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Node frequency alters stem biomechanics 
and hydraulics in four deciduous woody species
Anna L. Jacobsen1*  , Jaycie C. Fickle1  , Viridiana Castro1  , Angela Madsen1, Mustapha Ennajeh1,2   
and R. Brandon Pratt1 

Abstract 

Along the distal stems of woody plants, nodes occur along the stem length separated by internode regions. Nodes 
typically include a leaf or leaf scar and an axillary bud that are connected to the xylem tissue within the stem through 
vascular leaf and bud traces. The diversion of xylem tissue into these lateral appendages creates a node gap that 
is typically occupied by parenchyma. We hypothesized that node-associated changes in structure within the stem 
tissues would result in alterations to stem biomechanics and hydraulic transport. We examined four deciduous spe-
cies, Juglans californica, Populus trichocarpa, Quercus robur, and Rhus aromatica and measured node frequency, stem 
density, biomechanics, and hydraulic conductivity in 36 stems from each species. Vessel diameters within nodes 
and internodes were measured on a subset of these stems, as well as measures of xylem, pith, and node gap areas. 
Increased node frequency was correlated with decreased stem strength (modulus of rupture; MOR), decreased stem 
stiffness (modulus of elasticity; MOE), increased stem density, and decreased hydraulic conductivity. There were no 
differences in vessel diameter or xylem area between node and internode regions. Reduced hydraulic conductivity 
with increasing node frequency could have been due to increased vessel termini associated with nodes as has been 
found in prior research. Increased length of hydraulic pathways due to divergence of vessels around node gaps could 
also decrease hydraulic conductivity. Variation within the tree crown in node frequency may be an important mor-
phological feature that has implications for crown tolerance of periodic mechanical stresses, such as wind events and 
fruit load.
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Introduction
Within developing woody plant stems, nodes occur in 
regular and ordered locations along the shoot and are the 
locations from which leaves, lateral shoots, and other lat-
eral modified appendages emerge (Fig. 1). Nodes contrast 
with internode regions, which do not develop leaves or 
stems during primary growth. Structurally, nodes typi-
cally include a leaf or leaf scar and an associated axillary 
bud, with those structures connected to the xylem tissue 
within the stem through vascular leaf and bud traces. The 

otherwise vertical xylem tissue diverts radially into lat-
eral appendages and creates a disruption that is typically 
occupied by parenchyma and is termed the leaf or bud 
gap. Here, we generalized these terms to node-associated 
vascular traces (“node traces”) and node-associated non-
vascular gaps (“node gaps”) [1].

Node traces and gaps result in an alteration in the type 
and arrangements of cells and tissues in the stem that may 
alter stem biomechanics [1–4] as well as stem hydraulic 
function [5, 6]. Biomechanically, this may weaken stems 
because parenchyma cells, as found in node gaps, are 
thinner walled and should be less mechanically robust 
than the thicker walled fibers that are abundant in xylem. 
Thus, all things being equal, having less xylem at a node 
gap should lead to weaker tissue. Moreover, reduced 
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xylem area and xylem rearrangements may lead to lower 
hydraulic conductivity through nodes, because xylem is 
the tissue that contains water-transporting vessels. It is 
also possible that node xylem may compensate or adjust 
in structure to avoid these predicted changes in strength 
and conductivity allowing them to display similar values 
to those found in internodes.

We hypothesized that node-associated changes in 
structure within the stem tissues would result in altera-
tions to stem biomechanics and hydraulic transport. To 
examine the influence of nodes on xylem structure, we 

examined vessel diameters in nodes compared to inter-
nodes. Within nodes, we examined the diameter of ves-
sels in the xylem occurring adjacent to the node gap and 
compared them to vessel diameters in the xylem located 
opposite of the node gap (Fig.  1). We predicted that 
increased node frequency would decrease stem stiffness 
(modulus of elasticity; MOE) and stem strength (modu-
lus of rupture; MOR). We also predicted that increased 
node frequency would be associated with a decrease 
in stem density, due to the replacement of dense xylem 
tissue with an increased proportion of gap-associated 
parenchyma tissue. Hydraulically, nodes were predicted 
to increase resistance to flow through the stem (i.e., seg-
ments with more nodes would have lower conductivity) 
due to increased vessel endings at nodes [7], increased 
path length as the xylem diverts from a linear path 
around node gaps [4], reduced cross-sectional area of 
xylem around node gaps, and other potential changes in 
vessel structure and network arrangements.

