
Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier.com/locate/foreco

Influence of stand density on growth and water use efficiency in Eucalyptus
clones

Rodrigo Eiji Hakamadaa,⁎, Robert M. Hubbardb, Gabriela Gonçalves Moreirac, Jose Luiz Staped,
Otavio Campoee, Silvio Frosini de Barros Ferrazc

a Department of Forest Science, Federal Rural University of Pernambuco, Recife, PE 51.020-240, Brazil
bUSDA Forest Service, Rocky Mountain Research Station, Fort Collins, CO 80526, United States
c Department of Forest Sciences, University of São Paulo, Piracicaba, SP 13.400-000, Brazil
dUNESP-FCA, Botucatu, SP CEP 18.610-300, Brazil
e Department of Forest Sciences, Federal University of Lavras, Lavras, MG 37200-000, Brazil

A R T I C L E I N F O

Keywords:
Transpiration
Water use efficiency
Planting density
Stocking
Clonal plantations

A B S T R A C T

We examined the influence of stand density and genotype on transpiration and water use efficiency in high
productivity plantations. Three widely planted Eucalyptus clones that differ in drought tolerance and pro-
ductivity (E. urophylla, E. urophylla × E. grandis and E. grandis × E. camaldulensis, clones IP, B2 and C3, re-
spectively) were measured at four densities (590, 1030, 1420, and 2950 trees ha−1). Over the 1-year study
period (1.5–2.5 years after planting), individual biomass increment decreased with increasing density, from
21 kg tree−1 at 590 trees ha−1 to 6 kg tree−1 at 2950 trees ha−1. Stand increment typically follows the reverse
pattern, increasing as density increases. This was the case for two clones (IP and B2), but stand increment was
consistent across tree spacings for C3. Transpiration increased with density, from a low of 622 mm yr−1 to a high
of 879 mm y−1. Some of the increased water use resulted from higher leaf area index at higher densities. The B2
clone transpired the most water on average, produced the greatest increment (23 Mg ha−1 yr−1 for 1030 trees
ha−1), and produced the most wood L−1 transpiration (water use efficiency, 2.3 g biomass L−1). The clone C3
had the lowest increment (only 12 Mg ha−1 yr−1) because of the combination of low transpiration and low
water use efficiency (only 1.5 g biomass L−1). Optimizing clone selection and silviculture for the combination of
high yield and high water use efficiency may help reduce risks from drought as well as water conservation.

1. Introduction

High productivity plantations account for about one-third of the
global non-fuelwood supply, and the importance of plantations will
increase as global wood demand rises to 9000 million m3 yr−1 by 2050
(INDUFOR, 2012). The productivity of Eucalyptus plantations in Brazil
increased about 4-fold over the past 50 years (Binkley et al., 2017),
with a current average of 41 m3 ha−1 yr−1 (ABRAF, 2013). As pro-
ductivity increases, there is a need to understand how gains in wood
production influence other resources, particularly water.

Water loss through transpiration is an inevitable consequence of
photosynthetic carbon gain, and transpiration rates are typically greater
in high productivity forests (Stape et al., 2004). Many studies have
focused on the influence of superior genotypes and silvicultural prac-
tices on increased productivity and water use efficiency (Myers et al.,
1996; Li, 2000; Albaugh et al., 2013; Otto et al., 2014) but the

consequences of genotypic selection and silviculture on plantation
water use remain largely unexplored. Water availability is typically the
main limiting growth factor for operational Eucalyptus plantations in
Brazil (Ryan et al., 2010; Stape et al., 2010), so better insights into
water use and water use efficiency should be valuable.

