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A B S T R A C T

The increase in global temperature results in changes in rainfall patterns and can cause structural and functional
changes in trees. Each plant is forced to face hydraulic safety limits and adopt a behavior to regulate its water
status. The objective of this work was to evaluate the changes in the hydraulic architecture of the xylem of
commercial eucalyptus clones in order to distinguish the hydraulic adjustments in a wide gradient of water
availability. Eucalyptus urophylla (A1) and E. grandis × E. camaldulensis (C3) clones at six years old at 4 sites in
Brazil distributed in a rainfall gradient and in two water conditions were analyzed: control (100% of total local
rainfall) and rainfall reduction (RR). Xylem traits were evaluated at annual intervals and averaged over the
entire growth period of the seven trees sampled at each site and water condition. The sites influenced the clones,
with the greatest effect being the rainfall reduction treatment in C3 on the vessel wall diameter, area and
thickness, double wall thickness, conduction area, vessel composition index, theoretical and potential hydraulic
conductivities, vessel implosion resistance and vulnerability. The rainfall reduction provided an increase of 12%
in vessel density, 8% in the double vessel wall, and 27% in theoretical hydraulic conductivity in the drought-
tolerant C3 clone. The vessel wall thickness in the A1 clone was more responsive with a 3% increase in rainfall
reduction, with an effect on double-wall thickness and vessel implosion resistance. Other hydraulic adjustment
strategies were observed, such as the highest occurrence of tylose and a tradeoff between vessel diameter and
frequency for the C3 clone. The greater variation in wood density was explained by variations in the lumen area
of the xylem vessels and by vessel implosion resistance.

1. Introduction

Climates changes inducing water stress (Gonçalves et al., 2017) will
likely increase across many areas of Brazil (Dubreuil et al., 2018), po-
tentially impacting the productivity and viability of commercial Eu-
calyptus plantations. Plant survival and growth are directly linked to
the xylem’s capacity to transport water (Santini et al., 2018) and to
maintaining cambium activity which interacts with the environment,
and which ultimately has an effect on the plant’s hydraulic architecture

(Islam et al., 2019). Water transport in angiosperms is performed by
dead cells (vessels) (Ohtani et al., 2017) with a hollow structure de-
limited by a resistant, thick and lignified cell wall, which allows the tree
to withstand the water column stresses necessary to conduct the sap
over long distances between the roots and the leaves (Tyree and Ewers,
1991; Brodersen et al., 2019).

The versatility of hydraulic architecture makes it possible to main-
tain a continuous flow of water considering availability and demand
(Tyree and Ewers, 1991), but with a trade-off between hydraulic safety
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and water transport efficiency (Sperry et al., 2008). Angiosperms follow
different strategies to maintain a continuous flow and hydraulic in-
tegrity based on the variation of the vessel element ultrastructure (Lens
et al., 2016; Pfautsch et al., 2018) such as cell elongation and thick-
ening, as well as different vascular arrangements, with these being
conditioned by environmental factors (De Micco et al., 2019).

Among angiosperms, the Eucalyptus genus is widely planted in tro-
pical and subtropical regions, presenting good environmental adapta-
tion which stems from its phenotypic plasticity, and also has high
growth rates and satisfactory wood density (Martins et al., 2014). A
total of nine species and their hybrids make up 90% of Eucalyptus
planted forests worldwide, namely: E. camaldulensis, E. grandis, E. ter-
eticornis, E. globulus, E. nitens, E. urophylla, E. saligna, E. dunnii, and E.
pellita (Stanturf et al., 2013). The productivity and quality character-
istics of Eucalyptus in Brazil are the result of intense and continuous
work on genetic improvements (Grattapaglia et al., 2012).

Hydraulic architecture is responsible for ensuring the upward con-
duction of water and is modified in periods of water deficit to maintain
the water flow, thus enabling the tree to grow and develop (Schumann
et al., 2019). The effect of the water availability gradient in eucalyptus

is related to changes in hydraulic architecture, especially in vessel
diameter, lumen area and frequency (Harbusch, 2014; Pfautsch et al.,
2016). However, vessel wall thickening occurs as a reinforcement to
resist implosion in dry conditions (Hacke et al., 2001), in addition to
controlling the conductive area of the lumen (Kohonen and Helland,
2009).

E. camaldulensis naturally exhibits vessels with large diameter and
lumen area with values which can vary from 128 µm to 134 µm, low
root wood density values, and vessel implosion resistance (Santini et al.,
2018). The investment in genetic improvement with hybridization
combined with large-scale plantations in Brazil (Zanetti et al., 2008),
which cover different environmental conditions, can influence differ-
entiating the conductive elements of this genus. These phenotypic
changes are assessed by indicators derived from xylem traits such as the
composition of the vessel, theoretical and potential hydraulic con-
ductivity, vessel implosion resistance and drought vulnerability index
(Fichot et al., 2010; Santini et al., 2016, 2018; Zanne et al., 2010).

Studying hybrid clones with the high productivity characteristics of
E. urophylla (A1) and drought resistance of E. grandis × E. camaldulensis
(C3) (Binkley et al., 2017) enables distinguishing the magnitude in the

Fig. 1. Geographic location and meteorological data of precipitation, total soil water deficit, minimum, average and maximum temperatures of four eucalyptus
plantation regions in Brazil from 2012 to 2018. Control = 100% of total local rainfall; RR = Rainfall reduction; WSC = soil water storage capacity. SWD = soil
water deficit. Source: Climate classification map adapted from Alvares et al. (2013).
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plasticity of hydraulic architecture in the water availability gradient.
There are few studies on the theme of rain reduction which address the
hydraulic architecture of eucalyptus hybrids, which is the only one
currently being evaluated in different gradients in Brazil. Given the
above, the objective of this research was to evaluate the changes in the
xylem’s hydraulic architecture of commercial eucalyptus clones in order
to distinguish the hydraulic adjustments in a wide gradient of water
availability.

2. Material and methods

2.1. Sites and meteorological characterization of the experiment

Standardized experimental plots were evaluated at 4 sites in Brazil:
4 Belo Oriente and 30 Bocaiúva (state of Minas Gerais), 7 Rio Verde
(state of Goiás) and 20 Mogi Guaçu (state of São Paulo), all with dif-
ferent in edaphoclimatic characteristics (see Binkley et al., 2017, sup-
plementary material, Table S1). The trees were cultivated at these sites
in experimental plantations of the “Clonal Eucalyptus Tolerance to
Water, Thermal and Biotic Stresses - TECHS” project coordinated by the
Forestry Research Institute (IPEF), Brazil (Binkley et al., 2017).

Meteorological data were obtained from the Brazilian National
Institute of Meteorology - INMET (www.inmet.gov.br), from automatic
surface stations installed close to the experimental municipalities, ex-
cept for site 4 whose data were obtained locally. Seven meteorological
variables were recorded: average, maximum and minimum air tem-
perature, average relative humidity, 10-meter wind speed, global solar
radiation, and precipitation for the experimental period from 2012 to
2018, which were used to characterize the soil water deficit. Missing
data corresponding to the period was completed by other meteor-
ological bases following the fault filling methodology used by Elli et al.
(2019).

