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A B S T R A C T

One of the forms used to differentiate wood is heartwood and sapwood classifications, as variations in the
proportions influence wood use. The aim of this study was to compare the heartwood percentage (H%) and wood
density (WD) of eucalyptus in plantations along a climatic gradient, and to estimate these characteristics using
meteorological variables and tree growth rate. E. urophyla clones at 6 years old were analyzed in 12 sites dis-
tributed across a wide geographic variation in Brazil. Seven trees from each site were sampled, and a disc was
taken from the DBH position. H% was determined by image analysis, while heartwood density (HD), sapwood
density (SD) and wood density (WD) by X-ray densitometry. H%, HD, SD and WD data were submitted to
analysis of individual variance and the sites means were compared. WD and H% were correlated with the
following variables: temperature (T), precipitation (P), soil water deficit (SWD), water use index (W), water use
efficiency (WUE) and mean annual increment (MAI); these variables were also used in the multiple regression
analysis in the adjustment of equations. The differentiation between heartwood and sapwood by color was
possible in all sites. The sites located in higher and more humid latitudes presented the highest H% values
(between 61 and 67%). In general, HD was lower than SD, with the sites with the lowest MAI values showing the
lowest SD values, and wet sites with higher MAI and the highest densities. H% showed strong and significant
correlations with T, P, SWD, W and MAI, whereas HD only showed moderate and significant correlations with T,
MAI and WUE. The best equation for estimating H% used the P and MAI variables, which managed to explain
79% of the variation. In the WD estimation, the best equation only used the WUE variable and obtained an
explanation power of 53%. In addition to the strong relationship between heartwood percentage and growth, it
was found that the climate also influences heartwood formation. Use the equation obtained for clone A1 in other
clones confirmed that the response variability for wood properties is also influenced by genetic. No relationship
was observed between the Huber value and climatic conditions, however, the factors influencing SA:LA ratio
behavior are complex and requires considering other components. H% was shown to be more correlated with
climate than density, and the observed variability between sites suggests the inclusion of heartwood content
assessments in this species in management and breeding programs.

1. Introduction

The wood of most trees can be visually divided into two distinct

regions of heartwood and sapwood (Cherelli et al., 2018). This is due to
the organoleptic and chemical differences which make heartwood
darker and more impregnated by tyloses than sapwood, and this color
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difference is used commercially as a wood classification factor
(Gierlinger et al., 2004; Lourenço et al., 2010). Heartwood corresponds
to the innermost layers of trunk that no longer conduct water from the
roots to the leaves. This function is performed by the sapwood which is
the physiologically active part of tree (Gominho and Pereira, 2005;
Hillis, 1987).

Heartwood formation is a process of secondary xylem differentia-
tion, its function is regulate the development of woody plant by tissue
senescence (Fromm, 2013). This regulation is made by the control of
sapwood amount at an optimal level of sap conduction and substance
storage (Bamber, 1976), so that inner sapwood is converted to heart-
wood in environments with water limitation in order to fit the capacity
of stem conductance and consequently the water use by leaves (Chan
et al., 2013).

Water stress is the most important limiting abiotic factor for forest
production in arid and semi-arid regions (Zahid and Nawaz, 2007). The
low availability of water in the air and/or soil promotes stomata closure
as a way to limit gas exchange and photosynthesis, reducing carbon
fixation for new cell formation, which can lead to decreased growth and
increased wood density (Hill et al., 2014; MacFarlane et al., 2004).

Heartwood and sapwood generally have different characteristics.
The most common is the greater durability and lower permeability of
heartwood due to the absence of nutritious materials (carbohydrates,
mainly in the form of starch), and especially to extractives presence
(Brito et al., 2019; Taylor et al., 2002). These variations promote very
different wood behavior from heartwood and sapwood for physical and
chemical properties, so that heartwood and sapwood ratio might in-
fluence the wood use. In pulp and paper production, trees with higher
sapwood content is preferable because the lower content of extractives
(Miranda et al., 2007), while for energy and charcoal production,
higher percent of heartwood and lignin are desirable (Pereira et al.,
2013). Heartwood is also used for construction with higher require-
ments of finishing, like the furniture industry, due to its characteristics
of greater natural resistance (Taylor et al., 2002), and tylose impreg-
nation of the vessels in this region affects the wood drying process (da
Silva and Trugilho, 2003).

