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Abstract

Xylem embolism resistance varies across species influencing drought tolerance, yet little is known about the determinants of

the embolism resistance of an individual conduit. Here we conducted an experiment using the optical vulnerability method

to test whether individual conduits have a specific water potential threshold for embolism formation and whether pre-existing

embolism in neighbouring conduits alters this threshold. Observations were made on a diverse sample of angiosperm and

conifer species through a cycle of dehydration, rehydration and subsequent dehydration to death. Upon rehydration after

the formation of embolism, no refilling was observed. When little pre-existing embolism was present, xylem conduits had

a conserved, individual, embolism resistance threshold that varied across the population of conduits. The consequence of a

variable conduit-specific embolism threshold is that a small degree of pre-existing embolism in the xylem results in an apparently

more resistant xylem in a subsequent dehydration, particularly in angiosperms with vessels. While our results suggest that pit

membranes separating xylem conduits are critical for maintaining a conserved individual embolism threshold for given conduit

when little pre-exisiting embolism is present, as the percentage of embolized conduits increases, gas movement, local pressure

differences, and connectivity between conduits increasingly contribute to embolism spread.

Introduction

Water is transported under negative pressure through a plant in a complex network of xylem cells (Dixon
and Joly 1895). Being under negative pressure means the water column is at constant risk of interruption
by large bubbles (Tyree and Sperry 1989). When tension increases, such as when soil water is limiting
or when evaporative demand exceeds hydraulic conductivity, there is an increasing likelihood of embolism
formation, which blocks the internal flow of water (Urli et al. 2013; Brodribb and Cochard 2009). The
primary source of gas leading to embolism formation is believed to be air entrance through the nanoscale
pores of pit membranes from neighbouring gas-filled conduits (Choat et al. 2015b; Tyree and Sperry 1989;
Guan et al. 2021; Kaack et al. 2021). If water stress is not relieved, more xylem conduits will experience
embolism, leading to progressive declines in hydraulic conductivity, and eventual failure of the hydraulic
system, with consequences for photosynthetic performance and potential dieback of organs (Urli et al. 2013;
Brodribb and Cochard 2009; Adams et al. 2017; Cardoso et al. 2020a).

A suite of adaptations have evolved to reduce the likelihood of embolism spread when hydrated xylem
is exposed to negative pressure, with species native to seasonally dry environments having xylem that is
highly resistant to embolism formation (Choat et al. 2012). These adaptations range from gross anatomical
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. differences in xylem conduits, like reduced conduit diameter, length, interconnectivity, or increased cell-wall
thickness (Hacke et al. 2001; Blackman et al. 2010; Jacobsen et al. 2019; Scoffoni et al. 2017b; Schumann et
al. 2019), through to micro-anatomical variation such as increased pit membrane thickness (Li et al. 2016;
Kaack et al. 2019), or in conifers, an increased torus overlap (Bouche et al. 2014). Considerable focus has
been placed on establishing relationships between xylem anatomy and emergent traits that surmise embolism
resistance, such as the water potential at which 50% of the xylem is embolised (P50 ) (Choat et al. 2018;
Brodribb et al. 2020b). Less emphasis has been placed on understanding if individual xylem conduits have
specific thresholds at which embolism will form (Jacobsen et al. 2019).

Assuming that most declines in xylem hydraulic conductance during drought are due to embolism then the
gradual decline in hydraulic conductance as a drought progresses (Sergent et al. 2020), suggests that there
might be a range of water potentials at which embolism events will occur across a population of xylem
conduits. This range of water potential is typically quantified by the slope of vulnerability curves, with a
narrow range and a steep slope characterising vulnerable species, and a wider range and flatter slope more
embolism resistant species (Kaack et al. 2021). Methods that are capable of visualizing individual embolism
events support the idea that individual embolism events will occur over a wide range of water potentials in
many species in both stem and leaf xylem (Jacobsen et al. 2019; Venturas et al. 2016; Johnson et al. 2020;
Knipfer et al. 2015). In stems the first embolism events are often observed near the primary xylem (Choat
et al. 2015a), or in some cases the largest volume vessels (Jacobsen et al. 2019; Johnson et al. 2020; Knipfer
et al. 2015), suggesting these conduits embolise first. In leaves, the first embolism events are almost always
observed in the midrib and proceed, as leaf water potential declines, through the increasingly higher orders
of veins (Skelton et al. 2017; Brodribb et al. 2016a; Scoffoni et al. 2017b).