A sequential climatological water balance was carried out on a
monthly scale to characterize the soil water deficit (SWD), as presented
by Thornthwaite and Mather in 1955 (Camargo, 1962), for the entire
plant growth period (2012–2018). Potential evapotranspiration was
calculated by the Penman-Monteith method (PM FAO 56). The annual
temperature values were calculated by the arithmetic mean of monthly
average temperature and annual rainfall was calculated by the sum of
accumulated rainfall. Next, a 33% reduction in the total rainfall volume
was applied for the rainfall reduction treatment. The annual SWD was
obtained by adding the monthly water deficits. The water storage ca-
pacity in the soil was calculated for two meters of effective depth and
the water available in the soil (Menezes, 2005) from the silt and clay
contents, the permanent wilting point (tension of 1500 kPa) and the
field capacity (tension of 10 kPa), Fig. 1.

2.2. Eucalyptus clones and rainfall reduction experiment

The commercial clones evaluated in the experiment were E. ur-
ophylla (A1), which was developed to maximize productivity, and E.
grandis × E. camaldulensis (C3), which was developed to survive
drought. The trees were evaluated at six years of age. These clones were
selected because they represent the most planted species in the world
(Stanturf et al., 2013), with adaptation characteristics to greater me-
teorological amplitudes, therefore making it possible to test the lim-
itations of the eucalyptus regarding abrupt changes in rainfall volume.

Each clone was planted in a single plot containing 8 rows × 30 trees
(24 × 90 m) at 3 × 3 m spacing, totaling 240 trees (Fig. 2a, 2b). The
sub-plot (24 × 45 m) received the tested water conditions: one with
100% of total local rainfall (Control), and the other with 33% rainfall
exclusion (Rainfall Reduction - RR). The sub-plot area for the rainfall
reduction treatments was equipped with 0.5 m wide polyethylene
gutters arranged between the planting rows. The gutters were installed
about a year after planting (year 2013 in the rainy season) and covered
the surface below the canopy on a slope of 1 m in height in order to

cover 33% of the soil area under the trees. This means that 33% ex-
clusion is for rainfall considering a canopy interception and stem flow,
therefore the exclusion percentage in gross rainfall should be lower.
There were 160 trees in the plot which were permanent for semi-annual
inventory carried out throughout the growth period, and 80 trees were
allocated at the edge of the plot in rows of destructive sampling.

All plots were fertilized during the first year (Binkley et al., 2017)
from pre-planting to 12 months to reduce any nutritional limitations,
with fertilizer applications varying according to the specific need of the
site. Phytosanitary control occurred chemically.

2.3. Characterization of tree growth

The wood volume of the trees was inventoried at yearly intervals by
measuring the height and diameter at breast height (DBH) at 1.30 m
from the ground and the total height (H) of the 80 permanent trees
(Table 1). The volume equations used were: – 10.1385 + 1.6552*ln
(DBH) + 1.2800*ln (H) and – 10.2215 + 1.6552*ln
(DBH) + 1.2800*ln (H) for A1 and C3, respectively (Mattos, 2015). The
mean annual increment (MAI) was determined by the ratio between the
wood volume of sub-plot accumulated at 6 years.

2.4. Selected trees

Seven trees from each site and treatment plot were selected across a
range of seven diameter classes totaling 56 trees per clone. The dia-
meter classes were determined by measuring the 40 trees of the de-
structive plot, with the difference in the largest and smallest diameter of
the trees divided by seven, and this value was gradually added to the
classes. A wooden disk of approximately 3 cm thick was removed at the
DBH of each tree for an X-ray densitometer and anatomical analysis of
the xylem tissue. Dead (see supplementary material, Table S2), crooked,
damaged, or diseased trees were not selected.

2.5. Wood density

The determination of annual wood densities (WD) was performed
using the X-ray densitometry technique on wood samples taken from
the disks. The samples were dimensioned (1 cm wide, 1 cm thick, and
variable length according to the disc diameter) and glued with the fi-
bers in the horizontal direction on supports. Subsamples were cut in a
2 mm thick cross-sectional orientation using double circular saws, and
air-conditioned (24 h, 20 °C, 50% relative humidity). A radial scan of
the samples was performed every 80 µm on the transverse surface of the
wood (Fig. 2e) in QTRX-01X equipment. The X-ray values were con-
verted into apparent density using the QMS software (Quintek Mea-
surement Systems - Tree Ring Analyzer, 1999). The mean of two rays
from the same disk was used to analyze radial density profiles (Fig. 2f).

2.6. Measurements of xylem traits

Cross-sections in the radial direction of the discs, one for each
growth ring, were sampled to measure the xylem traits for each clone
and treatment, according to established protocols (Scholz et al., 2013).
The samples were cut 20 µm-thick in a slide microtome (SM2000R,
Leica), dehydrated in increasing concentrations of ethanol (10 to
100%), and stained with safranin (1% in distilled water). Photo-
micrographs were obtained and analyzed by software coupled to an
automated digital microscope (Zeiss Axio Scope.A1, Axio Vision SE64
software) for the following xylem traits: (i) vessel diameter (VD - µm),
(ii) vessel density (VDen - n°.mm2), (iii) vessel area (VA- µm2), obtained
by the software’s outline spline tool, and (iv) vessel cell wall thickness
(VWT - µm). The use of the outline spline tool precisely measures the
vessel area. The xylem traits data were represented by an average of six
years of growth (Fig. 2g).
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2.7. Anatomical indexes: Theoretical and potential hydraulic conductivities,
vessel implosion resistance and vulnerability index

Theoretical hydraulic conductivity (KTH) was individually estimated
for each vessel using the VD and the water viscosity at 20 °C
(1.002 × 10−9, MPa s), adapted from Fichot et al. (2010). The po-
tential hydraulic conductivity (KS, Equation (1)) was determined ac-
cording to the aspects of water conduction: (i) lumen conductivity area
(LCA = VA.VDen) and (ii) vessel composition index within the space
(S = VA/VDen), developed by Zanne et al. (2010).

∝K LCA SS
1.5 0.5 (1)

Vessel implosion resistance (IR) was estimated as the ratio between
the double-wall thickness (t, the total vessel wall thickness between
adjacent cells) and the VD (Hacke et al., 2001), and the vulnerability
index to drought (VI) was determined by the ratio between VD and
VDen (Carlquist, 1977). This ratio could be interpreted as the more
numerous the vessels per mm2, the less the chance that disabling a

given number of vessels by air embolisms formed under water stress
would seriously impair conduction in a plant. The double-wall thick-
ness repetitions corresponded to the number of vessel clusters.

2.8. Ultrastructure of vessels and imaging by scanning electron microscopy

Qualitative analyzes of scanning electron microscopy (SEM) were
performed to analyze diameters, frequencies, and areas of vessels to-
gether. A visual evaluation of the presence or absence of tylose was
performed to complement the changes in hydraulic architecture in the
species’ xylem. These analyses occurred on the tree with the highest
diameter class, as it had the largest disk area for scanning. The histo-
logical sections (corresponding to the similar positions in which the
xylem traits were evaluated) were prepared following the methodology
of Anderson (1951). The samples were fixed in 2.5–4% glutaraldehyde
in sodium cacodylate buffer for half an hour at 4 °C, then washed for
10 min, and dehydrated twice; once in an increasing series of ethanol
and once in CO2 liquid. The samples were mounted on a support with
carbon tape to apply a conductive coating using a metallizer (SPI-
MODULE spray-coated). The coating was carried out with gold (24 k)
for 60 s. The images were obtained using a JEOL JSM-6380LV scanning
electron microscope (SEM) connected to a computer to capture images.

