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A B S T R A C T

Eucalyptus plantations are some of the most productive, and adaptable to different environmental conditions.
However, harsh environmental conditions can limit the quality of the wood, and its potential use. The TECHS
project investigates the sensitivity of 18 eucalyptus clones to environmental stresses, and their productivity
responses in different edaphoclimatic scenarios. The aim of this paper is to evaluate the influence of edapho-
climatic variables on the basic density (BD), and mean annual increment (MAI) of eucalyptus wood. Three
different clones, planted at 10 growth sites in Brazil, 4 years of age, were analyzed. During the years 2012 to
2015. Variables such as precipitation, temperature, vapor pressure deficit, and the water storage capacity of the
soil were considered. Canonical correlation techniques, principal components, and cluster analyses were per-
formed in order to verify if there were influences of any of the edaphoclimatic variables on the set of production
variables (BD and MAI). The variables were also used to organize the sites into groups based on their similarities.
There was a significant influence of the edaphoclimatic variables at the different sites regarding the BD and MAI
variables (rU1V1 = 0.77). Precipitation was positively correlated with the production variable (0.64), while the
temperature (−0.59) and the vapor pressure deficit (−0.52) correlated negatively. The water storage capacity
of the soil did not contribute to the set of edaphoclimatic variables that affected the production variable (0.16).
Among the clones studied, E5 and G7 were more sensitive to climatic variations in different sites than the clone
P7. The responses of the wood to the BD and MAI are clone-specific, and the mean annual increment of the wood
changes in a greater proportion than the basic density faced with environmental variations. Understanding the
responses of eucalyptus clones to environmental variations, mainly temperature and precipitation, facilitates
forest planning, regarding the supply, and the quality of the wood.

1. Introduction

The increasing demand for wood products has intensified the sil-
vicultural practices in forest plantations focused on higher productivity,
and on short rotation cycles. The species from the genus Eucalyptus are
amongst the most important forest plantations in the world. They have
been introduced in more than 120 countries, comprising one-third of
the world's plantation areas (Wu ET AL., 2015), occupying the majority

of the world’s tropical regions (Beech et al., 2017). This situation is
attributed to characteristics such as rapid growth, high adaptability,
and productivity. Therefore, eucalyptus wood is one of the main raw
materials used in the industrial segments (Brancalion and Chazdon
(2017)).

Even though the species from this genus present these advantages, it
is necessary to study the properties of the wood itself, so that they may
be used as references in the characterization of the raw material. It is
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also essential to study the properties of the wood in specimens planted
in different regions, since this will produce variations in the quality,
and productivity of the crop.

Basic wood density is a heritable property of major commercial
significance (Zobel and Buijtenen, 1989). Likewise, the mean annual
increment of the stem (MAI), defines the quantity of products to be
yielded. Predicting MAI is made by genetic material and area, and the
information generated can be used as a reference for forestry companies
in production planning (Trugilho, 2009).

The relationship between edaphoclimatic variables, such as tem-
perature, precipitation and soil texture, with the growth and formation
of wood, enables us to understand the influences over the character-
istics of the material, and the selection of variables that best interact
with each other (Melesse and Zewotir, 2012).

These interactions can be observed in the conclusions of a variety of
studies. For example: environments with lower pluviometric indexes
tend to present species with higher density (Ibanez et al., 2017;
Maherali et al., 2004); the basic density of wood increases at higher
temperatures (Clough et al., 2017); and, species with low wood density
usually have higher growth rates (Kunstler et al., 2016). However, the
set of variables should be considered when evaluating their effect on
the basic density and the mean annual increment of wood, as this al-
lows for a better interpretation of the effects on the quality of the
product.

The objective of this paper is to evaluate the influence of the eda-
phoclimatic variables observed at 10 growth sites throughout the five
regions of Brazil, focusing on their effect on the basic density and the
mean annual increment of the wood of three, four-year-old eucalyptus
clones.

