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Abstract

Spacing of planting is one of the most important silvicultural decisions to be made during implementation
of forest stands. The objective of this study was to evaluate the influence of spacing of planted trees on
biomass production and solar radiation use efficiency in a Eucalyptus forest plantation in southern Brazil.
A field experiment was conducted from September 2008 to September 2017 in the city of Frederico
Westphalen, State of Rio Grande do Sul, Brazil. In this study, we evaluated the influence of the spacing of
trees on solar radiation use efficiency, interception of solar radiation, leaf area index, biomass yield, and
partitioning in the Eucalyptus forest plantation. The conversion efficiency of the photosynthetically active
radiation intercepted in the biomass was manipulated by changing the spacing of the trees, and the
highest conversion efficiency was 0.0062 kg MJ™" for the 2.0 x 1.5 m planting spacing. Eucalyptus trees
grown on the 2.0 x 1.0 m planting spacing showed the highest biomass yield with 961.4 Mg ha™", showing
that the most efficient plants in the conversion of photosynthetically active radiation are not always the
most productive. As a result, the hypothesis of this study was confirmed. Forest managers can accelerate
growth and increase the production of forest biomass by adequately manipulating the spacing between
the trees.

Keywords: Biomass partitioning; Forest plantations; Leaf area index; Solar radiation interception;
Extinction coefficient.

Resumo

O espacamento de plantios é uma das mais importantes decisdes silviculturais a serem definidas durante
a implementacdo de povoamentos florestais. O objetivo deste trabalho foi avaliar a influéncia do
espacamento de plantios na producdo de biomassa e a eficiéncia do uso de radiagdo em um plantio
florestal de eucalipto no sul do Brasil. Um experimento de campo foi conduzido de setembro de 2008 a
setembro de 2017 na cidade de Frederico Westphalen, RS, Brasil. Para atingir o objetivo do estudo,
avaliou-se eficiéncia no uso da radiagdo solar, interceptacdo da radiacdo solar, indice de area foliar,
rendimento de biomassa e particdo. A eficiéncia de conversdo da radiacdo fotossinteticamente ativa
interceptada na biomassa foi afetada pelo espacamento de plantio e a maior eficiéncia de conversao foi
de 0,0062 kg MJ™" para o espacamento de 2,0 x 1,5 m. Além disso, as arvores de eucalipto cultivadas no
espagamento de 2,0 x 1,0 m apresentaram o maior rendimento de biomassa com 961,4 Mg ha™,
demonstrando que nem sempre as plantas mais eficientes na conversao de radiagao fotossinteticamente
ativa sdo as mais produtivas. Portanto, a hipdtese deste estudo foi confirmada, uma vez que os
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produtores florestais podem acelerar o crescimento e aumentar a producdo de biomassa florestal,
utilizando espacamento de plantio adequado.

Palavras-chave: Particio de biomassa; Plantios florestais; Indice de &rea foliar; Interceptacdo de
radiacdo solar; Coeficiente de extingdo.

INTRODUCTION

There is an increased demand for forest biomass as an alternative energy source because
trees have the capacity to retain and store greenhouse gases and reduce the emission of
pollutants from fossil sources (Sanquetta etal., 2014a; Sereghettietal., 2015). Forest
plantations are considered to be economically viable to meet societal energy demands,
gaining increasing importance in the Brazil energy matrix (Silva et al., 2015).

The increasing demand for biomass has increased the number of short-rotation forest
plantations, especially those belonging to the genus Eucalyptus. This genus is widely used in
forestry due to its features such as good adaptability in different environments, and its high
productivity and accelerated growth rate. Plant breeding programs have sought more efficient
and productive forest plantations, aiming for rapid biomass accumulation per hectare to be
used for energy production (Lopes et al., 2017). Brazil has extensive biomass resources that
could potentially meet the country's total primary energy demand, as well as aid in becoming
a major exporter of energy resources (Welfle, 2017).

In this context, plant spacing is one of the major factors that foresters consider in the
implementation of new forest energy plantations. The most commonly used spacing is the
one which provides a useful area per plant varying from 3 to 9 m? (Gongalves et al., 2013).
According to Sereghetti et al. (2015), plant spacing affects the final production, as it determines
plant density, trunk size, and quality (Pinkard & Neilsen, 2003). The spacing defines the amount
of resources available for individual tree growth. Under reduced plant spacing, the incident
solar radiation can be a limiting factor for plant growth and development, and thus may affect
forest biomass production.

