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ABSTRACT

Tropical peatlands are critical ecosystems that provide habitat for biodiversity and
store large amounts of carbon, yet they are increasingly degraded due to land-use
conversion, drainage, and recurrent fires. This study examined vegetation structure
and species composition along a canal-distance gradient (10-350 m across three
peatland land-use types: rubber plantation, secondary forest, and burned peatland.
Vegetation surveys were conducted using 40 nested plots covering four growth

KEYWORDS: strata (trees, poles, saplings/shrubs, and seedlings/herbs). Community structure was
peatland, analyzed using the Importance Value Index (IVI), Shannon—Wiener diversity index
biodiversity,

(H'), Margalef’s richness index (DMg), Pielou’s evenness index (E), and Simpson’s
dominance index (C). Differences in environmental parameters among land-use types
were tested using one-way ANOVA (p<0.05). Secondary forests exhibited the highest
species richness and diversity with balanced structural complexity, whereas rubber
plantations showed simplified communities dominated by Hevea brasiliensis. Burned
peatlands were characterized by pioneer tree species and dense fern understorey,
indicating successional arrest. Secondary forests had higher biodiversity than rubber
plantations, which in turn had higher biodiversity than burned peatlands. These
findings highlight that land-use intensity, canal proximity, and fire history jointly
regulate vegetation dynamics in tropical peatlands and highlight the importance of
forest conservation, plantation diversification, and restoration through rewetting and
enrichment planting.

vegetation structure,
land-use change,
fire disturbance,
ecological resilience
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1. Introduction

Tropical peatlands are globally significant ecosystems
because of their essential roles in biodiversity
conservation, climate regulation, and hydrological
balance. Their high water-holding capacity allows
them to buffer seasonal fluctuations by storing water
in wet seasons and gradually releasing it during dry
seasons (Salimi et al. 2021). In their intact state, peat
swamp forests are maintained by the interaction of
three components—vegetation, peat, and hydrology—
that regulate ecological processes and carbon balance
(Darusman et al. 2022; Dharmawan et al. 2024).

*Corresponding Author
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Vegetation provides organic inputs, while decomposition
processes regulate carbon release within the system
(Akinbi et al. 2022; Li et al. 2024).

Land conversion and drainage canal construction
have disrupted these processes by lowering water tables
and altering hydrological regimes, thereby increasing
peatland vulnerability to degradation (Word et al. 2022;
Vilhar et al. 2022; Urzainki et al. 2023). Drainage
canals accelerate groundwater drawdown and increase
peat aeration, thereby enhancing human accessibility
and intensifying ecological disturbance. Fires further
intensify degradation, driving shifts from tree-dominated
forests to landscapes dominated by ferns, grasses, and
shrubs. This transition results in biodiversity decline,
marked by a 58-98% reduction in tree density in
Southeast Asian peatlands; although some regeneration
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may occur, recurrent fires hinder long-term recovery
(Harrison et al. 2024). Such disturbances accelerate
carbon emissions, destroy vegetation biomass, and
weaken ecological stability (Volkova et al. 2021). While
secondary succession can support vegetation recovery
(Konecny et al. 2016), repeated disturbances often lead
to retrogressive succession, which necessitates active
restoration interventions such as canal blocking and
native species replanting (Smith ez al. 2022; Hooijer et
al. 2024).

Both environmental and anthropogenic drivers
influence vegetation dynamics in peatlands. Soil
moisture, organic matter, pH, microtopography,
and hydrological gradients strongly affect species
establishment and community composition (Lampela
et al. 2016; Guo et al. 2024). Plant traits, such as
canopy density and bark characteristics, also regulate
hydrological processes through rainfall interception,
infiltration, and runoff (Livesley et al. 2014). At the
same time, human activities such as intensive planting,
logging, and land clearing alter vegetation density and
structure, often simplifying plant communities (Zhang
& Ye 2021; Fan et al. 2023). Canal proximity integrates
these effects by simultaneously modifying hydroperiods
and disturbance intensity, thereby shaping vegetation
recovery and community trajectories (Dohong et al.
2018).

Given these challenges, a deeper understanding of
vegetation structure and composition in relation to land-
use history and canal proximity is required to support
peatland management. This study aimed to analyze
vegetation characteristics at varying distances from
canals across three land-use types: secondary forests,
rubber plantations, and burned peatlands. Vegetation was
assessed using ecological indices, including Importance
Value Index (IVI), Shannon-Wiener diversity index (H"),
Simpson’s dominance index (C), Pielou’s evenness
index (E), and Margalef’s richness index (DMg), to
evaluate how land-use history and canal-distance
gradients interact in shaping tropical peatland vegetation
communities.

2. Materials and Methods

2.1. Study Site

The study was conducted in May 2022 in Sungai Tohor
Village, Tebingtinggi Timur Sub-district, Kepulauan
Meranti Regency, Riau Province, Indonesia. This area

represents a tropical lowland peatland ecosystem that
has been subjected to various land-use practices. The
study area is located at approximately 0°53'20.400"N
102°53'49.200"E.

2.2. Research Area
Three land-use types were selected for vegetation

sampling:
1. Secondary forest, representing relatively
undisturbed peatland.

2. Rubber plantation, representing community-
managed land use.

3. Post-fire areas, consisting of two sites that were
both affected by the 2015 fire event but currently
exhibit different post-fire conditions.

