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Drought poses a significant threat to forest survival worldwide by
potentially generating air bubbles that obstruct sap transport within plants’
hydraulic systems. However, the detailed mechanism of air entry and
propagation at the scale of the veins remains elusive. Building upon
a biomimetic model of leaf which we developed, we propose a direct
comparison of the air embolism propagation in Adiantum (maidenhair fern)
leaves, presented in Brodribb et al. (Brodribb TJ, Bienaimé D, Marmottant
P. 2016 Revealing catastrophic failure of leaf networks under stress. Proc.
Natl Acad. Sci. USA 113, 4865-4869 (doi:10.1073/pnas.1522569113)) and in
our biomimetic leaves. In particular, we evidence that the jerky dynamics of
the embolism propagation observed in Adiantum leaves can be recovered
through the introduction of micrometric constrictions in the section of
our biomimetic veins, mimicking the nanopores present in the bordered
pit membranes in real leaves. We show that the intermittency in the
propagation can be retrieved by a simple model coupling the variations
of pressure induced by the constrictions and the variations of the volume
of the compliant microchannels. Our study marks a step with the design
of a biomimetic leaf that reproduces particular aspects of embolism
propagation in real leaves, using a minimal set of controllable and readily
tunable components. This biomimetic leaf constitutes a promising physical
analogue and sets the stage for future enhancements to fully embody the
unique physical features of embolizing real leaves.

1. Introduction

In plants, water is driven in the xylem by evapotranspiration from the roots
to the leaves. This water ascent occurs mainly at negative pressure, and
the hydraulic transport can be hindered by air embolism events. During
droughts, the decrease in water supply owing to soil drying can fail to
compensate for the evapotranspiration flux in the leaves, leading to a
strong decrease of the water potential within the xylem and potentially to
the obstruction of the conduits by air bubbles, thereafter called embolism.
Embolism can severely decrease the sap conduction, and cause permanent
damage in the plant productivity [1,2]. Recent evidence demonstrated a
direct causality between embolism formation in leaves and the subsequent
death of leaf tissues owing to cellular dehydration [3]. One of the main
consequences of climate change is the increase in the intensity and frequency
of drought events, threatening the survival of forests across the globe [4-6].
This underscores the critical need for an in-depth understanding of embolism
propagation through the xylem, aiming to enhance predictability regarding
the anatomical features of plants that fortify resistance against such climatic
threats.
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Modern technical developments have enabled to image embolism in various parts of the plants [7-9]. Optical methods have [ 2 |

recently enabled researchers to detect live embolism propagation events. Those methods consist of observing the change in light
transmission through leaf [10,11], root [12], stems [13] or reproductive organs [14] as their veins transition from being filled with
liquid water to containing water vapour or air. While this method facilitates rapid tracking of embolism events with a temporal
resolution of the order of 1 s or even finer, its applicability is primarily limited to tissues that are relatively transparent, given
its reliance on the principles of light transmittance. For tissues lacking transparency, techniques such as X-ray tomography or
nuclear magnetic resonance [15,16] have been effective in mapping the spatial distribution of water within trunks or branches
over time, thereby revealing the gradual infiltration of air into the network. However, these methods are limited in their ability
to provide the necessary time resolution required for real-time monitoring of fast embolism spreading.

A main feature described across a large amount of species and not really understood is the intermittency in the embolism
growth, leading to a jerky propagation clearly visible when monitoring the embolism with optical methods [10,11]. From a
physicist’s perspective, the observed intermittency in embolism growth represents a striking departure from the smoother
drying patterns in porous networks. The distinction primarily arises from the role of pit membranes in the xylem, which
regularly impede the progression of embolism, thus contributing to the plant’s drought resistance. These membranes are
crucial in delaying air seeding, playing a key role in the plant’s survival mechanisms. Understanding embolism propagation is
therefore essential, as it would offer insights into the mechanisms of plant resistance, a subject of active scientific discussion.
An air bubble within the xylem, driven by the environment of negative pressure, can rapidly expand until it reaches the next
physical barrier, typically the end wall of the vessel or tracheid. These end walls are perforated by pores in the secondary
cell walls, which house the pit membranes. These membranes feature nanopores that allow water passage while restricting
air movement. The air is prevented from passing through the pit membrane until the pressure difference between adjacent
conduits surpasses a specific threshold. This threshold can be quantitatively described by the Laplace equation, depending on
the radius of the pore and the surface tension at the liquid-air interface.

Characterizing the intermittency of embolism propagation requires measurements spanning several orders of magnitude
of time scales, with sub-second propagation through the pits followed by long periods of several minutes or hours during
which the embolism does not progress. Furthermore, the process also involves several orders of magnitude of length scales,
with embolism passing through nanoporous pit membranes and then rapidly invading millimetre-long conduits. This highly
multi-scale aspect of the problem, coupled with the difficulty to image inside light-absorbing tissue, makes the real-time
tracking of the embolism dynamics very challenging. This issue has motivated biomimetic approaches to simplify the study and
thereby extract key essential physical ingredients.

Biomimetic approaches have proven to be useful to replicate key phenomena at stake in sap circulation [17], such as
evapotranspiration [18], osmotic flows [19,20], negative pressure flows [21] or cavitation [22-25]. As an attempt to understand
the physics ruling the sudden embolism propagation observed in real leaves, we designed in recent works a biomimetic
leaf made of microchannels within a membrane made of polydimethylsiloxane (PDMS), a soft silicone-based polymer mimick-
ing the compliant mesophyll of leaves. Following the design developed by Noblin et al. [18], we took advantage of water
pervaporation through PDMS membranes to reproduce air embolism propagation in linear microchannels [26] and in more
complex networks [27,28]. In a recent study, we demonstrated that an intermittency in the propagation of air embolism
could be reproduced in biomimetic veins in PDMS, owing to the introduction of single constrictions in the channel width (of
approx. 20 um). Those constrictions reproduce the effect of biological pits in plant leaves [29] despite a simplification of the
geometry compared with the complex three-dimensional fibrous geometries of real bordered pit membranes [30]. The strong
deformations of the compliant channel induced by the variations of capillary pressure generated by the passage of embolism
in the narrow constrictions was demonstrated to lead to jerky dynamics. Analogies with observations in real leaves were
suggested, but a closer comparison between biological and biomimetic data was still missing. Here, we address the problem
of the dynamics of propagation through multiple constrictions by studying linear channels composed of multiple constrictions
in series. This linear geometry is reminiscent of the venation structure of the leaves of Adiantum (maidenhair fern), and closer
comparisons are carried out with our biomimetic channels. This study represents a foundational step in understanding vascular
network dynamics using simple linear fern-like biomimetic networks, with the intent to progressively extend our approach to
more complex reticulate venation patterns characteristic of angiosperms.