The sapwood area (active xylem) influences the ability of con-
ductive tissue to carry the water needed for leaf sweating (Bond et al.,
2008; Meinzer et al., 2008). The interaction between this variable and
the tree leaf area influences resource allocation and plant hydraulic
architecture. Leaf area is important in light interception, carbon as-
similation and water loss, so it is related to photosynthesis processes
and transpiration potential (Asner et al., 2003). The interaction be-
tween these two variables results in a fundamental allometric char-
acteristic that reflects the balance between perspiration demand and
water supply capacity (Bond et al., 2008).

Due to the importance of heartwood and sapwood ratios, its density
variations as well as uniformity in the use of wood in certain applica-
tions, experiments to understand the climate influence on heartwood
and sapwood ratios in eucalyptus wood can help forest management in
dealing with the wide diversity of climatic zones for eucalyptus plan-
tations, as well as providing forest researchers with new phenotypic
characterization tools for their breeding programs. The aims of this
study were to compare the heartwood percentage and density of
Eucalyptus urophilla wood in plantations along a climatic gradient, and
to estimate the heartwood percentage and wood density of the sites
using climate variables and tree growth rates.

2. Material and methods

2.1. Sampling and analysis

The material was supplied by the Cooperative Program on Clonal
Eucalyptus Tolerance to the Hydrous and Thermal Stresses (TECHS),
coordinated by the Forestry Science and Research Institute (IPEF).
Experiments distributed in different regions of Brazil were evaluated

(Table 1). Trees were planted among January and May 2012 and cul-
tivated until 2018 (06 years), being harvested among February and
October. The standard plot had 8 rows × 15 Eucalyptus urophylla trees
(Clone A1 of TECHS), spaced 3 × 3 m. Trees were fertilized during the
first year to correct and avoid any nutritional deficiencies, and herbi-
cides were used for phytosanitary control. Please consult (Binkley et al.,
2017) for additional silvicultural details applied to the experiments.

Seven trees from each site were selected according to a division of
DBH amplitude (diameter at breast height, measured at 1.30 m from
ground) of plots in seven classes, and one tree per diameter class was
collected, thus totaling 84 trees (Fig. 1a). A wood disc of approximately
3 cm thick was removed at the DBH height of each tree (Fig. 1b), from
which characterization and quantification of heartwood and sapwood
and apparent density were performed. Dead, crooked, damaged or
diseased trees were not selected.

The discs were polished onto a belt sander with 50 and 80 grain to
improve surface visualization (Fig. 1c). Heartwood delimitation was
visually performed on each disc by the color difference (Fig. 1d). The
discs were sprinkled with water to enhance the color difference and
scanned (Epson Perfection v750 pro/600 dpi scanner). The total and
heartwood area of each disc were delimited using an image analysis
system (Image Pro-plus 6.2). The heartwood percentage (H%) was ob-
tained by the percentage ratio between heartwood area and total disc
area, meaning the ratio of heartwood area by total area, multiplied by
100.

After heartwood and sapwood measurements, a radial section 1 cm
wide was removed from the discs (Fig. 1e), glued in support, cut into
cross-sections 1 mm thick (Fig. 1f) and climatized (20 °C, 60% relative
humidity, 24 h). The heartwood and sapwood densities were de-
termined by the X-ray densitometry technique (QTRS-01X). The in-
tensity of X-rays through the wood sample was transformed into ap-
parent density by the Quintek Measurement Systems (Tree Ring
Analyzer) software. The reading resolution of apparent density by the
software was 80 μm. The radial density values were saved in a DAT file
and read by Excel software.

The wood density (WD) of each tree was obtained by the weighted
average of apparent density (Eq. (1)). The heartwood limit, demarcated
in the radial section, was used to separate the density data into values
belonging to heartwood and sapwood regions. The values were grouped
in the regions before and after the limit (Fig. 1g), with the sapwood
density (SD) and heartwood density (HD) being calculated from the
weighted average of these values. The area of each section between the
density values, 80 μm width, was used as a weighting factor (Fig. 1h,
Eq. (2)).

=
∗ + ∗ +⋯+ ∗

+ +⋯+

WD DA A DA A DAn An
A A An

1 1 2 2
1 2 (1)

Table 1
Location of the 12 TECHS sites.

