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A B S T R A C T

The wood production potential that a site presents is largely represented by its climatic condition and by the
affinity of its genetic material. An issue which concerns all wood producers is climate change and how it will
influence wood production and wood characteristics, as they can be decisive in industrial applications.
Therefore, this study aimed to: (i) verify the wood volume (WV), stem biomass (SB) and the basic wood density
(BWD) behavior against different climatic scenarios; and (ii) verify the potential of estimating the BWD through
meteorological variables. The WV, BWD and SB of four different Eucalyptus spp. clones as to their climate of
origin and species were analyzed. The cultivation was from 2012 to 2015 (four years) with planting in 11
locations in Brazil, representing a wide range of climatic characteristics with average precipitation from 649 mm
y−1 to 1618 mm y−1. Precipitation, maximum vapor-pressure deficit, water deficit in the soil, temperature and
precipitation seasonality were used to characterize the regions during the growth period. Hierarchical grouping
was carried out for the sites, and the WV, BWD and SB behavior within the groups were analyzed. Thus, a linear
regression equation between the most influential meteorological variables in the BWD were adjusted in order to
identify the potential of the estimative BWD. Four groups were formed between the sites, and the variation in
WV, BWD and SB for each clone between the wet and dry groups were respectively: C3: −68.3%, +8.7% and
−65.0%; K2: −77.5%, +8.3% and −74.3%, A1: −40.3%, −9.21% and −39.9%; and Q8 – −31.6%, +8.4%
and −34.1%. The drier locations generally showed lower WV and SB, and higher BWD associated to a decrease
in the growth rate. This behavior is intrinsic to each clone and does not establish a defined proportion. Humid
locations did not show clear patterns in changing density. The maximum vapor-pressure deficit and the water
deficit in the soil were the most significant variables and had the best potential to estimate the basic wood
density of the wood. Basic wood density is a resource which can be strongly influenced by genetics, and above all
there is a significant influence of climate on the sites.

1. Introduction

Wood productivity as well as its characteristics are the result of
genetic interaction with the climate gradient and the supplies available
to carry out the growth process (Nabais et al., 2018). The tree as an
organism is motivated by climate change, which changes the density of
the wood, influences the potential for absorption and storage of carbon,

and prioritizes that fast-growing forest species are combined as a sus-
tainable measure for CO2 absorption in a scenario of climate change
caused by the increase in carbon dioxide (CO2) (Pan et al., 2011). These
adaptations are intense in some species of Eucalyptus and reinforce the
existence of phenotypic plasticity as potential for modifying their
characteristics for survival in situations of abiotic stress (Cabral et al.,
2010; Stape et al., 2004).
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Knowledge of volumetric production, the stem biomass and wood
density of forest plantations is essential to define the productive capa-
city of the site and to define the application of wood as a raw material
in the forest products technology industry and decision-making in forest
improvement programs (Wiemann and Williamson, 2013). The wood
processing industry generally has a greater interest in the amount of
biomass produced per area than in the results of the wood volume (WV)
or in the basic density of the wood (BWD), however, knowledge of this
property (BWD) guides its use as raw material for the solid wood in-
dustry. Determining the quality of wood through various properties is
sometimes expensive and time consuming, making it necessary to de-
velop simpler and more precise techniques such as the generation of
models for estimation (Gao et al., 2017).

In the study session on climate change, there is a gap on how these
changes are increasing aridity or how plantations in drier areas can
influence the volumetric productivity of biomass and Eucalyptus wood
properties. Another issue that lacks alternatives is how to predict the
properties of wood, specifically density, using edaphoclimatic variables.

Basic wood density is a characteristic of high genetic heritability,
but there are traces of changes according to environmental conditions
due to changes in growth (Gallo et al., 2018; Almeida et al., 2020). A
moderate decrease in the density of E. grandis wood from a tropical
humid climate was detected in relation to the increase in the growth
rate associated with increased precipitation (Kojima et al., 2009; Sette
Jr. et al., 2016).

Climatic variables have a strong correlation with the radial growth
and density of the wood, presenting real potential to be their estimators
(Elli et al., 2020; Melesse and Zewotir, 2013). Intense modifications in
the growth rings of tropical species, and especially in the late wood are
reported in response to climatic variations, in which lower rainfall and
possible increase in temperature favor fibrous structures with thicker
walls (Fichtler et al., 2012). These anatomical changes in cell wall
thickness may favor an increase in the basic density of the wood
(Scanavaca Junior and Garcia, 2017; Barotto et al., 2016). Thus, the
intense characterization of the environment is indispensable.

The stem biomass and the wood density in response to climatic
variation are not only important due to the climate change scenario, but
also for expanding forest frontiers previously not used for planting. In
addition, the way in which different species and hybrids of Eucalyptus
behave in contrasting climatic conditions allows essential inferences to
be made by the forest planning sector and the choice of genetic material
for planting.

