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Abstract. Industry development, climate change mitigation and renewable energy currently become the most essential challenge in tropical
forest management, primarily in Indonesia. The existence of tropical forests is not only managed to maintain the stability of wood supply for
commercial industries but also to reduce greenhouse gas emissions in the atmosphere and to generate energy alternatives from tree biomass.
To answer this challenge, the development of fast-growing species like eucalyptus can become a good solution. However, the productivity
of eucalyptus depends on its adaptability to the site condition. Therefore, understanding site-species interaction becomes the fundamental
requirement before planted on a large scale. This study aimed to evaluate the initial performance of eucalyptus species developed in Jepara.
An experiment consisted of three different eucalyptus species, i.e. E. alba, E. pellita, and E. urophylla, was established using a randomized
complete block design. Sixteen parameters were selected to assess the eucalyptus performance, including survival, height, diameter, biomass
accumulation (stem, branches, foliage, and total aboveground), crown length, crown radius, crown projection area, crown ratio, individual
leaf area, individual leaf dry weight, specific leaf area, leaf mass area, and leaf area index. Comparison mean of tree attributes from each
species was examined using ANOVA, followed by HSD Tukey. Results showed all measured parameters indicated a significant difference
among the three species (p<0.05), except for survival, foliage biomass, and crown ratio (p>0.05). The preliminary performance of E. pellita
was relatively better than other species, mainly related to height (3.00+0.21 m), total aboveground biomass (49.86+3.60 kg ha), crown
projection area (2.68+0.27 m?), and leaf area index (5.76+0.44). Our study concluded the initial performance of E. pellita in Jepara was
substantially superior to E. alba and E. urophylla. Nevertheless, continuous evaluation was need to monitor the consistent performance
those species in the study area.

Key words: Crown projection area, eucalyptus, leaf area index, leaf mass area, specific leaf area
Running title: Preliminary evaluation of eucalyptus species

INTRODUCTION

Integration of industry development, climate change mitigation, and renewable energy diversification currently become
the most important challenge in tropical forest management (Sadono et al. 2021a), including in Indonesia. The existence of
tropical forests is not only managed to stabilize wood supply for commercial industries but also to minimize carbon
emissions in the atmosphere (Sasaki et al. 2016) and to generate energy alternatives from tree biomass (Ferreira et al.
2017). To tackle this challenge, the development of fast-growing species can become a realistic solution for supporting the
fundamental role of tropical forest in maintaining industry viability, reducing carbon emissions, and resulting bioenergy
(Gonzélez-Garcia et al. 2016). During last periods, there are several fast-growing species that planted in plantation forests
at the tropics, one of which is eucalyptus.

The establishment of eucalyptus as a primary species in plantation forests has been widely conducted in many tropical
countries, such as Brazil, Chile, Colombia, Mexico, Thailand, Vietnam, and Indonesia (Aggangan et al. 2013, Hakamada
et al. 2017, Acufia et al. 2018, Amezquita et al. 2018, Van Bich et al. 2019, Wirabuana et al. 2020a). Besides having a
short rotation by approximately 5-8 years (Little et al. 2018), The quality of eucalyptus wood is also suitable as raw
materials for industries, like construction, pulp and paper, plywood, veneer, and furniture (Forrester 2013, Hii et al. 2017,
Nambiar et al. 2018). In addition, the majority of eucalyptus species also have rapid growth due to the more efficient
photosynthesis process (Lewis et al. 2011, Lima et al. 2019). It indicates the carbon absorption in eucalyptus is relatively
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faster than slow-growing species (Kaul et al. 2010). Therefore, the previous studies also report that the existence of
eucalyptus plantations provides a significant contribution to encouraging climate change mitigation (Magalhdes et al.
2020). Furthermore, a study explains the eucalyptus wood can become a source of renewable energy since it has a high
calorific value of 4,532-4,661 kcal kg™ (Simetti et al. 2018). The use of eucalyptus wood for bioenergy has been
conducted in some foreign countries, like Brazil, Spain, and Portugal, wherein the development of biomass power plants
has been intensively managed (Barreiro & Tomé 2012, Gonzalez-Garcia et al. 2016, Cavalett et al. 2018). A study
confirms the use of plant biomass, mainly from eucalyptus, results in lower carbon emissions to the atmosphere than fossil
fuels like coal as well as oil and gas (Cavalett et al. 2018). This fact demonstrates this species is highly potential developed
as a strategy to tackle the integration of industry development, climate change mitigation, renewable energy diversification
in tropical countries, particularly in Indonesia.

The cultivation of eucalyptus in Indonesia is prospective because it is a native species from this country. Some studies
explain there are several eucalyptus species that naturally distributed in the eastern of Indonesia, such as E. pellita, E. alba,
and E. urophylla (Stanturf et al. 2013, Prasetyo et al. 2017). However, the existence of eucalyptus plantation in Indonesia
is still limited wherein most eucalyptus estates are located in Sumatra (Nambiar et al. 2018). Moreover, the objective of
eucalyptus management in Indonesia still focuses on supplying raw materials for pulp and paper industry (Prasetyo et al.
2017). This circumstance is quite different from other countries like Brazil, China, and Vietnam in which the presence of
eucalyptus plantation becomes the most important plantation forests in those countries and has many processing industries
for eucalyptus wood. It indicates there is a wide opportunity to develop eucalyptus plantations in Indonesia by expanding
its area nor improving its downstream industries. However, to obtain high productivity of eucalyptus stand, understanding
about site-species interaction is basically required before doing the planting activities on a large scale. It is commonly done
by establishing an experiment for species trial in several sites which become the priority area for eucalyptus development.
In this context, the best species is selected by considering its superior performance to other eucalyptus species.

This study examined the adaptability of three different eucalyptus species planted in the Jepara District. A preliminary
evaluation was undertaken to monitor the growth, aboveground biomass, crown development, and leaf characteristics of
those three species at six months after planting. It is a critical period to assess the suitability of species to survive in the site
condition (Van Bich et al. 2019, Stuepp et al. 2020, Wirabuana et al. 2020a) since every eucalyptus species has a habitat
preference to support its growth and development. if site condition is not suitable, the species will demonstrate a high
mortality rate and low growth performance (Thompson 2013, Maimunah et al. 2018, Aguilos et al. 2020). The species trial
of eucalyptus was built in Jepara because this town has a number of wood processing industries, especially for furniture.
Moreover, there are several other forestry industries located near this town such as pulp and paper, plywood, veneer, and
construction that require a continuous supply for wood demand. Interestingly, Jepara has also a power plant that faces a
problem related to the coal deficit. This situation provides an opportunity to maximize the potential of eucalyptus for
bioenergy. On another side, the development of eucalyptus plantation in Jepara is still not be conducted until now, even
though this species offers a lot of advantages. Most importantly, the effort of eucalyptus establishment in Jepara is not only
directed to support the integration of industry development, climate change mitigation, and renewable energy but also to
facilitate the program of Ex situ conservation and to optimize the potential of native species from Indonesia.

MATERIALS AND METHODS

Study area

A species trial was established in community forests located at Srobyong, Jepara District. It had geographic position in
S6°31'35"-6°31'37" and E110°41'39"-110°43'22" (Figure 1). The species trial was set up in private land of farmers with a
large area of 2 ha. Altitude reached 70 m above sea level. Topography was flat with a slope level of 3-8%. The average
daily temperature was 29°C with a minimum of 22°C and a maximum of 34°C. Annual rainfall varied from 2,246 to 2,446
mm year " during the last five years from 2016 to 2020. The majority of rainfall was recorded in February around 33.82%
of total rainfall in a year. Dry periods occurred for 5 months from May to September. The mean air humidity reached 84%.
Soil type was predominantly by alfisol with having acidity level of 5.5 to 6.0. Before becoming a site for species trial, the
vegetation cover consisted of uneven-aged mixed species with irregular distribution and high variation in growth.
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Figure 1. Study area of species trial for eucalyptus development in Jepara District. The blue symbol indicated site for trial establishment

Experimental design

The species trial was established in a randomized complete block design (RBCD) with four blocks, consisting of three
blocks for continuous monitoring and one block for destructive measurement in specific periods, namely 6, 12, 24, 36, 48,
and 60 months. This design was selected to minimize the influence of environmental gradient on eucalyptus performance
(Thompson 2013). It was importantly conducted to avoid the biased result due to the impact of site condition, particularly
related to soil quality. There were three different eucalyptus species examined in this study, i.e. E. alba, E. urophylla, and
E. pellita. Each species was planted in a square plot of 0.1 ha comprising 100 measured trees and 44 border trees (Figure
2). The principal function of border trees was to indicate the clear boundaries among treatments in every block. Moreover,
to support the activity of monitoring, a nameplate was placed in each treatment plot using a specific code. Every measured
tree was also marked by a number identity.
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Figure 2. The layout of experimental design in the study area for evaluating the performance of eucalyptus stand from three different
species established in Jepara District. (a) the position of every treatment in each block and (b) the position of measured and border trees in
every treatment plot.
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Figure 3. The distribution of five sample points for collecting soil sample in the site experiment. The brown circle indicated the sampling
location for taking soil sample..
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This trial was established in August 2020. The site preparation was implemented to identify the variation of environmental
gradient before determining the layout of experimental design. It was exceptionally required to create a homogeneous condition
in each block for minimizing the influence of environmental gradient on treatment plots (Gongalves et al. 2010). The activity of
site preparation consisted of several stages, like measuring slope variation, observing waterlog, identifying wind disturbance,
and assessing soil quality (Wirabuana et al. 2020a). To facilitate the soil quality assessment, soil sampling was collected in five
different points at three depth layers of 0-10 cm, 11-20 cm, and 21-30 cm (L. et al. 2018, Wirabuana et al. 2019, Sadono et al.
2021b) (Figure 3). Then, the sample was composited and brought to the laboratory for quantifying its characteristics, namely
soil acidity, soil organic carbon, total nitrogen, available phosphorus, total potassium, and cation exchange capacity (Table 1).
Soil acidity was measured using pH meter. The quantification of soil organic carbon was conducted using Walkey and Black
method. Total nitrogen was estimated by Kjeldahl method. The analysis of available phosphorus was executed using Olsen
method. The method of flame photometry was utilized to calculate the total potassium. The use of ammonium acetate method
was applied to quantify the content of cation exchange capacity. The protocol of soil analysis was conducted referring to the
guide for methods of soil, plant, and water analysis published by Estefan et al. (2013).

Table 1. Soil characteristics in the site experiment quantified by soil acidity, soil organic carbon, total nitrogen, available phosphorus,
total potassium, and cation exchange capacity. Data were presented in mean+standard deviation

Soil parameters Symbol Units Value Categories
Soil acidity pH - 6.00+0.86 Slightly acid
Soil organic carbon SoC % 2.97+0.37 Moderate
Total nitrogen N-tot % 0.17+0.01 Low
Auvailable phosphorus Av-P ppm 2.79+1.54 Very low
Total potassium K-tot cmolc kgt 0.21+0.12 Very low
Cation exchange capacity CEC cmolc kgt 10.11+3.14 Low

Note: the classification of soil quality was determined following the soil quality categories reported by (Nandini & Narendra 2017)

The plant material of E. alba, E. urophylla, and E. pellita used in this study was from different provenance since every
species has different natural distribution. E. alba and E. urophylla were from provenance Timor, East Nusa Tenggara.
Meanwhile, E. pellita was from provenance Muting, Papua. The seed was sown in the nursery for 90 days. In parallel, soil
tillage was conducted to improve soil structure at 2 weeks before field planting. A week before establishment, the grading
activity was undertaken to determine the quality of seedlings from each species. In this case, only seedlings with a height
of 30 cm and having healhty condition were used as plant materials for planting. Seedlings were planted by initial spacing
3 m x 3 m. The addition of fertilizer (NPK 15:15:15) was also provided for every seedling with a dose of 100 g. It was
applied to increase the availability of nutrients for eucalyptus because the site experiment had a low content of nitrogen,
phosphorus, and potassium in the soil. Moreover, several studies reported eucalyptus is highly responsive to phosphorus
availability since it was a macronutrient exceptionally required by this plant (Amezquita et al. 2018, Bassaco et al. 2018,
Sadono et al. 2021b). To support the early growth of eucalyptus, the application of weed control was also implemented by
slashing and chemical spraying at 3 and 6 months after planting.