2.9. Data analysis

The xylem trait data were subjected to individual variance analysis
for each site and then conjoint ANOVA using R statistical software (R
Core Team, 2014) to assess the site × water availability condition of
the clones. The experimental design was completely randomized with
seven replications, along with boundaries of 7:1 between the highest
and the lowest mean square error (MSE) obtained in the individual
analyzes being considered for continued analyzes. The residual var-
iance homogeneity criterion was observed for A1 and C3 clones, which
meets the assumption for joint analysis (highest MSE/lowest
MSE = 1.71 and 1.07, respectively).

Xylem traits that showed interaction of site × water availability
were plotted in a graph by clone. Site averages were compared using
the Tukey test (α = 5%) and water availability averages using the F-
test. The radial direction of the wood was considered with a sample
composed of six years of growth. Linear regression analyzes were used
to test all the relationships between the univariate pairs for the A1 and
C3 wood and those with the highest r2 were plotted.

Fig. 2. Methodological design of the plot, collection, sampling and analysis of the xylem traits in A1 and C3 trees. a: field images with the respective water conditions;
b: experimental plots and sub-plots per clone; c: tree sampling by diameter class, 7 trees by clone; d: detail of the cut in the DBH discs; e: radial section for analysis; f:
apparent density by X-ray densitometry; g: vessel anatomy for years.

Table 1
Dendrometric variables of the experimental sub-plot in the different growth
conditions at 6 years of age.

Site Eucalyptus Water
availability

DBH (cm) Commercial
height (m)

MAI (m3

ha−1year−1)

20 A1 Control 16.85 ± 2.48 26.11 ± 2.72 60.25
RR 16.48 ± 2.87 24.53 ± 2.76 54.29

C3 Control 14.97 ± 1.68 23.68 ± 1.72 40.58
RR 14.30 ± 1.33 21.93 ± 1.30 33.79

4 A1 Control 14.96 ± 1.99 24.25 ± 3.10 43.28
RR 13.78 ± 1.84 23.57 ± 3.03 37.29

C3 Control 13.57 ± 2.33 20.51 ± 2.71 28.79
RR 13.17 ± 2.38 19.23 ± 2.41 25.35

7 A1 Control 16.63 ± 1.87 26.77 ± 1.80 61.16
RR 16.41 ± 1.92 26.53 ± 1.50 59.12

C3 Control 15.73 ± 2.31 24.44 ± 2.43 45.31
RR 15.19 ± 2.58 24.20 ± 2.88 43.94

30 A1 Control 14.70 ± 1.28 21.61 ± 0.88 36.38
RR 13.21 ± 1.25 20.14 ± 0.85 27.91

C3 Control 12.00 ± 1.42 18.35 ± 1.16 19.39
RR 11.71 ± 1.43 17.72 ± 1.17 17.84

Mean ± standard deviation, n = 80 trees per growing condition.
DBH = diameter at height of 1.30 m from the ground. MAI = average annual
increment. Control = 100% of total local rainfall; RR = Rainfall reduction. 20
– Mogi Guaçu, 4 – Belo Oriente, 7 – Rio Verde, 30 – Bocaiúva.
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3. Results

Both clones exhibited plasticity in their hydraulic architecture
across sites for all evaluated traits. The gradient of water availability
across sites had a larger effect on hydraulic architecture than the con-
trol and rainfall reduction treatments (see Table 2 and supplementary
material 2). There was an interaction between site and rainfall reduc-
tion for A1 wood in VWT, t, LCA, and IR, and in C3 wood there was an
interaction in VD, VA, VWT, t, LCA, S, KTH, KS, IR and VI.

All xylem traits of the A1 varied between sites. Sites 4 and 7 were
smaller for VD, VA, LCA, S, KTH, KS, and VI (Table 3), generally being
variables dependent on vessel diameters. Water availability changed
VWT, t, LCA, and IR in A1 xylem. The four C3 cultivation sites provided
greater variations in the xylem traits than the control and rainfall re-
duction treatments. The average intervals from smallest to largest were
VD (11%), VA (24%), VWT (6%), LCA (38%), KTH (42%), KS (33%) and
IR (57%). Site 20 had the highest averages. The differences in xylem
traits between the sites point to adjustments in the hydraulic archi-
tecture in a water availability gradient.

The high rainfall and other environmental factors at site 20 (Fig. 1)
resulted in A1 trees with larger vessels and lower vessel density,
meaning a tradeoff in contrast to the dry environment, and a char-
acteristic which corresponds to the lowest water deficit presented
during the tree cultivation period. This provided a 12% lower value of
vessel density than site 7, which also has higher rainfall (Fig. 1) and
average annual tree increments (Table 1).

The vessel wall thickness was statistically higher in the wood of
trees from site 4, and increased the vessel implosion resistance, being
47% higher than site 20. Site 30 naturally receives little rainfall, and
did not show any effect of the rainfall reduction treatment, but it
showed significant differences in relation to the VD, VA, VWT, t, LCA, S,
KTH, KS, and VI traits for the plants which were developed at site 7.

The interaction of site and water availability for the A1 xylem traits
influenced the wall thickness, adjacent double-walls (Fig. 3), and con-
sequently the vessel implosion resistance. Changes in the LCA were
observed as a combination of diameter and vessel density. Rainfall re-
duction at site 4 promoted vessels with thicker walls (Fig. 3a), while the
same condition resulted in thicker double-walls (Fig. 3b) for site 20,
meaning the vessel clustering acted as an indirect reinforcement to
implosion. The rainfall reduction treatment in sites 7 and 20 (sites with
the highest and lowest water deficits, respectively), promoted greater
vessel implosion resistance at the wetter site (Fig. 3c). RR provided a
larger lumen conductivity area at site 7.

Water availability significantly affected 10 of the 13 xylem traits
evaluated in the C3 clone (Fig. 4). Site 20 had the lowest water deficit
and was one of the rainiest, and showed differences for the control and
rainfall reduction treatments, with the largest and most numerous
vessels for the RR treatment, with the exception of LCA and KS (Fig. 4e
and h). The least rainy site with the largest water deficit (site 30) po-
tentiated the RR treatment, presenting smaller VD, VA, t, and IR traits.
C3 clone did not differ between sites in the control treatment for the
VD, VA, S, KTH, KS, and VI traits.

Table 2
Average squares of the conjoint ANOVA for the xylem traits of the A1 and C3 wood.
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ns: not significant (p > 0.05); ** significant (5% by F test). CV: coefficient of variation.
VD: vessel diameter, VDen: vessel density, VA: vessel area, VWT: vessel wall thickness, t: double-wall thickness, LCA: lumen conductivity area, S: vessel composition
index, KTH: theoretical hydraulic conductivity, KS: potential hydraulic conductivity, IR: vessel implosion resistance, VI: drought vulnerability index, WD: wood
density.
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The change in the diameter and density of A1 vessels expressed by
the LCA can be seen qualitatively in the cross-sectional images of the
xylem (Fig. 5). The influence of the water availability condition had the
opposite effect depending on the site for A1 wood. The analysis be-
tween sites 4 and 7 occurred because they presented greater variations
in rainfall reduction for A1. The conductive area was smaller at site 4
(Fig. 5b) and greater at site 7 (Fig. 5d) under rainfall reduction. How-
ever, a high number of vessels impregnated with tylose is observed in
the 7 RR site (Fig. 5d), which contributes to a compensatory effect of
hydraulic efficiency.

The adaptation in the C3 xylem in the arrangement of the vessels
occurred in a less rainy site with a greater water deficit (site 30) and
with smaller and more numerous vessels (Fig. 6c, d) in comparison to
site 20 (lower water and soil water deficit), represented qualitatively
(Fig. 6).

