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Abstract

Xylem embolism is a significant factor in tree mortality. Restoration of hydraulic conductivity after
massive embolisation of the vascular system requires the application of positive pressure to the vessels and/or
the creation of new conductive elements. Some species generate positive pressure from the root system to
propagate pressure in distal, aboveground, organs in spring, whereas other species generate positive pressure
locally at the stem level during winter. We provide a mechanistic explanation for winter stem pressure build-
up in the walnut tree. We have developed a physical model that accounts for temperature fluctuations and
phase transitions. This model is based on the exchange of water and sugars between living cells and vessels.
Our computations demonstrate that vessel pressurization can be attributed to the transfer of water between
vessels across the parenchyma rays, which is facilitated by a radial imbalance in sugar concentration. The
ability to dispose of soluble sugars in living cells, and to transport them between living cells and up to the
vessels, are identified as the main drivers of stem pressure build-up in the walnut tree.

Keywords

Embolism recovery ; Modelling ; Sugar transport

Introduction

Massive embolism in xylem causes a decline in trees’ hydraulic conductivity and is among the factors causing
their death (Sperry and Tyreel 1988; Brodribb and Cochard, 2009; [Mantova et al., 2022). This embolism can
occur as a result of either drought, leading to air seeding in xylem conduits (Hargrave et al.,1994; |(Choat et al.,
2016), or due to freeze-thaw cycles (Sperry and Sullivan| 1992} [Charra-Vaskou et al., 2016). Despite previous
studies (Salleo et al., [1996; Nardini et al. 2011)), hydraulic conductivity seemingly cannot be re-established
while the xylem remains under tension (Charrier et al., [2016]). Hydraulic conductivity recovery happens through
creating new conducting vessels (Cochard and Tyree| [1990)), pressurizing xylem conduits to remove air bubbles
(Sperry et al., [1987; Hacke and Sauter, |1996)), or a combination of both (Cochard et al. 2001; |/Améglio et all
. In species that pressurize their xylem conduits, it is important to differentiate between species where
the pressure comes only from the roots in spring (Fisher et all [1997), and species where the pressure can also
come from the stem in winter (Améglio et al.| [2001)). The walnut tree has the ability to use both strategies to
generate positive pressure (Ewers et al. [2001).

Note that for many species during winter, there are pressure variations associated with freezing events
(Robson and Petty, [1987; Milburn and O’Malley, [1984; |/Améglio et al.,[2001)). They are related to phase changes
and freeze-induced water fluxes (Ceseri and Stockie, [2013; |Graf et al., [2015; [Bozonnet et al., [2023; |Zarrinderakht|
. What we call here "stem pressure" is a pressure that stays positive in a stem conduit even after
sap thawing and that could subsequently lead to embolism recovery by refilling, once capillary forces between
an embolized and a pressurized conduit are overcome. The term "build-up" refers to the gradual increase of this
pressure with time.
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Winter stem pressure has been extensively studied for walnut tree (Améglio and Cruiziat, [1992; |Améglio
et al., 2001} [Ewers et al. [2001; | Améglio et al., 2002, 2004)), and maple tree (Milburn and O’Malleyl [1984; | Tyree,
1983; [Cirelli et al., [2008}; [Ceseri and Stockiel 2013; |Graf et al., [2015} [Zarrinderakht et al., [2024]). Note that the
work of |Graf et al.| (2015) also includes a comparison with experimental results for walnut tree. In this work,
we focus on walnut tree.

Walnut winter stem pressure has been studied using laboratory experiments in (Améglio et al., [2001)) that
demonstrated many features associated with this phenomenom: 1) the pressure can be generated for stems
disconnected from the rest of the tree; 2) the pressure rise starts at positive temperature and stops at higher
temperature (typically > 5°C); 3) the pressure rises much more during successive freeze-thaw cycles rather
than during continuous exposure to low and non-freezing temperature; 4) at the end of the experiments, the
magnitude of the pressure build-up is positively correlated with the osmolarity of the xylem sap; 5) earlier stem
defoliation and exposure to high temperature (typically 18°C) before successive freeze-thaw cycles both reduce
the xylem sap osmolarity and xylem pressure.

During winter, when sap mineral content is low, xylem sap osmolarity depends on a balance of sugar fluxes
between vessels and vessel-associated cells (VACs, |Améglio et al.| (2004))), mediated by temperature dependent
H* /sugar co-transport (Alves et al.l [2007). Particularly, sugar fluxes from VACs to vessels are thought to be
diffusive (facilitated by a specific protein), whereas a H™ /sugar co-transport, related to the ATP-ase activity,
drives the fluxes from vessels to VACs at sufficiently high temperature (Améglio et al. 2004; Decourteix et al.,
2008). Pressure changes in the thawed state are thus believed to be due to the exchange of water between VACs
and vessels, which are triggered by the corresponding sugar fluxes.

In this work, we built a mechanistic model for pressure build-up in walnut tree that is intended to reproduce
the specific features listed above. We particularly explored the link between xylem pressure rise and xylem sap
osmolarity.

To do so we have developed a comprehensive physical model that integrates water and heat fluxes, phase
changes, pressure-volume relationships, and sugar fluxes within various tissues. The model incorporates changes
in stem diameter that are related to water flows between living cells (in bark or xylem tissues) and apoplast.
During freeze-thaw cycles, pressure and stem diameter changes are inter-related as we demonstrated in our
previous work (Bozonnet et al., 2023). This feature allows future comparison of the model results with non-
invasive measurements of stem diameter changes.

After a presentation of the effects of sugar fluxes on pressure changes, we explored the role of sugar perme-
abilities and initial concentration on pressure build-up. We then compared the outputs of the model (pressure
level, xylem sap osmolarity) to the experimental results of/Améglio et al.| (2001)). We finally presented a thorough
analysis of the model results, highlighting key findings and potential avenues for further research. The model
is freely available along with the paper so that other scientists could benefit from its use and contribute to its
development.

