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Abstract: This study presents a yield model for aboveground biomass production from three species
the Eucalyptus in northern and western regions of Uruguay, based on sampling records from
intensive crop plantations. High-density eucalyptus plantations represent a forestry alternative
for the production of forest biomass. This work assessed the survival and growth of three eucalyptus
species (Eucalyptus benthamii Maiden & Cambage, E. dunnii Maiden and E. grandis Hill ex Maiden)
planted at densities of 2220, 3330, 4440 and 6660 trees ha−1, for a period of 57 months in northern
(Tacuarembó) and western (Paysandú) regions of Uruguay. Linear and logarithmic equations of
individual volume were fitted by site and species. The survival of E. grandis, E. benthamii and
E. dunnii was not related to planting density, and the highest mortality values occurred in Tacuarembó.
The effects of competition among trees were more evident at the highest planting density for E. grandis.
In all species, the reduction in diameter was more marked than that of height, as planting density
increased. Tree volume showed the same trend, and this was higher with higher planting densities.
At Tacuarembó, the volume was the highest with E. benthamii at 6660 trees ha−1 (416.4 m3 ha−1),
and, at Paysandú, the highest production was obtained with E. grandis (370.7 m3 ha−1) and with
the densities of 4440 and 6660 trees ha−1 (305.9 and 315.3 m3 ha−1, respectively). With all species
and planting densities, there was an increase in the accumulated volume during the 57-month study
period; however, growth curves indicate that the maximum production per unit time and, therefore,
the optimum harvest time occurred at 48 months. In this work, it has been shown that the use
of intensive short-rotation plantations of eucalyptus for the production of biomass in Uruguay is
suitable in soils prioritized for forestry.

Keywords: Eucalyptus; survival; short rotation; planting density; allometrics models

1. Introduction

In the last decade, the use of renewable energy has been a growing trend, worldwide, to reduce
fossil fuel use and greenhouse gas emissions [1]. Within the renewable energies, plant biomass

Forests 2018, 9, 745; doi:10.3390/f9120745 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-8141-9617
https://orcid.org/0000-0003-3470-8640
http://dx.doi.org/10.3390/f9120745
http://www.mdpi.com/journal/forests
http://www.mdpi.com/1999-4907/9/12/745?type=check_update&version=2


Forests 2018, 9, 745 2 of 22

stands out because it could have a neutral balance of carbon and represent an important source of
employment [2]. In this framework, Uruguay designed an energy policy to create and promote the use
of renewable energy in electric power generation as well as the use of biomass for energy purposes.
Additionally, there is a growing impulse for the production of liquid fuels (bioethanol and biodiesel)
from national raw materials to mix with the fossil fuels. Degraded, abandoned, and marginal lands
are the most important areas for bioenergy production [3]. Eucalyptus species have been shown to
respond to high-density plantation with enhanced biomass growth.

There are two numerical approaches to the estimation of forest biomass from inventory data:
biomass expansion factors (BEFs) and biomass estimation equations [4]. Biomass expansion factors
are coefficients that allow the conversion of the volume of wood (usually expressed in m3) of a tree or
forest mass as a whole into dry weight of the tree or mass (usually expressed in tonnes). On the other
hand, the biomass estimation equations are relationships between the volume and some measured
variable on the tree or representing the site conditions (density and productivity). For the use of the
data in studies of ecosystem functioning, nutrient cycles and quantification of carbon pools, a separate
study of the different fractions of the tree is usually performed [5]. Due to the degree of precision,
the most-used procedure in the quantification of biomass is the destructive one. By relating the growth
and characteristics of the plantation (density, productivity, etc.) to the dry weight of the different
fractions, equations can be obtained that quantify the dry matter of the tree and then provide the dry
weight of the forest mass. Thus, with the biomass equations for each of the fractions, the amount of
dry matter present in the trees of a given forest can be estimated [6–9].

In Uruguay, several models of growth simulation have been developed for E. grandis Hill ex
Maiden, E. globulus Labill. and E. dunnii Maiden, for both solid wood and cellulose production [10–13].
However, in the light of recent research in the field of biomass use for energy provision, there is interest
in having models to estimate aboveground biomass production from Eucalyptus spp. energy crops.
In this sense, the main objective of this work was to assess the aboveground biomass production of
three Eucalyptus species (E. benthamii Maiden & Cambage, E. dunnii Maiden and E. grandis Hill ex
Maiden), with different planting densities, in soils prioritized for forests of the northern and coastal
zones of Uruguay. The specific objectives were (i) to evaluate the effect of species and planting density
on survival, diameter and height throughout the evaluation period, (ii) to fit allometric models for
the estimation of volume as a function of easily-measured dasometric variables in the field, (iii) to
evaluate the effect of species and planting density on volume during the first crop rotation, and (iv) to
determine the optimum time of harvest for each species/planting density combination.