In the first part, we detail some key features concerning the intermittency of the air seeding in real leaves of Adiantum
characterized by bifurcation networks (§2). In this part, we provide an original analysis of data published by Brodribb et al. [10].
In the second part, we recall the intermittent dynamics occurring in PDMS biomimetic channels containing a single constriction.
Building upon this design, we then experimentally explore the pervaporation dynamics in linear microchannels containing a
number N, of constrictions regularly distributed (§3). In a third part, we develop a model, based on pervaporation mass transfer
and elasto-capillary coupling between the meniscus and the compliant microchannel, which rationalizes the dynamics and the
role of constrictions (§4). In a final discussion (§5), we discuss the relevance of our biomimetic approach by comparing it with
the measurements obtained from Adiantum leaves. Numerical simulations were carried out to account for dispersion in the
constriction widths (or for phenotype variations in real leaves). Those simulations enable to demonstrate how slight anatomical
variations lead to an enhanced scattering of the characteristic time scales owing to a leverage effect driven by the incomplete
relaxation of the vein structure after the embolism passage through constrictions (or pits). It is noteworthy that our microfluidic
model simplifies a vein as a singular conduit rather than reproducing the bundle of multiple aligned conduits typical in real
plants. This simplification is discussed and contextualized in §5.3.
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2. Air invasion in Adiantum leaves

The propagation of embolism in various species of leaves is intermittent and characterized by multiple successions of arrests
and rapid propagations, as shown by Brodribb et al. [10,11]. We here focus on the case of Adiantum leaves, whose veins display
a tree network topology, without loops (figure 1a). Adiantum leaves have been studied in [10], where the authors separated
the leaf from its water supply by cutting the leaf at the base of the stipe and excising a pinna a few millimetres from the
rachis. They then let it dry for a few hours. Images were captured at 15 s intervals using a low-magnification microscope. From
these images, we performed our own analysis for the purpose of this article. We observed variations in light transmission,
interpreted as the advancement of air through the leaf’s venation system (see figure 1b). This approach, known as the optical
vulnerability method, has been increasingly used over the last few years. Its efficacy in tracking embolism propagation within
relatively transparent tissues has been well documented in a range of studies [3,10-12,14]. In our current approach, we have not
accounted for potential variations in conduit lengths observed across various species [31]; our focus is primarily on measuring
embolism dynamics through the characterization of times of arrest of the embolism.

We analysed the length x = L, — L of the air embolism invading each of the 22 leaf veins represented in figure 10, L, being
the total length of a vein and L the remaining wet length. Air invasion proceeds by rapid steps of amplitude Ljump, and then
halts for a time At (figure 2a). In figure 2b, we represent the waiting time At as a function of time for 12 veins. The graphs
exhibit a general trend: the first arrest of the embolism is much longer than the following ones. Those data are averaged in
the inset after classification based on their jump order n, from the first arrest (n = 1) to the last one (n=9). A slightly growing
trend for At can be distinguished from n =2 to n =9, but it is difficult to conclude owing to the dispersion of the data. Note that
we considered as a first arrest (n = 1) the time between the branch cut and the first appearance of the embolism in the petiole.
We here supposed that the drying time of the remaining water volume in the main branch (impossible to image) was small
compared with the water volume in the leaves.

Note that in this experimental set-up, air enters the xylem from the cut petiole, leading to embolism propagation from the
base of the pinna towards the leaf margins, as shown in figure 1b. This method, while accelerating the process for observation
purposes, closely mirrors the natural progression of embolism in intact leaves from the petiole, thereby maintaining the
relevance of our observations to real-leaf conditions. It is also interesting to note that embolism arrest points frequently align
with network bifurcations (figure 10). Although the prediction of individual embolism trajectories falls outside the direct scope
of this article, future investigations could aim at determining whether these bifurcation points correspond to ends of conduits
within the xylem network and how their spatial distribution might impact the spread of embolism [32,33].

The understanding of the physical mechanisms governing the jerky propagation of embolism and the distribution of waiting
times is constrained by our current imaging capabilities, which cannot simultaneously resolve the dynamic processes at both the
microscale and nanoscale in real time. Specifically, while ‘static’ imaging could successfully capture detailed structural features
of the veins, live imaging of embolism events struggles to integrate both the high spatial resolution, needed to discern nanomet-
ric pit membranes and the broad temporal scales, from rapid events to slower, progressive changes. This inherent limitation
arises from the need to balance between resolution and field of view, as well as between capturing fleeting dynamics and longer
processes. Consequently, our purpose is to use simplified representations to focus on fundamental physical interactions within
a more tractable experimental set-up. In that purpose, we now adopt a biomimetic approach using artificial silicone membranes
mimicking the main features of Adiantum leaves, following our original experimental protocol [26,29].

3. Experiments in biomimetic linear channels

3.1. Silicone biomimetic leaf manufacturing and sample preparation

We first create a mould on a silicon wafer by using photolithography. A thin layer of thickness h of SU8 photoresist (provided
by Gersteltec company) is insulated through a mask (provided by Selba company). The part of the resist which was shadowed
from insulation by the mask is then washed out using a solvant (propylene glycol methyl ether acetate), leaving behind a
patterned wafer, which will be our mould in the future steps. Once the wafer has been patterned, a layer of thickness H of liquid
PDMS (Sylgard™ 184, from Dow company) is then deposited on the mould by spin coating. The liquid PDMS is then cured for
24 h at 65°C in an oven. The PDMS layer is then detached from the mould, and gently deposited on a glass slide, which was
previously surface-treated using an atmospheric plasma cleaner. This suffices to bind the PDMS layer to the glass slide.