Material and methods

General description of the numerical model

The present model is a modified version of a previous one presented and validated in Bozonnet et al.| (2023).
This model was based on earlier modeling efforts about pressure changes in maple trees (Ceseri and Stockie,
2013} (Graf et al 2015)). We provide here a general description of the model and highlight its difference with its
previous version.

The model relies on a wood anatomy description in the transversal plane of a wood section, as described by
Alves (Alves et all [2007). The structure of our model (figure [1)) groups the essential anatomical elements to
simulate the processes described above: xylem vessels, vessel-associated cells (VACs) and bark cells. It shares
some similarities with the model of [Ho6ltta et al.| (2006)): living cells are interconnected by a parenchyma ray,
connected at its periphery to the bark cells, and connected to a radial alignment of vessels. We assume that
the external temperature field is homogeneous around the stem, i.e. axi-symmetric, so that radial exchanges
are only modelled along one ray and rescaled at the xylem/bark interface by N4, the number of parenchyma
rays. The longitudinal dimension is not considered. The parenchyma ray itself is not described explicitly, i.e.,
individual (isolated) ray cells are omitted, but rather represented by a hydraulic resistance between VACs, and
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between VACs and bark cells. Water flows and volume changes are computed for one VAC per vessel and for
one bark cell in the bark tissue. These water flows and volume changes are then rescaled by N,,., the number of
VACs connected to each vessel, and Npgrk cetr, the number of living cells in the bark, similarly to what is done
in |Graf et al.| (2015) for the fiber/vessel fluxes.

Elastic living cells, i.e., bark cells and VACs, are assumed to contain only water and soluble sugar. We
therefore assume that intracellular ice does not form in the temperature range we study. Rigid vessels contain
sugar, liquid water or ice depending on local temperature, and gas. This gas compresses or expands in response
to water flows entering or leaving the vessels, thus creating pressure variations according to the ideal gas law,
as done in Ceseri and Stockie| (2013)); (Graf et al.| (2015)).

Heat transfer and phase changes are calculated at the tissue scale and driven by external temperature
variations. Vessel sugar content impacts tissue-scale phase change through freezing point depression (FPD).

Water fluxes occur between the different elements (blue arrows in figure [1)). These water fluxes are driven
by the differences in water potential (hydrostatic/turgor, osmotic, cryostatic) across cell membranes. For each
elastic compartment (VACs, bark cells), the balance of water fluxes results in volume changes, which are then
used to calculate changes in tissue dimensions, as well as changes in turgor and osmotic potential.

The only difference with our previous work is that sugar quantities are now assumed to vary with time. Sugar
fluxes occur between the different elements (yellow arrows in figure . For simplicity, these fluxes are assumed
to come from passive diffusion, i.e., they are proportional to the concentration gradient between two successive
elements. These variations in sugar quantities are then used to calculate sugar concentrations in living cells and
vessels, which impacts osmotic potential, thus generating water fluxes, and vessel FPD.

Mathematical description of the numerical model
Anatomy

The anatomical description used in the model is shown in figure [I| Vessels are arranged regularly along the ray,
with the vessel number, Nycssers, computed using a linear vessel density, lvd and the size of the xylem tissue:

Nvessels = lvd x (Rmylem - Rpith>7 (1)

where Ryyiem and Ry are the xylem and the pith radius, respectively. Each vessel has a given number of
VACs associated with it, Ny, calculated using a ratio of the vessel-VAC exchange area to the projected VAC

area:
A'UllC—’U (2)

2R'UGCZ'UG/C ’

where Ayqe—v, Ryae and ly,q. are the vessel-VAC exchange area, the VAC radius and VAC length, respectively.

The number of parenchyma rays is computed using a tangential ray density, trd, and the branch diameter,

Ryranch:

Nvac =

Nray = trd X 277Rbranch- (3)

The number of bark cells connected to the parenchyma rays is

VO ok BWF x V?
5 — bark , (4)

Nbark cell =

0 0
Vw,bark cell Vw,bark cell
with Vlf]))bark the initial volume of water in the bark accessible from the rays, equal to BW F' x Vb(?”k , with BWF

the bark water fraction accessible from the rays, and V0 . the initial bark volume. Vu?, Bark cey 18 the initial
bark cell water volume.

Heat transfer and phase change

Heat transfer and phase change are calculated at the tissue scale through the heat equation in a 1D axi-symmetric

model in cylindrical coordinates:
dH 1 /0 or ke, OT
— =— | = | kth—=— —_ 5
dt p(@r(thar>+ r 8r)’ 5)
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where H is the enthalpy, T the temperature, k¢, the thermal conductivity and p the density. This equation is
used for 7, the radial coordinate, in |Ryiip; Ryyiem| and completed with the following boundary conditions (Graf
et al.l |2015)):

oT

T(Rzylem»t) = Temt (t)v and or

=0, (6)
Rpith
where T,.¢(t) is the external air temperature. Equation (5)) must be completed by thermodynamic relationship
between H and T as well as between H and the physical properties (density and thermal conductivity) in order
to account for phase change. The procedure we used is explained in [Bozonnet et al. (2023)). The phase change
temperature at the tissue scale is computed locally based on CY, the local vessel sugar content:
T =T, —0.001853 x C7, (7
with T, = 273.15K. Note that Eq. is only valid for water. More details on the implementation can be found
in Bozonnet et al.| (2023)).

