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ABSTRACT
Blockage of xylem vessels can compromise water flow in trees, eventually leading to reduced gas exchange and productivity. The 
extent of these impairments also depends on how effectively blocked vessels can be bypassed through lateral pathways. We hypoth-
esize that the ability to bypass can vary crucially between different species of the same clade, leading to differences in the hydraulic 
limitations after a defined loss of conducting vessels. Here, we test this hypothesis on 1-year-old seedlings of two Mediterranean an-
giosperm tree species, carob (Ceratonia siliqua) and oak (Quercus calliprinos). We consecutively notched stems to artificially block 
water flow through vessels in one half of the cross-section. We measured the effect of notching on leaf gas exchange and visualized 
altered water flow pathways using microscopy and μCT imaging. In carobs, stomatal conductance (gs) of leaves on the notched 
side decreased by more than 90%. Water transport in the notched side of the stem had ceased. In oaks, leaves on the notched side 
maintained more than 50% of their gs with no signs of dehydration. Microscopy and μCT imaging revealed that water supply to these 
leaves occurred through lateral pathways outside vessels. This can be explained by the presence of tangentially oriented arrays of 
tracheids with bordered pits, which we found in oaks but not carobs. Our study emphasizes the importance of non-vessel water flow 
in angiosperm trees when the xylem becomes partially blocked.

1   |   Introduction

In most terrestrial plants, water flow through the conduits of 
the vascular system enables leaf gas exchange and produc-
tivity. Several processes, like drought (Cochard  2002; Sperry 
and Tyree  1988), freeze-thawing (Cruiziat et  al.  2002; Davis 
et al. 1999; Ewers et al. 2003; Langan et al. 1997; Pfautsch 2016), 
fires (Bär et  al.  2019), or insect feeding (Carluccio et  al.  2023; 
Sabella et al.  2019), can lead to the blockage of the xylem con-
duits, impairing water flow and leaf gas exchange. In general, 
the extent of these impairments increases with the number of 
blocked conduits and their individual hydraulic conductance. 
However, there is evidence that the xylem network connectivity 
and the ability to bypass specific conduits may also play a crucial 

role (Jacobsen et al. 2024; Loepfe et al. 2007; Mrad et al. 2021; 
Venturas et al. 2016). This bypassing takes place through lateral 
pathways (Halis et al. 2012; Tyree et al. 1994), and thereby func-
tions as a central xylem safety mechanism.

The lateral xylem connectivity can vary strongly among species, 
which has been demonstrated by measures such as (i) the extent of 
lateral spreading of a dye solution locally injected into the sap flow 
(Larson et al. 1994; McElrone et al. 2021; Orians et al. 2004; Vite and 
Rudinsky 1959; Waisel et al. 1972), (ii) the loss of hydraulic conduc-
tance after partially blocking axial flow through a stem segment 
(Ellmore et al. 2006; Zanne et al. 2006), and (iii) the spatial vari-
ation in physiological parameters across the canopy in response 
to non-homogeneous resource distribution in the soil (Orians 
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et al. 2002; Schenk et al. 2008) or root damaging (Azar et al. 2023; 
Salguero-Gómez and Casper 2011). Jacobsen et al. (2024) discuss 
different anatomical traits that determine the lateral xylem con-
nectivity. For vessel-bearing species, these traits include, among 
others, (i) the arrangement of vessels and (ii) the presence of tra-
cheids. In species with grouped vessels, a few blocked vessels may 
be bypassed relatively easily through the remaining conductive 
vessels of that group (Carlquist 1984). In contrast, in species with 
mostly solitary vessels and few lateral connections among them, 
blockage of a small number of vessels can lead to the hydraulic 
isolation of entire sectors. This can be seen in partial root zone 
drying experiments where the leaf water potential and/or stoma-
tal conductance severely drop in only parts of the canopy, while 
others remain unaffected (Espino and Schenk  2009). However, 
when connecting vessels are missing, tracheids, which are present 
in some but not all vessel-bearing species, may provide alternative 
water flow pathways (Carlquist  1985). Although narrower and 
thus less conductive than vessels, tracheids were found to form so-
called tracheid-bridges, which enable lateral water transport be-
tween vessels (Cai et al. 2014; Pan and Tyree 2019). Interestingly, 
these two features are expected to be mutually exclusive, since tra-
cheids predominantly exist in species with mostly solitary rather 
than grouped vessels (Carlquist 2013; Rosell et al. 2007).