2. Materials and Methods

2.1. Study Area

The experiment was carried out in two different zones: in the north (32◦13′30” S–55◦54′40” W,
hereafter Tacuarembó) and west (32◦24′05” S–57◦31′02” W, hereafter Paysandú) (Figure 1). These zones
have a temperate subtropical climate, with a mean annual temperature of 18 ◦C (12 ◦C in the
coldest month, 24 ◦C in the warmest month). The mean annual rainfall is between 1300 and
1400 mm [14]. According to the National Commission for Agroeconomic Studies of the Land
classification (CO.NE.A.T.), soils correspond to group 7.32. Those soils comprise Luvisols and Acrisols:
Horizon A with 50–60 cm of depth, sandy-loam texture, very-low fertility, high risk of erosion,
moderate slopes (3%–4%), weak structure, low organic matter, imperfect drainage and good rooting
capacity. The Paysandú soil is classified in CO.NE.A.T. group 9.3 (Uruguayan system of soil aptitude
classification), which corresponds to Planosols districts, with low fertility, horizon A with 40 to 50 cm
of depth, sandy texture, weak structure, low level of organic matter, slopes of 2%–3%, medium to low
risk of drought, imperfect drainage, moderately-slow to slow permeability and good rooting ability.
A description of soil profiles including a characterization of the main chemical and physical properties
were undertaken for both sites 49 months after the trial was installed. Parameters measured were:
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pH, organic carbon, exchangeable bases (calcium, magnesium, potassium, and sodium), exchangeable
acidity (aluminium), and available phosphorus (Bray 1-P) (Tables S1 and S2, Supplementary Material).
With this information, soils were classified as fine-loamy, siliceous, Mollic Hapludalf [15].

1 

 

(a) (b) 

 
 Figure 1. Soil classification (a) and regions prioritized for forest plantations including trial locations in

Paysandú (yellow triangle) and Tacuarembó (red triangle) (b).

2.2. Experimental Design

The experiment was designed as a split-plot, with completely random blocks having three
replicates of every treatment at each of the two locations. There were two factors—species (main plot),
with three levels, and planting density (subplots), with four levels and three replicates, forming a total
of 12 treatments and 36 plots. The species tested were E. benthamii, E. dunnii and E. grandis. The planting
distances were 3 m × 0.5 m, 3 m × 0.75 m, 3 m × 1 m and 3 m × 1.5 m, corresponding to 6660, 4440,
3330 and 2220 trees per hectare. Plantation densities were chosen based on previous studies which
showed high mortality rates when more than 6600 stems are planted per hectare [16]. The sources of
the seeds were Brazil (APS Pinhao-State of Paraná-Brazil) for E. benthamii, INIA’s (National Institute
of Agricultural Research) seed orchard (2nd generation) for E. grandis and Undera (Moleton West
Coffs Harbor, Australia) for E. dunnii. Seedlings were planted on 13 October to 15 October 2010
at Tacuarembó and 27 October to 1 November 2010 at Paysandú. The plots used were rectangular,
six rows and 25 trees per row. The trees of the four central rows were used for all assessments and the
first and the last tree of each row were not measured. The planting area was subsoiled, using a ripper
with a single tine, to a depth of more than 60 cm, and soil clods were broken up using a spring harrow
and culta-mulcher to provide a more-level surface for planting. Planting and fertilisation were manual.
The fertilisation applied 150 kg per hectare of an 18/46/0 (N, P, K) mixture and 180 kg per hectare
of a 14/30/12 (N, P, K) mixture plus 6% S, and 0.2% B at Tacuarembó and Paysandú, respectively.
This dose was applied at the moment of plantation only. The type and dose of fertilizer were defined
by the forestry company where the trials were installed. This responds to expected differences in the
chemical properties of both types of soils.

2.3. Sampling and Measurements

The total height (Ht, distance between the root collar and the base of the final bud, m) and diameter
at breast height (dbh, 130 cm above the soil, cm) and the dead trees were measured and recorded at the
five inventories: (1) July–October 2011, (2) May–August 2012, (3) January 2013, (4) August–December
2014 and (5) January–July 2015 at both Paysandú and Tacuarembó. The survival in each inventory was
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calculated as the proportion of living trees in relation to the total planted and expressed as a percentage.
The dbh was measured with a metric tape, with an accuracy of 0.1 cm, for trees of dbh≥ 3 cm in the four
central rows of the plot (rows 2 to 5). The Ht (m) was measured with a Vertex IV hypsometer (Haglof,
Långsele, Västernorrland, Sverige, Sweden), in rows 2 to 4. The slenderness coefficient was calculated
as the ratio of Ht and dbh. This resulted in 39,088 diameter/height observations in a five-year growth
period. Trees of all ages comprised a single dataset to adjust height-diameter equations, using tree
number per hectare, for each site, species and planting density as co-variates. For Tacuarembó and
Paysandú, Equations (1) and (2) were used respectively:

Ht = βo + β1 × dbh + β2 × dbhˆ2 + β3 × Ln(dbh) + β4 × (1/dbh) + β5 × N + β6 × Ln(N/ha) (1)

Ht = exp((a + b × Ln(dbh) + c × Ln(dbhˆ2) + d × Ln(dbhˆ3)), (2)

where Ht is the total height, dbh the diameter at breast height, N the number of trees per hectare and
βo, β1, β2, β3, β4, β5 and β6 the coefficients of the models (Table S3, Supplementary Material).