Materials and methods
Stem samples
We sampled four deciduous species growing on campus 
in the Environmental Studies Area at California State 
University, Bakersfield, USA (Table 1). Two of these spe-
cies, Populus trichocarpa and Quercus robur, were grow-
ing in a well-watered field plot containing several tree 
species. Trees were spaced at 4-m increments along rows 
that were spaced 4  m apart (see Jacobsen et  al. [8] for 
additional plot information). Two other species, Juglans 
california and Rhus aromatica, were growing in an adja-
cent field plot containing many chaparral shrub species. 
These shrubs were propagated from cuttings or seed-
lings and had been established for several years at the 
time of sampling (see Pratt et  al. [9] for additional plot 

Fig. 1  Anatomical features of nodes within current-year woody 
shoots

Table 1  Means (± 1 SE) for the biomechanical and hydraulic traits measured across four species, including the frequency 
of  nodes, modulus of  elasticity (MOE), modulus of  rupture (MOR), stem density, and  xylem-specific hydraulic 
conductivity (Ks)

The sample size is also included (n). There were significant differences between species in their node number (F3,140 = 16.85, P < 0.001), MOE (F3,140 = 30.76, P < 0.001), 
MOR (F3,140 = 23.79, P < 0.001), stem density (F3,140 = 46.41, P < 0.001), and Ks (F3,140 = 34.14, P < 0.001). Different letters following values within in a column indicate 
significant differences among species

Species n Nodes (# m−1) Specific MOE 
(N mm−2)

Specific MOR 
(N mm−2)

Stem density 
(g cm−3)

Ks (kg s−1 MPa−1 m−1)

Juglans californica S. 
Watson (Juglan-
daceae)

Jc 36 60.42 ± 5.34A 5156 ± 254C 85.02 ± 3.61B 0.4712 ± 0.008C 0.998 ± 0.123B

Populus trichocarpa 
Hook. (Salicaceae)

Pt 36 27.36 ± 1.94B 5310 ± 316C 80.71 ± 4.35B 0.5689 ± 0.014B 2.009 ± 0.146A

Quercus robur L. 
(Fagaceae)

Qr 36 56.25 ± 4.74A 9138 ± 547B 134.76 ± 6.94A 0.6575 ± 0.014A 1.076 ± 0.146B

Rhus aromatica Aiton 
(Anacardiaceae)

Ra 36 37.40 ± 1.81B 11,689 ± 917A 147.84 ± 10.80A 0.5019 ± 0.011C 0.269 ± 0.046C
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information). This plot receives supplemental fall and 
spring irrigation, but experiences a summer dry period.

All samples were collected and measured during March 
2019. At this time, sampled species were leafless and 
had not yet broken bud to initiate spring growth, with 
the exception of some Rhus samples that exhibited early 
signs of bud break. Collected stem segments were mostly 
1  year old and represented stems and xylem that had 
formed during the past year’s growing season, although 
a few samples also contained a portion of 2-year-old 
xylem in order to maintain the necessary segment length 
for biomechanics measures (20 cm). These samples were 
typical vegetative branches and were not specialized or 
determinate reproductive shoots.

