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Wood density can be considered as a measure of the internal wood structure, and it is usually used as a proxy measure of other mechanical and functional traits. Eucalyptus is one of the most important commercial forestry genera worldwide, but the relationship
between wood density and vulnerability to cavitation in this genus has been little studied. The analysis is hampered by, among other
things, its anatomical complexity, so it becomes necessary to address more complex techniques and analyses to elucidate the way in
which the diﬀerent anatomical elements are functionally integrated. In this study, vulnerability to cavitation in two races of Eucalyptus
globulus Labill. with diﬀerent wood density was evaluated through Path analysis, a multivariate method that allows evaluation of
descriptive models of causal relationship between variables. A model relating anatomical variables with wood properties and functional parameters was proposed and tested. We found signiﬁcant diﬀerences in wood basic density and vulnerability to cavitation
between races. The main exogenous variables predicting vulnerability to cavitation were vessel hydraulic diameter and ﬁbre wall fraction. Fibre wall fraction showed a direct impact on wood basic density and the slope of vulnerability curve, and an indirect and negative eﬀect over the pressure imposing 50% of conductivity loss (P50) through them. Hydraulic diameter showed a direct negative
eﬀect on P50, but an indirect and positive inﬂuence over this variable through wood density on one hand, and through maximum
hydraulic conductivity (ks max) and slope on the other. Our results highlight the complexity of the relationship between xylem eﬃciency
and safety in species with solitary vessels such as Eucalyptus spp., with no evident compromise at the intraspeciﬁc level.
Keywords: Eucalyptus globulus, path analysis, vulnerability to cavitation, wood anatomy, wood density, xylem hydraulic
conductivity.

Introduction
Wood anatomy of the Eucalyptus genus has particular characteristics (solitary vessels, vasicentric tracheids and ﬁbre-tracheids,
among others) determining a singular functionality, which has not
yet been extensively studied (Barotto et al. 2016), as well as a
wide wood density range (InsideWood 2004–onwards). Wood
density can be considered as a measure of the internal wood
structure, representing the combination of the diﬀerent cell types

that compose it (Ziemińska et al. 2013). It is usually used as a
proxy measure of other mechanical and functional traits since it is
strongly correlated with a variety of functional process
(Lachenbruch and McCulloh 2014). In particular, there is evidence indicating that—at the interspeciﬁc level—wood density is
negatively correlated with xylem vulnerability to cavitation, in the
sense that a greater resistance in this process (i.e., xylem reaching higher tension) is associated with higher wood density
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2013). Path analysis is an extension of multiple regression
(Norman and Streiner 2003) where not only is the direct contribution of independent variables over a dependent one veriﬁed, but also the interaction between predictor variables and
their indirect eﬀect (Pérez et al. 2013).
To contribute to the knowledge about the relationships between
wood structure and function in the Eucalyptus genus, races of E.
globulus with high and low stem wood density were analysed. The
objectives of this study were: (i) to characterize in detail the
morphometry of wood anatomical elements from E. globulus races
with diﬀerences in stem wood density, (ii) to determine the vulnerability to cavitation of selected races, (iii) to establish relationships
between anatomical traits and the wood properties derived from
them and (iv) to propose and validate a model that explains how
these characters and properties are related (directly and/or indirectly), determining the cavitation resistance in this species. Our
general hypotheses about the relationships between variables
were based on antecedents for the genus, considering that the
same relationships would apply at the intraspeciﬁc level. In this
regard, we expected that higher wood density genotypes would
present greater resistance to cavitation, and no trade-oﬀ between
xylem eﬃciency (maximum hydraulic conductivity) and xylem
safety, through the signiﬁcant inﬂuence of vessel size distribution
on vulnerability to cavitation (i.e., xylem with a broader range of
vessel sizes, including larger vessels, will be related to lower pressure imposing 50% of conductivity loss (P50) as observed at the
interspeciﬁc level by Barotto et al. 2016).