In three inventories (2012, 2014 and 2015), a sample of three to five trees per treatment in each
plot was selected for the development of allometric equations representing the diametric classes with
the highest relative frequency. The Ht was measured and diameter (including bark) was measured at
0.7 m, 1.3 m and then every meter until 1 cm diameter.

2.4. Volume Equation

The individual tree volume (Vi) was calculated based on the diameter measurements at different
heights, using Equation (3):

V = π
1
3
× l ×

(
D1

2
+

D2

2

)2
. (3)

Equation (3) uses the length (l) and the lower (D1) and upper (D2) diameters of each stem section
to estimate the volume. Thus, the total volume for each tree was estimated by adding together the
volumes of the sections according to Smalian’s formulae. With these values, linear (single and multiple)
and nonlinear (logarithmic) volume equations were adjusted for the site and species according to the
dbh, total height and number of trees per hectare. For each plot, the volume per hectare was calculated
as the product of the average individual tree volume and the number of trees in the plot and expressed
as volume with bark per hectare (Vt, m3 ha−1).

2.5. Optimum Time of Harvest

Mean annual increment (MAI, m3 ha−1 year−1) of volume was computed as the average volume
per hectare within a period (MAI = volumei/ti). The current annual increment (CAI, m3 ha−1 year−1)
of volume is the growth increase during the current year (CAI = volume t0 − volume ti). We estimated
the optimum time of harvest when the current annual increment (CAI) equals the mean annual
increment (MAI).

2.6. Statistical Analysis

The normality of all variables was checked using Shapiro–Wilk’s test. Variables without a
normal distribution were transformed using the Box and Cox procedure in R. Survival analysis was
performed using the Kaplan–Meier non-parametric’s test and Log-rank test. The differences in dbh,
Ht. slenderness, Vi Vt among the densities and species were compared using a two-way analysis of
variance (ANOVA) followed by Tukey’s test. Effects of species, plantation density, and interactions
were assessed. The effect of species was compared with the interaction between species and blocks,
whereas the effects of plantations density and the interaction were compared to the mean squared
error (Table 1). The level of significance was set at p < 0.05. Results in the tables are shown as means
with their standard errors for the untransformed variables. Linear (single and multiple) and nonlinear
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(logarithmic) regressions were carried out to obtain a statistical model to predict the effects of each
site and specie on total volume according to the dbh, total height and number of trees per hectare.
The variables showing the highest correlation coefficient with the volume were used as predictors for
each species and site. The polynomial linear models were compared with the standardised error of the
residuals, the coefficient of determination (R2

ajd), the root mean square error (RMSE) and the Akaike
information criterion (AIC). Relationships between measured and estimated tree volume for each
tested species and site were analyzed. Trees with a height less than 130 cm were omitted. All statistical
analyses were performed using R version 3.4.0 [17] (R Development Core Team, 2012). The packages
lmtest, reshape, ggplot2 and plyr were used for ANOVAs test and regression models.

Table 1. Split-plot ANOVA effects.

Source Degrees of Freedom

Blocks B − 1
Species S − 1

Error (Blocks × Species) (B − 1) × (S − 1)
Planting density Pd − 1

Species × Planting density (S − 1) × (Pd − 1)
Error (Blocks × Species × Planting density) (B − 1) × (S − 1) × (Pd − 1)

Total (B × S × Pd) − 1

B, number of blocks; S, number of Species; Pd, number of Planting densities; ANOVA, analysis of variance.

3. Results

3.1. Survival

The evolution of survival in both sites according to species and planting density during the
evaluation period is shown in Figure 2. Survival between the time of planting and 57 months later
averaged 53% in Tacuarembó in contrast to 81% in Paysandú. Between 12 and 8 months and the end
of the experiment 57 months later, trees suffered 23% and 10% mortality overall for Tacuarembó and
Paysandú, respectively. According to the Kaplan–Meier survival curve, significant differences between
species and planting densities were observed in both locations (χ2 = 49.6 p < 0.001 and χ2 = 29.1
p < 0.001 respectively in Tacuarembó and Paysandú). At Tacuarembó, final tree survival was higher
in high density plantations (6660 tree ha−1) for E. benthamii (73.3%) and E. dunnii (67.3%) compared
to E. grandis where the highest survival was found at the lowest planting density (64%). Conversely,
in Paysandú, the intermediate densities provided the greatest survival for E. benthamii (88%) and
E. dunnii (92%).
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Figure 2. Tree survival for Eucalyptus species and stand density tested in Tacuarembó (a,c,e) and
Paysandú (b,d,f) sites (Uruguay).