Water fluxes

Water fluxes between elements are computed using Darcy’s law. Along the parenchyma ray, the fow rate dV,,, /dt

1S:
d‘/ray

T = Qray =

2
kT(lyﬂ-Rvac

M+;_M, Al, ([pt — CRyT], — [pe — CngT]_) ) (8)

where k.4, is the ray water permeability, Al, is the distance along the ray between two vessels, p is the dynamic
viscosity of the water and sugar solution computed locally using the law given in |[Chenlo et al.| (2002)), ps, Cs
and T are the living cell (VAC or bark cell) turgor pressure, sugar concentration and temperature, respectively.
The + and — signs represent a differentiation along the ray from the inside to the oustide of the stem (up to
the bark cells). Q4 is positive for water fluxes going towards the inside of the branch. Between one vessel and
one corresponding VAC, the flow rate dV,qc—/dt is

dV’U(LC—U _ k?)acAvac—v

= Qvac—'u =

T Loae WV Nome (py, — CYRyT + pj.. — [Pt — CsRyT],,.) » 9)

where kyq. is the vessel-VAC membrane water permeability, W the vessel-VAC wall thickness, and pf, the vessel
water pressure. (Qyqc_, iS positive for water fluxes going towards the vessels. The cryo-suction pressure induced
by vessel freezing is computed at each vessel location as (Loch) [1978; |Beck et al., |1984)

T
p;)ce = pyplLln <T) Oiv, (10)

where p,,, L, and §;, are the water density, water latent heat of fusion, and vessel ice volume fraction, respectively.
Eq. @[) implies that cryo-suction will draw water in a vessel from its VACs once this vessel is frozen.

Pressure-volume relationships in living cells

In living cells, the balance of water fluxes results in volume changes. For the VACs, the changes in water volume,
AVyae—o/dt, is
dvuac

dt = _Qvac—v + Z Qraya (11)

in—out

where the second term on the right hand side represents the balance of fluxes entering/leaving the VAC from/to
the ray. Between the xylem tissue and the bark, the total water flux is

Royiem
szlemfbark — _Nvachay T;; env (12)
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where fog}"’lm is the water flux computed between one bark cell and the VAC closest to the bark. This water
flux is rescaled by the number of bark cells to obtain the volume change at the bark cell scale, Viark cetr :
dVbark cell _ 1
dt Nbark cell
These living cells’ volume changes are related to turgor pressure variation through (Steudle et al., [1977))
dp}f)ac Bvac dVvac

dit Vioae dt (14)

walem—bark . (13)

for the VACs, and
dp?ark cell _ Bbark cell d‘/bark cell
dt vaark cell dt
for the bark cell. In the previous two equations, Bye. and Bpa i cenr are the VAC and bark cell elastic modulus,
respectively. We use the procedure introduced in Bozonnet et al.| (2023) to account for turgor loss. Volume
changes also result in osmotic pressure changes through changes in sugar concentration, which are also related

to changes in sugar content:

(15)

vac
ns

Vvac - Kvac
where n?%¢ and nls””k cell are the variable sugar quantities in the VAC and bark cell, and Kyqe, Kpark ceil, are

the cell volume where no sugar can be contained (certain cell organelles), respectively. These changes in sugar
concentration also result in living cell FPD for the VACs and the bark cells, with an equation similar to eq. (7).

bark cell

U

vac __ bark cell __
cree = c? =

and (16)

9
%ark cell — Kbark cell

Pressure-volume relationships in vessels

Vessels contain gas that compresses or expands depending on water fluxes leaving or entering vessels. Following
Ceseri and Stockie| (2013)); |Graf et al.| (2015); |Bozonnet et al.[(2023)), we assume that this gas is contained in one
cylindrical bubble located at the center of each vessel. Applying flow rate conservation between the gas/water
(or gas/ice) interface and the vessel/ VAC membrane, the bubble radius, ry, varies as
% — _N'UG/CQU(LC—’U (17)
dt 2nry L, ’
where L, is a vertical dimension that is introduced for unit consistency but that has no influence on model

results. Changes in r; induce changes in gas pressure through the ideal gas law:
- ngRyT(r,t) (18)
g mre?L,

In previous equation, ng is the gas quantity inside the gas bubble and Ry the ideal gas constant. Finally, the
pressure in the liquid water/ice phase is obtained using Laplace equation:
o
A (19)

v
Tg

where 0, is the liquid water/gas interface surface tension. In the results section, we will also use the evolution
of the mean vesssel pressure over all vessels, defined as

__ 1
Po =7 2P (20)
Ny
Ny
Similarly to living cells, water volume and sugar content changes in vessels also result in sugar concentration

changes:
v

v o ns
R T 21
where n? and R, are the variable vessel sugar quantity, and vessel radius, respectively. These changes in vessel
sugar concentration impact phase change at the tissue scale through Eq. . We will also use in the results
section the average vessel sugar concentration, C?, defined in a way similar to Eq.
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Sugar fluxes

Sugar fluxes occur due to passive diffusion between elements. Each vessel sugar content is computed as

dn? DU Ayqe-
s S vac—v vac __ 29
dt W (CS CS ) 6(1’ ( )

with D7 the sugar diffusion coefficient between one vessel and one VAC, and J, is an activation coefficient.
64 goes linearly from 0 at -0.5°C to 1 at 0°C, and outside this interval it is equal to 0 for lower temperature
and 1 for higher temperature, hence progressively blocking sugar diffusion at negative temperature. It appeared
essential for numerical stability to block sugar diffusion at negative temperature, as the code had difficulties to
converge at negative temperature when ice was blocked in vessels whereas sugar fluxes would still induce water
flows in-between living cells. Each VAC sugar content is computed as

dng* 1 dn
dt B ’UllC

(23)

in—out

where the first term on the right-hand side represents the sugar flux leaving the VAC towards its vessel, and the
second term represents the sum of sugar fluxes leaving or entering each VAC to/from the ray. These fluxes are

computed as
Draey R2
P = Z22 b (1 (4) = C1°(=)) 8, (24)
£ Alv £ £
where D7 is the sugar diffusion coeflicient across the ray, and the + and — signs represent a differentiation
along the ray from the inside to the oustide of the stem (up to the bark cells). F7% is positive for sugar transport
towards the inside of the stem. The bark sugar content is computed as

dnbark N. N, Y
s _ vaciVra Fray Rr o 25
dt Nbark cell s ( vt ) ( )

Diameter changes

Finally, diameter changes are obtained from living cell volume changes, Eqgs. and . The total volume
of water in VACs is computed at each instant:

VD) = NuacNray > Viuelt (26)