The apparently wide range of water potentials at which embolism formation will occur could also be explained
by a temporal aspect of embolism spread, because propagation is largely known to occur from an embolised
to a non-embolised conduit, suggesting that pre-existing embolism or the availability of gas affects the actual
spreading process (Guan et al. 2021; Wason et al. 2021). Once initial embolism has formed in xylem
conduits, extrinsic factors beyond the anatomy of a single conduit, such as the proximity of water-filled
conduits to embolised ones, cut-open conduits, and hydraulic segmentation can influence the likelihood of
embolism formation (Choat et al. 2010; Knipfer et al. 2015; Choat et al. 2015b; Torres-Ruiz et al. 2016;
Lamarque et al. 2018; Guan et al. 2021). Gas-filled conduits may act as a source of embolism propagation
if a plant experiences a subsequent drought, thereby rendering neighbouring water-filled conduits more
vulnerable. Pit membranes in the bordered pits between xylem conduits are believed to prevent this spread
of air between conduits (Choat et al. 2008). In conifers with torus and margo pit membranes, aspiration of
the torus prevents the spread of air from embolized tracheids into neighbouring sap-filled tracheids (Liese
and Bauch 1967; Hacke et al. 2004; Pittermann et al. 2005). In angiosperms, the multiple pore constrictions
in pit membranes with a given thickness fulfil a similar function, with the most narrow pore constriction
determining mass flow of gas (Kaack et al. 2021).

The pattern of embolism events in leaves suggest that the proximity to air-filled neighbours influences the
vulnerability of individual conduits (Guan et al. 2021). While often initiated in the midrib, embolism can
display an unpredictable pattern of progression across the network of leaf veins, with large areas, comprised
of many hundreds of xylem conduits, often observed embolizing simultaneously (Brodribb et al. 2016b).
In detached leaves in which all of the xylem conduits in a petiole are embolized, the seeding of embolism
throughout the leaf venation network is accelerated, occurring at higher water potentials than in an intact
leaf on dehydration (Guan et al. 2021).

The relative importance of individual conduit traits versus the hydration status of surrounding conduits
on determining the embolism resistance of an individual xylem conduit remains largely unknown. There is
evidence suggesting gas-filled conduits make water filled neighbours more vulnerable (Knipfer et al. 2015;
Choat et al. 2015b; Torres-Ruiz et al. 2016), yet pit membranes greatly reduce the spread of gas into
water-filled conduits from embolized neighbours (Choat et al. 2008). To what extent does the presence of
pre-existing embolism influence the vulnerability of the remaining xylem? Here we designed an experiment
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. in which to test four hypotheses related to this question. The first hypothesis is that individual conduits
have a specific water potential threshold at which an embolism will occur, and that pit membranes reduce
the likelihood of embolism spread between gas and water-filled conduits under a narrow range of pressure
differences. Challenges in testing this hypothesis are the lack of accurate water potential measurements at
the individual conduit level (Bouda et al. 2019), and the uncoupling of pressure-driven embolism propagation
from temporal effects. The second hypothesis is that pre-existing embolism changes the apparent embolism
resistance of remaining individual water-filled conduits. If each conduit has a high fidelity to an individual
threshold at which embolism will occur, then the most vulnerable conduits will consistently experience
embolism earliest in drought, such that if drought is abated and refilling does not occur, then the relative
embolism resistance of the remaining xylem may appear to be higher than the conduits with a low embolism
resistance. Additionally, we hypothesize that on rehydration no refilling of embolized conduits will occur
and that leaf xylem behaves in a similar way to stem xylem.

To test these hypotheses, we selected five angiosperm species with xylem consisting of vessels and one vessel-
less angiosperm species, all with uniform pit membranes, and three conifers with tracheid-based xylem
separated by torus-margo pit membranes. Embolism was observed using the optical method, which is non-
destructive, and permits a clear visualization of embolism events, through a cycle of dehydration to a variable
degree of embolism, rehydration, and then subsequent dehydration to complete desiccation.

