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Abstract

Plantation forests are one of the major carbon sinks. However, knowledge is scarce regarding the short- and long-term
carbon sequestration potentials of plantation forests grown in tropical grasslands. Therefore, the changes in aboveground
carbon stocks (AGC) and soil carbon stocks in a chronosequence of Eucalyptus grandis plantations (4, 10, 19, and 27 years)
established on grasslands in mid-elevational areas of Sri Lanka were studied in the present study. An adjacent grassland was
studied as the control. Carbon stock of understory significantly decreased with stand age (p =0.000) while carbon stock of
litter layer significantly increased with stand age (p=0.001). Total AGC stocks and soil carbon stocks in E. grandis plantation
forests were significantly higher than that of the grassland (p <0.05). Moreover, soil carbon stocks in E. grandis plantations
increased significantly with increasing stand age (R*=86.8%). With the increasing depth, soil carbon stock had significantly
decreased (p <0.05). There was a 56% increase in overall ecosystem carbon stock after 27 years and approximately 20 times
higher ecosystem carbon stock than the grassland, which was their previous land use. Therefore, the study suggests that
stand age plays a major role in carbon storage in plantation forests and the use of E. grandis as a plantation crop would be a
beneficial option for rapid carbon sequestration in grass-dominated ecosystems in the tropics. In the long run, this could be
a good solution for rebalancing the ecosystem that has been severely impacted. Further, this study provides valuable infor-
mation in deciding the thinning age of Eucalyptus plantation forests in the tropics based on the C sequestration potential.

Keywords Above Ground Carbon stock - Carbon sequestration - Eucalyptus grandis - Grassland - Soil Carbon stock - Stand
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Introduction

Human intervention in the environment over the past several
centuries has created a significant impact on the atmospheric
concentration of CO,, in particular through the burning of
fossil fuels (Khan 2017; Mahowald et al. 2017). The aver-
age CO, concentration in the atmosphere increased up to
405 ppm in 2017. The temperature rises caused by the high
CO, levels in the atmosphere had led to climate changes
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causing various drastic effects on earth such as storms,
drought, rising sea levels and melting glaciers (Chakraborty
et al. 2016; Sony et al. 2018). Therefore, global attention has
turned more toward carbon pools where carbon can be stored
to rebalance damaged ecosystems (Lal 2008).

In the global carbon cycle, forest ecosystems are one of
the key carbon storage systems (Pan et al. 2011 ; Behera
et al. 2017). According to Soepadmo (1993), the total stor-
age of organic carbon in the tropical rainforest is approxi-
mately 3.93 x 10'! tons, of which the vegetation accounts for
58%, soil for 41%, and litter for 1%. Organic carbon content
in an ecosystem is a crucial factor in deciding its fertility,
especially soil organic matter (SOM) (Russell 1977). A high
Soil Organic Matter (SOM) concentration can provide plants
with additional nutrients and improve water availability,
which raises soil fertility and increases ecosystem productiv-
ity (Johns 2017). Although natural forests are considered to
be the major biological carbon-sequestering units, plantation
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forests which are expanding at a rate of 2% annually (van
Dijk and Keenan 2007) also significantly contribute to car-
bon sequestration (Richards et al. 2007; Chen et al. 2015).
As mentioned by Chen et al. (2011, 2015) fast-growing spe-
cies tend to store more carbon due to their higher photosyn-
thetic rates, high biomass accumulation, and high carbon
storage capacity. Therefore, being one of the most commonly
planted fast-growing tree species in the world, Eucalyptus
species have become a potential contender to reduce global
atmospheric CO, levels (Rockwood et al. 2008).

The total land area under Eucalypt plantations in the
world is estimated over 7% of the total area of plantation
forests (20 million hectares) (FAO 2015). The high growth
rate of the species, yielding a quick monetary return (as
timber and firewood), resistance to environmental stresses,
short rotation period, high stand density per unit area and the
need for less post-plantation care are among the reasons for
the popularity of growing Eucalyptus species (Pereira et al.
1994; Barros and Novais 1996; Lambert and Turner 2000).
Further, according to Sang et al. (2013), Eucalyptus species
produce commercially desirable timber and firewood and
they are tolerant to a broad range of soil conditions including
low soil fertility. Most importantly, Eucalyptus plantations
may also involve both above-ground and below ground car-
bon sequestration (Ribeiro et al. 2015).