Silvicultural practices that increase forest growth typically increase
the efficiency of water use (Hubbard et al., 2010; Battie-Laclau et al.,
2016). For example, fertilization increases light interception, photo-
synthesis, and partitioning of photosynthates to stemwood growth, with
growth increases typically exceeding any increase in water use
(Whitehead and Beadle, 2004). The overall effect on stand growth and
ecosystem water balances depends on the relative sizes of increases in
water use and water use efficiency, with implications for whole-
catchment water budgets (Falkenmark and Rockstrom, 2006). Severe
drought events in Brazil have become more frequent in recent years and
have significantly increased the dry season in some regions (Booth,
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2013), so water consumption, drought tolerance, and water use effi-
ciency have become increasingly important in silviculture (Vanclay,
2009; Ferraz et al., 2013; White et al., 2009).

We evaluated the effect of planting density of three clonal
Eucalyptus genotypes that differ in drought sensitivity. We examined
how difference in biomass increment developed from the interactions of
clonal differences in water use and water use efficiency. From a prac-
tical point of view, we hope this work can identify interactions between
genotypes and planting densities that may result in a reduction of water
use without significantly impacting timber production.

2. Methods

2.1. Site description

The field experimental trees were planted in February 2012 near the
city of Mogi Guacu (22°20′58″S, 46°58′16″W) in the northeast region of
the state of São Paulo, Brazil. The site is part of the TECHS experimental
network (Tolerance of Clonal Eucalyptus to Hydric and Thermal Stress;
http://www.ipef.br/techs). A detailed description of the TECHS project
can be found in Binkley et al. (2017), as well as other papers in this
special issue.

The local climate is humid mesothermal (Cwa) according to the
Köppen classification (Alvares et al., 2013). Elevation is 660 m with a
mean annual temperature of 22 °C, with a minimum and maximum of
16 and 30 °C, and average mean annual precipitation of 1200 mm
(Binkley et al., this issue). A prolonged dry period is important, with the
6-month period of April through September receiving only 20% of an-
nual rain. At a regional scale, potential evapotranspiration exceeds
rainfall by about 50 mm (Thornthwaite-Mather water balance model).
The soil in the experimental area is a very deep (> 5 m) homogeneous
Oxisol, with 38% clay in the 0–30 cm layer and a water storage capacity
of 150 mm (Demattê, 2000). The area has been planted with Eucalyptus
for about 50 years, and the previous 7-year rotation harvested in July
2011 had a mean annual increment of 55 m3 ha−1 yr−1.

We investigated growth, water use, and water use efficiency from 18
to 30 months after planting, near the time of peak growth in the rota-
tion. The mean temperature for this period matched the long-term
average of 22 °C, but rainfall (883 mm) was only 75% of average. The
water deficit for the year was about 224 mm. The earlier months of the
period were also below average in rainfall (Fig. 1), with total rainfall
from planting through 30 months falling about 20% below the long-
term average.

2.2. Experimental design

We examined three widely planted clonal genotypes that differ in
drought E. urophylla × grandis (clone B2, low drought tolerance; E.
urophylla (clone IP, moderate drought tolerance), and E. grandis × E.
camaldulensis (clone C3, high drought tolerance, Eldridge et al., 1993;
Gonçalves et al., 2013). We used a systematic plot design similar to
Neldeŕs proposal (1962) in which tree spacing is constant within rows,
but increased sequentially (Fig. 2). The spacing within rows was a
constant 3.0 m, and between rows ranged from (from 0.25 m to 7.15 m,
or ~13,000 trees ha−1 to ~450 trees ha−1). We selected four densities,
with row spacings of 1.1 m, 2.3 m, 3.2 m, and 5.6 m (2950, 1420, 1030
and 590 trees ha−1, (Fig. 2). The selected range corresponds to the most
commonly used planting densities for Eucalyptus plantations in Brazil
(Gonçalves et al., 2013). Timber production for saw timber typically
employs lower densities (< 600 plants ha−1), with densities from 1000
to 1500 trees ha−1 for pulp and charcoal production, with den-
sities> 2000 trees ha−1 for bioenergy production.

The unit of observation was the individual tree, with eight replicate
trees for each clone × density treatment combination (96 measurement
trees; 3 clones × 8 trees × 4 planting densities). One plot was planted
for each clone and the area occupied by the three genotypes was
0.55 ha.