Data Collection

Data were collected at 6 months after planting. This period was frequently used by most plantation forests company in
Indonesia to conduct the first evaluation of species trials (Wirabuana et al. 2019). It was also supported by the previous
studies reported that the period was a critical moment to assess the adaptability of species to environmental conditions
outside their natural habitat (Stuepp et al. 2020). The process of data collection was conducted from March to April 2021.
It consisted of several activities, i.e. stand measurement, destructive sampling, and laboratory analysis. Sixteen parameters
were selected to evaluate the eucalyptus performance from three different species, including survival, height, diameter,
biomass production (stem, branches, foliage, and total aboveground), crown length, crown radius, crown projection area,
crown ration, individual leaf area, individual leaf dry weight, specific leaf area, leaf mass area, and leaf area index.

Survival was defined as the ratio of actual density and initial planting density. Height was measured from aboveground

to top crown using a measuring pole (Halomoan et al. 2015). Diameter was measured at 0.3 m aboveground by a caliper
(Wirabuana et al. 2019). The crown length was quantified from crown base to top crown while crown ratio was calculated
as the ratio between crown length and tree height. Crown radius was computed as the quadratic mean crown radius at eight
directions (eq.1) (Wirabuana et al. 2019). The transition from crown radius to crown projection area was determined by the
occupation area of every tree (eq.2) (Pretzsch et al. 2015).
CR=( (RN2 +RNg2+ ..+ RNWZ) / 8)1/2 ()]
CPA =z xCR? 2
wherein CR was a quadratic mean crown radius every tree (m), R represented crown radius in certain direction (m), and
CPA described crown projection area of each tree (m?).

To quantify biomass accumulation and leaf characteristics of each species, destructive sampling was conducted step by
step in a chronological manner. Each species was represented by five sample trees. Those sample trees were determined by
considering the distribution of diameter. It aimed to obtain the balance growth dimension from small to big trees (Sadono
et al. 2021a). In this study, the diameter was classified into three classes, including small (1.0-1.9 cm), medium (2.0-2.9
cm), and big (3.0-3.9 cm). After the sample tree was felled, the tree component was separated into stem, branches, and
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foliage. For part of foliage, the sample also stratified into three layers based on leaves position, i.e. base, middle, and top.
It was conducted to facilitate the measurement of leaf characteristics. From every layer, ten leaf samples were taken
randomly. Thereby, the number of sample for determining leaf attributes in each sample tree was 30 samples.

The fresh weight of each component was measured in the field using a hanging balance. Afterward, approximately 500
g subsample from each part was taken and brought to the laboratory for dried. Before starting the drying process, the area
of selected leaf samples was measured using a planimeter. Then, the subsample of each component (including the selected
leaf samples) was dried using an oven for 48 hours at 70°C before measuring their dry weight (Hakamada et al. 2017). The
biomass accumulation in each component was calculated by multiplying the ratio of dry-fresh weight from subsample with
the total fresh weight of each part from field measurement (eq.3) (Altanzagas et al. 2019) while total aboveground biomass
for each individual tree was calculated by summing the biomass distribution in stem, branches, and foliage (eq.4) (Rance

et al. 2017).
W, = (DWs / FWs) X FW, 3)
Wt = Wstem + Wbranches + Wfoliage (4)

wherein W, was biomass from every tree component like stem, branches, or foliage (kg), DW; described the dry weight of
subsample (kg), FWs indicated the fresh weight of sub sample (kg), FW. was the total fresh weight of tree component (kg),
and W, signified total aboveground biomass of individual tree (kg). Then, the result of destructive sampling was converted
to estimate the biomass production of eucalyptus stand from every species in treatment plots.

To measure the leaf characteristics, the dry weight of each selected leaf sample was determined using a digital analytic
scale. The specific leaf area was calculated based on the ratio of leaf area and leaf dry weight (eq.5) (Hakamada et al.
2016). In opposite condition, leaf mass area was computed by dividing leaf dry weight and leaf area (eq.6) (De La Riva et
al. 2016). Leaf area index from each sample tree was quantified following this equation (eq. 7) (Wirabuana et al. 2019).

SLA=LA/LW 5)
LMA = LW /LA (6)
LAl = (Wioliage X SLA) / CPA (7

wherein SLA was specific leaf area (m? kg?), LMA represented leaf mass area (kg m?), LA described individual leaf area
(cm?), LW was individual leaf dry weight (g), and LAl indicated leaf area index.

Data Analysis

Statistical analysis was processed using software R version 4.0.2 with a significant level of 5%. The package agricolae
was used to facilitate the process of data analysis. Descriptive test was applied to identify the data characteristics, primarily
related to minimum, maximum, mean, standard deviation, and coefficient of variation. It aimed to assess the accuracy and
precision of data collected from stand measurement, destructive sampling, and laboratory analysis. The normality of data
was evaluated using Shapiro-Wilk test. Homogeneity variance among treatments were examined using Bartlett’s test. The
comparison means eucalyptus performance among three species for each parameter was tested using ANOVA followed by
HSD Tukey. The analysis of correlation using a pallete matrix was also done to evaluate the relationship between observed
parameters.

RESULTS AND DISCUSSION

Growth Performance

The survival among species did not significantly differ (p>0.05) (Table 2). Each species had a survival more than 80%.
It indicated every species had a good tolerance to the environmental condition in the study area. The highest survival was
recorded in E. alba (90.4+2.19%), followed by E. pellita (89.6+3.57%) and E. urophylla (88.8+£5.21%). In the context of
plantation forest management, survival was an essential indicator to evaluate the species performance since it determined
the number of trees that could be harvested at the end of the rotation (Truax et al. 2018). This parameter also directly
affected land cover and tree competition at the stand level (Kweon & Comeau 2019). Moreover, the plant survival also had
a strong relationship to the efficiency of planting cost for establishing plantation forests. The development of species in the
plantation forest required a high survival to obtain an optimum stand productivity because it become a multiplier factor to
estimate the wood volume and biomass production in hectare unit.

Table 2. Comparison means growth, aboveground biomass, crown development, and leaf characteristics of three different eucalyptus
species established in Jepara District. Data were demonstrated in mean + standard deviation

) ) Species
Group variables Measured parameters Units - p-value
E. alba E. pellita E. urophylla
Growth Survival % 90.4+2.19a  89.6+3.57a  88.8+5.21a 0.958"
Height m 2.8240.25a  3.00:0.21a  1.87#0.29b  <0.001"

Diameter cm 231+0.19a  2.39+0.19a  1.62+0.15b <0.001"




216
217

219
220
221
222
223
224
225
226
227
228

229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244

245
246

247

Aboveground biomass  Stem biomass kg ha'* 16.58+2.75ab  17.25+#3.12a  12.01%2.56b 0.024*

Branches biomass kg ha't 11.15+1.90a 12.10+1.91a 6.78+1.11b  <0.001"
Foliage biomass kg ha't 21.40+2.24a 20.50+2.40a 24.16+2.33a 0.069"
Total Aboveground biomass kg ha'* 49.14+2.80a  49.86+3.60a  42.96+3.30b 0.010*
Crown development Crown radius m 0.86+0.05a  0.90+0.04a  0.64+x0.06b  <0.001"
Crown length M 2.15+0.16a  2.27+0.14a  1.52+#0.19b  <0.001"
Crown projection area m? 24740292  2.68:0.27a  1.42+028b  <0.001"
Crown ratio - 0.93+0.02a  0.95+0.04a  0.93+0.04a 0.763"
Leaf characteristics Individual Leaf area cm? 64.27+42.91b 63.30+3.67b 78.52+8.66a 0.001*
Individual Leaf dry weight 9 0.80+0.02b  0.79+0.04b  0.92+0.08a 0.007"
Specific leaf area m? kgt 7.93+0.13b  7.91+0.17b  8.41:0.14a  <0.001"
Leaf mass area kg m? 0.12#0.002a  0.12+0.002a 0.11+0.002b <0.001"
Leaf area index - 5.39+0.52a  5.76+0.44a  3.40+0.61b  <0.001"

Note: the symbol " indicated a significant different among species based on ANOVA test while the symbol "™ showed a non significant
different among species referring to ANOVA test. A similar letter in row indicated the parameter between species was not significantly
different according to HSD Tukey test.

Even though survival was not significantly different among species, this study found there was a significant difference
in height and diameter from three eucalyptus species (p<0.05) (Table 2). E. pellita showed higher height and diameter than
E. alba and E. urophylla. This finding verified the land characteristics in the study site were more suitable to E. pellita
than other species. It was also supported by the previous studies explained that E. pellita was a species naturally
distributed in the lowland area with a range altitude of 0-700 m above sea level (Hung et al. 2015). This species preferred a
soil acidity in the range of 5.0-6.0 (Harwood et al. 1997). According to the site description, the study area was classified as
a lowland area because it had an altitude of 70 m above sea level. Moreover, the soil acidity of study area was also
categorized into slightly acid with pH of 6.00£0.86 (Table 1). This biophysical condition principally supported the site
requirement for E. pellita development.

Biomass Accumulation

Biomass production from three species relatively varied (Table 2). Our study recorded the accumulation of biomass in
stem, branches, and total aboveground differed significantly (p<0.05). In opposite conditions, the biomass distribution in
the foliage component was not significantly different (p>0.05). The greatest total aboveground biomass was observed in E.
pellita (49.86+3.60 kg ha), followed by E. alba (49.14+2.80 kg ha'), and E. urophylla (42.96+3.30 kg ha). The similar
pattern was also found in stem and branches biomass. Interestingly, E. pellita had a lower accumulation of foliage biomass
(20.50+2.40 kg ha) than E. alba (21.40+2.24 kg ha*) and E. urophylla (24.16+2.33 kg ha'®). It was caused by the lower value
of leaf area and leaf dry weight in this species (Table 2).

This study found that the largest biomass distribution for all species at 6 months after field planting was observed in the
foliage (41-56%), followed by stem (28-34%) and branches (16-24%) (Table 3). In general, the biomass allocation in each
tree component from every species differed significantly (Figure 4). However, the relative contribution of stem biomass to
total biomass among three species was statistically equal. In contrast, the percentage contribution of foliage and branches
biomass to total biomass was highly different among those species. Suprisingly, our study also demonstrated that biomass
proportion in stem and branches gradually improved along with the increasing of diameter classes while the distribution of
biomass in foliage progressively declined with the increment of diameter classes.

Table 3. Ratio of the biomass of stem, branches, and foliage to the total aboveground biomass from sample tree. Data were presented in
mean, standard deviation, range.

