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The choice of planting density and tree genotype are basic decisions when establishing a forest stand. 
Understanding the interaction between planting density and genotype, and their relationship with biomass 
production and potential water stress, is crucial as forest managers are faced with a changing climate. However, 
few studies have investigated this relationship, especially in areas with highly productive forests. This study aimed 
to determine the interaction between biomass production and leaf water potential, as a surrogate of potential water 
stress, in different clonal Eucalyptus genotypes across a range of planting densities. Four clones (two clones 
of E. urophylla × E. grandis, one clone of E. urophylla, and one clone of E. grandis × E. camaldulensis) and four 
planting densities (ranging from 591 to 2 949 trees ha−1) were evaluated in an experimental stand in south-eastern 
Brazil. Biomass production was estimated 2.5 years after planting and predawn (ψpd) and midday (ψmd) leaf water 
potential were measured 2 and 2.5 years after planting, in February (wet season) and August (dry season) in 2014. 
For all clones, total stand stemwood biomass production increased and leaf water potential decreased with planting 
density, and their interaction was significant. Thus, wood biomass at tighter spacings was higher but exhibited 
lower leaf water potentials, resulting in a trade-off between productivity and potential water stress. These are 
preliminary findings and still need to be supported by more experimental evidence and repetitions. However, in 
light of the increased frequency of extreme climate events, silvicultural practices that are tailored to the potential 
productivity of each region and that result in low potential water stress should be considered. 
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Introduction
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Global demand for wood products could triple by 2050 
(WWF 2012). The reduction of natural forests, which are the 
main source of these resources, and the growing pressure 
for the conservation of these ecosystems underscore the 
importance of planted forests, which could supply up to 
50% of the global demand for wood by 2050 (WWF 2012).

Planted forests, especially those established with trees of 
the Eucalyptus genus, comprise a relatively large share of 
the world economy. In Brazil, Eucalyptus plantations supply 
35% of the current demand for wood, despite taking up only 
1% of the land area, and contribute approximately 4% of 
gross domestic product and 20% of exports (ABRAF 2013).

The high productivity of Eucalyptus is the main aspect 
associated with its competitiveness (Stape et al. 2010). 
This high productivity is a result of the adaptation of the 
genus to different climate conditions, significant advances 
in breeding technology, and improvement of silvicultural 
practices (Gonçalves et al. 2017).

The choice of planting density is one of the critical steps 
in the process of planning and implementing plantation 
forest operations. The choice of planting density among 
trees is based on several factors, including the site produc-
tivity, rotation length, management system and costs, 
susceptibility of trees to water stress, and the use and final 
value of timber (Nyland 2002).

The first planting density experiment with Eucalyptus 
in Brazil was conducted by Andrade (1961), who found 
that maximum profitability and wood growth grown 
as a pulpwood or energy regime were achieved at 
planting densities between 1 000 and 1 500 trees ha−1. 
Subsequently, several planting density trials have been 
planted in Brazil and around the world. These studies have 
focused on a number of issues, which include the effects of 
planting density on timber production (Balloni and Simões 
1980; Schönau and Coetzee 1989; Bernardo et al. 1998; 
Neilsen and Gerrand 1999), branch size and development 
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(Alcorn et al. 2007; Forrester et al. 2013), nutrition (Harrison 
et al. 2000), and light-use efficiency (Silva 2006; Stape and 
Binkley 2010).

However, substantial gaps in knowledge of the interaction 
between plant genotypes and planting density remain as 
a result of recent trends, such as: (1) increased frequency 
of extreme climate events (Allen et al. 2010; Booth 2013), 
exposing plantations to elevated stress levels, especially 
water stress; (2) increased demand for planted forests in 
areas under high water stress (FAO 2013), particularly 
in northern and north-eastern Brazil; (3) the emergence 
of new pests and diseases, which may interact strongly 
with water stress and affect plant survival (Gonçalves 
et al. 2013); (4) the need for adaptation of silvicultural 
practices that reduce water use by planted forests in light 
of increased pressure for adoption of more sustainable 
practices (Ferraz et al. 2013); and (5) the use of highly 
productive genotypes, which may affect the genotype × 
planting density interaction (Forrester et al. 2013). 