Materials and methods

The five vessel-bearing angiosperm species used in this study wereIlex verticillata (L.) A.Gray [Aquifoli-
aceae], Rhododendron hirsutum L. [Ericaceae], Ficus religiosa L. [Moraceae], Tilia cordata Mill. [Malvaceae]
andLindera benzoin L. [Lauraceae], the vessel-less angiosperm was Drimys winteri J.R. Forst & G.Forst.
[Winteraceae], and three conifer species were Agathis robusta (C.Moore ex. F.Muell) Bailey [Araucariaceae],
Tsuga canadensis (L.) Carrière [Pinaceae] and Torreya californica Torr. [Taxaceae]. Plants of Ti. cordata
, and Ts. canadensis were grown outside in the grounds of the Botanical Gardens of Ulm University, Ulm
(Germany) (48° 25’ N, 9° 57’ E), F. religiosa , A. robusta , and D. winteri in the glasshouses of the Botanical
Gardens of Ulm University, I. verticillata , L. benzoin and To. californica were grown in the glasshouses
of Purdue University, West Lafayette (Indiana, USA) (40° 25’ N, 86° 54’ W, elevation: 187 m).R. hirsutum
was collected in the Allgäu Alps near Oberstdorf (Germany) (47° 25’ N, 10° 17’ E, elevation: 2600 m). Care
was taken to ensure no pre-existing embolism was present in the stems prior to experiments, with all plants
grown under well-watered conditions for the duration of the growing season prior to harvesting. All stems
were collected between May and June 2019 prior to dawn and were more hydrated than -0.4 MPa. Further-
more, air-filled xylem conduits appear as a blank area in the xylem when image processing is performed
using the optical method. In all experiments no blank areas were detected in the observed areas of xylem at
the completion of the experiment, providing support for no substantial, pre-existing embolism being present
in any sample measured prior to the experiment.

Terminal branches ranging from 0.3 to 2.0 m long (all exceeding the length of the longest vessel determined
by air injection for the five angiosperm species) were collected prior to dawn, cut under water, and bagged
for approximately 1 h, so that all experiments started with a stem water potential (Ψstem) after equilibration
of at least -0. 4 MPa. Stems were measured in all species, except L. benzoin in which experiments were
conducted on leaves. Stems and leaves were fixed under a stereo microscope (SZMT2, optika, Italy) or in a
Raspberry Pi clamp (opensourceOV.org). Vulnerability curves for stems were conducted on a region of the
stem in which the bark was gently removed by hand, without touching the xylem beneath, and an adhesive
gel (Tensive) immediately applied to the surface of the stem xylem to avoid dehydration and provide greater
optics. A glass cover slip was placed on top of the adhesive gel to aid imaging. A stem psychrometer (ICT
International, version 4.4) was then attached to the stem beyond the length of the longest vessel from the
area imaged and Ψstem measurements were collected every 10 min. Branches were allowed to naturally dry
while images were captured every 3 min.

All branches were rehydrated across a range of dehydrated Ψstem to build a data set spanning a range of
variation in the percentage of embolism at the point of rehydration across the species selected. At the
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. point of rehydration, the end of the branch was excised under water (removing c. 1 cm from the cut end)
until Ψstem had fully recovered. Rehydration with water potentials approaching 0 MPa generally occurred
in less than 60 mins in all species. Branches were allowed to remain at a relaxed, high water potential
for a variable amount of time ranging from 30 mins to 5 h. The cut end of the stem was removed from
water once rehydrated, and the branch was then allowed to bench dry a second time until all conduits had
visibly embolized. Stem or leaf images were analysed using ImageJ (version 1.52h, NIH, USA) to quantify
the accumulation of embolized xylem area through time. Optical vulnerability curves were constructed as
described by Brodribb et al. (2016b).

Based on the dehydration-rehydration-dehydration curves, we were able to determine the area of xylem that
was embolised on the second cycle of dehydration at a more hydrated Ψ than when rehydration occurred (E

pr) as follows:

Epr =

(
Er2 − Er1

100 − Er1

)
X 100

Where Er1 is the percentage of accumulated embolized xylem area at the moment of rehydration and Er2

was the percentage of accumulated embolized xylem area that occurred prior to when plants reached the
same Ψ at which rehydration occurred.

Based on the dehydration-rehydration-dehydration curves, we also determined the P 50 (calculated by con-
sidering all events of embolism obtained using the dehydration-rehydration-dehydration curves), and an
apparentP 50 (P 50r) that was obtained based only on the embolism events that occurred on the second
cycle of dehydration. From these values we were able to calculate the percentage change in P 50 due to

pre-existing embolism using the follow equation:Percent change in apparent P50 =
(

P50−P50r

P50

)
X 100

We conducted the experiment at least once in all species, three times inI. verticillata and R. hirsutum and
twice in L. benzoin and F. religiosa . For To. californica , three rehydration curves were performed at the
same Er1 and the results are presented as a mean of these three experiments (Supplementary Figure S1).