Species Stem biomass/AGB Branches biomass/AGB Foliage Biomass/AGB
Mean SD Range Mean SD Range Mean SD Range
E. alba 034 0.04 0.28-0.38 023 0.03 0.18-0.25 044  0.07 0.37-0.54
E. pellita 034 0.04 0.30-0.40 024  0.02 0.21-0.28 041  0.07 0.33-0.49
E. urophylla 028 0.04 0.25-0.33 0.16 0.02 0.13-0.19 056  0.06 0.50-0.62
Total 032 0.05 0.25-0.40 021 0.04 0.13-0.28 047  0.09 0.33-0.62
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Figure 4. (a) Comparison of biomass distribution in every tree component from different eucalyptus species; (b) Relative contribution of
biomass in every tree component to total aboveground biomass across diameter classes. A similar big letter demonstrated there was not
significantly difference in biomass accumulation in the same component at different species and diameter classes. The similar small letter
indicated that there was not a significant difference of biomass proportion among tree components at the same species and diameter
classes.

The biomass allocation within tree was principally affected by its physiological process (Poorter et al. 2012). At the early
growth periods, trees generally accumulated more biomass to foliage for accelerating the photosynthesis process (Kohl et al.
2017). When the trees became bigger and older, the accumulation of foliage biomass slowly declined since trees provided more
photosynthate to stem for improving growth and accelerating translocation process (Dong et al. 2018, Altanzagas et al. 2019,
Wirabuana et al. 2020b). Moreover, the occurrence of leaves shedding by trees also reduced the biomass accumulation in
foliage. Some previous studies reported the leaves shedding occurred more intensively with the increasing tree competition,
drought stress, and age of tree (Gutiérrez-Soto et al. 2008, Xie et al. 2015, Nguyen et al. 2019).

Biomass was an attribute of tree that had important role in biogeochemical cycle (Houghton et al. 2009). Higher biomass
indicated greater carbon storage since around 50% biomass was composed of carbon (Latifah et al. 2018, Viera & Rodriguez-
Soalleiro 2019, Wirabuana et al. 2020a). Moreover, the biomass was also source of nutrients to maintain the soil fertility. In this
case, when the litter was decomposed amount of nutrient would be returned to soil. In fact, the majority of plantation forests in
other countries had utilized the biomass residue from harvesting activities as an additional fertilizer to minimize the fertilization
cost (Versini et al. 2014, Ferreira et al. 2016, Van Bich et al. 2019).

Besides having a lot of benefits related to ecological functions, biomass was also used as a measurement unit to determine
the commercial value of wood, mainly in the pulp and paper, fuelwood, and pellets industries (Visser et al. 2020). However, the
commercial value of biomass was only applied for stem components because it was the primary product of woody species like
eucalyptus. Referring to the results, E. pellita showed higher potential stem biomass (17.25+3.12 kg ha'!) than E. alba (16.58+2.75
kg ha) and E. urophylla (12.01+2.56 kg ha!) (Table 2).

Crown Development

Crown characteristics among three species were significantly different for all parameters except in crown ratio (Table
4). The largest mean crown projection area was observed in E. pellita (2.68+0.27 m?), followed by E. alba (2.47+0.29 m?)
and E. urophylla (1.42+0.28 m?). Greater crown dimension commonly indicated more biomass production because crown
was the main tree component that played important role in photosynthesis process (Binkley et al. 2013). It was also
evidenced by the outcomes of correlation analysis verified there was a strong correlation between crown radius, crown
length, and crown projection area with total aboveground biomass of eucalyptus species (Figure 6). Trees with a big
dimension of crown commonly had better growth performance than trees with a small crown size. It was also confirmed by
the study results wherein the size of crown dimension significantly improved along with the increasing diameter class
(Figure 5).
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Figure 5. Crown development and leaf characteristics of eucalyptus species across diameter classes. (a) crown radius; (b) crown length;
(c) crown projection area; (d) specific leaf area; (e) leaf mass area; and (f) leaf area index. Data were presented in trend for all species.

The development of crown dimensions in every tree was commonly affected by environmental conditions, primarily related
to site quality and space availability. A study reported the size of crown dimension was relatively bigger at good site than poor
site (DeRose & Seymour 2009). Meanwhile, Larger space availability would stimulate better crown development since the
growth of the crown was highly responsive to the growing space (Pretzsch et al. 2015). The information about crown
development was also important to identify the level of tree competition because it was necessary as a basic consideration to
formulate the best silviculture treatment, such as thinning and pruning (McTague & Weiskittel 2016). In this study, the site
quality and space availability of every species were principally equal since each species was planted by spacing 3 m x 3 m.
Therefore, the dimension of crown from three species was naturally affected by its suitability to the site characteristics. At the
end of 6 months after planting, E. pellita showed better crown dimension than other species (Table 2).

Leaf Characteristics

Leaf characteristics from three species significantly differed for all parameters (p<0.05) (Table 2). E. urophylla showed
greater average individual leaf area, individual leaf dry weight, and specific leaf area than other species. Nevertheless, the
highest mean leaf area index (LAI) was found in E. pellita (5.76+0.44), followed by E. alba (5.39+£0.52) and E. urophylla
(3.40+0.61). LAI was an important parameter to describe the effectiveness of nutrients absorption and photosynthesis
(Bréda 2008). This parameter was generally used as one of the criteria to evaluate the application of silviculture treatment
in plantation forests primarily related to fertilization and spacing management (Laclau et al. 2009, Forrester et al. 2012,
Van Bich et al. 2019). Higher LAI generated better growth performance and greater biomass since the nutrients uptake and
photosynthesis occurred more optimum. It explained the primary reason why E. pellita resulted in a greater average of tree
dimensions and bigger total biomass than E. alba and E. urophylla.
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Figure 6. A pallete diagram demonstrated correlation among measured parameters. SR (survival); COD (diameter); H (height); CL
(crown length); CR (crown radius); CPA (crown projection area); CRA (crown ratio); SB (stem biomass); BB (branches biomass); FB
(foliage biomass); AGB (total aboveground biomass); LA (individual leaf area); LW (individual leaf dry weight); SLA (specific leaf
area); LMA (leaf mass area); LAI (leaf area index).

Based on the results, the value of LAI and leaf mass area significantly increased with the increment of diameter classes
(Figure 6). A different trend was noted in specific leaf area in which this parameter gradually declined with the increase of
diameter classes. The specific leaf area in each species relatively varied depending on its adaptability to the environment
(Rosbakh et al. 2015). The previous studies reported that the specific leaf area would declined along with the bigger tree
dimension because it had a negative correlation to the age of tree (Xiao et al. 2006, Karavin 2013, Dwyer et al. 2014).
Bigger tree dimension indicated an older tree. However, this trend was not commonly discovered in every species due to
the impact of several factors, such as seasonal variation, tree competition, and maintenance activities (Zhu et al. 2016).

Finally, this study concluded the initial performance of E. pellita in Jepara was substantially superior to E. alba and E.
urophylla since it demonstrated the highest mean in diameter, height, total biomass, and leaf area index at the 6 months
after field establishment. However, continuous evaluation was still required to monitor the consistent performance of three
species in th site experiment.
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The growth, aboveground biomass, crown
development, and leaf characteristics frem-of three eucalyptus species a|
initial stage of plantingdeveloped- in Jepara, Indonesia

Abstract. Industry development, climate change mitigation and renewable energy currently become the most essential challenge in tropical
forest management, primarily in Indonesia. The existence of tropical forests is not only managed to maintain the stability of wood supply for
commercial industries but also to reduce greenhouse gas emissions in the atmosphere and to generate energy alternatives from tree biomass.
To answer this challenge, the development of fast-growing species like eucalyptus can become a good solution. However, the productivity
of eucalyptus depends on its adaptability to the site condition. Therefore, understanding site-species interaction becomes the fundamental
requirement before planted on a large scale. This study aimed to evaluate the initial performance of eucalyptus species developed in Jepara.
An experiment consisted of three different eucalyptus species, i.e., E. alba, E. pellita, and E. urophylla, was established using a randomizefd
complete block design. Sixteen parameters were selected to assess the eucalyptus performance, including survival, height, diameter, biomass
accumulation (stem, branches, foliage, and total aboveground), crown length, crown radius, crown projection area, crown ratio, individual
leaf area, individual leaf dry weight, specific leaf area, leaf mass area, and leaf area index. The €comparison of the mean of tree attributjs
from each species was examined using ANOVA, followed by HSD Tukey. Results showed that all measured parameters indicated ja
significant difference among the three species (p<0.05), except for survival, foliage biomass, and crown ratio (p>0.05). The preliminary
performance of E. pellita was relatively better than the other two species, mainly related to height (3.00+0.21 m), total aboveground biomags
(49.86+3.60 kg ha'l), crown projection area (2.68+0.27 m?), and leaf area index (5.76+0.44). Our study concluded the initial performance of
E. pellita in Jepara was substantially superior to E. alba and E. urophylla. Nevertheless, continuous evaluation iswas needed to monitor the
consistent performance

those species in the study area.

Key words: Crown projection area, eucalyptus, leaf area index, leaf mass area, specific leaf area
Running title: Preliminary evaluation of eucalyptus species

INTRODUCTION

Integration of industry development, climate change mitigation, and renewable energy diversification currentl
becomes the most important challenge in_sustainable tropical-forest management in tropical region (Sadono et al. 2021a
including in Indonesia. In the tropics, Fthe existence of trepical-forests is not only managed to stabilizesupply woof
supphydemands for commercial industries, but also to reducerinimize carbon emissions in the atmosphere (Sasaki et al.
2016) and to generate energy alternatives from tree biomass (Ferreira et al. 2017). To tackle this challenge, the
development of fast-growing tree species can become a realistic-win-win solution fer-supperting-the-fundamental-role-gf
tropical-forest-into_achieve triple objectives of maintaining industry viability, reducing carbon emissions, and resulting
producing bioenergy (Gonzalez-Garcia et al. 2016).

During-tast-periodsIn several decades, there are several-a number of fast-growing_tree species that-planted-indevelopef
as plantation forests-at in the tropics, one of which is eucalyptus.

The establishment-development of eucalyptus as a primary—major species in plantation forests has been widel
conducted in many tropical countries, such as Brazil, Chile, Colombia, Mexico, Thailand, Vietnam, and Indonesia
(Aggangan et al. 2013, Hakamada et al. 2017, Acufia et al. 2018, Amezquita et al. 2018, Van Bich et al. 2019, Wirabuana
et al. 2020a). Besides having a short rotation period byof approximately 5-8 years (Little et al. 2018), tFhe quality gf
eucalyptus wood is—alse-suitable—as—raw-—materials—suits ferthe requirements of industries, such as forlike construction
materials, pulp and paper, plywood, veneer, and furniture (Forrester 2013, Hii et al. 2017, Nambiar et al. 2018). Ip
addition, the majority of eucalyptus species also have rapid growth due to the more efficient photosynthesis process (Lewis
et al. 2011, Lima et al. 2019), suggesting —}-indicatesthat the carbon abserptioasequestration in eucalyptus is relativelly
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faster than slow-growing species (Kaul et al. 2010). Therefore, the previous studies also report that the existence of
eucalyptus plantations provides a significant contribution to enceuraging-climate change mitigation (Magalhdes et al.
2020). Furthermore, a study explains that he-eucalyptus wood can become a potential source of renewable energy since it
has a high calorific value of 4,532-4,661 kcal kg™ (Simetti et al. 2018). The use of eucalyptus wood for bioenergy has been
conducted in some foreign countries, includinglike Brazil, Spain, and Portugal, wherein the development of biomass
power plants has been intensively managed (Barreiro & Tomé 2012, Gonzalez-Garcia et al. 2016, Cavalett et al. 2018). A
study confirms that the use of plant biomass, mainly sourced from eucalyptus_wood, results in lower carbon emissions to
the atmosphere than fossil fuels like coal as well as oil and gas (Cavalett et al. 2018). All of those evidences provide
justification that eucalyptus Fhis—fact-demeonstrates—this—species—is highly potential to be developed as—astrategy—as

plantation forest to simultaneously integratingte—tackle—the—integration-of the goals of industry development, climate
change mitigation and; renewable energy diversification-sources in tropical countries, particularly in Indonesia.