Despite those reported differences in xylem anatomical features, 
it remains unclear to what extent species can differ in their by-
passing ability and how relevant those differences are to assess hy-
draulic limitations after vessel blockage. Here, we investigate the 
hydraulic bypassing of blocked vessels in two Mediterranean an-
giosperm tree species, carob (Ceratonia siliqua) and oak (Quercus 
calliprinos). The xylem of oaks has been shown to consist mostly 
of solitary vessels (Ellmore et al. 2006) with additional tracheids 
present (Percolla et al. 2021). In contrast, carob has a compara-
bly high extent of vessel grouping (Jansen et al. 2011) and thus, 
presumably, no conducting tracheids. Using oaks and carobs as 
model species, we aim at answering the following questions:

1.	 To what extent does the ability to bypass blocked vessels 
differ between species?

2.	 What are the hydraulic pathways used for bypassing?

To assess the extent of bypassing, we induced a well-defined por-
tion of blocked vessels by stem notching and measured the result-
ing effect on gas exchange of leaves attached to the notched side 
of the stem. Next, we visualized the pathways used for bypassing 
using microscopy and μCT imaging after dye or tracer injection, 
respectively. Furthermore, we used macerated stem samples to 
analyse the cell composition of the xylem of the two species. We 
hypothesize that the hydraulic impairments caused by a given por-
tion of blocked vessels can significantly differ between different 
angiosperm tree species, depending on their anatomical features 
for bypassing.

2   |   Materials and Methods

2.1   |   Plant Species

The species used in this study were two different Mediterranean 
angiosperm tree species: common oak (Quercus calliprinos) 
and carob (Ceratonia siliqua). Saplings at the age of 1 year were 

collected from KKL-JNF nursery in Eshtaol, Israel. All plants 
were 3–7 mm in diameter at 5 cm above root collar, and 20–50 cm 
in height.

2.2   |   Transpiration Measurements 
of Notched Trees

Saplings of oaks and carobs were grown in pots under con-
trolled temperature and humidity in a climate-controlled 
walk-in room. Daytime temperature and humidity during the 
measurement period were on average 27.2°C and 49.3%, re-
spectively. Plants were illuminated for 16 h a day at a PPFD 
of 800 μmol m−2 s−1. For each seedling, the side of the stem to 
be notched was selected and marked. The selection was such 
that leaf pairs could be found at three different positions of 
the stem (bottom, mid, top), with each one leaf out of a pair 
located on the side to be notched, and the other leaf on the op-
posite, intact side (Figure 1). The overall measurement period 
covered 13 days. Measurements of stomatal conductance (gs) 
were taken on days 0, 5, 6, 7, and 12 at 11.00 am using a leaf 
porometer (LI-600, LI-COR). On day 6, before 9.00 am, stems 
were notched. This involved applying multiple notches at 2 cm 
intervals along the marked side of the stem, including a notch 
at 3 mm distance below each measured leaf, using a fine hand 
saw (Figure  1). The depth of the notches was half the stem 
diameter at each position. In total, we used 12 seedlings per 
species, out of which eight were notched, and four were kept 
as controls. At day 13, trees were prepared for imaging of ac-
tive hydraulic pathways.