The conversion of the intercepted photosynthetically active radiation into biomass is
based on the solar radiation use efficiency (RUE) of the plant (Monteith, 1977). The RUE is
affected by the leaf area index, which may change according to plant density, and also in
response to biotic and abiotic factors (Sanquettaetal. 2014b; Binkleyetal, 2010;
Goncalves et al., 2013; Stape et al., 2004). According Pretzsch & Biber (2016), little attention
has been given to RUE and how it can improve forest yields. Recently, however, there has been
increasing interest in using ecological information, such as photosynthesis-light relationships
in trees in order to improve yield.

More studies that are aimed to meet the global energy demand to mitigate negative
effects of climate change are needed. In this context, this study proposes to increase forest
productivity by improving the RUE of forest systems. We propose to evaluate the feasibility of
the use of reduced planting spacings in order to enhance radiation use efficiency, as well as
to assess forest biomass yield and partitioning, which are important traits when the aim is to
produce forest biomass for energy generation.

Given the lack of studies on the effect of plant spacing on radiation use efficiency and
biomass yield and partitioning in forest energy plantations, the following hypotheses were
proposed: (i) planting spacing affects radiation use efficiency, as the reduced plant spacing
improves the interception of solar radiation; and (ii) reduced plant spacing provides greater
biomass yield per unit area when compared to the traditional planting spacing used by forest
producers (3.0 x 1.5m). In order to test the hypotheses, we evaluated the influence of plant
spacing on the accumulated biomass and solar radiation use efficiency in Eucalyptus
plantations in Southern Brazil.
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MATERIAL AND METHODS

Study area and experimental design

A field study was conducted from September 2008 to September 2017 in the
experimental area of the Laboratory of Plant Biometry and Laboratory of Agroclimatology of
the Federal University of Santa Maria campus of Frederico Westphalen, State of Rio Grande
do Sul, Brazil, located at coordinates 27°22'S, 53°25'W with an altitude of 480 m. According to
the Képpen climate classification, the climate is Cfa, i.e., humid subtropical with occurrence of
rainfall in all months of the year and a mean annual temperature of 19.1 °C, and varying
maximum and minimum temperatures of 38 °C and 0 °C, respectively (Alvares et al., 2013).
The soil of the experimental area is typical Oxisol, with clayey texture, and is deep and well-
drained. Fertilization was carried out during planting, where 150 g of fertilizer was applied to
each seedling. Planting of Eucalyptus seedlings (Eucalyptus grandis) was manually carried out
in September 2008, after soil plowing and harrowing. The experimental design was a
randomized complete block, characterized by af actorial scheme of 5 x 4, with five assessment
periods after planting (1st, 3rd, 5th, 7thand 9th year) and four spacings between plants (2.0 x
1.0m; 2.0 x 1.5 m; 3.0 x 1.0 m, and 3.0 x 1.5m), with three replications each. A sketch of an
experimental unit can be seen in Schwerz et al. (2019), who used the same experimental
design for black wattle plantations.

Forest biomass evaluation, mean annual increment and current annual increment

Destructive tree assessments were performed in the month of September in five
assessment years: 1st year (2009), 3rd year (2011), 5th year (2013), 7th year (2015), and 9th
year (2017) after planting. For each spacing of planting, nine trees were evaluated, resulting in
a total of 36 trees per assessment year, totaling 180 trees evaluated during the rotation. The
forest biomass of each tree compartment (trunk, bark, branches, and leaves) was evaluated
through the direct method, which consists of cutting and weighing the different tree
compartments (Sanquetta, 2002). The leaf and branch samples were collected in the lower,
middle and upper canopy strata of the trees in order to obtain a homogeneous material that
represents the whole canopy. The samples were identified and then taken to a drying oven to
obtain the dry biomass. Samples of trunk, bark, leaf, and branch were dried at 103 °C to obtain
0% moisture, allowing for subsequent determination of the respective moisture content.