FheDeveloping -eutivation-of-eucalyptus plantations in Indonesia is prospective because it is a native species from this
country. Some studies state thatexplain there are several eucalyptus species that have naturally distributioned in the eastern
of Indonesia, such as Eucalyptus: pellita, E. alba, and E. urophylla (Stanturf et al. 2013, Prasetyo et al. 2017). However,
the existence of eucalyptus plantations in Indonesia is-is still limited wherein most eucalyptus estates are located in
Sumatra (Nambiar et al. 2018). Moreover, the objective of eucalyptus management in Indonesia still focuses on supplying
raw materials for pulp and paper industry (Prasetyo et al. 2017). This circumstance is quite different from other countries
like Brazil, China, and Vietnam in which the presence of eucalyptus plantation becomes the most important plantation
forests in-these—countries—along in such countries with the development of and-has-many processing industries for
eucalyptus wood. Those facts H-indicates that there is a wide opportunity to develop eucalyptus plantations in Indonesia by
expanding its area nor improving its downstream industries. However, to develop large scale eucalyptus plantations, there
is a need to enhance the -understanding about site- spemes |nteract|on of eucalvotus stand Wlth its enV|ronment in order to
obtain hlgh producthlty of e

—It is commonly done by establlshmg an experlment for speues trlal in several sites
which become the priority area for eucalyptus development. In this context, the best species is selected by considering its
superior performance to other eucalyptus species.

This study examined the adaptability of {three different eucalyptus species planted in the Jepara District, Central Java

C ted [A3]: Please mention here the three species

Province, Indonesia. A preliminary evaluation was undertaken to monitor the growth, aboveground biomass, crown
development, and leaf characteristics of those three species at six months after planting. It is a critical period to assess the
suitability of species to survive in the site condition (Van Bich et al. 2019, Stuepp et al. 2020, Wirabuana et al. 2020a)
since every eucalyptus species has a habitat preference to support its growth and development. lif site condition is not
suitable, the species will demonstrate a high mortality rate and low growth performance (Thompson 2013, Maimunah et al.
2018, Aguilos et al. 2020). The species trial of eucalyptus was-built-in Jepara_was based on the rationale that-because
Jeparathistoewn has a number of wood processing industries, especially for furniture. Moreover, there are several other
forestry industries located near this tewnarea, such as pulp and paper, plywood, veneer, and construction, that require a
continuous supply for wood demandraw materials. Interestingly, Jepara has also a power plant that faces a problem related
to the coal deficit. This situation provides an opportunity to maximize the potential of eucalyptus for bioenergy. On
another side, the development of eucalyptus plantation in Jepara ishas stitl-not_yet be conducted until now, even though
this species offers a lot of advantages. Most importantly, the-effert-efdeveloping eucalyptus establishmentplantations in
Jepara is not only directed to support the integration of industry development, climate change mitigation, and renewable
energy but also to facilitate the program of gEx--situ conservation and to optimize the potential of native species from
Indonesia.

MATERIALS AND METHODS

Study area,

A plantingA-species trial was established in community forests located at Srobyong, Jepara District——had with
geographic position in S6°31'35"-6°31'37" and E110°41'39"-110°43'22" (Figure 1). The speeiesplanting trial was set up in
private land of farmers with an extent large-area-of 2 ha.

The research site has an Aaltitude ofreached 70 m above sea level,— flat Ftopography was-flat-with a slope level of 3-
8%, —Fthe average daily temperature ofwas 29°C with a minimum of 22°C and a maximum of 34°C, and the mean air
humidity of 84%. It has —Aannual rainfall varied-from 2,246 to 2,446 mm year * during the last five years from 2016 to
2020 with—F the majority of rainfall iswas recorded in February around 33.82% of total rainfall in a year. Dry periods
occurred for five5 months from May to September—The-mean-air-humidity-reached-84%. Soil type was-predeminanthyis

dominated by alfisol with having-acidity-levelpH of 5.5 to 6.0. Before-becoming-a-site-for-species-trialPreviously, the
vegetation cover consisted of uneven-aged mixed species with irregular distribution and high variation in growth.

observed in the study to provide introductory information to
the readers on what the context of species in this research.
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Figure 1. Study area of plantingspeeies trial of fer-eucalyptus development-in Jepara District_(blue Jhe-blfue—symbolpneﬁea\ed-s#e—hTr

Experimental design

Three different eucalyptus species were examined in this study, i.e., E. alba, E. urophylla, and E. pelllta T
plantingspeeies trial was established in a randomized complete block design (RBCD) with four blocks (i.e.,
three blocks for continuous monitoring and one block for destructive measurement in specific periods, namely 6, 12, 24,
36, 48, and 60 months). This design was selected to minimize the influence of environmental gradient on eucalyptds
performance (Thompson 2013). It was importantly conducted to avoid the biased result due to the impact of site condition,
partlcularly related to sorl quallty

species was planted in a square plot of 0 1 ha comprlsmg 100 measured trees and 44 border trees (Flgure 2). The

main function of border trees was to indicate the clear boundaries among treatments in every block. Moreover, to suppoit
the activity of monitoring, a nameplate was placed in each treatment plot using a specific code. Every measured tree was
also marked by aindividual identity number-identity. |
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Figure 2. The layout of experimental design in the study area for evaluating the performance of eucalyptus stand frera-of three differert
species established in Jepara District. (a) the position of every treatment in each block and (b) the position of measured and border trees in
every treatment plot.

Figure 3. The distribution of five sample points for collecting soil sample in the site experiment_(—Fhe-brown circle).-ineh

This trial was established in August 2020. Fhe-sSite preparation was #mplemented-conducted to identify the variation gf
environmental gradient before determining the layout of experimental design. It waswas exeeptionally-required to create
homogeneous condition in each block tofer minimizeing the influence of environmental gradient on treatment plots (Gongalv
et al. 2010). The activity-of-site preparation consisted of several stages, includinglike measuring slope variation, observin|
waterlog, identifying wind disturbance, and assessing soil quality (Wirabuana et al. 2020a). Fo-facititate-the-sSoil quali
assessment was conducted by collecting ;-soil samples ing-was-collected-in five different points at three depth layers of 0-1
cm, 11-20 cm, and 21-30 cm (Li et al. 2018, Wirabuana et al. 2019, Sadono et al. 2021b) (Figure 3). Then, the samplgs
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werewas compesitedpacked and brought to the laboratory for quantifying its characteristics, namely soil acidity, soil organic
carbon, total nitrogen, available phosphorus, total potassium, and cation exchange capacity (Table 1). Soil acidity was
measured using pH meter. The quantification of soil organic carbon was conducted using Walkey and Black method. Total
nitrogen was estimated by Kjeldahl method. The analysis of available phosphorus was executed using Olsen method. The
method of flame photometry was utilized to calculate the total potassium. The use of ammonium acetate method was applied to
quantify the content of cation exchange capacity. The protocol of soil analysis was conducted referring to the guide for methods
of soil, plant, and water analysis published by Estefan et al. (2013).

Table 1. Soil characteristics at in-the research site-e me A
phosphorus, total potassium, and cation exchange capacitye. Data arewere presented in mean+standard devnatlon

Soil parameters Symbol Units Value Categories
Soil acidity pH - 6.00+0.86 Slightly acid
Soil organic carbon socC % 2.97+0.37 Moderate
Total nitrogen N-tot % 0.17+0.01 Low
Auvailable phosphorus Av-P ppm 2.79+1.54 Very low
Total potassium K-tot cmolc kgt 0.21+0.12 Very low
Cation exchange capacity CEC cmolc kg 10.1143.14 Low

Note: the classification of soil quality was determined following the soil quality categories reported by (Nandini & Narendra 2017)

The plant materials of E. alba, E. urophylla, and E. pellita used in this study were obtainedas from different
provenance sources since every species has different natural distribution. E. alba and E. urophylla were from provenance
Timor, East Nusa Tenggara, —Meanwhile; E. pellita was from provenance Muting, Papua. The seeds of such species
waswere sown in the nursery for 90 days. In parallel, soil tillage was conducted to improve soil structure at two2 weeks
before field planting. A week before establishmentplanting the seedlings, the-grading activity was undertaken to determine
the quality of seedlings from each species. In this case, only seedlings with a height of 30 cm and-having healhtyhealthy
condition were used as plant materials for planting. Seedlings were planted by initial spacing of 3 m x 3 m. FFhe-addition
offertilizer (NPK with concentration of 15:15:15) was also added previded-forto everyeach seedling with a dose of 100 g-
H-was-applied to increase the availability of nutrients for eucalyptus because the site experiment had a low content of
nitrogen, phosphorus, and potassium in the soil. Moreover, several studies reported eucalyptus is highly responsive to
phosphorus availability since it was a macronutrient exceptionally required by this plant (Amezquita et al. 2018, Bassaco
et al. 2018, Sadono et al. 2021b). To support the early growth of eucalyptus, the application of weed control was also
implemented by slashing and chemical spraying at three3 and sixé months after planting.

Data Ccollection

Data were collected at 6 months after planting. This period was frequently used by most plantation forests company in

IndoneS|a to conduct the first evaluation of plantingspecies trials (Wirabuana et al. 2019). H-was-also-supported-by-the

The period was a critical moment to assess the adaptability of species to environmental
conditions outside their natural habitat (Stuepp et al. 2020). The process of data collection was conducted from March to
April 2021, —}t-consistinged of several activities, i.e., stand measurement, destructive sampling, and laboratory analysis.
Sixteen parameters were selected to evaluate the performance of the three eucalyptus performance—from-three-different
species, including survival rate, height, diameter, biomass production (stem, branches, foliage, and total aboveground),
crown length, crown radius, crown projection area, crown ration, individual leaf area, individual leaf dry weight, specific
leaf area, leaf mass area, and leaf area index.

Survival rate was defined as the ratio of actual density and initial planting density. Height was measured from

aboveground to top crown using a measuring pole (Halomoan et al. 2015). Diameter was measured at 0.3 m aboveground
by a caliper (Wirabuana et al. 2019). The crown length was quantified from crown base to top crown while crown ratio
was calculated as the ratio between crown length and tree height. Crown radius was computed as the quadratic mean
crown radius at eight directions (eqg.1) (Wirabuana et al. 2019). The transition from crown radius to crown projection area
was determined by the occupation area of every tree (eq.2) (Pretzsch et al. 2015).
CR=( (RN2 +Rng2+ ..+ RNWZ) / 8)1/2 1)
CPA = 7 x CR? %)
wherein CR was a quadratic mean crown radius every tree (m), R represented crown radius in certain direction (m), and
CPA described crown projection area of each tree (m?).

To quantify biomass accumulation and leaf characteristics of each species, destructive sampling was conducted step by
step in a chronological manner. Each species was represented by five sample trees. Those sample trees were determined by
considering the distribution of diameter --}t-aimed-to obtain the balance growth dimension from small to big trees (Sadono
et al. 2021a). In this study, the diameter was classified into three classes, including small (1.0-1.9 cm), medium (2.0-2.9
cm), and big (3.0-3.9 cm). After the sample tree was felled, the tree component was separated into stem, branches, and
foliage. For part of foliage, the sample was also stratified into three layers based on leaves position, i.e., base, middle, and
top. It was conducted to facilitate the measurement of leaf characteristics. From every layer, ten leaf samples were taken
randomly. Thereby, the number of samples for determining leaf attributes in each sample tree was 30 samples.