Experiments that investigate the interaction between 
genotypes, planting density and plant water stress are 
crucial to gain insights into these knowledge gaps. Bouvet 
(1997) conducted a large study evaluating the interaction 
between 40 eucalypt genotypes and three densities (625, 
1 111 and 2 500 trees ha−1). The results showed that at a 
juvenile age there was a significant interaction between 
genotype and spacing. Forrester et al. (2013) showed that 
for Eucalyptus globulus planted in contrasting climatic sites 
in Australia, the same trends of wood growth with changing 
spacing was observed in all sites. Thus, in this case, 
spacing does not interact with site quality for this species. 

The present study aimed to determine the interaction 
between biomass production and leaf water potential (as 
a surrogate for potential water stress by Scholander et al. 
1965) in different clonal Eucalyptus genotypes across a 
range of planting densities. We tested the hypothesis that 
higher total stand stemwood biomass production, regard-
less of tree genotype and stocking, are subjected to lower 
leaf water potential, resulting in a trade-off between plant 
productivity and potential water stress.

Materials and methods

Site description
The field experiment was set up in February 2014 in 
Mogi Guaçu, state of São Paulo, Brazil (22°20′58″ S, 
46°58′16″ W; 664 m above sea level). The experiment 
is part of the Clonal Eucalyptus Tolerance to Water and 
Thermal Stress network (TECHS; http://www.ipef.br/
techs/), which is an international collaborative research 
project involving 42 institutions (companies, universities 
and research centres) coordinated by the Brazilian Forestry 
Science and Research Institute (IPEF). The local climate is 
humid mesothermal (Cwa) according to the Köppen classi-
fication, with an average annual temperature of 22 °C and 
average annual precipitation of 1 200 mm, 81% of which is 
concentrated in summer (October to March). Water deficit 
in the region is 50 mm according to the Thornthwaite and 
Mather water balance model (Thornthwaite and Mather 
1955), based on a 150 mm soil water storage capacity 
(Demattê 2000). Precipitation for the 2.5-year duration of 

the study was 2 643 mm, 18% below the historical average, 
whereas the accumulated water deficit for the period was 
279 mm, 109% greater than the historical average.

The stand where the experiment was established has 
been cultivated with eucalypts for over 50 years and at the 
end of the previous rotation (age 7) had a mean annual 
increment of 55 m³ ha−1 y−1, which is a high-productivity 
value for Eucalyptus plantations on a worldwide level 
(Gonçalves et al. 2013).

Experimental design
We used a systematic design with continuous and sequen-
tial increases in tree spacing (Figure 1). This design is 
effective to evaluate different genotypes across a wide 
range of planting densities in a small area (Stape and 
Binkley 2010). In this study, plots contained 14 trees 
(eight trees per measurement plot). Between-row 
spacing was 3.0 m and within-planting-row spacing 
varied according to the desired planting density (1.1, 
2.3, 3.2 and 5.6 m), resulting in spacings of 3.4, 7.0, 9.7 
and 16.9 m² tree−1 (planting densities of 2 949, 1 424, 
1 028 and 591 trees ha−1) (Figure 1). The selected range 
corresponds to planting densities used in the log sawmilling 
industry (591 trees ha−1), pulpwood (1 000–1 500 trees ha−1) 
and for the use of wood biomass for energy production 
(2 949 trees ha−1) (Balloni and Simões 1980). Neighbouring 
trees are not spatially independent, but we think they 
provide a fair estimate of tree physiology because any 
interaction between trees is competitive, leading to 
increased (rather than decreased) variation in physiology, 
and also encompassing realistic competitive interactions 
that happen in operational plantations. Because of the 
lack of replication at the plot level, results presented here 
should be viewed as preliminary findings. Further studies 
and replications need to be done to support the tentative 
conclusions drawn from this paper.

Four clonal genotypes with different origins from 
different Eucalyptus species/hybrids were investigated 
(Table 1). In short, we evaluated four clones × eight trees 
per clone × four planting densities, totaling 128 trees. The 
four clones occupied a total area of 7 560 m². The site 
is very uniform, but slight differences in soils might have 
some influence on tree physiology. However, the four-fold 
range in spacing is likely a much stronger factor than any 
minor variation in soils.

