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ABSTRACT

Post-fire restoration of peatland Melaleuca forests is critical for ecosystem recovery and carbon conservation in
tropical wetlands. This study evaluates natural regeneration, growth dynamics, peat degradation, and biogeochemical
characteristics in U Minh Thuong National Park, Vietnam, over 20 years following a major fire disturbance. Field
surveys and peat analyses were conducted across gradients of peat thickness and hydrological conditions. Results
show that Melaleuca forests exhibit strong natural regeneration capacity from residual seed banks, following a four-
stage successional trajectory: seedling emergence, young stand development (1-3 m), canopy closure within two years
(34 m), and long-term maturation (~20 years). Forest growth (DBH, height, bole height, and canopy diameter) is
significantly influenced by peat thickness, with optimal performance observed in 60—-80 cm peat layers, while thinner or
hydrologically unstable peat limits growth. Fire disturbance and subsequent water management led to substantial peat
and carbon losses. Peat volume declined from 26.77 to 10.74 million m’, corresponding to reductions in peat mass (6.37
to 2.58 million t) and carbon stock (2.68 to 1.09 million t C). Peat and water chemistry varied systematically with peat

thickness, with decreasing pH and humic acid, and increasing concentrations of nutrients and ions (SO+*, NH4", P2Os,
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total N, K-O, Fe*). Humic acid showed the strongest correlation with peat thickness, while key chemical variables

influenced forest growth. These findings highlight the critical role of peat properties and hydrological management in

regulating forest recovery and carbon dynamics in fire-affected peatland ecosystems.

Keywords: Peatland Restoration; Post-Fire Regeneration; Melaleuca Forest; Forest Succession; Peat Dynamics; Carbon

Storage; Hydrology; Ecosystem Recovery; U Minh Thuong National Park

1. Introduction

U Minh Thuong National Park (UMTNP), located in
southwestern Vietnam, represents one of the most import-
ant peatland conservation areas in the region, supporting a
high diversity of flora and fauna, including numerous rare
and endangered species !"?. The park hosts over 250 plant
species and more than 225 animal species, notably rep-
tiles and migratory birds ", Recognized for its ecological
significance, UMTNP has been designated as a protected
area of international importance and contributes to region-
al conservation initiatives such as ASEAN heritage site
frameworks “. These achievements are largely attributed
to sustained efforts in forest protection, ecological resto-
ration, and sustainable management.

Peatland ecosystems play a critical role in global car-
bon storage and hydrological regulation; however, they are
highly vulnerable to fire disturbances, particularly under
drought conditions . Peat soils possess high water reten-
tion capacity, yet when desiccated, they become extremely
flammable, leading to persistent and large-scale under-
ground fires . Numerous studies have demonstrated that
peat fires result in substantial carbon emissions and long-
term ecosystem degradation ™°. Globally, tropical peat-
lands are recognized as major carbon reservoirs, and their
degradation contributes significantly to greenhouse gas
emissions "'*'%,

In 2003, UMTNP experienced one of the most severe
forest fires recorded in Vietnam, which destroyed more
than 90% of the peat layer (100-300 cm thickness) and re-
sulted in the near-complete loss of primary forest structure.
Restoration of such degraded peatland forests requires
re-establishing ecological processes from early succession-
al stages. Natural regeneration from residual seed banks
of burned Melaleuca mother trees has been identified as a
cost-effective and ecologically viable strategy. Within one

year, approximately 95% of the burned area exhibited re-

generation, followed by rapid vegetation development over
the next three years. However, the proliferation of grasses
and secondary vegetation increased fire risk during subse-
quent dry seasons, highlighting the challenges of post-fire
management.

The restoration of Melaleuca forests on peatlands in
UMTNP requires strict adherence to natural forest succes-
sion processes. Failure to protect regenerating forests during
the critical early years may lead to repeated fire disturbances
and restoration failure. Therefore, restoration strategies have
focused on (i) promoting natural regeneration to recover
over 90% of pre-fire forest cover, (ii) implementing effec-
tive fire prevention measures during the initial three years,
and (iii) monitoring and managing forest development fol-
lowing successional dynamics. While short-term restoration
goals were achieved within the first three years, long-term
recovery towards primary forest conditions requires approx-
imately 20 years. Observations from 2003 to 2024 indicate
substantial recovery in forest structure and function, ap-
proaching pre-disturbance conditions.

Despite increasing research on peatland restoration,
significant knowledge gaps remain. Most studies empha-
size short-term recovery (5—10 years), focusing primarily
on vegetation structure or hydrological stabilization, while
long-term ecosystem trajectories remain poorly understood
(3141 'In particular, integrated assessments of carbon dy-
namics, peat stability, and ecosystem resilience are limited.
Methodologically, previous studies often apply isolated
approaches—such as field surveys, remote sensing, or soil
chemistry analysis—resulting in fragmented interpretations
rather than a holistic understanding of ecosystem recovery.

Furthermore, there is ongoing debate regarding the
extent to which degraded peatland forests can return to
pre-disturbance or primary conditions. Concepts such as
ecological thresholds, alternative stable states, and hy-
drological constraints suggest that full recovery may not

always be achievable, especially following severe peat
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. 11,1
combustion """

). In Southeast Asia, long-term empirical
studies integrating forest structure, peat dynamics, and bio-
geochemical processes remain scarce.

Therefore, this study aims to address these gaps by
providing a comprehensive long-term (2003-2024) as-
sessment of post-fire peatland forest recovery in UMTNP,
integrating forest growth dynamics, peat characteristics,
and soil-water chemistry within a unified analytical frame-
work. This research contributes to improving scientific
understanding of tropical peatland restoration and supports
evidence-based management for conservation and climate

mitigation.

2. Methods

2.1.Investigate Tree Regeneration in the De-
sign Plots

Natural regeneration was assessed using square sub-
plots following the Vietnamese standard TCVN 14286-
2:2024 and international forest monitoring guidelines
(Table 1, Figure 1). Within each subplot, all saplings (D
< 6 cm) were recorded, including species composition,
height class, origin (seed or sprout), and quality class. Sub-
plots were established per forest type to ensure statistical
reliability. Spatial distribution patterns were analyzed us-
ing variance-to-mean ratio and nearest-neighbor distance

methods """,

Table 1. Geographic coordinates of survey plots for regenerating
trees across peat thickness gradients (2003—-2004).