The wood density of A1 was negatively correlated with the LCA -
lumen conductivity area (meaning that the wood density was lower in
trees with large vessels in the xylem; r2 = 0.67, p = 0.012, Fig. 7). The
means corresponding to the control of water availability (circular
symbols) are closest to the regression line. The points diagram of the
two traits evaluated visually demonstrates two groups: one formed by
sites 20 and 30, and the other by sites 4 and 7.

The behavior of the sites for the relationship between vulnerability
to drought and vessel diameter followed the same pattern presented by
the wood density versus vessel area. The largest vessels are more

susceptible to cavitation provided by dry environments (r2 = 0.88,
Fig. 7). Considering the order from highest to lowest precipitation rate
at sites 7, 20, 4, and 30, there is apparently a greater effect of the site
than water restriction in relation to the area and vessel diameter vari-
ables.

C3 wood density was explained by the IR (Fig. 8a), having a ne-
gative relationship, meaning that the increase in the vessel grouping
which provides the double-walls contributes to decrease the wood
density. Control and rainfall reduction treatments of site 30 enabled the
plants to develop higher density when compared to the other sites. The
increase in theoretical hydraulic conductivity is related to drought
vulnerability index (Fig. 8b), since the larger vessel diameters are more
vulnerable to cavitation in a soil water deficit situation such as site 30.
The positive and strong relationship between the vessel composition
index (S) and the double-wall was verified for C3, obtaining the best
determination coefficient (91%) between the adjusted regressions.

4. Discussion

The higher productivity A1 clone did not respond to changes in
water availability in the same way as the more drought-tolerant C3
clone. The A1 clone shows the increased area and decreased vessel
density in drier sites which are indicative of phenotypic expressions
related to the genotype. The phenotypic adaptation observed in A1 and
C3 clones, regardless of the water availability condition, reinforces that

Table 3
Xylem traits of A1 and C3 from 4 sites and two water availability conditions: Control = 100% of total local rainfall; RR = Rainfall reduction.
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Values are means * indicates p < 0.05 by the F-test and ns indicates non-significant differences. Different letters differ by the Tukey test (p < 0.05).
VD: vessel diameter, VDen: vessel density, VA: vessel area, VWT: vessel wall thickness, t: double-wall thickness, LCA: lumen conductivity area, S: vessel composition
index, KTH: theoretical hydraulic conductivity, KS: potential hydraulic conductivity, IR: vessel implosion resistance, VI: drought vulnerability index, WD: wood
density. Blue rectangle indicates xylem measurements; green rectangle indicates anatomical indexes. Highlight in bold for the significant difference in the data. SWD:
soil water deficit gradient.
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Fig. 3. Deployment of the interaction between site × water availability for the A1 xylem traits. (a) VWT: vessel wall thickness - µm; (b) t: vessel wall-double
thickness - µm; (c) IR: vessel implosion resistance; (d) LCA: lumen conductivity area; Control = 100% of total local rainfall; RR = Rainfall reduction. Uppercase
letters (sites) and lowercase letters (water availability) differ by the Tukey and F-test, respectively (p < 0.05). SWD: soil water deficit gradient.

Fig. 4. Deployment of the interaction between site × water availability for the C3 xylem traits. (a) VD: vessel diameter – µm; (b) VA: vessel area –µm2; (c) VWT:
vessel wall thickness – µm; (d) t: vessel double-wall thickness – µm; (e) LCA: lumen conductivity area; (f) S: vessel composition index – mm4; (g) KTH: theoretical
hydraulic conductivity; (h) KS: potential hydraulic conductivity; (i) IR: vessel implosion resistance; (j) VI: drought vulnerability index. Control = 100% of total local
rainfall; RR = Rainfall reduction. Uppercase letters (sites) and lowercase letters (water availability) differ by the Tukey and F-test, respectively (p < 0.05).
SWD = soil water deficit gradient.
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the xylem hydraulic traits contribute to the series of strategies which
enable species to occur in heterogeneous environments. In this adaptive
context, E. camaldulensis (Santini et al., 2016) and E. grandis (Pfautsch
et al., 2018) also changed the density, the size of the conductive areas,
fiber wall thickness, vessel implosion resistance, demonstrating the
phenotypic versatility of the genus, as found in this work.

The interaction of the C3 clone with the environmental conditions
at site 30, and given the comparison between the control and rainfall
reduction treatments, resulted in a greater adjustment of the hydraulic
architecture of this clone (Fig. 6). This reflects a greater ability to adjust
the hydraulic architecture for the physiological maintenance of this
clone, or that the environmental condition has reached the limit where
it is necessary for this clone to make a tradeoff between vessel traits
with reflections on hydraulic safety and transport efficiency of the sap.
These abilities are related to co-regulatory genes and metabolites
strongly related to complex xylem traits (Ployet et al., 2019), resulting
in a tradeoff between biomass allocation and stress responses. Water
stress modifies the biomass allocation and acts on its allometry, re-
tarding growth in eucalyptus species (Maseda and Fernández, 2015).
However, the magnitude of this modification may be linked to the
genotype’s growth potential (Osório et al., 1998).

The clones respond differently in terms of productivity and strate-
gies. The A1 clone showed larger vessels and lower vessel density in
response to water restriction, which may be related to the longevity of
the vessel’s physiological activity. The rapid growth is the result of new
cell formation and demands adjustments coordinated with the cernifi-
cation process (Almeida et al., 2020). When environmental factors (soil,
water, nutrition, etc.) are more favorable, as in site 20 (see
Supplementary Material 1, Table S1), the more productive A1 clone
grows more in height than in diameter (see Supplementary Material 2).
The A1 clone grows more in diameter than in height when there is

water restriction (sites 4 and 30), meaning there is an investment in a
radial system with greater cambium activity in less water availability.
The drought-tolerant C3 clone has the slowest radial growth. The re-
sults suggest that the C3 clone maintains water transport with increased
vessel longevity and less vulnerability to cavitation. Therefore, the di-
mensions of the vessels are smaller while the density of the vessels is
larger, which is in contrast to the behavior of the A1 clone.

The edaphoclimatic differences across sites had a greater influence
than the rainfall reduction treatment, on the xylem traits for the A1
clone. The total precipitation of the site was enough to acclimate the
plants starting from the beginning of the growth period. In other words,
the rainfall reduction treatment had a secondary effect to the xylem
formation of the wood.

Characteristics of sites such as rainfall (Zhang et al., 2016), tem-
peratures (Hatfield and Prueger, 2015), soil water deficit and soil water
storage capacity (Karmakar et al., 2016) have an impact on the soil–-
water-plant-atmosphere relationship, as they interfere at entry, re-
sidence time and water storage in the ecological system. In addition to
SWD, precipitation and WSC may also have contributed to the lower
values of xylem traits (Table 3) at sites 4 and 7 (Fig. 1).

The rainfall reduction treatment had an impact on hydraulic ar-
chitecture in A1 when the difference in rainfall between sites was lower
than 33%. The difference in precipitation between sites 4 and 7; and 7
and 20 were 26% and 12%, respectively. The difference in the tem-
perature range between sites 7 and 20 tends to intensify the differences
caused by water stress. Site 30 was the driest, and differed for the
majority of the xylem traits in comparison to the site which received
more rain (7 - Rio Verde), meaning that the difference of 56% of the
total rainfall between the sites had the greater impact. The environ-
mental effect between the dry and humid site promoted a difference in
the MAI in both clones, even under control treatment (Table 1).