188
189

191
192
193
194
195
196
197
198
199

201
202
203
204
205
206
207
208
209
210

211
212
213
214
215
216
217
218
219

220

221
222
223

225
226
227

229
230
231
232
233

The fresh weight of each component was measured in the field using a hanging balance. Afterward, approximately 500
g subsample from each part was taken and brought to the laboratory for dried. Before starting the drying process, the area
of selected leaf samples was measured using a planimeter. Then, the subsample of each component (including the selected
leaf samples) was dried using an oven for 48 hours at 70°C before measuring their dry weight (Hakamada et al. 2017). The
biomass accumulation in each component was calculated by multiplying the ratio of dry-fresh weight from subsample with
the total fresh weight of each part from field measurement (eq.3) (Altanzagas et al. 2019) while total aboveground biomass
for each individual tree was calculated by summing the biomass distribution in stem, branches, and foliage (eq.4) (Rance

etal. 2017).
W, = (DWs / FWs) x FW, ?3)
Wi = Wstem + Whranches + quliage (4)

wherein W, was biomass from every tree component like stem, branches, or foliage (kg), DWs described the dry weight of
subsample (kg), FW; indicated the fresh weight of sub sample (kg), FW. was the total fresh weight of tree component (kg),
and W signified total aboveground biomass of individual tree (kg). Then, the result of destructive sampling was converted
to estimate the biomass production of eucalyptus stand from every species in treatment plots.

To measure the leaf characteristics, the dry weight of each selected leaf sample was determined using a digital analytic
scale. The specific leaf area was calculated based on the ratio of leaf area and leaf dry weight (eq.5) (Hakamada et al.
2016). In opposite condition, leaf mass area was computed by dividing leaf dry weight and leaf area (eq.6) (De La Riva et
al. 2016). Leaf area index from each sample tree was quantified following this equation (eq. 7) (Wirabuana et al. 2019).

SLA=LA/LW (5)
LMA = LW /LA (6)
LAI = (Wioliage X SLA) / CPA @

wherein SLA was specific leaf area (m? kg?), LMA represented leaf mass area (kg m?2), LA described individual leaf area
(cm?), LW was individual leaf dry weight (g), and LAl indicated leaf area index.

Data aAnalysis

Statistical analysis was processed using software R version 4.0.2 with a significant level of 5%. The package agricolae
was used to facilitate the process of data analysis. Descriptive test was applied to identify the data characteristics, primarily
related to minimum, maximum, mean, standard deviation, and coefficient of variation. It aimed to assess the accuracy and
precision of data collected from stand measurement, destructive sampling, and laboratory analysis. The normality of data
was evaluated using Shapiro-Wilk test. Homogeneity variance among treatments were examined using Bartlett’s test. The
comparison means eucalyptus performance among three species for each parameter was tested using ANOVA followed by
HSD Tukey. The analysis of correlation using a pallete matrix was also done to evaluate the relationship between observed
parameters.

RESULTS AND DISCUSSION

Growth pPerformance

The survival rate among species did not significantly differ (p>0.05) (Table 2). Each species had a survival rate gf
more than 80%,- +-indicating thated every species had a good tolerance to the environmental condition in the study areq.
The highest survival rate was recorded in E. alba (90.4+2.19%), followed by E. pellita (89.6+3.57%) and E. urophylla
(88.8+5.21%). In the context of plantation forest management, survival iswas an essential indicator to evaluate the species
performance since it determines e-the number of trees that could be harvested at the end of the rotation (Truax et al. 2018).
This parameter also directly affectsed land cover and tree competition at the stand level (Kweon & Comeau 2019).
Moreover, the plant survival also hase a strong relationship to the efficiency of planting cost for establishing plantation
forests. The development of a species in_-the-plantation forest requirese a high survival to obtain an optimum stand
productivity because it becomes a multiplier factor to estimate the wood volume and biomass production in hectare unit.

Table 2. The Scomparison of the means-growth, aboveground biomass, crown development, and leaf characteristics of three different
eucalyptus species established-trialed in Jepara District. Data are presentedwere-demenstrated in mean + standard deviation

Species
Group variables Measured parameters Units - p-value |
E. alba E. pellita E. urophylla
Growth Survival % 90.4+2.19a  89.6+3.57a  88.8+5.21a 0.958"™
Height m 2.82+40.25a  3.00%0.21a  1.87+0.29b <0.001"
Diameter cm 2.31+0.19a  2.39+0.19a  1.62+0.15b <0.001"
Aboveground biomass  Stem biomass kg ha'* 16.58+2.75ab  17.25¢3.12a  12.01+2.56b 0.024*

Branches biomass kg hat 11.15+¢1.90a 12.10+19la  6.78+1.11b  <0.001"
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Foliage biomass kg hat 21.40£2.24a 20.50+2.40a 24.16%2.33a 0.069"

Total Aboveground biomass kg ha'* 49.14+2.80a  49.8643.60a _ 42.96+3.30b 0.010°
Crown development Crown radius m 0.86+0.05a  0.90+0.04a  0.64:0.06b  <0.001"
Crown length M 2.15+0.16a  227+0.14a  152+0.19b  <0.001"
Crown projection area m? 247+029a  268+0.27a  142+0.28b  <0.001%
Crown ratio - 0.93+0.02a  0.95+0.04a  0.93+0.04a 0.763™
Leaf characteristics Individual Leaf area cm? 64.27+2.91b 63.30+3.67b 78.52+8.66a 0.001*
Individual Leaf dry weight g 0.80£0.02b  0.79+0.04b  0.92+0.08a 0.007"
Specific leaf area m?kg* 7.93:0.13b  7.91+017b  841:0.14a  <0.001"
Leaf mass area kg m? 0.12+0.002a  0.12+0.002a 0.11#0.002b  <0.001*
Leaf area index - 5.39+0.52a  5.76+0.44a  3.40+0.61b  <0.001"

Note: the symbol * indicated a significant differencet among species based on ANOVA test while the symbol ™ showed a non-n
significant differencet among species referring to ANOVA test. A similar letter in row indicatese the parameter between species iswas
not significantly different according to HSD Tukey test.

Even though the survival rate was not significantly different among species, this study found there was a significant
difference in height and diameter growth from the three eucalyptus species (p<0.05) (Table 2). E. pellita showed higher
height and diameter than those of E. alba and E. urophylla. This finding verified the land characteristics in the study site
were-are more suitable to E. pellita than other species. It iswas also supported by the previous studies explained that E.
pellita iswas a species naturally distributed in the lowland area with a range altitude of 0-700 m above sea level (Hung et
al. 2015). This species prefersred a soil acidity in the range of 5.0-6.0 (Harwood et al. 1997). According to the site
description, the study area was-is classified as a lowland area because it hasd an altitude of 70 m above sea level.
Moreover, the soil acidity of study area was-is also categorized into slightly acid with pH of 6.00+0.86 (Table 1). Theis
biophysical conditions at the study site principally supported the site requirement for E. pellita development.

Biomass aAccumulation

Biomass production from the three species relatively varied (Table 2). Our study recorded the accumulation of biomass
in stem, branches, and total aboveground differed significantly (p<0.05). In eppesite—conditionscontrast, the biomass
distribution in the foliage component was not significantly different (p>0.05). The greatest total aboveground biomass was
observed in E. pellita (49.86+3.60 kg ha'), followed by E. alba (49.14+2.80 kg ha*), and E. urophylla (42.96+3.30 kg ha"
1). The similar pattern was also found in stem and branches biomass. Interestingly, E. pellita had a lower accumulation of
foliage biomass (20.50+2.40 kg ha) than E. alba (21.40+2.24 kg ha*) and E. urophylla (24.16+2.33 kg ha'l). It was caused
by the lower value of leaf area and leaf dry weight in this species (Table 2).

This study found that the largest biomass distribution for all species at 6 months after field planting was observed in the
foliage (41-56%), followed by stem (28-34%) and branches (16-24%) (Table 3). In general, the biomass allocation in each
tree component from-everyamong the three species differed significantly (Figure 4). However, the relative contribution of
stem biomass to total biomass among the three species was statistically equal. In contrast, the percentage contribution of
foliage and branches biomass to total biomass was highly different among those species. SuprisinghySurprisingly, our
study also demonstrated that biomass proportion in stem and branches gradually improved along with the increasing of
diameter classes while the distribution of biomass in foliage progressively declined with the increment of diameter classes.

Table 3. Ratio of the biomass of stem, branches, and foliage to the total aboveground biomass from sample tree. Data arewere presented
in mean, standard deviation;, and range.

Species Stem biomass/AGB Branches biomass/AGB Foliage bBiomass/AGB
Mean SD Range Mean SD Range Mean SD Range
E. alba 0.34 0.04 0.28-0.38 0.23  0.03 0.18-0.25 0.44  0.07 0.37-0.54
E. pellita 0.34 0.04 0.30-0.40 0.24  0.02 0.21-0.28 041  0.07 0.33-0.49
E. urophylla 0.28 0.04 0.25-0.33 0.16  0.02 0.13-0.19 056  0.06 0.50-0.62
Total 032 0.05 0.25-0.40 021  0.04 0.13-0.28 0.47  0.09 0.33-0.62
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Figure 4. (a) Comparison of biomass distribution in eachevery tree component frem-differentamong the three eucalyptus species; (3)
Relative contribution of biomass in eachevery tree component to total aboveground biomass across diameter classes. A similar big lettgr
demonstrated there was not significantly difference in biomass accumulation in the same component at different species and diameter
classes. The similar small letter indicated that there was not a significant difference of biomass proportion among tree components at the
same species and diameter classes.

The biomass allocation within tree iswas principally affected by its physiological process (Poorter et al. 2012). At the earl
growth periods, trees generally accumulated more biomass to foliage ferto accelerateing the-photosynthesis process (Kohl et aJ.
2017). When the trees becoame bigger and older, the accumulation of foliage biomass slowly declinese since trees provid
more photosynthate to stem tofer improveing growth and accelerateing translocation process (Dong et al. 2018, Altanzagas gt
al. 2019, Wirabuana et al. 2020b). Moreover, the occurrence of leaves shedding by trees also reducesd the biomags
accumulation in foliage. Some previous studies reported the leaves shedding eceurroccursed more intensively with thy
increasing tree competition, drought stress, and age of tree (Gutiérrez-Soto et al. 2008, Xie et al. 2015, Nguyen et al. 2019).

Biomass iswas an attribute of tree that has aned important role in biogeochemical cycle (Houghton et al. 2009). Highgr
biomass indicatesd greater carbon storage since around 50% biomass iswas composed of carbon (Latifah et al. 2018, Viera
Rodriguez-Soalleiro 2019, Wirabuana et al. 2020a). Moreover, the-biomass is-was also a source of nutrients to maintain the sojl
fertility. In this case, when the-litter iswas decomposed, some amounts of nutrient would be returned to soil. In fact,
majority of plantation forests in other countries haved utilized the biomass residue from harvesting activities as an additional
fertilizer to minimize the fertilization cost (Versini et al. 2014, Ferreira et al. 2016, Van Bich et al. 2019).

Besides having a lot of benefits related to ecological functions, biomass iswas also used as a measurement unit to determinh
the commercial value of wood, mainly in the pulp and paper, fuelwood, and pellets industries (Visser et al. 2020). However, the
commercial value of biomass iswas only applied for stem components because it iswas the primary product of woody species
like eucalyptus. Referring to the results, E. pellita showed higher potential stem biomass (17.25+3.12 kg hal) than E. alb|
(16.58+2.75 kg ha*) and E. urophylla (12.01+2.56 kg ha) (Table 2).

