Global Journal of Environmental Science and Management

S

(GJESM)

Homepage: https://www.gjesm.net/

Connectivity of vegetation diversity, carbon stock, and peat depth in peatland eco-

systems

R. Garsetiasih, N.M. Heriyanto, W.C. Adinugroho, H. Gunawan, I.W.S. Dharmawan*, R. Sawitri, I. Yeny, N.

Mindawati, Denny

Forest Research and Development Center, Ministry of Environment and Forestry, Bogor, West Java, Indonesia

ARTICLE INFO

ABSTRACT

Article History:

Received 27 August 2021
Revised 08 Nivember 2021
Accepted 12 December 2021

Keywords:
Carbon stock
Connectivity
Diversity
Peat depth
Sustainability

DOI: 10.22034/gjesm.2022.03.06

Peat swamp forest ecosystems are fragile ecosystems
with different peat depths according to the level of peat formation. Moreover, a peat swamp
forest can have diverse vegetation and high carbon stocks. Thus, caution should be taken
in the sustainable management of a peat swamp forest. However, the connection between
vegetation diversity, carbon stocks, and peat depths has not been widely studied in efforts
to conserve vegetation and peatlands. This study aimed to analyze the connection between
vegetation diversity, carbon stocks, and peat depths in the Kahayan Sebangau Peat Hydrology
Unit.

Plots at the peat depths of four sites were studied: site 1 (<50 cm), site 2 (393-478
cm), site 3 (479-564 cm), and site 4 (565-649 cm).

: This study discovered that diverse vegetation at the tree, sapling, and seedling
levels and the species richness at different peat depths were significantly different due to
various nutrient contents and distances from the river. The number of species found varied
at various peat depths, with 20, 28, 32, and 19 species at peat depths of 565 cm, 479-<565
cm, 393-<479 cm, and <50 cm, respectively. In addition, the highest carbon stock was 95.2 £
19.52 Mg C/ha, which was found at a peat depth of 479 — 564 cm and a vegetation diameter
of 210 cm. The tree species Combretocarpus rotundatus (Miq.) Danser, Maclurodendron
porteri (Hook. f.) T.G. Hartley, Tetramestra glabra Miq, and Horsfieldia irya (Gaertn.) Warb.
had high survival rates and grew at a peat depth of <50 cm. The study results confirmed
that peat thickness could not directly affect the vegetation dynamic in terms of vegetation
diversity. The vegetation changes were influenced directly by changing other characteristics
of peat hydrology, peat chemistry, and peat organic matter.

All Pearson correlation values between peat depth, vegetation diversity, and
carbon stock were positive with each other. This shows that peat depth, vegetation diversity,
and carbon stock are interdependent and connected to one another.
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Peat swamp forests in Indonesia are scattered
across Riau, Jambi, South Sumatra, Southeast
Sulawesi, Kalimantan Island, and Maluku Island, with
a total area of 149,056 km? (Warren et al., 2017).
Peat swamps are important ecosystems, providing
environmental services, creating diversity among
the tree species and wildlife, and contributing to
the mitigation of climate change and thus to a
reduction in global warming (Osaki et al.,, 2021).
Climate change also affects hydrological aspects
of peatland forests. Peat swamps are important
ecosystems globally because their functions are
primarily related to hydrology, carbon cycling, and
biodiversity regarding tree species and wildlife
and they contribute to climate change mitigation,
thus reducing global warming (Hirano et al., 2014;
Osaki et al., 2021; Sefidi et al., 2015). They are
also especially sensitive to climate dynamics, such
as changes in precipitation and the flood regime
(Fenner and Freeman, 2011). These environmental
factors are interrelated and interact, which
ultimately affect the composition and pattern of
vegetation diversity (Afrianto et al., 2016). These
areas possess a unique and fragile ecosystem with
certain characteristics. One of the functions of
forests, such as peat swamps, is carbon cycling by
absorbing or sinking carbon dioxide (CO,) from the
air. Carbon dioxide storage is closely correlated with
standing biomass (Dargie et al., 2017). The amount
of biomass in an area is obtained by calculating
the biomass density and number of tree species.
Peat swamp forests, especially in Kalimantan,
have been significantly degraded and fragmented
from 1990 to 2010 (Dohong et al., 2017) because
peat swamp forests have been extracted since the
establishment of forest concession rights (Miettinen
and Liew, 2010). The most degrading factors of this
peat forest are illegal logging, land conversion, and
forest fire. The conversion of peat swamps increases
the amount of carbondioxide (CO,). According to
Hooijer et al. (2010), emissions related to changes
in peat swamp use and management are estimated
to be 50% of Indonesia’s total national emissions.
Tree growth in tropical regions is generally faster
than that in sub-tropical regions (Russel and Raich,
2012). Therefore, developed countries are highly
concerned about tropical forest preservation
because forests can absorb gas emissions and
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prevent climate change (Harrison et al.,, 2019). The
third-largest tropical forest in the world is located in
Indonesia, after those in Brazil and Kenya (Kusmana
and Hikmat, 2015), so we must obtain basic data
about how much carbon can tropical forests absorb,
especially lowland peat swamp forests. Peat swamp
is a soil material not easily weathered and consists
of organic materials mostly not decomposed and
accumulated in aerobic conditions (Dommain et
al., 2015). Peat swamp forests have an important
global ecological function as carbon sinks and stocks
and significantly contribute to global carbon cycles
(Osaki et al., 2021). On the other hand, logging
and fires threaten biodiversity loss in peat swamp
forests (Posa et al., 2011). These two reasons are
the triggers for this research, which investigates tree
species and carbon stocks at various peat depths. In
this regard, the research gaps were found between
vegetation diversity, carbon stock, and peat depth in
the peatland forest ecosystem. Rieley et al. (1996);
Page et al. (1999); Lahteenoja et al. (2009a, 2009b);
Astiani et al. (2016) stated that varying responses
to local gradients in hydrology, nutrient availability,
and depth of peat affect vegetation changes.
Meanwhile, more in-depth analyses between
vegetation diversity and its connection to carbon
stock and peat depth are needed. Specifically, this
study aims to investigate the vegetation diversity
and carbon stock at several peat depths as well as
to analyze the connection/correlation between
vegetation diversity, carbon stock, and peat depths
to provide recommendations for peat swamp forest
conservation. This study was carried out in the peat
hidrology unit (PHU) of Kahayan, Sebangau River,
Pulang Pisau Regency, Central Kalimantan Province,
in 2020.