Nyessels

with the volume variation equals to

AVyie(t) = Vige(t) = Vige(0). (27)

vac vac

The xylem diameter, considered as a cylinder, is computed as

4
Daten(t) = |/ Desiem O + —1-AV,z1(0). 29

At each instant, the volume of the bark tissue is equal to the initial volume minus the volume lost by dehydration:

VG,T ce
Voark = Vi1 <1 — BWF <1 - l’()’“”)) , (29)
vaark cell

from which the stem diameter, considered as a cylinder, can be computed:

4
sth \/D:cylem rszimrlv (30)
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Numerical resolution and parameter choices

The model is implemented in the Matlab software version R2018a (MATLAB 2018). Spatial discretisation of
Eq. (9 is ensured using the finite difference method. The system of differential equations formed by equations
, (18, @D, , , , , , , and is advanced in time using Matlab’s variable order
odelbs solver based on numerical differentiation formulas, which is specifically designed for stiff equations, with
a maximal time step of 1s, which is a sufficient value to resolve any stiffness in the problem under study. The
other equations are state equations computed at each time step. Note that we verified the implementation of
Eq. using an analytical solution (Prapainop and Maneeratanal 2004)) for a 1D freezing-front propagation
(Stefan problem, R? > 0.9999), and using a reference finite element solver (Comsol Multiphysics (COMSOL),
2020))) for the 1D axi-symmetric implementation (R? = 0.9998). The reference result presented in figure [2| takes
a computational time of around 10 minutes on a Dell Latitude 7490 with 1.7 GHz quad-core Intel i5 processor.
The source code can be downloaded at https://github.com/cyrilbz/pressurebuildup.

All model and state variables are regrouped in table 1. All parameters are in table 2. All values are either
justified based on the literature, have been specifically measured, or calibrated and justified in our previous
work (Bozonnet et al., 2023)), except the initial sugar content in living cells, and the sugar diffusion coefficients.
The initial sugar content in living cells has been estimated based on measurements on whole stems in |Charrier
et al.[(2013). The starting values for the diffusion coefficients have been computed using a solute permeability
coefficient PT% = PY% ~ 3 x 107? m/s (Gunning, 1977; Tyree et al., [1994), which leads to D¢ = PV =~
1x 107 m?/s and DT% = Pr%Al, ~ 1 x 1072 m?/s. We note that the permeability coefficients in the
reference we used correspond to solute flow across roots, hence the actual values might be underestimated.

For simplicity, we further assume that all living cells have the same mechanical properties and the same
initial sugar concentrations. However, the model is already capable of handling different parameter values
between VACs and bark cells.

Results

In this section we present the results obtained using the model described previously. Unless stated otherwise,
all parameter values are presented in table 2. In the following, and unless stated otherwise, the term pressure
always refers to the vessel pressure in the liquid water/ice phase, p,.

Effect of sugar fluxes

In this section we describe the model results obtained with or without sugar fluxes. The stem undergoes a three-
day period of continuous temperature fluctuations, ranging between +5°C and —10°C, occurring in 24-hours
cycles, as shown in figure [1} The expression for Te,:(t) is given in table 2.

Without sugar fluxes (P/Y = PP = 0; continuous red line), the mean pressure (figure [2h) shows an
alternating sequence of increases at freezing and drops at thawing. As explained in Bozonnet et al.| (2023)), this
is due to water going from living cells to xylem vessels under the influence of the low ice potential in vessels and
reversing at thawing. The effect of these water flows can be seen in stem diameter changes (figure ): at freezing
we observe a shrinkage in diameter, followed by a swelling at thawing. Pressure and stem diameter changes are
fully reversible. In the end of the simulation the pressure distribution (figure ) is nearly homogeneous across
the stem, i.e., pressure values are equal for all radial positions, and the mean pressure is equal to its initial value.

When sugar fluxes between VAC and vessels are included (P?%¢ = 3 x 1072 m/s, PT% = 0; green dashed
line), we observe a slight increase of the final pressure compared to the case where these fluxes were missing
(p5,(72h) = 20.7kPa compared to p3,(72h) = 20kPa, see figure [2h). The maximun pressure in the frozen state
increases, but more significantly (+15kPa). Stem diameter changes are also affected: compared to the previous
case, the maximun shrinkage at freezing increases, i.e., the minimal diameter decreases, and at thawing the
diameter does not come back to its initial value (figure ) The radial pressure profile (figure ) does not
show much difference with the previous case. Note that increasing the number of VACs per vessel (N,q. = 2260
compared to Ny, = 300 in the present case) presents only a slight vessel pressure increase after 72 hours
(p2 (72h) = 26.2kPa, results not shown).
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When radial sugar fluxes are added (PY* = P = 3 x 10~ m/s; continuous blue line), the mean vessel
pressure shows a much larger increase at the end of the simulation: pZ(72h) = 63kPa (figure2h). It progressively
increases in both states: in the frozen state, the maximum pressure increases all over the simulation, as well as
in the thawed state, where sugar fluxes are active. Stem diameter variations (figure ) also show differences
in both states: in the frozen state, the maximum shrinkage progressively increases over the three cycles, and
in the thawed state, the maximum diameter decreases with time. The radial vessel pressure profile shows
spectacular differences with the other two previously cases (figure [2c): vessel pressure is slightly lower (—25%)
than previously near the pith (lowest r values), and significantly higher (up to +1530%) near the bark (highest
r values).

Effect of sugar permeabilities

In figure|3h we show the effect of both sugar permeability coefficients (P?*¢ and P7%) on the pressure level after
72h. We consider three cases: one case where P’ is kept equal to its original value (3 x 107 m/s) and only
PY¢ varies (continuous line), and two cases where PY%¢ is kept constant and only PI®Y varies, for 2 values of
PP (dashed lines).

We observe that when PY%¢ only is increased, the pressure build-up increases too and reaches a plateau at
high PY*¢. When PI'* only is varied the pressure build-up is low for extreme P]*Y values and passes through
a maximum value. This is valid for both data series at varying Pr®¥, with the data serie for the highest PY*¢
showing the highest pressure levels.