Sites1 Nearest city City/State Geographic coordinates Altitude m

Latitude Longitude

2 Arapoti – PR 24.2° S 50.0° W 770
4 Belo Oriente – MG 19.3° S 42.4° W 243
5 Guanhães - MG 18.6° S 42.9° W 873
7 Rio Verde – GO 18.0° S 50.9° W 681
9 Estrela do Sul – MG 18.7° S 47.9° W 969
10 Botucatu - SP 23.0° S 48.5° W 869
13 Três Lagoas - MS 20.9° S 51.9° W 361
19 Peixe - TO 12.0° S 48.5° W 242
29 Urbano Santos – MA 3.4° S 43.1° W 81
30 Bocaiúva – MG 17.3° S 43.8° W 848
31 Eunápolis – BA 16.3° S 39.6° W 200
33 Buri - SP 23.9° S 48.7° W 695

1 The same numbering adopted by the TECHS program was used for site
number.
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in which: WD: wood density; D: density; A: area of section.

= = − = − ⋯ = − −A πr A πr A A πr A An πrn1 1 2 ( 2 ) 1 3 ( 3 ) 2 ( ) (An 1)2 2 2 2

(2)

in which: A: area of section; r: radius of section; r1: 80 µm; r2:
r1 + 80 µm; r3: r2 + 80 µm; rn: rn−1 + 80 µm.

2.2. Obtaining the database

The wood volume of the trees was determined from the forest in-
ventory by measuring the DBH and total height of all trees, and ap-
plying the equation established by (de Mattos, 2015). The mean annual
increment (MAI) was determined from the wood volume.

Meteorological data of mean air temperature, mean relative hu-
midity, 10-meter wind speed, global solar radiation and precipitation
for the period from 2012 to 2018 were obtained from the Brazilian
National Institute of Meteorology (INMET) and missing data were filled
(Elli et al., 2019; Rocha, 2018). The annual temperature (T) values were
calculated by the arithmetic mean of monthly average temperature and
annual precipitation (P) was calculated by the sum of accumulated
precipitation.

In order to calculate the soil water deficit (SWD), a sequential water
balance was performed on a monthly scale as proposed by
Thornthwaite and Mather in 1955 (de Camargo, 1962). Potential eva-
potranspiration was calculated by the Penman-Monteith method (PM-
FAO 56). The water available in the soil was estimated by the equation
proposed by Menezes (2005), using the silt and clay contents of soils
characterized in the experimental areas. Soil water storage capacity was
calculated considering the available water values at two meters of ef-
fective soil depth. SWD was obtained by the sum of monthly water
deficits.

The water use index (W) was calculated by the ratio of actual eva-
potranspiration (ETA) by potential evaporation (ETP) for the same
growth period, obtained in water balance calculations. Water use effi-
ciency (WUE) is expressed by the wood production by the amount of
transpirated water (Stape et al., 2004b), and was determined by di-
viding the biomass of living trees of the plot (kg), calculated with the
volume and the wood density of the plot by the ETA (converted to m3)
accumulated in the six years.

2.3. Statistical analyzes

All analyzes were processed in R software (R Core and Team, 2014).
The T, P, SWD, W, WUE and MAI variables were used for grouping the

sites into groups with similar environmental and growth conditions.
The R software cluster package was used, applying Ward’s agglom-
erative hierarchical clustering and Euclidean distance as a measure of
dissimilarity. The data of H%, WD, HD and SD were submitted to
analysis of individual variance and the means of sites compared by the
Scott Knott test (α = 5%).

The means of WD and %H of sites were correlated with the variables
T, P, SWD, W, WUE and MAI, using the Pearson correlation (α = 5%,
n = 96). Multiple regression analysis with adjustment by the
Exhaustive Search method (Leaps package) was used for estimating H%
and WD, which tests all combinations of variables and provides the one
that best estimates the dependent variable. The means of the 6-year
cultivation of the T, P, SWD, W, WUE and MAI variables were used as
independent variables. The obtained combinations were compared, and
the best models were selected.

TECHS data from 4 other clones were used to test the regression
models developed.