Soil preparation consisted of subsoiling to 60 cm depth 
every 3 m of row spacing. Rates of fertilisation were tailored 
to remove nutritional limitations (Gonçalves et al. 2013). 
Fertiliser applications consisted of 70, 110, and 160 kg of 
N, P and K, respectively, applied at the planting date (all P, 
33% of N and K) and six and 12 months after planting (33% 
of N and K in each operation). The study plots were kept 
completely free of pests and diseases, and weed competition 
was suppressed since planting. Survival rates were 100% at 
all planting densities for both experimental and buffer trees 
not affecting the regression analyses (Oda et al. 2008).

Tree growth measurements
Growth rates were determined from tree height (H) and 
diameter at breast height (DBH, 1.3 m above the soil 
surface) measured 2.5 years after planting in August 2014. 
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Tree height and circumference at breast height (CBH) 
were measured using an electronic hypsometer and a tape 
measure, respectively. The CBH was later converted into 
DBH. Tree volume was estimated using DBH and H data 
in accordance with the model of Schumacher and Hall 
(1933) and converted into individual stemwood biomass by 
multiplying individual stemwood volume per basic density 
of each Eucalyptus clone. We harvested eight trees per 
clone in a nearby trial (<200 m) to determine wood density 
(R Hakamada unpublished data). Next, we used the 
individual stemwood tree as the unit of observation so that 
each of the eight tree-level biomass values was extrapo-
lated to total stand stemwood biomass per hectare. 

Measurements of leaf water potential
Leaf water potential (Ψ) measurements were conducted 
2.0 and 2.5 years after planting in February and August 
2014, representing the wet and dry seasons, respectively. 
Predawn Ψ (Ψpd) and midday Ψ (Ψmd) measurements were 
taken between 03:00 and 06:00, and between 11:00 and 
14:00, respectively, using a PMS1003 (PMS Instrument 
Co., Corvallis, OR, USA) Scholander-type pressure 
chamber (Scholander et al. 1965). Predawn measurements 

were used as a proxy for soil water potential and therefore 
soil water availability. Fully expanded and healthy leaves 
from the middle third of the canopy, chosen for Ψpd and Ψmd 
measurements, were selected. We collected two leaves 
per tree from four trees per planting density, totalling eight 
leaves per planting density in the four clones evaluated 
(total per sample: 2 leaves × 4 trees × 4 planting densities × 
4 clones = 128 leaves). The time between leaf excision and 
chamber pressurisation was <30 s.

Statistical analysis
Linear regression models were created using individual and 
total stand stemwood biomass and leaf water potential as 
independent variables and planting density as dependent 
variable (Figures 2 and 3). To compare the difference 
between genotypes, we used an identity test proposed 
by Leite and Oliveira (2006) that has been widely used 
to compare analytical methods in forestry. The unit of 
observation was the individual tree for this evaluation of 
tree physiology response to varying planting density. As 
a conservative measure, we also analysed the effect of 
planting density by pooling all eight trees at each spacing 
into a single average of biomass and Ψ, giving four 

Figure 1: Satellite image of the study site showing the distribution of the four Eucalyptus clones (left) and graphical representation 
of plant spacing and corresponding planting densities (right). Dotted rectangles represent planting densities of 591, 1 028, 1 424 and 
2 949 trees ha−1. The Google Earth® image was captured 12 months after planting

3.4 m2 tree−1 = 2949 trees ha−1

7.0 m2 tree−1 = 1424 trees ha−1

9.7 m2 tree−1 = 1028 trees ha−1

16.9 m2 tree−1 = 591 trees ha−1

Table 1: Species, clone, site of origin, climate characteristics for the sites, and water deficit for the four Eucalyptus clones evaluated 
in the study

Species Clone Origin (state) Mean annual
temperature (°C)

Mean annual
rainfall (mm)a

Mean annual
water deficit (mm)a

E. urophylla × E. grandis Urograndis Minas Gerais 22 1 200 0
E. urophylla Urophylla São Paulo 21 1 300 59
E. urophylla × E. grandis 2 Urograndis2 Minas Gerais 20 1 400 70
E. grandis × E. camaldulensis Grancam Bahia 24 1 450 165
a Source: Sentelhas et al. (1999)
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observations for testing the effect of planting density. The 
average trend would be the same in this analysis, but the 
reduction in degrees of freedom gives a far more conserva-
tive test of the effects of planting density than in our basic 
design that used each tree as a unit of observation. 