The channels are filled with deionized water by plunging the sample for 2 h in a water tank whose pressure is decreased
below 70 cm Hg with a vacuum pump. Note that it is important to create a hole at the entry of the channel to enable direct
liquid water entry, while the air stuck in the dead end is purged by air diffusion through the PDMS membrane. The experiment
starts when the sample is released from the water-filled tank, superficially dried with absorbing paper, and placed under a
microscope at ambient pressure to track the propagation of air embolism.

This protocol, developed by Noblin et al. [18] to study optimal evapotranspiration fluxes in real leaves and in leaf-like
networks, was then revisited by Dollet et al. to study the propagation of air embolism in biomimetic leaf channels [26]
and in simple biomimetic networks [27,28]. Recently, we obtained the first jerky propagation of air embolism in biomimetic
microchannels by introducing a constriction in linear microchannels [29]. We first detail a bit further the physical mechanism
behind this intermittency in the propagation of air embolism past a single constriction, before introducing the Adiantum-like
network which we designed.
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(b)

figure 1. Analysis carried out from the data shared by the authors of the reference [10], courtesy of Timothy Brodribb et al. (a) Leaf of the Adiantum fern (scale bar is 5
mm). (b) Detection of air embolism spreading in leaves within 22 veins. The colour represents the time at which they appear: dark blue at the start, dark red at the end
(here after 8 h).
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figure 2. Analysis carried out from the data shared by the authors of the reference [10], courtesy of Timothy Brodribb et al. (a) Length L, — L of the channel filled
with air as a function of time for the first 12 veins. (b) Waiting time At before a jump in the first 12 veins of figure 1, as a function of time. Inset: A as a function of the
jump number n.

Microchannels are thus formed within a PDMS medium (figure 3). The cross-section of the channels is rectangular, of width
W = 350 um and height /1 = 73 um, and a total length L,. The thickness of the PDMS membrane above the channel is denoted
8 = H - h. A number N, of constrictions of width w, = 20 um and length I, = 180 pm (horizontal ones) or I, = 300 um (vertical
ones) are regularly distributed along the channel (figure 4), separating the total length of wide channels L, into N, cells of equal
length L, = L,/N,,. In the experiments, the number of constrictions typically ranges from N, =0 to N, =72. Figure 3a represents
the case N, = 1, and figure 4 displays photographs of two channels with N, = 18 for figure 4a and N, = 72 for figure 4b.

3.2. Dynamics in a channel with a single pit-like constriction

In a recent study, we explored the dynamics of air invasion past a single constriction in a compliant microchannel [29] (figure 3),
corresponding to the case N, = 1. A dead-end microchannel, initially filled with water, is placed under a microscope. The small
thickness of the PDMS membrane, of a few tens of micrometres, leads to a relatively fast pervaporation of the water content
[34]. An air embolism can thus progressively grow to compensate the loss of the water content. While the air propagation
was shown to be smooth in straight microchannels, following exponential relaxation laws, we demonstrated in [29] that this
presence of a single constriction can lead to highly nonlinear dynamics (figure 3a). The air embolism interface is stopped at
the exit of the constriction, for several minutes. After this waiting time At, the interface suddenly advances in the next channel
by an amplitude Ljmp in a few seconds. We demonstrated that the constriction forces the air-water interface to be curved,
which leads to a strong decrease of the pressure in the liquid-filled channel owing to the capillary Laplace pressure difference
at the interface. This induces the arrest in the propagation of air, as the loss of water by pervaporation is compensated by a
compression of the compliant channel (figure 3c), owing to the decrease of the pressure. Once a threshold pressure is reached
within the channel, depending on the width of the constriction w,, the tension is released and the embolism can suddenly jump
by an incremental length Ljump. This length was proven to follow a law given by water mass conservation during the jump,

AS.
Ljump = LOS_O/ (3.1
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figure 3. Summary of the jerky dynamics observed in the presence of a single constriction during embolism invasion in linear channels characterized by
L, =55mm, [, =1mm, w, = 390um, w, = 30um, h = 65um and H = 95um [29]. (a) Time lapse of an experiment of biomimetic channel drying by
pervaporation. Nine hundred seconds separate the first image (top) and the last image (bottom). The length L of the liquid part (in light grey) gradually diminishes
as the air embolism (in dark grey) progresses. (b) Time evolution of L during the passage of the interface through the constriction. It shows a marked arrest, during
a time At, followed by a rapid jump of the interface of amplitude L;,r,,. The coloured stars correspond to the different moments of the time lapse in (a). (c) Sketch of
the cross-section of the liquid-filled part of the channel (corresponding to the plane represented by the red-dashed line in panel (a)) at the different moments of the
embolism propagation through the constriction. These sketches were confirmed by confocal imaging in [29].

(a)

figure 4. Two linear channels of length L, = N ,L. = 72 mm and width w, = 350 «m, separated by a number N, = 18 (a) and N, = 72 (b) of constrictions of
width wp =20 um and length lp = 180 um (horizontal ones) or lp = 300 um (vertical ones). The length of the cellsis L. = Ly/Np.In these two pictures, the

air embolism (channels in darker grey) penetrates, respectively, in the 8th and 52nd cell, which are still filled with water (lighter grey cells), as well as the rest of the
channel until the dead end. The scale bar at the top right represents 1 mm.

where AS. =S, —-S. is the difference of area between the channel section before the embolism arrest in the constriction S, and
the minimal channel section just before the jump S.. The intermittency thus originates from an elastocapillary coupling between
the air embolism interface curvature generating pressure variations owing to its passage through the constriction, and the
compliant structure of the channel, adapting its shape to the lower pressure imposed by the interface.

In the construction of our biomimetic model, it is pertinent to consider the wetting properties of the materials used. The
contact angle of water on PDMS is approximately 110°, indicating a relatively hydrophobic surface. In contrast, water exhibits a
contact angle close to 0° with glass, a highly hydrophilic surface. Given that the air-water interface in our model interacts with
three PDMS walls (one long and two short ones) and one (long) glass wall, the overall wetting behaviour is quite favourable,
resulting in an effective contact angle less than 90°. This set-up renders the channel partially wetting, albeit not as hydrophilic
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as xylem walls in plants. Also, our previous work [29] has shown that a similar jerky propagation of embolism is observed n

even with fully wetting liquids like ethanol, indicating that the phenomenon is not heavily dependent on the specific wetting
properties of the system.

