is used to compute

d myn
[ ! ] . This value is sent to the implicit Sundials-CVODE
node

ty—ty—1
solver (Hindmarsh et al. 2005) which then yields SZ::&:' This

loops continue until convergence is reached. The solver then
moves on to the next time step.

G. SENSITIVITY ANALYSIS

The programme contains a high number of plant parameters
which cannot be measured directly and which are highly corre-
lated between them with regards to the outputs. Therefore, to
have a better idea of which parameters need to be (re)calibrated
in priority, a first sensitivity analysis was run for (i) the coupled

water flow and FvCB-stomatal regulations modules (water mod-
ules), (ii) the phloem flow and carbon usage modules (carbon
modules). A sensitivity analysis of the root system parameters
only can be found in the work of Morandage et al. (2022).

As the computation time of the full coupled simulation is
too long to run a sensitivity analysis, we evaluated the effect of
the water (resp. carbon) modules’ parameters for one time step
of 3 h. We, moreover, focused on a selected number of output
variables of interest, namely (i) the total transpiration and gross
assimilation rates for the water modules and (ii) carbon usage
rate for growth (Gio, cwiim) for the carbon modules.

This sensitivity analysis is limited to a short time span and
evaluates each module separately. Nonetheless, water (resp.
phloem) parameters that have a strong influence on the
transpiration and assimilation rates (resp. growth rate) will also
influence strongly the other modules on the long term. For this
evaluation, we did not include plant parameters which could be
considered as physical constants, like E, and E;, respectively,
the activation and deactivation energy parameters used in the
photosynthesis model.

Like for our example of simulation, we only represented a
starch dynamic in the sieve tube (resp. mesophyll) dependent on
the gradient between s (resp. speq0) and the target value Stargst
(starg’meso). The starch-related parameters representing other dy-
namics (e.8. Fray starchy khyd’smrch) were set to 0. To diminish the
number of parameters to evaluate, some where regrouped. Con-
sequently, k¢, represents the influence of Chl, kchil and kchl2;
kgareh represents the influence of the starch-related parameters;
X0t represents the influence of the parameter X for all the root
types. We only selected key structural parameters. Moreover,
some pre-tests allowed us to take out of the analysis parameters
which had a very limited effect on the outputs (like o0i) to lower
as well the number of parameters evaluated.

1
The sample range of each evaluated parameter was set to [;,2]

of their value used in this study, except for the values of o and w.
For these two variables, ranges were set to make sure that a so-
lution for Equation (14) could be found. We used A, symplast
as parameter(which corresponds to ¥, ool — Pr,crira) instead
of Yy ymplast to avoid ever having |, o molast| > ¥ criea| which
would have led to computation errors.

Moreover, the first analysis showed that the environmental
conditions and the plant’s development stage influenced the sen-
sitivity of the outputs to the parameters. Therefore, the analysis
was run for each plant age at the beginning of the simulations (11
or 18 days) and each weather type (baseline, dry spell) using the
environmental variables for noon.

The analysis was done with the SALib python module
(Iwanaga, Usher, and Herman 2022). The number of samples
was set according to the trade-off between precision gain and
computation speed loss (see table A2). Therefore, the simula-
tions using slower modules were run with a lower number of
parameter samples.

Figure G1 presents the outputs of the analysis. The variation
of the sensitivity index according to the plant and environment’s
characteristics indicate that such analysis could be necessary for
each model setup. The difference in the width of the confidence
intervals is in part linked to the different number of samples used
for each analysis (see Table A2).
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Figure G1. Sensitivity analysis of the plant’s (A) transpiration and (B) gross assimilation rate to the water modules’ parameter and (C) carbon

usage rate for growth (Giy; cwiim ) to the carbon modules’ parameters

for 11 and 18 days plants under the two weather scenarios presented in

the study. The sensitivity index includes both first-order effects and interactions with the other parameters. The error bars show the limits of the

confidence interval (confidence level of 95%).

For the water modules, we can observe that gy, 0 ox,max 18
especially important. This parameter represents the conduc-
tivity between the leaf xylem bundle sheath and the sub-
stomatal cavity. Currently, gy, 0 oxmax iS @ set constant. The
results indicate, therefore, that it is necessary to represent
the variation of gy, 0 o max to evaluate more precisely the
plant transpiration rate. For the assimilation rate, Chl (the
leaf chlorophyll content), kg;; and k,,;, (parameters linking
the chlorophyll content to the potential assimilation rate),
have a strong influence on the output of the simulation, be-
cause they affect the carboxylation rate (V). Similarly, & and
kimax affects the photon-limited assimilation rate V;. Moreover,
the leaf structural parameters (I, the maximum length, .,
the growth rate, w4, the blade width) also had a strong

influence on the outputs, both the assimilation and the transpi-
ration.

For the carbon modules, we can observe, for instance,that
Giot,cwiim 18 especially sensible to the parameters defining the
flow of sucrose from the mesophyll to the sieve tubes: F,, ..,
Mpeso and Bpeso- This defines how quickly the assimilated su-
crose flows in the sieve tube and has a strong influence on the
plant’s capacity to buffer changes in assimilation rate.

Surprisingly, 1, ;¢ 2, which defines the water limitation on
growth, was found to have no influence on the outputs. It is
likely caused by the fact that, for the simulated period, sucrose
was more limiting than water for growth. Running a longer
simulation for the sensitivity analysis should give a better eval-
uation of the influence of P, ;> 0N Giorcwiim:
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H. OTHER SIMULATION RESULTS
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Figure H1. Partitioning of the carbon loss between the three sinks according to time between Days 19 and 23: maintenance respiration (Rm),

growth and growth respiration (G, cwiim ), root exudation (Exud). We compare an early (thin dashed lines) and late dry spells (thin lines)
against against a baseline scenario (thick lines).
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