Description of the study area and context

The study location is categorized as a peat swamp
forest by the Peat Hidrology Unit (PHU) of Kahayan,
Sebangau River, Pulang Pisau Regency, Central
Kalimantan Province. In this research, the location
is divided into four sites: site 1 (2° 28’55.04 “ S and
114° 7'15.13” E), site 2 (2° 21  6.18 “S and 114 °
2’'6.77” E), site 3 (2° 21'8.25” S and 114° 5'29.86”
E), and site 4 (2° 22°48.05 “ S and 114° 9'4.70 “ E).
These sites are presented in Fig. 1.

The study sites are located + 7-25 m above
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Fig. 1: Geographic location of the study area in the Kahayan Sebangau Peat Hydrology Unit in Indonesia.

sea level, and their topography is flat, with slopes
between 0 and 8%. The soil of the study sites include
Tropochemist, Troposaprist, and Tropofibrist/Saprik
Peat, which continuously rot and are made of old
alluvium materials. The stone components including
clay, silt, gravel, plant debris, and sand are dark
brown to black, and when they are squeezed, their
fiber content is less than 15% (Soil Survey Staff,
2014). For an illustration of the study methodology
from preparation until data analysis, a flow diagram
for the overall methodology in this study is shown
in Fig. 2. The approach used in this research was a
field survey, which was then analyzed quantitatively
using a statistical approach. The study used primary
data and a number of relevant secondary data. The
primary data consist of measurement data for the
forest stand parameters, namely diameter, height,
and species obtained through measurements on an
observation plot.

Survey and sampling designs

The vegetation diversity and carbon stock were
analyzed on sample sites from peat domes to shallow
peats. The study used stratified random sampling
in the research design. The research location was
stratified by peat category, namely shallow peat
(edge), between shallow and peat dome, and peat
dome. Then, the sampling plots were determined
randomly for each stratum in several classes of
peat depth based on the peat depth map issued
by the Peatland Restoration Agency. In each of the
shallow peat and peat dome strata, 10 observation
plots were made, while between the shallow peat
and peat dome, 20 observation plots were made.
Site 1 was at a peat depth < 50cm (shallow peat),
and then, 2 sites are shallow peat to peat domes,
namely site 2 (393-478 m) and site 3 (479 — 564 m),
while site 4 was a peat dome with a depth of 565 —
649 m (Fig. 1). The sample unit was a square with
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Fig. 2: Flow diagram for the overall methodology

a size of 20 m x 20 m (0.04 ha) and nested with a
different size plot for different growth stages. The
plots were repeated ten times at each site. A plot of
20 m x 20 m was established for the tree inventory,
a plot of 5 m x 5 m for the sapling inventory, and a
plot of 2 m x 2 m for seedlings inventory (Haryadi et
al., 2019). These plots are presented in Fig. 3. This
study employed a global positioning system (GPS)
to measure devices, tape diameters, plastic ropes,
tree height measurement tools, and herbarium tool
kits. The diameters, height, and species of all trees

and saplings were recorded, while species’ numbers
and names were recorded for seedlings. These
kinds of materials were sampled and identified
at the Herbarium Laboratory of Forest Research
and Development Center, Bogor. The criteria for
tree, sapling, and seedling are as follows (Mansur
and Kartawinata, 2017). The trees’ diameter was
1.3 m >10 cm at breast height. If they contained a
buttress, the diameter was measured 20 cm above
the buttress. Those criteria were recorded in the
plot size of 20 m x 20 m (Afzanizam et al., 2019).
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Saplings, namely natural regeneration with a height
of > 1.5 m to a young tree with a diameter <10 cm,
were recorded in a plot size of 5 m x 5 m. Seedlings,
natural regeneration from sprouts to <1.5 m high,
were recorded in a plot size of 2m x 2m (Haryadi et
al., 2019).

Estimating peat depth

The peat depth information was obtained based
on the peat depth map issued by the Peatland
Restoration Agency. The plot coordinates from the
survey determined using GPS were then overlaid
with a peat depth map to determine the peat depth
in the plot observation. The peat depth map was
generated from sampling measurements of the peat
depth in the field. The peat depth was estimated
using peat auger until the mineral soil was reached.
The depth of peat was estimated from the length of
the peat auger (6 m extension rods plus sampler)
inserted into the mineral soil surface. When the
peat depth exceeded the length of the extension
rod, one meter was added to the measured depth.