In order to collect samples that varied in the number 
of nodes occurring within a given length (node den-
sity), stem segments were collected from the 4-cardinal 
directions of each individual (N, S, E, and W) and from 
different heights with at least 6 and up to 9 individuals 
sampled per species (n = 36 stem segments per species). 
Long samples (> 0.5  m) were collected in the field, cut 
from plants underwater, to avoid introducing air into the 
vascular system, and then transferred to a bucket with 
their cut ends remaining submerged in water. Samples 
were immediately transported to the laboratory at Cali-
fornia State University, Bakersfield (< 30  min), and pre-
pared for hydraulic conductivity determination.

Hydraulic conductivity
The large branches were cut underwater from both ends 
until a 20-cm-long unbranched segment was obtained. 
We targeted stem segments that were 1  year in age, 
although some segments that had short annual growth 
increments contained older proximal portions of xylem. 
Stem ends were shaved using a fresh razor blade for each 
sample. Bark was not removed from stems. Stem seg-
ments were flushed with 20  mM degassed KCl solution 
at 100 kPa for 1 h to remove native emboli present within 
the xylem vessels. Maximum hydraulic conductivity 
(Kh) was measured gravimetrically using a conductivity 
apparatus [10]. Maximum xylem-specific hydraulic con-
ductivity (Ks) was calculated by dividing Kh by the xylem 
cross-sectional area of the distal end of the samples.

Biomechanics and stem density
Following determination of Ks, the same stem segments 
that had been used for hydraulics measures were loaded 
into a material properties tester (Model 3342, Instron, 
Norwood, MA, USA) with parameters set for a 4-point 
bending test to determine both stem strength (modu-
lus of rupture; MOR) and stiffness (modulus of elastic-
ity; MOE). Calculations followed those of Jacobsen et al. 
[11]. For each segment, the number of nodes within the 

measured 20-cm-long segments were counted and used 
to calculate the number of nodes per stem length (# m−1).

After biomechanical tests, a 5-cm-long sample of 
undamaged tissue was excised from the end of each 
0.20-m-long sample for stem density determination. The 
length and proximal and distal diameters of each sam-
ple were carefully measured using digital caliplers. For 
each segment, the number of nodes contained within 
the excised 5-cm section were counted. Samples were 
then dried in an oven (Thermo Scientific Precision 3051 
Series, Fisher Scientific, Waltham, MA, USA) at 60  °C 
for ≥ 72 h and weighed to obtain the dry mass. Stem den-
sity was calculated as the volume of the stem segment 
divided by the dry mass.

Anatomy
For each species, 6 stem segments were randomly 
selected for additional anatomical measures. Cross-sec-
tions were made of both node and internode xylem seg-
ments using a sledge microtome (Model 860 Microtome, 
American Optical Corp., Buffalo, New York, USA). These 
segments were mounted on slides in glycerol and exam-
ined using a light microscope (Axio Imager. D2, Carl 
Zeiss MicroImaging GmbH, Gottingen, Germany) with 
an attached digital camera (AxioCam MRc, Carl Zeiss 
MicroImaging GmbH, Gottingen, Germany). Using an 
image analysis program (AxioVision, Axio Vs40, v. 4.8.2.0, 
MicroImaging GmbH, Gottingen, Germany), the area 
of vessel lumens was measured for more than 50 vessels 
each from the internode, the region of xylem adjacent to 
the node, and the region of xylem opposite to the node 
(min = 51, mean = 66, max = 94) for each sample. These 
vessels represented all the vessels in sectors delineated 
by ray parenchyma bands and extending from the pith to 
the cambium. In many cases, the measured vessels repre-
sented all of the vessels within the entire transverse sec-
tion. Vessel diameters were calculated from lumen areas 
using the assumption that vessel lumens were circular.

The same slides were also examined at a lower magni-
fication to measure features of the entire cross-section 
using a dissecting microscope with an attached digital 
camera (Zeiss Stereo Discover V.12 with Axiocam HRc 
digital camera, Carl Zeiss Microscopy, LLC, Thornwood, 
NY, USA). Using the same image analysis program as 
above, the cross-sectional area of xylem and pith were 
measured on both node and internode samples. Within 
node samples, the cross-sectional area of the node gap 
was also measured.