2.3. Climate Characteristics

The study area has a humid tropical climate with
a mean annual temperature of 26.6 °C and an average
annual rainfall of 2,269 mm. Precipitation data from
the Climate Hazards Group InfraRed Precipitation with
Station (CHIRPS) for 2012-2022 show that annual
rainfall ranged between 1,775 and 3,206 mm, with the
lowest value recorded in 2015 (coinciding with a major
fire event) and the highest in 2022. Seasonally, rainfall
peaks between November and January (230-330 mm/
month) and reaches its minimum in February, June, and
July (127-169 mm/month). Relative humidity remains
high throughout the year (§80-90%), while the southwest
and northeast monsoons influence wind patterns.

2.4. Plot Design and Vegetation Sampling

Vegetation data were collected using nested plots
established at 10-350 m from drainage canals, with
10 plots per site distributed on both sides of the canal
(Figure 1). Distances of 10350 m were selected to
represent a gradient of canal influence, with areas closer
to canals experiencing stronger hydrological drawdown
and greater human accessibility. At the same time, more
distant plots reflect reduced drainage effects and lower
disturbance intensity. In total, 40 plots were established,
consisting of 10 plots per land-use type distributed along
canal-distance gradients on both sides of the canal. Plants
were classified into four growth strata: trees (DBH >
20 cm), poles (DBH 10-19.9 cm), saplings and shrubs
(DBH < 10 cm, height > 1.5 m), and seedlings, small
shrubs, and herbs (height < 1.5 m, including ground
ferns).
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Figure 1. Vegetation sampling plot layout along drainage canals in Sungai Tohor Village, Riau, Indonesia. Plots were established
perpendicular to the canal at 10-350 m on both western and eastern sides. Sub-figures show land-use types: (A) rubber plantation,
(B) secondary forest, (C) burned area 1, and (D) burned area 2

2.5. Vegetation Inventory
Plot dimensions followed the standard method
described by Soerianegara and Indrawan (1998)
(Figure 2):
1. Trees (DBH > 20 c¢cm): 20 x 20 m plots.
2. Poles (DBH 10-19.9 cm): 10 x 10 m subplots.
3. Saplings and shrubs (height> 1.5 m, DBH 5-9.9
cm): 5 x 5 m subplots.
4. Seedlings, small shrubs, and herbs (height <
1.5 m, DBH < 5 cm, including herbs): 2 X 2 m
subplots.

2.6. Vegetation Data Collection

All plant species encountered in the plots were
identified by their local and scientific names. For trees,
the measured variables included DBH, height, species
name, and number of individuals. Tree circumference
(CBH) was measured at 1.3 m above ground level, and
DBH was calculated using the formula:

T
2.7. Data Analysis
Vegetation community characteristics  were

quantified using a set of ecological indices, including the
Importance Value Index (IVI), species richness (DMg),
Shannon—Wiener diversity (H'), Pielou’s evenness (E),
and Simpson’s dominance (C). The formulas, references,
ecological meaning, and interpretation thresholds of
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Figure 2. Nested plot design for vegetation inventory based on
Soerianegara and Indrawan (1998), consisting of four
growth strata: trees (20 x 20 m), poles (10 x 10 m),
saplings and shrubs (5 X 5 m), and seedlings, small
shrubs, and herbs (2 x 2 m)

these indices are summarized in Table 1. Differences
in environmental variables among land-use types and
canal distances were tested using a one-way analysis of
variance (ANOVA), followed by Tukey's HSD post hoc
test, with significance set at p<0.05.
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Table 1. Ecological indices used to quantify vegetation community characteristics, their formulas, and interpretation

Index Formula Notes
Importance value index (IVI), Trees: IVI=RD + RF + RDo Higher IVI = more
Soerianegara & Indrawan Seedlings/shrubs/herbs: IVI = RD + RF dominant/important

species

* Density (D, ind/ha) = (number of individuals of a species) /

* Frequency (F) = (number of plots containing the species) /

* Dominance (Do, m?/ha) = (total basal area of a species) / (plot

* Relative Density (RD, %) = (D of a species / £D) x 100
* Relative Frequency (RF, %) = (F of a species / XF) x 100
* Relative Dominance (RDo, %) = (Do of a species / Do) x 100

(1998)
With:
(plot area, ha)
(total plots)
area, ha)
Species Richness (DMg), DMg=(S—1)/In(N)
Margalef (1958)
Species Diversity (H") Shannon- H' ==Y (pilnpi)pi=ni/ N
Wiener
Species Evenness (E) Pielou E =H'/1In(S)
(1975)
Species Dominance (C) C=Y (ni/N)y
Simpson (1949)

<3.5=low, 3.5-5.0=
moderate, >5.0 = high

Higher H' = more diverse
community

<0.3 =low, 0.3-0.6 =
moderate, >0.6 = high

0 =~ no dominance, 1 =
single-species dominance

S: number of species, N: total number of individuals, ni = number of individuals of species i, pi: proportion of individuals of species i (ni/N),
DBH: diameter at breast height (1.3 m), basal area: cross-sectional stem area from DBH

2.8. Environmental Data

Environmental variables measured in each plot
included soil moisture, soil temperature, soil pH, air
temperature, air humidity, and light intensity. Soil
moisture, soil temperature, and soil pH were measured
using a portable 4-in-1 soil analyzer; air temperature
and relative humidity were recorded using a digital
thermohygrometer; and light intensity was measured
using a handheld lux meter. All instruments were
commercially available field devices commonly used
in ecological surveys and were calibrated according to
manufacturer guidelines prior to measurements.