However, it is still controversial whether they increase or
decrease carbon sequestration with their stand age. Whereas
some studies report afforestation with Eucalyptus species
had increased soil carbon stocks (Kaye et al. 2000; Epron
et al. 2009; Magquere et al. 2008) while some other stud-
ies report a decrease (Lebenya et al. 2018) or stabilization
(Turner and Lambert 2000) or no effect (Fialho and Zinn
2014) in soil carbon. Therefore, to clarify this matter, it
is important to find carbon sequestration potentials under
tropical Eucalyptus forests. Further, stand age is found to
be a crucial factor that decides the carbon sequestration
potential of these plantation forests (Berthrong et al. 2012;
Powers et al. 2012; Ming et al. 2014; Li et al. 2015). A
study reported a decrease in soil C stock after eight years of
afforestation in South Africa which was established in a sub
humid grassland (Lebenya et al. 2018). Further, Berthrong
et al. (2012) found that soil carbon stock increased with
stand age in Eucalyptus plantation forests (aged between
10 and 45 years) which were established on a grassland in
Argentina. Epron et al. (2009) also reported an increase in
soil carbon after 14 years in a Eucalyptus forest established
in savannah, Congo. However, all these studies were done
only for soil carbon and had not been studied until the Euca-
lyptus plantation reached its usual optimal rotation length
(25-27 years). Therefore, information on both above and
below-ground carbon sequestration in Eucalyptus plantation
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forests, established in tropical grasslands, and their long-
term variation (until reaching their maximum rotation
length) are still lacking.

Thus, this research is aimed at studying the effect of
increasing stand age on the carbon sequestration capacity
of Eucalyptus plantations established in tropical grasslands,
to determine whether the establishment of Eucalyptus plan-
tations is an environmentally friendly option for acceler-
ating carbon sequestration until maximum rotation length
is reached. Further, the information would be important in
determining the maximum felling age after the plantation
sequestered more carbon. Here we measured carbon stocks
in aboveground vegetation as well as the soil in E. grandis
plantation forests established on a montane grassland at mid-
elevation lands of Sri Lanka, across an age sequence of E.
grandis plantations. Our aim was to reveal how the stand age
may affect above- and below-ground carbon reserves. This
study discloses the changing pattern of carbon stocks with
the age of the forest and compares it with an adjacent mon-
tane grassland. We hypothesized that planting E. grandis in
degraded underutilized tropical montane grasslands would
be a feasible mechanism for promoting carbon sequestration
and improving the ecosystem in such sites.

Methods
Study area

This study was carried out on four E. grandis plantation for-
ests of different ages and a montane grassland (locally known
as ‘Patana’) located in the upcountry intermediate zone of
Sri Lanka (5° 54" N-9° 52" N and 79° 39" E-81° 53" E). The
study area is characterized by a tropical monsoon climate
(Mapa et al. 2005) with the mean annual temperature of the
region varying between 19 and 23 °C while the mean annual
rainfall of the area is 2245 mm, of which 60% is received
between October to February (Tea Research Institute, 2019)
from the north-eastern monsoon. The soil is representative
of typical Haplohumults fine loamy, acidic, non-calcareous,
and isohyperthermic soils (Mapa et al. 2005). The topog-
raphy is generally hilly to steeply dissected with sandy
clay loam surface and subsurface soils. Healthy E. gran-
dis plantation forests with ages of 4, 10, 19, and 27 years
and adjacent montane grassland were selected for the study
(Fig. 1). All these selected sites were located within a radius
of 8.5 km, spreading over an area with rugged topography
at an elevation that ranged from 700 to 1300 m (Table 1)
with modest slopes (< 4—6%). Cymbopogon nardus was the
dominant species in the selected grassland.
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Table 1 Characteristics of Eucalyptus grandis forests and grassland in the study (values are means + SD)