In view of the above, the objectives of this study were to verify the
behavior of wood volume (WV), basic wood density (BWD) and stem
biomass (SB) in response to different climatic scenarios and to verify the
potential for estimating the basic density of the wood through me-
teorological variables.

2. Materials and methods

2.1. Characterization of the study area

The study material came from the TECHS Project (Cooperative
Program on Clonal Eucalyptus Tolerance to the Hydrous and Thermal
Stresses, www.ipef.br/techs/en), developed in different regions of
Brazilian and Uruguay territories, as described by Binkley et al. (2017).
Silvicultural treatments, soil preparation, planting season and spacing
were the same at all sites to ensure homogeneity among the sites and to
isolate climatic and soil factors.

Four Eucalyptus spp. which were different as to their climate of
origin and species were analyzed. The cultivation was from 2012 to
2015, spaced 3 × 3 m, in a plot containing 120 plants (08 lines × 15
trees = 120 trees) and a total size of 1080 m2 (Table 1). Although each
clone was more adapted to the climate for which it was developed, they
are referred to as plastic in terms of growth characteristics and suitable
for broad environmental conditions.

The 4 clones were planted in 11 sites distributed throughout the
Brazilian territory in a wide latitudinal gradient (Fig. 1). The sites
presented different water and thermal regimes for the period from 2012
to 2015. The sites are characterized as tropical (2, 4, 7, 8, 13, 15, 20,
22, 29 and 30) for having higher mean annual temperatures and lower
mean precipitation. Subtropical sites (23) are characterized by higher
annual precipitation averages and lower temperature averages.

2.2. Forest inventory and obtaining the wood volume, basic wood density
and stem biomass

Planting was carried out between 2012 and 2015 and the total
height (TH) and the diameter at 1.30 m from the ground (DBH – dia-
meter at chest height) were measured in 80 trees in each plot, of which
40 were disregarded for having an edge effect. The wood volume (WV)
accumulated at 4 years of age was determined by the equations ad-
justed by Mattos et al. (2020). The stem biomass was calculated by
multiplying the WV values by the BWD values for each clone at each
location.

Three trees were selected from each location according to the
average DBH of the plot, totaling 33 individuals per clone. The average
DBH of the plot was obtained by the arithmetic mean of the 80 trees
selected for the inventory. Discs were sampled at 1.30 m from the
ground (DBH), of which a sample with approximately a quarter disc
was removed to determine the basic wood density. The basic wood
density was obtained according to the recommendation of the Brazilian
Regulatory Standard (NBR 11941) of the Brazilian Association of
Technical Standards – ABNT (2003) in which the sample volumes were
determined after complete saturation of the wood in water for 40 days,
and these were then put in a forced circulation oven with a temperature
of 103 °C ± 2 until constant weight. The basic wood density was de-
termined by the ratio between dry mass (m) and saturated volume (V).

2.3. Database and soil and climatic variables

The meteorological data for the growing period (2012–2015) were
obtained from the Brazilian National Meteorological Institute (www.
inmet.gov.br) meteorological stations and on-site meteorological sta-
tions (site 4, Belo Oriente – MG) identified in Table 2. Hourly me-
teorological data were transformed into a daily scale. The day was
discarded in the absence of data of four or more hours, and failure
filling methods were used according to Elli et al. (2019). Temperature
data (mean, maximum and minimum) (°C), mean relative humidity
(%), wind speed at 2 m (m s−1), global solar radiation (MJ m−2 day−1)
and precipitation (mm.day−1) for the period from 2012 to 2015 on a
daily scale were organized. However, as there were errors in the me-
teorological data obtained from INMET, a search in other databases was
required to correct the mistakes.

The databases used were available for the 11 sites. First, data in-
terpolated by Xavier et al. (2016) with spatial resolution of approxi-
mately 25 km by 25 km on a daily basis were used. When failure per-
sisted, data from the National Water Agency (Agência Nacional de
Águas – ANA) and CHIRPS (Climate Hazards Group InfraRed Pre-
cipitation with Station data) described by Funk et al. (2015) were used
for precipitation. Data from the NASA POWER platform developed by
Stackhouse Jr. et al. (2015) were used for the other variables. Finally, a
spreadsheet with 100% of the meteorological data was generated for
each site, corresponding to the 4-year tree cultivation period. The
percentage of completed errors ranged from 0.7% to 28.6% between
sites.