3. Results

3.1. Importance Value Index (IVI)

The Importance Value Index (IVI) highlighted
strong contrasts in species dominance across land-
use types. In rubber plantations, Hevea brasiliensis
dominated the tree and pole strata at 10-250 m from
the canal (IVI = 142-300%), whereas Macaranga
triloba became dominant at 350 m. Understorey
layers, including seedlings, small shrubs, and herbs,
were consistently dominated by the fern Nephrolepis
biserrata (IVI = 87-200%), indicating the prevalence

of light-demanding species under relatively open
canopies. Secondary forests exhibited multi-species
dominance across all strata. Tree strata were dominated
sequentially along the canal-distance gradient by
Sterculia  gilva, Cratoxyllum glaucum, Euodia
aromatica, and Macaranga triloba. At the same time,
pole and sapling/shrub layers included Glochidion
sp., Syzygium densiflorum, Sterculia coccinea, and
Baccaurea bracteata. Ferns occurred in the understorey
but did not suppress woody regeneration, reflecting a
more balanced community structure.

Pioneer species strongly dominated burned areas.
In Burned Area-1, Macaranga caladiifolia and Euodia
ridleyi alternated as dominant tree species, whereas in
Burned Area-2, E. ridleyi consistently dominated tree
and pole strata across most distances. Understorey
vegetation in both burned areas was dominated by ferns,
particularly Stenochlaena palustris, Dicranopteris
linearis, and Nephrolepis biserrata. These patterns
indicate simplified vegetation structure and limited
species turnover across strata, characteristic of
successional arrest in post-fire peatlands. Detailed VI
values for each species, vegetation stratum, land-use
type, and canal distance are presented in Tables 2 and
3.
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Table 2. Dominant plant species (highest IVI) in unburned peatlands by land use and distance from the canal

) Land use
Plant category from]t)}i:t?;:l (m) Rubber plantation Secondary forest
Species name IVI (%) Species name IVI (%)
Tree 10 Hevea brasiliensis 300 Sterculia gilva 80.31
50 Hevea brasiliensis 184.75 Cratoxyllum glaucum 51.03
100 Hevea brasiliensis 231.13 Euodia aromatica 35.88
250 Hevea brasiliensis 142.63 Euodia aromatica 30.42
350 Macaranga triloba 157.05 Macaranga triloba 47.89
Pole 10 Hevea brasiliensis 300 Glochidion SP 72.75
50 Macaranga triloba 165.37 Euodia aromatica 118.36
100 Hevea brasiliensis 121.88 Eugenia clariflora 32.53
250 Macaranga triloba 94.91 Syzygium densiflorum 81.93
350 Macaranga triloba 195.74 Macaranga triloba 81.23
Sapling and 10 Melastoma 103.33 Euodia aromatica 36.15
shrub malabathricum
50 Macaranga triloba 70.00 Syzygium densiflorum 55.56
100 Macaranga triloba 70.00 Sterculia coccinea 86.11
250 Macaranga 100.00 Baccaurea bracteata 48.71
triloba;
Melastoma
malabathricum
350 - - Baccaurea bracteata 40.80
Seedling, 10 Nephrolepis biserrata 87.21 Nephrolepis biserrata 130.56
small 50 Nephrolepis biserrata 130.56 Nephrolepis biserrata 131.96
shrub, and 100 Nephrolepis biserrata 131.69 Nephrolepis biserrata 80.12
herb 250 Nephrolepis biserrata 200.00 Nephrolepis biserrata 99.24
350 Nephrolepis biserrata 90.91 Nephrolepis biserrata 103.65

Table 3. Dominant plant species (highest IVI) in burned peatlands by land use and distance from the canal

) Land use
Plant category Distance Burned area-1 Burned area-2
from the canal (m)
Species name IVI (%) Species name IVI (%)
Tree 10 Macaranga caladiifolia 300.00 Macaranga triloba 129.53
50 Macaranga caladiifolia 200.77 Euodia ridleyi 166.38
100 Melastoma malabathricum 136.52 Stemonurus secundiflorus 63.00
250 Macaranga caladiifolia 300.00 Macaranga triloba 120.35
350 Macaranga caladiifolia 85.86 Euodia ridleyi 114.66
Pole 10 Macaranga triloba 151.76 Euodia ridleyi 153.49
50 Euodia ridleyi 138.63 Euodia ridleyi 183.05
100 Macaranga caladiifolia 118.12 Euodia ridleyi 178.59
250 Euodia ridleyi 160.87 Euodia ridleyi 123.16
350 Maranthes corymbosa 141.30 Euodia ridleyi 300.00
Sapling and 10 Euodia redleyi; Hevea 100.00 Euodia ridleyi 54.29
shrub brasiliensis
50 Melastoma malabathricum 125.00 Euodia ridleyi 108.33
100 Euodia ridleyi 100.00 Euodia ridleyi 200.00
250 Euodia ridleyi 200.00 Macaranga triloba 113.33
350 - - Euodia ridleyi
Seedling, 10 Stenochlaena palustris 84.06 Stenochlaena palustris 54.86
small 50 Dicranopteris linearis 48.01 Nephrolepis biserrata 49.09
shrub, and 100 Nephrolepis biserrata 52.47 Stenochlaena palustris 68.93
herb 250 Dicranopteris linearis 80.30 Nephrolepis biserrata 115.25

350 Nephrolepis biserrata 96.85 Nephrolepis biserrata 96.61
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3.2. Diversity, and
Dominance

Vegetation indices reinforced the patterns revealed
by IVI. Rubber plantations exhibited the lowest
diversity and richness, especially in plots near the canal
(H'=0.00-1.14; DMg = 0.77-5.74 for trees). Evenness
was generally low (E =0.00-0.71), and dominance was
high (C=0.42—1.00), reflecting strong monodominance
by H. brasiliensis. In contrast, secondary forests
maintained the highest values across all indices. Tree
diversity reached H' = 2.26-3.14, species richness
(DMg) increased up to 31.77, evenness was high
(E = 0.80-0.94), and dominance remained low (C =
0.06-0.28), indicating multi-species co-dominance,
structural complexity, and stable recruitment across
strata.