4-year-old plantation

10-year-old plantation

19-year-old plantation 27-year-old plantation

Stand density (trees ha™") 1562 +241 a 822+87b 342+72 ¢ 289+41 ¢
Tree height (m) 7.00+0.68 ¢ 9.64+1.12a 9.68+1.45b 10.51+1.99 a
DBH (cm) 14.12+2.68 ¢ 17.42+34c¢ 21.21+4.19b 30.18+5.24 a
Crown width (m) 4.180+0.96 ¢ 3.250+0.75d 6.350+1.22b 9.540+2.90 a
Basal Area (m? ha™!) 25.30+9.19a 20.31+8.38a 12.54+5.12b 22.18+8.41a

Different letters indicate significant differences between mean values (Tukey’s HSD, p <0.05)

History and the silviculture of E. grandis plantations

Before the establishment of plantation forests, the selected
sites had been covered with grasslands dominated by Cym-
bopogon nardus. Considerable site preparation with the
removal of shrubs and weeds before reforestation had been
carried out in these sites. Eucalyptus seedlings were planted
with 2.5 m X 2.5 m space between plants and about 50 g/
plant of fertilizer has been added as base fertilizer (Nitrogen:
Phosphorus: Potassium (N:P:K)=09:11:9) at the time of the
establishment of the plantation. Approximately 32—40 trees
were in each plot which varied along with the age. Thin-
ning of forest stands was carried out usually at, 3—4 years,
7-8 years, 13 years, 18 years, and 25 years after the estab-
lishment of the plantation. However, no thinning measures
have been performed in the selected plantation forests during
this study.

Establishment of experimental plots

Experimental plots were established in selected forests
and grassland, according to a stratified random sampling
approach. Six 20 x 20 m? experimental plots were estab-
lished in each selected Eucalyptus forest stand and the
grassland in randomly chosen locations. Each plot was then
divided into four equal subplots of 10 mx 10 m.

Measurements of stand characteristics

The stem diameter of trees (whose heights were taken) was
measured at breast height (at 1.3 m height) using a diam-
eter tape. The number of trees (which had trunk diameters
greater than 10 cm) in each plot was enumerated and the
tree density per site was calculated. The total heights of all
the trees (whose diameter at breast height was greater than
10 cm) in each plot were measured using a Suunto clinom-
eter. Tree crown widths were measured by projecting the
edges of the crown to the ground and measuring the length
along one axis from edge to edge through the crown center
using a tape (Condit 2008).
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Vegetation and litter sampling, preparation,
and measurement of the dry mass of the understory

The experimental plot was divided into 4 subplots, the quad-
rat (1 m?) was thrown into four random places in each sub-
plot and understory plant species with their roots within the
quadrats were collected separately, species wise into plastic
bags. In the laboratory, the collected understory plants were
carefully wrapped in papers and dried in a preheated oven at
65 °C, for 24 h and the dry mass was measured.

Litter

Litter on the forest floor was collected into properly
labelled polyethylene bags in four randomly chosen quad-
rats (1 mx 1 m) in each plot. A total of 24 samples were
collected from each site. Sampled litter was dried at 65 °C
to constant weight and the final dry mass was measured
with an electronic balance.

Montane grassland

At each plot of the grassland, three quadrates (each with
an area of 1 x 1 m?) were sampled for aboveground bio-
mass (AGB). The plants were clipped from the ground,
and fresh weight was taken. Then three 100 g subsamples
were oven-dried at 85 °C for 48 h and the dry weight was
measured.

Soil sampling and sample preparation

Soil samples were taken from 3 randomly selected points
in each subplot using a hand auger (50 mm diameter) and
pooled to have one composite sample. Soil samples were
obtained from two depth levels; depths of 0—15 cm (upper
soil layer) and 15-30 cm (lower soil layer). Thus, a total
of 72 composite soil samples were collected from each
site for each layer. Selected points were > 0.5 m away from
the nearest tree and > 5 m away from each other. The litter
layer was removed before sampling. Collected soil samples
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were placed in properly labeled air-tight polyethylene bags
and were transported to the laboratory.

Collected soil samples were sieved using a 2 mm sieve to
remove stones and roots. Soil pH, soil moisture content, and
microbial biomass carbon in fresh soil were analyzed using
the standard protocols given below. The remaining soil was
air dried and ground into a powder of <0.15 mm using M 20,
IKA, WERKE® grinder before further analyses.