2. Materials and methods

2.1. Characterization of the species and study area

The material derives from the TECHS project (Tolerance of Clonal
Eucalyptus to Hydric, Biotic and Thermal Stresses), a cooperative pro-
gram from the Institute of Research and Forest Studies (Instituto de
Pesquisas e Estudos Florestais - IPEF).

The wood of three, four-year-old, tropical eucalyptus tree clones
was investigated. The clones were: P7 - Eucalyptus urophylla vs.
Eucalyptus brassiana; G7 - Eucalyptus urophylla, and E5 - Eucalyptus ur-
ophylla. The clones E5 and G7 are natural to humid subtropical climates
with hot and rainy summers (Cwa). The clone P7 is natural to tropical
climates with dry summer seasons and rainy winters (As), as described
by Binkley et al. (2017). They were planted with a 3 m × 3 m spacing
in ten different locations in Brazil, distributed in the five regions of the
country, over a wide geographic distribution.

At all sites, the experiments received silvicultural treatments of
standard soil preparation from each of the companies, following the
same pattern: soil correction, basal fertilization, top-dressing and
maintenance fertilization. The areas were also characterized by the
same spacing and planting season (Stape et al., 2014).

The regions studied presented contrasts in their hydric and thermal
regimes for the period under investigation (2012 to 2015). The sites
with higher average annual temperatures presented lower precipitation
averages – characterized as tropical sites. Fig. 1 presents information on
the geographical locations of the eucalyptus clone plantations being
studied, as well as the precipitation, and temperature data from 2012 to
2015.

2.2. Sampling, basic density and volumetric wood production

The trees were selected from the experimental plots of the TECHS
project (single plots of each clone of 24 × 90 m or 0.216 ha) at each of
the 10 sites. The plots have a section for destructive sampling of 5 lines
(with 8 trees each). From the destructive plot, based on the average

diameter of the plantations, at 1.30 m from the ground (mean DBH),
three trees were sampled – one for each clone. There was a total of nine
trees per site, totaling 90 trees. A disk was removed from the DBH of
each tree, and from that disk, a wedge was taken to determine the basic
wood density (BD) according to the NBR 11, 941 standard of the
Brazilian Association of Technical Standards - ABNT (2003).

In order to study volumetric production in contrasting environ-
ments, the mean annual increment (MAI) was determined from the
quotient between the volume of wood accumulated during 4 years, and
the planting age. The volume equations used were those proposed by
Mattos (2015).

2.3. Database and edaphoclimatic variables

The meteorological data on temperature (T), the average annual
precipitation (ppt) and the maximum vapor pressure deficit (VPD),
from the years 2012 to 2015, were obtained from the nearest meteor-
ological stations of each experiment, and on site, under the responsi-
bility of the National Institute of Meteorology (INMET). The collected
data was transformed from an hourly to a daily scale, and the existing
gaps were filled according to the methodology proposed by Rocha
(2018).

For each of the sites, spreadsheets were generated using 100% of the
temperature (°C) (mean, maximum and minimum), precipitation (mm
day−1), and maximum vapor pressure deficit (kPa) data corresponding
to 2012 through 2015, using a daily scale. The arithmetic mean for
temperature was calculated, both, for each year, and for the four years
altogether. The sum for the year, and the arithmetic mean of the four
years, was used as the data on precipitation. The maximum vapor
pressure deficit (VPDmax) was calculated using the Eqs. (1)–(3), shown
in the following equation. The maximum temperature on the day it was
calculated was taken into consideration.

= −VPD es ea (1)

= ∗ ⎡
⎣⎢

∗
∗

⎤
⎦⎥

es exp Tmax
Tmax

0, 6108 17, 3
237, 3 (2)

= ∗ea RH es
100 (3)

Where: VPD = water vapor pressure deficit in the air (kPa); es:
saturation pressure of water vapor in the air (kPa); e: partial pressure of
water vapor in the air (kPa); T: maximum air temperature (° C); RH:
average relative humidity of the air (%).