The clones evaluated were: C3 (E. grandis × E. camaldulensis), Q8
(E. grandis), G7 (E. urophylla), H8 (E. grandis× E. urophylla). Heartwood
data were obtained during site biomass evaluation. After tree felling, a
disc less than 1 cm thick was observed against the light and two per-
pendicular measurements of heartwood diameter and total diameter
were recorded. The basic wood density was performed according to the
Norma Brasileira Regulamentadora NBR 11,941 (ABNT, 2003). Con-
sidering that the density obtained by x-ray densitometry, used in clone
A1 equations, usually presents values higher than the basic density, the
clone densities were corrected using a correction factor of 1.2, obtained
by comparing the basic density with the apparent density of clone A1.

Leaf area data available of clones in TECHS database were used to
calculate the Huber value. For each tree, all leaves were gathered, the
total leaf area (m2) was calculated as sum of each single leaf area and
used to calculate the Huber value (sapwood-to-leaf area ratio). Huber
value of each clone in the sites was obtained by averaging the Huber
value of 7 sampled trees. Analysis of variance was used to test differ-
ences among sites for each clone at a significance level of 0.05, and
means were compared using Scoot Knott’s test.

3. Results

3.1. Characterization of sites

Five groups of distinct meteorological conditions were formed when
the cluster dendrogram was intercepted at 70% similarity (Fig. 2a). The
co-phenotype correlation index was 0.86. The sites were organized

Fig. 1. Selection of samples and analysis sequence of Eucalyptus urophylla wood. The procedures were performed on the seven discs obtained from each evaluated
site.
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according to the groups formed from the most humid to the driest.
The annual water use index (W) among sites ranged from 0.4 to 1.0,

showing considerable differences between local climates (Fig. 2b). Site
02 – Arapoti had the highest W and consequently the lowest SWD. The
sites with the highest SWD (W= 0.4) were 29 – Urbano Santos and 30 –
Bocaiúva. The W gradient presented a similar tendency to the latitu-
dinal gradient, whose sites in higher latitudes also had the highest va-
lues of W.

Sites 2, 10 and 33 presented a combination of high rainfall and low
average temperatures, which promoted the low SWD values (Fig. 2c).
Middle values for T, P and SWD characterized the sites 7, 9, 4, 31, 13
and 5. Sites 19 and 29 had the highest temperatures, which favored the
increase of SWD, although that sites had rainfall above
1000 mm year−1. High values of SWD at site 30 were probably pro-
vided by lower rainfall.

Although the drier sites presented the highest ETP values, in situ
meteorological conditions did not allow these values to be reached in
the ETA (Fig. 2d). The MAI ranged from 20 to 80 m3 ha−1 year−1, with
sites 19 and 29 showing the lowest MAI values, and the lowest water
use efficiency (WUE) values. WUE ranged from 1.5 to 4.4 kg of wood
per m3 of water (Fig. 2e), reaching these values at the end of the 6-year
tree growth cycle.

3.2. Heartwood and sapwood

The differentiation between heartwood and sapwood regions by
color was possible at all sites (Fig. 3). The discs presented distinct

shades among the sites (Fig. 3a), mainly in the heartwood region.
Sprinkling water on the disc surface prior to image capture facilitated
differentiating the heartwood limits by increasing the contrast between
heartwood and sapwood tones (Fig. 3b). Of the 84 trees sampled, only
one belonging to the smallest diameter class of the site 29 – Urbano
Santos (DBH = 8.4 cm) did not have heartwood.

The heartwood percentage among the diameter classes of each site
varied between 4 and 47% (Fig. 4a). In comparing discs of the same
diameter class at the different sites, the heartwood variation was higher
in the discs of smaller diameter, accompanying the variation in relation
to the total disc area (Fig. 4b). The heartwood percentage varied 14.7%
in comparing discs with similar total areas among sites, regardless of
diameter class (Fig. 4c). This variation was greater than that observed
between classes at most sites (Fig. 4a), so that similar growth rates
(discs represented by red points in Fig. 4a) evidenced the influence of
climate on heartwood formation.

The sites located at higher latitudes and with W higher than 0.7 (02
– Arapoti, 33 – Buri and 10 – Botucatu) presented the highest H%, 67,
63 and 61% respectively, statistically differing from the others (Fig. 5a).
Site 29 presented the lowest H% value of 34%, reaching this value
when the disc that did not present heartwood was replaced by the value
of the disc of class 2 for the statistical calculations. The mean increases
in water use indexes of 0.4 (mean of sites 19, 29 and 30) to 0.9 (mean of
sites 2, 33 and 10) corresponded to twice the formed heartwood per-
centage.