Soil analysis

Soil carbon content was determined by automated dry com-
bustion using a CHN analyzer (Elemental analyzer, Perkin-
Elmer 2400 series II). Initially, a portion of the air-dried and
sieved soil samples (0.15 mm mesh size) was again ground
into a homogenous powder and sieved through a 10 pm mesh
sieve. About 1.0-1.5 mg of, this soil sample was used to
analyze C content using a CHN analyzer.

Statistical analysis

All data were averaged across the plots in each site to generate
site-level values for analysis. Carbon stocks in aboveground
vegetation and soil carbon stocks were analyzed via the Gen-
eral Linear Mixed Model at a 0.05 significance level using SAS
9.1.3 portable version. The model examined all interactions
between the stand ages and carbon stocks, thereby eliminat-
ing pseudo-replication in the experimental design. The data of
basal area (BA), Aboveground biomass (AGB), Aboveground
carbon content (AGC), Aboveground carbon per tree, and soil
C stock were transformed to Log or Antilog values to approxi-
mate a normal distribution. Other variables were tested without
transformation. Pearson correlation was used to investigate the
relationships between variables. Simple linear regression anal-
yses or polynomial regression analyses were also performed to
test the relationships between the measured variables. Selec-
tion criteria for the regressions were based on R? and p-value.
All statistical tests other than the mixed model ANOVA was
conducted using Minitab (19.2 0) Software.

Calculation of above ground biomass and tree carbon
stock

Plantation forest The basal area (BA) was calculated
from measurements of the diameter (DBH in cm) for each
measured tree (Eq. 1). Aboveground biomass (AGB)
was estimated based on previously developed allometric
equations (De Costa and Suranga 2012), as allometric
equations for Sri Lankan E. grandis forest stands were

not available. Then, merchantable wood volume was cal-
culated using Eq. 2.

BA = 7 (DBH)? /40000 (1

V=fgh 2

where V represents the merchantable wood volume per
tree (m3) and g and h refer to basal area per tree (m?) and
tree height (m) respectively and f, is the ‘form factor’
which is unique for the tree species. The value, 0.335
was taken as the form factor of E. grandis (De Costa and
Suranga 2012). The merchantable wood volume calcu-
lated was converted to above-ground biomass per tree
using the following relationship (Cost et al. 1990).

Above-ground tree volume (m3)

3
= 1.67 x Merchantable wood volume (m?) (

The factor 1.67 represent the biomass contained in
leaves, branches and other aboveground parts, which
were excluded when merchantable wood volume was
calculated. Therefore, according to Birdsey (1992) and
De Costa (2012), following Eq. (4) was used to convert
the above ground tree volume (m?) to AGB per tree (kg)
assuming a wood density for E. grandis as 490 kg m.™>
Thereafter, AGB Mg per hectare was calculated by the
Eq. 5 below.

AGB per tree (kg) =above — ground tree volume (m3)
4
X wood density (490 kg m™ ) (

IAGB = (AGB per tree/1000) x Stand density (per hectare

6

Using AGB per hectare, aboveground carbon stock

(AGC) was calculated by using the Eqgs. 6 and 7 while

assuming that the carbon content of biomass to be 50%
(Sampson 1992).

Aboveground C stock per hectare (Mg C ha™")
6
= AGB per hectare (Mg Cha™') x 0.5 (

IAbove ground C per tree (kg) = AGB per tree (kg) x 0.5
@
Using a conversion factor developed by Birdsey

(1992), the total tree C stocks per hectare were calcu-
lated by the Eq. 8 below.

[Total tree C stock per hectare = AGC per hectare X 1.3054

8
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where the factor 1.3054 represents the root biomass of
trees (De Costa and Suranga 2012).

Understory and litter The C stocks in the understory
vegetation and litter were determined by multiplying
dry mass per unit area by carbon fraction. (0.47) (Gos-
lee et al. 2010).

Grassland Above ground biomass was calculated using
following equations (UNDP 2014).
Total dry weight (kg m_z)
= Total fresh weight (kg) X Subsample dry weight (g)
X Sample area (mz) / Subsample fresh weight (g)
€
= Total dry weight x 0.47
10

Here it is assumed that the carbon content of biomass
to be 50% (Sampson 1992).