Analyses
The relationships between node frequency and other 
traits were examined using a general linear model with 
species and node*species included as an interaction term. 
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For biomechanics traits, one-way analysis of variance 
(ANOVA) analyses were used to compare traits across 
species with Tukey’s post hoc analyses. For vessel diam-
eters, ANOVA analyses were used to compare diameters 
of the internode, adjacent to the node, and opposite to 
the node within each species. For xylem and pith areas, 
paired t-tests were used to compare the area of node 
versus internodes within each species. Stem density was 
compared among segments containing 1, 2, and 3 or 
more (3+) nodes using ANOVA with Tukey’s post hoc 
analyses. All analyses were conducted using Minitab (v. 
17.2.1, Minitab, Inc., State College, Pennsylvania, USA).

Results and discussion
We found large differences in the node frequency of 
young distal stems in four deciduous species (range of 10 
to 130 node # m−1) (Fig.  2). Quercus robur and Juglans 
californica had the highest node frequencies (Table  1). 
We sampled only adult plants from a single plot at a 
single point in time, but our node frequency range was 
similar to what was reported across adults, resprouts, 
irrigated, and non-irrigated plants in a prior study on Jug-
lans californica (10 to 160 # m−1) [4]. This suggests that 
our sampling protocol was likely able to capture much of 
the potential difference in node frequency.

Nodes reduced stem biomechanical strength and stiffness
Across all species, increased node frequency was associ-
ated with a significant, but moderate, decrease in stem 
stiffness and strength (Fig.  3). This relationship was the 
same across all four species (i.e., the interaction term 
nodes*species was not significant) (Fig. 3); however, the 
species differed from one another in their absolute stem 
biomechanics, with higher strength and stiffness in 

Fig. 2  Samples from each species illustrating some of the variations 
in node frequency across different shoots. Two stems are included 
from each species and the species are arranged from left to right as 
follows: Juglans californica, Populus trichocarpa, Quercus robur, and 
Rhus aromatica 

Fig. 3  Modulus of elasticity (MOE), modulus of rupture (MOR), stem density, 
and xylem-specific hydraulic conductivity (Ks) varied with node frequency. 
Each point represents a stem sample. Node frequency was associated with 
MOE (F1,143 = 7.00 P = 0.009), MOR (F1,143 = 4.63 P = 0.033), stem density 
(F1,143 = 27.38 P < 0.001), and Ks (F1,143 = 6.54 P = 0.012). For MOE, MOE, and 
Ks, there were no interactions between species (P > 0.05 for node*species 
term), but for stem density, there was a significant interaction between 
species (F3,143 = 3.74 P = 0.013). Lines are included to assist with the visual 
interpretation of patterns in the data. Species are indicated with different 
symbols within each panel and species abbreviations are included in Table 1
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Quercus and Rhus than in Juglans and Populus (Table 1). 
Stem strength and stiffness were correlated, such that 
stems that resisted greater force were also stiffer (Fig. 4). 
This relationship has been found in many interspecific 
studies of stem traits [11–14].

Alterations in stem biomechanics with increased node 
frequency and for node regions compared to internodes 
[2, 4] suggests that the rearrangement and altered pro-
portions of tissues in the node weaken the stem. This 
could be due to decreases in the amount of fibers in the 
node region as well as the inclusion of more parenchyma, 
both of which could result in weaker stems. Prior studies 
have found that stems with a greater proportion of paren-
chyma generally have lowered MOR and MOE and those 
with an increased proportion of fibers have increased 
MOR and MOE [11, 15, 16]; however, these relationships 
may not hold across all species [17]. Tissue rearrange-
ments around the node gap may also alter the axial align-
ment of xylem tissues altering its mechanical properties 
[18]. This is an interesting result, because node gaps are a 
relatively small cross-sectional area of nodes (Fig. 5) and 
so both the proportion of parenchyma and xylem and the 
deflection of xylem around the node gap were relatively 
minor.