In figure we show the effect of the ray sugar permeability on the long term evolution (20 days) of the
mean pressure. The case with P7% = 8 x 10~%m/s shows the fastest pressure increase followed by a decline after
only 2 days. After 10 days, the case with P/% = 3 x 10~%m/s, the lowest P’% value in this figure, generates
the highest pressure level. For a sufficiently long simulation, and for the parameter range considered here, the
maximal mean pressure level reached during a simulation decreases with an increase in ray sugar permeability.

In figure [k we show the effect of the ray sugar permeability on the long term (20 days) variations of stem
diameter. One can see that increasing the permeability decreases the diameter, both in frozen and thawed states.

Spatio-temporal vessel pressure variations

In ﬁgure we draw from ﬁgure the changes in mean vessel pressure for the case with P/% = P?%¢ = 2.1x10~8
m/s, with a custom color code that represents the time course. We chose this case as it shows a pressure build-up
followed by a decline. In figure @b we show for the same case the vessel pressure profile as a function of the
radial coordinate and for different instants of the simulation (one profile every 24 hours) with the same color
code. Similarly to figure 2k and compared to the initial value, the pressure decreases near the pith and increases
near the bark. One can see that in only 2 days the vessel pressure reaches its maximal value near the bark.
Then the pressure curve progressively spreads towards the interior of the stem. For a much longer simulation,
the vessel pressure will become homogeneous along the radius (results not shown), similarly to cases with no ray
sugar fluxes in figure [Th, but with a slightly higher pressure value.

Effect of initial sugar content and validation

Figure pp illustrates the effect of the initial sugar concentration in living cells on the mean pressure for two sugar
permeability values. The initial sugar concentrations were chosen to reflect the potential changes in soluble
carbohydrates content across the winter season (Charrier et al., |2018), and with the treatments applied to the
trees (defoliation, exposure to low or high temperature). We remind the reader that all living cells initially
have the same sugar content. We observe an increase of the mean pressure with the initial sugar content.
This increase is even higher at higher sugar permeability. For low initial sugar concentration (200mol/m?) the
difference between both cases is only 8kPa, whereas it reaches 160kPa for the highest initial sugar concentration
(1600mol /m?).

In figure fb we show the relation between the mean vessel sugar concentration and the mean vessel pressure,
both after 72h, for the cases presented in figure Bp. In the same figure we also show the experimental results from
Ameéglio et al.| (2001)), for stems that were defoliated during summer and the control group. The mean pressure
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level rises with the increase of the mean vessel sugar concentration for both the model and the experimental
data. For the greatest permeability coefficient, both the average sugar concentration and mean pressure reach
significantly higher values. Model results and experiments have similar order of magnitude for both quantities.

Discussion

Mechanism behind pressure build-up

As we shown in figure 2h, in our model sugar fluxes across the parenchyma ray are absolutely essential for
pressure build-up to occur. They also dramatically change the pressure radial distribution within the stem, with
the pressure decreasing near the pith and increasing elsewhere (figure ) They are initially induced by the
sugar fluxes from VACs to vessel, that decrease the VACs sugar concentration. These ray sugar fluxes act on the
pressure through two mechanisms. First, the sugar flux from the bark cells to the vessels (through the VACs)
induce a flow of water from the bark cells towards the vessels, thus increasing the pressure. Secondly, because of
the spatial distribution of the vessels along the parenchyma rays, the vessels close to the bark are preferentially
loaded with sugars. This creates a radial gradient in sugar concentration that induces a water flux from the near
pith vessels to the near bark vessels, thus creating the distribution in pressure observed in figure [2k.

The first mechanism, the sugar and water fluxes from the living cells towards the vessels, can also be evidenced
through stem diameter changes: a reduction in diameter occurs both in frozen and thawed states. Particularly,
the increase in the freeze-induced stem shrinkage is due to the decrease in living cell sugar content, as already
shown in Bozonnet et al.| (2023). The second mechanism, although not directly observable on stem diameter has
a much greater impact on vessel pressure: the case with the highest stem pressure does not have the smallest
diameter in the frozen state (see figure and c). We have thus demonstrated that pressure build-up can be
due to a transfer of water between vessels, across the parenchyma rays, induced by a radial imbalance in vessel
sugar concentration.

For low and high ray sugar permeabilities (P7%¥), the radial imbalance is greatly reduced, and no pressure
rise occurs, except the one due to the water flows coming from living cells, as shown in figure [Bp with the effect of
Prev. Sugar transportation along the ray alone is not sufficient: if VAC to vessel transport is too low, no pressure
accumulates, as observed in , with the effect of PY“. Note that, in the short term, there will necessarily be
no sugar radial imbalance, thus no pressure rise. This is also true for sufficiently long simulations for which the
sugar concentrations will become homogeneous across the stem (figure ) The duration required to achieve
this homogenisation, as well as the duration required to reach the maximum pressure build-up, is contingent on
the ray sugar permeability values.

The spatio-temporal variations of the vessel pressure give even more insights into the process. Figure [dp
enlightens that at short times there is a pressure decrease near the pith and an increase near the bark, indicating
a flow of water in-between vessels through the parenchyma rays. The decrease near the pith continues while
the pressure profile in the vicinity of the bark progressively flattens. The mean pressure reaches its maximum
during this part of the process (figure ) Eventually the pressure near the pith progressively starts to increase
while the pressure profile tends towards homogeneity. For sufficiently long simulations, pressure values will be
equal for all vessels, with a value slightly higher than for the case where no ray sugar fluxes were included in the
processes (figure [2)).