Burned areas showed generally low diversity and
richness (H' < 1.0; DMg rarely exceeding 3.0), with
variable evenness and generally high dominance values
(C up to 1.00). These patterns are consistent with
vegetation communities dominated by pioneer tree
species and dense fern understorey. Occasionally, high

Richness, Evenness,

richness or diversity values observed in seedling and
herb layers represent short-term colonization events
by pioneer species rather than stable forest recovery,
as woody recruitment remained limited and dominance
remained high. A summary of diversity (H'), richness
(DMg), evenness (E), and dominance (C) indices
across land-use types and canal distances is presented
in Table 4.

3.3. Environmental Parameters

Soil moisture and light intensity varied among land-
use types. Secondary forests exhibited the highest soil
moisture (75-79%) and the lowest light intensity, while
burned areas showed the lowest soil moisture (74—
76%) and the highest light intensity due to open canopy
conditions. Statistical analysis indicated significant
differences in soil moisture and light intensity among
land-use types (one-way ANOVA, p<0.05). In contrast,
West—East differences within land-use types were
generally not significant. These environmental patterns
corresponded with observed vegetation structures
across land-use types (Table 5).

Table 4. Summary of vegetation indices (H', DMg, E, C) across land-use types and distances from the canal

Plant category Land-use type Distance from canal (m) H' DMg E C
Tree Rubber plantation 10-250 0.00-1.14 0.77-5.74 0.00-0.71 0.42-1.00
Secondary forest 10-100 2.26-3.14 4.46-31.77 0.80-0.94 0.06-0.20
Burned areas 10-350 0.00-1.85 0.00-7.68 0.00-0.95 0.10-1.00
Pole Rubber plantation 10-250 0.00-1.71 0.56-7.68 0.00-0.99 0.25-1.00
Secondary forest 50-250 1.49-2.71 5.72-18.74 0.83-0.92 0.08-0.28
Burned areas 10-350 0.50-1.12 0.58-3.58 0.00-0.95 0.38-0.68
Sapling/shrub Rubber plantation 10-350 0.00-1.04 0.00-2.28 0.00-1.00 0.00-0.56
Secondary forest 10-350 1.06-1.83 1.68-8.76 0.48-0.91 0.19-1.00
Burned areas 10-350 0.00-1.55 0.00-3.38 0.00-1.00 0.28-1.00
Seedling/herb Rubber plantation 10-350 0.00-0.74 0.79-5.76 0.00-0.46 0.60-1.00
Secondary forest 10-100 0.07-1.00 1.79-7.79 0.10-0.48 0.00-0.95
Burned areas 10-350 0.61-1.48 1.79-6.81 0.25-0.95 0.25-0.72

Table 5. Soil moisture, light intensity, and ecological characteristics across different land cover types

Land cover type Distance from canal (m)

Light intensity (Im/m?)

Ecological notes

Rubber Plantation 76-78% (no sig. West—East differences) Moderate-high; significantly higher
than secondary forest at 10 m and
50m

Lowest significant West—East
differences at 10 m and 50 m

Secondary Forest  75-79% (highest; no sig. differences)

Burned Area 1 74-76% (lowest)

Burned Area 2 74-75%

Highest; open-canopy, no sig.
differences

Very high; no sig. differences

Stable moisture but high light
promoted fern invasion and
suppressed tree regeneration.

Balanced I'VI and favorable
microclimate supported natural
regeneration and resilience.

Fire reduced soil water retention and
canopy cover, enabling pioneer—
fern dominance.

Severe disturbance locked the
system into the fern-pioneer stage
with minimal r

Differences among land-use types were tested using one-way analysis of variance (ANOVA) followed by Tukey’s HSD post-hoc test.

Differences were considered significant at p<0.05
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4. Discussion

The results of the Importance Value Index (IVI)
highlighted clear contrasts among rubber plantations,
secondary forests, and burned areas. Rubber plantations
were strongly dominated by Hevea brasiliensis,
whereas secondary forests supported multiple co-
dominant species across strata, and burned areas
exhibited simplified structures dominated by pioneer
species. These differences were closely associated
with micro-environmental gradients. Soil moisture
was highest in secondary forests (75—79%) and lowest
in burned areas (74-76%). At the same time, light
intensity followed an inverse pattern: dense canopies
in secondary forests reduced understorey illumination,
while open canopies in plantations and burned lands
allowed greater light penetration. Such conditions
shaped regeneration dynamics, favoring shade-tolerant
species under closed canopies and light-demanding
pioneers and ferns in more open environments (Owusu
et al. 2022; Berhanu et al. 2023).