Results

Using the optical method, we were able to observe clear embolism events in xylem during dehydration.
In most of the species observed these embolism events began once plants were dehydrated to at least -1
MPa and accumulated as Ψ declined (Figure 1). When rehydrated, Ψ recovered within 60 minutes to high
values similar to those observed in the hydrated stems at the start of the experiment. However, differences
were observed in the cessation of embolism formation upon rehydration across the species observed. In the
angiosperm I. verticillatarehydrated just after 50% of the xylem had embolized, very little (1.7%, Figure
1A) embolism was observed immediately after rehydration. Yet in the conifer A. robusta , also rehydrated
just after 50% of the xylem had embolized, considerable embolism (10.3 %, Figure 1B) occurred as Ψ was
relaxing (Figure 1B). In no sample did we observe refilling of embolized conduits after stem rehydration.
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Figure 1. The relationship between cumulative embolised xylem area in stems and stem water potential
(Ψstem) during a cycle of dehydration, rehydration and dehydration in the angiospermIlex verticillata (A
and B) and the gymnosperm Agathis robusta (C and D), with vessel and tracheid-based xylem, respectively.
In A and C the solid red lines indicate Ψstem at which 50% of the xylem area was embolized (P 50) on the
initial dehydration, and the Ψstem at which 50% of the remaining stem xylem area was embolized (P 50r) on
the second dehydration. The dashed red line represents the beginning of second period of dehydration. The
solid blue line represents the embolized area when rehydration occurred. In B and D cumulative embolized
xylem area as a percentage of total embolized area (blue) on the first cycle of dehydration is shown alongside
the cumulative embolized xylem area as a percentage of remaining un-embolized xylem area on the second
cycle of dehydration (red). Horizontal red lines indicate when 50% of the total or remaining xylem area was
embolized. Temporal traces of water potential and embolism accumulation through time can be found in
Supplementary Figures S1A and S1B.

On the second period of dehydration, embolism occurred in the remaining conduits that had not embolised
prior to rehydration. Differences were observed in the Ψ at which these embolism events first formed on the
second dehydration that influenced the apparent embolism resistance of the remaining water-filled xylem
conduits (Supplementary Figure S1). In most species embolism events on the second dehydration often did
not form until Ψ had declined to values similar to those measured when the stem was rehydrated (Figure 1B;
Supplementary Figure S2). In I. verticillata the impact of a lack of embolism formation at relatively high
Ψ compared to when the first conduits embolized when initially dehydrated, meant that apparent P50(P50r

) was 0.69 MPa lower in the stem with 50% of xylem embolized, than P50 in the stem when no xylem
was embolized (Figure 1A and B). In contrast in the conifer species assessed, embolism was often observed
to form at the Ψ at which embolism initially started to occur on the first dehydration (Figure 1C and D;
Supplementary Figure S1). In A. robusta this resulted in an apparent P50r that was only 0.06 MPa lower
in the stem with 50% of xylem embolized, than P50in the stem with no pre-exisiting embolism (Figure 1C
and D).

5



P
os

te
d

on
A

u
th

or
ea

11
A

u
g

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

86
45

25
.5

43
13

55
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Differences between species in the nature of xylem embolism formation during rehydration and on the second
cycle of dehydration were also apparent when cumulative embolism observations were plotted against time
(Figure 2). In a representative trace from a stem of the angiosperm species Rhododendron hirsutum with
vessel-based xylem, embolism first started to occur once Ψ reached -1.0 MPa, and progressively continued
until -1.54 MPa, when approximately 50% of the total xylem area was embolized (Figure 2A). After rehy-
dration, which occurred at -1.54 MPa, there was a complete and fast cessation of embolism accumulation
(Figure 2A). During the second cycle of dehydration, new embolism events were only observed to form in
the xylem after Ψ had declined to -1.54 MPa, which occurred 10 h after rehydration (Figure 2A). There
was a similar slope in the decline of water potential through time on the first and second dehydration, how-
ever, once embolism began to form on the second dehydration the slope of water potential decline over time
declined.
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Figure 2. (A, B) Representative trace of the percentage of embolized xylem area (blue) and stem water
potential (Ψstem) (black) plotted against time in a branch of the angiosperm Rhododendron hirsutum . The
vertical dashed lines indicate the period between rehydration and the point at which the Ψstem on the second
dehydration had declined to the Ψstem when the branch was first rehydrated. (B) The relationship between
the area (%) of pre-existing embolism at rehydration and the relative area (%) of xylem embolised on the

7
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. second cycle of dehydration occurring at a more hydrated Ψ than when the branch was rehydrated. An
exponential relationship is plotted (P<0.0001, R2=0.69). A mean (n = 3, ± SE) is shown for T. californica
. All traces used to assemble this dataset are included in Supplementary Figure S1. Species abbreviations
are Tc T. californica ; Ar Agathis robusta ;Ts.c Tsuga canadensis ; Dw Drimys winteri ; Rh R. hirsutum ;
Iv Ilex verticillata ; Fr Ficus religiosa ;Ti.c Tilia cordata ; Lb Lindera benzoin.