Crown dBevelopment

Crown characteristics among the three species were significantly different for all parameters except in crown rati
(Table 4). The largest averagemean crown projection area was observed in E. pellita (2.68+0.27 m?), followed by E. alb)
(2.47+0.29 m?) and E. urophylla (1.42+0.28 m?). Greater crown dimension commonly indicatesd more biomass productio|
because crown iswas the main tree component that plays aned important role in photosynthesis process (Binkley et a|.
2013). It was also evidenced-strengthened by the eutcomesresults of correlation analysis that verified-there was a stron|
correlation between crown radius, crown length, and crown projection area with total aboveground biomass of eucalyptus
species (Figure 6). Trees with a big dimension of crown commonly haved better growth performance than trees with
small crown size. It was also confirmed by the study results wherein the size of crown dimension significantly improved
along with the increasing diameter class (Figure 5).
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Figure 5. Crown development and leaf characteristics of eucalyptus species across diameter classes. (a) crown radius; (b) crown length;
(c) crown projection area; (d) specific leaf area; () leaf mass area; and (f) leaf area index. Data arewere presented in trend for all species.

The development of crown dimensions in every tree iswas commonly affected by environmental conditions, primarily
related to site quality and space availability. A study reported the size of crown dimension iswas relatively bigger at good site
than poor site (DeRose & Seymour 2009). Meanwhile, Il-arger space availability would stimulate better crown development
since the growth of the crown iswas highly responsive to the growing space (Pretzsch et al. 2015). The information about
crown development iswas also important to identify the level of tree competition because it iswas necessary as a basic
consideration to formulate the best silviculture treatment, such as thinning and pruning (McTague & Weiskittel 2016). In this
study, the site quality and space availability of every species were principally equal since each species was planted by spacing 3
m x 3 m. Therefore, the dimension of crown from three species was naturally affected by its suitability to the site
characteristics. At the end of 6 months after planting, E. pellita showed better crown dimension than other species (Table 2).

Leaf cCharacteristics

Leaf characteristics from the three species significantly differed for all parameters (p<0.05) (Table 2). E. urophylla
showed greater average individual leaf area, individual leaf dry weight, and specific leaf area than other species.
Nevertheless, the highest mean leaf area index (LAI) was found in E. pellita (5.76+0.44), followed by E. alba (5.39+0.52)
and E. urophylla (3.40+0.61). LAI is was-an important parameter to describe the effectiveness of nutrients absorption and
photosynthesis (Bréda 2008). This parameter iswas generally used as one of the criteria to evaluate the application of
silviculture treatment in plantation forests primarily related to fertilization and spacing management (Laclau et al. 2009,
Forrester et al. 2012, Van Bich et al. 2019). Higher LAI generatesd better growth performance and greater biomass since
the nutrients uptake and photosynthesis occurred more optimum. It explainsed the primary reason why E. pellita resulted
in a greater average of tree dimensions and bigger total biomass than those of E. alba and E. urophylla.
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Figure 6. A pallete diagram demonstrating theed correlations among measured parameters. SR (survival); COD (diameter); H (height);
CL (crown length); CR (crown radius); CPA (crown projection area); CRA (crown ratio); SB (stem biomass); BB (branches biomass); FB
(foliage biomass); AGB (total aboveground biomass); LA (individual leaf area); LW (individual leaf dry weight); SLA (specific leaf
area); LMA (leaf mass area); LAI (leaf area index).

Based on the results, the value of LAI and leaf mass area significantly increased with the increment of diameter classes
(Figure 6). A different trend was noted in specific leaf area in which this parameter gradually declined with the increase of
diameter classes. The specific leaf area in each species relatively variesed depending on its adaptability to the environment
(Rosbakh et al. 2015). The previous studies reported that the specific leaf area would declined along with the bigger tr
dimension because it hase a negative correlation to the age of tree (Xiao et al. 2006, Karavin 2013, Dwyer et al. 2014).
Bigger tree dimension indicatesd an older tree. However, this trend iswas not commonly discovered in every species due {|
the impact of several factors, such as seasonal variation, tree competition, and maintenance activities (Zhu et al. 2016).

Finally, this study concluded_that in general the initial-performance of E. pellita at the initial period of planting ih
Jepara was substantially superior to E. alba and E. urophylla since it demonstrated the highest mean in diameter, height,
total biomass, and leaf area index at the 6 months after field establishment. However, continuous evaluation iswas still
required to monitor the consistent performance of three species in the site experiment.
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Short Communication:

The growth, aboveground biomass, crown development, and leaf
characteristics of three eucalyptus species at initial stage of planting in
Jepara, Indonesi
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Abstract. Industry development, climate change mitigation and renewable energy currently become the most essential challenge in tropical
forest management, primarily in Indonesia. The existence of tropical forests is not only managed to maintain the stability of wood supply for
commercial industries but also to reduce greenhouse gas emissions in the atmosphere and to generate energy alternatives from tree biomass.
To answer this challenge, the development of fast-growing species like eucalyptus can become a good solution. However, the productivity
of eucalyptus depends on its adaptability to the site condition. Therefore, understanding site-species interaction becomes the fundamental
requirement before planted on a large scale. This study aimed to evaluate the initial performance of eucalyptus species developed in Jepara.
An experiment consisted of three different eucalyptus species, i.e., E. alba, E. pellita, and E. urophylla, was established using a randomized
complete block design. Sixteen parameters were selected to assess the eucalyptus performance, including survival, height, diameter, biomass
accumulation (stem, branches, foliage, and total aboveground), crown length, crown radius, crown projection area, crown ratio, individual
leaf area, individual leaf dry weight, specific leaf area, leaf mass area, and leaf area index. The comparison of the mean of tree attributes
from each species was examined using ANOVA, followed by HSD Tukey. Results showed that all measured parameters indicated a
significant difference among the three species (p<0.05), except for survival, foliage biomass, and crown ratio (p>0.05). The preliminary
performance of E. pellita was relatively better than the other two species, mainly related to height (3.00+0.21 m), total aboveground biomass
(49.86+3.60 kg ha'l), crown projection area (2.68+0.27 m?), and leaf area index (5.76+0.44). Our study concluded the initial performance of
E. pellita in Jepara was substantially superior to E. alba and E. urophylla. Nevertheless, continuous evaluation is needed to monitor the
consistent performance those species in the study area.

Key words: Crown projection area, eucalyptus, leaf area index, leaf mass area, specific leaf area
Running title: Preliminary evaluation of eucalyptus species

INTRODUCTION

Integration of industry development, climate change mitigation, and renewable energy diversification currently
becomes the most important challenge in sustainable forest management in tropical region (Sadono et al. 2021a), including
in Indonesia. In the tropics, the existence of forests is not only managed to supply wood demands for commercial
industries, but also to reduce carbon emissions in the atmosphere (Sasaki et al. 2016) and to generate energy alternatives
from tree biomass (Ferreira et al. 2017). To tackle this challenge, the development of fast-growing tree species can become
a win-win solution to achieve triple objectives of maintaining industry viability, reducing carbon emissions, and producing
bioenergy (Gonzéalez-Garcia et al. 2016).

In several decades, there are a number of fast-growing tree species developed as plantation forest in the tropics, one of
which is eucalyptus. The development of eucalyptus as a major species in plantation forests has been widely conducted in
many tropical countries, such as Brazil, Chile, Colombia, Mexico, Thailand, Vietnam, and Indonesia (Aggangan et al.
2013, Hakamada et al. 2017, Acufia et al. 2018, Amezquita et al. 2018, Van Bich et al. 2019, Wirabuana et al. 2020a).
Besides having a short rotation period of approximately 5-8 years (Little et al. 2018), the quality of eucalyptus wood suits
the requirements of industries, such as for construction materials, pulp and paper, plywood, veneer, and furniture
(Forrester 2013, Hii et al. 2017, Nambiar et al. 2018). In addition, the majority of eucalyptus species also have rapid
growth due to the more efficient photosynthesis process (Lewis et al. 2011, Lima et al. 2019), suggesting that the carbon
sequestration in eucalyptus is relatively faster than slow-growing species (Kaul et al. 2010). Therefore, the previous
studies also report that the existence of eucalyptus plantations provides a significant contribution to climate change
mitigation (Magalh&es et al. 2020). Furthermore, a study explains that eucalyptus wood can become a potential source of
renewable energy since it has a high calorific value of 4,532-4,661 kcal kg* (Simetti et al. 2018). The use of eucalyptus
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wood for bioenergy has been conducted in some foreign countries, including Brazil, Spain, and Portugal, wherein the
development of biomass power plants has been intensively managed (Barreiro & Tomé 2012, Gonzélez-Garcia et al. 2016,
Cavalett et al. 2018). A study confirms that the use of plant biomass, mainly sourced from eucalyptus wood, results in
lower carbon emissions to the atmosphere than fossil fuels like coal as well as oil and gas (Cavalett et al. 2018). All of
those evidences provide justification that eucalyptus is highly potential to be developed as plantation forest to
simultaneously integrating the goals of industry development, climate change mitigation and renewable energy sources in
tropical countries, particularly in Indonesia.

Developing eucalyptus plantations in Indonesia is prospective because it is a native species from this country. Some
studies state that there are several eucalyptus species that have natural distribution in the eastern of Indonesia, such as
Eucalyptus pellita, E. alba, and E. urophylla (Stanturf et al. 2013, Prasetyo et al. 2017). However, the existence of
eucalyptus plantations in Indonesia is still limited wherein most eucalyptus estates are located in Sumatra (Nambiar et al.
2018). Moreover, the objective of eucalyptus management in Indonesia still focuses on supplying raw materials for pulp
and paper industry (Prasetyo et al. 2017). This circumstance is quite different from other countries like Brazil, China, and
Vietnam in which the presence of eucalyptus plantation becomes the most important plantation forests along in such
countries with the development of many processing industries for eucalyptus wood. Those facts indicate that there is a
wide opportunity to develop eucalyptus plantations in Indonesia by expanding its area nor improving its downstream
industries. However, to develop large scale eucalyptus plantations, there is a need to enhance the understanding about site-
species interaction of eucalyptus stand with its environment in order to obtain high productivity. It is commonly done by
establishing an experiment for species trial in several sites which become the priority area for eucalyptus development. In
this context, the best species is selected by considering its superior performance to other eucalyptus species.

This study examined the adaptability of f(hree different eucalyptus species, namely E. alba, E. pellita, and E. urophylla{
planted in the Jepara District, Central Java Province, Indonesia. A preliminary evaluation was undertaken to monitor the
growth, aboveground biomass, crown development, and leaf characteristics of those three species at six months after
planting. It is a critical period to assess the suitability of species to survive in the site condition (Van Bich et al. 2019,
Stuepp et al. 2020, Wirabuana et al. 2020a) since every eucalyptus species has a habitat preference to support its growth
and development. If site condition is not suitable, the species will demonstrate a high mortality rate and low growth
performance (Thompson 2013, Maimunah et al. 2018, Aguilos et al. 2020). The species trial of eucalyptus in Jepara was
based on the rationale that Jepara has a number of wood processing industries, especially for furniture. Moreover, there are
several other forestry industries located near this area, such as pulp and paper, plywood, veneer, and construction, that
require a continuous supply for wood raw materials. Interestingly, Jepara has also a power plant that faces a problem
related to the coal deficit. This situation provides an opportunity to maximize the potential of eucalyptus for bioenergy. On
another side, the development of eucalyptus plantation in Jepara has not yet be conducted until now, even though this
species offers a lot of advantages. Most importantly, developing eucalyptus plantations in Jepara is not only directed to
support the integration of industry development, climate change mitigation, and renewable energy but also to facilitate the
program of ex-situ conservation and to optimize the potential of native species from Indonesia.