The relationship between the climatic conditions and the basic
wood density was based on six meteorological variables and the soil
water storage capacity (WSC). The absolute values for the annual
averages for each site were obtained according to the following
methods and the averages are described in Table 3:
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• Mean annual temperature – T (°C): arithmetic mean of the average
temperature for each year and average of the four years of cultiva-
tion.
• Average precipitation for the years – Ppt (mm y−1): sum of pre-
cipitation for each year and average of the four years of cultivation.
• Maximum vapor-pressure deficit – VPDmax (kPa): calculated ac-
cording to the equation proposed by Tetens and described by
Alvarenga et al. (2014) by equations 1, 2 and 3. However, the
maximum temperature of the day in calculating the water vapor
saturation pressure in the air (kPa) was as follows:

=VPD es eamax (1)

=
+

es Tmax
Tmax

0.6108 10 7.5
273.3 (2)

=ea RH es
100 (3)

In which: VPDmax: maximum water vapor pressure deficit in the air
(kPa); es: saturation water vapor pressure in the air (kPa); ea: partial
water vapor pressure in the air (kPa); T: mean air temperature (°C); RH:
mean air relative humidity (%).

• Soil Water deficit – SWD (mm year−1): the sequential climatological
water balance proposed by Thornthwaite and Mather and modified
by Camargo (1962) was performed on a monthly scale. Potential
evapotranspiration (ETP) was calculated by the Penman-Monteith

method, with the parameters established by Allen et al. (1998) (PM-
FAO 56). The available water in the soil was estimated by the
equation proposed by Meneses (2005), according to the silt and clay
contents in the soil of each site, which already considers the two
points of the retention curve: field capacity and permanent wilting
point. The soil depth of 2 m was considered for the soil water sto-
rage capacity (WSC) calculation.
• Temperature seasonality index – SeaT (°C): the years were divided
into four quarters and the average temperature was calculated for
that period. The quarter of higher temperature was subtracted by
the quarter of lower temperature for each year; the mean of the
differences for the four years was calculated.
• Seasonality index of precipitation – SeaPpt (mm): the years were
divided into four quarters and the sum of precipitation was per-
formed for each quarter. The quarter of the highest precipitation
was subtracted from the quarter of the lowest precipitation; the
mean of the differences for the four years was calculated.

2.4. Relationship between wood volume, basic wood density, stem biomass
and climatic scenarios

Pearson’s correlations were performed to identify which meteor-
ological variable has the greatest influence on the WV, BWD and SB.
Groups were formed in order to understand the WV, BWD and SB in
different climatic scenarios to represent such situations. The analysis
was performed in R (R Core Team, 2014) software, and the “Minimal

Table 1
Identification of the genotypes and climates of origin of the four Eucalyptus spp clones.

Clone Genotype Climate of the region of origin (Koppen classification)

C3 E. grandis × E. camaldulensis Tropical humid with dry summer season (As)
K2 E. saligna Subtropical humid with temperate summer (Cfb)
A1 E. urophylla Subtropical humid with dry winter and hot summer (Cwa)
Q8 E. grandis Tropical humid (Af)

Fig. 1. Geographic location, and precipitation and temperature characteristics for the 11 growing sites of the four Eucalyptus clones in the period from 2012 to 2015.
Source: Adapted from Alvares et al. (2013). Af: Tropical equatorial; Am: Tropical monsoon; Aw: Tropical with dry season and summer rains; As: Tropical with dry
season of summer and rains of winter; Cfa: Subtropical hot summer sea; Cfb: Subtropical humid with temperate summer summer; Cwa: Subtropical humid with dry
winter and hot summer; Cwb: Subtropical temperate and summer rains; BSh: Dry and hot semi-arid.
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Variance” agglomerative hierarchical grouping method proposed by
Ward (1963) and adapted by Salkind (2013) was used. This technique
aims to group the sites which have the highest intragroup homogeneity,
meaning that it minimizes the sum of squares in the group and max-
imizes intergroups (Sharma, 1996). The sites with less dissimilarity
were grouped according to their environmental conditions (six pro-
posed variables). The Mahalanobis distance (D2) was used as a measure
of dissimilarity, applied in cases whose variables present some corre-
lation with each other.

The intergroup behavior of the WV, BWD and SB was verified for
each clone. The co-phenotype correlation index calculation was de-
termined from the relationship between the dissimilarity matrix and the
resulting cluster matrix. A proximity to 1 indicates less distortion of
reality in the dendrogram in order to verify the grouping efficiency
(Valentin, 2000).

Finally, the analysis of variance (ANOVA) and the Scott-Knott
averages test were performed at 95% significance to identify the dif-
ference between the WV, BWD and SB between groups.

2.5. Estimation of the basic wood density of different clones

Different models for estimating basic wood density were tested. The
6 climatic variables proposed together with WSC and MAI were used
and those which best estimated the dependent variable were selected
for each clone. The Leaps package was used in the R software (R Core
Team, 2014) and the Exhaustive Search method, which exhaustively
tests all combinations of variables and provides the one which best
estimates the dependent variable (Leonardo and Holschuh, 2008).