When branches, regardless of whether they had xylem comprised of vessels or only tracheids, were rehydrated
at a Ψ more hydrated thanP 50, there were very few if any embolism events observed on the second cycle of
dehydration at aΨmore hydrated than when the stem was rehydrated (Figure 2B; Supplementary Figure S2).
Once xylem had experienced around 60% of area embolized then an increasing percentage of the remaining
xylem on the second cycle of dehydration was observed to embolize at a Ψ that was more hydrated than
when the stem was rehydrated (Figure 2B; Figure 3). In three individual stems ofR. hirsutum that were
rehydrated at different percentages of embolized xylem area we found on the second cycle of dehydration
that there was little or no embolism formation (1.5% or 0% of total xylem area) prior to stem dehydration
to the Ψ at which rehydration occurred when either 10.4% or 49.5% of total xylem area was embolized,
respectively (Figure 3). This contrasts with a branch that was rehydrated when 81.7% of xylem area had
embolized, in this branch on the second cycle of dehydration embolism began to form at -0.56 MPa (initial
embolism events on the first dehydration occurred at a mean Ψ of -0.96 ±0.05 (SE) MPa) and continued to
accumulate linearly with declining Ψ (with a slope of 3.7% remaining embolized xylem area bar-1) such that
when the stem had reached the Ψ at which rehydration occurred more than 56% of the remaining xylem
area had embolized (equivalent to 10% of the total xylem area of the stem) (Figure 3).
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. Figure 3. Cumulative embolized xylem area as a percentage of total embolized area on the first cycle of
dehydration (blue) in three stems of Rhododendron hirsutum that were rehydrated at varying degrees of
embolized xylem area. The water potential at rehydration is marked by a vertical dashed line. Cumulative
embolized xylem area as a percentage of the remaining un-embolized xylem area on the second cycle of
dehydration (red) is also shown. Temporal traces of water potential and embolism accumulation through
time can be found in Figure 2, Supplementary Figure S1F and S1G. Similar traces for all other species are
found in Supplementary Figure S2.

Differences across species in the Ψ that triggered embolism during a second cycle of dehydration had a
considerable impact on whether pre-existing embolism in the xylem altered apparentP50 . In many cases,
pre-existing embolism caused a minor increase in apparent embolism resistance, resulting in more negative
values of apparent P50(P 50r), which was P50calculated from data collected only from embolism events that
occurred on the second cycle of dehydration (Figure 4). We did note that in angiosperms the higher the
percentage of pre-existing embolism in the xylem, the higher the percent change in apparentP 50, with
P 50rparticularly differing from P50 changing once 40% of xylem was embolized (Figure 4). In conifers,
the degree of pre-existing embolism did not appear to alter apparentP50 as much as in angiosperm species
(Figure 4). In some conifer stems, with pre-existing embolism, apparentP 50 was slightly more negative,
while in others apparent P 50 was less negative or even unchanged, irrespective of the degree of pre-existing
embolism in the xylem (Supplementary Figure S1).

Figure 4. The impact of pre-existing embolized xylem area (%) on the percent decrease in apparent P 50