The total biomass was determined by adding the dry biomass of the different tree
compartments (bole = trunk + bark and canopy = leaves + branches). To quantify the biomass
produced per hectare, the following survival rates were recorded: 1st year (2009) and 3rd year
(2011): 100%, 5th year (2013): 94%, 7th year (2015): 89% and in the 9th year (2017); with 61%,
62%, 54%, and 72% for spacings 2.0 x 1.0 m; 2.0 x 1.5 m; 3.0 x 1.0 m, and 3.0 x 1.5 m,
respectively.

With biomass data, the current annual increment (CAl) and the mean annual increment
(MAI) of Eucalyptus were calculated. To calculate CAl, the following equations were used:

CAly =X, -X; (1)

where: CAlx = current annual increment (Mg ha™); X, ., = biomass obtained at age | + 1; X, =
biomass obtained at age |. To determine the MAI, we used the following equation:

where: MAlx = mean annual increment (Mg ha™); X, = biomass obtained at age | (years).
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Solar radiation interception, weather data and radiation use efficiency

The values for solar radiation interception were measured annually, where the solar
radiation intercepted was measured above and under the tree arrangement using a portable
sensor pyranometer (LICOR PY32164) coupled to a Datalogger (LICOR 1400). The
measurements were recorded from 10 to 12h. Sample points within each plot were
systematically established in three different directions: one located within the row (1), another
between each row (2), and the third at a 45° angle between points 1 and 2 (Behling et al., 2015).
The values of solar radiation interception were obtained using the following equation:

% Intercepted = [100 - (Rn x 100/Rt)] (3)

where Rn = incident radiation under the canopy; (Rt = incident radiation above the canopy.

Data of incident solar radiation (M] m™), rainfall (mm dia™") and air temperature
(minimum, average and maximum (°C)), were collected from a weather station belonging to
the Brazilian National Institute of Meteorology (INMET), located approximately 500 m from the
experimental area. The value of photosynthetically active radiation was considered to be 45%
of global solar radiation, the average value found by Assis & Mendez (1989).

The monthly and annual accumulated solar radiation, rainfall, and minimum, average,
and maximum air temperatures obtained during the experiment (September 2008 to
September 2017) are shown in Figure 1. Air temperature varied from -2.7° C (minimum) to 37°
C (maximum) with a mean annual rainfall of 2109.04 mm.

In order to evaluate the RUE, the leaf area of the trees was quantified using three samples
of 300 grams of different canopy strata (Sanquetta, 2002). Leaf area was obtained using the
leaf area integrator, model LI-3000C. Samples were placed in individual paper bags, identified
and placed in an air circulation oven at 60 °C until reaching constant mass. Samples were
weighed on a precision scale to obtain the leaf biomass. Thus, the leaf area was calculated by
the following equation:

LA = (LB*Ls)/DBs 4)

where: LA = leaf area (m?); LB = leaf biomass (kg); Ls = sample leaf area (m?); DB = dry
weight (kg).

Leaf area index (LAl) was obtained from the relationship of the total leaf area of each
plant and the area of the soil occupied by the plants, as a function of the planting spacing,
according the following equation:

Lar=+4 (5)
US4

where: LAl = leaf area index; LA = leaf area(m?); USA = useful soil area used by the tree (m?).

The light extinction coefficient (k) was calculated by the approach from Beer's Law using
the following equation proposed by Monsi and Saeki (1953):

k =-In [ILJ /LAI 6)

0

where: k = light extinction coefficient; | = incident solar radiation under the canopy; |, = incident
solar radiation above the canopy; LAl = leaf area index.
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Figure 1- Monthly average values of minimum and maximum air temperature (A), accumulated incident
solar radiation (B), and accumulated rainfall (C), during the short-rotation cycle (September 2008 to
September 2017).

Values of photosynthetically active radiation intercepted were determined from the
model proposed by Varlet-Grancher et al. (1989), according to the following equation:

PARi=0.95%( PARinc)*(in* 1) ) )

where: PARi= photosynthetically active radiation intercepted (M) m™); PARinc = incident
photosynthetically active radiation (M) m™2); k = light extinction coefficient, calculated for each
planting spacing.

Radiation use efficiency was determined by the average accumulated biomass
production and the intercepted photosynthetically active radiation, based on the model
proposed by Monteith (1977):
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TDB =cb*PARi (8)

where: TDB = total dry biomass produced (kg m2); PARi = photosynthetically active radiation
intercepted (M) m™); &b = conversion of photosynthetically active radiation intercepted in
biomass produced (kg MJ™").