The sites with higher H% did not correspond to those with higher or
lower density (Fig. 5b), which means that it was not possible to

Fig. 2. Sites clustering for meteorological and growth characteristics and characterization of the mean annual regime of temperature (T), precipitation (P), soil water
deficit (SWD), mean annual increment (MAI), actual evapotranspiration (ETA), potential evapotranspiration (ETP), water use index (W) and water use efficiency
(WUE).
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establish a relationship between the amount of heartwood produced
and the trees density. Site 19 presented the lowest wood density (WD),
and sites 5, 9 and 10 were those with higher WD averages. Heartwood
density (HD) ranged from 0.45 to 0.58, while the variation in sapwood
density (SD) ranged from 0.53 to 0.69 (Fig. 5c and d). In general, HD
was lower than SD, with the sites with the lowest MAI showing the
lowest SD values (19 and 29), and the sites with the highest W and MAI
(2, 33 and 10) were inserted in the highest density group. Despite the
low W (0.4), site 30 presented similar SD to sites 4, 31 and 13 (W: 0.7).

H% and WD correlated at different strength and significance levels
with the variables (Fig. 6). The correlation between H% and WD was
not significant. H% showed strong and significant correlations with T,
P, SWD, W and MAI, and significant but moderate correlations with
WUE. WD presented moderate and significant correlations only with T,
WUE and MAI. While increases in T and SWD promoted a decrease in H
% and WD, increases in P, W, WUE and MAI established positive cor-
relations. MAI showed strong and negative correlations with T and
SWD, and strong and positive correlations with W and WUE. WUE also
correlated negatively with T and SWD.

For H% estimation, the best equation used the independent vari-
ables P and MAI, which managed to explain 79% of heartwood per-
centage variation (Table 2). The MAI contributed approximately 2/3 of
the accuracy of the model. H% showed higher correlations with SWD
and W than P; however, the correlations among MAI and these variables
were also high, so that, only the use of MAI was sufficient to explain the
influence of this set of variables on H%, while MAI and P correlation
was not significant. Thus, the inclusion of this variable in the model was
important for increasing the equation prediction power.

The best equation to estimate the wood density used only the WUE
variable and obtained an explanation power of 53% (Table 2). Despite

the moderate correlation with T, the equation using this variable de-
creased the prediction power to 37%, and the RMSE to 5.0%. Equations
using more than one variable presented non-significant coefficients.

By applying the equations to estimate heartwood and density in the
other 4 clones, the mean errors obtained for %H were greater than
those for density (Fig. 7). In clones C3 and Q8 it was possible to observe
the equation deviation in more sites. The correlation between observed
and estimated data showed that there was no bias in the graphs,
however a concentration of adjusted data was observed in a region of
the trend line.

Clones G7 and H8 presented fewer sites with data for equation
testing. The data obtained tended to underestimate the values of H%
and WD, and like the other 2 clones, the data were concentrated in one
region of the line.

In clone A1, only site 2 had a significantly different Huber value
(Fig. 8). Site 2 is among the sites with the lowest water deficit and
highest growth, and this high Hubbe value strengthens the clone's
ability to carry water to the leaves at that site. In other sites the hubbe
value showed little variation, although some clones stand out in
heartwood growth and production. Similar sites in climate, growth and
heartwood production, such as sites 2 and 10, showed very different
Huber values, indicating that the reduction in leaf area was used as a
control factor to maintain growth characteristics.

Clone C3 presented statistically different huber value only at site 4.
It presented in some sites similar growth to A1, despite 33% lower leaf
area indice (Binkley et al., 2017). Though, in this case, it was a drier
site, site 4, which presented a higher conductance capacity. Clone Q8
showed the smallest Huber value variations. Reinforcing the im-
portance of the coordination among water supply, leaf area, sapwood
area and leaf sweating in each clone.