Plot Code PT *(cm) Longitude Latitude
PLRe.01 39 106.1110 5.09400
PLRe.02 108 106.60200 5.10900
PLRe.03 62 105.9500 5.11200
PlL.Re.04 65 105.8200 5.09900
PLRe.05 46 106.0390 5.09640
PLRe.06 69 105.58200 5.511400
PL.Re.07 8 105.7300 5.10800
PLRe.08 78 106.1694 5.10033
PLRe.09 28 106.0390 5.09640
PL.Re.10 25 105.9904 5.09665
PLRe.11 20 105.8088 5.09243
PL.Re.12 11 105.1439 5.11597
PLRe.13 12 105.8694 5.11769
PLRe.14 15 105.7807 5.10607
PLRe.15 25 106.0517 5.51937
PL.Re.16 6 106.7528 5.10110
PLRe.17 4 105.9382 5.12109

Table 1. Cont.

Plot Code PT *(cm) Longitude Latitude
Pl.Re.18 13 105.8088 5.09234
PLRe.19 9 105.6411 5.10828
PLRe.20 5 105.8300 5.12151
PLRe.21 22 105.5815 5.09712
PLRe.22 0 106.0166 5.07850
PLRe.23 39 105.7394 5.13080
PlL.Re.24 3 105.5088 5.09762

Note: *Unit: centimeter (cm); P1.Re: Regeneration Plots.

The sampling design consisted of main plots measur-
ing 20 x 25 m (500 m?) and regeneration subplots of 5 x 5
m (25 m?). The measured parameters included tree density
(N, individuals ha™), height (H), and stem diameter (D <
6 cm). Regeneration origin was identified as seed-derived.
Regeneration was classified into four height classes: <0.5
m, 0.5-1 m, 1-2 m, and >2 m (Table 1).

Clearly define the representativeness of the sampling
design. Provide a complete explanation of the temporal
scale of the data (long-term vs. short-term). Based on the
sampling map, coordinate table, and plot design, the repre-
sentativeness of the sampling scheme can be summarized
as follows:

Sampling points are well distributed across the entire
study area, covering multiple subregions and environmen-
tal gradients, which minimizes spatial bias. Each region in-
cludes nine replicated plots, providing sufficient statistical
reliability and improving overall representativeness. The
division into three distinct survey zones allows for spatial
comparisons and reduces the influence of local variability,
making the design suitable for ecological studies.

Methodological consistency is ensured through the
use of fixed plots and standardized measurements, while
GPS coordinates enhance accuracy and reproducibility.
Additionally, the sampling sites span diverse environmen-
tal conditions, indicating good coverage of ecological vari-
ability.

Overall, the sampling design is highly representative
due to its balanced spatial distribution, adequate replica-
tion, broad environmental coverage, and effective error
control.

The temporal scale of the dataset can be clearly iden-
tified based on the figure and methodological description.
Biomass and growth data (e.g., height and diameter) were
collected at a single survey time or within a specific sam-

pling season. There is no evidence of a multi-year time se-
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ries (long-term data); instead, the study primarily focuses The dataset in this study represents a short-term tem-
on spatial comparisons among regions and sample plots. poral scale, as it reflects conditions at the time of sampling
Similarly, peat chemical analyses were conducted as point- and does not include a time series. This is suitable for

in-time laboratory experiments. Therefore, the dataset rep- assessing the current status, but it is limited in analyzing

resents a short-term temporal scale. long-term trends.
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Figure 1. Location map of sample collection points.
2.2. Measure Forest Growth the growth and regeneration of Melaleuca forests were as-

sessed across four peat thickness (PT) classes: 0-20 cm,
Based on post-fire peat and forest maps (2003-2024), 2040 cm, 40—-60 cm, and 60—-80 cm.
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For regeneration assessment, a total of 24 plots (100
m? each) were established to survey seedlings and young
trees. Within each plot, the number of individuals was re-
corded and classified by quality (good, medium, and poor)
and height classes (<0.5 m, 0.5-1 m, 1-2 m, >2 m. Field
measurements were conducted during the dry seasons of
2003 and 2004 (Table 2, Figure 1).

Diameter at breast height (DBH)

G
D, = p (D
D, ;: diameter at 1.3 m height (cm)
C1.5: circumference at 1.3 m (cm)
Basal area
G, = & X7 2)

G1.3: basal area (m?)

Canopy area
G -ZX Dl
4
D,: canopy diameter (m)
G_: canopy area (m?)
Tree volume
V=fxG,;*H,
V: tree volume (m?)
f: form factor (0.5)
H;: tree height (m)
Additional variables
N: number of trees per plot

Table 2. Coordinates of forest and peatland survey plots in 2024.

Plot Code PT *(cm) Longitude Latitude
UMTO1 89 105.10970 9.60301
UMTO02 86 105.10021 9.58504
UMTO03 87 105.09251 9.59147
UMTO04 92 105.09256 9.58898
UMTOS5 89 105.07120 9.62615
UMTO06 0 105.09498 9.63394
UMTO7 0 105.09685 9.63950
UMTO08 0 105.09375 9.62692
UMTO09 0 10506385 9.60852
UMTI10 0 105.06338 9.60273
UMTI11 5 105.08536 9.58129
UMTI12 7 105.08270 9.57361
UMT13 12 105.09087 9.60302
UMT14 10 105.09106 9.59796
UMTI15 9 105.08949 9.58868
UMT16 20 105.10804 9.60254
UMT17 25 105.09251 9.57957
UMTI18 56 105.09853 9.57647
UMT19 35 105.08804 9.56234
UMT20 48 105.09719 9.56012

Note: *Unit: centimeter (cm).

2.3.Peat Volume and Carbon Stocks

Carbon Assessment

Peat volume and carbon stocks were investigated
across different peat thickness (PT) classes. Peat samples
were collected from three depth intervals: 2040 cm, 40—
60 cm, and 60—80 cm. For each peat thickness class, five
sampling plots were established. At each plot, peat samples
(approximately 1 kg per sample) were collected, labeled
(e.g., UMTI1, UMT2, UMTS3), and transported to the Lab-
oratory of the Southern Institute of Forestry Science for
physicochemical analysis.

Estimation of peat and carbon stocks was conducted.

Peat volume was calculated using formula (Mp):

M,=hxS;xp,

M,: peat mass

h: peat thickness (m)

S;: peat area (m? or ha)

pq peat bulk density (kg m™ or t m™)
Carbon stock (Mc)
M,=M,*xC

M_: carbon stock

M,: peat mass

C: carbon content (fraction or %)

Peat oxidation-related CO: emissions were quanti-
fied as a function of peatland extent and groundwater table
dynamics. Following widely applied approaches in tropical
peatlands, an emission factor of 91 t CO2 ha™ yr! per me-
ter of water table drawdown was initially considered based
on studies from Indonesia "*'"”".