3.2. Diameter at Breast Height, Total Height and Slenderness

At both locations, the planting density had a significant effect on all the variables at 57 months
(Table 2). (F3,18 = 67.18, F3,18 = 14.78, F3,18 = 19.0, F3,18 = 77.9, F3,18 = 75,65, F3,18 = 8.41 for Tacuarembó
and Paysandú, respectively).
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Table 2. p-Values of two-way ANOVA test for total height (Ht), diameter at breast height (dbh),
slenderness, tree volume (Vi) and volume per hectare (Vt) in Tacuarembó and Paysandú experiments
at 57 months. Bold statistics correspond to significant p-values (p < 0.05).

Effects Variables

Sites

Tacuarembó Paysandú

p p

Species

dbh 0.642 0.055
Ht 0.401 0.082

slenderness 0.363 0.002
Vi 0.913 0.030
Vt 0.353 0.031

Planting density

dbh <0.001 <0.001
Ht <0.001 <0.001

slenderness <0.001 0.001
Vi <0.001 <0.001
Vt <0.001 0.071

Species × Planting density

dbh 0.081 0.916
Ht 0.636 <0.001

slenderness 0.093 0.006
Vi 0.099 0.170
Vt 0.016 0.102

At Paysandú, on the other hand, the effect of the interaction (Species × Planting Density) was
significant for the H and slenderness (F6,18 = 6.9, p < 0.001, F6,18 = 4.37, p = 0.0068). The values of dbh,
Ht, slenderness, MAI, CAI, Vi and Vt for the distinct species and planting densities 57 months after
planting are presented in Table 3. At Tacuarembó, all species showed lower dbh and Ht, and higher
slenderness with increasing planting density; E. grandis had the greatest dbh at almost all planting
densities while E. benthamii and E. dunnii had similar value.
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Table 3. Average growth values ± S.E. by location, species, and planting density at age 57 months.

Sites Species Density
(trees ha−1) Ht (m) dbh (cm) Slenderness

Ht/dbh
Volume

(m3 tree−1)
Volume

(m3 ha−1)
MAI (m3

ha−1 year−1)
CAI (m3 ha−1

year−1)

Tacuarembó

E. benthamii

2220 17.5(0.2) 14.9(0.9) 1.18(0.030) 0.17(0.016) 0.17(0.016) 43.3(1.3) 44.2(6.2)
3330 15.6(0.6) 11.9(0.1) 1.31(0.043) 0.11(0.02) 0.11(0.02) 47.7(5.3) 48.1(4.1)
4440 15.5 (0.8) 11.8(1.0) 1.31(0.019) 0.11(0.02) 0.11(0.02) 68.9(5.6) 60.5(12.4)
6660 14.1 (0.4) 10.3(0.9) 1.37(0.053) 0.09(0.017) 0.09(0.017) 87.7(9.5) 87.2(22.4)

E. dunnii

2220 16.2(0.1) 15.1(0.3) 1.07(0.016) 0.17(0.008) 0.17(0.008) 43.3(0.9) 43.7(6.0)
3330 16.5(0.4) 14.2(0.6) 1.17(0.151) 0.14(0.009) 0.14(0.009) 53.9(1.3) 43.0(3.3)
4440 15.1(0.5) 11.9(0.4) 1.26(0.124) 0.10(0.009) 0.10(0.009) 56.4(3.1) 40.9(0.9)
6660 13.7(0.7) 9.4(0.3) 1.45(0.077) 0.07(0.006) 0.07(0.006) 61.9(3.2) 51.9(12.7)

E. grandis

2220 16.8(0.5) 15.6(0.2) 1.08(0.061) 0.17(0.009) 0.17(0.009) 49.6(3.6) 54.8(10.2)
3330 15.3(0.6) 13.5(0.7) 1.14(0.032) 0.13(0.007) 0.13(0.007) 51.2(3.4) 59.0(3.3)
4440 15.8(1.2) 12.7(0.3) 1.24(0.018) 0.12(0.007) 0.12(0.007) 62.5(2.4) 64.9(9.0)
6660 13.6(0.6) 11.2(0.2) 1.21(0.013) 0.09(0.004) 0.09(0.004) 62.0(3.0) 47.5(10.3)

Paysandú

E. benthamii

2220 17.6(0.3) 12.6(0.3) 1.40(0.030) 0.13(0.005) 0.13(0.005) 49.4(1.8) 8.9(16.8)
3330 14.4(0.4) 10.8(0.1) 1.34(0.043) 0.08(0.002) 0.08(0.002) 50.5(3.8) 54.2(29.7)
4440 14.3(0.4) 9.9(0.2) 1.44(0.019) 0.08(0.003) 0.08(0.003) 56.7(2.7) 20.0(18.6)
6660 11.9(0.1) 8.3(0.4) 1.44((0.053) 0.05(0.005) 0.05(0.005) 57.4(4.0) 49.7(17.0)