The soil was prepared using a minimum cultivation system
(Gonçalves et al., 2013), with 60-cm deep subsoiling every three meters
along rows. Nutritional limitations were eliminated by supplementing
with 70 kg N ha−1, 110 kg P ha−1, and 160 kg K ha−1. Micronutrients
were applied as fritted trace elements. The area was kept completely
free of pests, diseases (visually), and weed competition from the time
the seedlings were planted. Ants were treated with ant bait consisting of
0.3% sulfluramide. Weeds were completely controlled with glyphosate
herbicide at a dose of 2.88 kg active ingredient ha−1. We guaranteed
survival of 100% of the plantation by replanting less than 1% of the
seedlings up to 30 days after the initial planting, in order to avoid ar-
tifacts in the regression analyses (Oda et al., 2008).

2.3. Measurements

2.3.1. Growth rate
We quantified stem growth rate with measurements every three

months, from August 2013 to July 2014, of height and diameter at
breast height (DBH) measured 1.3 m above ground level. We measured
eight trees per planting density per clone. Based on the DBH and total
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height values, we estimated the individual volume of each tree using
the Schumacher and Hall (1933) model (Eq. (1)).

=
− − + ∗ + ∗ExpIndividual volume (m tree ) DAP H3 1 10.083 1.908 ln( 1.031 ln( ) (1)

Individual biomass was calculated by multiplying the volume by the
basic density obtained in an adjacent site planted with an identical
design to allow destructive samplings of eight trees per clone (un-
published data). The tree-level biomass estimates (t tree−1) were used
to estimate total stand biomass per hectare (t ha−1) based on ground
area available per tree.

2.3.2. Transpiration and water use efficiency
Transpiration was measured using 2-cm thermal dissipation sapflow

probes (Granier, 1987). Sapflow density was calculated using a Eu-
calyptus specific calibration equation (Hubbard et al., 2010). Sapwood
area was estimated using allometric equations based on diameter at
breast height from 18 harvested trees from the adjacent site with
identical planting densities. Thin (1–1.5 cm) disks were cut at breast
height and conducting sapwood area was estimated visually by mea-
suring four equally opposed radii of the obvious translucent portion of
the disk and calculating area as an ellipse. Sapwood area in relation to
DBH was estimated by power models for each clone (sap-
wood = a + bDBH, R2 > 0.78). Sapwood thickness ranged from 1.9 to
2.1 cm so we assumed the measured sap velocity by the probes was
representative of the entire sapwood conducting area. Individual tran-
spiration (L tree−1) was estimated as the product of sapflow density and
sapwood area. Data were collected every 15 s, and the average was
recorded every 15 min via a multiplexer coupled to a data logger
(CR1000 and AM 16/32, Campbell Scientific, Inc., Logan, UT). To
minimize the variance in sap velocity associated with circumference,
we initially positioned probes randomly at each cardinal position
(north, south, east, and west), and moved the sensors 90° clockwise
every three months (Grime and Sinclair, 1999). Styrofoam and foil
backed insulation were used to minimize the influence thermal gra-
dients and solar radiation at the measurement point and plastic bags
were placed around the insulation to protect probes against moisture
and stemflow (Fig. 2). Total stand transpiration (mm ha−1) was esti-
mated from the eight individual transpiration values obtained per plot.
Seasonal water use efficiency (dry period considered the sum of August
to October 2013 and May to August 2014-33% of yearly rainfall - and
wet period from November to April 2014–66% of yearly rainfall) (WUE,
g biomass L−1 transpired H2O) was calculated as the ratio between the
increases in wood biomass and transpiration.

2.3.3. Leaf area index
Light (photosynthetically active radiation, PAR) interception was

measured with an LP-80 ceptometer (Decagon Devices Inc., Pullman,
WA, USA) at plantation ages of 18, 22, 25, and 30 months. We con-
ducted two transects per spacing, with 16 measurement locations per
transect. For each plot, we also took a measurement outside the canopy
during the measurement period. Measurements were taken from 11:30
to 13:00 on cloudless days with no wind interference that influence our
measurements (Breda, 2003). PAR readings inside and outside the ca-
nopy were averaged individually, and Beer’s law was used to estimate
LAI, assuming a coefficient of light extinction (K) of 0.5, which has been
widely used in tropical Eucalyptus plantations (Almeida et al., 2004;
Mattos et al., this issue).