In rubber plantations, H. brasiliensis dominated
the tree strata, particularly at distances of 10-100 m
from canals, before declining at greater distances
where pioneer species such as Macaranga triloba
became more prominent. This pattern reflects a
coupled hydrological-disturbance gradient associated
with canal proximity, in which areas closer to canals
experience stronger drainage effects and greater human
accessibility. Light intensity, rather than soil moisture
(76-78%), was the primary factor promoting pioneer
and fern expansion in these plantations. Nephrolepis
biserrata reached high IVI values in the understorey,
consistent with previous findings that canopy openness
favors fern proliferation (Sedayu et al. 2022). Although
ferns can inhibit woody seedling establishment, they
may also contribute to soil stabilization and nutrient
cycling (Richardsoneral 2012; Luetal. 2023; Azevedo-
Schmidt et al. 2024). Socio-economic influences, such
as smallholder management with limited silvicultural
intervention, likely reinforced these patterns; however,
this interpretation is based on field observations and
supported by comparable studies rather than direct
socio-economic measurements (Amare & Simane
2017; Ward et al. 2021). Similar patterns reported from
rubber agroforestry systems in Lampung suggest that
accessibility and low-intensity management facilitate
pioneer invasion and the formation of a semi-natural
mosaic (Guillaume et al. 2016; Wong et al. 2020;
Febryano et al. 2024).

Secondary forests exhibited balanced IVI
distributions and high species turnover across
distances. Dominant species varied among strata,
including Sterculia gilva, Cratoxyllum glaucum,
Euodia aromatica, and Macaranga triloba, reflecting
natural successional processes influenced by canopy
structure, soil fertility, and micro-topography (Lampela
et al. 2016; Astiani et al. 2021). High diversity
(H" up to 3.14) and richness (DMg up to 31.77)
confirmed the presence of structural complexity and
continuous recruitment across strata (Poorter et al.
2021). Although N. biserrata was commonly present,
closed canopies limited its competitive dominance,
allowing woody regeneration to persist (Satriawan et
al. 2021; Sibarani et al. 2024). Favorable hydrological
conditions, characterized by higher soil moisture and
lower light intensity, buffered microclimatic extremes
and enhanced ecosystem resilience (Lenk et al. 2024;
Greiser et al. 2024). Human disturbance in these forests
was minimal, consisting mainly of selective logging
and non-timber forest product collection, which created
small canopy gaps that increased heterogeneity without
substantially reducing canopy integrity (Jakovac et al.
2021; Havrdova et al. 2023).

Burned areas represented the most degraded
conditions, with vegetation dominated by Macaranga
caladiifolia,  Euodia  ridleyi, and Melastoma
malabathricum, accompanied by dense fern mats
(Stenochlaena palustris, Dicranopteris linearis, N.
biserrata). Species diversity was consistently low (H' <
1.0), and richness rarely exceeded DMg = 3.0. Reduced
soil moisture and high light reflected canopy loss and
fire-induced peat degradation. These conditions favor
pioneer species and ferns and contribute to ecological
lock-in, in which feedbacks among vegetation
structure, microclimate, and peat properties constrain
successional progression (Mueller-Dombois 2000).
Occasional increases in diversity within lower strata
likely represent short-term recruitment pulses rather
than stable recovery, consistent with observations from
long-term post-fire peatland studies in Southeast Asia
(Vozbrannaya et al. 2023).

Patterns of diversity, richness, evenness, and
dominance further reinforced these ecological
gradients. Rubber plantations exhibited pronounced
ecological simplification driven by H. brasiliensis
monodominance, whereas secondary forests maintained
high diversity, richness, and evenness, indicating
structurally complex and resilient communities. Burned
peatlands remained impoverished with high dominance
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values reflecting persistent pioneer—fern assemblages.
These patterns demonstrate that vegetation structure
in peatlands is shaped by the interaction of land-use
type, disturbance history, and canal proximity, while
also being influenced by additional factors such as fire
severity, peat depth variability, and past management
history, which may contribute to site-specific variation.

In conclusion, Land-use type, disturbance history,
and distance from canals strongly shape peatland
vegetation dynamics. Rubber plantations were
dominated by Hevea brasiliensis and understorey
ferns, particularly in areas closer to canals, resulting
in low diversity, richness, and evenness. Secondary
forests exhibited multi-species co-dominance, high
diversity and richness, and balanced evenness,
reflecting  structurally complex and resilient
communities. Burned peatlands were dominated by
pioneer species and ferns, with low diversity and high
dominance, suggesting simplified communities and
arrested succession. This study demonstrates that canal
proximity is an important driver of vegetation patterns
by simultaneously lowering water tables and increasing
access to disturbance. These effects interact with land-
use history and fire disturbance, shaping vegetation
composition and structure across peatland landscapes.
Management implications of these findings indicate that
canal blocking is most effective in burned peatlands,
where rewetting can restore hydrological conditions,
reduce fire risk, and promote successional recovery.
In rubber plantations, canal blocking alone is unlikely
to substantially enhance biodiversity. It should be
combined with enrichment planting and diversification
of tree species to improve structural complexity and
ecosystem resilience. Protecting remaining secondary
forests is essential, as they function as biodiversity
reservoirs and reference ecosystems for peatland
restoration.

Data Availability Statement

The dataset analyzed in this study was generated
from original field surveys conducted in May 2022
and has not been published elsewhere. The data
are available from the corresponding author upon
reasonable request.