E. dunnii

2220 17.4(0.8) 12.7(0.3) 1.37(0.016) 0.14(0.008) 0.14(0.008) 53.9(3.3) 15.7(8.4)
3330 17.2(0.7) 10.4(0.4) 1.65(0.151) 0.09(0.009) 0.09(0.009) 56.8(5.1) 16.5(7.4)
4440 15.2(0.5) 9.2(0.4) 1.65(0.124) 0.07(0.007) 0.07(0.007) 51.7(5.4) 14.7(11.9)
6660 14.7(0.3) 7.8(0.2) 1.88(0.077) 0.05(0.004) 0.05(0.004) 52.4(2.8) −9.2(8.3.8)

E. grandis

2220 16.4(0.5) 13.8(0.9) 1.19(0.061) 0.16(0.016) 0.16(0.016) 60.1(5.7) 34.4(8.4)
3330 16.2(0.4) 12.1(0.1) 1.34(0.032) 0.14(0.006) 0.14(0.006) 77.1(4.7) 36.0(18.7)
4440 15.0(0.6) 10.6(0.6) 1.41(0.018) 0.11(0.014) 0.11(0.014) 85.8(6.4) 71.2(6.0)
6660 13.2(0.5) 9.3(0.1) 1.42(0.013) 0.08(0.002) 0.08(0.002) 90.1(3.0) 35.2(20.3)

MAI: Mean annual increment, CAI: Current annual increment.
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The analysis also highlighted E. grandis as the species with the greatest dbh at Paysandú, at all
planting densities. At Tacuarembó, the reduction in individual growth (diameter) between the extreme
densities (2220 vs. 6660 trees ha−1) was 38, 31 and 28% for E. dunnii, E. benthamii and E. grandis,
respectively. The reduction in height was 15, 19 and 19%, respectively. At Paysandú, these values
were somewhat higher, for both diameter (38, 34 and 32%, respectively) and height (16, 32 and 20%,
respectively) (Figures 3 and 4).
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3.3. Alometric Equations and Volume

The tree models of volume are included in Table 4, where the best fits for each species and site
are shown. The models indicated in bold are those that were selected based on the R2, RMSE Bias,
AIC and measured vs. estimated volume graphs.

The Vi was highly significant at Tacuarembó for the planting density and Paysandú for the species
and planting density (Table 2). In Tacuarembó, a significant interaction between the species and
planting density was also detected for Vt (F6,18 = 3.65, p = 0.016) and, at Paysandú, a significant effect
the species was detected (F2,4 = 9.25, p = 0.031). The maximum values of over bark volume per hectare
were obtained with the highest densities (Table 3). At Tacuarembó, E. benthamii showed the highest
volume at the highest density (416.4 m3 ha−1) compared to E. grandis, which had the highest volume
(427.8 m3 ha−1) at Paysandú. At Tacuarembó, the highest volume values were obtained for E. benthamii
at densities of 4440 and 6660 trees per hectare. This, in turn, could have influenced the differences
in growth between the two extremes of density (6660 vs. 2220 trees ha−1), as E. benthamii showed
an increase of 102% between these two densities. By comparison, E. dunnii and E. grandis exhibited
increases in growth of 43 and 25%, respectively. For these two species, growth was greatest at the
lowest densities, their values being very similar. At Paysandú, the increase in volume growth at
6660 relative to 2220 trees per hectare was approximately 50% for E. grandis and 16% for E. benthamii,
although the latter was not significant; E. dunnii also showed no differences in volume growth between
densities, explained by a greater reduction of survival at higher densities.
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Table 4. Predictive equations and statistics of fit for individual tree volume (Vi) for three species of Eucalyptus planted in each studied site. The selected models are
in bold.

Site Species Models R2 RMSE Bias AIC F p-Value

Tacuarembó

E. benthamii
Vi = exp((−9.86876 − 0.29901 × Ln(dbh) + 1.05411 × Ln(dbh2 × Ht)) 0.99 0.009 0.0001 −362 15150 <0.001

Vi = exp((−9.35966 + 2.75971 × Ln(dbh)) 0.94 0.020 −0.0010 121 5111 <0.001
Vi = −0.02471 + 0.006340 × (dbh) + 0.00003951 × (dbh2 × Ht) ×

−0.0003778 × (dbh2)
0.98 0.009 0.0048 −1111 4197 <0.001

E. dunnii
Vi = −0.005625 + 0.001523 × (dbh) + 0.00003184 × (dbh2Ht) 0.98 0.002 0.0050 −1019 6033 <0.001

Vi = exp((−8.38487 + 2.38262 × Ln(dbh)) 0.95 0.015 0.0004 104 5095 <0.001
Vi = exp((−9.86876 − 0.29901 × Ln(dbh) + 1.05411 × Ln(dbh2 × Ht)) 0.96 0.013 0.0079 208 7893 <0.001

E. grandis

Vi = −0.01781 + 0.004755 × (dbh) − 0.0003141 × (dbh2) + 0.00004038
× (dbh2 × Ht)