Estimating biodiversity

Data of the vegetation analyses were calculated
to obtain values for relative frequency, relative
density, and relative dominance; they were then
summed into an index of importance value (Mueller-
Dombois and Ellenberg, 2016). The important value
index (IVl) and its components (relative density
(D,), relative frequency (F ), and relative dominance
(Dom,)) are shown in Egs. 1, 2, 3, and 4, respectively.

ni
DR =ﬁ100% (1)
F,= ZF;i 100% (2)

Dom, = % 100%
(3)

IVI=D,+F, +Dom, (4)

where ni is the number of individuals for a
species, N is the total number of individuals for all
species in the plot, Fi is the frequency of a species,
Gi is the total base area of a species, and G is the
total base area of all species.

The density of the trees describe the forest
structures from the diameter classes 0-10 cm, 10-
20 cm, 20-30 cm, and above 30 cm. The diversity
parameter consists of Shannon’s diversity index,
Simpson’s diversity index, Fisher’s alpha, Rarefied
species richness, and Pielou’s evenness; those
diversity parameters were calculated using R w.
3.6.3 (R Core Team, 2020). The diversity parameter
consists of Shannon’s diversity index, Simpson’s
diversity index, Fisher’s alpha index, Pielou’s
evenness index, and Rarefied species richness (R),
provided in Egs. 5, 6, 7, 8, and 9, respectively.

H'= —z;pilnpi (5)
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where H’ is Shannon’s diversity index, D is
Simpson’s diversity index, S is Fisher’s alpha index, e
is Pielou’s evenness index, R is the Rarefied species
richness, pi is the number of individuals for a species
over the total number of individuals, niis the number
of individuals for a species, N is the total number of
individuals, and S is the number of different species.

Non-metric multidimensional scaling (MDS)
with the vegan package was used to analyze the
response of plant species composition to peat depth
(Oksanen et al., 2019). To analyze whether species
composition, species richness, and species diversity
were statistically different among depth categories,
a multivariate permutation analysis of variance (n
= 1000) was performed using the vegan package.
Ordination was performed using a species matrix
containing several plant species in each plot, using
the default mono MDS function, which included the
double-Wisconsin square root transformation and
the Bray—Curtis difference index. The ordination
was presented graphically using the package ggplot
(Wickham, 2016), and a visual display of each plot
was color-coded based on the levels of each peat
depth.

Estimating carbon stock

The biomass of a live tree was estimated using
the allometric equations for mixed species of
Indonesian peat swamp forests using Eq. 10 (Manuri
etal, 2017).

Y= o.ossx((Dz)xHxWD)0'954 (10)
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where Y is the aboveground biomass (kg), D is
the diameter at breast height (cm), H is the height
(m), and WD is the wood density (g/cm?3).

The total aboveground tree biomass for each
plot was calculated by adding up all of the estimated
aboveground biomass values of each tree in the plot
expressed in Mega gram (Mg). The root biomass was
calculated using the allometric model using Eq. 11
(Niiyama et al., 2010).

Y =0.02186x D**’ (11)

where Y is the belowground biomass/roots (kg)
and D is the diameter at breast height (cm).

Carbon pools that are not measured directly
are thought to use the relationship between
aboveground tree biomass and other carbon pools
that have been developed from previous research.
The aboveground biomasses for understorey, litter,
and deadwood were estimated using the ratio to
aboveground biomass from previous research in
Central Kalimantan by Krisnawati et al. (2021). The
estimated ratio value of understorey biomass, litter,
and deadwood to aboveground tree biomasses
were 2.4%, 1.6%, and 18.5%, respectively.

The carbon contained in the aboveground
biomass was approximately 47% or Mg biomass =
0.47 Mg C (Manuri et al., 2017). In contrast, those in
the the roots were approximately 39% and 50% for
litter and deadwood. Carbon stocks in the organic
soil carbon pools (Mg C/ha) were calculated using a
fixed depth method, using Eq. 12.

Cpem =BDxhxC (12)

where BD is the peat bulk density (g/cm?3), h
is the peat depth (cm), and C is the peat carbon
content (%). The values of BD and carbon content
of peat at the research sites were 0.14 g/cm?® and
41.73%, respectively.

The total carbon in the peat swamp forests was
estimated as the amount of carbon aboveground
biomass, belowground biomass/roots, litter,
deadwood, and soil. Their values were equivalent
to the carbon dioxide values in the atmosphere by
multiplying the carbon stocks by a factor (44/12).
The depth categories, analysis of variance, and
comparison of mean values were performed



700 (a) 35
600 30
— 500 325
O ‘0
< 400 - 20
g ks,
o 300 9 15
] Q.
£ 200 s 10
100 5
0
2 9 et
v L,’\’I \%

393-<479
479-<565

Peat depth (cm)

393-<479

Peat depth (cm)

(b) . (<)
20
S
% 15
=
€ 10
©
.
5
0
n wn o ()} wn n
O O wn N~ o} O
n L v < N L
Y Al Y Y Al
D o™ D
~ o)) ~
< o™ <
Peat depth (cm)

Fig. 4: Number of trees per hectare (a), species (b), and family (c) at the study sites

to determine whether the carbon stocks were
statistically different.