Comparison with experiments

Stems that underwent early defoliation showed low pressure build-up compared to controls (Améglio et al.,|2001]).
Early defoliation can indeed reduce the amount of stored carbohydrates in living cells, thus preventing them to
hydrolize starch during winter in order to increase their sugar concentration (Charrier et al.l [2018). Similarly, a
treatment at high temperature before the experiments was also likely to reduce the accumulation of soluble sugar
in living cells. Both of these treatments lowered the measured pressure level in|Améglio et al.[(2001)). The model
predicts the same relation between the initial sugar concentration and the mean vessel pressure level (figure ):
a decrease in the concentration leads to a decrease in pressure. The effect of the initial sugar concentration is
even greater at high sugar permeability, which is fully expected as higher permeabilities lead to higher presure

(figure B3p).
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Finally, we have validated the model by comparing two of its outputs, the mean vessel sugar concentration
and the mean vessel pressure after 72h, against the measured sap osmolarity and xylem pressure after 72h of
experiments. We emphasis that both of these quantities are results, either from the model or the experiments,
and not inputs or controlled parameters. The comparison is thus extremely favorable, as similar orders of
magnitude are reached between the model and the experiments for both of these quantities, especially for the
model results at high sugar permeability coefficients. This shows that the initial permeability coefficients we
used were probably underestimated.

We note that the external temperature between the simulations and the experiments were not exactly the
same: in |Améglio et al| (2001), stems that underwent a high temperature treatment before the experiments
were exposed during the freeze-thaw cycles to a maximal temperature up to 18°C, while the other stems were
exposed to a maximal temperature of 1.5°C. In the simulations, we chose a maximal temperature of 5°C, that
we estimate as being a threshold above which H /sugar co-transport will bring sugar from the vessels back to
the living cells and in-between living cells (at counter gradient). This mode of transport is not included in the
model, but including it would be a way to go further in the exploration of temperature effects on stem pressure
build-up. This would also be a way to verify if the current understanding of these temperature effects, as being
the result of a balance between the H /sugar co-transport and diffusion, is correct.

Similarly, starch-soluble sugar inter-conversion is not included in the model as we expect it to occur on a
timescale longer than 3 days (Charrier et al., 2018]). It can however have an impact on longer time scales.
Including it in the model would be a way to dynamically compute the initial living cell sugar concentration,
as a function of the environmental conditions and the tree’s carbohydrate reserves. This way, the effect of
the different experimental treatments (defoliation, low/high temperature exposure) could be simulated directly
within the model and not modelled with a varying initial sugar concentration.

In the model from |Graf et al.| (2015]), pressure build-up, as we defined it in the introduction, occurs due to
irreversible root absorption during freezing or thawing events in the stem. This is different from our model results
and the experiments of |Améglio et al.| (2001)), where it occurs during the day (at slightly positive temperature,
after thawing and before freezing), and, particularly, in the absence of any connection with the root system. In
Graf et al.| (2015)), freeze-thaw cycles are essentials for this build-up to occur, as in the experiments of |Améglio
et al.| (2001). Our model does not reproduce such synergetic effect of freeze-thaw cycles: a case without freezing
temperature shows the same pressure build-up as a complete case. Both models predict an increase in vessel
pressure with sugar content, although in |Graf et al.| (2015]) the sugar content does not change with time. Only
our model reaches orders of magnitude that are consistent with the experimental results for both the final vessel
pressure and vessel sugar concentration.

Although water fluxes between crown and roots are occurring in field experiments (Charrier et all |2017)),
and are essentials for maple sap harvest (Tyree, [1984), we do not think that adding them in our model is the
path to follow to obtain this synergetic effect of freeze-thaw cycle. This would indeed requires a connection
with the rest of the tree, whereas following |[Améglio et al|(2001) it is not needed for pressure build-up to occur.
It is possible that our omission of sugar transport at negative temperatures and our assumption of a constant
quantity of gas in vessels, ny, contributed to this lack of synergetic effect. It is well-established that freeze-thaw
cycles create gas bubbles that may fill an entire section of the vessel, see references in the introduction. One
could hypothesize that repeated freeze-thaw cycles could raise the value of ng, thereby affecting the dynamics
of pressure build-up. One other missing ingredient could be the starch to sugar conversion in living cells, which
could still occur at slightly negative temperature, but as said previously we do not expect it to have an impact
on such a short timescale. It would be worth investigating further this point to understand better the effect of
freeze-thaw cycles on pressure build-up and how it could be impacted by a changing climate.

The pressure build-up mechanism we have highlighted leads to a pressure drop near the pith and a pressure
rise elsewhere. In the context of embolism recovery, this means that this mechanism cannot repair embolism in
the vicinity of the pith. We currently have no experimental data to validate such consequence. Such data could
be obtained by scanning (X-ray microtomography) walnut branches before and after stem pressure generation
to precisely locate the places where embolism recovery occurs, such as done for example on birch and maple tree
in [Robinson et al.| (2023). This heterogeneous repair might however be related to the transition from sapwood to
heartwood due to tyloses formation in embolized vessels (Kozlowski and Pallardyl, [1997; Barnett, 2004). Another
way to validate the mechanism would be to repeat the experiments of |Améglio et al|(2001) with stem samples
that have their bark removed and intact ones. The absence of pressure build-up for stems with their bark
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removed would be a strong argument to validate the mechanism.

Compared to our previous model that did not generate any pressure build-up (Bozonnet et al., 2023)), the
only additional mechanism in the present one is the transport of sugar by diffusion in-between living cells and
between living cells and vessels. The reason why some species are (or not) able to increase the pressure in
their branches might therefore lie in this ability to transport sugar during winter. In the walnut tree, this is
regulated by specific proteins in cell membranes, that could be less abundant during winter in other species.
This might also depend on anatomical features such as the number of vessel associated cells, or the parenchyma
rays anatomy.