2.3   |   Microscopy of Stems Immersed in Fuchsine 
Solution

We used acid fuchsine (Fisher Scientific) solution (1% in de-
gassed mQ water, run through a 20 μm filter) to visualize ac-
tive water flow pathways in the seedlings used for transpiration 
measurements. For that, stems were cut at their base while sub-
merged, and then placed in a glass vial containing fuchsine solu-
tion. While immersed in the solution, seedlings were allowed 
to transpire for at least 2 h. We monitored the fuchsine stain-
ing at the three marked positions (bottom, mid, top, Figure 1), 
a few millimeters above the notch and below the selected leaves. 
The stem was cross-sectioned manually using a fresh razor 
blade. Cross sections were placed on a microscope slide and 
photographed under a stereo microscope model SMZ18 (Nikon 
Instruments). We quantified the stained area of the cross sec-
tions of the micrographs using the color threshold tool in ImageJ 
(Schneider et al. 2012) and normalized it by the total area of the 
cross-section.

2.4   |   μCT Scanning of Stems Immersed in Iohexol 
Solution

We used μCT scanning with the tracer Iohexol as a comple-
mentary technique to visualize water flow pathways (Pratt 
and Jacobsen  2018) which has been specifically used to ex-
amine oak xylem before (Pratt et  al.  2019). Compared with 
microscopy, sample preparation is less invasive, and potential 
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FIGURE 1    |    Example of oak (A) and carob (B) seedlings used in the experiment. Per seedling, three leaf pairs were selected; each one from the 
bottom (b), mid (m), and top (t) parts of the stem. After reference measurements, stems were notched halfway through their cross-section every two 
centimeters, so that one leaf of the selected pairs was on the notched side, and the other on the intact side of the stem, respectively. Scale bars in the 
left panels are 10 cm; those in the right panels are 1 cm.

 13993054, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.70801 by W

eizm
ann Institute O

f Science, W
iley O

nline L
ibrary on [20/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 12 Physiologia Plantarum, 2026

artefacts caused by cross-sectioning are avoided. Additionally, 
μCT scans allow for a 3D reconstruction of the stem and its 
conduits. Seedlings selected for this method (five oaks and 
carobs) were slightly smaller (20–30 cm) than those used for 
transpiration measurements, due to spatial limitations of the 
μCT chamber. Growing conditions and the notching proce-
dure were identical. Twenty-four hours after notching, stems 
were cut under water at their base and put into a glass vial con-
taining Iohexol (Tokyo Chemical Industry Co. Ltd) solution 
(150 mM in degassed mQ water, run through a 20 μm filter). 
Seedlings were allowed to transpire for 2 h before scanning. 
While still immersed in Iohexol solution, seedlings were fixed 
on a stand, had their canopy covered in tin foil to minimize 
transpiration, and were placed into the chamber of the μCT 
device (RX Solutions). Scans were performed under 7 watts 
with a frame rate of 2 images s−1. The resulting voxel size was 
4–7 μm. The field of view selected for imaging ranged from 
shortly below the notch to above the attached petiole on the 
notched side of the stem, covering 7 mm in height.

2.5   |   Analysing Xylem Cell Composition Using 
Macerated Stem Samples

To analyze the xylem cell composition, we macerated 1.5 cm long 
stem segments of oaks (n = 5) and carobs (n = 5), collected from 
5 cm above the stem base. After debarking and pith removal, we 
put the stem segments for maceration into glass vials containing 
Jeffreys solution (Schmid 1982). We used a mixture of 1:1 chro-
mic acid (10%) (Fisher Scientific) and nitric acid (10%) (Merck). 
After incubation for 2–4 days, the solution was removed, and the 
stem segments were washed 4–5 times with pure water. The dis-
integrated stem segments were suspended in water, and a drop 
of the suspension was mounted on a microscope slide and im-
aged using a light microscope model DM500 (Leica).

2.6   |   Imaging of Oak Xylem Using Laser Scanning 
Confocal Microscopy

We imaged stem cross-sections of two additional oak and carob 
seedlings using Laser Scanning Confocal Microscopy (LSCM) 
to visualize the distribution of tracheids at higher resolution. 
Stems were manually cross-sectioned at 5 cm above the stem 
base using a fresh razor blade. Cross sections were placed on a 
microscope slide and imaged with a confocal microscope model 
A1R HD25 (Nikon Instruments). For imaging, a 20×/0.75 objec-
tive was used. We measured the autofluorescence of lignin at 
an excitation wavelength of 404.1 nm and emission wavelength 
of 450.0 nm. To account for variation of the optimal focus po-
sition in the sample, we collected Z-stacks (25 steps at 0.8 μm 
intervals). Z-stacks were projected on a 2D image via maximum 
intensity projection using ImageJ.