Species composition

Vegetation observations were used to identify
the species and families of plants at the research
sites. The identification of plant species and families
at the research sites is presented in Fig. 4.

Fig. 4 shows that 23 families are in the forest
with a peat depth of 393-478 cm, dominated by
Lauraceae. Meanwhile, 28 families are in the forest
with a peat depth of 479-564 cm and with a peat

depth 565 — 649 cm, and 19 families are in
the forest with a peat depth <50. Myrtaceae
dominated all peat depths. The diverse species of
Lauraceae and Myrtaceae represent anthropogenic
disturbance and degraded, previously burnt, peat
swamp forests (Kalima et al., 2020). At the research
sites, the peat depths of 565-649 cm and 393-478
cm were dominated by Combretocarpus rotundatus
(Miq.) Danser (IVI = 66.85% and 89.80%), the peat
depths of 479-564 cm were dominated by Mezzettia
umbellata Becc. (IVI = 47.78%), and the peat depths
<50 cm were dominated by Macaranga pruinosa
(Mig.) Muell. Arg. (IVI = 58.31%). The species
potentially replacing future stands were sapling-
level stands, and the peat depths of 565-649 cm
were dominated by Angelesia splendens Korth.
(IVI = 24.99%) and Baccaurea polyneura Hook.f.
(IVI = 22.68%). The peat forests with 479-564 cm

were dominated by Mezzettia umbellata Becc. (IVI
= 67.23%) and Stemonurus scorpioides Becc. (IVI =
51.17%). Peat depths of 393-478 cm were dominated
by Combretocarpus rotundatus (Miq.) Danser (IVI =
40.20%) and Horsfieldia crassifolia (Hook. Fil. and
Thoms.) Warb. (IVI = 29.73%). The peat depth <50
cm was dominated by Tetramerista glabra Miq. (IVI
=120.19%) and Dyera polyphylla (Miq.) Steenis (IVI =
26.61%). These species, especially Combretocarpus
rotundatus (miqg.) Danser and anthropogenic
peat swamp fragmentations such as Callophyllum
inophyllum, indicated highly degraded forests due to
forest fires (Nelson et al., 2021; Astiani, 2016). The
peat depth significantly affected the peat swamp
forest species composition. The ordinance analysis
discovered a large difference among peat depths of
<50 cm, 393-<479 cm, 479-<565 cm, and > 565 cm.
The community composition among plots (points)
became less similar because their distance increases
stress by 0.15. These results are presented in Fig. 5.

Species richness, diversity, and evenness
Biodiversity plays several important roles in the
biosphere and is usually measured by proxy indexes
to reveal changes in ecosystems. A biodiversity
index is the simplest way to describe the richness
of biota and challenges ecologists to explain the
diversity of an area (Kusmana and Hikmat, 2015).
In its development, several indices can be used to
analyze an area’s biodiversity, such as the species
richness, rarefied richness index, Shannon index,
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Table 1: F-values of multivariate diversity in different taxons and peat depths.

Species Genus Family
Diversity indexes
F-values Pr(>F) F-values Pr(>F) F-values Pr(>F)
Species richness 3.984 0.015* 3.79 0.0185* 3.041 0.0413*
Rarefied richness index 1.358 0.271 0.477 0.7 0.465 0.709
Shannon index 1.455 0.243 0.896 0.452 0.692 0.563
Simpson index 0.91 0.446 0.132 0.94 0.106 0.956
Fisher's alpha index 0.262 0.853 0.514 0.676 0.557 0.647
Pielou's evenness index 4.517 0.00866** 2.433 0.0808 2.144 0.112
Table 2: F-values of multivariate diversity at different growth stages and peat depths.
Trees Sapling Seedling
F-values Pr (>F) F-values Pr (>F) F-values Pr (>F)
Species richness 8.836 0.00016*** 5.04 0.00511** 2.275 0.097
Rarefied richness index 6.056 0.0019** 1.533 0.223 4.82 0.00651**
Shannon index 8.325 0.000246*** 4.388 0.00989** 2.578 0.0692
Simpson index 5.407 0.00356** 3.452 0.0264* 3.325 0.0307*
Fisher’s alpha index 1 0.404 0.667 0.578 1.568 0.214
Pielou's evenness index 6.884 0.000879*** 0.473 0.703 0.957 0.425
Table 3: Nutrient availabilities at various peat depths.
Peat Distance
No. depths from rivers Nutrient availability
Ash
(cm) (m) content (%)
Mg Ca K P C-organic
mg/100 g mg/100 g mg/100 g mg/100 g (%)
1 <50 <200 5.13 9.60 6.01 1.83 41.15 20.91
2 393-478 2800 - 3000 1.68 0.39 0.14 0.33 51.37 1.26
479 —
3 564 400 - 600 1.65 0.50 0.15 0.34 51.52 1.00
565 —
4 649 1000 - 1600 1.86 0.62 0.15 0.35 51.61 0.80

Simpson index, Fisher’s alpha index, and Pielou’s
evenness index. The biota diversity at the research
sites is presented in Fig. 6.