Materials and methods
Site and plant material
The plant material used in this study is part of a trial that belongs
to the Genetic Improvement Programme of E. globulus (Labill.)
from the Instituto Nacional de Tecnología Agropecuaria (INTA)
of Argentina, in which 250 progenies belonging to 12 native
races from Australia were planted in 1995 (Lopez et al. 2001).
The ﬁeld trial was located in Balcarce, Buenos Aires province,
Argentina (37°45′S, 58°17′W, 97 m above sea level). The climate of this region is deﬁned, according to Köppen climate classiﬁcation, as oceanic. The mean annual temperature is 13.3 °C,
and the mean annual precipitation is about 800 mm. The individuals were 20 years old when the sampling was carried out, and
the selection was based on previous information on wood density estimation using Pilodyn over standing trees. The two races
whose mean wood densities were located at the opposite
extremes (upper and lower) of wood density range were
selected (for detailed information about the trial see Table S1
available as Supplementary Data at Tree Physiology Online).

Sample collection and processing
Sample collection was carried out during the ﬁrst days of
February 2015, in the early morning (before 9 a.m.) during a
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(Hacke et al. 2001, Jacobsen et al. 2005). This correlation could
be explained by the need for cell wall reinforcement on conductive elements (Hacke et al. 2001) and/or by the contribution that
non-conductive elements (ﬁbre matrix) make to maintain equilibrium during water transport under high tension (Jacobsen et al.
2005, 2007). These relationships have been found by analysing
a broad set of species, but studies focused on the intraspeciﬁc
level are scarce. If the functional adaptive role of wood density
was as previously proposed, the same trends would be expected
to be observed within species, when considering genotypes with
diﬀerences in wood density. Studies relating wood micro-density
within diﬀerent growth ring portions and vulnerability to cavitation
in Pseudotsuga menziesii (Dalla-Salda et al. 2011, 2014) and
Picea abies (Rosner 2013) suggest that this relationship is also
observed at the intraspeciﬁc level. However, the fact that these
relations only emerge when considering speciﬁc portions of
growth ring suggests that causal relationships among traits are
far from being elucidated and extrapolated to other species, particularly to non-conifers. In this regard, to our knowledge, there is
no background of studies that explore these relationships at the
intraspeciﬁc level in angiosperms.
Eucalyptus globulus Labill. is one of the most important commercial forestry species worldwide (Drew et al. 2009), but its growth
is signiﬁcantly aﬀected by water availability (Drew et al. 2008).
Climate projections predict an increase in the extent and severity
of drought periods over many regions of the Earth (Dai 2013),
including areas of native and cultivated Eucalyptus forests. The analysis of wood structure and its relation with vulnerability to cavitation allows evaluation of how water transport varies within xylem
as a function of water stress (Cochard et al. 2013). It directly
aﬀects the drought tolerance of diﬀerent species and Eucalyptus in
particular (Vander Willigen and Pammenter 1998) and, therefore,
inﬂuences productivity (Sperry 1995, Hubbard et al. 2001) and
survival (Maherali et al. 2004) under stress conditions.
The relationship between wood density and vulnerability to
cavitation has been little studied in the Eucalyptus genus,
where the presence of solitary vessels make unlikely the imbalance of forces proposed by Hacke et al. (2001), thus requiring
speciﬁc hypotheses. In this regard, some studies (Vander
Willigen and Pammenter 1998, Tesón et al. 2012, Barotto
et al. 2016) have evaluated the cavitation resistance in
Eucalyptus species with diﬀerent wood density. The general
trend at the interspeciﬁc level shows that low wood density
species are more vulnerable to cavitation. Nevertheless, intraspeciﬁc analysis is hampered by the anatomical complexity of
this genus. Therefore, it becomes necessary to address more
complex techniques and analyses to elucidate the way in which
the diﬀerent anatomical elements are functionally integrated.
Path analysis, a particular case of structural equation modelling,
is a multivariate method that allows evaluation of the adjustment of theoretical causal models in which a set of dependency
relationships between variables is proposed (Pérez et al.