0.99 0.007 0.0042 −1159 8847 <0.001

Vi = exp((−9.48276 + 1.38990 × Ln(dbh2)) 0.96 0.017 0.0001 118 8696 <0.001
Vi = exp((−9.79678 + 0.12407 × Ln(dbh) + 0.91076 × Ln(dbh2 × Ht)) 0.99 0.008 0.0005 236 31360 <0.001

Paysandú

E. benthamii
Vi = exp((−9.711769 + 0.936637 × Ln(dbh2 × Ht)) 0.99 0.005 0.0002 −441 44070 <0.001

Vi = exp((−8.99697 + 02.65528 × Ln(dbh)) 0.96 0.011 0.0040 −1510 5885 <0.001
Vi = exp((−9.70756 + 0.01996 × Ln(dbh) + 0.92976 × Ln(dbh2 × Ht)) 0.99 0.005 0.0002 −441 21910 <0.001

E. dunnii
Vi = 0.02608 − 0.009986 × (dbh) + 0.001309 × (dbh2) 0.98 0.009 0.0068 −1093 3177 <0.001

Vi = exp((−9.01150 + 2.65731 × Ln(dbh)) 0.95 0.010 0.0020 116 4011 <0.001
Vi = exp((−9.01550 + 1.32866 × Ln(dbh2)) 0.96 0.009 0.0016 116 4011 <0.001

E. grandis

Vi = −0.006259 + 0.002463 × (dbh) + 0.00004120 × (dbh2 × Ht) −
0.000226 × (dbh2)

0.99 0.004 0.0026 −1371 22980 <0.001

Vi = exp((−9.25879 + 2.75792 × Ln(dbh)) 0.96 0.015 0.0001 116 6477 <0.001
Vi = exp((−9.79678 + 0.12407 × Ln(dbh) + 0.91076 × Ln(dbh2 × Ht)) 0.99 0.005 0.0005 233 28120 <0.001
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3.4. Optimum Time of Harvest

The higher planting densities resulted in higher MAI and CAI, excepting for E. dunnii in Paysandú,
for which values were similar for all plantation densities (Table 3). At Tacuarembó and in all treatments,
CAI values increased until the 40th month after which a noticeable reduction in the values of this
parameter occurred (Figures 5–7), with a change in the volume growth rate with respect to MAI.
At Paysandú, the values of both parameters showed a similar tendency in the sense that the major
decreases in volume growth occurred around 40 months after planting (Figures 8–10). The evolution
of MAI was different of that of CAI in the sense that, up to 40 months, the increase continued until
the end of the study period (57 months). At Tacuarembó, in most treatments, the CAI was equal to
the MAI, and those the optimum time of harvest, in month 46, but, at Paysandú, for all species and
planting densities, this point occurred around 49 months after planting.
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4. Discussion

4.1. Survival

The results obtained in this work do not confirm the hypothesis that greater competition among
trees determines an increase in tree mortality over time [18,19]. There is extensive information on
competition in relation to planting density and mortality [20,21]; this indicates that the relationship
between these two parameters depends on factors such as age, growth rate and soil quality [22,23] and,
in some cases, it is not possible to establish an evident relationship between them [24]. The mortality
results of this work indicate that, 57 months after planting, severe competition between individuals
was not occurring, even at the highest densities (>6000 trees ha−1). This supports the idea that
tree mortality does not depend on planting density [25] and has a random distribution pattern [26]
associated with the climate [27]. At each site, the evolution of survival was similar among the three
species, but with important differences among the different planting densities. Similar results were
obtained when evaluating high planting densities with clones of E. globulus in Chile [28] and when
evaluating E. camaldulensis Dehn. at densities up to 2200 trees per hectare [29]. Those authors indicated
that the reduction in the number of live trees, at least in the first years of growth, could be explained by
reasons other than competition among individuals. Some authors mention soil fertility, the intensity
of silviculture and water availability as the main factors that explain the survival of trees in the early
stages of growth [30,31]. Soil analysis indicated that soils of both sites are appropriate for growth of all
three species studied. Likewise, in both sites, the quality of soil preparation assured good conditions
for seedlings´ growth. In this study, a gradual decline in tree survival over the 57 months after planting
was observed in all cases, although, at Tacuarembó, there was a noticeable reduction in the number of
live trees at 12 months and significant mortality at the end of the evaluation period unlike at Paysandú,
where survival was relatively high for most treatments. Higher mortality rate in Tacuarembó could be
explained by weed competition in the initial growth stages in this particular site. The precipitation
patterns at the two sites do not explain the differences in tree mortality (Figure S1, Supplementary
Material). The standardised precipitation index (IPE) of the evaluation period, which measures the
excess or deficit of precipitation in relation to the historical average (1980–2010) [32], shows that there
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were no significant drought events at either site that could have compromised the survival of the trees
(Figure S2, Supplementary Material). The average IPE value recorded in the first year at Tacuarembó
(−0.6) indicates slightly-dry conditions, but with levels of water availability in the soil that would
not be limiting for the growth of these Eucalyptus spp., even in the current situations. In the case
of lower planting densities with E. benthamii and E. dunnii, mortality in the last stages of evaluation
may be due to the loss of smaller trees [29,33,34]. E. grandis in Tacuarembó, however, was the only
species for which lower survival rates was related to competition among trees in higher plantation
densities [35–37].