The linear regression model was adjusted after selecting the vari-
ables by the ordinary least squares method (OLS). The best models were
selected by graphical analysis of observed densities versus estimated
densities, adjusted coefficient of determination (R2adj.) 1, mean abso-
lute error (E%) 2 and square root mean square error (RMSE%) 3.
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In which: Yi: observed dependent variable; Yi : estimated dependent
variable; Y : mean of the observed dependent variable; p: number of
parameters estimated in the model; and n: number of observations.

Dividing the data for adjustment and for validation was not possible
since there is a limitation on the number of samples in the database.
Therefore, validation of the adjusted models was performed by the non-
parametric bootstrap technique, which is based on generating a new
sample with the same size of the original sample and makes random
draws, while element replacement (Efron, 1979) was used for vali-
dating the regression-adjusted equations. Thus, 1000 replications of
each adjusted equation were performed based on the non-parametric
bootstrap.

Kozak and Kozak (2003) demonstrated that simulation methods are
sufficient to evaluate the quality of the adjusted equation. The authors
demonstrated that simulation techniques generate the same credibility
of results when compared to data division for adjustment and valida-
tion. Another feature of this type of validation is the possibility of ob-
serving the existence of biased wood density estimates generated from
the equations, especially in the more extreme (drier and wetter) sites of
TECHS (Scolforo et al. 2019).

Table 2
Information on meteorological data acquisition stations, differences between sites and stations and percentage of fault filling in each database.

Site Location (City/State) Weather Station (Code INMET) Distance site (km) ≠ Altitude (Station/Site) Fill (%)

2 Arapoti – PR INMET- Ventania-A872 56 +53 6.3
4 Belo Oriente – MG In situ – Belo Oriente – MG 0.2 0 0.7
7 Rio Verde – GO INMET- Rio Verde-A025 8 0 9.2
8 Inhambupe – BA INMET- Feira de Santana-A413 126 −58 20.2
13 Três Lagoas – MS INMET- Três Lagoas-A704 15 0 3.2
15 Brejinho do Nazaré – TO INMET- Gurupi-A019 106 +41 4.6
20 Mogi Guaçu – SP INMET- Itapira-A739 24 +26 3.6
22 Telêmaco Borba – PR INMET- Ventania-A872 89 +101 6.3
23 Otacílio Costa – SC INMET- Curitibanos-A860 77.7 +103 0.8
29 Urbano Santos – MA INMET- Chapadinha-A206 104 +6 28.6
30 Bocaiúva – MG INMET- Montes Claros-A506 51 +130 1.3

Table 3
Edaphoclimatic averages from 11 locations in Brazil for the period from 2012 to 2015.

Site T (°C) Ppt (mm.year−1) VPDmax (kPa) SWD (mm.year−1) SeaT (°C) SeaPpt (mm) WSC (mm)

2 18.03 1562.63 1.02 64.80 5.50 230.00 276.9
4 22.72 907.41 1.66 474.1 2.77 459.75 204.3
7 23.05 1515.2 1.88 679.3 2.41 755.28 21.80
8 24.49 685.88 1.64 917.7 3.87 213.93 65.40
13 25.95 1164.63 2.11 508.2 4.43 418.75 58.80
15 25.98 1273.78 2.14 778.1 1.43 631.80 44.40
20 22.03 1375.83 1.76 285.3 4.55 449.68 167.7
22 18.03 1562.63 1.02 73.60 4.58 262.90 232.9
23 16.52 1618.65 1.01 86.10 6.04 228.65 208.1
29 27.32 1185.43 2.09 1020.05 2.25 569.70 29.80
30 24.09 649.40 2.13 1150.00 2.93 348.60 269.90

T: temperature; Ppt: precipitation; VPDmax: maximum vapor-pressure deficit in the air; SWD: soil water deficit; SeaT: temperature seasonality; SeaPpt: precipitation
seasonality; WSC: Water storage capacity.
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3. Results

3.1. Relationship between the wood volume, basic wood density, stem
biomass and climatic scenarios

Among the climatic variables, SWD followed by VPDmax and Ppt
were the variables which most significantly correlated with WV, BWD
and SB for three clones (C3, K2 and A1), with the correlations generally
being negative with WV and SB, and positive with BWD. Clone Q8
showed no significant correlation with any climatic variable (Table 4).
SB was more positively correlated with WV than with BWD. None of the
clones showed significant correlations between BWD and WV, and
clone A showed a positive correlation between BWD and WV.

Four distinct groups of meteorological conditions were formed. The
cluster dendrogram was intercepted at 25% dissimilarity and the co-
phenotype correlation index was 0.79. The groups were organized in
ascending order from the least dry to the driest considering the six
meteorological variables, however with the main focus on SDW, which
was a variable of greater influence in WV, BWD and SB (Fig. 2).

There was a significant change for all clones at 5% probability with
a decrease in WV and SB, and an increase in BWD according to the
increase in SWD, but the behavior was not proportionally the same for
all clones and environments (Fig. 2).