Fig. 3. Disc of DBH position (diameter at breast height), polished with 50 and 80 grain sanding discs for heartwood delimitation in E. urophylla wood at the 12
studied sites. a) The discs belong to the cut trees of the largest diameter class (class 7) and were represented on the same scale. The dotted rectangles represent the
groups formed by the cluster according to environmental and growth conditions. b) The images of the wet disc were used in delimiting and calculating the heartwood
percentage.
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4. Discussion

In addition to the influence of global macroclimatic factors on the
cambium activity of trees in the southeastern region of Brazil (Venegas-
González et al., 2016, 2018), mesoscale climatic effects such as altitude
and continentality cause changes in the net distribution of the radiation
balance, water evaporation and storage of sensitive heat inside forests
(Reis de Jesus, 2008), in order to separate geographically close sites in
different climatic groups.

Water availability is probably one of the major constraints to the
growth of eucalyptus plantations, since it substantially affects the effi-
ciency of resource use, as well as biomass allocation (Stape et al.,
2004a). Separating the sites into 5 groups expresses the climatic dif-
ferences between them and was determinant for the diversity of clone

responses in heartwood production and wood density.
Among sites ETA presented higher coefficient of variation than ETP,

what indicates that the differences in ETA between sites are largely
related to the rainfall regime and the ability of each site to make water
available to trees or water use efficiency (Stape et al., 2004a). This
relationship is observed in sites 19 and 29, in which the high average
temperatures reached probably induce stomatal closure under limited
air humidity, despite the water availability in the soil, promoting a
decrease in tree growth (Campoe et al., 2016; Gonçalves et al., 2017).

WUE showed its highest correlation with T (−0.66), and weak
correlations with P and W, suggesting that the production of this clone
was more strongly associated with stomatal opening maintenance ca-
pacity than with water supply. From the ecological point of view, these
results are positive since the amount of water used by eucalypts plan-
tations is a relevant issue worldwide (Binkley et al., 2004; Stape et al.,
2004b).

Wood from sites with higher W, which are more humid, generally
presented greater color contrast between the heartwood and sapwood
(Sites 33, 10 and 2, Fig. 3a), facilitating differentiation of the regions.
As secondary components, extracts are more easily altered as a function
of environmental conditions (de Morais et al., 2005; Morais and
Pereira, 2012), with the quality and quantity of extracts related to wood
color (Gominho et al., 2001; Zanuncio et al., 2015). The chemical
composition of heartwood and sapwood wood mainly differ in relation
to the extracts (Cherelli et al., 2018), and heartwood formation process
is the main cause of qualitative and quantitative variations in these
components (Pereira et al., 2003).

The higher water availability promoted an increase in the heart-
wood proportion in Eucalyptus urophylla wood, associated to the higher
tree growth. Although the plantations were the same age, the sites
varied significantly in relation to the amount of heartwood produced
(30–68%), with H% establishing a high and positive correlation with
MAI (r2: 0.84). The tree belonging to the smaller diameter class at the
site with the lowest MAI (MAI: 22.5 m3 ha−1 year−1), 29 – Urbano
Santos, did not present heartwood, suggesting that wood begins to
produce heartwood not at a certain age, but when it reaches a certain
diameter.

Eucalyptus globulus plantations in Portugal showed a positive cor-
relation between heartwood content and growth (Gominho and Pereira,
2005). In Eucalyptus globulus wood, a strong environmental effect was
found related to the production of heartwood, with the site that pro-
vided a faster growth rate presenting more heartwood (Miranda et al.,
2007). In Pinus canariensis, 51–73% of heartwood variation was ex-
plained by age and initial growth. Models with fixed age and initial
growth predicted a broader heartwood in a drier climate than in humid
climates and with high altitude (Climent et al., 2002).

In this study, discs with similar diameters but belonging to different
sites maintained the tendency of sites with lower W having lower H%;
results which confirm the climate as an essential factor in heartwood
development directly and indirectly by the influence in the growth rate.

Heartwood formation can be considered as a response to a hydraulic
stimulus, which develops to maintain a constant and optimal propor-
tion of functional sapwood in the tree trunk (Hacke, 2015). The amount
of sapwood transformed into heartwood is a process which is internally
regulated by the tree, being this proportion an important criterion for
survival in a species subjected to severe drought for long periods
(Berthier et al., 2001).