The edaphic aspect at each site took into consideration the soil
water storage capacity (SWS), at 2 m of depth. The estimation of this
parameter was based on soil texture (sand, silt and clay contents), ac-
cording to the methodology proposed by Menezes et al. (2005). Table 1
shows the data of the class and soil characteristics of the 10 sites, which
were used to determine the water storage capacity (SWS) of each one of
them.

2.4. Statistical analysis of data

Data referring to the water storage capacity of the soil, the pre-
cipitation, the temperature and the maximum vapor pressure deficit,
was denominated “edaphoclimatic variables”, while data referring to
the basic density, and the mean annual increase of wood, was de-
nominated “production variables”. Thus, in order to respond to the
influence of the edaphoclimatic variables on the production variables,
canonical correlation analysis, main components and grouping were
carried out using the program Statistica 7.0. (Statsoft INC, 2009).

The canonical correlation analysis aimed to summarize the original
variables of the set of edaphoclimatic and production variables. The
analysis encompassed all of the sites being evaluated, and each clone in
a linear combination. This allowed us to maximize the correlation be-
tween the set of edaphoclimatic, and of production variables (Mingoti,
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2005). The coefficient of canonical correlation used was the absolute
value of the Pearson correlation coefficient, among the canonical
variables of each canonical pair, as suggested by Mingoti (2005) (p-
value = 0.05).

The first pair of canonical variables was defined as the pair con-
taining the linear combinations:

U1 = a1 'X and V1 = b1'Y
Where: a 1 and b 1 are vectors of constants with dimensions of px1

and qx1, respectively. They were selected so that the correlation be-
tween the variables U 1 and V 1 is maximal. X and Y are vectors cor-
related with each other.

The second pair of canonical variables was formed from the fol-
lowing linear combinations:

U2 = a2 'X and V2 = b2'Y
Where: a2 and b2 are vector constants of px1 and qx1 dimensions,

respectively, selected so that the correlation between variables U2 and

V2 is maximized in the set of linear combinations of X and Y, which are
uncorrelated with the first pair of canonical variables U1 and V1.

Two new variables were generated (U1 and V1), in which the eda-
phoclimatic variables established from PPT, T, VPD and SWS data be-
long to Group 1 (U1), and the so-called production variables (BD and
MAI), formed Group 2 (V1). Once the canonical correlation was con-
firmed, we ranked the locations according to the respective data for the
mean annual increment (MAI), and for the basic density of wood (BD),
which was carried out through a Principal Component Analysis (PCA),
and a cluster analysis.

The PCA was conducted based on linear combinations of the ori-
ginal variables to explain the variance structure in terms of values de-
nominated, “scores”. Each main component generated a score that ex-
plains the “weight” of each response variable used (BD and MAI) in the
data variance. Based on the similarity of the scores of the main com-
ponents formed, these were compared in order to group the sites
(Mingoti, 2005). Thus, it was possible to carry out the cluster analysis,
in which the 10 sites (locations) were organized into relatively similar
groups.

Using the cluster analysis, the units (sites) were organized in groups
by successive fusions of the 10 sites, represented by a dendrogram. The
delimitation of the sites was determined from the computation of a
matrix of Euclidean distance, adopted as 1.0, as in Mingoti (2005), also
denominated as similarity between the individuals, where these fusions
occur through the proximity or similarity among the units (Mingoti,
2005).

Fig. 1. Geographic locations of the 10 growth sites being studied, and precipitation and temperature data from 2012 to 2015. Source: adapted from Alvares et al.
(2013), Rocha, (2018). Af: tropical equatorial; Am: Tropical monsoon; Aw: Tropical climate with dry a season and summer rains; As: Tropical climate with dry
summers and rainy winters; Cfa: Marine subtropical climate with hot summers; Cfb: subtropical oceanic climate with temperate summers; Cwa: Humid subtropical
with hot and rainy summers; Cwb: temperate subtropical climate with summer rains; BSh: Dry and hot semi-arid climate.

Table 1
Soil characteristics of 10 sites in Brazil, in which the 3 eucalyptus clones were
cultivated in the period from 2012 to 2015.