2.3.4. Statistical analysis
Data were analyzed using linear and nonlinear regressions, with

planting density as the independent variable and dependent variables of
leaf area index, tree biomass, individual transpiration, extrapolated
stand biomass, stand transpiration and efficiency of water use. We used
CurveExpert version 2.6 (http://www.curveexpert.net/) to find the best
fit based on the minimal Akaike Information Criterion (AIC) value and
higher coefficient of determination (r2). We also used non-linear re-
gression to calculate sapwood area relative to the diameter at breast
height (DBH) for each clone. Significance was assessed at α = 0.05. We
performed homogeneity of variance and normality tests for all regres-
sions to verify that the data had equal variance and were normally
distributed. Analysis of variance followed by Tukeýs test was performed
to compare stand biomass increment, transpiration, and water use ef-
ficiency between the three clones at the 1420 trees ha−1 planting
density. Data were analyzed using Sigma Plot software (Systat
Software, San Jose, CA, USA).

3. Results

3.1. Leaf area index

Leaf area index (LAI) varied among clones but increased with
planting density for all clones (Fig. 3). The clone C3 had the lowest LAI,
which is characteristic of the E. camaldulensis species. Clones B2 and IP
had higher values, ranging from about 2.5 in the lowest density plots to
4.5 in the highest.

Fig. 2. Schematic sketch of one clone density plot with seven rows and 27 plants per row. In each spacing evaluated (3.4, 7.0, 9.7 and 16.9 m2 tree−1), we measured
eight trees. Sapflow was estimated with Granier-type heat probes insulated with reflective foil.
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3.2. Individual biomass and transpiration

The biomass of individual trees declined with density for all three
clones (Fig. 4A) for all three clones. The average increment of trees for
the three clones at the lowest density (590 trees ha−1) was 21 kg tree−1

(ranging from 19 to 23 kg tree−1) compared with only 6 kg tree−1

(from 4 to 8 kg tree−1) at the highest density (2950 trees ha−1). In-
dividual transpiration followed the same trend with trees at the lowest
density transpiring 29 L tree−1 day−1 (ranging from 26 to 31 L tree−1

day−1) and those at the highest density only 8 L tree−1 day−1 (from 7.6
to 10.0 L tree−1 day−1) (Fig. 4B).

3.3. Stand increment, transpiration, and water use efficiency during the dry
and rainy seasons

Planting density affected both growth and transpiration and had
mixed effects across clones and seasons. Stand biomass (scaled from
individual tree measurements) increased with increasing planting
density for the B2 and IP clones in both the dry and wet seasons as well
as for the full year of evaluation. In contrast, stand biomass of the clone

C3 did not show a significant increase during the study period (Fig. 5A,
B, C). Stand transpiration remained stable for all planting densities and
clones (Fig. 5D) in the dry season. However, during the rainy season
and over the entire year, transpiration increased with increasing plant
density (Fig. 5E, F). Mean transpiration in the 590 trees ha−1 treatment
(averaged over all three clones) was 622 mm (ranging from 567 to
656 mm), which was 40% lower than that exhibited by the 2950 trees
ha−1 treatment (879 mm, varying from 785 to 1047 mm). The greatest
difference between clones occurred in the densest treatment: the clone
IP had a transpiration rate of 785 mm, 25% lower than that of B2
(1047 mm) (Fig. 5F). Planting density did not affect the WUE of IP or B2
(Fig. 5G-I), whereas the clone C3 had a slight reduction in WUE at high
planting densities, albeit only during the rainy season.