2.7   |   Imaging of Leaf Traces

We used two additional oak seedlings to image the emergence 
of leaf traces, bundles of vessels extending from the stem to the 
leaf. Starting at 2 mm below a leaf node (at around 10 cm above 
the stem base), stems were consecutively cross-sectioned until 

reaching the node. Cross sections were placed on a microscope 
slide and photographed under a stereo microscope model SMZ18 
(Nikon Instruments).

2.8   |   Statistical Analysis

We used Wilcoxon signed-rank tests to test for significant dif-
ferences before and after notching in the same group of trees 
and Mann–Whitney U tests to test for significant differences be-
tween different groups of trees (i.e., between intact and notched 
trees or between oaks and carobs). Both types of tests were per-
formed using the SciPy package (Virtanen et al. 2020) in Python.

3   |   Results

We measured the effect of consecutively notching stems half-
way their cross-section on leaf gas exchange. In both species, 
notching led to a significant reduction in gs in leaves on the 
notched side of the stem at each measured height (Figure 2A–F). 
However, the extent of the reduction was far stronger in carob, 
with gs values decreasing by 68%–100% (Figure 2G,H). At day 6 
after notching, most measured leaves had fully stopped trans-
piring (Figure 2G). In oaks, reductions in gs were much milder, 
ranging from 25% to 43%, indicating sustained leaf water supply 
(Figure 2G,H).

After transpiration measurements, we visualized hydraulic path-
ways using acid fuchsine as a tracer (Figure 3). Analyzed cross-
sections were cut directly above notches, below attached leaves. 
In intact oak stems, water transport in the stem cross-section was 
distributed along distinct rays (Figure 3A). Notching the oaks only 
slightly changed this pattern (Figure 3B). Dye was still present but 
more diffusely distributed in the notched half of the cross-section 
than in the intact half. Compared with oak, intact carob seed-
lings had a more homogeneous dye distribution in the tangential 
direction, with less distance between rays (Figure 3C). In notched 
carob seedlings, almost no dye was present in the notched half 
of the cross-section (Figure 3D), indicating ceased water flow. To 
quantify the changes in water flow patterns, we calculated the 
relative area of the cross-section containing dye (Figure 3E–G). In 
general, dye was more abundant in oak (25%–40%) than in carob 
stem cross-sections (9%–18%). Notching had no significant effect 
on dye abundance in oak but tended to increase the portion of 
stained area. In contrast, in carobs, notching caused a significant 
decrease in dye abundance at the bottom and mid of the stem 
from 17% to 12%, and from 14% to 10%, respectively.

Micrographs taken at greater magnification revealed addi-
tional differences in water flow patterns between oak and carob 
(Figure 4). Vessels in oak were mostly solitary, whereas in carob 
most vessels occurred in clustered groups. In oak, not only vessels 
but also the surrounding cells contained dye, leading to a continu-
ous staining along rays (Figure 4A–D). This indicates that the sur-
rounding cells were involved in water transport. These can form 
lateral hydraulic connections between rays containing vessels 
(Figure 4D). In carob, however, dye appears only in close proxim-
ity to vessels and not in the surrounding cells. This indicates that 
water flows exclusively through vessels. Hence, there is no visible 
lateral hydraulic connection between distinct groups of vessels.
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We used μCT imaging after introducing Iohexol solution into the 
transpiration stream as an additional method to visualize water 
flow pathways (Figure  5). Areas in the cross-section that con-
tain Iohexol appear brighter and indicate active water flow path-
ways. Embolized (hollow) vessels appear as dark spots. Figure 5 
shows cross sections from 1 mm below the notch (Figure 5A–D), 
1 mm above the notch (Figure 5E–H), and 6 mm above the notch 
(Figure  5I–L) of two example oaks (left columns) and carobs 
(right columns). In oaks, Iohexol in the intact half of the cross-
section was distributed along rays. Spots with a greater intensity 
indicate vessels within these rays (e.g., white arrow in Figure 5E). 
Iohexol was also present in cells outside vessels within rays, but 
much less in the spaces in between rays. In the notched side of 
the cross-section, most vessels were embolized (e.g., black arrow 