Fig. 5. Cross-sections of A1 wood using SEM from sites 4 - Belo Oriente and 7 - Rio Verde, under water availability conditions: Control = 100% of total local rainfall;
RR = Rainfall reduction. Circles (a and c) show the vessels density; Arrows show unobstructed vessels (b) and tylose obstruction (d).

A.P. Câmara, et al. Forest Ecology and Management 474 (2020) 118380

8



Levels and periods of rainfall reduced are important factors in
changing the xylem and serve as information to understand the in-
tensity of the effects of climate change (Estiarte et al., 2016).

VWT was a responsive trait due to the control and rainfall reduction
in A1, with an effect on t and IR (Table 3). The measurement consisted
of a secondary wall and composite lamella, since the structure was not
individualized from parenchyma and fibers, with a difference in the
trees at site 4 for control and rainfall reduction. The larger VWT in
rainfall reduction serves one of the functionality aspects of the vessels
as an adjustment to the dry environment (Fig. 3a), in which the

conduction efficiency is guaranteed by the vessel wall reinforcement to
withstand the negative pressure of the water inside the vessel (Hacke
et al., 2001). Thickened vessel walls can be associated with adaptation
to soil water deficit (Lens et al., 2016), and provide a decrease in the
contact angle between the scarce water and the vessel walls, which
favors greater hydration of the walls and reduces formation of embo-
lism (Kohonen and Helland, 2009).

LCA and S were good predictive traits of water conductivity, con-
sidering the area and density of the vessels. VA may have contributed to
the difference in water availability conditions at sites 4 and 7 since the

Fig. 6. Cross-sections of C3 wood using SEM from sites 20 and 30 under water availability conditions: Control = 100% of total local rainfall; RR = Rainfall
reduction. Circles (b and d) show sizes, clusters and proximity to vessels.

Fig. 7. Relationship between wood density and the vessel area (a) and drought vulnerability index and vessel diameter (b) for A1 clone; the regressions for the means
of 7 trees were: Y = 0.7174–13.95 X (p = 0.0120) and Y = 0.1537–8.33 X (p = 0.0005), respectively. The symbols represent mean values ± standard errors for
water availability condition: Control = 100% of total local rainfall (triangles); RR = Rainfall reduction (circles). Different colored symbols indicate sites (orange,
brown, gray and white represent sites 7, 20, 4 and 30, respectively). SWD = soil water deficit gradient. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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oval shape (Evangelista et al., 2010) of the eucalyptus was considered
in the measurement. The tradeoff between area and vessel size serves
another aspect of efficiency functionality as opposed to safety, where
large vessels improve flow, but compromise cavitation containment and
allow the spread of embolism (Jacobsen et al., 2019); this result was
observed in the VI × VD ratio (Fig. 7b), as well as in the VI × KTH ratio
(Fig. 8b). Vessel diameter and density coordinate wood growth and
wood density, constituting variables of great commercial value
(Hamilton et al., 2017; Zobel and van Buijtenen, 1989) due to the re-
lationship between wood density and the vulnerability of the xylem to
cavitation (Christoffersen et al., 2016; Eller et al., 2018).

The xylem in terrestrial plants has evolved to perform multiple
functions from water transport and support (Zimmermann, 1983);
however, when the tradeoff effect between the vessel area and size does
not occur, the strategy used to reduce the conductivity area of the vessel
is tylose impregnation, as observed in the xylem of trees at site 7
(Fig. 4). The presence of more tylose in the rainfall reduction en-
vironment, in particular, may be related to less vessel wall thickening
with adjacent cells, which could break more easily when under stress
(greater tension), thus favoring the tyloses formation (Pérez-de-Lis
et al., 2018). Protecting the integrity of water transport in wider vessels
through obstructions may explain why tyloses begin to form on many
trees at the end of the growing season (Cochard et al., 1992; Cochard
and Tyree, 1990; Zimmermann, 1983) with less favorable conditions.
Tylose formation plays an important role in slowing down and pre-
venting embolism (Shi et al., 2020).

The negative correlation of WD× VA is a reinforcement response of
the xylemic structure by fibers. Thus, the conductive efficiency is con-
sidered inversely proportional to the mechanical strength (Jiang et al.,
2017). Wood density is best represented by the fiber characteristics,
which makes up most of the xylem. This was also verified for C3, in
which the density was correlated with another trait of the vessels, the
IR (Fig. 8a), obtained by the relationship between vessel wall thickness
and double-walls as a consequence of the arrangement of multiple
vessels.

In the current global climate change scenario, trees grown in tro-
pical environments will be among the most affected by the close re-
lationship between growth and water (Venegas-gonzalez et al., 2015),
with the rainfall reduction having a different effect for the site and
clone on the xylem vessel characteristics. The differentiation and
magnitude of adaptive responses occur together (Barotto et al., 2017;
Carrasco et al., 2014), which favors maintaining tree growth and de-
velopment according to the phenotypic plasticity of each clone.

Therefore, studies on plasticity and other restriction limits are im-
portant to better understand the influence of environmental factors and
to better connect them to the ecophysiology of tropical trees, which can
be useful for studies of climate change, tree biology and the selection of
clones/genotypes best adapted to a given environment or climatic
condition. Collaborative experiments examining plasticity across pre-
cipitation gradients in plantation regions considered to be dry is im-
portant to determine future impacts of climate change, in addition to
the possibility of testing genetic materials more adapted to their

Fig. 8. Relationship between wood density and vessel implosion resistance (a), drought vulnerability index and theoretical hydraulic conductivity (b), vessel
composition index and vessel wall-double thickness (c) for C3 clone; the regressions for the means of 7 trees were: Y = 0.591–2.59 X (p = 0.010),
Y = 1.346 + 1460437130 X (p = 0.031), Y = − 0.00321 + 0.000631 X (p < 0.001), respectively. The symbols represent mean values ± standard errors for
water availability condition: Control = 100% of total local rainfall (triangles); RR = Rainfall reduction (circles). Different colored symbols indicate sites (orange,
brown, gray and white represent sites 7, 20, 4 and 30, respectively). SWD = soil water deficit gradient. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

A.P. Câmara, et al. Forest Ecology and Management 474 (2020) 118380

10



hydraulic limits and not jeopardizing the productivity of plantations in
sites with limiting conditions.

5. Conclusion

The rainfall reduction did not change the density. The change in the
hydraulic architecture of A1 and C3 more intensively responded to the
edaphoclimatic conditions across sites. The rainfall reduction treatment
had a greater influence on the xylem of C3 with greater changes in
anatomy, although it influenced the vessel wall thickness, adjacent
double-walls, and vessel implosion resistance in A1 clone. The rainfall
reduction did not affect the xylem traits evaluated in drier sites for both
genetic materials.

A1 xylem was able to adapt to the rainfall reduction without pre-
senting significant damage to the tree growth, despite the influence of
the less rainy site. Ten traits of the C3 xylem were altered in rainfall
reduction at the rainiest site. This study can serve as a reference in
determining the limits of the eucalyptus water regime in the field and
future species behavioral projections, demonstrating that the choice of
the cultivation site has a greater impact on the trees than the pre-
cipitation changes which may occur in response to climate change.