In addition, it is worth investigating in the future whether this mechanism is relevant to the development of
winter stem pressure in maple trees and the harvesting of maple sap. Particularly, one could start by coupling
our work with recent modelling efforts on maple tree (Graf et al 2015, Zarrinderakht et all 2024). One major
difference between maple and walnut trees lies in the need, when modelling pressure changes in maple tree, to
include a hydraulic connection as well as an osmotic barrier between vessels and fibers. This is indeed required to
reproduce the pressure drop observed at freezing inception in maple trees (Milburn and O’Malley, [1984; |Cirelli
et al., |2008; |Ceseri and Stockie], 2013} |Graf et al., [2015; [Zarrinderakht et al., |2024), whereas the opposite is
observed in walnut trees and all other species (Robson and Pettyl [1987; |Améglio et al., |2001). This pressure
drop at freezing favours water entry from the roots while vessels are still in the liquid state. Water exchange
with the roots, even though, in our opinion, not a key ingredient in the pressure build-up as discussed previously,
can therefore have a much greater impact in maple tree compared to walnut tree. In both species, however,
water fluxes between the crown and the roots could be directly driven by cryostatic suction, which is not taken
into account in any of the existing models.

Conclusion

The initial aim of this work was to develop a mechanistic model capable of simulating the winter pressure build-
up in walnut stems. We have shown that the pressure build-up can be explained by a transfer of water between
vessels via the parenchyma rays, induced by a radial imbalance in sugar concentration.

Among the various features listed in the introduction, this mechanism succeeds in: generating a pressure
build-up for stems disconnected from the rest of the tree, quantifying the relationship between pressure build-up
and xylem sap osmolarity, and showing the effect of experimental treatments (defoliation, low /high temperature
exposure) through the influence of the initial living cell sugar concentration. Temperature effects on vessel
pressure are partially captured due to the lack of HT /sugar co-transport in the model. The model does not yet
capture the synergetic effect of freeze-thaw cycles on pressure build-up, which needs to be investigated in the
future.

Finally, we have outlined two experiments to validate the pressure build-up mechanism we have identified.
Both of these experiments could validate two crucial aspects of the mechanism: it leads to a heterogeneous
embolism repair, and it requires sugar fluxes coming from the bark.

Data availability statement

The source code used to generate the data of the present paper can be downloaded at
https://github.com/cyrilbz/pressurebuildup. Any result of the present paper can be reproduced using this code.
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Figure legend list :

Figure 1: Structure of the model. Depending on the type of element and its enthalpy level, water is

assumed to be in different phases (solid, liquid, gas). Water fluxes (blue arrows) and sugar fluxes (yellow

arrows) occur between different anatomical elements across cell membranes. Scaling coefficients (Nyqe,
Nrays Nbark cell; Nyessels) are used to obtain a more accurate anatomical description.

Figure 2: Effect of sugar fluxes on mean pressure (a), stem diameter changes (b), and pressure field at the

end of the simulation (c). In (c), r is the radial coordinate. Continuous red line: P7% = PY%¢ = (; green

dashed line: P =3 x 1072 m/s, P’ = 0; continuous blue line: P = P’ =3 x 107 m/s.

Figure 3: Effect of sugar permeabilities (PY and P7%) on the mean vessel pressure after 72 hours (a).

Effect of the ray sugar permeability PI*Y on the mean pressure long term evolution (b), and on stem

diameter changes (c). Note that in b only one data point every 24 hours (in thawed state) is shown to
enhance readability. In b and c¢: PY% = 2.1 x 10~% m/s. For the legend in figure c, please refer to figure b.

Figure 4: Spatio-temporal variations of vessel pressure for case PT% = PY%¢ = 2.1x107%. a) Mean pressure

signal (reproduced from figure [3{ with a custom color code), for color interpretation see the scale in figure

b. In a, only one data point every 24h is shown to enhance readability. b) Radial pressure profile every
48h.

Figure 5: a) Effect of initial living cell sugar concentration on the mean vessel pressure after 72h. b) Link

between mean vessel pressure and mean vessel sugar content after 72h + comparison with experiments
from Améglio et al 2001 (after 72h too).

15



) vessel | S _..._. ._..
Living cell
O X Nyqc X N X N XN, %

vac vac ray Nbark cell
— B
< o
gas :-:E 5
-10
water 0 7

2 48
time [h]

ice
@ o /@ “ /@ Sugar flux
O sugar O o Trans-membrane
m “*  water flux
vessels
| | | >
\ .
Rpith Rx_‘);lem Rbranch

Figure 1: Structure of the model. Depending on the type of element and its enthalpy level, water is assumed to be
in different phases (solid, liquid, gas). Water fluxes (blue arrows) and sugar fluxes (yellow arrows) occur between
different anatomical elements across cell membranes. Scaling coefficients (Nyac, Nray, Noark ceits Nvessels) are
used to obtain a more accurate anatomical description.
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Figure 2: Effect of sugar fluxes on mean pressure (a), stem diameter changes (b), and pressure field at the end
of the simulation (¢). In (c), r is the radial coordinate. Continuous red line: PJ*¥ = PY*¢ = 0; green dashed
line: PY%¢ =3 x 1072 m/s, PT®% = 0; continuous blue line: PY% = PT% =3 x 10~% m/s.
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Figure 3: Effect of sugar permeabilities (P?*¢ and PIY) on the mean vessel pressure after 72 hours (a). Effect
of the ray sugar permeability P7%Y on the mean pressure long term evolution (b), and on stem diameter changes
(c). Note that in b only one data point every 24 hours (in thawed state) is shown to enhance readability. In b
and c: PY% = 2.1 x 107% m/s. For the legend in figure c, please refer to figure b.
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Figure 4: Spatio-temporal variations of vessel pressure for case PT% = PY%¢ = 2.1 x 1078, a) Mean pressure
signal (reproduced from figure [3{ with a custom color code), for color interpretation see the scale in figure b. In
a, only one data point every 24h is shown to enhance readability. b) Radial pressure profile every 48h.
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Figure 5: a) Effect of initial living cell sugar concentration on the mean vessel pressure after 72h. b) Link

between mean vessel pressure and mean vessel sugar content after 72h + comparison with experiments from
Améglio et al 2001 (after 72h too).
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Variable name  Description Unit Expression
Model variables

t Physical time s -
r Radial coordinate m -
H Enthalpy J/Kg
Viay Volume exchanged accross the ray m3
Vvac—wv Volume exchanged VAC-vessel m3
Vvac VAC water volume m3
Voark cell Bark cell water volume m3