in Figure 5E). However, Iohexol was still present around vessels, 
indicating active water flow pathways. Additionally, Iohexol was 
detected in the spaces in between rays, indicating tangentially 
oriented hydraulic pathways (e.g., orange arrows in Figure 5E). 
Compared with the intact half, Iohexol outside vessels in the 
notched half at 1 mm above the notch (Figure  5E,F) showed a 
greater intensity. In carobs, Iohexol in the intact half was only 
present in vessels (e.g., white arrow in Figure 5G) but not in the 
surrounding cells. In the notched half, most vessels were embo-
lized (e.g., black arrow in Figure 5G). Iohexol was only scarcely 
present in the notched half and appeared in patches outside 
vessels (e.g., orange arrow in Figure  5G). However, in contrast 
to oaks, large parts of the notched half in carobs did not contain 
Iohexol, indicating ceased water flow.

FIGURE 2    |    The effect of stem notching on stomatal conductance compared between oak and carob saplings (n = 8). Per plant, three leaf pairs 
were selected at different heights of the stem (bottom, mid, top), with one leaf on the side to notch, and the other one on the opposite side. (A–F) show 
the dynamics of gs over time, including two time points before (0 and 5 days) and three time points after (6, 7, and 12 days) notching. Leaf pairs from 
three different positions at the stem were measured: Bottom (A, B), mid (C, D), and top (E, F). Points are median values, error bars are median abso-
lute deviations. The red vertical line indicates the time point of notching. Asterisks indicate significant differences in gs of leaves on the notched (grey 
asterisks) and intact side (black asterisks) at each measured day after notching compared with d5, tested by a Wilcoxon signed-rank test (p < 0.05). 
(G, H) show changes in gs of leaves from the notched side in % (6 and 12 days compared to 5 days). Horizontal lines are medians, boxes reach from 
the first to the third quartile. Whiskers mark the minimal and maximal data points within 1.5 times the interquartile range from the first and third 
quartile, respectively. Asterisks indicate significant differences between oak and carob at each height, tested by a Mann–Whitney U test (p < 0.05).
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We determined the cell composition of the xylem using micros-
copy of macerated stem segments (Figure 6). For both oaks and 
carobs, we identified vessel elements (Figure  6B,F) and fibers 
(Figure 6C,G). Tracheids with bordered pits were abundant only 
in oaks (Figure 6D) but not in carobs. Besides vessel elements 
and fibers, we observed a third type of elongated cells in carobs 
(Figure  6H), which likely are parenchyma-like fibers (Kumar 
and Gupta 2023).

After identification of the different xylem cell types, we mapped 
their distribution in the stem cross-section using LSCM for bet-
ter optical resolution (Figure 7). In oaks, vessels were solitary and 
surrounded by cells that likely are tracheids and fibers (Figure 7A). 
Although a clear distinction between the two is difficult due to 
their similar diameter (compare Figure  6A), we classified those 
with bigger lumen as tracheids and those with thinner lumen and 
thicker walls as fibers. Following this classification, we found tra-
cheids to form tangentially oriented arrays connected to vessels 
(Figure 7C). In the radial direction, there were alternating arrays 
of tracheids and axial parenchyma. In carobs, vessels were ar-
ranged as grouped vessels surrounded by fibers and parenchyma 
cells (Figure 7B,D). Compared with the tracheids in oaks, fibers in 
carob had a smaller lumen and thicker cell walls.