Wood structure and vulnerability to cavitation

Vulnerability to cavitation curves
Vulnerability to cavitation (VC) curves were developed using a
Scholander pressure chamber (model 10, BioControl, Buenos
Aires, Argentina) with a cavitation chamber attached to it. The
protocol followed was:
(i) perfusion during 15 min at 1 Bar pressure to remove any
initial embolism;
(ii) maximum hydraulic conductivity measurement (ks max) with
the pipette method (Sperry et al. 1988);
(iii) constant pressure applied within the cavitation chamber for
2 min (from −0.5 to −6.5 MPa, every 1 MPa);
(iv) stabilization until constant ks (no bubbles coming out from
the branch extremes);
(v) ks measurement.
Steps (i) and (ii) were performed only at the beginning of
each curve, whereas steps (iii)–(v) were repeated for each point
of every curve.
The percentage loss of hydraulic conductivity (PLC) was estimated from the ks losses for every imposed pressure level in
relation to the maximum ks (ks max) of each branch. Once the VC
curve was completed, the cumulative density function (CDF) of
Weibull distribution was ﬁtted to it:
PLC/100 = 1 – exp [−(T / b)c ]

where T is the tension (considered as equal in absolute value to
the positive pressure applied in the cavitation chamber), b is the
Weibull scale parameter and c is the Weibull shape parameter.
Usual parameters like P50, P12 and P88 (that is, pressure inducing 50%, 12% and 88% losses of hydraulic conductivity) and
the slope between P12 and P88 of each VC curve (which denotes
how fast conductivity is lost) were estimated from this model.
P12 corresponds to air entry point (Sparks and Black 1999), and
P88 is considered the point beyond which xylem becomes completely non-conductive (Domec and Gartner 2001).

Anatomical variables
Once VC curves were done, branches were adequately conditioned to obtain histological sections for anatomical measurements (24 branches, 12 for each race corresponding to six
diﬀerent individuals). Cross sections (20–25 μm thick) of the
entire transversal branch section were obtained using a sliding
microtome. Histological sections were not stained and were
mounted in water. The following variables were measured in
transverse sections: vessel density (VN, mm−2), halo area (H,
μm2; this term is used to refer to the area occupied by all companion cells surrounding a solitary vessel, and it is composed of vasicentric tracheids (VT) and axial parenchyma, see Barotto et al.
(2016) for a more detailed explanation of this trait), ﬁbre wall
thickness (FWT, μm), ﬁbre wall fraction (WF, %) and rays per linear millimetre (Rn, no. mm−1). In addition, macerations were prepared according to Franklin (1945): 1 cm-long segments were
cut from each branch and soaked in a 1:1 glacial acetic acid:
hydrogen peroxide solution. The following measurements were
taken: ﬁbre percentage (Fp, %), ﬁbre-tracheid percentage (FTp,
%), VT percentage (VTp, %), axial parenchyma percentage (APp,
%), ﬁbre length (Fl, μm), ﬁbre-tracheid length (FTl, μm), VT length
(VTl, μm) and vessel element length (Vl, μm).
Cross-sectional and maceration images were captured with a
digital camera (Inﬁnity1-2CB, Lumenera Corporation, Ottawa,
Canada), mounted on a research microscope (CX31, Olympus,
Tokyo, Japan), using a magniﬁcation of 4× (20–25 images to
capture the entire branch transversal section) and 20× (20
images to cover two complete radial sections from pith to bark).
Captured images were analysed using image analysis software
(ImagePro Plus 6.0, Media Cybernetics, Carlsbad, CA, USA).
Wood basic density (WBD, g cm−3) at branch level was determined as oven-dry mass per unit of fully saturated wood volume.
Vessel hydraulic diameter (Dh, μm) was estimated from vessel diameter (D, μm) measurements with the following equation:
Dh = ΣD5/ ΣD 4

Since previous studies (Barotto et al. 2016) demonstrated a
meaningful relationship between vessel size distribution and VC
at the interspeciﬁc level in this genus, vessel percentage in different diameter size classes was ﬁtted with Weibull probability
density function (PDF):
PDFV (x ; b , c ) = c / b (x / b)(c – 1) exp[–(x / b)]c

where b and c are ﬁtting constants (equivalent to those of
Weibull CDF), and x is the vessel diameter class size.
Parameters b and c describe the amplitude and shape (more or
less symmetrical) of vessel distribution, respectively.