Given the distinct hydrological regime of U Minh
Thuong National Park, characterized by seasonal inunda-
tion and a shorter period of water table decline (approx-
imately six months annually), the emission factor was
adjusted to 45 t COz ha™! yr' m™ to better represent local
conditions. The total emission is calculated as follows:

Eco,=A,yxA,x D,x EF

E,,: total CO2 emission (t year™)

A, total peatland area (ha)

A, peatland area affected by groundwater
drawdown (ha)

D,: mean groundwater depth (m)

EF: emission factor (45.5 t CO2 ha™' year™!

m)
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2.4.So0il and Water Characteristics of Peat-
lands

Groundwater levels were continuously monitored
and recorded throughout 2024. Peat samples were analyzed
to determine key physicochemical properties, including pH
(H20 and KCI), humus content (%), total nitrogen (TN, %),
P20s (%), K20 (%), Fe** (mg 100 g™'), SO+* (mg 100 g™),
and humic acid content (%).

Soil pH (H20 and KCI) was measured using a cal-
ibrated pH meter. Humus and humic acid contents were
determined using the Walkley—Black method, while to-
tal nitrogen was analyzed using the Kjeldahl method ™"
Available phosphorus (P20s) was determined using a colo-

rimetric method.

2.5. Multivariate and Integrated Modeling Ap-
proach (Regression, GAM, SEM)

To comprehensively evaluate the relationships
among peat thickness (PT), water level (WL), regenera-
tion, stand structure, and tree growth, a multivariate mod-
eling framework was applied, including multiple linear
regression (MLR), generalized linear models (GLM), gen-
eralized additive models (GAM), and structural equation
modeling (SEM).

First, MLR was used to quantify the direct effects of
environmental and population variables on growth perfor-

mance. The general model was specified as:
Growth = fo + BiPT + B2WL + 3Nt + f«Nd + ¢,

where Growth represents variables such as diameter (D, 5),
total height (Ht), bole height (Hb), and crown diameter (D,);
prior to modeling, multicollinearity among predictors (es-
pecially PT and WL) was assessed using the variance in-
flation factor (VIF), and variables were standardized when
necessary.

Second, GLM was applied to analyze count data,
including regeneration density (Nt) and mortality (Nd).

These variables were modeled using a Poisson distribution:
Nt ~Poisson(r), log(a) = fo + f1PT + WL,

and a negative binomial model was used when overdisper-
sion was detected.

Third, GAM was employed to capture potential non-
linear relationships between variables. The models were

expressed as:
Nt =o + s(PT) + s(WL) and Ht = a + s(PT) + s(Nt),

where s(PT, Nt) represents smooth functions. GAM al-
lowed identification of ecological thresholds and nonlinear
responses along peat thickness gradients.

Finally, SEM was used to evaluate the overall causal
structure and both direct and indirect effects among vari-

ables. The hypothesized model included the following

pathways:
WL = a:PT
Nt = b,PT + b WL
Nd = c:Nt

Growth = d,PT + d:Nt + dsNd

Model fit was assessed using standard indices (e.g.,
¥? test, RMSEA, CFI). Total effects were partitioned into

direct and indirect components:
Total effect = Direct + Indirect (via WL and Nt).

This integrated approach allowed robust assessment
of linear, nonlinear, and causal relationships, providing a

comprehensive understanding of ecosystem dynamics.

2.6. Data Analysis

Differences in peat characteristics and forest growth
among peat thickness (PT) classes were evaluated us-
ing independent #-tests and one-way analysis of variance
(ANOVA) 2" Statistical significance was determined at
p<0.05.

The relationships between peat properties and Mela-
leuca forest growth were assessed using Spearman’s rank
correlation analysis, with statistical significance defined at
p<0.05%1

All statistical analyses were conducted using IBM
SPSS Statistics (version 20.0) and Statgraphics Centuri-
on XVI. Additional data processing, including descrip-
tive statistics and data visualization, was performed us-
ing Microsoft Excel and Statgraphics Centurion (version
19.12) 4,
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3. Results

3.1. Post-Fire Forest Regeneration from Dam-
aged Mother Trees (2002 Fire Event)

Early seedling stage (H < 0.5 m)

Following the 2002 fire (Table 3; Figures 2 and 3),
vegetation was destroyed, and natural regeneration was
initiated through seed dispersal from residual biomass and
assisted seeding. Seedlings successfully established during
the 2003 rainy season.

Regeneration was assessed across peat thickness (PT)
classes (0—80 cm) and corresponding groundwater levels
(020 cm below the surface). Seedling density and quality

were evaluated within 100 m? plots.

Seedling density increased with peat thickness, with
total abundance (Nt) rising from 152 to 382 individuals,
and good-quality seedlings (Ng) from 100 to 333 individ-
uals. Medium-quality seedlings (Nm) varied moderately
(34-80), while poor-quality seedlings (Np) remained low
(14-36 individuals per 100 m?).

These results indicate that thicker peat and lower
water tables provide more favorable conditions for early
seedling establishment, likely due to improved aeration
and reduced waterlogging.

Statistical analysis showed no significant differences
in Nt, Ng, and Nm among PT classes (p > 0.05), whereas
Np differed significantly (p < 0.05), suggesting that peat
and hydrological conditions primarily influence the occur-

rence of poor-quality seedlings.

Table 3. Number of young seedlings and quality trees on the plot in the rainy season 2003.

PT (cm) WL (cm) Nt (Trees/Plot) Ng (Trees/Plot) Nm (Trees/Plot) Np (Trees/Plot)
00-20 20 152 100 34 18
20-40 10 338 227 75 36
40-60 00 349 252 80 17
60-80 00 382 333 35 14
Average 305 228 56 21
p value = 0.05 0.528Ns 0.454Ns 0.120Ns 0.013*

Note: PT, peat thickness (cm); WL, water level (cm); Ng, good-quality; Nm, medium-quality; Np, poor-quality; p = 0.05 (* indicates significant differences among vari-

ables).

400
350 ] /
300
5
=3
o 250
3 —8— Total (Nt)
L]
£ 200 - Good (Ng)
— —&— Medium (Nm)
2 —8— Poor (Nb)
¥ 150 A
£
=
100 -+
50 - / \'
.—'/,.\.— Y
01 . . .
0-20 20-40 40-60 60-80

Peat thickness (cm)

Figure 2. Seedling density and quality across peat thickness gradients.
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Figure 3. (a) Peatland after a major fire; (b)

3.1.1. Height Structure of Young Seedlings
during the Rainy Season 2003 (H = 0.5-1
m)

The distribution of regenerating seedlings across
height classes varied among peat thickness gradients
during the first rainy season after the 2002 fire (Table 4;
Figure 4). Seedling abundance ranged from 1-38 individ-
uals (H < 0.5 m), 9-96 individuals (~1 m), and 77-210 in-
dividuals (~2 m), with most individuals concentrated in the

2 m class, indicating rapid early growth.

(b)

forest regeneration during the rainy season.

Although total density increased with peat thickness,
the distribution among height classes showed no consistent
pattern across layers, suggesting the influence of microsite
variability and post-fire heterogeneity.