3.3. Dynamics in the channel with multiple constrictions

The aforementioned jerky propagation was extensively studied in a channel with one single constriction mimicking pit
membranes in real leaves. However, real leaves are composed of multiple channels separated by a high number of pits. We
here explore a more complex configuration of a linear microchannel composed of successive constrictions, as a simple approxi-
mation of the venation of Adiantum leaves. In our experiments, we used samples with vessels of height h =73 +2um, width
w, =350 + 10um and PDMS thickness H = 86 + 2um. The number of constrictions N, varies across our samples between 0 and 72.
Figure 4 shows the top view for two experiments of air embolism propagation in linear veins with a number of constrictions
N, =18 (top) and N, =72 (bottom) at the moment of the passage of an embolism past a constriction. The liquid-filled part
appears in light grey and the air embolism appears in dark grey (light being less transmitted through the sample because
the index of refraction of air is more different from PDMS than water is). The length of the embolism x = L, + N,l, - L (where
L, + N,l, is the initial total length of liquid) is tracked and represented as a function of time in figure 5 for N, = 0 (dark blue line,
channel without constriction), N, = 18 (light blue line) and N, = 72 (yellow line). Three different dynamics can be observed:

— For N, =0, the progression is smooth and can be described by truncated exponential functions, as shown by Dollet et al.
[26].

— For N, =18, the propagation of the embolism is stopped at each constriction during a time At, and then followed by a
rapid jump of amplitude Ljump inside the next vessel (light blue line in figure 5). At the end of the jump, the embolism
has not reached the next constriction; it then propagates smoothly, until reaching the next constriction and being arrested
there again (figure 5b).

— For N, =72, the propagation of the embolism is much more jerky, and characterized by series of arrests and jumps at each
constriction (figure 5). This peculiar propagation by steps is reminiscent of the observations in Adiantum leaves (figure 2a).
Only for the very last moments is a smooth propagation recovered, when jumps are not long enough to reach the next
constriction.

Considering the jump amplitude Ljump, figure 6 represents Ljump rescaled by the length of the individual vein elements
L. = L,/Ny, as a function of the number n of the constriction where the jump occurs rescaled by the total number of constrictions.
It enables to separate two classes of dynamics. For high numbers of constrictions (N, = 72, empty triangles), the jump amplitude
equals L, for most of the constrictions and suddenly decreases for the last values of n/N,. Conversely, for the channels with the
lowest numbers of constrictions, Ljymp/L, decreases with n/N, from the first constrictions onwards.

Considering the waiting time At, the results also show two classes of dynamics, see figure 7. For experiments with N, <18
(figure 7a), At appears constant during the experiment, regardless of the constriction order n. Note that the data are very
scattered, a feature which we shall discuss in §5. For N, =72 (plotted separately for clarity on figure 7b), the first arrest at
At, =150 s is of the order of those measured for N, <18. However, from the second constriction, the times of arrest At are
much lower. And At appears to grow with n until reaching values of approximately 150 s again as n — N,. This change of
monotonicity appears as a peculiar feature of channels composed of a high number of constrictions and for which the embolism
propagates by steps, from one constriction directly to the other. In §4, we rationalize this effect. The solid lines in figures 6
and 7 correspond to predictions of the model, knowing the deformability of the channel AS,/S, measured using a confocal
microscope.

Considering the time taken for the jump (figure 5b), it is noteworthy that it is considerably longer than what can be observed
in real leaves (figure 2a). This difference is presumably owing to the viscoelastic nature of PDMS, which exhibits higher viscous
characteristics than leaf tissue.

3.4. Insights from confocal imaging

We used a confocal microscope to determine the elastic deformation of the channel as a function of time. We diluted Sulforhoda-
mine B, a fluorescent dye, in water to image the cross-section of the water-filled part of the channel, in a cell midway between
two constrictions.

We measured the section area S of the channel as a function of time by using a confocal microscope, in the case N, = 3 (figure
8a). We evidenced two distinct phases. A decrease of the section area S during a time interval At down to the critical section S,,
followed by a rapid restoration of the nominal S,, corresponding to the jumps of the embolism. During the remaining time, the
cross-section remains constant and equal to S,, as the embolism interface is not pinned and propagates inside a vessel.

These measurements enable us to express the value of the deformability of the channel AS./S, = (S, — S¢)/So, here estimated
as AS./S, = (8 £1.5)%. Note that various measurement uncertainties are reducing the accuracy of the measurement, such as the
time needed to span in the z-direction (approx. 30 s) during which the section is evolving owing to the ongoing pervaporation
process.
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figure 5. Measurements of the time evolution of the length of the air embolism x = L, + N, — L, rescaled by the total length L, + N pl,,. (a) Full embolism
trajectory, from the first constriction (x/(L, + N ) = 0) to the end of the channel (x/(L, + Npl,) = 1), for three different values of N, = 72 (yellow), 18
(light blue) and 0 (dark blue). (b) Zoom on the trajectory of the N p=12 and N p = 18 cases. For N, =72 (yellow), the propagation only occurs by successive
events of jumps and arrests. Conversely, for N, = 18 (blue), the air embolism jumps inside a cell after a stop in a constriction, and then advances through smooth
pervaporation process before being stopped at the next constriction. The double arrows define the variables At and Lj,p,, systematically measured in our study.
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figure 6. L;,, normalized by the cell length L. as a function of /N ,. Two different classes of embolism dynamics emerge: (i) a jerky embolism propagation, where
the interface jumps from one constriction to the other (empty triangles for N b= 72) for most of the constrictions, except the very last ones. In this case, the elastic
tension is only partially released after each jump; and (ii) a smoother propagation, for which the embolism never jumps directly from one constriction to the other (full
markers, for N p < 18). In this latter case, the elastic tension is completely released after each jump.
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figure 7. Waiting time At as a function of the constriction order 7. (a) With channels containing from 1 to 18 constrictions, the waiting time is nearly constant,
although relatively scattered. This trend is confirmed by the predictions of the model of 84, represented in solid lines. (b) When the number of constrictions N, is
substantially increased (up to N, = 72), the waiting time is maximal at the first constriction (At ~ 160's), drops down to At =~ 305 from the second constriction and
then gradually increases up to At ~ 160 s at the end of the experiment. For both panels, the solid lines represent the predictions of the model developed in §4, for
a channel deformability AS /S, = 8% and an initial waiting time at the first constriction At, = 150.4 s, taken as the average of the seven experimental data for N,
ranging from 1to 72.
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figure 8. (a) Surface area S of the channel cross-section as a function of time, measured by confocal imaging for the case N, = 3. The two images in inset represent
the measured cross-section of the channel just before a jump (bottom inset) and just after a jump (top inset). The difference of section area AS, = S, — S is directly
linked to the amplitude of the jump Ljyp,. (b) S/S, as a function of time derived using the model in §4 for three different numbers of constrictions: N, = 1 (dark
blue), N,=18 (light blue) and N,=T72 (yellow). The dynamics was derived using the values of q; and Qq expressed in §4.