IAbove ground biomass (AGB

grass )

Aboveground C stocKy;,j,ng Per hectare (Mg C ha™')

= AGB per hectare (Mg Cha™') x 0.5
(11

Results
Carbon stocks in trees of the plantation

Figure 2a depicts carbon stocks in trees for the plantation
forests of different ages. The average carbon stock in trees
was highest in the 27-year-old plantation (30.15 Mg C
ha~!) while the lowest was found in 4-year-old plantation
(17.37 Mg C ha™!). However, these carbon stocks did not
differ significantly among stands of different ages (Mix
model ANOVA, p > 0.05) and did not correlate with stand
age (p>0.05).

C stocks in the understory and litter layer

The C stocks in the understory of the studied plantations
(Fig. 2b) had shown a negative correlation with the stand
age of the plantation (Pearson correlation =—0.736,
p=0.000). However, the C stocks of the litter layer had
significantly increased with the stand age (Pearson corre-
lation=0.705, p=0.001) (Fig. 2c). This is approximately
1.5 times higher than the carbon stock of the understory.
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Fig.2 Variation of carbon stocks in a trees of plantation, b under-
story, c litter layer with stand age in Eucalyptus grandis plantation
forests

Total above-ground carbon (AGC) stock

Total AGC stock was highest in the 27-year-old plan-
tation (32.27 +10.83 Mg C ha™') whereas the lowest
was recorded in the youngest or the 4-year-old planta-
tion (20.83 +5.67 Mg C ha™h). Although there was no
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significant relationship between the stand age and AGC
stock, the total AGC had shown an increasing trend with
the stand age. Compared to grassland (1.64 +0.06 Mg C
ha™!) there was an approximately 20-fold increase in total
AGC stock in 27 year-old of plantation.

Carbon stocks in soil

As depicted in Fig. 3, the soil carbon stocks in all planta-
tion forests and the grassland in the study were significantly
different (Mix model ANOVA, p <0.05). Moreover, carbon
stocks changed with increasing soil depth in the studied sites
(p <0.05), showing a significant decrease with increasing
depth (p=0.000). Carbon stocks in the upper soil layer
(0-15 cm layer) in E. grandis plantations increased signifi-
cantly with increasing stand age (p=0.000; R*>=86.75%;
Pearson correlation =0.739) while the carbon stocks in the
15-30 cm layer showed a comparatively weak non-signifi-
cant relationship with the increasing stand age (p > 0.05).
However, the total soil carbon stocks in the plantations
changed significantly with increasing stand age (p =0.000;
Pearson correlation =0.868). Moreover, total soil carbon
stocks in E. grandis plantations had significantly higher car-
bon stocks (p <0.01) compared to the grassland (Table 2).

50

x=189+336y

Total Ecosystem Carbon Stock (Mg C ha'l)

0 T T T T
4yr 10 yr 19 yr 27 yr

Stand age (years)

Fig.4 Variation of total ecosystem carbon stocks of Eucalyptus gran-
dis plantation with stand age

The soil carbon stock in the 27-year-old plantation forest was
2.6 folds higher than that of the grassland.

Total ecosystem carbon stocks

Total plantation forest carbon stocks in plantation for-
ests varied significantly and they correlated positively
with the stand age (ANOVA, p=0.000, Pearson Correla-
tion=0.722,=0.000) (Fig. 4). There was a 56% increase in
overall forest carbon stock after 27 years when compared to
the 4-year-old plantation. Further, there are around 20-fold
higher total carbon stocks in the 27-year-old plantation com-
pared to the grassland (Table 2). AGC stock contributed
more to the total ecosystem carbon when compared with
below-ground carbon stocks (Table 2). The contributions by
litter and understory to the total ecosystem carbon were 5.1%
and 3.5% respectively. The highest contribution was from
plantation stand (91.4%) while the lowest was from the soil
(0.08%). However, compared to plantation forests grassland
had very low total ecosystem carbon stock (Table 2).