Statistical analyses
Statistical diﬀerences in wood density, anatomical and hydraulic
traits between races (α = 5%) were tested with analysis of
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time period with high soil water availability, to minimize water
stress. Six trees of every race were selected (n = 6), and two
branches were extracted from each tree from the basal portion
of the crown, taking care that they were of similar dimensions
(3.1–5.7 mm in diameter), totalizing 24 branches. Branches
were re-cut underwater and stored in black polyethylene bags,
wrapped with wet rags to avoid drying.
In the lab, branches were re-cut again underwater to their ﬁnal
length. Barotto et al. (2016) demonstrated that branch lengths
greater than 30 cm produce S-shaped curves in Eucalyptus spp.,
so this measure was taken as a minimum length. Branches were
debarked and stored in distilled water with 1% sodium hypochlorite at 4 °C (Jinagool et al. 2015) to avoid the development
of microbial activity until its use (no more than 2 weeks).
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variance (ANOVA) followed by a Fisher’s LSD post-hoc analysis.
Contingency tables were used to establish diﬀerences among races
in vessel size distribution and vulnerability to cavitation curves.
Relationships between pairs of variables at individual level were
analysed using Pearson correlation analysis. These analyses were
made with InfoStat statistical software (v. 2015, InfoStat group,
FCA, Universidad Nacional de Córdoba, Córdoba, Argentina).

Model speciﬁcation

Results
Wood anatomy
In agreement with the determination of stem wood density carried
out with Pilodyn on standing trees, races diﬀered signiﬁcantly in
branch WBD (Table 2). However, there were no diﬀerences in
hydraulic diameter, vessel density (i.e., the number of vessels per
unit area) or vessel element length, suggesting a similar hydraulic
architecture at xylem tissue level. In this regard, the analysis of contingency tables for vessel size distribution showed no diﬀerences
between races (χ2 = 5.17, P = 0.52). Added to this, the parameters describing the amplitude and shape of vessel distribution
adjusted with Weibull PDF (b and c, respectively) did not vary
between races.

Table 1. Goodness-of-ﬁt tests and the statistical criterion used to evaluate the model ﬁt (Ullman 2013).
Test
Absolute ﬁt indices
Chi-square
Relative chi-square
Goodness-of-Fit Index
Root Mean Square Error of Approximation
Standardized Root Mean Square Residual
Comparative ﬁt indices
Normed Fit Index
Tucker-Lewis Index
Comparative Fit Index

Tree Physiology Volume 38, 2018

Abbreviation

Criterion

χ2
χ2/df
GFI
RMSEA
SRMR

Signiﬁcance >0.05
<2
>0.9
<0.06
<0.08

NFI
TLI
CFI

>0.95
>0.95
>0.95
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Once we had statistical information about the diﬀerences in traits
between races and how these traits correlated with each other,
we started to develop a model, selecting ﬁrst those variables
that presented diﬀerences between races, and later we added
those variables that showed signiﬁcant correlations with others.
By doing this, we tried to minimize the number of variables in
order to achieve the simplest model able to reﬂect the major
relationships among variables. We selected P50 as the primary
indicator of resistance to cavitation since it is the most commonly
used parameter for comparing sensitivity to this process.
The path analysis technique relies on path diagrams that allow
the links among variables to be modelled easily. These are represented by rectangles, and each path is represented by a straight
line with an arrow head, the direction of which indicates the direction of the relationship. Correlations among variables are represented by double-headed lines (Norman and Streiner 2003).
Through these diagrams, it is possible to distinguish the associations between variables in terms of direct and indirect eﬀects. The
direct eﬀect of one variable over another is estimated through path
coeﬃcients, which are similar to beta weights in a multiple regression. The magnitude of the indirect eﬀect is the result of multiplying
the path coeﬃcients between two related variables.
There are two types of variables: exogenous and endogenous
variables. Exogenous variables are those whose causes (predictors) are external to the model, and their function is to explain
the other internal variables of the model. They have paths coming from them and none leading to them (correlations are not
considered paths). Endogenous variables have their causes in
one or more model variables. They have at least one path leading
to them (Pérez et al. 2013).

With this in mind, we considered as exogenous variables the
anatomical traits that do not depend on any other, with all the
remaining being endogenous variables. We started by creating
the exogenous variables and linking them with double-headed
arrows. Then, we added the endogenous variables and connected them based on the magnitude and signiﬁcance of the correlation analysis. In the arrangement of the variables and their
interconnection, we tried to address the possible causal eﬀects,
based on bibliography and our expertise.
From this initial model, we started an iterative process where we
ﬁrst looked at the individual components of the model (regression
weights of every path and their signiﬁcance levels), trimming the
paths that were non-signiﬁcant (P-value ≥0.05). These were estimated by maximum likelihood method, which is not dependent on
the scale of measurement. At the same time, we analysed the ﬁt of
the model as a whole with several goodness-of-ﬁt tests (Table 1).
There are two kinds: indices of absolute ﬁt and indices of comparative ﬁt (respect to another model). None of these tests alone provides all the information needed to evaluate the model so, usually,
a set of them is used simultaneously. More details about the diﬀerent indices can be found in Ullman (2013). Finally, once we had
reached a model with only signiﬁcant paths, we proceeded with
model re-speciﬁcation in order to improve it and get a better ﬁt.
For this purpose, we looked at the modiﬁcation indices given by
the software (SPSS AMOS 22.0.0, IBM Corp., Armonk, NY, USA).