Predictions of the model developed in the next section are proposed in figure 8b as a comparison, and further discussed in

§4.

4. Theoretical model and design rule

In linear microchannels, in the absence of constrictions, the embolism progression velocity is evolving progressively, and is
solely influenced by the pervaporation dynamics [26]. Here, in the presence of constrictions, we propose to focus on the jump
amplitudes and times of arrest only.

4.1. Model with N p constrictions

We aim at predicting the waiting time At of the meniscus at each nth constriction. We call n the order of the constriction, where
n =1 corresponds to the first constriction to be encountered by the embolism front. N, is the total number of constrictions in the
channel, L, the total length of the channel of width w, = 350um and L. = L,/N, the length of each cell separated by constrictions.

The waiting time can be directly expressed, from mass conservation, as the ratio of the volume AV to evaporate before the
jump to the volumetric flux of pervaporation. The waiting time at the nth constriction can be written

AV,

Aty = ————,
: qan + Qg

(4.1)
where ¢;=1.70 x10"" m? s and Q,=145- 10 m® s, respectively, represent the bulk pervaporation volumetric flux per unit
length and the meniscus evaporation volumic flux. Those two values are independent on the position of the interface in the
channel, and only depend on the geometry of the channel and on thermodynamic constants of the problem, as detailed in [26],
where the formulae used for determining the numerical values of g, and Q, were established. The volume to pervaporate equals
AV, = Ly(S, - Sc), with L, = L, — (n - 1)L, the length of the water-filled channel, S, the cross-section area (assumed uniform) of the
water-filled channel at the beginning of the arrest in the nth constriction, and S, the minimal area of the cross-section for which
the jump is triggered. We neglect the volume of the constrictions in the analysis.
Hence, we obtain

Sn_Sc

tn = qng/Ln . (4.2)

The value S, depends on whether the channel is fully relaxed when the meniscus reaches the nth constriction. The channel is
assumed to be fully relaxed at the first constriction, and it is fully relaxed when the embolism reaches the other constrictions if
they are not reached during a jump.

In the full relaxation case, S, = S,, and writing AS, = S, — S, we have

AS,

In particular at the first constriction,

AS

Atj=——C =
! ql+Qg/Lo

At,.
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For the other constrictions n > 2, one needs to check whether the previous jump directly reached the constriction. This is n

performed by comparing L. with the amplitude A, _; that the previous jump starting from constriction n -1 would have in the

absence of constrictions,

AS,
An-1=Ln-1—— (4.4)
0
with
L,=(N,-n+1)L. (4.5)

Equation (4.4) translates the fact that the change of channel volume during complete relaxation draws a water volume that leads
to an advance of meniscus through the air-filled part of the channel and having a section S,. If A, < L., equation (4.3) holds,
else the channel is not fully relaxed at the beginning of the arrest in the nth constriction.

In the case of an incomplete relaxation, the jump leads directly from the (n-1)th constriction, where S =S, to the nth
constriction where S = S,. The water volume conservation during the jump yields S,L, = S.L, -1, which, when injected in (4.2),
yields

S,
At = < . 4.6
4N, n+ 1)+ QL (0
Using (4.4) and (4.5), the condition A, -1 < L. is equivalent to (N, — n +2)AS,/S, < 1, hence to n > n; with
nj=2+Np—i 4.7)

AS.

In summary, we have two expressions for the waiting time, depending on whether the channel has fully relaxed or not. Full
relaxation is achieved at the first constriction, and

— if n> n; with n; given by (4.7), the waiting time is then given by (4.3);
— if 2<n<nj, the channel is only partially relaxed when the arrest begins at the nth constriction, and the waiting time is
given by (4.6).

Crucially, the two expressions of the waiting time display opposite dependences on n: while in the full relaxation case, (4.3) is
a decreasing function of n (all the more that N, - n tends to 0 as the effect of the meniscus evaporation flux becomes gradually
more important compared with the bulk pervaporation term), in the partial relaxation case, (4.6) is an increasing function of n.

4.2. Comparison with the experiments

These predictions are in reasonable agreement with the experimental data, as shown in figure 6 and in figure 7a,b, where solid
lines represent the model predictions with a deformability of the channel taken as AS,/S, = 8%, in agreement with observations
made with the confocal microscope.

Concerning the area of the section of the water-filled parts of the channel during the propagation of the embolism, figure 8b
provides a prediction of the model for the cases N, =1, N, =18 and N, =72. For N, =1 (dark blue line), a complete relaxation
of the elastic energy occurs after the first and unique jump, and the area of the cross-section equals S, just after the jumps.
Conversely, for both N, =18 and N, =72, the first jumps lead to an incomplete relaxation of the elastic energy, owing to the
arrest of the embolism interface at the next constriction, which leads to a subsequent elastic loading. Note that after a given
number of constrictions corresponding to the parameter n; obtained in equation (4.7), a complete elastic relaxation of the
channel after each jump is recovered. This threshold value n; is larger for N, = 72 (yellow line) than for N, = 18 (light blue line).