Clones C3 and K2 generally showed similar tendencies to decrease
WV and SB, and increase BWD as SWD increases (wet group to dry
group). Clones A1 and Q8 did not show definite trends with respect to
dry and wet groups (Fig. 2).

The C3 clone adapted to the tropical climate and had a dry season in
the summer showed significant changes with −68.3% MAI, −65.06%
in SB and +8.7 BWD in the fourth group, classified as dry and having
high SWD (Fig. 2).

Although the K2 clone was adapted to locations with a humid
temperate climate and showed a significant reduction of 77.5% WV and
74.3% in SB, it did not show a difference in BWD between the groups

(Fig. 2).
The A1 clone adapted to a humid temperate climate with dry winter

and hot summer showed a decrease of 40.31% MAI, 39.9% SB and
9.21% BWD from the wet group to the dry group, thus showing a dif-
ferent behavior from clones C3 and K2. The largest MAI, BWD and SB
were registered in groups 1 and 2 (humid and subhumid) (Fig. 2).

It was not possible to identify a behavior pattern for MAI, BWD and
SB for the Q8 clone adapted to the humid tropical climate. WV and SB
presented a reduction of 31.6% and 34.1%, respectively from groups 1
and 2 to groups 3 and 4; however, groups 3 and 4 (sub-humid and dry)
present a significant difference in SWD. BWD was 8.4% higher in the
dry group than in the others (Fig. 2).

According to the changes in MAI, BWD an SB, it was possible to
identify the following decreasing order of plasticity among the clones:
K2 – E. saligna, C3 – E. grandis× E. urophylla, A1 – E. urophylla and Q8 –
E grandis (Fig. 2), while that same order presented greater amounts of
correlations with meteorological variables, being 8, 7, 6 and 0, re-
spectively (Table 4).

3.2. Estimation of the basic wood density of different clones

All clones presented one or two variables which best estimated the
basic wood density at 95% significance. The selected meteorological
variables explained from 59% to 74% of the variation in BWD, and the
combinations which best estimated the BWD were then selected for
each clone (Table 5).

The RMSE was less than 5% for all models and the predicted values
slightly deviate from the observed values when using them to estimate
the basic density of eucalyptus wood, which reinforces the possibility of
using these equations to estimate the expected density for each of the 4
eucalyptus clones across Brazil. Although the meteorological variables
show great multicollinearity between them, there was a low multi-
collinearity content for the adjusted models since the VIF values were
below 4 (Table 5).

Table 4
Correlations between wood production variables (wood volume, basic wood density, stem biomass) and climatic variations for four Eucalyptus clones aged four years
planted in climatic gradients in Brazil.

C3 E. grandis × E. camaldulensis (As)

T Ppt VPDmax SWD SeaT SeaPpt SWSC BWD MAI

WV −0.53 −0.64* −0.53 −0.66* 0.36 0.03 −0.26 −0.44
BWD 0.52 −0.3 0.67* 0.72* −0.53 0.48 −0.29 −0.44
SB −0.47* 0.64* −0.46 −0.60* 0.31 0.05 0.19 −0.34 0.99*

K2 E. saligna (Cfb)

T Ppt VPDmax SWD SeaT SeaPpt SWSC BWD MAI

WV −0.51 0.67* −0.49 −0.77* 0.42 0.06 0.25 −0.23
BWD 0.42 −0.41 0.68* 0.57* −0.66* 0.56 −0.04 −0.24
SB −0.48* 0.66* −0.43 −0.73* 0.36 0.02 0.21 −0.14 0.99*

A1 E. urophylla (Cwa)

T Ppt VPDmax SWD SeaT SeaPpt SWSC BWD MAI

WV −0.31 0.39 −0.17 −0.50 0.23 0.13 0.17 0.58
BWD −0.76* 0.47 −0.58* −0.60* 0.69* −0.39 0.63* 0.56
SB −0.39 0.43 −0.24 −0.54* 0.30 0.07 0.23 0.64 0.99*

Q8 E. grandis (Af)

T Ppt VPDmax SWD SeaT SeaPpt SWSC BWD MAI

WV −0.29 0.30 −0.38 −0.53 0.36 −0.23 0.18 −0.16
BWD 0.26 −0.59 0.41 0.29 0.01 −0.14 0.31 −0.13
BIOMASS −0.21 0.17 −0.27 −0.48 0.38 −0.25 0.22 0.12 0.96*

T: temperature; Ppt: precipitation; VPDmax: maximum vapor-pressure deficit in the air; SWD: soil water deficit; SeaT: temperature seasonality; SeaPpt: precipitation
seasonality; WSC: Water storage capacity.
Values accompanied by * are significant with p-value less than 0.05.
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For the C3 clone, the combination of VPDmax2 with SWD was
adopted, as the water deficiency in the air controls the stomatal
opening and closing, and defines the water requirement in the soil by
the plant (Table 5).