Wood structure and vulnerability to cavitation
Table 2. Mean ± standard deviation of anatomical variables measured in
two races of Eucalyptus globulus with high and low stem wood density
respectively (12 branches of each race corresponding to six individuals, n
= 6), growing near Balcarce, Buenos Aires province, Argentina. Asterisks
indicate signiﬁcant diﬀerences among races (Fisher’s LSD test; P < 0.05).
−3

Low wood density

Sig.

0.65 ± 0.03
49.94 ± 4.07
78.08 ± 16.84
2090.41 ± 291.60
22.48 ± 3.05
1.855 ± 0.12
66.46 ± 7.15
9.53 ± 2.04
5.27 ± 1.18
8.11 ± 1.66
77.09 ± 4.05
543.77 ± 28.38
448.58 ± 25.09
365.11 ± 17.81
242.07 ± 20.25
4.97 ± 0.34
4.41 ± 0.81

0.59 ± 0.04
53.11 ± 6.60
70.74 ± 19.14
2513.59 ± 566.29
24.17 ± 4.55
1.82 ± 0.15
60.38 ± 4.83
10.46 ± 2.40
6.54 ± 1.56
8.82 ± 1.48
74.18 ± 4.26
581.72 ± 18.54
469.39 ± 25.87
378.46 ± 27.44
230.51 ± 24.66
5.34 ± 0.74
4.95 ± 0.77

*

*

*
*

*

WBD: wood basic density; Dh: vessel hydraulic diameter; VN: vessel
density; H: halo area; Rn: rays per linear millimetre; FWT: ﬁbre wall thickness; WF: ﬁbre wall fraction; APp: axial parenchyma percentage; FTp:
ﬁbre-tracheid percentage; VTp: VT percentage; Fp: ﬁbre percentage; Fl:
ﬁbre length; FTl: ﬁbre-tracheid length; VTl: VT length; Vl: vessel element
length; b PDFV: scale parameter of Weibull probability density function; c
PDFV: shape parameter of Weibull probability density function.

Concerning the proportion of diﬀerent cellular elements, differences were only observed in ﬁbre-tracheid percentage. That
would be, in turn, responsible for the diﬀerences found in the
halo area, because this cellular element is one of its main components. Fibres diﬀered in length but not in wall thickness, although
ﬁbre wall fraction was greater in the higher wood density race.

Vulnerability to cavitation
As expected from vessel characteristics, there were no signiﬁcant diﬀerences in measured ks max between races (Table 3).
However, while no signiﬁcant diﬀerences were found in the P12,
P50 and P88 were more negative in the high wood density race,
i.e., higher resistance to cavitation (Table 3). In addition, through
contingency tables analysis we found diﬀerences in VC curves
between races (χ2 = 267.21, P < 0.001). However, this did not
translate into a steeper slope (see Figure S1 available as
Supplementary Data at Tree Physiology Online for the vulnerability curves of both races).

Among the most important relationships found in this study is
the highly positive relationship between the H and ks max
(Table 4). Halo area (H) also showed a signiﬁcant correlation
with both Dh and VN, besides displaying a diﬀerent sign.
Maximum hydraulic speciﬁc conductivity (ks max) was negatively
associated with WBD and Rn and exhibited a positive relationship
with the slope of VC curve. This last variable was correlated negatively with WBD (i.e., the lower the density, the steeper the slope)
and positively with H and VTl. Due to the calculation method (one
variable depending on the other), the slope was highly and positively correlated with P88.
In addition to ks max and slope, WBD had a negative association with Dh, H, ﬁbre-tracheid fraction and length and P88, having only a positive correlation with WF.
The length of the accompanying ﬁbrous cells (ﬁbre, ﬁbretracheids and vasicentric tracheids) was positively correlated
with Dh and H (Table 4), suggesting structural relationships
between the diﬀerent cell types at both radial/transversal and
longitudinal axes.