The mechanism of heartwood production as control of sapwood
amount meets the heartwood formation pattern in the sites under study,
with drier and lower yielding sites presenting lower heartwood pro-
duction. In Portugal, growing environments with lower rainfall pre-
sented an increase in the heartwood/sapwood ratio for Eucalyptus glo-
bulus trees (Morais and Pereira, 2012). The inverse tendency observed
in the results of this study may be associated with the need for a larger
sapwood area as an adaptation mechanism which increases the stem
conductance capacity, since the conducting vessels present a smaller

Fig. 4. Variation of total area and heartwood percentage in the discs. a)
Heartwood percentage variation between trees of 7 classes at the same site. The
dotted rectangles represent the groups formed in the cluster and the points on
red discs with similar total areas. b) Variation between discs belonging to the
same diameter class at different sites. c) Variation between discs of similar total
areas, represented in red in (a). CV: coefficient of variation. H%: heartwood
percentage. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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diameter, controlling the cavitation, but consequently have lower ca-
pacity for water flow (Lens et al., 2013). In addition, more humid sites
also showed higher growth, so that the increase in diameter enables
continuous formation of heartwood, with the increase in the total wood
volume and constancy in the sapwood volume.

In the equation selected for H% estimation, although the MAI pre-
sented greater weight in the prediction power, the presence of P shows
that the climate also interferes in heartwood formation, despite the
strong influence of tree growth rate. Simple allometric relationships
with inventory data and evapotranspiration were satisfactory for esti-
mating the sapwood area index in E. regnans forests in Australia
(Benyon et al., 2017). The MAI usually presents strong correlations with
meteorological variables; however, this variable is also influenced by
genetic factors, age and silvicultural treatments, and can aggregate the
weight of these other factors when used in the equation.

The MAI is directly related to DBH growth, which in turn presents
positive and negative correlations with wood density (Gallo et al.,
2018). Conditions with high water availability generally stimulate
growth, which may promote a decrease in wood density (Poorter, 2009;
Tei et al., 2017). However, increases in water availability promote in-
creases in density in situations of ideal phenotypic expression, which
means the species found under ideal growth conditions and density
values (Tan et al., 2018).

Lower heartwood densities than Eucalyptus urophylla sapwood at age
6 are probably associated with the early years of tree growth, with the
results evidencing a greater influence of initial growth of trees on
density than the climate in this period. The sites with the lowest den-
sities, 19 - Peixe and 29 - Urbano Santos, were the only ones that

Fig. 5. (a) Heartwood percentage, (b) wood density (WD), (c) heartwood density (HD) and (d) sapwood density (HS) of Eucalyptus urophylla at 6 years of age. The
colors of the bars correspond to groups of the same mean for the Scott Knott test (α = 5%), being equal colors and statistically similar.

Fig. 6. Pearson correlation matrix between the meteorological variables of sites
and the heartwood percentage (H%) and wood density (WD) of Eucalyptus ur-
ophylla. Where: T: temperature; P: precipitation, SWD: soil water deficit, W:
water use index, WUE: water use efficiency, MAI: mean annual increment.
Correlations with * are significant by the Pearson test (α = 5%).
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presented average temperatures above 25 °C. In eucalypts seedlings,
density values were only altered at temperatures between 25 and 30 °C
(Thomas et al., 2007), and more adverse conditions are required to
promote changes in tree carbon allocation for significant variations in
density.

In a single variable, WUE brings together factors with great influ-
ence on wood density, such as growth and changes in water balance.
This contributes to the fact that its equation has a high predictive
power, while the use of meteorological variables in an additive form in
the linear model generated equations with non-significant coefficients
and lower r2aj values.

Thus, in spite of a relationship confirmed with climate, density
presents variable behavior and depends on several factors related to soil
and tree phenotype, in addition to being a property with high

inheritability (Henriques et al., 2017). A greater understanding of this
property can be obtained with point studies and relating analyzes with
direct reflections on density, such as the wood anatomy.

In TECHS experiments, clones growth varied strongly in respon-
siveness to differences in climate across sites (Binkley et al., 2017). The
use of the equation obtained for clone A1 in the other clones confirmed
this response variability also for wood properties. Clones A1, C3 and Q8
are considered plastic based on the expected suitability for a wide range
of environmental conditions, and have a more similar behavior, dif-
ferent from clones G7 and H8, considered tropical.