CRediT authorship contribution statement

Ana Paula Câmara: Conceptualization, Methodology,
Investigation, Formal analysis, Writing - original draft. Graziela
Baptista Vidaurre: Conceptualization, Methodology, Funding acqui-
sition, Project administration, Supervision. Jean Carlos Lopes de
Oliveira: Conceptualization, Methodology, Writing - review & editing,
Investigation. Edgard Augusto de Toledo Picoli: Writing - review &
editing. Maria Naruna Félix de Almeida: Writing - review & editing,
Methodology. Roger Moya Roque: Writing - review & editing. Mario
Tomazello Filho: Resources, Writing - review & editing. Hector Jesus
Pegoretti Souza: Resources, Writing - review & editing. Tayná
Rebonato Oliveira: Writing - review & editing. Otávio Camargo
Campoe: Resources, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors are grateful for the partial research funding by the
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - Brazil
(CAPES) - Finance Code 001, and the Fundação de Amparo à Pesquisa e
Inovação do Espírito Santo - Brazil (FAPES). The research material was
provided by the project “Tolerance of Eucalyptus Clones to Hydric,
Thermal and Biotic Stress” (TECHS - IPEF), which depended on the
contribution of partner forestry companies.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.foreco.2020.118380.

References

Almeida, M.N.F., Vidaurre, G.B., Pezzopane, J.E.M., Lousada, J.L.P.C., Silva, M.E.C.M.,
Câmara, A.P., Rocha, S.M.G., Oliveira, J.C.L. de, Campoe, O.C., Carneiro, R.L.,
Alvares, C.A., Tomazzelo-Filho, M., Figueiredo, F. de M. de, Oliveira, R.F., 2020.
Heartwood variation of Eucalyptus urophylla is influenced by climatic conditions.
For. Ecol. Manage. 458, 1–10. https://doi.org/10.1016/j.foreco.2019.117743.

Alvares, C.A., Stape, J.L., Sentelhas, P.C., Gonçalves, J.L. de M., Sparovek, G., 2013.
Köppen’s climate classification map for Brazil. Meteorol. Zeitschrift 22, 711–728.

https://doi.org/10.1127/0941-2948/2013/0507.
Anderson, T.F., 1951. Techniques for preservation of three dimensional structure in

preparing specimens for the electron microscope transactions. New York Acad. Sci.
11, 130–134.

Barotto, A.J., Monteoliva, S., Gyenge, J., Martínez-Meier, A., Moreno, K., Tesón, N.,
Fernández, M.E., 2017. Wood density and anatomy of three eucalyptus species:
Implications for hydraulic conductivity. For. Syst. 26, 1–11. https://doi.org/10.
5424/fs/2017261-10446.

Binkley, D., Campoe, O.C., Alvares, C., Carneiro, R.L., Cegatta, Í., Stape, J.L., 2017. The
interactions of climate, spacing and genetics on clonal Eucalyptus plantations across
Brazil and Uruguay. For. Ecol. Manage. 405, 271–283. https://doi.org/10.1016/j.
foreco.2017.09.050.

Brodersen, C.R., Roddy, A.B., Wason, J.W., McElrone, A.J., 2019. Functional status of
xylem through time. Annu. Rev. Plant Biol. 70, 407–433. https://doi.org/10.1146/
annurev-arplant-050718-100455.

de Camargo, A.P., 1962. Contribuição para a determinação da evapotranspiração po-
tencial no estado de São Paulo. Bragantia 21, 163–213. https://doi.org/10.1590/
s0006-87051962000100012.

Carlquist, S., 1977. Ecological factors in wood evolution : a floristic approach. Am. J. Bot.
64, 887–896.

Carrasco, L.O., Bucci, S.J., Di Francescantonio, D., Lezcano, O.A., Campanello, P.I.,
Scholz, F.G., Rodríguez, S., Madanes, N., Cristiano, P.M., Hao, G.Y., Holbrook, N.M.,
Goldstein, G., 2014. Water storage dynamics in the main stem of subtropical tree
species differing in wood density, growth rate and life history traits. Tree Physiol. 31,
1–12. https://doi.org/10.1093/treephys/tpu087.

Christoffersen, B.O., Gloor, M., Fauset, S., Fyllas, N.M., Galbraith, D.R., Baker, T.R.,
Kruijt, B., Rowland, L., Fisher, R.A., Binks, O.J., Sevanto, S., Xu, C., Jansen, S., Choat,
B., Mencuccini, M., McDowell, N.G., Meir, P., 2016. Linking hydraulic traits to tro-
pical forest function in a size-structured and trait-driven model (TFS vol 1-Hydro).
Geosci. Model Dev. 9, 4227–4255. https://doi.org/10.5194/gmd-9-4227-2016.

Cochard, H., Bréda, N., Granier, A., Aussenac, G., 1992. Vulnerability to air embolism of
three European oak species (Quercus petraea (Matt) Liebl, Q pubescens Willd, Q robur
L). Ann. des Sci. For. 49, 225–233. https://doi.org/10.1051/forest:19920302.

Cochard, H., Tyree, M.T., 1990. Xylem dysfunction in Quercus: vessel sizes, tyloses, ca-
vitation and seasonal changes in embolism. Tree Physiol. 6, 393–407. https://doi.
org/10.1093/treephys/6.4.393.

De Micco, V., Carrer, M., Rathgeber, C.B.K., Julio Camarero, J., Voltas, J., Cherubini, P.,
Battipaglia, G., 2019. From xylogenesis to tree rings: Wood traits to investigate tree
response to environmental changes. IAWA J. 40, 155–182. https://doi.org/10.1163/
22941932-40190246.

Dubreuil, V., Fante, K.P., Planchon, O., Sant’Anna Neto, J.L., 2018. Climate change evi-
dence in Brazil from Köppen’s climate annual types frequency. Int. J. Climatol. 39,
1446–1456. https://doi.org/10.1002/joc.5893.

Eller, C.B., Barros, F. de V., Bittencourt, P.R.L., Rowland, L., Mencuccini, M., Oliveira, R.
S., 2018. Xylem hydraulic safety and construction costs determine tropical tree
growth. Plant Cell Environ. 41, 548–562. https://doi.org/10.1111/pce.13106.

Elli, E.F., Sentelhas, P.C., de Freitas, C.H., Carneiro, R.L., Alvares, C.A., 2019. Assessing
the growth gaps of Eucalyptus plantations in Brazil – magnitudes, causes and possible
mitigation strategies. For. Ecol. Manage. 451. https://doi.org/10.1016/j.foreco.
2019.117464.

Estiarte, M., Vicca, S., Peñuelas, J., Bahn, M., Beier, C., Emmett, B.A., Fay, P.A., Hanson,
P.J., Hasibeder, R., Kigel, J., Kröel-Dulay, G., Larsen, K.S., Lellei-Kovács, E.,
Limousin, J.M., Ogaya, R., Ourcival, J.M., Reinsch, S., Sala, O.E., Schmidt, I.K.,
Sternberg, M., Tielbörger, K., Tietema, A., Janssens, I.A., 2016. Few multiyear pre-
cipitation-reduction experiments find a shift in the productivity-precipitation re-
lationship. Glob. Chang. Biol. 22, 2570–2581. https://doi.org/10.1111/gcb.13269.

Evangelista, W.V., De Castro Silva, J., Valle, M.L.A., Xavier, B.A., 2010. Caracterização
anatômica quantitativa da madeira de clones de Eucalyptus camaldulensis Dehnh. e
Eucalyptus urophylla. S.T. Blake. Sci. For. 273–284.

Fichot, R., Barigah, T.S., Chamaillard, S., Le Thiec, D., Laurans, F., Cochard, H., Brignolas,
F., 2010. Common trade-offs between xylem resistance to cavitation and other phy-
siological traits do not hold among unrelated Populus deltoides × Populus nigra hy-
brids. Plant, Cell Environ. 33, 1553–1568. https://doi.org/10.1111/j.1365-3040.
2010.02164.x.