The radiation use efficiency given by the linear regression coefficient of the PARi and TDB
represents the amount of biomass accumulated for each unit of energy intercepted. The
values of &b were calculated in terms of total biomass and each compartment (bole and
canopy).

Statistical analysis

The data were analyzed with the software Statistical Analysis System (2003), where
analysis of variance, F test and Tukey test (p<0.05) were performed. The Bartlett test was used
to verify the homogeneity of variances, while the normality distribution of all data was checked
using Shapiro-Wilk test. We rejected the null hypothesis HO.

RESULTS AND DISCUSSION

Radiation use efficiency of Eucalyptus plantations

RUE was influenced by the spacing of planting (Figure 2). The highest &b (0.0062 kg MJ™")
was found for the spacing of 2.0x1.5 m. The trunk (trunk + bark) presented b of 0.0048 kg
MJ~" and the canopy (branches + leaves) presented a b of 0.0009 kg M)™". The values found in
this study are higher than those found by other authors. Landsberg & Hingston (1996),
analyzing the &b of Eucalyptus globulus in Western Australia and found average b values of
0.00093-0.00223 kg MJ™"; Campoe et al. (2013a) found &b values from 0.00075 to 0.00103 kg
M)~ for dominant and non-dominant trees of Eucalyptus grandis in Brazil, respectively; Le
Maire et al. (2013), studying Eucalyptus grandis and Acacia mangium plantations in southern
Brazil, found average values of 0.00105 and 0.00087 kg MJ™", respectively; Forrester et al.
(2013) found values of b varying from 0.00084 to 0.00114 kg MJ™". We believe the divergence
in RUE values between the literature and those found in the present study can be related to
different site characteristics, species and age of plants, and stand management practices.

We observed that the trunk was responsible for 86% and the canopy 14% of the total RUE
of the tree compartments. In forest plantations for energy production, the most important
yield is trunk biomass. However, the canopy is of essential importance as the tree needs to
intercept a large amount of radiation in order to meet its energy demand. In this context, the
evaluation of RUE that takes into account the total biomass of trunk and canopy appears to
be appropriate, by considering these compartments; it simplifies the most important
responses, which was confirmed in this study.

Studies that evaluate the influence of spacing of trees on the RUE of different species are
in agreement with the results found in the present study. Caron et al. (2012), Sanquetta et al.
(2014b), Schwerz et al. (2017), and Schwerz et al. (2019), reported that plants grown under
high densities are more efficient in converting solar radiation into biomass. This variation may
be related with the ability to efficiently use the available resources, as well as the values of LAl
and intercepted solar radiation, parameters that are essential to determine the RUE.

The RUE observed for the spacing of planting of 2.0x1.5 m was 8%, 14.5%, and 16.1%
higher than the planting spacings 2.0x1.0, 3.0x1.0, and 3.0x1.5 m, respectively. This result may
be related to the greater amount of radiation intercepted by the tree canopy, which resulted
in a higher photosynthetic rate, and consequently greater RUE in forest biomass. Moreover,
the higher RUE may be explained by the ability of a tree to acquire resources. One of the main
factors related to RUE and productivity of forest plantations with high plant densities is related
to the uniformity of the plants within the area. Due to the large number of trees competing
for space and resources, it is possible to have dominant and non-dominant plants within the
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forest stand (Stape et al., 2010). In general, the Eucalyptus tree grown in the 2.0x1.5 m spacing
showed more stand uniformity than under other tree spacing.
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Figure 2- Radiation use efficiency for the bole, canopy, and total biomass obtained for each planting
spacing of Eucalyptus grandis during the short-rotation cycle, where: b = Conversion efficiency of
intercepted photosynthetically active radiation into biomass, PARiac = photosynthetically active
radiation intercepted accumulated.

Moreover, this study demonstrated that Eucalyptus trees grown under denser planting
spacing, i.e., less than 2.0x1.5 m, showed a trend of reducing the RUE. This can be attributed
to the increase in intra-interspecific competition for resources and the greater heterogeneity
within the forest stand, where some plants were suppressed by others.