Funding

This research was supported by the PMDSU
Scholarship ~ (Master-to-Doctor ~ Program  for

Outstanding Graduates) funded by the Ministry of
Education, Culture, Research, and Technology of the
Republic of Indonesia.

Declaration of Competing Interests

The authors declare that they have no known
competing financial interests or personal relationships
that could have influenced the work reported in this

paper.

References

Akinbi, G.O., Ngatia, L.W., Grace I, J.M., Fu, R., Tan, C,,
Olaborode, S.O., Abichou, T., Taylor, R.W.n 2022.
Organic matter composition and thermal stability influence
greenhouse gases production in subtropical peatland under
different vegetation types. Heliyon. 8, e11547. https://doi.
org/10.1016/j.heliyon.2022.e11547

Amare, A., Simane, B., 2017. Determinants of smallholder farmers’
decision to adopt adaptation options to climate change and
variability in the Muger Sub basin of the Upper Blue Nile
basin of Ethiopia. Agric.Food Secur. 6, 64. https://doi.
org/10.1186/340066-017-0144-2

Astiani, D., Ekamawanti, H.A., Ekyastuti, W., Widiastuti, T., Tavita,
G.E., Suntoro, M.A., 2021. Tree species distribution in
tropical peatland forest along peat depth gradients: baseline
notes for peatland restoration. Biodiversitas. 22, 3456-3465.
https://doi.org/10.13057/biodiv/d220704

Azevedo-Schmidt, L., Currano, E.D., Dunn, R.E., Gjieli, E.,
Pittermann, J., Sessa, E., Gill, J.L., 2024. Ferns as facilitators
of community recovery following biotic upheaval. Bioscience.
74, 322-332. https://doi.org/10.1093/biosci/biac022

Berhanu, Y., Dalle, G., Sintayehu, D.W., Kelboro, G., Nigussie,
A., 2023. Land use/land cover dynamics driven changes in
woody species diversity and ecosystem services value in
tropical rainforest frontier: A 20-year history. Heliyon. 9,
el13711. https://doi.org/10.1016/j.heliyon.2023.e13711

Darusman, T., Murdiyarso, D., Impron, I., Chaniago, I. A., Lestari,
D.P.,2022. Carbon dynamics in rewetted tropical peat swamp
forests. Climate. 10, 35. https://doi.org/10.3390/cli10030035

Dharmawan, I.W.S., Lisnawati, Y., Siahaan, H., Premono, B.T.,
Igbal, M., Junaedi, A., Sakuntaladewi, N., Bastoni, Fauzi,
R., Ramawati, Nugroho, A.W., Undaharta, N.K.E., Achmadi,
A.S., Setyawati, T., Siregar, C.A., Pratiwi, Suhartana, S.,
Soenarno, Dulsalam, Sukmana, A., 2024. Use of an adaptive-
vegetation model to restore degraded tropical peat swamp
forest to support climate resilience. Land. 13, 1377. https://
doi.org/10.3390/1and 13091377

Dohong, A., Aziz, A.A.A., Dargusch, P., 2018. A review of techniques
for effective tropical peatland restoration. Wetlands. 38,275—
292. https://doi.org/10.1007/s13157-018-1017-6

Fan, K., Liu, P,, Mao, P, Yao, J., Zang, R., 2023. The turnover
dynamics of woody plants in a tropical lowland rain forest
during recovery following anthropogenic disturbances. J.
Environ. Manag. 342, 118371. https://doi.org/10.1016/].
jenvman.2023.118371

Febryano, I.G., Sari, Y.P., Herwanti, S., Bintoro, A., 2024. Planting
patterns in rubber agroforestry (Hevea brasiliensis) developed
by the communities of Menggala Mas Village, Lampung
Province, Indonesia. Folia For. Pol. 66, 33—45. https://doi.
org/10.2478/ffp-2024-0004

Greiser, C., Hederova, L., Vico, G., Wild, J., Macek, M., Kopecky,
M., 2024. Higher soil moisture increases microclimate
temperature buffering in temperate broadleaf forests.
Agric. For. Meteor. 345, 109828. https://doi.org/10.1016/j.
agrformet.2023.109828



Silviana SH et al.

Guillaume, T., Holtkamp, A.M., Damris, M., Brimmer, B., Kuzyakov,
Y., 2016. Soil degradation in oil palm and rubber plantations
under land resource scarcity. Agric. Ecosyst. Environ. 232,
110-118. https://doi.org/10.1016/j.agee.2016.07.002

Guo, M., Yang, L., Zhang, L., Shen, F., Meadows, M.E., Zhou, C.,
2024. Hydrology, vegetation, and soil properties as key
drivers of soil organic carbon in coastal wetlands: a high-
resolution study. Environ Sci. Ecotechnol. 23,100482. https://
doi.org/10.1016/j.es¢.2024.100482

Harrison, M.E., Deere, N.J., Imron, M. A, Nasir, D., Adul, Asti, H.A.,
Soler, J.A., Boyd, N.C., Cheyne, S.M., Collins, S.A., D’ Arcy,
L.J., Erb, WM., Green, H., Healy, W., Hendri, Holly, B.,
Houlihan, P.R., Husson, S.J., Iwan, Jeffers, K.A., Kulu, I.P.,
Kusin, K., Marchant, N.C., Morrogh-Bernard, H.C., Page,
S.E., Purwanto, A., Ripoll Capilla, B., Rodriguez de Rivera
Ortega, O., Santiano, Spencer, K.L., Sugardjito, J., Supriatna,
J., Thornton, S.A., van Veen, F.J.F., Yulintine, and Struebig,
M.J., 2024. Impacts of fire and prospects for recovery in a
tropical peat forest ecosystem. Proc. Natl. Acad. Sci. U.S.A.
121,e2307216121. https://doi.org/10.1073/pnas.2307216121