Site Location Soil class Sand (%) Silt (%) Clay (%)
4 Belo Oriente - MG Latosol 31 10 59
7 Rio Verde – GO Latosol 75 5 21
13 Três Lagoas - MS Latosol 77 9 14
15 Brejinho do Nazaré - TO Neosol 82 8 10
20 Mogi Guaçu - SP Latosol 42 16 41
22 Telêmaco Borba - PR Latosol 21 23 56
26 Coração de Jesus - MG Latosol 59 6 35
30 Bocuaiúva – MG Latosol 10 14 76
31 Eunápolis - BA Argisolo 73 3 25
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3. Results

The degree of association between the set of edaphoclimatic, and
production variables, summed up information from the original vari-
ables, and the linear combination of canonical variables (U1 and V1).
Two canonical pairs were formed, in which only one was significant
(p greater than 0.05). The p value for the second canonical correlation
was greater than 0.05 (p-value = 0.8838), which was not significant.

U1 = 0,591737.PPT – 0,914481.T + 0,346556.VPD −
0,142651.SWS

V1 = 0,005582.BD + 1,003221.MAI
rU1V1 = 0,7174 (p-value = 0,0144)
U2 = 1,6480.PPT + 2,688575.T – 0,433009.VPD + 1,84354.SWS
V2 = −1,22642.BD – 0,70547.MAI
rU2V2 = 0,1592 (p-value = 0,8838)
Where: PPT is the mean annual rainfall expressed in mm/year−1;

BD is the basic density of the wood (g.cm−3); T is the mean annual
temperature expressed in °C; VPD is the vapor pressure deficit (kPa);
SWS is the soil water storage capacity (mm); MAI refers to the mean
annual increase measured for 4 years; U1 the set of edaphoclimatic
variables (PPT, T, VPD and SWS); V1 is the set of production variables
(BD and MAI); rUiVi is the canonical correlation of the first canonical
pair between the edaphoclimatic and the production variables; rU2V2 is
the canonical correlation of the second canonical pair between the
edaphoclimatic and production variables.

The statistically significant canonical correlation (rU1V1 = 0.7174,
p-value = 0.0144) promoted a high correlation between the edapho-
climatic and production variables, which is equivalent to approximately
72%. This indicates a strong influence of the edaphoclimatic variables
on the variables of production of the three eucalyptus clones.

Fig. 2 presents the simple correlation coefficients between the ori-
ginal edaphoclimatic variables, and the canonical variables of the linear
combinations of production (BD and MAI = V1). They explain the in-
fluence of each edaphoclimatic variable on the production variables.

Based on the canonical variable of production (V1), it was observed
that, among the variables that compose the canonical pair of the set of
edaphoclimatic variables (U1), PPT (A) presented a higher correlation
on the production variables, followed by T (B), VPDmax (C), and SWS
(D). The latter was not found to be significant (0.16).

The production characteristics (BD and MAI) are positively corre-
lated with PPT and negatively correlated with T and VPDmax. The PPT
presented a moderate correlation with the canonical variable V 1 of
0.64 (Fig. 2A). This result reinforces the importance of pluviometric
rates in the selection of clones and sites, in order to maximize the ef-
fectiveness of forest planning.

It was verified that the canonical production variable (V1) has a
moderate correlation with the T variable of −0.59 (Fig. 2B). Similar
results for the variable VPDmax were found, as it was calculated as a
function of T, and thus presented a similar tendency. However, this
result was a little lower when related to the canonical variable V1

(Fig. 2C), and compared to the average temperature.
The evaluation of the ppt, T and VPDmax for the canonical variable

V1 is considered important, given that their interaction is significant,
and has an effect on the values of the canonical variable of production
(V1). This means that the anatomical variations in the wood, caused by
climatic seasonality, translate into different basic densities, and mean
annual increments, these variables being important considerations
when choosing growth sites, depending on the demand and the end
product. The SWS did not present a significant, and decisive tendency,
to be considered affected by the edaphoclimatic variables on BD and
MAI (Fig. 2D).