MATERIALS AND METHODS

Study area

A planting trial was established in community forests located at Srobyong, Jepara District with geographic position in
S6°31'35"-6°31'37" and E110°41'39"-110°43'22" (Figure 1). The planting trial was set up in private land of farmers with
an extent of 2 ha. The research site has an altitude of 70 m above sea level, flat topography was flat with a slope level of 3-
8%, the average daily temperature of 29°C with a minimum of 22°C and a maximum of 34°C, and the mean air humidity
of 84%. It has annual rainfall from 2,246 to 2,446 mm year * during the last five years from 2016 to 2020 with the
majority of rainfall is recorded in February around 33.82% of total rainfall in a year. Dry periods occur for five months
from May to September. Soil type is dominated by alfisol with pH of 5.5 to 6.0. Previously, the vegetation cover consisted
of uneven-aged mixed species with irregular distribution and high variation in growth.
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98 Figure 1. Study area of planting trial of eucalyptus in Jepara District (blue symbol).
99  Experimental design
100 Three different eucalyptus species were examined in this study, i.e., E. alba, E. urophylla, and E. pellita. The planting
101  trial was established in a randomized complete block design (RBCD) with four blocks (i.e., three blocks for continuous
102 monitoring and one block for destructive measurement in specific periods, namely 6, 12, 24, 36, 48, and 60 months). This
103 design was selected to minimize the influence of environmental gradient on eucalyptus performance (Thompson 2013). It
104  was importantly conducted to avoid the biased result due to the impact of site condition, particularly related to soil quality|
105 Each species was planted in a square plot of 0.1 ha comprising 100 measured trees and 44 border trees (Figure 2). The
106 main function of border trees was to indicate the clear boundaries among treatments in every block. Moreover, to support
107  the activity of monitoring, a nameplate was placed in each treatment plot using a specific code. Every measured tree was
108  also marked by individual identity number.
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110 Figure 2. The layout of experimental design in the study area for evaluating the performance of eucalyptus stand of three different species
111 established in Jepara District. (a) the position of every treatment in each block and (b) the position of measured and border trees in every
112 treatment plot.
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114 Figure 3. The distribution of five sample points for collecting soil sample in the site experiment (brown circle).
115
116 This trial was established in August 2020. Site preparation was conducted to identify the variation of environmental
117 gradient before determining the layout of experimental design. It was required to create a homogeneous condition in each block
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to minimize the influence of environmental gradient on treatment plots (Gongalves et al. 2010). The site preparation consisted
of several stages, including measuring slope variation, observing waterlog, identifying wind disturbance, and assessing soil
quality (Wirabuana et al. 2020a). Soil quality assessment was conducted by collecting soil samples in five different points at
three depth layers of 0-10 cm, 11-20 cm, and 21-30 cm (Li et al. 2018, Wirabuana et al. 2019, Sadono et al. 2021b) (Figure 3).
Then, the samples were packed and brought to the laboratory for quantifying its characteristics, namely soil acidity, soil organic
carbon, total nitrogen, available phosphorus, total potassium, and cation exchange capacity (Table 1). Soil acidity was
measured using pH meter. The quantification of soil organic carbon was conducted using Walkey and Black method. Total
nitrogen was estimated by Kjeldahl method. The analysis of available phosphorus was executed using Olsen method. The
method of flame photometry was utilized to calculate the total potassium. The use of ammonium acetate method was applied to
quantify the content of cation exchange capacity. The protocol of soil analysis was conducted referring to the guide for methods
of soil, plant, and water analysis published by Estefan et al. (2013).

Table 1. Soil characteristics at the research site. Data are presented in mean+standard deviation

Soil parameter Symbol Units Value Categories
Soil acidity pH - 6.00+0.86 Slightly acid
Soil organic carbon socC % 2.97+0.37 Moderate
Total nitrogen N-tot % 0.17+0.01 Low
Available phosphorus Av-P ppm 2.79+1.54 Very low
Total potassium K-tot cmolc kg 0.21+0.12 Very low
Cation exchange capacity CEC cmolc kg 10.11+3.14 Low

Note: the classification of soil quality was determined following the soil quality categories reported by (Nandini & Narendra 2017)

The plant materials of E. alba, E. urophylla, and E. pellita used in this study were obtained from different provenance
sources since every species has different natural distribution. E. alba and E. urophylla were from provenance Timor, East
Nusa Tenggara, while E. pellita was from provenance Muting, Papua. The seeds of such species were sown in the nursery
for 90 days. In parallel, soil tillage was conducted to improve soil structure at two weeks before field planting. A week
before planting the seedlings, grading activity was undertaken to determine the quality of seedlings from each species. In
this case, only seedlings with a height of 30 cm and healthy condition were used as plant materials for planting. Seedlings
were planted by initial spacing of 3 m x 3 m. Fertilizer NPK with concentration of 15:15:15 was also added to each
seedling with a dose of 100 g to increase the availability of nutrients for eucalyptus because the site experiment had a low
content of nitrogen, phosphorus, and potassium in the soil. Moreover, several studies reported eucalyptus is highly
responsive to phosphorus availability since it was a macronutrient exceptionally required by this plant (Amezquita et al.
2018, Bassaco et al. 2018, Sadono et al. 2021b). To support the early growth of eucalyptus, the application of weed control
was also implemented by slashing and chemical spraying at three and six months after planting.

Data collection

Data were collected at 6 months after planting. This period was frequently used by most plantation forests company in
Indonesia to conduct the first evaluation of planting trials (Wirabuana et al. 2019). The period was a critical moment to
assess the adaptability of species to environmental conditions outside their natural habitat (Stuepp et al. 2020). The process
of data collection was conducted from March to April 2021, consisting of several activities, i.e., stand measurement,
destructive sampling, and laboratory analysis. Sixteen parameters were selected to evaluate the performance of the three
eucalyptus species, including survival rate, height, diameter, biomass production (stem, branches, foliage, and total
aboveground), crown length, crown radius, crown projection area, crown ration, individual leaf area, individual leaf dry
weight, specific leaf area, leaf mass area, and leaf area index.

Survival rate was defined as the ratio of actual density and initial planting density. Height was measured from

aboveground to top crown using a measuring pole (Halomoan et al. 2015). Diameter was measured at 0.3 m aboveground
by a caliper (Wirabuana et al. 2019). The crown length was quantified from crown base to top crown while crown ratio
was calculated as the ratio between crown length and tree height. Crown radius was computed as the quadratic mean
crown radius at eight directions (eqg.1) (Wirabuana et al. 2019). The transition from crown radius to crown projection area
was determined by the occupation area of every tree (eq.2) (Pretzsch et al. 2015).
CR=( (RN2 +Rng2+ ..+ RNWZ) / 8)1/2 1)
CPA =7 xCR? )
wherein CR was a quadratic mean crown radius every tree (m), R represented crown radius in certain direction (m), and
CPA described crown projection area of each tree (m?).

To quantify biomass accumulation and leaf characteristics of each species, destructive sampling was conducted step by
step in a chronological manner. Each species was represented by five sample trees. Those sample trees were determined by
considering the distribution of diameter to obtain the balance growth dimension from small to big trees (Sadono et al.
2021a). In this study, the diameter was classified into three classes, including small (1.0-1.9 cm), medium (2.0-2.9 cm),
and big (3.0-3.9 cm). After the sample tree was felled, the tree component was separated into stem, branches, and foliage.
For part of foliage, the sample was also stratified into three layers based on leaves position, i.e., base, middle, and top. It
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was conducted to facilitate the measurement of leaf characteristics. From every layer, ten leaf samples were taken
randomly. Thereby, the number of samples for determining leaf attributes in each sample tree was 30 samples.

The fresh weight of each component was measured in the field using a hanging balance. Afterward, approximately 500
g subsample from each part was taken and brought to the laboratory for dried. Before starting the drying process, the area
of selected leaf samples was measured using a planimeter. Then, the subsample of each component (including the selected
leaf samples) was dried using an oven for 48 hours at 70°C before measuring their dry weight (Hakamada et al. 2017). The
biomass accumulation in each component was calculated by multiplying the ratio of dry-fresh weight from subsample with
the total fresh weight of each part from field measurement (eq.3) (Altanzagas et al. 2019) while total aboveground biomass
for each individual tree was calculated by summing the biomass distribution in stem, branches, and foliage (eq.4) (Rance

etal. 2017).
W = (DWs / FWq) X FW, ®3)
W( = Wstem + Wbranches + Wfoliage (4)

wherein W, was biomass from every tree component like stem, branches, or foliage (kg), DWs described the dry weight of
subsample (kg), FW; indicated the fresh weight of sub sample (kg), FW. was the total fresh weight of tree component (kg),
and W, signified total aboveground biomass of individual tree (kg). Then, the result of destructive sampling was converted
to estimate the biomass production of eucalyptus stand from every species in treatment plots.

To measure the leaf characteristics, the dry weight of each selected leaf sample was determined using a digital analytic
scale. The specific leaf area was calculated based on the ratio of leaf area and leaf dry weight (eq.5) (Hakamada et al.
2016). In opposite condition, leaf mass area was computed by dividing leaf dry weight and leaf area (eq.6) (De La Riva et
al. 2016). Leaf area index from each sample tree was quantified following this equation (eq. 7) (Wirabuana et al. 2019).

SLA=LA/LW (5)
LMA = LW/ LA (6)
LAI = (Wioliage X SLA) / CPA @

wherein SLA was specific leaf area (m? kg*), LMA represented leaf mass area (kg m), LA described individual leaf area
(cm?), LW was individual leaf dry weight (g), and LAl indicated leaf area index.

Data analysis

Statistical analysis was processed using software R version 4.0.2 with a significant level of 5%. The package agricolae
was used to facilitate the process of data analysis. Descriptive test was applied to identify the data characteristics, primarily
related to minimum, maximum, mean, standard deviation, and coefficient of variation. It aimed to assess the accuracy and
precision of data collected from stand measurement, destructive sampling, and laboratory analysis. The normality of data
was evaluated using Shapiro-Wilk test. Homogeneity variance among treatments were examined using Bartlett’s test. The
comparison means eucalyptus performance among three species for each parameter was tested using ANOVA followed by
HSD Tukey. The analysis of correlation using a pallete matrix was also done to evaluate the relationship between observed
parameters.

RESULTS AND DISCUSSION

Growth performance

The survival rate among species did not significantly differ (p>0.05) (Table 2). Each species had a survival rate of
more than 80%, indicating that every species had a good tolerance to the environmental condition in the study area. The
highest survival rate was recorded in E. alba (90.4+2.19%), followed by E. pellita (89.6+3.57%) and E. urophylla
(88.8+5.21%). In the context of plantation forest management, survival is an essential indicator to evaluate the species
performance since it determines the number of trees that could be harvested at the end of the rotation (Truax et al. 2018).
This parameter also directly affects land cover and tree competition at the stand level (Kweon & Comeau 2019).
Moreover, the plant survival also has a strong relationship to the efficiency of planting cost for establishing plantation
forests. The development of a species in plantation forest requires a high survival to obtain an optimum stand productivity
because it becomes a multiplier factor to estimate the wood volume and biomass production in hectare unit.