4.2. Height, Diameter and Slenderness

For both sites, the Ht and dbh values show that the three species had very similar growth with
the exception of E. grandis at Paysandú, with a smaller dbh. The effect of the planting density on
growth was consistent with that reported in the literature [30–40]: a reduction of growth as density
increased was observed in both sites. The reduction in diameter was greater than for height because
of the increased competition among trees; the height largely depends on site quality and is affected
little by forestry practices [41,42]. The higher values of dbh recorded for all species at Tacuarembó
seem to be related to less competition between individuals, given the lower survival rate recorded
at that site. A reduction in dbh and H between the extreme densities (2220 vs. 6660 trees ha−1)
was observed for E. dunnii, E. benthamii and E. grandis, respectively. At Paysandú, these differences
values were somewhat higher, for both dbh and H. These differences between sites can probably be
explained by the higher survival at Paysandú. The effect of the competition also resulted in a smaller
tapering, expressed as a lower conicity of the trees, as shown by the ratio between tree height and
dbh. For all three species, greater slenderness was obtained when the planting density was increased.
This was more evident in Paysandú, probably due to the greater survival rate. Some authors reported
increases in the height of eucalyptus species with increased density due to intense competition for
light, the trees seeking to maximise the exposed leaf surface area [43,44]. According to several authors,
increased competition determines the occurrence of suppressed trees associated to the phenomenon
of asymmetric competition (between trees of different size), which determines that smaller trees lose
their vigour more quickly than larger trees and become suppressed [35,45]. Some authors consider
that this asymmetric competition occurs between both aerial parts and roots [46,47], and that it is more
evident at sites with greater availability of resources [48]. This effect is more evident under conditions
of more-severe competition (basically for light) associated with more reduced spacing. With wider
spacing, there is a high proportion of larger trees, which are more competitive for light and nutrients
than trees spaced more closely together [48,49]. The efficiency of the different types of trees is the result
of the tissue distribution within the different components of the tree [50], resulting in larger trees with
greater growth of wood than of below-ground tissues [51].

4.3. Alometric Equations and Volume

The relationship between the stem volume values and dbh2 and dbh2 × H was assessed using
different types of models in agreement with previous studies [52–54] (Table 3). Among the independent
variables evaluated, the planting density did not make a significant contribution to the fitting of the
models. The dbh and dbh × Ht (or their transformations) are frequently used to predict the weight
and volume of trees; however, age, density and mean square diameter are variables also used in
volume models [5]. These results were expected considering the close relationship between stem
volume and dbh and H, although some authors have also obtained models with a high degree of fit
using basal area and dominant height as independent variables [5]. The R2 values obtained were
high for all the selected models, while REMC and E were very close to zero, which implies that
these models have high precision and the results they predict show a very-low deviation from those
observed [55]. The E. dunnii and E. grandis selected models were those with the lowest values of AIC
in both sites. The graphs analysis of measured vs. estimated volume shows that, except with E. grandis
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in Paysandú, the point cloud is aligned along the line x = y, with a slope very close to 1, indicating
that the errors of the prediction is very low in all cases as shown by the REMC values (Figure S3,
Supplementary Material). The E. grandis models for Paysandú underestimate the observed values.
With the exception of the E. dunnii model for Paysandú, the models give higher prediction errors as
the volume values increase.

The individual volume followed the same trend as Ht and dbh in relation to species and planting
density, at both sites (Table 3) [56–58]. The evolution of the volume values shows that all species and
planting densities had very similar behaviour, with a relatively-sustained increase in volume up to
57 months. According to [36], volume is a better indicator of individual growth with respect to dbh,
since, under intense competition, trees may accumulate significant wood volume in the upper portion
of the stems. All three species reached similar growth levels, related to greater individual volumes
at lower densities. The reduction of volume (6660 trees ha−1 vs. 2220 trees ha−1), as a function of
increased competition, was greater than those recorded for dbh and Ht because it added together the
responses of these two parameters. This effect was more important at Paysandú, associated with
survival differences. On both sites, E. dunnii exhibited the greatest changes in individual growth in
relation to tree spacing.