VPDmax was the variable with the greatest influence on BWD for
the K2 clone; however, the direct dependence between temperature and
this variable is known, so it was decided to determine the change in
VPDmax for every 1 °C of temperature, and this change showed a po-
sitive and significant influence on BWD, explaining 59% of the changes
in BWD (Table 5).

For the A1 clone, the relationship between BWD, T, SeaPpt and MAI
was contrary to the other clones, so we tried to use T, the variable with
the highest correlation with BWD combined in two measures with

SeaPpt, the variable with the lowest correlation; however, together and
combined with the MAI explained 74% of the variations in BWD,
showing that the increase in these variables provide an increase in BWD
(Table 5).

Although the correlations with the climatic variables were not sig-
nificant for the Q8 clone, it was decided to use the combination of two
variables which represented the water availability in the air and on the
ground and which did not present a high correlation with each other
(VPDmax and SWC); thus, this combination explained 59% of the
variations in BWD (Table 5).

Fig. 2. (A) Clustering dendrogram by the
Minimum Variance method of 11 sites in
different locations in Brazil for the set of
meteorological variables: T, Ppt, VPDmax,
SWD, SeaT and SeaPpt; (B) Means of the
meteorological variables for the groups
formed; (C) MAI, BWD and SDW of 4
Eucalyptus clones at 4 years of age as a
function of climatic groups. T: temperature;
Ppt: precipitation; VPDmax: maximum
vapor-pressure deficit in the air; SWD: soil
water deficit; Sea T: temperature season-
ality; Sea Ppt: precipitation seasonality;
WSC: Water storage capacity. Means fol-
lowed by the same letters do not differ sta-
tistically from one another by the Scott-
Knott test at 5% probability.
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4. Discussion

4.1. Relationship between wood volume, basic wood density, stem biomass
and climatic scenarios

Climatic diversity is one of the main factors that limit the choice of
genetic material for forest plantations in Brazil because the meteor-
ological variation influences the activity and exchange rate of
Eucalyptus species (Maseda and Fernández, 2016; Tatagiba et al.,
2007). The Brazilian territory presents significant climatic variation due
to being intercepted by the equator and tropic of capricorn, and shows
lower temperatures in the south and higher temperatures in the north
(Silva et al., 2020).

Different climate groups can be identified in Brazil and knowing the
most favorable species for planting forests is a challenge for the forest
industry. Binkley et al. (2017) addresses the segregation of different
locations in Brazil into three climate groups: humid, subhumid and dry.
The meteorological differences of each climate group result in the

availability of water in the air (VPD) and in the soil (SWSC), and the
water deficit in the soil (SWD) occurs as soon as evapotranspiration
exceeds the occurrence of precipitation, so that vegetation will need to
seek groundwater obtained from greater depths (Huang et al., 2009).

There are two stages between water availability and its use by ve-
getation. In stage 1, water is available in the soil and the plant has no
difficulty extracting it and exerts optimal stomatal conductance and
perspiration. In stage 2, the water availability of the soil decreases and
makes it difficult to extract water, reducing stomatal conductance and
transpiration to maintain its water potential in equilibrium (Martins
et al., 2008). Furthermore, it is these physiological mechanisms of
plants which control the exchange activity of wood formation. Just as
there are different climatic groups, there are also Eucalyptus species
which present their optimal development in certain meteorological
characteristics.

Higher WV and SB production are expected for Eucalyptus clones
that are more sensitive to climatic variations (Costa et al., 2020); thus,
places with higher water availability and lower temperatures resulted

Table 5
Linear regression models, precision statistics and non-parametric bootstrap validation, analysis of variance, of 4 Eucalyptus clones at 4 years of age as a function of
climatic variables at 11 sites in Brazil.

C3 E. grandis × E. camaldulensis (As)

Model R2 adj. AME (g.cm3) RMSE (%) VIF Residue

0.4092 + 0.00001271 * (VPDmax2SWD) 0.65 0.017 3.63 2.85
Validation 0.64 0.016 3.96

K2 E. saligna (Cfb)

Model R2 adj. AME (g.cm3) RMSE (%) VIF Residue

0.2963 + 2.24195 * (VPDmax/T) 0.59 0.022 4.78 2.27
Validation 0.62 0.016 4.34

A1 E. urophylla (Cwa)

Model R2 adj. AME (g.cm3) RMSE (%) VIF Residue

0.4345–0.0000001524 * (T2SeaPpt) + 0.0009895 * MAI 0.74 0.019 3.655 3.70
Validation 0.72 0.16 4.02

Q8 E. grandis (Af)

Model R2 adj. AME (g.cm3) RMSE (%) VIF Residue

0.2756969 + 0.0863788 * VPDmax + 0.0003749 * WSC 0.59 0.027 4.834 2.43
Validation 0.67 0.019 4.87