Havrdova, A., Douda, J., Doudova, J., 2023. Threats, biodiversity
drivers and restoration in temperate floodplain forests related
to spatial scales. Sci. Total Environ. 854, 158743. https://doi.
org/10.1016/j.scitotenv.2022.158743

Hooijer, A., Vernimmen, R., Mulyadi, D., Triantomo, V., Hamdani,
Lampela, M., Agusti, R., Page, S.E., Doloksaribu, J.,
Setiawan, 1., Suratmanto, B., Swarup, S., 2024. Benefits
of tropical peatland rewetting for subsidence reduction and
forest regrowth: results from a large-scale restoration trial.
Sci. Rep. 14, 10721. https://doi.org/10.1038/s41598-024-
60462-3

Jakovac, C.C., Junqueira, A.B., Crouzeilles, R., Pefia-Claros, M.,
Mesquita, R.C.G., Bongers, F., 2021. The role of land-use
history in driving successional pathways and its implications
for the restoration of tropical forests. Biol. Rev. 96, 1114—
1134. https://doi.org/10.1111/brv.12694

Karimi, S., Mosquera, V., Maher Hasselquist, E., Jirveoja, J., Laudon,
H., 2025. Does peatland rewetting mitigate flooding from
extreme rainfall events? Hydrol. Earth System Syst. 29,
2599-2614. https://doi.org/10.5194/hess-29-2599-2025

Konecny, K., Ballhorn, U., Navratil, P., Jubanski, J., Page, S.E.,
Tansey, K., Hooijer, A., Vernimmen, R., Siegert, F., 2016.
Variable carbon losses from recurrent fires in drained tropical
peatlands. Glob. Change Biol. 22, 1469—-1480. https://doi.
org/10.1111/gcb.13186

Lampela, M., Jauhiainen, J., Kdmdri, 1., Koskinen, M., Tanhuanpa,
T., Valkeapdd, A., Vasander, H., 2016. Ground surface
microtopography and vegetation patterns in a tropical
peat swamp forest. Catena. 139, 127-136. https://doi.
org/10.1016/j.catena.2015.12.016

Lenk, A., Richter, R., Kretz, L., Wirth, C., 2024. Effects of canopy
gaps on microclimate, soil biological activity and their
relationship in a European mixed floodplain forest. Sci.
Total Environ. 941, 173572. https://doi.org/10.1016/].
scitotenv.2024.173572

Li, Y., Henrion, M., Moore, A., Lambot, S., Opfergelt, S., Vanacker,
V., Jonard, F., Van Oost, K., 2024. Factors controlling peat soil
thickness and carbon storage in temperate peatlands based
on UAV high-resolution remote sensing. Geoderma. 449,
117009. https://doi.org/10.1016/j.geoderma.2024.117009

Livesley, S.J., Baudinette, B., Glover, D., 2014. Rainfall interception
and stem flow by eucalypt street trees — the impacts of canopy
density and bark type. Urban For. Urban Green. 13,192-197.
https://doi.org/10.1016/j.ufug.2013.09.001

Lu,Y., Lyu, M., Xiong, X., Deng, C., Jiang, Y., Zeng, M., Xie, J., 2023.
Understory ferns promote the restoration of soil microbial
diversity and function in previously degraded lands. Sci.
Total Environ. 870, 161934. https://doi.org/10.1016/].
scitotenv.2023.161934

Margalef, R., 1958. Information theory in ecology. General Systems.
3,36-71.

Mueller-Dombois, D., 2000. Rain forest establishment and succession
in the Hawaiian Islands. Landscape and Urban Planning. 51,
147-157. https://doi.org/10.1016/S0169-2046(00)00105-5

Owusu, G., Anning, A.K., Belford, E.J.D., Acquah, E., 2022. Plant
species diversity, abundance and conservation status of the
Ankasa Resource Reserve, Ghana. Trees, Forests and People.
8, 100264. https://doi.org/10.1016/j.tfp.2022.100264

Pielou, E.C., 1975. Ecological Diversity. Wiley-Interscience, New
York.

Poorter, L., Rozendaal, D.M.A., Bongers, F., Westoby, M., 2021.
Functional recovery of secondary tropical forests. Proc. Natl.
Acad. Sci. U.S.A. 118,2003405118. https://doi.org/10.1073/
pnas.2003405118

Richardson, S.J., Walker, L.R., Mehltreter, K., 2012. Nutrient ecology
of ferns, in Mehltreter, K., Walker, L.R., Sharpe, J.M. (Eds.),
Fern Ecology. Cambridge University Press, Cambridge, pp.
111-153. https://doi.org/10.1017/CB0O9781139021326.005

Salimi, S., Almuktar, S.A.A.A.N., Scholz, M., 2021. Impact of
climate change on wetland ecosystems: a critical review of
experimental wetlands. J. Environ. Manage. 286, 112160.
https://doi.org/10.1016/j.jenvman.2021.112160

Satriawan, H., Fuady, Z., Ernawita, E., 2021. The potential of
Nephrolepis biserrata fern as ground cover vegetation in
oil palm plantation. Biodiversitas. 22, 5407-5415. https://
doi.org/10.13057/biodiv/d221113

Shannon, C.E., Weaver, W., 1949. The Mathematical Theory of
Communication. The University of Illinois Press, Urbana, IL.