4. Discussion

There was a significant interaction between the clones and density
on biomass, transpiration and water use efficiency. Stand biomass and
transpiration increased proportionally with planting density for two of
the three clones, giving constant water use efficiency for two clones.
The drought tolerant clone C3 showed no increase in stand increment
with density, and showed a slight decline in water use efficiency with
increasing density only during the rainy season. Because water use ef-
ficiency differed between clones at each planting density, there may be
opportunities to select clonal material and silvicultural treatments that
maximize productivity while minimizing stand water use.

There was a decrease in individual biomass increment and an in-
crease in stand biomass increment with increasing density, as com-
monly found in spacing trials (Schönau and Coetzee, 1989; Stape and
Binkley, 2010; Forrester et al., 2013). The increment in light capture
resulting from increased LAI partially explains the greater increase in
stand biomass increment that occurred in denser treatments (Landsberg
and Waring, 1997). The increase in LAI was associated with an increase
in stand transpiration, but this pattern was not consistent across the
clones and densities. The transpiration rate of the C3 clone was 8%
higher than that of the IP clone, but the C3 clone’s LAI was 78% lower
(Fig. 3). Nogueira (2014) analyzed the anatomical characteristics of 16
genotypes of Eucalyptus and found that the clone C3 had the highest
stomatal area, with stomata occurring on both adaxial and abaxial
surfaces. This characteristic may explain C3′s higher transpiration rate
and lower LAI.

Planted forests with a focus on stand wood biomass have been
managed in rotations of 5–10 years without thinning, especially in re-
gions of high production potential (Gonçalves et al., 2008). Most stu-
dies that have examined density effects on transpiration have used
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Table 1
Parameters and fitting statistics for leaf area index, individual biomass increment and individual transpiration models for clones E. grandis × E. urophylla (B2), E.
grandis × E. camaldulensis (C3) and E. urophylla (IP).

Clone Model Parameter Fitting statistics

b0 b1 b2 b3 R2 P-value AIC

B2
= − ∗

− ∗LAI b b exp0 ( 1 b Stocking b( 2 ) 3 4.59 43.9 −0.00081 −0.93 0.64 <0.0001 −54

= ∗Individual biomass increment b exp0
b

Stocking
1 0.0065 684.6 0.91 <0.0001 −396

=
+ ∗

Individual transpiration
b b ln Stocking

1
0 1 ( )

−0.198 0.0371 0.90 <0.0001 112

C3
=

∗

+
LAI b stocking

b stocking
0
1

4.008 1384 0.55 <0.0001 −65

= ∗Individual biomass increment b stocking0 b1 15.90 −1.057 0.84 <0.0001 −386

= ∗Individual transpiration b stocking0 b1 8203 −0.877 0.87 <0.0001 88

IP = ∗LAI b stocking0 b1 0.59 0.367 0.41 <0.0001 −2

= ∗Individual biomass increment b exp0
b

Stocking
1 0.0048 915.2 0.86 <0.0001 −387

= ∗Individual transpiration b stocking0 b1 1375 −0.964 0.87 <0.0001 79

AIC: Akaike Information Criterion.
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density levels generated by thinning rather than planting (Stoneman
et al., 1996; Lesch and Scott, 1997; Forrester et al., 2012). Importantly,
controlling planting density by thinning may have a different effect
than when density is defined during planting (Whitehead et al., 1984).
In a study evaluating the effect of planting density on water con-
sumption in seed origin Eucalyptus tereticornis, Kallarackal and Somen,
1997) obtained transpiration results similar to ours, with a 45% de-
crease in transpiration observed when planting density was reduced
from 1800 to 1090 plants ha−1.

Differences in water use efficiency were very important between
clones, but not for density. White et al. (2014) showed similar results
where WUE did not change when an E. globulus plantation grown from
seed was thinned from 1200 to 300 stems ha−1. Using the clone C3 at
1420 plants ha−1 as a reference (a common density for Eucalyptus
plantations, Gonçalves et al., 2013), there are significant differences
between clones regarding biomass increment, transpiration, and WUE
(Fig. 6). Relative to C3, the B2 clone had 45% more biomass increment
and 61% higher water use efficiency (Fig. 6A, C) but no increase in
transpiration (Fig. 6B). On the other hand, the clone IP did not show an
increase in biomass (Fig. 6D) but had a 16% lower transpiration rate
(Fig. 6E), thereby increasing WUE by 44% (Fig. 6F).