Generally, Fig. 6 and further variant analyses
discovered that peat depths had significantly
different species richness index, and the Pielou’s
evenness index was significantly different (Table
1). Vegetation diversity at the tree, sapling, and

seedling levels of the peat depths was significantly
different (Table 2). This difference showed that
the peat depths of various nutrient contents and
distances from the river (Table 3) influenced the
diversity of vegetation at the tree, sapling, and
seedling levels, and that condition makes vegetation
more adaptable (Minayeva et al., 2017). The
distance from the river affects the role of hydrology,
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which is related to the flow of water to peatlands. In
this study, the furthest distance of a plot from the
river was 3000 m, and still, it obtained water flow
from the river. Pages et al. (1999) stated that the
peat gradient in a peatland distance from the river
< 5500 m in the Sebangau Peatland Forest, Central
Kalimantan, still allows the flow of water from the
river to the peatland to run well. The water supply
from this river carries the river’s alluvial soil deposits
along with seeds that allow various types of plants
to grow so that it increases vegetation diversity, the
growth of biomass, and carbon stock (Aravind et al.,
2015). The continuity in the water flow allows the
thickness of the peat as well as the peat mass to
be maintained properly. The relationship between
hydrology, vegetation composition, and peat depth
is closely related to restoration efforts. The study by
Schulte et al. (2019) reinforced the assumption that,
the wetter the peat, the deeper the peat thickness.
In addition, during the rainy season, peatland also
receives river floodwater containing dissolved
nutrient components. The nutrient content provides
nutrient inputs for vegetation development from
seedling to the tree levels. This condition agrees with
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the results of the research by Astiani et al. (2016),
stating that various responses to the local gradients
in hydrology, nutrient availability, and peat depths
affect vegetation changes. This evidence strengthens
the research results of Page et al. (1999), confirming
that peat thickness could not directly affect the
vegetation dynamic. The vegetation changes were
influenced directly by changing other characteristics
of peat hydrology, peat chemistry, and peat organic
matter (Morton and Heinemeyer, 2019). The
research sites have various nutrient availabilities
according to the peat depths, as shown in Table 3.
The decreasing contents of Mg, Ca, K, and P at
deeper peat depths are associated with alluvial mineral
soil deposits from the river. A peat depth <50 m has a
river distance of < 200 meters, and a mixture of many
alluvial soils at the peat depth is assumed as the ash
content is higher. The peat depth < 50 cm has an ash
content of 20.91%, declining to 0.80% at a depth of
565 — 649 cm. In contrast, the smaller the ash content,
the higher the organic Cin the deeper peat depth. This
fact is in line with the findings of Page et al. (1999) in
the Sebangau Peatland Forest, where the contents of
Mg, Ca, K, and P decreases with deeper peat depths.

0
50

0

A
ol

10

Percentage (%)

=

=5 5-<10 10-=15 15-<=20

== 20
(b) Height {m)
a0
70
&0
50

Percentage (%)

=E

I T

5«10 1015 15-=20 >=20

Height {m)

(d)

Fig. 7: Height distributions of stands at peat depths of <50 cm (a), 393-<479 cm (b), 479-<565 cm (c), and 2565 cm (d) (error bars represent
std. errors of means).
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Stand structure and regeneration

Forest stand structures constitute the
distribution of individual plants in the crown layer
and can be illustrated as the tree distribution in
each area with various diameters (Laumonier et al.,
2010). The canopy structure and vertical distribution
are significant components of the dynamics of a
forest ecosystem and appropriate habitat. Various

vegetation structures indicate that they are
interdependent with peat thickness and related to
the physical, chemical, and hydrological properties
of peat conditions. Fig. 7 shows the distribution of
the vegetation canopy height at several peat depths.

The dominant species were Combretocarpus
rotundatus, Cratoxylum glaucum, Syzygium spp.,
Tristaniopsis sp., and Calophyllum sp, as shown

Table 4: Dominant trees by height at the research sites

Peat depth and tree species

Tree
height Peat depth 565-649 cm Peat depth 479-564 cm Peat depctr:393-478 Peat depth <50 cm
(m)
Callophill
Combretocarpus rotundatus arioparium Shorea teysmanniana
>20 Syzygium zeylanicum sclerophyllum Horsfieldia crassifolia -
yzye y Mezzetia umbellate
Horsﬁe/(.:ha lrya/kurnpang . Shorea teysmanniana Combretocarpus
Syzygium zeylanicum Mezzetia umbellate Combretocarpus
>15 . . rotundatus
Diospyros borneensis rotundatus . .
Syzygium zeylanicum
I
Calophyllum sclerophyllum Shorea teysmanniana Camp (nosperma Cratoxylum glaucum
>10 . coriaceum Maclurodendron
Lithocarpus dasystachyus Gonystylus bancanus
Cratoxylum glaucum porter
Garcinia bancana .
Combretocarpus rotundatus Dyera polyphylla Tetramerista glabra
<10 ) Combretocarpus .
Litsea sp. Gonystylus bancanus Macaranga pruinosa
rotundatus
Table 5: Dominant trees by diameter at the research sites
Peat depth and tree species
Diameter
class (cm) Peat depth 565-649 cm Peat depth 479-564 cm Peat depth 393-478 cm Peat depth <50 cm
Combretocarpus Macaranga
10-19 rotundatus Mezzetia umbellate Combretocarpus rotundatus pruinosa
Xylopia fusca Stemonurus scorpioides Cratoxylum glaucum Tetramerista
glabra
Callophillum Macaranga
. Cratoxylum glaucum .
sclerophyllum Mezzetia 5Smbellate pruinosa
20-29 Combretocarpus rotundatus
Baccaurea polyneura Gonystylus bancanus Melaleuca
Hook.f. leucadendra
. . Mezzetia umbellate Combretocarpus
Syzygium zeylanicum ) Combretocarpus rotundatus
30-39 Litsea s Callophillum Cratoxvium alaucum rotundatus
P sclerophyllum yium g Eugenia paludosa
Combretocarpus Combretocarpus Shorea teysmanniana
40-49 rotundatus rotundatus Maclurodendron umbellate Dyera polyphylla
Shorea smithiana Horsfieldia crassifolia
Combretocarpus Combretocarpus
rotundatus .
>50 rotundatus . Garcinia bancanus -
Litsea s Callophillum
P sclerophyllum
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Fig. 8: Diameter distributions of stands at the peat depths of <50 cm, 393-<479 cm, 479-<565 cm, and =565 cm