While the model accounts reasonably well for the value of n; for N, = 72 in the representation of Ljump versus n (figure 6), it
overestimates the value of n; for the case N, = 18. Several reasons may explain this discrepancy, such as uncontrolled variations
on the geometrical parameters h and H between the different veins. Furthermore, the deformability AS./S, was measured by
confocal microscopy for one channel and considered equal for all of them. While this assumption is correct if all the geometric
parameters of the experiments are constant (with the exception of N, and L. which are varied), differences between channels
may come from the membrane production protocol (photolithography, PDMS spin-coating, curing, membrane detachment and
attachment). Section 5 is devoted to the quantification of the impact of this variability in the parameters on the measured times
of arrest.

4.3. Design rule for a change of monotonicity in the At versus n curves

It is possible to distinguish the two classes of phenomenology depending on whether r; is smaller or larger than 2. If n; > 2, part
of the embolism dynamics is characterized by a front directly jumping from one constriction to the next one. Consequently, the
At versus n curve exhibits a change of monotonicity, with At brutally decreasing between n=1 and n =2, and then gradually
increasing up to At = Aty. The second change of monotonicity can be observed as n tends to N, if the meniscus evaporation term
is large enough.
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Conversely, if nj <2, no jump is large enough to reach directly the next constriction. The At vs n curve is then only smoothly m

decreasing, owing to the sole minor effect of the additional meniscus evaporation term.

This condition on the value of n; can help us provide a design rule for the biomimetic channels. For a given number of
constrictions, the change of monotonicity will be encountered if the deformability of the channels is larger than a critical value,
AS; 1

AS,
> R
5 s TN (4.8)

Similarly, for a given deformability of the channel, the change of monotonicity in the At versus n curves will be encountered if
the number of constrictions is larger than a critical value,

So
AS.

Np,2Np= 4.9)
This equivalence between increasing N, or increasing the deformability of the channel to get a step-like propagation of the
embolism is confirmed with the graphs presented in figure 9. For a given number of constrictions N, the change of
monotonicity is more pronounced when AS./S, is increased. Conversely, for a given deformability AS./S,, the change of
monotonicity is more pronounced when the number of constrictions is increased from N, =9 (figure 9a) to N, = 72 (figure 9b).

5. Comparison between biological and biomimetic data

In this section, we confront our results with the biological data obtained from the Adiantum leaves. We then discuss the
strong scattering of the times of arrest At in the biomimetic channels, in spite of the precision of the design obtained by
microphotolithography, and relate it to the dispersion observed in the data extracted from real leaves.

5.1. Comparing the times of arrest At

The model of §4 captures the dependence of the waiting time on the order n of the constriction shown by Adiantum, in particular
the change of monotonicity between the first and the second constrictions. We recall that measurements with Adiantum show a
very long first arrest, followed by much shorter waiting times (inset of figure 2). In artificial leaves, this trend is only observed
when the compliance is large enough (n;> N,/2). In our work, large values of N, had to be reached to observe a change of
monotonicity in the At versus n curve, because the compliance of our channel was relatively weak.

Conversely, the biological data presented in figure 2b are such that the propagation of the embolism is always jumping
from one constriction to the other, as if n; ~ N}, According to our model, this fact implies that the compliance of the biological
hydraulic system is large. In figure 10, the waiting times measured from Adiantum leaves are fitted by the model with N, =9.
The best fit corresponds to a deformability of the channels AS./S,=58%. These observations could be linked to the strong
contraction of the xylem structure when subjected to low pressure induced by a water stress [35-40]. However, in addition to
the contraction of the veins induced by the decrease of the water pressure during drying, another source of capacitance in the
hydraulic network could arise from the significant water content in the mesophyll surrounding the veins [41,42]. This condition
could not be met with our biomimetic design, insofar as PDMS contains very little water. Interestingly, this echoes the role of
‘bound water’ in tissues surrounding water-conducting vessels, recently evidenced in the drying of wood [15] or of fabric [43].
Therefore, it is certainly too preliminary to interpret all the biological data with a model accounting solely for the deformation
of the veins as the unique source of capacitance.

5.2. Impact of the variability of the constriction width w ,: numerical resolution

In order to understand the strong variability in waiting time observed in biomimetic data, and even stronger in biological data,
we complexify our model by introducing a probability distribution for the threshold section S, in our theoretical model.
We assume a normal distribution of the constriction size w,, with a relative standard deviation o_wp varying between 0 and

20%. This distribution has an influence on the threshold AS, linked to w, through the following inverse relationship: AS, = ¢/w,
where ¢ is a parameter accounting for the effect of surface tension y, elastic modulus of PDMS E and geometric parameters of
the channels and membranes §, h and w,. This inverse dependency was proven in our previous work [29] to originate from the
fact that Laplace pressure is proportional to the inverse of the width of the constriction, and the deformation is proportional to
the Laplace pressure.

For a distributed S, the system of equations presented in §4 can be solved numerically using a time finite-difference method.
This numerical procedure enables to generate numerous runs of embolism growth and to characterize the effect of a statistical
distribution of the blocking threshold S, among the 72 constrictions of the simulated channel. We choose N, =72 to stick to
the experimental case where the partial relaxation of the channel was evidenced (figures 6 and 7b). We present in figure 11a
typical runs for different standard deviations g, Remarkably, the dispersion of waiting times is large at the beginning, but
decreases at increasing n. This is quantified in figure 115, where we see a linear decrease of the standard deviation with n.
The relative variability of waiting times Gx; = oa;/At is initially greatly enhanced compared with the relative variability of the
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figure 9. Influence of the compliance of the hydraulic channel on the waiting time At. The different lines correspond to predictions of the model for different values of
channel deformability AS/S, = (S, — S¢)/S, before a jump, as indicated by the legends. The number of constrictions is (a) N p=9(b)N, =72
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figure 10. Analysis carried out from the data shared by the authors of reference [10], courtesy of Timothy Brodribb et al. Comparison between the model (blue line)
and biological data obtained with Adiantum leaves (red circles). For biological data, the waiting time At was rescaled by the mean value of the waiting time at the
first pit, Aty = 2.5 h. The best fit of the experimental point by the model is obtained for a deformability AS./S,, = 58% and a number of pits N, = 9. Note that the
scattering of the measured values is even higher than what is observed in biomimetic data (compare with figure 7b).

constriction sizes a_wp = Gwp/w_p. For low values of N, and AS,/S,, n> n; and the channels are always relaxed before reaching the
constrictions. In this case, simulations show that the variability of the times of arrest is the same as the variability introduced in
the constriction size (results not shown).