A major score component was generated, representing 78.95% of
the total data variance. This numerical result (score = 78.95%) shows
that the contribution of the original variables in the significant main
component corresponded to approximately 80% of the total data var-
iance. This signifies that the main component formed represents 80% of

the original variables. Therefore, this component was used to rank the
sites based on similarity or differences in the values observed regarding
the production variables. Fig. 3 provides the similarity dendrogram
obtained through cluster analysis.

From the established cutoff point and the Euclidean distance at
(1.0), suggested by Mingoti (2005), and indicated by the dotted line in
Fig. 3, the formation of three groups of distinct edaphoclimatic condi-
tions can be observed: (A) - sites 30 and 26; group (B) - sites 31 and 15
and group (C) - sites 20, 13, 7, 4, 22 and 2.

The significant score obtained in the analysis of the main compo-
nents (80% of the total variation found for the production variables)
enabled the creation of a consistent dendrogram. Table 2 presents the
three groups of sites divided into Group A, Group B and Group C, and
provides the mean values of production, and edaphoclimatic variables
for each. Thus, the sites belonging to the same group have similar
production variables, as well as soil, and climatic variables.

The three clones presented similar responses to the edaphoclimatic
conditions at sites 30 and 26, with the production variables being the
most similar responses. The same was observed for the edaphoclimatic
variation in the sites of Group B (31 and 15), for all clones, and also for
Group C (20, 13, 7, 4, 22 and 2). Thus, grouping the sites according to
the similarities in their values of production variables, provided a clear
picture of the influence of edaphoclimatic variables on site ranking. The
responses to these variables translated into similarities in the values of
basic density, and the mean annual increment of the wood for the three
clones.

The surface charts express the exploratory data analysis of the mean
annual increment (MAI) and basic wood density (BD) for each of the
three clones E5 (E. urophylla) G7 (E. urophylla) and P7 (E.
urophylla × E. brassiana). The data shows the influences of the tem-
perature and precipitation – these being the variables that contributed
to the output variable values (Figs. 4 and 5).

Clones E5 and G7 are more sensitive to climatic variations than
clone P7, taking into account precipitation and temperature, given that
the continuous surface for clone P7 presents in a less inclined position,
which may be an indicator of poor expression of climate variation.
However, it is possible to infer that advantages can be found in clones
that are less affected by environmental factors, mainly for companies
looking for new forest frontiers, which demands greater care in se-
lecting genetic material that presents little variation to the changes in
environmental conditions at different sites. This may also promote
greater stability of the wood supply, and safety in predicting the be-
havior of the clones.

Clones E5 and G7 were more responsive regarding the basic density
responses to the variables, precipitation and temperature, than clone
P7. The same trend was seen for the response surfaces of the variable
mean annual increment (MAI).

The lower mean annual increments observed for clone P7 resulted in
higher basic wood density values (Fig. 5). However, there is little or no
change in the basic density regarding climate characteristics, such as
precipitation and temperature, for the referred clone. On the other
hand, clones E5 and G7 differed considerably in response to tempera-
ture and precipitation. Lower values of basic density were expected for
clones E5 and G7 in the climatic gradients because of their higher mean
annual increment values.

4. Discussion

High linear correlations were found at 11 sites in Brazil among
climatic variables (precipitation, temperature, vapor pressure deficit,
water deficit and temperature, and precipitation seasonality indexes),
as well as the basic density and mean annual increment of the wood
from the four-year-old hybrids of E. urophylla, E. saligna, E. grandis × E.
camaldulensis and E. grandis. The mean annual increment responds more
expressively to environmental variables than basic wood density, as the
latter is considered an inheritable characteristic. These are clone-
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specific behaviors (Rocha, 2018).
However, Eucalyptus grandis W. Mill ex Maiden trees, at 22 months

of age, show high wood density sensitivity to precipitation variation
(Sette JR, 2016). Related results have been observed by Drew et al.
(2009) studying E. globulus trees. They concluded that wood properties
are sensitive to changes in environmental conditions. Growth rate and
basic wood density can be strongly influenced by temperature varia-
tions. When taking into consideration different temperature ranges,
Eucalyptus tereticornis, showed strong declines in its photosynthetic ca-
pacity, and the nocturnal respiration of leaves when there was an in-
crease of this variable (Aspinwall et al., 2016).