Path analysis
According to the PA (Figure 1), the main exogenous variables
predicting vulnerability to cavitation are Dh and WF. Fibre wall
fraction (WF) showed a direct impact on WBD (positive) and the
slope of vulnerability curve (the greater the ﬁbre wall fraction, the
less steep the slope), and an indirect and negative eﬀect over P50
through them. On the other hand, Dh exhibited a direct positive
impact over ks max and negative over wood density (WBD). Wood
basic density had a negative impact over P50 (i.e., the higher the
wood density, the lower the vulnerability to cavitation), while this
variable was positively correlated with the slope (the steeper the
slope, the higher the P50 and vice versa). The slope of VC curve
was directly and positively aﬀected by ks max. According to this
model, Dh also showed a direct negative eﬀect on P50, i.e., the larger the vessels, the lower the VC, but an indirect and positive
inﬂuence over this variable through WBD on one hand, and
through ks max and slope on the other.
Almost all the goodness-of-ﬁt tests carried out entered
within the previously established range of acceptance. The only
exception was the Normed Fit Index (NFI), which is not recommended for small samples since it could underestimate the ﬁt
of the model (Ullman 2013). Consequently, based on these
results, we can conclude that the proposed model adequately
ﬁts the data (Table 5).

Discussion
Relationship among traits
Due to the high number of variables analysed, we decided to
group the results according to the degree of functional relationship and the type of measurement performed.

The lack of correlation between wall thickness and wood basic
density could be explained by the importance of cell lumen diameter (not measured) when deﬁning ﬁbre dimensions. Fibres constitute the cellular element in greatest proportion within xylem
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WBD (g cm )
Dh (μm)
VN (mm−2)
H (μm2)
Rn (no. mm−1)
FWT (μm)
WF (%)
APp (%)
FTp (%)
VTp (%)
Fp (%)
Fl (μm)
FTl (μm)
VTl (μm)
Vl (μm)
b PDFV
c PDFV

High wood density
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Table 3. Mean ± standard deviation of hydraulic variables measured in
two races of Eucalyptus globulus with high and low wood density respectively (12 curves for each race corresponding to six individuals), growing
near Balcarce, Buenos Aires province, Argentina. Asterisks indicate signiﬁcant diﬀerences among races (Fisher’s LSD test; P < 0.05).
High wood density Low wood density Sig.
−1

−1 −1

ks max (kg m MPa s ) 1.55 ± 0.76
P12 (MPa)
−2.13 ± 1.02
P50 (MPa)
−3.73 ± 1.27
P88 (MPa)
−5.62 ± 1.79
Slope of VC curve (%)
25.82 ± 10.74

2.20 ± 1.46
−1.51 ± 0.78
−2.70 ± 1.02
−4.10 ± 1.37
35.36 ± 18.60

*
*
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and, therefore, their size (wall thickness + lumen diameter) has
a great impact on wood density (Jacobsen et al. 2005). As a
result, the relationship between these variables is often positive
(Carrillo et al. 2015), negative (Martínez-Cabrera et al. 2009)
or non-existent (Sterck et al. 2012, Barotto et al. 2016). On the
other hand, ﬁbre wall fraction (an indirect and relative measurement of wall thickness, which takes into account the ﬁbre lumen)
showed a highly signiﬁcant and positive relationship with wood
basic density, and it was the major predictor of this wood property. Since wood density reﬂects not only the proportion of wall
within the xylem but also the fraction of lumens, the negative
relationship observed between wood density and vessel
hydraulic diameter was expected and is in agreement with previous works (Jacobsen et al. 2005).
As expected, based on the correlation coeﬃcients, the main
predictor of maximum hydraulic speciﬁc conductivity was vessel
hydraulic diameter. This is in line with Hagen–Poiseuille law and
has been widely reported in many works, including Eucalyptus
species (e.g., Barotto et al. 2016). The relationship of ks max and
the slope of VC curve was previously addressed by Barotto et al.
(2016) working with three Eucalyptus species, including E. globulus. It suggests a trade-oﬀ between xylem eﬃciency and safety
since the steeper the slope, the faster the development of cavitation process. Due to the positive correlation between this slope
and P50 (path analysis), there is also an indirect trade-oﬀ
between ks max and P50. Also, a positive correlation was
observed between the slope and P88, indicating that the steeper
the slope, the lower the cavitation resistance, at least at medium
to low water potential values. Another relationship arose suggesting a positive eﬀect of hydraulic diameter on P50 through
wood density: an increase in Dh results in lower wood density,
and this leads to higher P50—higher vulnerability to cavitation.
This trade-oﬀ between xylem eﬃciency and safety, though weak
in this study (see next paragraph), has been shown in previous
works at the interspeciﬁc level across woody plant species
(Maherali et al. 2004, Gleason et al. 2016) or at the intraspeciﬁc level considering diﬀerent size ranges of vessels (Cai and
Tyree 2010).