Our design has 100% of survival across all plots, all 
neighbouring trees with similar size in all plots, and the 
site and soil properties were very uniform. That is why we 
provide an estimated total stand stemwood biomass per 
hectare for each treatment on a secondary y-axis, in addition 
to the primary y-axis that shows the biomass per tree, which, 
strictly speaking, was the basic unit of experimentation.

To compare whether the models of the two clones were 
different, we used a test of identity as proposed by Leite 
and Oliveira (2006). A logarithmic regression was used to 
determine the correlation between total stand stemwood 
biomass 2.5 years after planting (dependent variable) and 
leaf water potential (independent variable) (Figure 4). All 
analyses were performed using SAS/STAT® 9.3 software 
(SAS Institute 2011).

Results

Biomass production
Individual tree stemwood biomass decreased with 
increased planting density in the four Eucalyptus clones 
evaluated. Mean individual tree stemwood biomass was 
52 kg tree−1 (range: 47–57 kg tree−1) at a planting density 
of 591 trees ha−1 and 17 kg tree−1 (range: 13–24 kg tree−1) 
at 2 949 trees ha−1 (Figure 2a). Conversely, total stand 
stemwood biomass (t ha−1) increased with increased 
planting density for each clone. Total stand stemwood 
biomass accumulation at the highest stand density was 
51 t ha−1 at 2.5 years after planting, 39% higher than at the 
lowest stand density (31 t ha−1) (Figure 2b).

The response of total stand stemwood biomass to 
planting density differed among the clones. A 127% 
increase in total stand stemwood biomass was observed in 
the Urograndis clone from the lowest to the highest planting 

density, and increases of 52% and 49% were observed in 
the Urophylla and Urograndis2 clones, respectively. The 
Grancam clone showed the weakest response to planting 
density, with only a 34% increase in total stand stemwood 
biomass between the 591 and 2 949 trees ha−1 densities.

Leaf water potential in relation to planting density and 
genotypes
Leaf water potential was measured in the wet (February) 
and dry (August) seasons. Wet season predawn leaf 
water potential (Ψpd) was not significantly affected by 
planting density and did not vary across clones (mean 
= −0.25 MPa, range: −0.21 to −0.31 MPa; Figure 3a). 
However, all clones showed a trend towards Ψmd reduction 
as planting density decreases (Figure 3b). Mean leaf Ψmd 
was −1.7 MPa at a planting density of 2 949 trees ha−1 
and −1.2 MPa at 591 trees ha−1. In addition, mean leaf 
Ψmd differed significantly across clones; the Grancam 
clone had the lowest mean Ψmd (−2.1 MPa), followed by 
Urograndis2, Urophylla and Urograndis clones (−1,6, −1.1 
and −0.9 MPa, respectively). 

Dry season predawn and midday leaf Ψ were negatively 
affected by planting density and varied across clones. Mean 
Ψpd for all clones was −1.7 MPa at the highest planting 
density, 28% lower than at the lowest planting density 
(−1.2 MPa) (Figure 3c), whereas mean Ψmd was −3.2 MPa 
at the highest planting density, 33% lower than at the lowest 
planting density (−2.2 MPa) (Figure 3d). The Urograndis 
clone had the lowest dry season leaf Ψ, followed by the 
Urophylla, Urograndis2 and Grancam clones. 

Relationship between total stand stemwood biomass 
and leaf water potential
Dry season predawn (Ψpd) and midday (Ψmd) leaf water 
potential correlated negatively with total stand stemwood 
biomass production 2.5 years after planting (R ² = 0.58, 
p < 0.001; Figure 4). This result was independent of genetic 
material, i.e. the higher the total stand stemwood biomass 
in each treatment, the lower the leaf water potential.

Figure 2: Relationship between individual (a) and total stand (b) stemwood biomass per clone in relation to planting density (trees ha−1). 
Error bars represent the standard error among trees (n = 8). All clones had the logarithmic regression adjusted between planting density 
and individual (p < 0.01, R ² > 0.79) and total stand stemwood biomass (p < 0.01, R ² > 0.22). Genotypes regressions were compared using 
identity test
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Discussion

In our study, we showed that biomass production and 
leaf water potential were affected by planting density and 
tree genotype; total stand stemwood biomass increased 
with planting density regardless of genotype. This result 
follows the typical pattern of spacing experiments with 

various genera such as Eucalyptus (Stape and Binkley 
2010; Forrester et al. 2013), Pinus (Blevins et al. 2005), 
and Populus (Toillon et al. 2013). However, in our study, 
biomass production rates varied among genotypes. Clones 
of species with high leaf area index (LAI), i.e. E. urophylla 
(Xavier et al. 2002), showed a greater increase in produc-
tivity with increasing planting density. Conversely, the 
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Grancam clone, which is a hybrid of E. camaldulensis 
(James and Bell 1995) and has a low LAI, showed a small 
increase in productivity with increasing planting density.