The multivariate analysis techniques of canonical correlation and
main components, facilitate the structural simplification of the data,
such that, the diversity, influenced by the set of edaphoclimatic vari-
ables (PPT, T, VPDmax and SWS), can be evaluated through a bidi-
mensional complex (U1 (edaphoclimatic variables) × V1 (production
variables)).

The quality and production variables (BD and MAI) are related, and
influenced, by the environmental factors, which permit a more efficient
analysis, informative and real, since they are considered altogether, as

is the case in the environment. The canonical correlation analysis en-
abled identifying the degree of influence that each edaphoclimatic
variable has over the production variable (V1 = BD and MAI) together.
In the canonical correlation analysis, the variables are analyzed to-
gether and, as the MAI is affected to a greater degree by environmental
factors than the BD, the MAI is altered in greater proportion – a positive
correlation is found between PPT and V1, as MAI and PPT are corre-
lated positively.

This is fundamentally important for companies when choosing ge-
netic material and growth sites. The wide range of responses among
clones to the geographic gradient in the TECHS study demonstrates
opportunities for matching genotypes and even genes, to sites (Binkley
et al., 2017). This is essential in the selection of clones for operational
planting, and parameterizing process-based models.

The ACP technique, on generating a score that corresponded to 80%
of the variation of the original data, was important in pre-defining the
three groups for similarity by cluster analysis (clusters). Thus, 80% of
the variation of basic density, and the mean annual increment of the
clones, was explained by precipitation, temperature, and the pressure
deficit of maximum vapor. The distribution pattern of the sites in

Fig. 2. Relationship between the variables of the production groups (V1) and each edaphoclimatic variable: precipitation (A); temperature (B); maximum vapor
pressure deficit (C); and soil water storage capacity (D).
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groups, given that they are mainly concentrated in Group 3, show the
diversity of the clones’ responses to the environmental variable, gen-
erating important information for companies that seek to align pro-
ductivity and wood quality to the demand and end use.

Sites 30 and 26, corresponding to Bocuaiúva - MG and Coração de
Jesus - MG (Group A), respectively, presented the lowest mean PPT, and
lower MAI clones (Table 2). On the other hand, the sites had higher
mean values of VPDmax, and the clones showed a higher BD mean
(0.549 g cm−3). Although high average values for SWS were observed
in the sites of Group A, because the soils were comprised mostly of clay

(Table 1), the conditions of low precipitation rates for the period from
2012 to 2015 translate to a higher basic density, and a lower mean
annual increment of the wood for the three clones (E5, G7 and P7).

The next group, Group B, is comprised of sites 15 and 31 (Brejinho
do Nazaré - TO and Eunápolis – BA, respectively), which present lower
values for SWS, higher average temperature, and a MAI of 24.6 m3/ha/
year. Even though they have higher rainfall rates (1202.1 mm yr−1)
compared to Group A, it is possible that the low average values for SWS
reflect on the lower productivity of the clones in the evaluated period.
There would be a smaller amount of water in the soil to be absorbed by
the roots. A higher SWS facilitates the evaporation and loss of soil
water, reducing availability. In this study, the SWS variable was not
statistically representative when considering its influence on BD and
MAI (canonical analysis). However, this physical-hydric parameter has
significant importance in studies on forest productivity, since it is re-
lated to the availability of water in the soil.