of un-embolized xylem in angiosperms (black) and conifers (white). The conifer dataset includes a mean (n
= 3, ± SE) for T. californica .
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. Rehydration of a L. benzoin leaf halted the spread of embolism formation when only 20% of the xylem was
embolized (Figure 5A). This small percentage of embolism was concentrated in the midrib and major veins
(Figure 5B). In this leaf no embolism was observed on the second dehydration until Ψ had declined to the
value it was when rehydration occurred. In a leaf of the same species in which 35% of the xylem area was
embolized, rehydration was only able to reduce the rate of embolism accumulation (Figure 5C). In this leaf
9% of the xylem experienced embolism after rehydration and before Ψ had declined to the value it was when
rehydration occurred; after reaching this Ψ the rate of embolism formation increased (Figure 5C). Leaves of
L. benzoin could not be rehydrated once more than 50% of the xylem area embolized.
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. Figure 5. The percentage of embolized xylem area (black) and water potential (blue) plotted against time
for a leaf of Lindera benzoin rehydrated at 20% embolized xylem area (A), in which only midrib and a few
major veins had experienced embolism (B) and a leaf of the same species that was rehydrated when 35% of
the xylem was embolized (C). The vertical dashed lines in A and C indicate the period between rehydration
and the point at which the Ψ on the second dehydration had declined to the Ψ when the branch was first
rehydrated. The red box in C surrounds the percentage of embolized xylem area that occurred prior to Ψ
declining to the value recorded when the branch was rehydrated. In B the area of leaf imaged is shown on
the left and the embolism events observed when rehydrated shown on the right, the scale bar depicts the Ψ
at which each embolism event occurred.

Discussion

The dehydration-rehydration-dehydration experiments conducted here indicate that embolism spreading
is not random. While the water potentials of individual conduits remain impossible to determine, our
experimental data suggests that pit membranes between adjacent conduits appear to work as fairly efficient
safety valves when dehydration levels are rather low, ensuring that individual conduits have a high fidelity to
a specific water potential threshold at which gas will invade the conduit. However, once sufficient embolism
has accumulated in the xylem the spreading of embolism into water filled conduits does not appear to be
strictly driven by a fixed pressure threshold between neighbouring conduits. When more than 60% of the
xylem is embolized, gas spreads rapidly into water-filled conduits upon dehydration. This could be due to
the amount of embolised conduits present, but also gas movement across embolised or sap-filled conduit
lumina, pit membranes, and cell walls triggering embolism. These results have important implications for
understanding the nature of embolism formation during dehydration as well as the impact of pre-existing
embolism on the determination of relative embolism resistance.

In the absence of considerable embolism individual conduits have specific thresholds for embolism resistance

Our data suggest that in the absence of considerable embolism in neighbouring xylem conduits, individual
conduits have a relatively unique, and highly conserved threshold Ψ at which embolism will occur. This
threshold, however, is not sustained when there is a high proportion of embolized conduits in the xylem (more
than 60%), an observation which supports the gas availability hypothesis proposed by Guan et al. (2021).
We suggest that early during a drought, pit membranes provide a sufficient barrier to prevent embolism
spread from gas-filled to neighbouring water-filled conduits, yet once more than 60% of conduits are gas-
filled, diffusion of gas into water-filled conduits can be facilitated and occurs at relatively minor pressure
differences across conduits.

Observations of variation in embolism resistance across xylem conduits have been reported by microCT
imaging (Knipfer et al. 2015; Choat et al. 2015b; Torres-Ruiz et al. 2016; Jacobsen et al. 2019). A
number of key anatomical traits vary across populations of xylem conduits that are associated with embolism
resistance, including (t/b )3 and vessel diameter, although we have no mechanistic explanation of how these
traits affect embolism spreading (Hacke et al. 2001; Blackman et al. 2010; Jacobsen et al. 2019; Scoffoni
et al. 2017b). In addition to anatomical differences that might set this variation in inter-conduit embolism
resistance, variation across age class of xylem might also account for some of the spread in embolism resistance
thresholds between conduits, with older xylem in Vitisbeing more vulnerable to embolism formation during
drought (Brodersen et al. 2013), or more resistant within a single growing season (Sorek et al. 2021).

In angiosperms, pore constrictions in multi-layered pit membranes and/or a relatively high degree of isolation
within the hydraulic conduit network provides added protection from the spreading of pre-existing embolism
into water-filled conduits during drought (Johnson et al. 2020; Schenk et al. 2008; Avila et al. 2021). The
narrow size of pore constrictions (< 50 nm) and the highly variable pore size dimensions do not allow mass
flow of gas from an embolised to a water-filled conduit under negative pressure (Yang et al. 2020; Kaack et
al. 2019; Kaack et al. 2021). Surfactants coating the cellulose of pit membranes are believed to promote
gas entry from a neighbouring embolised vessel into a water-filled conduit, but at the same time mitigate
embolism spreading (Schenk et al. 2021). In addition to providing a physical barrier for the spreading of gas

13



P
os

te
d

on
A

u
th

or
ea

11
A

u
g

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

86
45

25
.5

43
13

55
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. between an embolized and water-filled conduit, pit membranes may provide a short-term buffer to the further
spreading of embolism, particularly when there are small numbers of embolized conduits. Upon embolism
formation the water vapour in a conduit is at a negative pressure, and modelling suggests that it may take
between 20 min and 10 h for this negative gas pressure to equilibrate with atmospheric pressure, during
which time the embolized conduit can draw gas slowly across cell walls and rapidly across pit membranes
from neighbouring gas filled, but also water-filled conduits, potentially buffering water-filled conduits from
embolism (Wang et al 2015). Our experiments provide evidence that pit membranes can act as safety valves
to delay the spread of embolism between neighbouring gas- and water-filled conduits.