Statistical analysis revealed no significant differenc-
es in seedling abundance among peat thickness classes (p
> 0.05), indicating that early height structure is not primar-
ily controlled by peat thickness but likely influenced by
factors such as microtopography, moisture availability, and

post-fire nutrient conditions.

Table 4. Number of young seedlings by height classes during the 2003 rainy season.

PT (cm) ‘WL (cm) Nt NMH<05m) NMH=05-1m) NMH=1-2m) N(H>2m)
00-20 20 152 1 17 77 57
20-40 10 338 2 9 210 117
40-60 00 349 38 73 190 48
60-80 00 382 23 96 161 102

Average 305 16 49 159 81

p value = 0.05 0.528Ns 0.356Ns 0.135Ns 0.526Ns 0.845Ns

Note: Nt, total number of trees; N (H < 0.5 m), number of trees with height < 0.5 m; N (H = 0.5-1 m), number of trees with height between 0.5 and 1 m; N (H = 1-2 m),
number of trees with height between 1 and 2 m; N (H > 2 m), number of trees with height >2 m.

200 1

175

150 4

125

100 1

75 1

Number of trees (trees plot-!)

50

25 A

0-20

20-40

40-60 60-80

Peat thickness (cm)

Figure 4. Number of young seedlings and divided height levels in the rainy season 2003.
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3.1.2. Young Tree Stage (H=1-2 m)

Following the 2003 rainy season, regeneration pro-
gressed into the young tree stage (Table 5, Figure 5), with
a marked increase in both density and structural devel-
opment compared to the initial seedling phase. The total
number of individuals (Nt) varied substantially across peat
thickness gradients, ranging from 49 to 1409 trees per plot.
A similar pattern was observed for tree quality classes,
with good-quality individuals (Ng) ranging from 29 to 932,
medium-quality trees (Nm) from 12 to 323, and poor-qual-
ity trees (Np) from 8 to 154.

A clear positive relationship between peat thickness
and tree abundance was observed. Plots characterized by
deeper peat layers (40—-80 cm) supported significantly
higher densities and a greater proportion of high-quality

individuals compared to shallow peat areas. In contrast,
sites with thinner peat (0-20 cm) exhibited substantially
lower tree density and quality. This pattern is likely asso-
ciated with hydrological constraints, as shallow peat areas
experienced deeper and more prolonged flooding, which
can limit oxygen availability, inhibit root development, and
reduce overall plant survival and growth.

Despite the pronounced ecological trend, statistical
analysis indicated that differences in total density and qual-
ity classes among peat thickness levels were not significant
(p > 0.05). This suggests that, in addition to peat thickness
and water level, other environmental factors such as mi-
crotopography, post-fire nutrient redistribution, and spatial
variability in seedling establishment may play important

roles in shaping regeneration outcomes during this stage.

Table 5. Number of young tree stages and divided quality trees after the rainy season 2003.

PT (cm) WL (cm) Nt (Trees/Plot) Ng (Trees/Plot) Nm (Trees/Plot) Np (Trees/Plot)
00-20 30 49 29 12 8
20-40 20 87 55 22 10
40-60 10 583 370 182 31
60-80 00 1409 932 323 154
Average 533 347 135 51
p value = 0.05 0.160Ns 0.156Ns 0.096Ns 0.310Ns

Note: PT, peat thickness (cm); WL, water level (cm); Ng, good-quality trees; Nm, medium-quality trees; Np, poor-quality trees.

BN Total trees (Nt)

- Good quality (Ng)
 Medium guality (Nm)
mmm Bad quality {Nb}

1400 4

1200

1000 A

800

Trees per plot

600

400

200+

20-40
Peat thickness {cm)

40-60 60-80

Figure 5. Number of young trees by developmental stage and quality class following the 2003 rainy season.
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3.1.3. Height Structure of Young Trees during
the Post-Rainy Season 2003 (H =1-2 m
and H>2 m)

The vertical structure of regenerating stands during
the young tree stage exhibited pronounced variability
across peat thickness gradients (Table 6, Figures 6 and 7).
The abundance of individuals in the smallest height class
(<0.5 m) remained very low, ranging from 0 to 19 trees
per plot. In several plots, this class was absent, suggesting
limited recruitment of new seedlings under the combined
influence of prolonged flooding and increasing canopy
cover. These conditions likely reduced light availability at
the forest floor while simultaneously constraining estab-
lishment through waterlogging stress.

In contrast, individuals in taller height classes were
more abundant and showed substantial variation. Trees ap-
proximately 1 m in height ranged from 6 to 238 individuals
per plot, while those in the 2 m class varied from 27 to 545

individuals. The tallest class (>2 m) showed the greatest

variability, ranging from 1 to 591 individuals, and became
increasingly dominant in plots with deeper peat layers.

A general increase in total tree density and height-
class abundance was observed with increasing peat thick-
ness, particularly in the 40-80 cm range. This pattern
reflects more favorable growth conditions in deeper peat,
where reduced flooding intensity and improved soil aer-
ation likely enhance vertical development. At the same
time, the transition toward canopy closure during this stage
appears to play a critical role in shaping stand structure,
limiting the persistence of smaller individuals while pro-
moting the dominance of taller cohorts.

Despite these clear ecological trends, statistical
analysis indicated no significant differences among peat
thickness levels across all height classes (p > 0.05). This
suggests that, similar to earlier developmental stages, the
vertical structure of the regenerating forest is influenced
by multiple interacting factors beyond peat thickness
alone, including hydrological variability, competition, and

post-disturbance resource heterogeneity.

Table 6. Number of young trees by developmental stage and height classes.

PT (cm) WL (cm) Nt NH<05m) NMH=05-1m) NH=1-2m) NMH>2m)
00-20 30 49 0 6 42 1
20-40 20 87 19 31 27 10
40-60 10 583 0 37 189 357
60-80 00 1409 35 238 545 591

Average 533 14 78 201 240

p value = 0.05 0.528Ns 0.186Ns 0.254Ns 0.293Ns 0.398Nis

Note: Nt, total number of trees; N (H < 0.5 m), number of trees with height < 0.5 m; N (H = 0.5-1 m), number of trees with height 0.5-1 m; N (H = 1-2 m), number of

trees with height 1-2 m; N (H > 2 m), number of trees with height > 2 m.
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Figure 6. Number of young tree stages and divided height levels.
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Figure 7. (a) Young forest tree and (b) forest measure plot.

3.1.4. Early Canopy Closure Stage of the consistent response to peat thickness and hydrological con-
Young Forest (H > 2 m) ditions (Table 7, Figures 8 and 9). Regeneration density

At the stage of initial canopy closure, the quality and seedling quality increased markedly along the gradient

structure of regenerating individuals exhibited a clear and of increasing peat depth and decreasing water level.

Table 7. Seed-derived regeneration of Melaleuca cajuputi seedlings.