Why did the most drought tolerant clone present the lowest WUE?
Hybrid genotypes may have characteristics of the species that gave rise
to the material (Zobel et al., 1987). Therefore, it is possible that
drought-tolerant plants have high water consumption at the same time,
characteristics that can be inherited from different species. In the pre-
sent case, clone C3, which has a high tolerance to drought, probably
acquired from the species E. camaldulensis, also had a high transpira-
tion, probably originated from the crossing with E. grandis. Many stu-
dies can be explained by several characteristics studied for the same
material in Brazil. Clone C3 has a high total belowground carbon flux
(TBCF), allocating 47% of Gross Primary Production (GPP) to below-
ground, about 10% more than clone B2 at the same site (Campoe et al.,
this issue). Genotypes with low LAI such as C3 tend to have higher root
area index to leaf area index ratio (Pinheiro et al., 2016), and normally
has a very deep fine root system compared to genotypes that are less
drought tolerant (Reis et al., 2006; Pinheiro et al., 2016). It helps to
confirm that C3 invests more carbon in roots, improving this strategy to
avoid drought negative effects. Hamer et al. (2016) showed eucalypt
species naturally from drier sites has a higher root to leaf area ratio, as
could be a strategy to support dry periods (Laclau et al., 2013; Christina
et al., 2018). The C3 clone is also amphistomatous (stomata on adaxial
and abaxial leaf surfaces) (Otto et al., 2017) which could lead to greater

transpiration rates per leaf area.
As population pressures increase and climate change driven extreme

drought events become more frequent, there is a critical need for a
more integrative approach to managing water resources that includes
participation of downstream stakeholders. Our data from the three
clones we measured illustrate the potential of clonal selection and as a
tool to manage water use within the plantation. For example, choosing
B2 in relation to the clone C3, would increase not only productivity, but
also WUE, while transpiration remains unchanged (Fig. 6). This
strategy could be indicated for areas without conflicts over water use.
Conversely, in areas with water use conflicts, managers might choose
the IP clone as opposed to C3. This choice leads to decreased tran-
spiration but maintains productivity by choosing a more water use ef-
ficient clone.

A potential limitation of our study is the lack of replication within
and across sites. Although we report results for only one site and one
year of assessment, the patterns of physiological responses of the three
clones followed similar trends. Therefore, we believe that trees planted
at different times and in different locations would exhibit trends similar
to those observed in the present study. The experimental site is uniform,
but small differences in the soil could have influenced the physiology of
the trees and there could be competitive influences from adjacent plots.
However, we expect that a fourfold difference in planting density would
have a greater impact on tree physiology than small variations in soil
properties or competitive influences. Furthermore, the patterns of in-
creased stand biomass and leaf area with increasing density were con-
sistent for multiple clones and across all of the TECHS sites. Given the
tight relationship between productivity and leaf area, we suggest our
results are likely applicable to other Eucalyptus plantations within
Brazil.

Increased timber production will always be the main objective of
forest plantation management. However, there is a growing societal
demand for plantations that utilize adaptive management to protect
and preserve downstream resources. This study suggests that there may
be alternatives to increase biomass increment that can occur con-
comitantly with water conservation values. We suggest that future
studies address clonal selection, planting density and water use effi-
ciency in regions with prolonged periods of drought in order to better
understand the effect of such conditions on water use by plantations
and downstream water delivery.