During the time that resources are available (i.e., canopy closure is not reached) all trees
of a stand are equally efficient. However, when inter-tree competition starts, larger trees are
able to acquire more resources, whereas smaller trees might already reach their resource
compensation point, i.e., the minimum resource quantity needed to produce positive growth
(Binkley, 2004; Fernandez & Gyenge, 2009). According to Campoe et al. (2013a), larger trees
within a stand grow faster than smaller trees, not only because they intercept more light but
also because they use that light more efficiently.

The general trend of increasing RUE with increasing tree size was consistent with results
obtained in other studies (Campoe et al., 2013a). They reported that across a productivity
gradient, on average, dominant trees (top 20% in size) showed 37% greater RUE than
suppressed trees (smallest 20%). Moreover, the differences in RUE between dominant and
non-dominant trees are consistent and become larger on more productive plots. This pattern
was also observed by Campoe et al. (2013b) when assessing a Pinus taeda plantation in the
USA. These results suggest that dominant trees will become even more dominant over
suppressed trees on sites with higher resource availabilities.

In an intensive exploitation of forest energy plantations, at the stand level, higher RUE in
more productive stands might result in a greater rate of photosynthesis per unit of absorbed
photosynthetically active radiation, or from increased partitioning of carbohydrates to tree
growth (Giardina et al., 2003; O'Grady et al., 2010; Campoe et al. 2012). Therefore, future
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studies should focus on understanding the impact of tree dominance and stand uniformity on
RUE, and consequently on forest biomass yield.

Forest biomass yield and partitioning

The biomass yield varied significantly for the different planting spacings (Figure 3A). The
highest value of biomass yield (961.4 Mg ha™') was obtained in the reduced planting spacing
of 2.0 x 1.0 m, in the 9th year. Moreover, as the forest age increases, there is a trend of trees
presenting similar values of biomass, regardless of the planting spacing. This study
demonstrated that the individual relative biomass yield of trees is greater at the widest
spacing levels (3.0 x 1.5 m), potentially due to higher availability of soil and climate resources.
However, when the authors varied the tree density from 1600 trees ha™ at the 3.0x1.5 m
spacing to 3050 trees ha™' at the 2.0x1.0 m spacing level, the overall biomass yield of a unit
area of land could be quite different compared to the average stand-alone tree size. Therefore,
the number of trees per unit area becomes a relevant aspect that should be considered for
the production of biomass for energy. In this study, it was possible to highlight that for the
production of Eucalyptus, the optimal spacing of plants to produce highest forest biomass was
2.0x1.0m.

Total biomass (Mg ha-
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Figure 3- Biomass yield (A), leaf area index (B) and solar radiation interception (C) during the short-

rotation cycle of Eucalyptus grandis grown under four planting spacings. Different small letters indicate
significant differences (p<0.05) by Tukey test among planting spacings in each assessment year.
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Significant differences were observed in the LAl for the different planting spacings and
assessment years. Until the seventh year after planting, the 2.0 x 1.0 m spacing presented one
of the highest LAIl. However, from the ninth year on, the highest LAl was found in the 3.0 x 1.0
m spacing (Figure 3B).

Similar values of intercepted solar radiation were found up to the fifth year across all
spacings (Figure 3C). The lowest intercepted solar radiation was observed in the fifth year for
all plant spacings, and may indicate a period of greater tree competition caused by abiotic
factors. In all the years of evaluation, the trees cultivated in the spacing of 3.0 x 1.0 m
presented less interception of the solar radiation relative to other spacings. The highest
intercepted solar radiation was 90.9%, verified for the 3.0 x 1.5 m spacing and in the 7th year.

The largest biomass production of trees grown under the spacing 2.0x1.0 m is explained
by the larger number of plants per hectare. Thus, shorters pacing is recommended for short-
rotation Eucalyptus plantations for biomass production, as they result in greater biomass
accumulation per hectare. Eloyetal. (2015) evaluated forest species in short-rotation
plantations for energy purposes and recommended short spacings for a higher biomass per
area. The accumulated biomass found in the present study was higher than that found by
Brito et al. (1983) for 10-year old Eucalyptus grandis (518.2 Mg ha™) and Eucalyptus pilularis
(500.8 Mg ha™") plants. The accumulated biomass difference can be explained by the genetic
improvement that the species has been gaining over time.