;e VAC turgor pressure Pa
pf‘“"k cell Bark cell turgor pressure Pa
ry Vessel gas bubble radius m
ny Vessel sugar content mol
nyec VAC sugar content mol
nbark Bark cell sugar content mol

State variables

T Temperature °C [Bozonnet et al.| (2023)
Ty, Vessel melting point °C Eq.
Siv Vessel ice volume fraction - |Bozonnet et al.l q2023D (figure 2b)
da Activation coefficient for sugar diffusion - =1for T > T,; = 0 otherwise
cy Vessel sugar concentration mol/m3  Eq.
cyac VAC sugar concentration mol/m®  Eq.
Cbark cell Bark cell sugar concentration mol/m?®  Eq.
Diee Vessel cryo-suction Pa Eq.
Py Vessel gas pressure Pa Eq.
Py, Water/ice vessel pressure Pa Eq.
viet Total VAC water volume m3 Eq.
Voark Bark volume m3 Eq.
Dayiem Xylem diameter m Eq.

stem Stem diameter m Eq.
w(Cs,T) Sugar-water solution visco. Pa.s See

571

572

Table 1: Model and state variables
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Name Description Units Value/expression Comments
Anatomical description
Ryranch Branch radius m 0.0075
Rpith Pith radius m 0.003 Measurement
lvd Linear vessel density m~?! 2500 Measurement
w Vessel-VAC wall thickness m 3.64 x 1076 |Petty and Palin|(]1983} on Maple tree
R, Vessel radius m 80 x 10~ Measurement
L, Vertical dimension m 0.001 Only used for unit consistency
Sbark Bark thickness m function of Ryranch Fit of experimental measurements
Rmylem Xylem radius m Rpranch — Obark
trd Tangential ray density m~?! 5000 Measurement
Avac—uv Vessel-VAC exchange area m? fvac2mRy L,
foac Vessel-VAC wall fraction - 0.12 [Bozonnet et al.|(2023)
Ryac/Rbark cell VAC/Bark cell radius m 5 X 1076/10 x 1076 Measurement
lvac/lbark cell VAC/Bark cell length m 20 x 107%/15 x 1076 Measurement
JANS Thermal grid cell size m 132 x 1076 Obtained through mesh convergence
study
Al Distance between two vessels m (Raytem -
Rpitn)/(Nvessets + 1)
Kyac VAC volume without sugar m? 0.1VwmaC Rajashekar and Burke|(1996
Kpark cell same for bark cell m? 0.1V£b(”,C cell Rajashekar and Burke|(1996
smac Init. VAC water volume m? wR%aclmc
w,bark cell Init. bark cell water volume m? 7rR§aT,C cetilbark cell
Vboark Initial bark volume m3 T (—(55(”4]c + 25barkamnch) L,
VO ark Initial bark water volume m? BWF x V2 .
Physical and physiological parameters
P:ay/”ac Solute permeability coeff. m/s 3x107° |Gunning|(1977); [Tyree et al.|(1994)
Dy VAC-vessel sugar diff. coeff. m?/s Py°W
D7 Ray sugar diff. coeff. m?/s PI*Y Al
c2e¢(0) VAC init. sug. conc. mol/m? 1200 Estimation for mid winter
Clark cell(q) Bark cell init. sug. conc. mol/m3 1200 Estimation for mid winter
BWF Bark water fraction - 1.5Rpranch + 0.08 Bozonnet et al.|(2023)
kvac Vessel-VAC membrane water  m? 3.63 x 1072t Petty and Palin|(1983) on Maple tree
permeability
Kray Ray water permeability m? 3.63 x 10717
Bf;ac,baTk cell Elastic mod. for turgid cell Pa 10 x 108 |Steudle et al.| (1977); |Dumais and|
Forterre| (2012
f4(0) Init. vessel gas vol. frac. - 0.2 IEﬁim_atljoqn_}
r4(0) Init. vessel gas bubble rad. m \/ fo(0)R,
C2(0) Init. vessel sug. conc. mol/m? 50 Améglio et al.|(2001
Dy, (0) Initial vessel water pressure Pa 2 x 10% Améglio et al.|(2001
pzac’b‘”k cel'(0)  Init. living cell turg. press. Pa Py, (0) + (C2*°(0) —  Mechanical equilibrium
CY(0)RyTinit
py(0) Initial vessel gas pressure Pa P (0) + 09w /7Ty (0) Laplace law
nlaecbark cell(g)  Sugar quantity in living cells  mol Eq. (16} Applied with initial values
ny (0) Sugar quantity in vessels mol Eq. (21} Applied with initial values
ng Gas quantity in vessels mol Eq. (18 Applied with initial values
Environnemental conditions
Teowt External temperature K Tmean — Asin(wt + ¢)
Tinit Initial temperature K Te+5
Trin Minimal temperature K T. — 10
Trmaz Maximal temperature K T.+5
Trean Mean temperature K 1/2(Tmin + Tmaz)
A Temperature amplitude K 1/2(Tmaz — Tmin)
w Pulsation for sinus law st 27 /(24 x 3600)
103 Phase lag for sinus law - asin((Tmean — Tinit)/A)
Physical constants
T. Zero Celsius degree point 273.15
kin,i/kth,w Thermal conductivities W/m/K 10 x 2.22/10 x 0.556 [Bozonnet et al.|(2023)
ci/cw Specific heat capacities J/K/kg 2100/4180
pi/Pw Densities kg.m™3  917/1000
H;/Hy, Enthalpies J/kg 574 x 10% /907 x 103
L Latent heat of fusion J/kg H, — H;
R, Ideal gas constant J/K/mol 8.314
Tgw gas-water surface tension N/m 0.072

Table 2: Parameter list, description & values. Measurements and estimations were done for Juglans regia stems.

22