Nodes reduced stem hydraulic conductivity
Hydraulic conductivity declined with increasing node 
frequency (Fig. 3), as has been described in Fagus sylvat-
ica [19]. Reductions in hydraulic conductivity have also 
been described for branch junctions, which represent 
nodes that have developed lateral appendages [20]. A 
decline in conductivity with node frequency could be due 
to vessel diameter changes within the node; however, ves-
sel diameter was generally unchanged between node and 

internode regions. Only two species, Populus and Rhus, 
displayed differences in vessel diameters between vessels 
located adjacent to or opposite from the node gap within 
the node, and no species displayed differences in vessel 
diameter between node and internode regions (Table 2). 
This suggests that changes in hydraulic conductivity with 
node number are not likely to be due to changes in vessel 
structure, although increased vessel terminations within 
nodes [21] may result in increased hydraulic resistance.

It may be that decreases in hydraulic conductivity were 
due to a decrease in the cross-sectional area of the xylem 
through nodes; however, we did not find a significant dif-
ference in the xylem area of nodes versus internodes for 
any species (Table 3). Although the node gap represents a 
relatively small proportion of stem cross-sections within 
our sampled species (Fig. 5; Table 3), this may be enough 
to increase hydraulic resistance, especially when there 
are many nodes within a stem segment. Additionally, the 
addition of curvature around node gaps may increase the 
path length of sap through the xylem, which would also 
decrease conductivity.

Stem density increased with increased numbers of nodes
For the relationship between node frequency and stem 
density, there was a significant interaction between spe-
cies. Although species displayed different slopes for this 
relationship, the direction was similar across all species; 
stem density increased with increased node frequency 
(Fig.  3). We examined this relationship at a finer scale, 
since stem density was only measured on a short 5-cm 
segment of our 20-cm-long samples. When limited to a 
comparison of node number within these smaller seg-
ments, the same pattern was also evident (Fig.  6). This 
pattern is consistent with other studies, including an 
increase in stem density with node frequency in Juglans 
californica in Bergman et al. [4] and denser and biome-
chanically weaker nodes compared to internodes in Cer-
cis occidentalis [2].

Across species, denser stem tissue is usually associated 
with increased strength [13, 15, 16, 22, 23]; however, this 
relationship appears reversed when higher density is due 
to node frequency. Bergman et al. [4] suggested that this 
was due to the need for nodes to be flexible and able to 
respond to wind loads, particularly when bearing leaves 
or axillary branches. Regardless, this relationship is inter-
esting and may explain some of the variation in the rela-
tionship between density and biomechanics found in 
some studies (e.g., Woodrum et al. [17]).

Conclusion
The frequency of nodes along distal stems altered the 
density, biomechanical properties, and hydraulic traits 
of the stem xylem. Node gaps likely lead to increased 

Fig. 4  Modulus of elasticity (MOE) and modulus of rupture (MOR) 
were strongly correlated (F1,143 P < 0.001). Species abbreviations are 
included in Table 1
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Fig. 5  Representative micrographs of stem transverse sections and node gaps of four species, including Juglans californica (a, b), Populus 
trichocarpa (c, d), Quercus robur (e, f), and Rhus aromatica (g, h). In all panels, a scale bar is included
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path length in the hydraulic transport pathway and a 
divergence of fibers from the axial orientation that typi-
fies the internode. These changes increase the density 
of the tissue, but biomechanically weaken it. Exami-
nation of stems that vary in their node frequency may 
be an interesting way to examine structure–function 

relationships, particularly related to changes in the 
vessel network that are influenced by node gap-driven 
rearrangements in xylem tissue. Variation within the 
tree crown in node frequency may be an important 
morphological feature that has implications for crown 
tolerance of periodic mechanical stresses, such as wind.