We imaged the emergence of leaf traces in oak using microscopy 
on stem cross sections directly below the leaf node (Figure S1). 
Additionally, we used cross sections of the μCT scans with 
Iohexol on notched oak stems with the leaf node directly above 
the notch (Figure S2). Both methods show that there was a sin-
gle leaf trace per node emerging from the same side of the stem 
cross-section as the node. Furthermore, the μCT scans show 
that the leaf trace contained Iohexol, indicating active water 
flow while at least parts of the vessels in the leaf trace were em-
bolized (Figure S2).

4   |   Discussion

We measured the effect of stem notching on leaf gas exchange 
in seedlings of two different angiosperm tree species (oak and 
carob) to assess their ability to bypass blocked vessels. In oaks, 
leaves on the notched side of the stem kept their stomatal con-
ductance at more than 50% as compared to before notching 
(Figure 2). Water flow pathways in the notched half of the stem 
were active (Figures 3 and 5). In contrast, in carobs, stomatal 
conductance in leaves on the notched side of the stem dropped 
to close to zero (Figure 2). In addition, water flow in the notched 

FIGURE 3    |    Fuchsine distribution in the stem cross-section indicating active water flow pathways. Example microscopy images of stem cross 
sections of an intact oak (A, n = 4), notched oak (B, n = 8), intact carob (C, n = 4), and notched carob (D, n = 8). Shown cross sections are from the ‘bot-
tom’ position. Cross sections from notched trees are oriented with the notched side on the right. Scale bars are 1 mm. The relative area of the cross-
section containing fuchsine was quantified using ImageJ software. Results are shown in (E–G). Horizontal lines are medians, boxes reach from the 
first to the third quartile. Whiskers mark the minimal and maximal data points within 1.5 times the interquartile range from the first and third 
quartiles, respectively. Asterisks indicate significant differences between intact and notched trees of the same species, tested by a Mann–Whitney U 
test (p < 0.05).
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half had ceased (Figures  3 and 5). These results demonstrate 
that the hydraulic impairments caused by a given loss of conduc-
tive vessels can be highly species-specific, depending on their 
capability for bypassing.

In vessel-bearing species, high lateral xylem connectivity, 
and thus high potential for bypassing is associated with both 
vessel grouping and the presence of vasicentric tracheids 
(Carlquist 1984, 1985; Jacobsen et al. 2024). Compared to other 
species, oaks were shown to have a low extent of vessel group-
ing with few connecting vessels in lateral direction (Ellmore 
et al. 2006). In agreement with that, we found vessels in oaks to 
be arranged almost exclusively as solitary vessels without adja-
cent neighbours in the stem cross-section (Figures 4, 5, and 7). 
In carobs, however, most vessels were grouped, and solitary ves-
sels were rarely present (Figures 4, 5, and 7). Thus, based on the 
arrangement of vessels alone, we would expect more effective 
bypassing in carobs than in oaks. Since this is opposite to our 
findings, we conclude that vessel arrangement alone was not the 
decisive factor for bypassing in our study, confirming previously 
reported results (Mrad et al. 2021).

As indicated by imaging active hydraulic pathways, water trans-
port in carobs was almost exclusively via vessels (Figures 4 and 
5). In oaks, however, cells surrounding vessels were also involved 
in water transport and formed lateral connections between adja-
cent rays of vessels (Figures 4 and 5). These differences in water 
flow patterns can be explained by the abundance of tracheids 
with bordered pits, which were present in oaks but not in carobs 
(Figure 6). This fits the observation from Carlquist (2013) that 
species with solitary vessels, rather than species with grouped 
vessels, tend to have additional tracheids. Specifically for oaks, 
the presence of tracheids and their contribution to water flow 