Clones with the greatest increase in total stand 
stemwood biomass also had the lowest leaf Ψpd and Ψmd. 
Interestingly, Ψ values followed the inverse of the water 
deficit of the region that the clones were selected for under 
field conditions (Table 1). The hybrid of E. camaldulensis 
and E. grandis, which was selected in a high water deficit 
region, had the highest least negative Ψpd and Ψmd readings. 
Conversely, Urograndis, which was selected in an area with 
minimal water deficits, had the lowest most negative Ψ value 
in the dry season. The lowest Ψmd observed in an individual 
measurement was −4.2 MPa for an Urograndis sample, 
which is an extremely low value for Eucalyptus (Whitehead 
and Beadle 2004). According to Arndt et al. (2014), rainfall 
at the site of origin in the natural habitat of the different 
Eucalyptus species has a direct effect on traits related to 
water stress tolerance, such as turgor loss point, a trait that 
has been used to try to identify the tolerance level of species 
to drought (Bartlett et al. 2014). Thus, the higher the rainfall 
at the site of origin, the lower the drought tolerance. Given 
that water supply is a key resource determining levels of 
plantation productivity (Stape et al. 2010), the study of Arndt 
et al. (2014) is consistent with the findings of our study, 
indicating that high-yielding genotypes are likely to deplete 
water resources faster than low-yielding genotypes, and 
therefore are more likely to suffer from drought.

Kallarackal and Somen (1997) investigated the effect 
of planting density on leaf water potential in Eucalyptus 
tereticornis and found that leaf Ψpd was twice as high at 
a stocking of ≈1 000 trees ha−1 than at 1 800 trees ha−1. 
Other studies regarding different species also detected 
a reduction in leaf Ψ with increasing stocking, as in 
Eucalyptus globulus (Donoso and Ruiz 2001; White et 
al. 2009), Douglas-fir (Aussenac and Granier 1988), 
Pinus contorta (Donner and Running 1986) and Quercus 
petraea (Bréda et al. 1995). However, in these previous 
studies, productivity was not greater than 30 m³ ha−1 y−1. 
To our knowledge, this is the first study on the relation-
ship between leaf water potential and timber production in 
high-productivity Eucalyptus stands. Our results show that 
highly productive stands are associated with an increased 
risk of water stress, especially in light of the current 
scenario of extreme climate events. Thus, we propose that 
forest managers should not follow silvicultural practices 
(genotypes + planting density) aimed at achieving maximum 
productivity in areas prone to drought. Ideally, silvicultural 
practices should be tailored to the potential productivity of 
each region and tree spacing optimised to achieve timber 
production goals while minimising potential water stress.

In order to maximise carbon gain in the face of the near- 
constant trade-off between photosynthesis and water loss via 
transpiration, many woody plant species regulate stomatal 
conductance to maintain leaf and plant water potential near 
the point of catastrophic xylem failure (Tyree and Sperry 
1988). Consequently, although leaf water potential can be a 
good indicator of plant water status (Scholander et al. 1965) 
low leaf water potential is not necessarily a precursor to tree 
mortality (McDowell et al. 2008). 

An experiment at one site over the course of a single year 
does not provide statistically based insights into other years 
and locations. However, the patterns of growth and leaf 
water potential in relation to planting density were so clear 
that we expect trees in other years and locations would 
show similar trends.

The current study is located in a medium water deficit 
region (Alvares et al. 2013). However, we would expect 
that in lower water availability regions potential water 
stress increment will be higher with total stand stemwood 
biomass productivity increase, and the opposite would be 
true in areas with higher water availability. Further studies 
aimed at identifying specific drought tolerance mechanisms 
and strategies of Eucalyptus clones and genotypes 
carried out at different water availability regions are 
needed so that silvicultural planning can be optimised for 
specific conditions in face of more frequent and prolonged 
drought periods.
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