Table 2  Means (± 1 SE) for  anatomical traits measured within  nodes and  internodes of  four species, including  mean 
and  maximum vessel diameters from  xylem in  the  internode, from  adjacent  to the  node gap in  the  node, 
and from opposite of the node gap in the node

There were no significant differences in vessel diameters between nodes and internodes (P > 0.05 for all). Within the node, two species displayed differences in vessel 
diameters adjacent to and opposite from the node gap (* P = 0.03, ** P < 0.001)

Juglans californica Populus trichocarpa Quercus robur Rhus aromatica

Mean vessel diameter (µm)

 Internode 34.22 ± 3.17 20.29 ± 1.39 21.77 ± 1.12 19.03 ± 2.88

 Node

  Adjacent node gap 29.95 ± 1.59 18.37 ± 0.65 22.53 ± 1.00 21.55 ± 1.26

  Opposite node gap 33.19 ± 2.65 20.62 ± 1.05* 22.90 ± 1.12 21.98 ± 3.10

Maximum vessel diameter (µm)

 Internode 71.72 ± 6.41 42.03 ± 1.49 50.74 ± 2.78 58.44 ± 4.30

 Node

  Adjacent node gap 66.56 ± 5.53 40.59 ± 1.90 53.60 ± 4.41 54.55 ± 3.72

  Opposite node gap 76.60 ± 9.26 44.22 ± 1.69 54.42 ± 5.04 61.25 ± 3.51**

Table 3  Means (± 1 SE) for  cross-sectional areas of  stems measured within  nodes and  internodes of  four species, 
including mean xylem area and mean pith area for the node and internode regions

For node regions, the mean cross-sectional area of the node gap and the percentage cross-sectional area of the node gap relative to the entire area are also reported. 
There were no significant differences in xylem area between node and internode regions within species (P > 0.05 for all). For pith areas, one species displayed 
differences in pith area between node and internode regions (* P = 0.006) and there were no differences for the other species (P > 0.05)

Juglans californica Populus trichocarpa Quercus robur Rhus aromatica

Mean xylem area (mm2)

 Internode 15.54 ± 3.11 7.14 ± 1.60 11.43 ± 1.73 11.16 ± 2.59

 Node 14.94 ± 2.73 7.00 ± 1.54 10.77 ± 1.67 11.41 ± 2.26

Mean pith area (mm2)

 Internode 3.33 ± 0.48 2.35 ± 0.53 2.68 ± 0.78 3.63 ± 0.86

 Node 3.90 ± 0.50 2.33 ± 0.55 2.55 ± 0.82 4.24 ± 0.81*

Node gap

 Area (mm2) 0.51 ± 0.17 0.28 ± 0.04 0.44 ± 0.09 0.81 ± 0.26

 Cross-section (%) 2.46 ± 0.40 3.16 ± 0.32 3.22 ± 0.56 4.36 ± 0.68
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Abbreviations
Kh: Hydraulic conductivity; Ks: Xylem-specific hydraulic conductivity; MOE: 
Modulus of elasticity; MOR: Modulus of rupture.
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Fig. 6  Stem density of 5-cm stem segments that included 1, 2, 
and 3 or more (3+) nodes within the segment. For each box (grey), 
the center line represents the median, the grey box represents 
25 and 75% data boundaries, the whiskers represent 10 and 90% 
data boundaries, and black circles represent the 5 and 95% data 
boundaries. For some species and node numbers, sample sizes 
precluded the calculation of all of these parameters. Same sizes are 
included for each box in the parentheses within a panel. For three 
species, there were significant differences in stem density among 
segments with different numbers of nodes (Jc F2,33 = 3.60 P = 0.038, 
Qr F2,33 = 5.82 P = 0.007, and Ra F2,33 = 3.44, P = 0.044) and there 
was no differences for the fourth species (Pt F2,33 = 0.65 P = 0.530). 
Within a panel, different letters indicate significant differences in 
stem density with the number of nodes. Species abbreviations are 
included in Table 1
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