have been pointed out before (Percolla et al. 2021). Our data in-
dicate that bypassing blocked vessels to ensure leaf water supply 
in oaks was indeed dependent on tracheid flow: μCT scans of 
notched oak stems show tangentially oriented active hydraulic 
pathways between adjacent rays in the notched half of the stem 
(Figure  5E). This corresponds with the tangentially oriented 
distribution of arrays of tracheids in the cross-section of oak 
stems (Figure 7). In radial direction, conductive tracheids alter-
nate with arrays of axial parenchyma (Figure 7), which explains 
the pattern of the Iohexol signal in the μCT scans (Figure 5E). 
Furthermore, we found that oaks had only one leaf trace per 
node emerging from the same side of the stem as the node 
(Figure S2). Thus, water supply could not be realized through 
vessels directly leading from the intact side of the stem to the 
leaf on the notched half. We therefore conclude that bypassing 
embolized vessels in oaks was enabled by the presence of tra-
cheids forming lateral hydraulic pathways. This bypassing was 
sufficient to keep stomatal conductance of leaves on the notched 
side at more than 50% under conditions of well-watered soil and 
moderate vapour pressure deficit (2 kPa).

In our study, the presence of tracheids had a greater impact 
on the ability to bypass than the extent of vessel grouping. 
This might partly be due to the highly inhomogeneous pat-
tern of vessel blockage that we induced by notching half of the 
stem cross-section. One half of all groups of vessels in carobs 
was fully embolized and the other half was fully conductive 
(Figures  3 and 5). This left almost no possibilities to bypass 
a blockage within a group through parallel, redundant ves-
sels. If we had instead induced embolism in 50% of vessels in 
each group, bypassing in carobs may have been more efficient. 
However, vessel blockage under natural conditions can occur 
in patches too. This is because embolism can spread from one 

FIGURE 4    |    Fuchsine distribution in the stem cross-section indicating active water flow pathways in intact example oaks (A–D) and carobs 
(E–H). Vessels appear as black circles. Scale bars are 100 μm.
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vessel to its neighbours (Guan et al. 2021; Knipfer et al. 2015; 
Sperry and Tyree 1988), which is especially prominent in spe-
cies with grouped vessels (Loepfe et al. 2007). Moreover, tra-
cheids, compared with vessels, are more resistant to embolism 
due to their fewer pits (Pratt et al. 2023 and references within). 
Therefore, both the embolism patterns we artificially induced 
here, patches of embolized vessel groups in carobs and em-
bolized solitary vessels surrounded by conducting tracheids 
in oaks, likely occur under natural conditions too, albeit to a 
lesser extent than in our study.

Hence, our findings may have implications for the assessment 
of drought-induced embolism, probably the most-widely stud-
ied process leading to vessel blockage. A common method to 
assess a tree's drought resilience is based on its vulnerabil-
ity curve, that is, the relation between the percentage loss of 
conductance (PLC) caused by embolism and the water deficit 
measured as plant water potential (Awad et  al.  2010; Choat 
et al. 2012; Cochard et al. 2008; Larter et al. 2024; Pockman 
and Sperry 2000; Wagner et al. 2022, 2023). The lower the PLC 
at a given water potential, the more drought resilient a spe-
cies is considered. Furthermore, it has been reported that the 
extent of embolism is the main determinant of a plant's abil-
ity to recover from drought and the time required for it, with 

fixed thresholds among a large range of species from the same 
clade (Brodribb and Cochard 2009; Urli et al. 2013). Our study 
indicates that two different species from the same clade can 
differ significantly in the hydraulic impairment caused by a 
given extent of embolism. Due to bypassing through tracheids, 
the same portion of blocked vessels led to much milder limita-
tions in leaf water supply in oaks than in carobs. The question 
arises if these differences would be captured in vulnerability 
curves. Compared to water flow through vessels, the con-
tribution of tracheid flow to the total axial conductance of a 
stem segment is generally low, ranging only up to 2.2% (Pan 
and Tyree  2019), although greater values (5.7%–15.5%) were 
reported specifically for oaks (Percolla et  al.  2021). Thus, 
only considering axial tracheid transport, the PLC for a given 
portion of embolized vessels is expected to be slightly lower 
for species with additional tracheids. A more striking effect 
may result from so-called tracheid bridges which were shown 
to effectively connect vessels in lateral direction without in-
ducing much additional resistance (Cai et  al.  2014; Pan and 
Tyree 2019), probably due to the comparably short lateral path 
length. Hence, if a stem segment contains conductive vessels 
connected to embolized ones, the hydraulically measured 
PLC is expected to be considerably lower when lateral tracheid 
bridges are present. Similarly, Jacobsen et al. (2024) argue that 