Table 2. The comparison of the growth, aboveground biomass, crown development, and leaf characteristics of three different eucalyptus
species trialed in Jepara District. Data are presented in mean + standard deviation

. . Species
Group variable Measured parameter Unit p-value
E. alba E. pellita E. urophylla
Growth Survival % 90.4+2.19a  89.6+3.57a  88.8%5.21a 0.958™
Height m 2.82+0.25a  3.00+0.2la  1.87+0.29b <0.001"
Diameter cm 2.31+0.19a  2.39+0.19a  1.62+0.15b <0.001"

Aboveground biomass  Stem biomass kgha' 1658427500 17.25¢3.12a 12.01+2.56b 0.024*
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Branches biomass kg hat 11.15+¢1.90a 12.10+19la  6.78+1.11b  <0.001"

Foliage biomass kg ha't 21.40+2.24a  20.5042.40a 24.16+2.33a 0.069"
Total Aboveground biomass kg ha'* 49.14+2.80a _ 49.8643.60a _ 42.96+3.30b 0.010"
Crown development Crown radius m 0.86+0.05a  0.90+0.04a  0.64+0.06b  <0.001"
Crown length M 2.15+0.16a  227+0.14a  152+0.19b  <0.001"
Crown projection area m? 247+0.29a  2.68+0.27a  1.42+0.28b  <0.001"
Crown ratio - 0.93+0.02a  0.95+0.04a  0.93+0.04a 0.763"
Leaf characteristics Individual Leaf area cm? 64.2742.91b 63.30+3.67b  78.52+8.66a 0.001*
Individual Leaf dry weight 9 0.80+0.02b  0.79:0.04b  0.92+0.08a 0.007*
Specific leaf area m? kg 7.93+0.13b  7.91#0.17b  8.41#0.14a  <0.001"
Leaf mass area kg m? 0.12+0.002a 0.12+0.002a 0.11+0.002b  <0.001"
Leaf area index - 5.39+052a  5.76+0.44a  3.40+0.61b  <0.001"

Note: the symbol " indicated a significant difference among species based on ANOVA test while the symbol ™ showed a non-significant
difference among species referring to ANOVA test. A similar letter in row indicates the parameter between species is not significantly
different according to HSD Tukey test.

Even though the survival rate was not significantly different among species, this study found there was a significant
difference in height and diameter growth from the three eucalyptus species (p<0.05) (Table 2). E. pellita showed higher
height and diameter than those of E. alba and E. urophylla. This finding verified the land characteristics in the study site
are more suitable to E. pellita than other species. It is also supported by the previous studies explained that E. pellita is a
species naturally distributed in the lowland area with a range altitude of 0-700 m above sea level (Hung et al. 2015). This
species prefers a soil acidity in the range of 5.0-6.0 (Harwood et al. 1997). According to the site description, the study area
is classified as a lowland area because it has an altitude of 70 m above sea level. Moreover, the soil acidity of study area is
also categorized into slightly acid with pH of 6.00£0.86 (Table 1). The biophysical conditions at the study site principally
support the site requirement for E. pellita development.

Biomass accumulation

Biomass production from the three species relatively varied (Table 2). Our study recorded the accumulation of biomass
in stem, branches, and total aboveground differed significantly (p<0.05). In contrast, the biomass distribution in the foliage
component was not significantly different (p>0.05). The greatest total aboveground biomass was observed in E. pellita
(49.86+3.60 kg ha't), followed by E. alba (49.14+2.80 kg ha'*), and E. urophylla (42.96+3.30 kg ha). The similar pattern
was also found in stem and branches biomass. Interestingly, E. pellita had a lower accumulation of foliage biomass
(20.50+2.40 kg ha) than E. alba (21.40+2.24 kg ha) and E. urophylla (24.16+2.33 kg ha). It was caused by the lower value
of leaf area and leaf dry weight in this species (Table 2).

This study found that the largest biomass distribution for all species at 6 months after field planting was observed in the
foliage (41-56%), followed by stem (28-34%) and branches (16-24%) (Table 3). In general, the biomass allocation in each
tree component among the three species differed significantly (Figure 4). However, the relative contribution of stem
biomass to total biomass among the three species was statistically equal. In contrast, the percentage contribution of foliage
and branches biomass to total biomass was highly different among those species. Surprisingly, our study also demonstrated
that biomass proportion in stem and branches gradually improved along with the increasing of diameter classes while the
distribution of biomass in foliage progressively declined with the increment of diameter classes.

Table 3. Ratio of the biomass of stem, branches, and foliage to the total aboveground biomass from sample tree. Data are presented in
mean, standard deviation, and range.

Species Stem biomass/AGB Branches biomass/AGB Foliage biomass/AGB
Mean SD Range Mean sb Range Mean SD Range
E. alba 034 0.04 0.28-0.38 023  0.03 0.18-0.25 0.44  0.07 0.37-0.54
E. pellita 0.34 0.04 0.30-0.40 0.24 0.02 0.21-0.28 0.41 0.07 0.33-0.49
E. urophylla 028 0.04 0.25-0.33 0.16  0.02 0.13-0.19 056  0.06 0.50-0.62
Total 032 0.05 0.25-0.40 021  0.04 0.13-0.28 0.47  0.09 0.33-0.62
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Figure 4. (a) Comparison of biomass distribution in each tree component among the three eucalyptus species; (b) Relative contribution of
biomass in each tree component to total aboveground biomass across diameter classes. A similar big letter demonstrated there was not
significantly difference in biomass accumulation in the same component at different species and diameter classes. The similar small letter
indicated that there was not a significant difference of biomass proportion among tree components at the same species and diameter
classes.

The biomass allocation within tree is principally affected by its physiological process (Poorter et al. 2012). At the early
growth periods, trees generally accumulate more biomass to foliage to accelerate photosynthesis process (Kohl et al. 2017).
When the trees become bigger and older, the accumulation of foliage biomass slowly declines since trees provide more
photosynthate to stem to improve growth and accelerate translocation process (Dong et al. 2018, Altanzagas et al. 2019,
Wirabuana et al. 2020b). Moreover, the occurrence of leaves shedding by trees also reduces the biomass accumulation in
foliage. Some previous studies reported the leaves shedding occurs more intensively with the increasing tree competition,
drought stress, and age of tree (Gutiérrez-Soto et al. 2008, Xie et al. 2015, Nguyen et al. 2019).

Biomass is an attribute of tree that has an important role in biogeochemical cycle (Houghton et al. 2009). Higher biomass
indicates greater carbon storage since around 50% hiomass is composed of carbon (Latifah et al. 2018, Viera & Rodriguez-
Soalleiro 2019, Wirabuana et al. 2020a). Moreover, biomass is also a source of nutrients to maintain the soil fertility. In this
case, when litter is decomposed, some amounts of nutrient would be returned to soil. In fact, majority of plantation forests in
other countries have utilized the biomass residue from harvesting activities as an additional fertilizer to minimize the
fertilization cost (Versini et al. 2014, Ferreira et al. 2016, Van Bich et al. 2019).

Besides having a lot of benefits related to ecological functions, biomass is also used as a measurement unit to determine the
commercial value of wood, mainly in the pulp and paper, fuelwood, and pellets industries (Visser et al. 2020). However, the
commercial value of biomass is only applied for stem components because it is the primary product of woody species like
eucalyptus. Referring to the results, E. pellita showed higher potential stem biomass (17.25+3.12 kg ha') than E. alba
(16.58+2.75 kg ha*) and E. urophylla (12.01+2.56 kg ha) (Table 2).

Crown development

Crown characteristics among the three species were significantly different for all parameters except in crown ratio
(Table 4). The largest average crown projection area was observed in E. pellita (2.68+0.27 m?), followed by E. alba
(2.47+0.29 m?) and E. urophylla (1.42+0.28 m?). Greater crown dimension commonly indicates more biomass production
because crown is the main tree component that plays an important role in photosynthesis process (Binkley et al. 2013). It
was also strengthened by the results of correlation analysis that there was a strong correlation between crown radius,
crown length, and crown projection area with total aboveground biomass of eucalyptus species (Figure 6). Trees with a big
dimension of crown commonly have better growth performance than trees with a small crown size. It was also confirmed
by the study results wherein the size of crown dimension significantly improved along with the increasing diameter class
(Figure 5).
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Figure 5. Crown development and leaf characteristics of eucalyptus species across diameter classes. (a) crown radius; (b) crown length;
(c) crown projection area; (d) specific leaf area; () leaf mass area; and (f) leaf area index. Data are presented in trend for all species.

The development of crown dimensions in every tree is commonly affected by environmental conditions, primarily related to
site quality and space availability. A study reported the size of crown dimension is relatively bigger at good site than poor site
(DeRose & Seymour 2009). Meanwhile, larger space availability would stimulate better crown development since the growth
of the crown is highly responsive to the growing space (Pretzsch et al. 2015). The information about crown development is also
important to identify the level of tree competition because it is necessary as a basic consideration to formulate the best
silviculture treatment, such as thinning and pruning (McTague & Weiskittel 2016). In this study, the site quality and space
availability of every species were principally equal since each species was planted by spacing 3 m x 3 m. Therefore, the
dimension of crown from three species was naturally affected by its suitability to the site characteristics. At the end of 6 months
after planting, E. pellita showed better crown dimension than other species (Table 2).

Leaf characteristics

Leaf characteristics from the three species significantly differed for all parameters (p<0.05) (Table 2). E. urophylla
showed greater average individual leaf area, individual leaf dry weight, and specific leaf area than other species.
Nevertheless, the highest mean leaf area index (LAI) was found in E. pellita (5.76+0.44), followed by E. alba (5.39+0.52)
and E. urophylla (3.40£0.61). LAI is an important parameter to describe the effectiveness of nutrients absorption and
photosynthesis (Bréda 2008). This parameter is generally used as one of the criteria to evaluate the application of
silviculture treatment in plantation forests primarily related to fertilization and spacing management (Laclau et al. 2009,
Forrester et al. 2012, VVan Bich et al. 2019). Higher LAI generates better growth performance and greater biomass since the
nutrients uptake and photosynthesis occurred more optimum. It explains the primary reason why E. pellita resulted in a
greater average of tree dimensions and bigger total biomass than those of E. alba and E. urophylla.
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Figure 6. A pallete diagram demonstrating the correlations among measured parameters. SR (survival); COD (diameter); H (height); CL
(crown length); CR (crown radius); CPA (crown projection area); CRA (crown ratio); SB (stem biomass); BB (branches biomass); FB
(foliage biomass); AGB (total aboveground biomass); LA (individual leaf area); LW (individual leaf dry weight); SLA (specific leaf
area); LMA (leaf mass area); LAI (leaf area index).

Based on the results, the value of LAI and leaf mass area significantly increased with the increment of diameter classes
(Figure 6). A different trend was noted in specific leaf area in which this parameter gradually declined with the increase of
diameter classes. The specific leaf area in each species relatively varies depending on its adaptability to the environment
(Rosbakh et al. 2015). The previous studies reported that the specific leaf area would decline along with the bigger tree
dimension because it has a negative correlation to the age of tree (Xiao et al. 2006, Karavin 2013, Dwyer et al. 2014).
Bigger tree dimension indicates an older tree. However, this trend is not commonly discovered in every species due to the
impact of several factors, such as seasonal variation, tree competition, and maintenance activities (Zhu et al. 2016).

Finally, this study concluded that in general the performance of E. pellita at the initial period of planting in Jepara was
substantially superior to E. alba and E. urophylla since it demonstrated the highest mean in diameter, height, total biomass,
and leaf area index at the 6 months after field establishment. However, continuous evaluation is still required to monitor
the consistent performance of three species in the site experiment.
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