Gonçalves, J.L.M., Alvares, C.A., Rocha, J.H.T., Brandani, C.B., Hakamada, R., 2017.
Eucalypt plantation management in regions with water stress. South. For. 79,
169–183. https://doi.org/10.2989/20702620.2016.1255415.

Grattapaglia, D., Vaillancourt, R.E., Shepherd, M., Thumma, B.R., Foley, W., Külheim, C.,
Potts, B.M., Myburg, A.A., 2012. Progress in Myrtaceae genetics and genomics:
Eucalyptus as the pivotal genus. Tree Genet. Genomes 8, 463–508. https://doi.org/
10.1007/s11295-012-0491-x.

Hacke, U.G., Sperry, J.S., Pockman, W.T., Davis, S.D., McCulloh, K.A., 2001. Trends in
wood density and structure are linked to prevention of xylem implosion by negative
pressure. Oecologia 126, 457–461. https://doi.org/10.1007/s004420100628.

Hamilton, M.G., Freeman, J.S., Blackburn, D.P., Downes, G.M., Pilbeam, D.J., Potts, B.M.,
2017. Independent lines of evidence of a genetic relationship between acoustic wave
velocity and kraft pulp yield in Eucalyptus globulus. Ann. For. Sci. 74, 1–10. https://
doi.org/10.1007/s13595-017-0617-2.

Harbusch, M., 2014. The effect of climate variables on sapwood anatomy of Eucalyptus.
University of Sydney, Faculty of Agriculture and Environment.

Hatfield, J.L., Prueger, J.H., 2015. Temperature extremes: Effect on plant growth and
development. Weather Clim. Extrem. 10, 4–10. https://doi.org/10.1016/j.wace.
2015.08.001.

Islam, M., Rahman, M., Bräuning, A., 2019. Long-term wood anatomical time series of
two ecologically contrasting tropical tree species reveal differential hydraulic ad-
justment to climatic stress. Agric. For. Meteorol. 265, 412–423. https://doi.org/10.

A.P. Câmara, et al. Forest Ecology and Management 474 (2020) 118380

11

https://doi.org/10.1016/j.foreco.2020.118380
https://doi.org/10.1016/j.foreco.2020.118380
https://doi.org/10.1016/j.foreco.2019.117743
https://doi.org/10.1127/0941-2948/2013/0507
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0015
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0015
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0015
https://doi.org/10.5424/fs/2017261-10446
https://doi.org/10.5424/fs/2017261-10446
https://doi.org/10.1016/j.foreco.2017.09.050
https://doi.org/10.1016/j.foreco.2017.09.050
https://doi.org/10.1146/annurev-arplant-050718-100455
https://doi.org/10.1146/annurev-arplant-050718-100455
https://doi.org/10.1590/s0006-87051962000100012
https://doi.org/10.1590/s0006-87051962000100012
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0040
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0040
https://doi.org/10.1093/treephys/tpu087
https://doi.org/10.5194/gmd-9-4227-2016
https://doi.org/10.1051/forest:19920302
https://doi.org/10.1093/treephys/6.4.393
https://doi.org/10.1093/treephys/6.4.393
https://doi.org/10.1163/22941932-40190246
https://doi.org/10.1163/22941932-40190246
https://doi.org/10.1002/joc.5893
https://doi.org/10.1111/pce.13106
https://doi.org/10.1016/j.foreco.2019.117464
https://doi.org/10.1016/j.foreco.2019.117464
https://doi.org/10.1111/gcb.13269
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0090
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0090
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0090
https://doi.org/10.1111/j.1365-3040.2010.02164.x
https://doi.org/10.1111/j.1365-3040.2010.02164.x
https://doi.org/10.2989/20702620.2016.1255415
https://doi.org/10.1007/s11295-012-0491-x
https://doi.org/10.1007/s11295-012-0491-x
https://doi.org/10.1007/s004420100628
https://doi.org/10.1007/s13595-017-0617-2
https://doi.org/10.1007/s13595-017-0617-2
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0120
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0120
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.agrformet.2018.11.037


1016/j.agrformet.2018.11.037.
Jacobsen, A.L., Pratt, R.B., Venturas, M.D., Hacke, U.G., 2019. Large volume vessels are

vulnerable to water-stress-induced embolism in stems of poplar. IAWA J. 40, 4–22.
https://doi.org/10.1163/22941932-40190233.

Jiang, G., Goodale, U.M., Liu, Y., Hao, G., Cao, K., 2017. Salt management strategy de fi

nes the stem and leaf hydraulic characteristics of six mangrove tree species. Tree
Physiol. 37, 389–401. https://doi.org/10.1093/treephys/tpw131.

Karmakar, R., Das, I., Dutta, D., Rakshit, A., 2016. Potential effects of climate change on
soil properties: A Review. Sci. Int. 4, 51–73. https://doi.org/10.17311/sciintl.2016.
51.73.

Kohonen, M.M., Helland, Å., 2009. On the function of wall sculpturing in xylem conduits.
J. Bionic Eng. 6, 324–329. https://doi.org/10.1016/S1672-6529(08)60131-6.

Lens, F., Picon-Cochard, C., EL Delmas, C., Signarbieux, C., Buttler, A., Cochard, H.,
Jansen, S., Chauvin, T., Chacon Doria, L., del Arco, M., Delzon, S., 2016. Herbaceous
angiosperms are not more vulnerable to drought-induced embolism than angiosperm
trees. Plant Physiol. 172, 661–667. https://doi.org/10.1104/pp.16.00829.

Martins, F.B., Soares, C.P.B., Silva, G.F., 2014. Individual tree growth models for eu-
calyptus in northern Brazil. Sci. Agric. 71, 212–225. https://doi.org/10.1590/S0103-
90162014000300006.

Maseda, P.H., Fernández, R.J., 2015. Growth potential limits drought morphological
plasticity in seedlings from six Eucalyptus provenances. Tree Physiol. 36, 243–251.
https://doi.org/10.1093/treephys/tpv137.

Mattos, E.M. de, 2015. Caracterização da sazonalidade do crescimento do lenho, da copa
e da eficiência do uso da luz em clones do gênero Eucalyptus. Universidade de São
Paulo. https://doi.org/10.11606/D.11.2015.tde-20102015-164358.

Menezes, A.A., 2005. Produtividade do eucalipto e sua relação com a qualidade e a classe
de solo. Universidade Federal de Viçosa.

Ohtani, M., Akiyoshi, N., Takenaka, Y., Sano, R., Demura, T., 2017. Evolution of plant
conducting cells: Perspectives from key regulators of vascular cell differentiation. J.
Exp. Bot. 68, 17–26. https://doi.org/10.1093/jxb/erw473.

Osório, J., Osório, M.L., Chaves, M.M., Pereira, J.S., 1998. Water deficits are more im-
portant in delaying growth than in changing patterns of carbon allocation in
Eucalyptus globulus. Tree Physiol. 18, 363–373. https://doi.org/10.1093/treephys/
18.6.363.

Pérez-de-Lis, G., Rozas, V., Vázquez-Ruiz, R.A., García-González, I., 2018. Do ring-porous
oaks prioritize earlywood vessel efficiency over safety? Environmental effects on
vessel diameter and tyloses formation. Agric. For. Meteorol. 248, 205–214. https://
doi.org/10.1016/j.agrformet.2017.09.022.