FIGURE 5    |    Cross sections of uCT scans of two oak (A, B, E, F, I, G) and two carob (C, D, H, G, K, L) stems after notching. Iohexol solution was fed 
to the stem as a contrast agent. Areas containing Iohexol appear brighter. White arrows in (E, G) indicate Iohexol-filled vessels, black arrows indicate 
gas-filled vessels. Orange arrows in (E, G) indicate Iohexol outside vessels. Cross sections are from 1 mm below the notch (A–D), 1 mm above the 
notch (E–H) and 6 mm above the notch (I–L). Stems are oriented with the notched half towards the bottom. Scale bars are 1 mm.
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low xylem connectivity, for example, for trees without vasicen-
tric tracheids, can lead to an underestimation of the PLC when 
assessed visually using Hagen Poiseuille estimates based on, 
for example, μCT images. This is because not only the emboli-
zed vessels themselves but also those connected to them could 
be cut off from water transport. We therefore think that the 
effect of bypassing blocked vessels is reflected in vulnerabil-
ity curves depending on the distribution of embolism and the 
method used to assess PLC. For our setup, it is likely that oaks 

and carobs would have a similar PLC since in both species all 
vessels in one half of the stem were embolized along their full 
height. The bypassing we found in oaks was from the intact 
half of the stem into the petiole of leaves on the notched half, a 
pathway usually not captured in standard PLC measurements.

Although the pattern of vessel blockage we induced here is 
artificial and most likely differs from that caused by naturally 
induced embolism during drought, our findings suggest that 

FIGURE 6    |    Example micrographs of cell suspensions obtained from macerated xylem samples of oaks (A–D) and carobs (E–H). Identified cell 
types were vessel elements (v), fibers (f), tracheids with bordered pits (t), and parenchyma-like fibers (plf). Scale bar is 50 μm.
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considering a species' ability for bypassing blocked vessels to 
ensure leaf water supply can complement drought resilience 
assessments based on PLC measurements. Supporting this, 
we found that carobs die from drought with less than 40% 
embolism (Wagner et al., under review) while oaks were re-
ported to survive much higher degrees of embolism (Carevic 
et al. 2014; Peguero-Pina et al. 2018). Hence, we argue in line 
with Carlquist  (1985) that the presence of tracheids consid-
erably contributes to the drought resilience of vessel-bearing 
species. The potential ecological relevance of this feature is 
indicated by two studies reporting that 70%–76% of differ-
ent subsets of vessel-bearing species have tracheids (Rosell 
et al. 2007; Ziemińska 2023). Therefore, we recommend inte-
grating knowledge from wood anatomy and physiology when 
assessing the resilience of forests to disturbances like drought, 
freezing, fires, or mechanical damage. In turn, effects like 
blockage bypassing should be parameterized into forest pro-
cess models.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Stem cross sections of two 
di erent oak seedlings (A–H, respectively) showing the emergence of 
leaf traces. Stems were manually cross sectioned starting at 2 mm below 
the leaf node (A, E) up to the leaf node (D, H) with intermediate points 
(B, C, F, G). Black arrows indicate the leaf trace. Scale bar is 1 mm. 
Figure S2: Cross sections of uCT scans of one example notched oak 
stem showing the emergence of a leaf trace directly above the notch. 
Iohexol solution was fed to the stem as a contrast agent. Areas contain-
ing Iohexol appear brighter. Cross sections are from di erent heights 
starting at 1 mm below the leaf node (A) up to the leaf node (F). Orange 
circles indicate the partly embolized vessels of the leaf trace. Scale bars 
are 1 mm. 
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