Group C (SITES 2, 4, 7, 13, 20 and 22) expressed the lowest mean
values for basic density. On the other hand, it presented high values for
the mean annual increment of wood. Optimum conditions of rainfall,
added to lower mean temperatures, resulted in higher forest pro-
ductivity. In addition, lower values of VPD associated with low tem-
peratures, guaranteed the efficiency of gas exchanges, and photo-
synthesis was not found to be compromised. However, it is necessary to
consider that eucalyptus responds well to high VPD (Macfarlane et al.,
2004) given that as long as there is water available in the soil, growth
will not change. The combination of high VPD, and soil water deficit,
limits growth.

Based on the formation of these groups, it can be affirmed that, in
general, the sites with the highest rainfall rates (Group C-2, 4, 7, 13, 20
and 22) correspond to the lowest values of BD and higher MAI. The
lowest averages regarding temperature and VPDmax are indicators of
better growth conditions for the eucalyptus clones, as well as in the
variations of basic wood density, which are modified by the actions of

Fig. 3. Grouping of the 10 sites according to both the production and edaphoclimatic variables, obtained by the single-linkage method using Euclidean distance.

Table 2
Grouping of the sites according to the similarity of the production values, from
the analysis of main components, and the grouping by the single-linkage
method, based on the Euclidean distance.

Group Site Production variables Edaphoclimatic variables
BD MAI PPT T VPD SWS

A 26 0.535 16.9 611.6 24.1 2.13 114.6
30 0.563 22.3 616.3 23.9 2.09 269.9

Mean 0.549 19.6 614.0 24.0 2.11 192.3
B 15 0.480 19.5 1273.5 25.9 2.08 44.4

31 0.537 29.6 1130.7 23.1 1.27 73.6
Mean 0.508 24.6 1202.1 24.5 1.68 59.0
C 2 0.463 48.9 1483.5 18.0 1.02 276.9

4 0.480 33.3 887.7 22.5 1.62 204.3
7 0.507 44.6 1540.3 23.0 1.88 21.8
13 0.499 44.1 1122.6 25.0 2.11 58.8
20 0.462 37.4 1384.4 22.0 1.76 167.7
22 0.450 49.6 1532.6 18.0 1.02 232.9

Mean 0.477 43.0 1325.2 21.4 1.57 160.4
General mean 0.497 34.6 1158.3 22.6 1.70 146.5

PPT: mean annual precipitation (mm yr−1); BD: basic density of wood (g
cm−3); T: average annual temperature (°C); VPDmax: maximum water vapor
pressure deficit in air (kPa); SWS: soil water storage capacity (mm); MAI: mean
annual increment measured at 4 years (m3/ha/yr).
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the edaphoclimatic variables.
The highest mean values of VPDmax were found at sites 30 and 26.

These values indicate that at these sites the air humidity is low, favoring
the stomatal closure. The plants are able to reduce the CO 2 absorption
for photosynthesis. This makes it difficult for water to be absorbed by
the roots due to the pressure difference, resulting in lower growth rates,
and higher basic densities (Santiago et al., 2004).

Larger MAIs are expected for clones E5 and G7 (Fig. 4), because they
are more sensitive to climatic variations. Thus, higher values in the

precipitation variable, and lower temperatures, resulted in good MAIs
for these clones (above 40 m 3 / ha / year). The growth rate of the tree
trunk is correlated with precipitation and temperature, and these
variables increase the rate of photosynthesis and, consequently, the
exchange rate activity (Wimmer et al., 2002; Laclau et al., 2005; Drew
et al., 2008).

A greater MAI is mainly attributed to the mean annual precipitation,
given that, with regard to temperature, it is possible to notice a smaller
variation of the curve, although it is significant in the values of the

Fig. 4. Response surface for mean annual increment (MAI) from clones E5, G7 e P7 based on precipitation and temperature in the period from 2012 to 2015.

S. Esther de Lima Costa, et al. Forest Ecology and Management 458 (2020) 117807

7



variable of interest. In a study on the relationship between climatic
variables and productivity in Eucalyptus grandis wood, Sette JR (2016)
noted that the variables for precipitation, and mean temperature, were
among those selected to explain the increase in trunk diameter.