At Tacuarembó, the analysis of variance detected a significant effect of the species planting density
interaction, indicating a close relationship between these two factors and the volume per hectare.
The values of accumulated volume at both sites confirm the hypothesis that overall productivity
is increased by raising the planting density [17]. The highest volume values were obtained for
E. benthamii at densities of 4440 and 6660 trees per hectare, explained basically by its greater survival
at the final assessment. For all of the species, the growth was lower at the lowest planting densities.
This, in turn, could have influenced the differences in growth between the two extremes of density
(6660 vs. 2220 trees per hectare), as E. benthamii showed an increase of 102% between these two
spacings. By comparison, E. dunnii and E. grandis exhibited increases in growth of 43 and 25%,
respectively. For these two species, growth was greatest at the highest densities, their values being
very similar. At Paysandú, the evolution of the volume values shows that all species and planting
densities had very similar behaviour, with a relatively sustained increase in volume up to 57 months.
E. grandis had the greatest volume per hectare, while E. benthamii and E. dunnii reached similarly lower
levels. Except for E. dunnii, a direct relationship between volume production and planting density
was observed at Paysandú. Several studies have reported the effect of density on volume growth
for Eucalyptus species [29,38,56,59]. The increase in volume growth at 6660 relative to 2220 trees per
hectare was approximately 50% for E. grandis and 16% for E. benthamii, although the latter was not
significant; E. dunnii also showed no differences in volume growth between densities, explained by a
greater reduction of survival at higher densities. The volume of E. dunnii increased until 48 months,
decreasing thereafter. These results agree with those reported by several other authors, in the sense
that the increase in planting density did not translate into the same increment of productivity per unit
area [27]. In most cases, individual growth decreased when the density increased; as compensation,
the population growth increased [17]. This compensation effect promoted by competition means that
increased growth of larger trees exceeds the loss that occurs in smaller trees, resulting in increased
productivity per unit area [29].

4.4. Optimum Time of Harvest

At Tacuarembó, the curves of the MAI values showed a similar trend, with two differentiated
stages: a first stage with increments, lasting until approximately month 48, and then a second stage
with a stabilization of values. The behaviour in this latter stage, according to the reports of some
authors, is the result of intense competition producing an increase in the proportions of suppressed
trees [17,60]. At Paysandú, the MAI values showed a variable behaviour with a tendency to decrease
towards the end of the evaluation period. The highest MAI values were obtained with E. benthamii and
E. grandis at Tacuarembó and Paysandú, respectively, as a function of the accumulated volume values.



Forests 2018, 9, 745 18 of 22

The intersection of the CAI and MAI curves indicate that the maximum production per unit of
time was obtained for trees that were close to 48 months old in most cases, indicating the optimum
time of harvest. These results confirm the tendency, cited by several authors, that high densities allow
high levels of productivity to be obtained in relatively short times [61,62]. However, the idea that
higher planting densities advance the time of harvest was not supported [17], although the results
seem to confirm that higher densities give high levels of production in shorter rotations than with
lower densities [63,64]. According to some authors, the intense competition at higher densities causes a
more proportional use of the environmental resources by the dominant trees, increasing the number of
suppressed trees and finally resulting in tree death [65,66]. In these cases, the mortality of suppressed
trees probably reduces the effects of competition among trees, allowing larger and dominant trees to
maintain their growth rates at relatively high levels [51]. The higher productivity of the Paysandú soil
is related to the greater survival and homogeneity of growth, leading to the low presence of small
trees, which are inefficient in the use of light [51,67]. Changes in planting densities allow larger trees
to maintain high growth rates, which compensate for the low growth of suppressed trees [68]. It is
possible, therefore, that, at least up to 57 months of growth, there were no significant limitations on
the availability of water for tree growth, taking into account that the soils of the evaluated sites are
classified as very suitable for forestry [69] and the high level of precipitation that occurred at both
sites [32].

5. Conclusions

The survival of E. grandis, E. benthamii and E. dunnii was not related to planting density, and the
highest mortality values occurred, after the first year, in Tacuarembó. At that site, the effects of
competition among trees were more evident at the highest planting density for E. grandis. At Paysandú,
the survival response of all three species survival to changes in density was very similar. In all species,
the reduction in dbh was more marked than that of Ht, as planting density increased. Tree volume
showed the same trend as dbh and Ht growth, but with a greater reduction than these at higher
densities. At both sites, the total volume values were highest with higher planting densities. Thus,
the reduction in individual growth was offset by the increase in the number of trees. At Tacuarembó,
the highest production was obtained with E. benthamii at 4440 and 6660 trees per hectare. At Paysandú,
E. grandis was the species with the highest levels of productivity per hectare. With all species and
planting densities, there was an increase in the accumulated volume during the 57-month study period;
however, the growth curves indicate that the maximum production per unit time and, therefore,
the optimum harvest time occurred at 48 months. The higher densities did not bring forward the time
of harvesting but gave high levels of production in a relatively short time. Results of this study are
relevant for foresters or government agents selecting species for biomass production. The information
offered could help on planning crop tree plantations at a regional scale, reducing uncertainty of
biomass production estimates, and provide a theoretical basis for the sustainable management of
intensive Eucalyptus plantations.
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Relations between measured and estimated tree volume for each tested specie in Paysandú (a,c,e) and Tacuarembó
(b,d,f) sites, Table S1: Main physical and chemical characteristics of Tacuarembó site soil profiletitle, Table S2:
Main physical and chemical characteristics of Paysandú site soil profile, Table S3. Coefficients of Height’s models
adjusted for each site, specie and planting density.
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