PT (cm) WL (cm) Nt/100 m’ Ng/100 m* Nm/100 m’ Np/100 m’
00-20 (cm) 110 14 10 3 1
20-40 (cm) 100 58 32 14 12
40-60 (cm) 90 146 105 24 17
60-80 (cm) 80 338 208 94 36

p-value = 0.05 <0.01* <0.01%* <0.01% <0.01* <0.01%*

Note: p-value = 0.05; PT, peat thickness; WL, water level; Nt/100 m?, total number of trees per 100 m?; Ng, number of good-quality trees; Nm, number of medium-quality
trees; Np, number of poor-quality trees; p = 0.05 (* indicates significant differences among variables).

350 A
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B Good (Ng)
300 4 ™ Medium (Nm)
E Bad (Nb)

250+

200

150 4

Number of trees (per 100 m?)

100 A

50
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Peat thickness (cm)

Figure 8. Seed-derived regeneration of Melaleuca cajuputi seedlings.
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The number of good-quality individuals (Ng)
showed a strong positive relationship with peat thickness,
increasing from only 10 individuals per 100 m? in the shal-
low peat layer (0-20 cm; high water level) to 208 individu-
als in the deepest peat layer (60—80 cm; lower water level).
A similar trend was observed for medium-quality individu-
als (Nm), which increased from 3 to 94 individuals across
the same gradient. Poor-quality individuals (Np) also in-
creased with peat thickness, although their proportion rela-
tive to total regeneration remained comparatively lower.

These patterns indicate that deeper peat layers, as-
sociated with reduced flooding intensity, provide more fa-
vorable conditions for both the establishment and growth
of regenerating individuals. Improved soil aeration and
reduced waterlogging likely enhance physiological per-
formance, resulting in a higher proportion of vigorous,
well-developed seedlings. In contrast, shallow peat areas
subjected to prolonged inundation exhibited substantially
lower regeneration density and quality.

The magnitude of difference between treatments was

(b)

Figure 9. (a) Young forest with closed canopy; (b) mixed stands of Melaleuca cajuputi and Phragmites australis.

considerable. The abundance of good-quality seedlings in
deeper peat was more than an order of magnitude higher
than in shallow peat, highlighting the strong ecological in-
fluence of substrate and hydrological conditions on regen-
eration success. Statistical analysis confirmed that these
differences were significant (p < 0.05) across all variables,
indicating a robust relationship between peat thickness,

water level, and regeneration performance at this stage.

3.1.5. Density, Height Structure, and Mortali-
ty of Regenerated Trees after Two Years
(2003-2004)

The dynamics of regeneration over the first two years
following the 2003 fire were evaluated through changes
in tree density, height structure, and mortality across peat
thickness and hydrological gradients (Table 8, Figures 10
and 11). Initial regeneration density (Nt), recorded during
the first rainy season (2003), represents the baseline pop-
ulation from which subsequent survival and growth were

assessed.

Table 8. Density and height class distribution of regenerated trees after two years (2003-2004).

PT (cm) WL (cm) Nt/100 m* Nd/100 m’ NMH=1-2m)/100 m> N (H<2 m)/100 m’
0020 (cm) 110 14 5 3 6
2040 (cm) 100 58 9 19 30
40-60 (cm) 90 146 36 36 74
60-80 (cm) 80 338 150 80 108
p value = 0.05 <0.01%* <0.01%* <0.01%* 0.05% <0.01*

Note: PT, peat thickness; WL, water level; Nt /100 m?, total number of trees per 100 m?; Nd, number of dead trees; p = 0.05 (* indicates significant differences among vari-
ables); N (H = 1-2 m), number of regenerating trees with height 1-2 m; N (H > 2 m), number of regenerating trees with height >2 m.
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Figure 10. Density and height class distribution of regenerated trees after two years (2003-2004).

(b)

Figure 11. (a) Forest regeneration and (b) forest measure plots.

By the end of the 2004 rainy season, a proportion
of individuals had died, primarily due to environmental
stress associated with prolonged flooding and unfavorable
substrate conditions in shallow peat layers. Mortality (Nd)
increased markedly with peat thickness, ranging from 5 in-
dividuals per 100 m? in the 0-20 c¢m layer to 150 individ-
uals in the 60-80 cm layer. This pattern reflects the higher
initial density in deeper peat, which likely intensified in-

tra-specific competition for space, light, and nutrients as

stands developed.

The distribution of surviving individuals across
height classes indicates substantial vertical growth during
this period. Trees in the 2—3 m height class ranged from
3 to 80 individuals per 100 m?, while those in the 3—4 m
class ranged from 6 to 108 individuals. Both height classes
exhibited increasing abundance with greater peat thick-
ness, suggesting that deeper peat conditions not only sup-

port higher initial establishment but also facilitate contin-
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ued vertical development.

Mortality rates varied considerably among treat-
ments, with values of 35.7%, 15.52%, 24.66%, and 44.39%
corresponding to peat thickness classes of 0—20 cm, 2040
cm, 40—60 cm, and 60—80 cm, respectively. The relatively
high mortality observed in the deepest peat layer, despite
favorable growth conditions, indicates density-dependent
regulation, where intense competition among individuals
leads to self-thinning processes. Conversely, elevated mor-
tality in shallow peat may be attributed to environmental
stress, particularly prolonged inundation and poor soil aer-
ation.

Statistical analysis revealed significant differences
among treatments for all variables (p < 0.05), confirm-

ing that peat thickness and associated water levels exert a

strong influence on both survival and structural develop-

ment during this stage of regeneration.

3.2. Long-Term Growth of Melaleuca cajuputi
on Peatland (2003-2024)

After two decades of natural recovery following fire
disturbance and subsequent designation as an ASEAN Her-
itage Site, Melaleuca cajuputi forests exhibited clear struc-
tural development and differentiation across peat thickness
gradients (Table 9, Figure 12). Tree growth indicators,
including diameter at breast height (D, ;), total height (Ht),
height to the first bole height (Hb), canopy diameter (D),
and stand density (N/p), varied significantly with peat
depth.

Table 9. Growth indicators of Melaleuca forest on peat thickness (2003-2024).

PT D, ; (cm) Ht (m) Hb (m) D, (m) N/p (Tree Number/plot)
00-20 cm 3.882 3.828 1.580 0.708 133.6
20-40 cm 3.856 3.800 1.788 1.062 24
40-60 cm 5.118 5.430 3.214 0.784 76.8
60-80 cm 9.320 10.038 7.902 1.442 247.4
p-value <0.001* <0.001* <0.001* <0.001%* <0.001*

Note: PT, peat thickness; * indicates significant differences among variables.

(a)

(b)

Figure 12. (a) Forest growth and (b) biodiversity after 20 years.