Humid environments are expected to have a lower Huber value,
associated with a potential increase in total leaf hydraulic conductance
due to the presence of more leaves linked to the active xylem (Gotsch
et al., 2010), however, no relationship was observed between the Huber

Table 2
Linear regression equations and accuracy statistics of the prediction of heartwood percentage (H%) and wood density (WD) of Eucalyptus urophylla at 6 years as a
function of climatic variables and growth in 12 sites in Brazil.

Percentage of heartwood = + ∗ + ∗P MAIEquation:H% 2.3929 0.0181 0.4417
r2aj: 0.79
RMSE: 9.57%:
Coefficients

Estimate Betas Std. Error t value Pr (> | t |)
Intercept 2.392937 7.942175 0.301 0.77003
P 0.018111 41% 0.006963 2.601 0.02869*
MAI 0.441675 59% 0.116960 3.776 0.00437*

Wood density = + ∗ WUEEquation:WD 0.4691 0.0349
r2aj: 0.53
RMSE: 4.29%
Coefficients:

Estimate Betas Std. Error t value Pr (> | t |)
Intercept 0.469178 0.029738 15.777 2.15e−08*
WUE 0.034935 100% 0.009535 3.664 0.00436*

In which: H%: heartwood percentage, WD: wood density, WUE: water use efficiency; P: precipitation, MAI: mean annual increment, r2aj: adjusted determination
coefficient, RMSE: root mean square error. * significant at 1% probability.

Fig. 7. Graphs of the relationship among observed and estimated values used to predict heartwood percentage (H%) and wood density (WD) of clones C3, Q8, G7 and
H8.
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value and climatic conditions. An opposite behavior was observed at
site 2, which presented the highest Huber values associated with low
leaf biomass. Wet sites are usually related to higher leaf yield
(Zolfaghar et al., 2015), however, site 2, besides be a wet site, showed
high growth, which may have led to competition between trees earlier,
and consequent reduction of the crown.

High Huber value is related to the lower investment in leaf biomass
relative to the sapwood area and is usually obtained in drier places. In
these places the trees have a homeostatic mechanism that can attenuate
the increase of the hydraulic resistance of the tree, thus minimizing the
water potential gradient required to obtain soil water (Mencuccini,
2003).

The results indicate that a shift to slightly warmer or drier sites
might lead beyond changes in growth, heartwood formation and wood
density. MAI is more influenced by climate than WD, so it is expected
when comparing clones, the larger error of the H% equation compared
to WD, once the strong influence of MAI on heartwood formation is
known. The availability of genotypes in future breeding programs is
important in an attempt to maintain this balance among clones and
suitable sites, as the sensitivity of intensively managed eucalyptus
plantations to temperature and precipitation changes with the clone
grown.

The possibility of modeling heartwood amount and wood density
based on variables derived from climatic and dendrometric factors
provides forest managers with a non-invasive method of obtaining
quality attributes of wood (Wood et al., 2016). Our results can provide
tree breeders with tools for phenotypic characterization in their
breeding programs, while also helping to select sites for experimenta-
tion. While this approach may be effective in elucidating fluctuations in
these variables, their application is limited. Several factors aside from
the environmental and climatic conditions interact in influencing the
growth and the wood formation in the trees (Zhang et al., 2014), and
accounting for the variation of all these factors requires a complex
modeling system.

5. Conclusion

In addition to the strong relationship between heartwood percen-
tage and growth, it was found that the climate also influences heart-
wood formation. The heartwood percentage in Eucalyptus urophylla
trees at 6 years ranged from 30 to 68%, increasing with latitudinal
gradient, precipitation and water use index. The variability found
suggests the inclusion of heartwood content of this species in its man-
agement and breeding programs. The heartwood percentage linearly
correlated with precipitation and MAI, with it being possible to esti-
mate H% using these two variables. H% was shown to be more corre-
lated with climate than density, with an equation using more predictive
power and a variation pattern along the easiest climate gradient to be
identified. The obtained results reinforce the importance to evaluate
options of plantations in regions with lower growth, but which main-
tain density and heartwood percentage, and to make these choices
being based on wood demand and its final destination. Factors influ-
encing SA:LA ratio behavior are complex and knowing their effects on
water transport requires considering components within the same tree
and habitat, including resource availability. Linking the climate with H
% and WD can help assess the overall impact of climate change in the
future or related to planting sites on wood quality.
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