in Tables 4 and 5. The presence of those species
show that the studied area is a disturbed/degraded
peat swamp forest (Graham and Page, 2014).
The presence of Shorea, Eugenia, Calophyllum,
Tetramerista, Gonystylus, and Diospyros indicated
that the forest in this area is a mixed peat swamp
forest. The pioneer species in the studied area
are native species. Therefore, they can be used to
restore degraded peat swamp forests, such as Shorea
teysmannia. The density distribution according to
diameter could describe the vegetation structures,
as shown in Fig. 8. The distribution of diameters also
showed whether the forest regeneration process
was running normally or disturbed because the
trees had different abilities in utilizing solar energy,
nutrients, minerals, and water as well as in natural
competition. Consequently, the trees in the forest
stand had various diameters and the forest stand
structures at the study location were generally
dominated by Combretocarpus rotundatus and
Mezzetia umbellate.

In natural forests, the small diameter class is
more dominant than the large diameter class.
Species such as Combretocarpus rotundatus and
Mezzetia umbellate have a wide and dominant
distribution until the peat depth of 649 cm.
Similarly, the Combretocarpus rotundatus species
is the dominant species in Central and East
Kalimantan and in West Kalimantan in peatlands
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after fires; thus, this species can be used to enrich,
rehabilitate, and restore peatlands. Combretocarpus
rotundatus species can grow in peat depths of up
to 10 m and is the main species that grows on the
peat swamplands of Kalimantan (Qirom and Lestari,
2016). Regeneration is an organism’s mechanism
for maintaining and continuing its presence, and
forest stands are reflected by complete profiles of
individuals along with a gradient of diameters from
seedlings to trees, with the largest diameter. The
dominant species of complete plant regeneration,
presented in each stratum of trees, saplings, and
seedlings, are presented in Table 6.

The species present are strongly affected by their
place of growth, including peat depths. Table 6 shows
different types of plants at each peat depth and their
regeneration. The tree species Combretocarpus
rotundatus (Miq.) Danser, Maclurodendron porteri
(Hook. f.) T.G. Hartley, Tetramestra glabra Miq, and
Horsfieldia irya (Gaertn.) Warb. had high survival
rates and growth in a peat depth of <50 cm.

Biomass and carbon stock

Important carbon pools of forest ecosystems
include biomass, dead organic matter, and soil
organic matter. A credible approach to calculating
changes in biomass and carbon stock is to consider
all relevant carbon pools, including AGB, BGB
(roots), DOM (deadwood), litter, and soil (Lepotin



Table 6: Tree species with complete regeneration at the research sites.

VI (%)
Location/sites . Family
Botanical names Seedlings Saplings Trees
Peat depths of
565-649 cm
1 Horsfieldia sp. Myristicaceae 6.28 32.96 13.94
) Horsfieldia irya (Gaertn.) Warb. Myristicaceae 15.44 12.34 33.06
3 Syzygium zeylanicum (L.) DC. Myrtaceae 10.56 10.65 10.83
Peat depth 479-
564 cm
1 Syzygium zeylanicum (L.) DC. Myrtaceae 31.42 14.98 2.29
Peat depth 393-
478 cm
1 Garcinia bancana (Mig.) Mig./Manggis Clusiaceae 14.15 11.69 10.51
Hutan
) Horsfieldia crassifolia (Hook. fil. and Myristicaceae 834 29.73 20.15
Thoms.) Warb.
3 Campnosperma coriaceum (Jack) Hallier Anacardiaceae 3.54 3.92
f. 21.83
Peat depth <50
cm
Combretocarpus rotundatus (Miq.) )
1 Danser Anisophylleaceae 8.76 24.99 41.03
Maclurodendron porteri (Hook. f.) T.G.
2 Hartley Rutaceae 12.76 1858 39.60
3 Tetramerista glabra Miq. Tetrameristaceae 23.94 12019 37.84
300
M AGE (Mg C/ha) BGB (Mg C/ha) M Litter (Mg C/ha)

ECWD (Mg Cfha) M FPeat(MgC/ha)

100

Ecosystem C-stock
{Mg C/ha)

2700

2000 -

3100

3300

3500
<50 393-<479 479-<565 »>=565

Peat Depth (cm)

Fig. 9: Profiles of ecosystems of carbon stock at different peat depths.
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Table 7: Carbon stock (Mg C/ha) in each carbon pool at different peat depths.