Growth performance increased markedly with peat
thickness. In shallow peat (0-20 cm), trees remained rela-
tively small, with mean diameter and height values of 3.882
cm and 3.828 m, respectively, and a low canopy diameter.
In contrast, stands growing on deeper peat (60—80 cm) ex-
hibited substantially greater development, with D, ; reach-
ing 9.320 cm and mean tree height exceeding 10 m. Simi-
larly, height to the first branch (Hb) increased from 1.580

m in shallow peat to 7.902 m in deeper peat, indicating
enhanced vertical stratification and crown differentiation
under more favorable site conditions.

Stand density showed a less consistent pattern across
the peat gradient. While the highest density was recorded
in the deepest peat layer (247.4 trees per plot), relative-
ly high density was also observed in the shallowest lay-
er (133.6 trees per plot), likely reflecting differences in
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self-thinning dynamics and long-term survival. Intermedi-
ate peat layers (2060 cm) exhibited comparatively lower
densities, suggesting stronger competitive exclusion or
site-specific mortality effects over time.

Canopy diameter (D,) varied across peat conditions
but did not show a strictly linear relationship with peat
thickness, indicating that crown expansion may be influ-
enced by additional factors such as stand density, competi-
tion intensity, and light availability.

Statistical analysis confirmed that all growth param-
eters differed significantly among peat thickness classes
(p < 0.001), highlighting the strong influence of substrate
conditions on long-term forest development. Deeper peat,
associated with improved hydrological stability and soil
properties, supports enhanced tree growth and structural
complexity .

Based on Tables 7-9, which describe peat thickness
(PT), water level (WL), regeneration, height structure,
and growth traits, the main causal pathways and feedback
mechanisms can be summarized as follows:

Increasing peat thickness leads to a shallower and
more stable water level, which strongly enhances regener-
ation density (up to 24-fold). Higher regeneration then pro-
motes height differentiation and stand structure develop-
ment, while peat thickness also has a very strong positive
effect on individual growth (e.g., diameter, height, crown
size; p < 0.001). These relationships form a key causal
chain: PT — WL — regeneration — height structure —
growth.

Several feedback mechanisms operate within this
system. A positive feedback loop occurs where thicker peat
stabilizes water conditions, increases regeneration and can-
opy cover, enhances moisture retention and litter accumu-
lation, and further promotes peat formation. In contrast, a
negative (density-dependent) feedback arises at very high
regeneration densities, where competition increases mor-
tality and regulates population size. Additionally, a hydro-
logical-growth feedback exists, as improved growth can
influence evapotranspiration and water levels, contributing
to system balance.

Overall, the Melaleuca peatland ecosystem is con-
trolled by peat as a foundational factor, with water level
acting as a key intermediary, and population density reg-

ulated through self-thinning processes, while continuous

biomass accumulation reinforces peat development.

Multivariate or comprehensive modeling analysis
(such as regression models, GAM, and SEM):

Based on Tables 7-9, a comprehensive multivari-
ate modeling framework (MLR, GLM/GAM, and SEM)
reveals the ecological drivers and causal structure of the
system. Peat thickness (PT) acts as the primary exogenous
variable, indirectly influencing regeneration and growth

through water level (WL), forming the key pathway:

PT — WL — Nt — Structure — Growth,
alongside a direct effect PT — Growth.

Multiple linear regression shows that growth vari-

ables can be expressed as:
Growth = fo + piPT + p2WL + 3Nt + faNd + ¢,

with B: (PT) strongly positive (p < 0.001), B (WL) nega-
tive, and Ps (Nt) density-dependent. However, strong col-
linearity between PT and WL requires VIF testing or vari-
able reduction.

For count data, regeneration and mortality follow:

Nt ~ Poisson(2), log(4) = fo + p1PT + WL,

indicating an exponential increase in Nt as WL decreases,
supporting the use of GLM or negative binomial models.

Nonlinear relationships are better captured by GAM:
Nt =a + s(PT) + s(WL) and Ht = a + s(PT) + s(Nt),

revealing ecological thresholds around 40-60 cm of peat
thickness.

The most comprehensive causal interpretation is pro-
vided by SEM:

WL = a;PT
Nt = b,PT + b2WL
Nd = ciNt

Growth = d:PT + d:Nt + dsNd

In this framework, the total effect of PT on growth

includes both direct and indirect pathways:

Total = Direct (PT — Growth) + Indirect (PT — WL
— Nt — Growth;, PT — Nt — Growth), with indirect ef-

fects via regeneration contributing substantially (40-60%).

Overall, the multivariate analysis confirms that PT is

the fundamental driver, WL is a key hydrological mediator,
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and regeneration regulates population dynamics, with clear
nonlinear responses and ecological thresholds governing

system behavior.

3.3.Changes in Peatland Characteristics and
Carbon Storage (2002-2024)

Substantial alterations in peatland extent, thickness,
and associated carbon storage were observed following the
2003 fire event and during the subsequent two decades of
ecosystem recovery (Table 10, Figure 13). Prior to the fire
(2002), the peatland was characterized by relatively thick
deposits, predominantly within the 80-140 cm range, cov-

ering a total area of 4,125 ha. The largest proportion was

concentrated in the 80—100 cm layer (2,880 ha), followed
by deeper peat classes of 100-120 cm (560 ha) and 120—
140 cm (1,245 ha). These deeper layers consisted primarily
of well-developed black peat, while the 80—100 cm layer
was dominated by brown peat.

Immediately after the fire (2003), a marked reduc-
tion in peat thickness was recorded, accompanied by a shift
in peat distribution toward shallower classes. The area of
deeper peat (>100 cm) declined sharply, while peat layers
of 60—80 cm became more dominant, covering 2,331 ha.
This transition reflects substantial peat consumption and
degradation caused by fire, which reduced both peat depth

and overall carbon storage capacity.

Table 10. Changes in carbon storage in peat 2002-2024.

PT 2002 (ha*) 2003 (ha) 2024 (ha)
PT (120-140 cm) 1245 148
PT (100-120 cm) 560 449
PT (80-100 cm) 2880 979
PT (60-80 cm) 2331 579
PT (40-60 cm) 979
PT (20-40 cm) 2331
Total 4125 3907 3907

Note: *Unit hectare (ha).

By 2024, the peat profile had undergone further
transformation, with peat thickness largely confined to
the 20—80 cm range and dominated by brown peat. The
absence of deeper black peat layers indicates a long-term

loss of accumulated organic material and incomplete re-

(b)
Figure 13. (a) Mixed primary forest, and (b) mature forest on peat in UMTNP.

covery of peat-forming processes. The total peatland arca
decreased from 4,125 ha in 2002 to 3,907 ha in 2024, cor-
responding to a net loss of 218 ha.