Table 2 Total ecosystem

Stand age (yrs
carbon in Eucalyptus grandis ge (yrs)

Total Above Ground Carbon Total Below ground

Total Ecosystem Carbon

. ) (Mg Cha™) Carbon (Mg Cha™h)

plantations forests with « 107

different stand ages (values are (Mg C ha™)

means +SD
4 20.83+5.67 a 2448+1.96a 20.85+5.66 a
10 28.39+8.88 a 14.10+0.61 b 28.40+8.88 a
19 27.68+11.28 a 24.03+4.47a 27.71+£5.66 a
27 32.27+10.83 a 2749+425a 3229+10.8 a
Grassland 1.64+0.06 b 9.46+1.63b 1.65+0.06 b

Different letters indicate significant differences between mean values (Tukey’s HSD, p <0.05)
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Discussion
Carbon stocks in above-ground vegetation

Many factors can affect carbon storage in trees of forests
(Ryan et al. 2010; Lin and Zhao 2018). Among them, stand
age strongly affects the carbon sequestration ability in trees
of plantation forests (Cheng et al. 2014; Chen et al. 2015;
Kohl et al. 2017). Although the relationships were not sta-
tistically significant, we noticed that AGC stocks showed an
increasing tendency with stand age across the four studied
E. grandis plantations. Cheng et al. (2014) also observed
a significant increase in AGC stock of a Pinus tabulae-
formis plantation in Shanxi, China, while Chen et al. (2015)
observed a decrease in above-ground carbon in a Eucalyptus
urophylla plantation. However, the latter study by Chen et al.
(2015) was on plantations that are younger than 10 years. In
our study, we observed a comparatively lower AGC stock in
the 19-year-old plantation forest. The reason for this could
be their lower BA, which is mainly due to the low stand
density caused by thinning practices. The AGC stock results
of the present study fall within the lower ranges according to
the values reported across Eucalyptus plantations and some
other plantations worldwide (Binkley and Ryan 1998; Ming
et al. 2014) and this could be probably due to low nutri-
ent contents in our study sites. However, further studies are
required to clarify this discrepancy.

Interestingly, AGC stocks of all the studied plantation
forests were higher than the estimated C stocks of the origi-
nal grassland. Richards et al. (2007) also observed a similar
trend when comparing Hoop pine plantations and pastures,
in Australia. The main reason could be lower biomass com-
pared to plantation forests.

Although not significant, the understory and litter layer
had contributed sufficiently to the carbon sequestration in
the studied plantation forests (5.1% and 3.5% respectively).
Ming et al. (2014) also observed similar contributions from
understory and litter under a Mytilaria laosensis plantation.
We detected a significant negative relationship between the
carbon stock of the understory and the stand age of the plan-
tation forest. However, these were in contrast to the findings
of Ming et al. (2014) who observed a positive relationship
between understory carbon stock and stand age in a Myti-
laria laosensis plantation in China. It has been found that
Eucalypt trees contain allelopathic chemicals which either
could be emitted by leaves or mixed with soil via litter and
root exudates which influence negatively the understory
vegetation (Souto et al. 2001). Moreover, a study done on
Chinese Fir reported an increase in the production of allelo-
chemicals with stand age (Chen and Wang 2012). Therefore,
an increase in allelochemicals might have reduced the under-
story vegetation with stand age which led to a reduction
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of understory contribution to total ecosystem carbon stock.
However, in our study the carbon stock of the litter layer
showed a significant positive relationship with stand age
which was similar to the results of Ming et al (2014) and
Yue et al. (2018) for a Spruce plantation in China. Nev-
ertheless, our average values were lower than the values
for the Mytilaria laosensis plantation and Spruce forest in
those studies. As revealed by Xiong and Nilsson (1999),
the increasing litter layer could have negatively affected the
growth of understory vegetation as well).