The sensitivity curve for clone E5 (Fig. 5) showed that under con-
ditions of lower precipitation and temperatures, the basic density was
negatively affected. The opposite was expected for this situation, since
the basic density tends to increase under critical growth conditions,
such as hydric deficit. Therefore, although there is a tendency for

density responses due to environmental factors, this cannot be con-
sidered a rule, since the behavior of each clone under different growth
conditions is inherent to each genetic material.

Although basic wood density is an inheritable characteristic (Tan
et al., 2018), the stimuli caused in the exchange activity of the plants
due to climatic conditions, especially water availability in the en-
vironment, cause significant changes in the wood characteristics, and
trunk growth rate (Drew et al., 2009, 2010; Sette JR et al., 2010). In
general, the increase in basic wood density is said to be a result of lower

Fig. 5. Response surface for the basic density of the wood (BD) from clones E5, G7 e P7 in relation to the precipitation and temperature in the period from 2012 to
2015.
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hydric regime conditions (Ibanez et al., 2017).
Contrasting values of basic density can be found in Eucalyptus af-

fected by the variation in the width of the cellular wall, and size of the
vessel (Downes et al., 1997). Plants that grow in conditions of lower
hydric availability, induce the reduction in the vessel size. This is a
plant strategy to maximize hydraulic conductivity, therefore, greater
basic density is found in the reduced area of the vessel. The increment
in basic density can also be due to the increase in the cell wall as a result
of the accumulation of macromolecules of cellulose on the secondary
walls of the fibers (Sette JR, 2016).

Notably, there are cases in which some clones do not undergo al-
teration in basic density in different environments. This was observed
by Barbosa et al. (2019), who, studying six-year-old E. grandis × E.
urophylla clones, found that the variation of basic density was low when
under the influence of edaphoclimatic conditions. However, in this
study, the differences between the precipitation regimes, and tem-
perature, were very low, making it impossible to draw conclusions
about truly contrasting environments. Considered an inheritable char-
acteristic, basic density is first modified by age, and then by edapho-
climatic characters (Tan et al., 2018).

Basic density is associated with other characteristics related to the
end use of the tree. This knowledge can be used as a guide for man-
agement and conservation, enabling the selection of genetic material
that confers quality to the final products, boosting the potential uses of
wood (Padilha and Marco, 2018).

It is evident that different genetic materials, even when planted in
the same environments, present disparities in their responses regarding
basic density values, and the mean annual increment of wood.
However, the MAI is more responsive to meteorological variables than
to basic wood density, and these responses are important for practical
purposes, when choosing the clones according to their response to vo-
lumetric production, and basic density.

5. Conclusions

On the one hand, the precipitation, temperature and maximum
vapor pressure deficit were the variables most correlated to the re-
sponse variables (BD and MAI). On the other hand, no correlation was
verified between these variables and the SWS. The environmental
variables (PPT, T, VPD and SWS) enabled a representative evaluation of
the environment, and indicated different relations with BD and MAI,
when analyzed together.

The basic density and the mean annual increment of the wood of the
three eucalyptus clones (E5 - E. urophylla; G7 - E. urophylla and P7 - E.
urophylla × E. brassiana) expressed different responses to the climatic
variables of temperature and precipitation. The clones E5 and G7 re-
vealed more sensitivity to climatic variations at the different sites,
compared to clone P7. BD and MAI responses were found to be clone-
specific, and the MAI changes in greater proportion to environmental
variations than the BD.

In addition, it is important to highlight that the genetic material was
still very young, and basic density was in an increase phase. Different
genetic materials do not respond the same to basic density increase.

These results are valuable in the effort to understand the responses
of Eucalyptus clones to environmental variations, mainly temperature
and precipitation, as these have a greater influence on the supply, and
the quality of the wood. However, it is necessary to combine anatomy
studies of these genetic materials to better understand their responses to
environmental variations. For companies seeking new forest frontiers,
genetic materials with low sensitivity to environmental variations are
attractive as they provide stable projections for wood management,
productivity, and quality.
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