Sedayu, A., Saraswati, R.A., Astuti, Y.P., 2022. Light preferences in
two landscape managements and ontogenic light requirements
of terrestrial ferns in Kebun Raya Baturraden, Central
Java. Reinwardtia. 21, 25-33. https://doi.org/10.14203/
reinwardtia.v21i1.4265

Sibarani, F.T., Saidy, A.R., Priatmadi, B.J., Langai, B.F., Sukarman,
Primananda, S., Sinaga, R.A., Kurniawan, A.A., Fitriana,
C.D.A., 2024. Exploring soil fertility variations under
Nephrolepis biserrata in multi-soil type of oil palm
plantations. Rev. Gest. Soc. Ambient. 18, ¢06310. https://
doi.org/10.24857/rgsa.v18n1-137

Simpson, E.H., 1949. Measurement of diversity. Nature. 163, 688.
https://doi.org/10.1038/163688a0

Smith, S.W., Rahman, N.E.B., Harrison, M.E., Shiodera, S., Giesen,
W., Lampela, M., Wardle, D.A., Chong, K.Y., Randi, A.,
Wijedasa, L.S., Teo, P.Y., Fatimah, Y.A., Teng, N.T., Yeo,
J.K.Q., Alam, M.J., Sintes, P.B., Darusman, T., Graham,
L.L.B., Katoppo, D.R., Kojima, K., Kusin, K., Lestari,
D.P., Metali, F., Morrogh-Bernard, H.C., Nahor, M.B.,
Napitupulu, R.R.P., Nasir, D., Nath, T.K., Nilus, R., Norisada,
M., Rachmanadi, D., Rachmat, H.H., Ripoll Capilla, B.,
Salahuddin, Santosa, P.B., Sukri, R.S., Tay, B., Tuah, W.,
Wedeux, B.M.M., Yamanoshita, T., Yokoyama, E.Y., Yuwati,
T.W., Lee, J.S.H., 2022. Tree species that ‘live slow, die older’
enhance tropical peat swamp restoration: evidence from a
systematic review. J. Appl. Ecol. 59,2102-2118. https://doi.
org/10.1111/1365-2664.14232

Soerianegara, 1., Indrawan, A., 1998. Ekologi Hutan Indonesia.
Departemen Manajemen Hutan, Fakultas Kehutanan, IPB,
Bogor.

Urzainki, 1., Palviainen, M., Hokka, H., Persch, S., Chatellier, J.,
Wang, O., Mahardhitama, P., Yudhista, R., Laurén, A.,
2023. A process-based model for quantifying the effects of
canal blocking on water table and CO, emissions in tropical
peatlands. Biogeosciences. 20, 2099-2116. https://doi.
org/10.5194/bg-20-2099-2023

Vilhar, U., Kermavnar, J., Kozamernik, E., Petri¢, M., Ravbar,
N., 2022. The effects of large-scale forest disturbances
on hydrology-an overview with special emphasis on karst
aquifer systems. Earth-Sci. Rev. 235, 104243. https://doi.
org/10.1016/j.earscirev.2022.104243



HAYATI J Biosci

Vol. 33 No. 3, May 2026

Volkova, L., Adinugroho, W.C., Krisnawati, H., Imanuddin, R.,
Weston, C.J.,2021. Loss and recovery of carbon in repeatedly
burned degraded peatlands of Kalimantan, Indonesia. Fire.
4, 64. https://doi.org/10.3390/fire4040064

Vozbrannaya, A., Antipin, V., Sirin, A., 2023. After wildfires and
rewetting: Results of 15+ years’ monitoring of vegetation
and environmental factors in cutover peatland. Diversity.
15, 3. https://doi.org/10.3390/d15010003

Ward, C., Stringer, L.C., Warren-Thomas, E., Agus, F., Crowson, M.,
Hamer, K., Hariyadi, B., Kartika, W.D., Lucey, J., McClean,
C.,Nurida, N.L., Petorelli, N., Pratiwi, E., Saad, A., Andriyani,
R., Ariani, T., Sriwahyuni, H., Hill, J.K., 2021. Smallholder
perceptions of land restoration activities: rewetting tropical
peatland oil palm areas in Sumatra, Indonesia. Reg. Environ.
Change. 21, 1. https://doi.org/10.1007/s10113-020-01737-z

Wong, G.Y., Moeliono, M., Bong, .W., Pham, T.T., Sahide, M.A K.,
Naito, D., Brockhaus, M., 2020. Social forestry in Southeast
Asia: Evolving interests, discourses and the many notions of
equity. Geoforum. 117, 246-258. https://doi.org/10.1016/j.
geoforum.2020.10.010

Word, C.S., McLaughlin, D.L., Strahm, B.D., Stewart, R.D., Varner,
J.M., Wurster, F.C., Amestoy, T.J., Link, N.T., 2022. Peatland
drainage alters soil structure and water retention properties:
Implications for ecosystem function and management. Hydrol.
Process. 36, e14533. https://doi.org/10.1002/hyp.14533

Zhang, Y., Ye, A., 2021. Quantitatively distinguishing the impact
of climate change and human activities on vegetation in
mainland China with the improved residual method. Earth
Interact. 25, 235-260. https://doi.org/10.1080/15481603.2
021.1872244