Peat Depth AGB BGB Litter CWD Peat
(cm) (Mg C/ha) (Mg C/ha) (Mg C/ha) (Mg C/ha) (Mg C/ha)
<50 42.4+7.05 9.8+1.78 0.7+0.12 8.2+1.35 146.1+0
393-<479 73.7£7.93 12.3+1.45 1.2+0.13 14.2+1.52 2642.4+19.78
479-<565 95.2+19.52 1945.74 1.6+0.32 18.3+3.75 2894.2+2.49
>=565 79.2+17.41 10£2.18 1.3+0.29 15.2+3.35 3317.8+11.03

*Values in means, + se

et al., 2019). The carbon stock profiles at various
peat depths of the research sites are presented in
Fig. 9. The contributions to the carbon pools from
peat include the peat swamp forests’ carbon stock,
71-97%; that from AGB, 2-20%; and those from the
roots, litter, and deadwood, the remainder. Roots
and deadwood significantly contributed to shallow
peat (<50 cm), by 4-5%. In general, the carbon stock
in peats and at peat depths increased, and this
condition impacted the diversity of carbon pools
contributing to the carbon stock ecosystems. Novita
et al. (2020) investigated peat swamp forests in
Tanjung Putting, Central Kalimantan, and found the
C stock total to be 1038 Mg C/ha at the Pesalat site
(peat depth = 155 cm) and 2502 Mg C/ha in Beguruh
(peat depth = 290 cm). The average amount of
carbon stock in each carbon pool at various peat
depths in KHG Kahayan, Sebangau, is presented in
Table 7.

The highest carbon stock in the AGB carbon pool
was found at a peat depth of 479-<565 cm (95.2 +
19.52 Mg C/ha). In contrast, the smallest was found
at a peat depth of <50cm (42.4 + 7.05 Mg C /ha).
However, the one-way ANOVA analysis showed that
peat depths did not significantly affect the carbon
stock in the AGB carbon pool (F-  =2.4498, P-
= 0.0793). The amount of carbon stock in AGB was
influenced by the basal area of the stands that make
up the ecosystems and had a basal area ranging
from 18.6 to 32 m?/ha. This study found that the
carbon stock estimation of the AGB carbon pool
was slightly lower than that of Krisnawati et al.
(2021), who investigated the same KHG location.
Krisnawati et al. (2021) reported that the carbon
stock of the AGB carbon pool in primary peat swamp
forests in Tumbang Nusa was 105.5-125.7 Mg C/ha.
Meanwhile, the secondary forest was affected by the
frequency of fires and logging, and the secondary
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length of undisturbed forests was 79.9-126.9 Mg C/
ha. The carbon stocks in other carbon pools, besides
peats, insignificantly contribute to the carbon stock
ecosystem. The belowground biomass/roots carbon
pools have the highest carbon stocks, 19+5.74 Mg
C/ha, at a peat depth of 479-<565 cm. The carbon
pools for litter and CWD were 1.6+0.32 Mg C/ha
and 18.313.75 Mg C/ha, respectively. Generally,
the smallest carbon stock was found in thin peat
depths <50cm. Relatively deep peat with a high
concentration of C produced a high soil carbon stock,
while shallow peat depths with alower concentration
of C produced a lower soil carbon stock of C. This
finding shows the importance of considering peat
depths and utilizing peat swamp forests. Deeper
peats produced higher carbon stocks. The risk of
exploitation occurred because carbon stocks were
potentially released. A peat dome is a critical area
that must be protected because it has the largest
carbon stock, and this study found more than 3000
Mg C hain these areas.

Connection between vegetation diversity, carbon
stock, and peat depth

The deeper the peat, the greater the diversity of
vegetationand carbon stock. Deeper peats make peat
vegetation grow optimally because those plants will
have greater adaptation. Shallow peat is dominated
by shrubs so the vegetation is less diverse and the
carbon stock value is smaller. On the other hand,
plants that grow optimally on deeper peats produce
higher carbon stock values than shallow peat. The
connection between vegetation diversity, carbon
stock, and peat depth assessed through Pearson
correlation values between those parameters is
shown in Table 8. All correlation values between
peat depth, vegetation diversity, and carbon stock
are positive with each other. This shows that peat



Table 8: Pearson correlation values between peat depth, vegetation diversity, and carbon stock.

Depth  Car-bon stock Species Shannon Simpson Rgreﬂed Fisher’s Pielou’s

Parameter (cm) (Mg C/ha) richness index index richness alpha evenness

g index index index
Depth (cm) 1 0.994" 0.449" 0.424" 0.372" 0.332" 0.084 0.127
Carbon
stock (Mg 1 0.485" 0.451" 0.390" 0.339" 0.063 0.129
C/ha)
Species 1 0.915™ 0.763" 0.662" 0.037 0.437"
richness
shannon 1 0.953" 0.901" 0,074 0.741"
index
Simpson 1 0.975" 0.121 0.846"
index
Rarefied
richness 1 0.237 0.907™"
index
Fisher’s
alpha index ! 0.223
Pielou's
evenness 1
index

* Correlation is significant at the 0.05 level (two-tailed).
** Correlation is significant at the 0.01 level (two-tailed).

depth, vegetation diversity, and carbon stock are
interdependent and connected to one another. In
this study, a peat depth that is maintained properly
is one of the ecological characteristics that has an
important role in ensuring the sustainability of
biodiversity as well as carbon stock. In maintaining
peatland forests in good condition, protecting and
conserving carbon stock and its ecosystem structure,
including biodiversity and peat depth conditions,
is necessary. This is confirmed by the results of
research by Kareksela et al. (2015), which states
that the recovery of conditions for increasing carbon
stock/sequestration and ecosystem structure is very
necessary in order to support restoration activities.