0

5

10

15

20

25

30

35

0 500 1000 1500 2000 2500 3000 3500

In
di

vi
du

al
 tr

an
sp

ira
tio

n 
(l 

tr
ee

-1
da

y-
1 )

Planting density (trees ha-1)

B2
C3
IP

B2
r²=0.90 

P<0.0001

IP
r²=0.87 

P<0.0001

C3
r²=0.87 

P<0.0001

(B)

0,000

0,005

0,010

0,015

0,020

0,025

0 500 1000 1500 2000 2500 3000 3500

tne
mercni

ssa
moiblaudividnI

(t 
tr

ee
 -1

yr
-1

)

Planting density (trees ha-1)

B2
r²=0.91 

P<0.0001

IP
r²=0.86 

P<0.0001

C3
r²=0.84 
P<0.0001

(A)
0.025

0.020

0.015

0.010

0.005

0.000

Fig. 4. (A) Individual biomass increment (t tree−1 yr−1) over 12 months (1.5–2.5 years after planting) and (B) average individual transpiration (L tree−1 day−1) as
affected by plant density for the B2, C3, and IP clones. Error bars represent standard error of the mean of eight trees. All models are presented in Table 1.

R.E. Hakamada, et al. Forest Ecology and Management 466 (2020) 118125

5



CRediT authorship contribution statement

Rodrigo Eiji Hakamada: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Resources,
Supervision, Writing - original draft, Writing - review & editing. Robert
M. Hubbard: Conceptualization, Investigation, Methodology,
Resources, Supervision, Writing - review & editing. Gabriela
Gonçalves Moreira: Data curation, Funding acquisition, Project ad-
ministration, Resources. Jose Luiz Stape: Conceptualization, Writing -
review & editing. Otavio Campoe: Funding acquisition, Writing - re-
view & editing. Silvio Frosini de Barros Ferraz: Supervision, Writing -
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We thank the staff of International Paper, particularly Luis Fernando
Silva, Adriano Almeida, Benedito Brandão, Ivan Balcão, and Gabriela
Pires. We thank Dan Binkley and the TECHS group (Tolerance of
Eucalyptus Clones to Hydric, Thermal and Biotic Stresses) for helpful
discussions and experimental design support. The project was possible
only through the coordination provided by Forestry Science and
Research Institute (IPEF, ipef.br/techs/en, Directors Luiz Ernesto
George Barrichelo and José Otávio Brito). TECHS was funded by the
following 26 companies: Anglo American (Andre Machado), Arauco
(Rodrigo Coutinho), Arborgen (Gabriela Bassa), ArcelorMittal
(Roosevelt Almado), Cenibra (Fernando Leite), CMPC (Elias

0

5

10

15

20

25

0 500 10001500200025003000350

B
io

m
as

s 
in

cr
em

en
t (

t h
a-

1)

Stocking (trees ha-1)

Full year

(C)

ns

B2
r²=0.68 
P<0.0001

IP
r²=0.27
P<0.002

0

5

10

15

20

25

0 500 1000 1500 2000 2500 3000 3500
B

io
m

as
s 

in
cr

em
en

t (
t h

a-
1)

Stocking (trees ha-1)

Wet season (Oct-Mar)

(B)

ns

B2
r²=0.57 

P<0.0001

IP
r²=0.24
P<0.005

0

5

10

15

20

25

0 500 100015002000250030003500

B
io

m
as

s 
in

cr
em

en
t (

t h
a-

1 )

Stocking (trees ha-1)

Dry season (Apr-Sep)

IP
r²=0.32
P<0.001

ns

B2
r²=0.66 

P<0.0001

(A)

0

200

400

600

800

1000

1200

0 500 10001500200025003000350
B

io
m

as
s 

in
cr

em
en

t (
t h

a-
1)

Stocking (trees ha-1)

(F)B2
r²=0.48
P<0.001

IP
r²=0.11
P<0.05

C3
r²=0.13
P<0.04

0

200

400

600

800

1000

1200

0 500 1000 1500 2000 2500 3000 3500

To
ta

l t
ra

ns
pi

ra
tio

n 
(m

m
)

Stocking (trees ha-1)

(E)

IP
r²=0.18
P<0.05

B2
r²=0.52

P<0.001

C3
r²=0.21
P<0.008

0

200

400

600

800

1000

1200

0 500 100015002000250030003500

Tr
an

sp
ira

tio
n 

(m
m

)