T: Temperature; SWD: Soil water deficit; VPDmax: Maximum Vapor-Pressure Deficit; SeaPpt: Seasonality of Precipitation; SeaT: seasonality of temperature; WSC:
water storage capacity; R2adj.: Adjusted coefficient of determination; RMSE: square root of mean square error; VIF: Variance Inflation Factor; AME: Absolute mean
error; D.F: Degree of freedom; M.S: Mean square.
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in higher WV and SB productivity for this study. Eucalyptus species
have moderate adaptive capacity to climatic adversities, especially
water deficiency, called phenotypic plasticity, such as decreased growth
rate and biomass accumulation (Bradshaw, 1965), and some species
stand out for the development of these mechanisms, such as E. grandis
(Resquin et al., 2019; Christina et al., 2017).

E. grandis trees have adaptation strategies under water stress con-
ditions to continue their growth process, in which stomatal con-
ductance is reduced in short time scales, thus minimizing water loss,
and by prolonging the stress period, the anatomy of the xylem is
modified, with decreased vessel diameter and increased frequency to
reduce the risk of embolism and cavitation (Freitas et al., 2015). These
modifications directly influence the volumetric production (WV) in the
stem biomass (SB). Willigen and Pammenter, (1998) concluded that
climatic conditions limit the volumetric growth of the plants more than
the species classification and the wood volume suffers a reduction in
drier conditions.

The modification of wood density in Eucalyptus is a strong indicator
of the relationship between hydraulic efficiency and vulnerability to
cavitation when the species is submitted to contrasting environments.
For example, in studying some Eucalyptus species, among them E.
grandis and E. camaldulensis (the same as selected for this research),
Fernández et al., (2019) found that there is a decrease in the dimensions
of the conducting vessels and a consequent increase in wood density
when submitted to places with higher aridity levels, constituting stra-
tegies used to minimize the greatest risk to vulnerability to cavitation
detected in this situation. These modifications can have different in-
tensities according to the species, and these effects were more un-
pretentious for E. camaldulensi.

There is also an increase in the vessel frequency allied to the de-
crease in the vessel diameter; an effect called a trade-off. However, this
effect does not always occur, and its relationship with hydraulic safety
and less cavitation vulnerability is contradictory in different Eucalyptus
species (Pfautsch et al., 2018). The decrease in WV and SB and increase
in BDW in drier locations reported in this study for the C3, K2 and Q8
clones can be explained by this physiological adjustment mechanism of
the secondary xylem anatomy for adaptation to stress.

The identification of the strong correlation of SWD with WV, BWD
and SB for C3, K2 and A1 clones elucidates the high representativeness
that the variable has in the environment, since there is involvement of
many other meteorological variables in its calculation. This also cor-
roborates a result found by Barbosa et al. (2019). However, the negative
correlation of SWD with BWD highlights that the association of in-
creased BWD due to increased SWD (clone A1) cannot always be im-
posed as absolute. SWD is probably one of the main causes to limit the
growth of eucalyptus plantations, as it affects the efficiency of the use of
resources, as well as the allocation of biomass (Stape et al., 2004).

In another study, linear correlations were found between the com-
bination of MAI (VW) and BWD (productive variables) with the climatic
variables of Ppt, DPVmax and T, which enabled an effective re-
presentation of the environment and indicated different relationships
for each genetic material, even if these are tropical species and sub-
mitted to arid environments (Costa et al., 2020). This study confirms
the hypothesis that the relationship between climatic variables and
wood production is an inherent response to the species, even though
they belong to the same genus. However, the relationship between
water deficiency × growth × wood density occurs differently ac-
cording to the Eucalyptus species and the originating environment of
each genetic material (Griebel et al. 2017).

K2 and A1 clones presented conflicting relationships; it is expected
that temperate species tolerate greater variations in water temperatures
and deficiencies than tropical species because they are subject to
greater seasonality in their natural habitat (Cunningham and Read,
2003; Nabais et al., 2018). It was detected that E. urophylla (the same
clone of this study, A1) of different ages planted in Brazil was one of the
three clones with the greatest plasticity, accompanied by two hybrids of

E. urophylla × E. grandis. The clone showed a strong relationship with
the temperature of the environment, and although the decrease in vo-
lumetric production and biomass guaranteed its survival in arid places,
its wood production was lower throughout the climatic gradient than
the other E. urophylla clones (Araújo et al., 2019). This same author
highlights the change in plasticity according to age; thus, even though
A1 – E. urophylla is a material considered to be highly phenotypically
adapted (Caldeira et al., 2020), in this study it presented lower adap-
tation percentages for WV, BWD and SB at 4 years of age in relation to
other clones (C3 and K2) considered less plastic than A1.