In addition to areal reduction, peat depth declined

significantly over the study period. The dominant peat
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thickness shifted from 80-140 cm before the fire to 20—80
cm in 2024, representing an average loss of approximately
60 cm in the vertical peat profile. This reduction corre-
sponds to an estimated loss of 1,308,000 m* of peat vol-
ume, indicating a substantial depletion of stored carbon.
Such losses are consistent with the combined effects of
combustion during fire events and subsequent oxidation

and subsidence under altered hydrological conditions.

3.4.Carbon Accumulation during Post-Fire
Peatland Regeneration

Carbon storage in peatland ecosystems following
the 2003 forest fire was quantified across peat thickness
classes to evaluate the recovery potential of carbon pools
during the early stages of forest regeneration (Table 11,
Figures 14). The total peatland area was estimated at 3,907
ha, with a cumulative peat volume of 26,765,500 m* and
an average bulk density of 0.24 Mg m™.

Carbon storage varied among peat thickness layers,

reflecting differences in both peat volume and carbon con-

centration. The largest contribution to total carbon storage
was derived from the 40—80 cm peat layer, which occupied
the greatest area (2,331 ha) and contained approximate-
ly 1,164,325 t of carbon. This layer alone accounted for a
substantial proportion of the total carbon pool, primarily
due to its extensive spatial coverage.

The 80-100 cm layer also contributed significant-
ly, storing approximately 874,399 t of carbon, followed
by the 100-120 cm layer with 461,626 t and the 120-140
cm layer with 181,862 t. Although deeper peat layers ex-
hibited relatively high carbon content percentages (rang-
ing from 40.61% to 43.80%), their overall contribution
to total carbon storage was limited by smaller areal ex-
tent.

Overall, the mean carbon content of peat across all
layers was estimated at 41.75%, resulting in a total carbon
stock of approximately 2,682,211 t. These values indicate
that, despite substantial peat loss caused by the fire, a con-
siderable carbon pool remained within the system, particu-

larly in intermediate peat depths.

Table 11. Carbon storage of peat after forest fire 2003.

PT (cm) Aream’ Volume (m®)  Density (Mg/m®)  Peat Storage (ton) C % Average Carbon Storage Cs (ton)
120-140 148 1,850,000 0.24 444,000 40.96 181,862
100-120 449 4,939,000 0.24 1,136,729 40.61 461,626
80-100 979 8,321,500 0.24 1,996,344 43.80 874,399

40-80 2,331 11,655,000 0.24 2,796,840 41.63 1,164,325

Total 3,907 26,765,500 0.24 6,373,913 41.75 2,682,211
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(a) Peat left after forest fire.

(b) Peat land map.
Figure 14. Peat land map in 2003 of UMTNP after big forest fire.

44



Research in Ecology | Volume 08 | Issue 04 | August 2026

3.5. Peat Volume and Carbon Storage in 2024

After two decades of post-fire management and nat-
ural recovery, peatland structure and associated carbon
storage exhibited substantial changes, reflecting ongoing
decomposition processes and incomplete peat accumu-
lation (Table 12). By 2024, peat distribution was largely
confined to shallow and intermediate layers (20—80 cm),
with a total peatland area of 3,907 ha and a cumulative
peat volume of 10,738,100 m?.

Peat storage and carbon stock varied across thickness
classes, with the largest contribution derived from the 60—
80 cm layer. This layer, despite its relatively smaller area
(597 ha), contained the highest peat volume (5,153,100 m?)
and supported a carbon stock of approximately 520,917 t.
The 40-60 cm layer contributed moderately, with a carbon
stock of 376,067 t, while the 20—40 cm layer—although
covering the largest area (2,331 ha)—contained the lowest
carbon stock (188,509 t) due to its limited thickness and
lower peat volume.

Across all layers, peat bulk density remained rel-
atively constant (0.24 Mg m™), and the average carbon
content was stable at approximately 42.12%. The total peat
mass was estimated at 2,577,144 t, corresponding to a total
carbon stock of 1,085,493 t. These values indicate a sub-
stantial reduction compared to pre-fire conditions, reflect-

ing long-term peat degradation and carbon loss.

3.6.Seasonal Variation in Peat Chemical
Properties (2024)

The chemical characteristics of peat soils exhibited
clear seasonal variation between the wet and dry seasons,
reflecting changes in hydrological conditions and biogeo-
chemical processes (Tables 13 and 14). Overall, peat soils
remained acidic across all thickness classes, with pH val-
ues consistently lower in the dry season compared to the
wet season.

During the wet season, pH values ranged from 4.58
to 5.66 and showed a decreasing trend with increasing peat
thickness. In contrast, the dry season was characterized by
more acidic conditions, with pH declining further to values
between 4.10 and 4.47. These differences were statistically
significant (p < 0.01), indicating a strong influence of sea-
sonal hydrology on peat acidity. The lower pH observed in
the dry season likely reflects increased oxidation and acid-
ification processes under reduced water saturation.

Humic acid content was higher in the wet season,
with relatively stable values across peat layers, whereas in
the dry season it declined significantly with increasing peat
depth. This pattern suggests enhanced decomposition and
mineralization under drier conditions, leading to a reduc-
tion in organic matter quality. The seasonal difference in
humic acid content was statistically significant in the dry
season but not in the wet season, indicating greater sensi-

tivity to moisture stress.

Table 12. Peat and carbon volume in UMT National Park 2024.

PT (cm) Aream’ Volume (m®) Average Density (Mg/m’) Peat Storage (ton) Average % C Carbon Storage Cs (ton)
60-80 597 5,153,100 0.24 1,236,744 42.12 520,917
40-60 979 3,720,200 0.24 892,848 42.12 376,067
2040 2,331 1,864,800 0.24 447,552 42.12 188,509
Total 3,907 10,738,100 0.24 2,577,144 42.12 1,085,493
Note: Square meter (m?); Cubic meter (m*); Miligram/square meter (Mg/m?).
Table 13. Chemical indicators of peat in the wet season (2024).

PT (cm) pH (H,0) HumicAcid (%) SO, (mg/L) P,0,(mg/L) NH* (mg/L) Nt (mg/L) K,O (mg/L) Fe’* (mg/L)
20-40 5.66 17.78 0.030 0.09 17.86 0.66 0.41 2.30
40-60 5.38 15.98 0.027 0.10 16.65 0.98 0.51 2.66
60-80 4.58 17.67 0.029 0.11 19.56 1.03 0.55 2.45

Average 5.21 17.14 0.029 0.1 18.02 0.89 0.49 2.74

p-value = 0.05 <0.01* 0.48Ns 0.76Ns <0.05* 0.30Ns <0.05* <0.05* 0.36Ns

Note: p-value = 0.05; * significant difference, Ns: not significant difference.
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Table 14. Chemical indicators of peat in the dry season 2024.