Upon rehydration we did not observe conduit refilling (refilling of conduits have been observed using the
optical method in the hydroids of a moss (Brodribb et al. 2020a)). Refilling of xylem on excised stem
rehydration has been reported to occur (Trifilò et al. 2014), although the validity of these observations has
been challenged (Lamarque et al. 2018). We did however observe a small degree of embolism formation
persisting in a few species after rehydration (Figure 1B). This lag time in embolism cessation may be due
to a slower, heterogenous reduction in the pressure difference between conduits in the area of xylem that we
were observing with the optical method (Bouda et al. 2019), a phenomenon exacerbated by the presence of
widespread embolism and associated decline in hydraulic conductivity. Furthermore, there may be a temporal
component to embolism resistance, such that the longer a conduit experiences a negative Ψ the more likely
the chance of changes in water vapour and gas concentration in embolised conduits, or gas dissolved in xylem
sap, which may trigger embolism spread (Guan et al. 2021, Kaack et al. 2021).

While embolism formation on rehydration was observed in all species, there appeared to be a tendency for
more embolism formation after rehydration in conifer species (Supplementary Figure S1). To test whether pit
membrane anatomy or conduit anatomy might explain why in some conifer species there was an exacerbated
embolism spreading after rehydration we included the angiosperm species D. winteri in our sampling, a vessel-
less species with homogeneous pit membranes, as opposed to torus-margo pit membranes (Zhang et al. 2020).
Unlike some conifers, the formation of embolism after rehydration in D. winteri was limited (Supplementary
Figure S1C), suggesting that even though this species has only tracheids, an altered conformation caused by
embolism is able to create a highly gas impermeable structure that protects the neighbouring conduits from
air invasion (Zhang et al. 2020).

Other factors might also provide an explanation for the greater absence of embolism occurrence in angiosperm
xylem after rehydration and on a second cycle of dehydration until reaching the Ψ at which the branch was
rehydrated, including the increased separation of conduits imbedded in a matrix of non-conductive xylem
tissue, such as fibres and parenchyma that might offer a physical barrier for rapid air propagation through
the xylem (Johnson et al. 2020; Avila et al. 2021), particularly compared to the tracheid based xylem of
conifers, which is largely homogeneous and comprised of closely packed tracheids. The close proximity of
tracheids with tracheid tips slightly bent and overlapping multiple neighbouring tracheids may facilitate a
more rapid spread of embolism on a second dehydration cycle in conifers (Torres-Ruiz et al. 2016; Choat et
al. 2015b), while the 3D reconstruction of vessel networks deserves more attention for angiosperms (Wason
et al. 2021).

Effect of pre-existing embolism on embolism resistance in leaves

In the leaves of L. benzoin , in which only 20% of embolism was observed, mostly in the mid-rib, rehydration
ceased the spread of embolism, and on a second period of dehydration, embolism only formed once Ψ had
declined to the values just prior to rehydration. In contrast in a leaf rehydrated when 35% of the xylem
had embolized, rehydration was much less effective at reducing the spread of embolism on a second round
of dehydration. These results suggest that the xylem of angiosperm leaves may be more susceptible to air
invasion from embolism in neighbouring conduits or intercellular air spaces, than stems, although more work
is required to address this possibility (Guan et al. 2021).

Effect of pre-existing embolism on stem vulnerability

By tracking embolism formation through a cycle of dehydration followed by rehydration, and subsequent
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. dehydration to complete desiccation we show that the presence of pre-existing embolism in the xylem can
lower an apparent optical P 50. Given that the presence of embolism in conduits is the most likely source of
air seeding for future embolism events should Ψ decline (Knipfer et al. 2015; Choat et al. 2015b; Torres-Ruiz
et al. 2016), we suspected that the presence of pre-existing embolism would make xylem more vulnerable.
Across our diverse sample of species, the more embolism initially present in the xylem, up to 60% embolism
by area, the more negative the apparentP50 of the remaining conduits became (Figure 4). Nevertheless,
a temporal effect on embolism spreading can also be interpreted to contribute to the more negativeP 50r

values, as the slope of vulnerability curves may illustrate the relative speed of embolism propagation, rather
than absolute embolism resistance per se. Hence, it would be interesting to compare normal vulnerability
curves with curves subject to multiple cycles of rehydration and dehydration, which is likely to occur to
plants in the field.