Implications for conservation

The landscape of peat swamp forests is fragile.
The slightest disturbance in vegetation and
hydrology can have an adverse effect (Anshari,
2021). The peat swamp forest ecosystem is currently
facing threats from forest exploitation and use for
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cultivation. The exploitation and conversion of
peat swamp forests can increase carbon emissions
into the atmosphere. Therefore, carefully utilizing
peat swamps, for example, to develop food estates
extensively, is necessary. Besides preventing
recurring peat swamp fires and avoiding bigger
disasters, the Indonesian government has set a
moratorium on peat swamp forest exploitation
and designated peat swamp forests as protected
areas. Moreover, the government has issued various
regulations to improve peat governance through
the implementation of rewetting, revegetation,
revitalization of local livelihoods, and institutional
strengthening to achieve peatland sustainability
(Yuwati et al., 2021). This study shows that the
Kahayan-Sebangau landscape has secondary peat
swamp forest vegetation that also need to be
regulated before sustainability can be achieved. Of
the four observation plots at different peat depths,
some areas still have good vegetation and need
to be maintained as protected areas, especially



peats with depths of four and six meters. A heavily
degraded area is indicated by low species diversity
due to frequent fires or intensive use and can be
rehabilitated. Peatlands can be rehabilitated by
revegetating or replanting, conducting silviculture,
creating agroforestry, enriching species, rewetting,
and building dams in fire-prone areas (Yuwati et al.,
2021), whereas heavily degraded peatlands must be
restored. The alternative is to rehabilitate degraded
shallow peatlands and to develop productive
agricultural cultivation through recommended
paludiculture techniques (Triadi, 2020). In selecting
the species, the dominant species around the area
or local species with a high index value must be
considered to successfully grow and quickly adapt
to the local environment. Using local species for
peat rehabilitation and restoration can be promoted
due to similar benefits, especially in biodiversity and
ecosystem services (Lof et al., 2019). To improve an
environment’s sustainability, the degraded areas
of peatland need to be restored with types of
vegetation that are suitable for each peat depth as
well as improved hydrology condition by maintaining
ground water level as height as the ground level and
can store/absorb of carbon. Carbon stock can be
improved by maintaining plant diversity and planting
native plant species. Paludiculture is an alternative
solution for sustainable peatland management. The
types of species that are suitable for peatland can
be seen in areas that have not been degraded. To
maintain these areas, especially medium peat depth
and peat dome areas, they need to be protected.
Restoring heavily damaged peat can maintain
and save biodiversity, reduce emissions, increase
carbon sequestration, and improve people’s living
standards.

irya (Gaertn.) Warb. had high survival rates and
grew at a peat depth of <50 cm. Those species could
be used for rehabilitation in degraded peatland
forest as pioneer species. The presence of Shorea,
Eugenia, Calophyllum, Tetramerista, Gonystylus,
and Diospyros indicated that the forest in a certain
area was a mixed peat swamp forest. In addition,
the highest carbon stock was 95.2 £19.52 Mg C/ha,
found at a peat depth of 479-564 cm and a vegetation
diameter of 210 cm. The study results confirmed
that peat thickness could not directly affect the
vegetation dynamic in terms of vegetation diversity.
The vegetation changes were influenced directly by
changing other characteristics of peat hydrology,
peat chemistry, and peat organic matter. All Pearson
correlation values between peat depth, vegetation
diversity, and carbon stock are positive with each
other. This shows that peat depth, vegetation
diversity, and carbon stock are interdependent and
are connected with one another. The deeper the
peat, the greater the diversity of vegetation and
carbon stock. Deeper peats make peat vegetation
grow optimally because those plants have higher
adaptation levels. The diverse vegetation as well as
carbon stock in peatland forests must be conserved
to maximize the environmental services they provide
humans in the future. Therefore, protecting this
forest from unsustainable use, encroachment, and
forest fires is necessary. The connection between
vegetation diversity, carbon stock, and peat depth
can be applied as indicators of whether to protect
or rehabilitate peatland forests. With high diversity,
high carbon stock, and deeper peatlands, protection
efforts are needed. However, with low diversity, low
carbon stock, and shallow peatland, rehabilitation
efforts are needed.

The diverse vegetation at the tree, sapling,
and seedling levels and the species richness of
the peat depths were significantly different due to
the various nutrient contents and distances from
the river. This study revealed several species with
various peat depths: 20 species with a peat depth
of 565 cm, 28 species with 479-<565 cm, 32 species
with 393-<479 cm, and 19 species with <50 cm. The
tree species Combretocarpus rotundatus (Miq.)
Danser, Maclurodendron porteri (Hook. f) T.G.
Hartley, Tetramestra glabra Miq, and Horsfieldia
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