Regarding the forest biomass increment during the evaluation years, we can observe that
the highest mean annual increment values were obtained in 2.0 x 1.0 m planting spacing with
106.8 Mg ha™' until the 9th year (Figure 4). The same was observed for current annual
increment, excluding the 9th year, where the highest value was obtained in 3.0 x 1.5 m spacing
(423.2 Mg ha™"). According to Oliveira et al. (2009), denser spacing tend to present larger
increments when compared to less dense plantings. However, over time, competition for solar
radiation and water tends to increase in denser spacing, reducing growth rates. This does not
occur in the 3.0 x 1.5 m spacing. Thus, the tendency over the years is for biomass to be
equivalent in different spacings, even when there is a larger number of trees with denser

spacing.
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Figure 4- Current annual increment (CAl) and mean annual increment (MAI) of biomass during the
short rotation cycle of Eucalyptus grandis cultivated in four planting spacings.
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In relation to the biomass partition in the different tree compartments, the canopy
represented 71.6% and the trunk 28.4% of the total forest biomass produced in the first year,
on average across the four plant spacings (Figure 5). However, these results were reversed in
the ninth year, when the trunk represented 90%, and the canopy represented 10% of the total

biomass, also as averaged across the four planting spacings.
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Figure 5- Biomass partitioning during the short-rotation cycle of Eucalyptus grandis grown under four

planting spacings.

Overall, in the first year after planting, 24.4%, 4.0%, 23.8%, and 47.8% of the biomass was
represented by the trunk, bark, branch, and leaf components, respectively. These components
represented 86.8%, 3.3%, 6.45%, and 3.6% of the biomass, respectively, in the ninth year. The
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biomass percentage of the trunk component varied only 1.9% from the smallest (2.0 x 1.0 m)
to the largest (3.0 x 1.5 m) spacing in the ninth year after planting.

The proportion of biomass accumulated in the different components was not influenced
by the spacings (Figure 4). The leaf component presented higher biomass in all spacings in the
first year, and the trunk component presented higher biomass in all spacings from the third
year on. According to Gongalves & Passos (2000) and Schwerz et al. (2019), trees have a rapid
increase in nutrient accumulation, and growth in the first years, mainly with allocation of
photo-assimilates to the canopy. After the canopy growth and closure, when the plant has the
highest LAI, the allocation of the nutrients is directed to the trunk.

In general, the percentage of biomass of the trunk component increases with increasing
age of the trees (Oliveira Neto et al., 2010), while the percentage of the other components
decreases. Sanquetta et al. (2014a) evaluated the biomass of Acacia mearnsii plantations of
different ages and found variations in the biomass of each component with the age of the
trees, with decreases in the leaf and branch components and increases in the trunk
components, which represented 80% of the total biomass in the seven years after planting.

As there is a tendency for accumulation of biomass in the trunk with an increase in the
age of the trees, Schumacher et al. (2011) recommends that the harvest be conducted from 6
years after planting. Harvesting any earlier to that is suggested to lead to reductions in yield
of trunk.

The area of Eucalyptus plantations in Brazil is constantly growing, making the
development of studies in the area of silviculture, ecology and management of this species
even more relevant. The data generated in this study are valuable since it provides information
for forest companies and forester producers regarding the optimal spacing of planting to be
used for biomass production and energy generation.

CONCLUSIONS

The conversion efficiency of the photosynthetically active radiation intercepted in
biomass was affected by the spacing of planting, and the highest conversion efficiency was
0.0062 kg MJ'for the 2.0 x 1.5 m spacing. In addition, Eucalyptus trees grown on the 2.0 x 1.0
m spacing showed the highest biomass yield with 961.4 Mg ha™', demonstrating that the most
efficient plants in the conversion of photosynthetically active radiation are not always the most
productive. The hypothesis of this study was confirmed; forest managers can accelerate
growth and increase the production of forest biomass by using the appropriate spacing for
planting.

The results obtained in this study indicate that the optimal spacing of trees is smaller than
the current pattern of 3.0x1.5 m. In this way, reduction of the planting spacing should be
recommended for forest energy plantations, changing the current planting spacing pattern
(3.0x1.5 m) used by the majority of the forest producers. We emphasize that future studies
should focus on understanding the impact of the use of high levels of fertilizers and forest
stand uniformity on growth traits, solar radiation dynamics and consequently on forest
biomass yield.
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