In contrast to the sign of those indirect eﬀects of Dh over
P50—through ks and the slope of the VC curve and wood density—a direct and negative eﬀect was observed. Therefore, it
seems that the relationship between hydraulic diameter and vulnerability to cavitation is complex, with direct and indirect eﬀects
both positive and negative, resulting as a whole in a lack of compromise between hydraulic safety and eﬃciency. The direct relationship suggests that cavitation resistance does not escalate
directly with vessel diameter, but depends on pit structure and
size (Tyree and Sperry 1989) and/or the complex array of cells
accompanying each vessel (the larger the vessel, the larger the
halo area) which could act as a barrier for embolism spread (Cai
et al. 2014). Similar results have been found in both gymnosperms (Burguess et al. 2006) and angiosperms (Vander
Willigen et al. 2000), including an interspeciﬁc survey of three
Eucalyptus temperate species (Barotto et al. 2016). This would
suggest that the trade-oﬀ between conduction eﬃciency and
safety has no evolutionary basis but depends more on species
anatomy and the particular arrangement of the diﬀerent cell
types that compose it, within certain limits. In addition, we can
hypothesize that vessel dimensions do not play a direct role in
cavitation resistance, which seems to be an integrated measure
that reﬂects the interaction of the diﬀerent cell types involved in
water transport through the xylem, interactions that may be
directly or indirectly aﬀected by cells dimensions and their spatial
distribution.
On the other hand, despite the lack of correlation between
ﬁbre wall fraction and cavitation resistance, we found a mediated
eﬀect of the former anatomical trait on the functional one
through wood basic density and slope. These results—which are
in agreement with previous ﬁndings of Jacobsen et al. (2005) in
shrubs species of arid environments—could suggest that the
ﬁbre matrix, in solitary vessel species like Eucalyptus, could contribute to mechanical support of vessels during water movement
under high tension and/or act as a barrier for air passage
between embolized and non-embolized vessels. This should
aﬀect the development of the cavitation event, being quantiﬁed
through the slope of the vulnerability curve.
The P50 values obtained in this study are below those found
for E. globulus by Pita et al. (2003) working with young cuttings,
and Barotto et al. (2016) using branches of mature trees from
non-commercial plantations. Working with adult trees from a
genetic improvement programme may be partly responsible for
the increased resistance, although this was not a target trait of
the selection process. In our study, we found diﬀerences in vulnerability to cavitation between E. globulus races with diﬀerent
stem wood density. This was also manifested in the negative
correlation between P88 and wood density, as well as in the path
coeﬃcient linking wood density with P50 in the model developed
by path analysis. These ﬁndings at the intraspeciﬁc level are in
agreement with a general trend at the interspeciﬁc level establishing an increase in cavitation resistance with wood density