The A1 clone evidenced the impossibility of establishing a clear
relationship between growth and density, and this may be linked to its
strong genetic expression. The relationship between growth and wood
density becomes equivalent in optimal conditions, since wood density is
an inherited characteristic and expressed in its inheritable value, even
at higher growth rates (Assis, 2014; Tan et al., 2018).

The combination of high VPDmax and SWD, as observed in group 3
for A1 and Q8 clones, was limiting. The carbon supply probably sub-
stantially decreased due to the low stomatal conduction and water
supply due to the high SWD, and thus reduced photosynthesis, growth
and consequently wood density (Meinzer et al., 2004). SWD and VPD
served as limiting agents for exchange dormancy. The decrease in
growth caused an increase in wood density (Lara et al., 2017).

VPD is one of the most responsive meteorological variables in sto-
matal conductance in Eucalyptus, as the response directly influences the
efficiency of soil water use. Even with Eucalyptus keeping the stoma
open at high VPD rates, extreme drought conditions lead to stomatal
closure as a way to limit gas exchange and photosynthesis, and decrease
soil water absorption (MacFarlane et al., 2004).

When studying E. saligna plantations in Brazil and Hawaii, it was
identified that the wood density was similar between the two locations,
however the great differences were found in the volumetric growth and
annual biomass, being greater in Brazil possibly because of the climate
and greater soil fertility (Doi et al., 2010; Binkley et al., 2003). Thus, it
is possible to stress that the plastic characteristics of E. saligna are
predominantly found in the WV and SB production for this study, with
BWD being only slightly variable.

It is proven that different genetic materials present different pro-
ductive responses when subjected to contrasting environments, and
even in plastic genetic materials as in this study, the differences can be
very much highlighted in WV, BWD and SB.

4.2. Estimation of basic wood density of different clones

The variables selected for density estimation were not the most
correlated with the response variable, but those which provided the set
that best estimated the property. Selecting significant variables which
better estimate the dependent variable when combined generates a
more robust linear regression model (Tsagkrasoulis and Montana,
2018).

In selecting variables to estimate wood density, each genetic ma-
terial showed a greater connection with different climatic variables,
which in turn inferred the model’s potential to a characteristic of in-
terest (Melesse and Zewotir, 2013). This behavior was also identified in
this study. Barbosa et al. (2019) identified that higher Ppt and lower T
induce greater BWD for E. urophylla hybrid clones and consequently
greater lignification with strong correlations and the possibility of using
variables to estimate wood properties.

Higher seasonality enables better responses to the seasons with high
rainfall and formation of the lower density of initial wood, resulting in a
lower average wood density. The MAI is directly related to the growth
in DBH, which in turn has positive and negative correlations with basic
wood density (Gallo et al., 2018). The combination SeaPpt in the
modeling of BDW in A1 explained the importance of knowledge on
interannual climatic behavior.

The relationship between climatic conditions, radial growth and
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basic wood density is attributed to the parenchymatic cell reserves,
where the occurrence of drought in the previous year influences a de-
crease in the soluble carbohydrate reserve and growth of the current
year, which will contribute to decrease the basic wood density, iden-
tified behavior for E. camaldulensis (Trifiló et al., 2019).

The stomatal opening is shaped by environmental conditions such
as low water availability in air and soil. For the C3 clone, water demand
(VPDmax) exerts twice as much influence under wood density as SWD.
Even under severe VPD conditions, the stomata in Eucalyptus continue
to exert gaseous exchanges; however, closure occurs when combined
with high SWD, and exchange rate activity is interrupted as a strategy
for saving water and assimilating carbon (Lamoureuxa et al., 2018),
which enables an increase in the basic wood density.

Although wood density is an inheritable characteristic, there is in-
teraction with the meteorological variables. Variation in the increase
rates of wood density may change the carbon concentration in the
secondary xylem, but it is not possible to establish a proportionality and
rule between the values in wood density and growth.

The genetic traits of affinity of each clone should be observed for
specific climates. Selecting significant variables which better interact to
estimate wood density improves the robustness of the regression model
proposed for forest planning.

5. Conclusion

It has been proven that WV, BWD and SB can be modified in relation
to changes in soil and climatic variables, and the behavior of each
material is defined according to the oscillations in the environmental
and soil variables, as well as growth. As a general rule, basic wood
density behavior is clearly higher in drier locations; however, the be-
havior becomes unpredictable in humid locations. It is possible to
predict which area or place to plant (or not) a specific species, and this
implies in concrete advances in forest planning, especially in a country
with expanding forest frontiers such as Brazil. Each species and genetic
material presents characteristic behavior to its climate of origin, how-
ever the variation in volumetric and biomass growth responds in a
greater proportion than the variation in density, and the greatest bio-
mass production is not always linked to the lowest density. The com-
bination of environmental, soil and forest productivity variables ex-
presses the potential to generate generalized equations to estimate
Eucalyptus density in Brazil.
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