This enhanced variability of the waiting time, exhibiting standard deviation up to 10 times larger than the standard deviation
of the distribution of constriction sizes, is now rationalized by taking the following example. Let us consider the nth constriction
in a linear channel composed of N, constrictions and assume that this constriction is characterized by a threshold in section

Sc such that AS, , = T&(l +¢,), where AS, is the average channel deformation threshold and ¢, quantifies the deviation of this
constriction from the average value. We consider ¢, > 0, which holds for a constriction with a stronger blocking effect than the
average, leading to stronger channel deformations AS, before a jump. The new threshold can thus be expressed as

Se n= §C|1 - sn(i - 1)] ) (5.1)
SC
One has to quantify its influence on the waiting time At. Let us suppose that the previous jump at the (n—1)th constriction
was characterized by a threshold AS;, ;-1 = AS.(1 +¢,-1). When n < n;, the interface jumps directly from the (n-1)th to the nth
constriction, and using the volume conservation during the jump S,L, =S, »-1L,-1 leads to a cross-section of the channel equal
t0S, =S, n-1[1+1/(Np-n+1)].
Using equation (4.2), the waiting time can therefore be expressed as

1
Sc, rrl(1 +W)_Sc, n

At =
qlL + Qg

(5.2)

One can express At as a function of the expected waiting time At in the case without variability (e,-1 = €, = 0), which leads to

At = At -
qlL+Qq QL+ Qq

(5.3)

Finally, in the incomplete relaxation case (1 < n <n;),.
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figure 11. Numerical simulations. (a) Influence of the variability of the constriction size w), on the waiting time At re-scaled by the waiting time in the absence of
variability at the first constriction At represented as a function of 2 for N, = 72, for AS./S, = 10%. (b) Dimensionless standard deviation of the waiting time &
divided by the dimensionless standard deviation of the constriction size Ty for four different sets of 1000 numerical simulations with a_wp varying from 20% (yellow)
t0 2.5% (blue).

At/At=1-¢,-1AS./S(Np—n+2)+€,AS,/S(N,—n+1)

If we assume the same amplitude of variability for the section change, with a standard deviation o, = o,_, = 0., we obtain for a

direct comparison with the ratio of the relative standard deviations represented in figure 11

At/At=1 _AS,
A S,

[2(N,-n+1)+1]. (5.4)

Physically, the amplification factor of the scattering of the waiting time compared with the scattering of the section can be
understood by the fact that a slight modification of the threshold has a large effect when the pressure after the jump was very
close to this threshold, see for instance the inset of figure 8b for large N,. The amplification of the waiting time scattering is thus
proportional to AS,/S,, in the incomplete relaxation case. Furthermore, this amplification decays linearly with n, in agreement
with the trend observed numerically. The amplification factor also increases linearly with the number of constrictions N,, a
number which can be particularly high in the leaves of some species of plants. Using equation (5.4) for the experiment with
N, =72, one can estimate the variability € in the blocking effect of the constrictions from the measured variability of the times
of arrest At. Using AS, = 0.08Sp and S, = 0.92Sy, one finds ¢ = 12%, which seems reasonable regarding the apparent geometry of
our 72 constrictions (figure 4b). Similarly, the predictions from the numerical simulations compared with the biological data
from Adiantum (figures 2 and 10) are compatible with a standard deviation for the pit size of approximately 10% around their
mean value. It could be tempting to use this as a tool to measure pit size distribution, but a larger amount of biological data are
needed.

On the other hand, in cases where the pressure is completely relaxed before the interface reaches the next constriction
(n>n;), one has from equation (4.3): At/At=1+¢, or as a direct comparison with the ratio of the standard deviations represen-
ted in figure 110

ALy (55)
AS./AS, -1
in agreement with the trend observed in numerical simulations: in such a case, there is no amplification of the scattering of the
waiting times.
As a perspective, the leverage effect at the origin of the enhanced scattering of the characteristic time scales of embolism

propagation in linear venation could lead to more complex and chaotic embolism growth in branched networks of angiosperm
leaves, where the embolism can explore several competing branches and exhibit preferential paths [10,11].

5.3. Comparative analysis of biomimetic and Adiantum leaves

We now discuss the main differences between our biomimetic channel and Adiantum leaves. While some differences are
acceptable as they preserve the underlying physics, others could pose limitations and motivate future improvements.

5.3.1. On the differences of pore size between the biomimetic constrictions and the pit membranes

The physical mechanisms at stake in the jerky propagation of embolism in the biomimetic leaves involve an elastocapillary
coupling between the compliant structure of the PDMS channel (of Young's modulus E ~ 1 MPa), and the air-water interface
leading to Laplace pressure of approximately y/l, ~ 3 kPa. The dimensionless elastocapillary number, defined as E, = El,/y is
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remarkably preserved across biomimetic and real leaves. Indeed, while the pores of the membrane of bordered pits are three m

orders of magnitude smaller than our biomimetic constrictions, the elastic modulus E of lignified tissue (whose deformation
is considered as the main source of capacitance in the analogy drawn in this manuscript) is approximately three orders of
magnitude larger than that of PDMS. This model of biomimetic leaves therefore preserves the potential coupling between
pressure variations owing to the pits and the compliant elastic structure of the veins.

We acknowledge that in our current study, the porous structure of pit membranes, typically characterized as fibrous porous
materials, was not incorporated. This simplification overlooks the complex microstructure of these membranes, which plays a
crucial role in the natural process by selectively allowing water passage while blocking air, thus critically influencing embolism
propagation [30,44,45]. Including such detailed structures in biomimetic models represents a significant technological challenge
and an important next step for advancing our understanding. Future iterations of those biomimetic leaves could integrate these
more complex features to better mimic the natural conditions and enhance the model’s accuracy.