Vessel related variables
WBD
−0.51**
−0.45*

VN

−0.59**
0.87***
−0.48*

−0.7***

H

Proportion of cellular elements

Rn

Fp

APp

−0.9***
−0.66***
−0.83***

0.7***

FWT

WF

FTp

Length of cellular elements
VTp

Fl

FTl

VTl

Hydraulic measurements
Vl

ks max

P12

P50

P88

0.89***
0.42*

0.69***

−0.45*

0.71***
0.41*
−0.45*
−0.51*

0.47*
0.50*

−0.51*

−0.46*
−0.52**

0.83***
−0.41*

−0.42*

0.52**
0.44*
0.52**
−0.54**

0.81***

0.5*

0.66***
0.69***
−0.53**

−0.44*

−0.42*
−0.46*

0.47*
0.46*
0.9***
0.6**
0.41*

0.62**

Dh: vessel hydraulic diameter; VN: vessel density; H: halo area; Rn: rays per linear millimetre; FWT: ﬁbre wall thickness; WF: ﬁbre wall fraction; Fp: ﬁbre percentage; APp: axial parenchyma percentage;
FTp: ﬁbre-tracheid percentage; VTp: VT percentage; Fl: ﬁbre length; FTl: ﬁbre-tracheid length; VTl: VT length; Vl: vessel element length; ks max: maximum hydraulic speciﬁc conductivity; P12: pressure
inducing 12% loss of conductivity; P50: pressure inducing 50% loss of hydraulic conductivity; P88: pressure inducing 88% loss of hydraulic conductivity; slope: slope of vulnerability to cavitation
curve; WBD: wood basic density.
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Dh
VN
H
Rn
FWT
WF
Fp
APp
FTp
VTp
Fl
FTl
VTl
Vl
ks max
P12
P50
P88
slope

Dh

Non-vessel related
variables
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Table 4. Correlation analysis among variables in two races of Eucalyptus globulus with high and low wood density, growing near Balcarce, Buenos Aires province, Argentina. * P < 0.05; ** P < 0.01;
*** P < 0.001.
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Table 5. Results of goodness-of-ﬁt test for the proposed model.
Test

Value

χ2
χ2/df
GFI
RMSEA
SRMR
NFI
TLI
CFI

5.258; P = 0.511
0.876
0.929
0
0.054
0.939
1
1

(Hacke et al. 2001). However, it is interesting to point out that
the potential cause of the relationship between wood density
and resistance to cavitation observed by Hacke et al. (2001)—
that is, the need to cell wall reinforcement to avoid cell collapse
of a functional vessel (under tension) when it is in direct contact
with an embolized one—cannot be applied to Eucalyptus species, or other species with solitary vessels, in which this imbalance of forces at both sides of the cell wall cannot be observed
due to this peculiar vessel arrangement. Therefore, the relationship between wood density and resistance to cavitation in these
species must be explained with other hypotheses, such as that
proposed by Jacobsen et al. (2005) about the role of thickwalled ﬁbres in the prevention of cavitation in adjacent vessels.
Furthermore, this hypothesis sounds more likely—not only in
species with solitary vessels—considering the quantitative contribution of ﬁbre walls to explain wood density in angiosperm
species (Ziemińska et al. 2013).

density. Progenies with higher wood density at the stem level
presented also higher wood density at the branch level, and they
had higher resistance to cavitation. Moreover, in addition to the
non-signiﬁcant correlation between Dh and P50, the path analysis suggests a lack of compromise between xylem eﬃciency
and safety at the intraspeciﬁc level, the latter variable being the
result of the combination of both positive and negative eﬀects of
vessel size. This complex relationship, which is also manifested
by the small determination coeﬃcient corresponding to P50,
seems to be a reﬂection of the intricate and particular wood anatomy present in this genus. There are no data about the relationship between growth and hydraulic eﬃciency in E. globulus, but
we can hypothesize—based on results in other species showing
a direct relationship between both traits—that, within this species, the trade-oﬀ between growth and xylem safety can also be
avoided, and that wood density could be used as a proxy trait of
this xylem function. However, more studies are needed to
increase the number of genotypes in a broader wood density
range and analyse the heritability of the studied traits, including
not only wood density but also complementary traits, such as
mean hydraulic diameter, since the eﬀect of wood density over
P50 is signiﬁcant but quite low.

Supplementary Data
Supplementary Data for this article are available at Tree
Physiology Online.
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Figure 1. Final model developed by path analysis technique. The values in double-headed arrows correspond to Pearson correlation coeﬃcient, values
in straight single headed lines are the standardized path coeﬃcients (beta weights in multiple regression) and values next to variables are the squared
multiple correlations. Filled boxes represent exogenous variables, and open boxes represent endogenous variables. WF: ﬁbre wall fraction; Dh: vessel
hydraulic diameter; ks max: maximum hydraulic speciﬁc conductivity; WBD: wood basic density; slope: slope of vulnerability to cavitation curve; P50: pressure inducing 50% loss of hydraulic conductivity.
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