The impact of pre-existing embolism on the reliability of vulnerability curves is a widely discussed topic
(Martin-StPaul et al. 2014). So much so that flushing stems to remove embolism prior to measurements of
hydraulic conductivity on centrifuge rotors is common practice. One explanation given for this practice is
to counter the chance that pre-existing embolism spreads rapidly through the conduits resulting in artefacts
of highly vulnerable P 50 values in a stem (Cochard et al. 2013; Hacke et al. 2015). Our results suggest
that the presence of pre-existing embolism will occur in the most vulnerable conduits first, thus P 50 values,
determined optically on xylem in which some conduits are already embolized, may appear more resistant
to embolism formation than if measurements were conducted on xylem in which all of the conduits were
water-filled. This mirrors the results of a report of a comparison of vulnerability curves measured using a
centrifuge in short stem segments of long-vessel species that had and had not been flushed (Hacke et al.
2015). While we found that pre-existing embolism altered apparentP 50 in some species, the impact on
apparentP 50 was generally a reduction of no more than 20%. In this study we never measured an R -shaped
curve using the optical method, despite initiating all experiments at high water potentials.

Besides accurate water potential measurements at the individual conduit level, a key unknown in our study
is whether the differences in apparent embolism resistance driven by pre-existing embolism, translate to
similarities in hydraulic vulnerability or drought tolerance. Given the strong correlations between mean
embolism resistance of xylem between optical, microCT, pneumatic and hydraulic methods, when each is
performed carefully (Sergent et al. 2020; Gauthey et al. 2020; Pereira et al. 2021), we hypothesize that
there would be strong congruence with hydraulic vulnerability. However, given the considerable declines in
hydraulic conductivity that would occur when a substantial percentage of xylem is embolized (Brodribb and
Cochard 2009), the effect of this reduction, without reduced canopy transpiration, would accelerate declines
in Ψ during drought, and may not enhance survival.

Conclusion

Our experiments suggest that in the absence of considerable embolism in the xylem individual conduits
have a specific Ψ threshold at which embolism will form. However, as embolism accumulates in the xylem
the likelihood of gas spreading from embolized to neighbouring water-filled conduits increases, leading to a
rapid spreading of embolism on dehydration. We believe this is due to pit membrane anatomy, combined
with the increased anatomical heterogeneity of angiosperm xylem, which provides both scope for variation in
embolism resistance as well as a physical protection from gas movement from embolised conduits to sap-filled
ones when there is not considerable gas presence in the xylem. Our results have important implications for
understanding the impact of pre-existing embolism on the accurate determination of xylem vulnerability,
with pre-existing embolism apparently increasing xylem embolism resistance. The impact of this effect of
pre-existing embolism on drought survival through repeated drought events remains to be tested.
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. and RTA from CNPq-CAPES.
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Supplementary Figure S1. Accumulation of embolism (black) and water potential (blue) through time in
stems of Ilex verticillata(A), Agathis robusta (B), Drymis winteri (C and D),Tilia cordata (E), Rhododendron
hirstum (F and H),Ficus religiosa (I), I. verticillata (J), Torreya californica (K-M) and Tsuga canadensis
(N). The first vertical dashed line indicates when plants were rehydrated, and the second vertical dashed
line indicates the time when plants reached a similar water potential to when rehydration occurred. The red
box represents the amount of embolism that occurred in the period between rehydration and when water
potential had declined to the value it was when rehydration occurred.
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Supplementary Figure S2. Cumulative embolized xylem area as a percentage of total embolized area on
the first cycle of dehydration (blue) in stems of Drymis winteri (A and B), Tilia cordata(C), Ficus religiosa
(I), I. verticillata (E), Tsuga canadensis (F), Torreya californica (G-I) and leaves ofLindera benzoin (J and
K). The water potential at rehydration is marked by a vertical dashed line. Cumulative embolized xylem
area as a percentage of the remaining un-embolized xylem area on the second cycle of dehydration (red) for
each species is also shown.
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