Stocking (trees ha-1)

(D)ns

0,00

1,00

2,00

3,00

4,00

0 1000 2000 3000

EU
A 

(g
 L

-1
)

Planting density (trees ha-1)

B2
C3
IP

(I)ns

ns
ns

ns

0

1

2

3

4

0 1000 2000 3000

W
U

E 
(g

 b
io

m
as

s 
kg

 H
2O

-1
)

Planting density (trees ha-1)

(H)

ns

ns

ns

C3
r2=0.35 
P<0.002

0

1

2

3

4

0 1000 2000 3000

W
U

E 
(g

 b
io

m
as

s 
L 

H
2O

-1
)

Planting density (trees ha-1)

(G)ns

Fig. 5. Increased planting density resulted in increased biomass (A, B, C) and transpiration (D, E, F); however, it did not affect water use efficiency (G, H, I),
regardless of whether the evaluation period was the full year (18 to 30 months after planting) or the dry or wet seasons. Error bars represent standard error of the
mean. ns: not significant. All models are presented in Table 2.

R.E. Hakamada, et al. Forest Ecology and Management 466 (2020) 118125

6



Araujo),Comigo (Ubirajara Oliveira), Copener (Jacyr Alves), Duratex
(Raul Chaves), Eldorado (Vinicius Silva), Fazenda Campo Bom
(Jacqueline Pirez), Fibria (Rodolfo Loos), Florestal Itaquari (Admir
Mora), Forestal Oriental (Ricardo Methol), Gerdau (Francisco Gomes),
GMR (Paulo Leite), International Paper (Cristiane Lemos), Jari (Katia
Silva), Klabin (James Stahl), Lwarcel (Marcela Capoani), Montes del

Plata (Alejandro Gonzalez), Plantar (David Fernandes), Rigesa (Ricardo
Paim), Suzano (Luiz Fabiano and Leandro de Siqueira), Vallourec
(Helder Andrade, in memoriam) and Veracel (Helton Lourenço).
Several universities and institutes also supported TECHS: University of
Sao Paulo, Sao Paulo State University, Federal University of Lavras,
Federal University of Rio Grande do Norte, Colorado State University,

Table 2
Models correlating wood growth (B), transpiration (T) and water use efficiency (WUE) and planting spacing (m2 tree−1) for hybrid clones of E. urophylla × E. grandis
(B2), E. grandis × E. camaldulensis (C3) and E. urophylla (IP).

Genotype Variable Season Model R2 E AIC

B2 B Dry
×274.72 27.25Spacing

1 0.67 110.3 301.1

Wet ÷ − ∗
− ∗e808.1 (1 79.3 )Spacing0.15 0.58 230.9 349.5

Total ÷ − ∗
− ∗e1, 127.5 (1 87.5 )Spacing0.16 0.69 289.5 364.0

T Dry – – – –
Wet ÷ − ∗

− ∗e306.2 (1 98.4 )Spacing0.16 0.52 145.1 319.8

Total ÷ − ∗
− ∗e519.9 (1 83.8 )Spacing0.149 0.49 200.3 340.4

WUE Dry – – – –
Wet – – – –
Total – – – –

C3 B Dry – – – –
Wet – – – –
Total – – – –

T Dry – – – –
Wet − × ln spacing594.4 82.3 ( ) 0.21 94.3 291.0
Total − × spacing810.8 10.13 0.11 148.4 320.0

WUE Dry – – – –
Wet + × spacing1.49 0.0477 0.34 0.34 −68.5
Total – – – –

IP B Dry
×275.28 13.02Spacing

1 0.33 145.0 319.0

Wet
×759.93 6.87Spacing

1 0.25 323.3 369.9

Total
×1, 028.5 8.32Spacing

1 0.29 460.8 392.0

T Dry – – – –
Wet
Total

WUE Dry – – – –
Wet – – – –
Total – – – –

E: Standard Error. AIC: Akaike Information Criterion. For all equations, degree of freedom = 30.
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