Carbon stocks in soils of plantation forest

Our results suggest that soil depth affects the soil carbon
stocks in E. grandis plantations. Further, it was observed
that the soil carbon stocks gradually decrease with increas-
ing depth. This could be linked to the reduction in fine roots
with depth in forest ecosystems as mentioned by Rovira and
Vallejo (2007). Soil C stock of both soil layers in the pre-
sent study increased with increasing stand age of the forest,
agreeing with the observations made by Trouve et al. (1994)
for a Eucalyptus hybrid plantation in savannas in Congo (up
to 19 years), by Chen and Shrestha (2012) for Boreal forests
in Canada (up to 203 years). However, the results of this
study contradict the results of Turner and Lambert (2000)
who observed, a stabilization in soil organic carbon with
some indication of an increase after 20 years of establish-
ment of E. grandis plantation forest in eastern Australia.
This increase in soil carbon could support plant growth and
improve water availability, which leads to soil fertility and
productivity. Furthermore, it supports soil structural stability
by encouraging aggregate formation.

The slowdown in the decomposing rates with stand age
might have contributed to the increase in carbon accumula-
tion of studied plantation forest soil with stand age. Moreo-
ver, the accumulation of more leaf litter on the forest floor
with the increase in stand age could also result in an increase
in carbon in the soil. Compared to plantations, the grassland
had a lower amount of soil C stock in both layers. This could
be linked to the mineralization processes in soils. Further,
it has been found that under the Eucalyptus plantations, the
decomposition of litter is slow (Barlow et al. 2007). This
may be due to various inhibiting factors such as soil acidity
and antimicrobial compounds that are found in Eucalyptus
soils which slow down microbial activities, reducing decom-
position rates (Zimmer et al. 2005; Soumare et al. 2015)
which result in, a higher amount of soil C stock under Euca-
lyptus plantations, compared to grassland.

However, the higher carbon stock in 4-year-old planta-
tions compared to a 10-year-old plantation could be due to
the accumulated carbon in previous grassland vegetation.
A similar observation was recorded by Justin et al. (2015).
Since the growth rate of Eucalyptus is high (Almeida et al.
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2007) they might have used up most of the organic carbon
in the soil, which might have led to the lower soil C stock
in the 10-year-old plantation. However, after 10 years, with
the accumulation of litter, root exudates and other organic
substances soil carbon stocks might have increased.

Total ecosystem carbon stock

The distribution of the total ecosystem carbon stock peaked
in the 27-year-old plantation. It was approximately 20
times higher than the values obtained for grassland. Simi-
larly higher values were reported by du Preez for E. nitens
plantation, after eight years of establishment in a grassed
catchment. Compared to grassland, a significant relation-
ship was observed between total ecosystem carbon and stand
age. Similar results were observed in a study on Mytilaria
laosensis plantation in China (Ming et al. 2014). Overall,
Eucalyptus plantations had sequestered sufficient ecosystem
carbon to replenish grassland ecosystem carbon stocks that
were lost after clearing.

Conclusion

Standage is one of the major factors that determine the
carbon stock in E. grandis plantation forest according to
the present study. The carbon stock of the litter layer sig-
nificantly increased with stand age while the carbon stock
of the understory significantly decreased up to 27 years.
Both above-ground and below-ground carbon stocks had
increased until the trees reached their maximum rotation
length. The present study also revealed that soil carbon stock
decreases with the soil depth in E. grandis plantation forests.
Further, AGC stock contributed more to the total ecosystem
carbon, when compared to below-ground carbon stock. The
total ecosystem carbon had increased significantly with the
increasing stand age in E. grandis plantation forests, and at
27 years it was approximately 20 times higher than the car-
bon stocks of grassland, which was their previous land use.
Therefore, the maximum rotation length for E. grandis plan-
tation forests can be extended up to 27 years, to increase car-
bon sequestration in these forests. This study suggests that
consideration of E. grandis as a plantation species would be
more beneficial since they support maximization of carbon
sequestration and therefore would lead to soil fertility and
productivity, resulting in an improved ecosystem. Further-
more, planting E. grandis would be a feasible mechanism
for promoting carbon sequestration and improving the soil
quality of tropical grasslands. According to the results, the
total carbon stock was the highest in 27 years old plantation
forests. Therefore, by increasing the age of the final felling
of the plantation we can sequester more carbon. Further, this

study has provided clear information to resolve the contro-
versy on the carbon sequestration potential of E. grandis on
degraded soils such as montane grasslands. Additionally,
since the stand age plays a major role in carbon storage in
plantation forests, it is an important factor to consider when
calculating carbon sinks and sources in an ecosystem.
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