5.3.2. On the anatomical difference between the bundle of conduits in real leaves and the single veins in biomimetic leaves

The veins in real leaves consist of bundles of multiple parallel conduits. The connectivity and anatomical dimensions of these
conduits have been theoretically shown to influence embolism propagation dynamics [32,46-48]. As such, in the experiments
on Adiantum, the superposition of several parallel conduits within a single vein should theoretically yield multiple embolism
events at a single network location. Figure 124 displays the number of registered events per pixel, illustrating that a significant
portion of the leaf experiences multiple passages of embolism. Superficially, this might seem to challenge our structural model,
which represents a bundle of multiple parallel conduits as a single conduit. However, if we filter the data to exclude subsequent
embolisms occurring within 40 min (representing approx. one-tenth of the leaf’s drying time) after the first embolism (figure
12b), we obtain a map more compatible with a one-dimensional front. Anatomically, this suggests that conduits surrounded by
embolized veins are more likely to be rapidly embolized than others near the leading front. The front could thus be modelled as
a diffuse front, with a relatively moderate spread compared with the leaf drying time scale.

5.3.3. On the poorly hygroscopic PDMS and the water transfers between the veins and the surrounding tissue

In this study, we used PDMS, a material well suited for microfabrication and capable of conveniently mimicking evapotrans-
piration processes owing to its pervaporation properties. However, PDMS also presents limitations owing to its inherently
weakly hygroscopic nature. As a result, significant and bidirectional water transfers between the conduits and the bulk of the
material —a phenomenon common in leaf tissues [41,42] —are not observed in our system. This leads us to consider the use
of more hygroscopic materials in future iterations. Such materials could facilitate water exchange between the vein and the
surrounding material during the cycles of pressure build-up and rapid relaxation caused by the passage of embolism through
the constriction. This kind of exchange could more effectively contribute to the hydraulic capacitance required to observe the
intermittent propagation patterns documented in real leaves, where our observations in biomimetic leaves have so far been
based primarily on the structural deformation of the channel. While deformations of the conduit walls within the xylem are
indeed present, they should not be viewed as the sole, nor probably the primary, source of hydraulic capacitance.

5.3.4. On the pressure inside the veins before embolism propagation

In our biomimetic leaves, we worked at positive pressure as the Laplace pressure jump across the curved interfaces blocked
in the constriction is not strong enough to lead to negative pressures in water. This therefore prevents cavitation events and
favours external air seeding scenarios where air penetrates the network from an opening (in our study, through the ‘cut’). A
future step forward would require the use of smaller constrictions, down to 1 um or less, or nanoporous materials for the
connection between veins, in order to achieve negative pressures, but the too soft PDMS could not sustain such a tension. Using
harder materials like hydrogels could enable the creation of biomimetic leaves robust enough to sustain negative pressures
without structural loss, enabling to explore the competition between cavitation and air seeding events. In addition to these
improvements, using materials capable of sustaining negative pressures opens up new avenues for investigating the role of
nanobubbles in the embolism-spreading phenomenon [49-51]. This exploration is particularly relevant for understanding the
impact of physical chemistry, including the effects of surfactants and lipid bilayers, on the embolism dynamics within plant
xylem. The inclusion of such physicochemical aspects could further refine the approach, bridging the gap between purely
physical models and the more complex biological reality.

5.3.5. On the structure of the venation network and future perspectives

We focused in this study on Adiantum leaves, whose linear and non-reticulate venation enabled us to validate a first biomimetic
chip as a promising physics-based tool. Future studies could explore dynamics in more complex reticulate networks where
embolism could follow various paths and invade veins of different sizes (and various network ‘orders’, as mentioned by
Brodribb et al. [10]). In particular, connections between veins across the network could be tested and confronted to dynamical
and anatomical observations in real leaves. The development and refinement of this biomimetic reticulate network will provide
an ideal experimental platform to test, confront and refine theoretical models that predict embolism spreading, offering a
valuable bridge between empirical observations and simulation-based forecasts [32,46-48].
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figure 12. Analysis carried out from the data shared by the authors of reference [10], courtesy of Timothy Brodribb ef al. (a) Multiple embolism events can be detected,
ranging from 1to 7 per pixel. (b) Histogram of the time differences 5t = t — t, between the time of each embolism detection ¢ and the first detection ¢, for a given
pixel on the image. It is important to note that most of those multiple embolisms events occurs less than ten minutes after the first embolism.

6. Conclusion and perspectives

In this study, we expanded upon our recent observations of jerky embolism propagation induced by a single biomimetic
constriction [29], developing a model with linear biomimetic vessels composed of regularly spaced constrictions. We identified
two distinct dynamics based on the pressure state at the moment an embolism encounters a constriction. If the pressure is fully
relaxed, characteristic of small channel deformations or short conduit lengths, the waiting time aligns with predictions for a
single constriction [29]. Conversely, if the pressure is only partially relaxed, the resulting waiting times are more complex and
vary with the size and order of the constrictions. In this case, an increased variability originating from a leverage effect, owing to
the incomplete elastic relaxation within the compliant hydraulic network of the channels, was evidenced.

The biomimetic model we developed, despite its simplicity, effectively captures the fundamental intermittent dynamics of
embolism propagation observed in Adiantum leaves. By strategically simplifying complex biological aspects—such as hydraulic
capacitance, the structure of bordered pit membranes, pressure conditions and the anatomical features of the xylem—our
model maintains tractability for systematic parametric studies. This approach not only facilitates a deeper understanding of
plant hydraulics but also sets the stage for future studies that aim to refine theoretical models through empirical validation. In
addition, this biomimetic tool is transparent, reusable, easy to fabricate and yields robust results. Its versatility and simplicity
make it ideal for parametric studies, and it is designed to accommodate incremental modifications to gradually include more
complex factors such as varied pressure conditions, xylem anatomy and constriction structures, thus enhancing its applicative
scope in plant hydraulic studies.

Looking forward, the biomimetic samples presented in this study could be adapted to explore two-dimensional reticulate
networks, potentially unravelling new physical and biological insights. One open question is whether the trajectory of embo-
lism growth is stochastic or deterministic, which influences the observed patterns of embolism propagation and hierarchical
dynamics in drying leaves [10,11]. Addressing these questions will clarify the underlying mechanisms that dictate embolism
pathways and their impacts on plant health and survival.
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