Pfautsch, S., Aspinwall, M.J., Drake, J.E., Chacon-doria, L., Langelaan, R.J.A., Tissue,
D.T., Tjoelker, M.G., Lens, F., 2018. Traits and trade-offs in whole-tree hydraulic
architecture along the vertical axis of Eucalyptus grandis. Ann. Bot. 121, 129–141.
https://doi.org/10.1093/aob/mcx137.

Pfautsch, S., Macfarlane, C., Harbusch, M., Wesolowski, A., Boer, M., Tjoelker, M.G.,
Reich, P.B., Adams, M.A., 2016. Vessel diameter and related hydraulic traits of 31
Eucalyptus species arrayed along a gradient of water availability. Ecology 97, 1626.
https://doi.org/10.1890/16-0147/suppinfo.

Ployet, R., Veneziano Labate, M.T., Regiani Cataldi, T., Christina, M., Morel, M., San
Clemente, H., Denis, M., Favreau, B., Tomazello Filho, M., Laclau, J.P., Labate, C.A.,
Chaix, G., Grima-Pettenati, J., Mounet, F., 2019. A systems biology view of wood
formation in Eucalyptus grandis trees submitted to different potassium and water re-
gimes. New Phytol. 223, 766–782. https://doi.org/10.1111/nph.15802.

R Core Team A language and environment for statistical computing, 2014. R Core Team -.
Vienna, Austria.

Santini, N.S., Cleverly, J., Faux, R., Lestrange, C., Rumman, R., Eamus, D., 2016. Xylem
traits and water-use efficiency of woody species co- occurring in the Ti Tree Basin
arid zone. Trees 30, 295–303. https://doi.org/10.1007/s00468-015-1301-5.

Santini, N.S., Cleverly, J., Faux, R., Mcbean, K., 2018. Root xylem characteristics and
hydraulic strategies of species co-occurring in semi-arid Australia. IAWA J. 39,
43–62. https://doi.org/10.1163/22941932-20170188.

Scholz, A., Klepsch, M., Karimi, Z., Jansen, S., Stephan, D., Torres-ruiz, J.M., 2013. How
to quantify conduits in wood ? Front. Plant Sci. 4, 1–12. https://doi.org/10.3389/
fpls.2013.00056.

Schumann, K., Leuschner, C., Schuldt, B., 2019. Xylem hydraulic safety and efficiency in
relation to leaf and wood traits in three temperate Acer species differing in habitat
preferences. Trees - Struct. Funct. 33, 1475–1490. https://doi.org/10.1007/s00468-
019-01874-x.

Shi, X., Yu, J., Sun, Y., 2020. Tyloses in the Lopingian cordaitalean root from Xinjiang.
Northwest China. Rev. Palaeobot. Palynol. 273, 104134. https://doi.org/10.1016/j.
revpalbo.2019.104134.

Sperry, J.S., Meinzer, F.C., McCulloh, K.A., 2008. Safety and efficiency conflicts in hy-
draulic architecture: Scaling from tissues to trees. Plant, Cell Environ. 31, 632–645.
https://doi.org/10.1111/j.1365-3040.2007.01765.x.

Stanturf, J.A., Vance, E.D., Fox, T.R., Kirst, M., 2013. Eucalyptus beyond Its native range:
environmental issues in exotic bioenergy plantations. Int. J. For. Res. 2013, 1–5.

Tyree, M.T., Ewers, F.W., 1991. The hydraulic architecture of trees and other woody
plants. New Phytol. 119, 345–360.

Venegas-gonzalez, A., von Arx, G., Chagas, M.P., Tomazello Filho, M., 2015. Plasticity in
xylem anatomical traits of two tropical species in response to intra-seasonal climate
variability. Trees 29, 423–435. https://doi.org/10.1007/s00468-014-1121-z.

Zanetti, E.A., Rade, G.C., Bognola, I.A., 2008. Eucalyptus plantations in Brazil. South.
Hemisph. For. Ind. J. 14, 4–5.

Zanne, A.E., Westoby, M., Falster, D.S., Ackerly, D.D., Loarie, S.R., Arnold, S.E.J.,
Coomes, D.A., 2010. Angiosperm wood structure: global patterns in vessel anatomy
and their relation to wood density and potential conductivity. Am. J. Bot. 97,
207–215. https://doi.org/10.3732/ajb.0900178.

Zhang, D.H., Li, X.R., Zhang, F., Zhang, Z.S., Chen, Y. Le, 2016. Effects of rainfall intensity
and intermittency on woody vegetation cover and deep soil moisture in dryland
ecosystems. J. Hydrol. 543, 270–282. https://doi.org/10.1016/j.jhydrol.2016.10.
003.

Zimmermann, M.H., 1983. Xylem structure and the ascent of sap.
Zobel, B.J., Buijtenen, J.P. van, 1989. Wood Variation Its Causes and Control. https://doi.

org/10.1007/978-3-642-74069-5.

A.P. Câmara, et al. Forest Ecology and Management 474 (2020) 118380

12

https://doi.org/10.1016/j.agrformet.2018.11.037
https://doi.org/10.1163/22941932-40190233
https://doi.org/10.1093/treephys/tpw131
https://doi.org/10.17311/sciintl.2016.51.73
https://doi.org/10.17311/sciintl.2016.51.73
https://doi.org/10.1016/S1672-6529(08)60131-6
https://doi.org/10.1104/pp.16.00829
https://doi.org/10.1590/S0103-90162014000300006
https://doi.org/10.1590/S0103-90162014000300006
https://doi.org/10.1093/treephys/tpv137
https://doi.org/10.11606/D.11.2015.tde-20102015-164358
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0175
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0175
https://doi.org/10.1093/jxb/erw473
https://doi.org/10.1093/treephys/18.6.363
https://doi.org/10.1093/treephys/18.6.363
https://doi.org/10.1016/j.agrformet.2017.09.022
https://doi.org/10.1016/j.agrformet.2017.09.022
https://doi.org/10.1093/aob/mcx137
https://doi.org/10.1890/16-0147/suppinfo
https://doi.org/10.1111/nph.15802
https://doi.org/10.1007/s00468-015-1301-5
https://doi.org/10.1163/22941932-20170188
https://doi.org/10.3389/fpls.2013.00056
https://doi.org/10.3389/fpls.2013.00056
https://doi.org/10.1007/s00468-019-01874-x
https://doi.org/10.1007/s00468-019-01874-x
https://doi.org/10.1016/j.revpalbo.2019.104134
https://doi.org/10.1016/j.revpalbo.2019.104134
https://doi.org/10.1111/j.1365-3040.2007.01765.x
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0245
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0245
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0250
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0250
https://doi.org/10.1007/s00468-014-1121-z
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0260
http://refhub.elsevier.com/S0378-1127(20)31149-X/h0260
https://doi.org/10.3732/ajb.0900178
https://doi.org/10.1016/j.jhydrol.2016.10.003
https://doi.org/10.1016/j.jhydrol.2016.10.003
https://doi.org/10.1007/978-3-642-74069-5
https://doi.org/10.1007/978-3-642-74069-5

	Changes in hydraulic architecture across a water availability gradient for two contrasting commercial Eucalyptus clones
	Introduction
	Material and methods
	Sites and meteorological characterization of the experiment
	Eucalyptus clones and rainfall reduction experiment
	Characterization of tree growth
	Selected trees
	Wood density
	Measurements of xylem traits
	Anatomical indexes: Theoretical and potential hydraulic conductivities, vessel implosion resistance and vulnerability index
	Ultrastructure of vessels and imaging by scanning electron microscopy
	Data analysis

	Results
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary material
	References