PT (cm) pH (H,0) Acid Humic (%) SO,/ (mg/L) P,0,(mg/L) NH*(mg/L) Nt(mg/L) K,0(mgL) Fe* (mglL)
20-40 447 11.60 0.08 0.11 17.06 0.26 0.18 118
40-60 430 8.60 0.05 0.07 15.40 0.59 0.37 2.74
60-80 4.10 6.80 0.04 0.06 13.37 0.73 0.56 4.09

Average 429 9 0.06 0.08 15.28 0.53 0.18 341

p-value <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01*

Note: PT peat thickness; * significant difference.

Nutrient dynamics also varied between seasons.
Concentrations of ammonium (NH4") and TN were gener-
ally higher in the wet season, reflecting reduced nitrifica-
tion and greater accumulation of reduced nitrogen forms
under saturated conditions. In the dry season, these values
decreased, likely due to increased microbial activity and
nitrogen transformation processes. Available phosphorus
(P205) and potassium (K20) exhibited moderate variation
across peat layers, with some statistically significant dif-
ferences, suggesting localized nutrient redistribution influ-
enced by peat depth and seasonal water availability.

Sulfate (SO4+*") concentrations remained relatively
stable in the wet season but increased in the dry season,
particularly in shallower peat layers, indicating enhanced
oxidation of sulfur compounds under aerobic conditions.
Iron (Fe?*") concentrations showed contrasting patterns,
with relatively uniform distribution in the wet season but a
marked increase in deeper peat layers during the dry sea-

son, likely associated with redox fluctuations and mobili-

zation of iron under changing water table conditions.

3.7.Seasonal Variation in Water Chemistry on
Peatland (2024)

Water chemistry in peatland ecosystems showed
pronounced seasonal variation between the wet and dry
seasons, reflecting strong hydrological control on nutrient
dynamics and redox processes (Tables 15 and 16). Across
all peat thickness classes, significant differences were ob-
served for all measured parameters (p < 0.001), indicating
consistent vertical and seasonal gradients.

During the wet season, water pH ranged from slight-
ly acidic to near neutral (5.08—6.31), with higher values re-
corded in shallower peat layers. In contrast, the dry season
exhibited more acidic conditions (4.32-5.40), with pH de-
creasing consistently with increasing peat thickness. This
seasonal decline in pH suggests enhanced oxidation and

acidification processes under lower water table conditions.

Table 15. Water chemical indicators of peat in the rainy season 2024.

PT pH (H,0) Humic Acid (%) Nt (mg/L) Fe*" (mg/L) P,O; (mg/L)
20-40 cm 6.31 0.849 0.16 0.26 0.026
40-60 cm 5.37 0.637 0.27 1.08 0.035
60-80 cm 5.08 0.473 0.52 227 0.057

Average 5.69 0.653 0.32 1.2 0.04
p-value = 0.05 <0.001* <0.001* <0.001* <0.001* <0.001*
Note: PT peat thickness; * significant difference at p < 0.001.
Table 16. Water chemical indicators of peat in the dry season 2024.

PT pH (H,0) Humic Acid (%) Nt (mg/L) Fe’* (mg/L) P,0; (mg/L)
2040 cm 5.40 0.2643 16.81 7.49 5.39
40-60 cm 4.59 0.7362 21.57 6.16 6.08
60-80 cm 4.32 1.1938 26.11 4.45 6.56

Average 4.77 0.7329 21.5 6.03 6.01
p-value = 0.05 <0.001* <0.001* <0.001* <0.001* <0.001*

Note: PT peat thickness; * significant difference at p < 0.001.
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Humic acid concentrations displayed contrasting
patterns between seasons. In the wet season, humic content
decreased with increasing peat depth, indicating dilution
and leaching under saturated conditions. Conversely, in
the dry season, humic acid concentrations increased with
depth, likely reflecting the accumulation of dissolved or-
ganic matter as water levels declined and decomposition
intensified.

Nutrient concentrations exhibited substantial season-
al differences. TN levels were relatively low during the wet
season (0.16-0.52 mg L) but increased dramatically in
the dry season (16.81-26.11 mg L), suggesting enhanced
mineralization and concentration effects under reduced
water volume. Similarly, phosphorus (P-Os) concentrations
were minimal during the wet season but increased sharply
in the dry season, indicating mobilization and reduced di-
lution under drier conditions.

Iron (Fe?") concentrations also varied markedly be-
tween seasons. During the wet season, Fe?" increased with
peat depth, consistent with reducing conditions in deeper,
water-saturated layers. In contrast, the dry season showed
higher overall Fe*" concentrations but a decreasing trend
with depth, likely reflecting oxidation processes and chang-

es in iron solubility under fluctuating redox conditions.

4. Discussions

Forest regeneration following the 2003 fire in U
Minh Thuong National Park represents a clear trajectory of
secondary succession under peatland conditions. The re-
covery pathway observed in this study—from seed-based
regeneration to canopy closure and eventual stand matu-
ration—aligns with classical succession theory in fire-af-
fected wetlands. The sequential stages identified, includ-
ing seedling establishment, sapling development, canopy
closure, and structural maturation, highlight the resilience
of Melaleuca cajuputi under appropriate hydrological
management. Similar recovery pathways have been docu-
mented in fire-prone wetland forests, where regeneration is
strongly dependent on residual seed sources and post-dis-
turbance environmental conditions *"*,

Based on Tables 7-9, peat thickness strongly con-
trols the ecosystem by regulating water level, which in

turn enhances regeneration, stand structure, and individual

growth (p < 0.001), forming the key pathway: PT — WL
— regeneration — structure — growth. Positive feedback
occurs as thicker peat improves moisture conditions, in-
creases vegetation cover, and promotes further peat ac-
cumulation, while negative density-dependent feedback
regulates populations through increased competition and
mortality at high densities. Overall, the Melaleuca peatland
system is primarily driven by peat and hydrological condi-
tions, with self-thinning and biomass accumulation main-
taining ecological balance.

The successful restoration of forest structure over
20 years demonstrates the critical role of fire prevention
and water management in peatland ecosystems. In particu-
lar, maintaining high water tables to reduce peat oxidation
and fire recurrence has been widely recognized as a key
restoration strategy in tropical peatlands . The recovery
observed in U Minh Thuong is comparable to restoration
outcomes reported in Southeast Asia and represents a sig-
nificant milestone for conservation, consistent with crite-
ria for designation under UNESCO and ASEAN heritage
frameworks.

Tree growth patterns showed a strong dependence on
peat thickness, with significantly higher values of diameter
(D), total height (Ht), and bole height (Hb) in deeper peat
layers (60—80 cm). This finding is consistent with studies
in both tropical and temperate peatlands, where deeper
organic soils provide more stable moisture regimes and
improved nutrient availability *”. In contrast, shallow peat
layers are more susceptible to waterlogging fluctuations
and nutrient limitations, constraining tree growth. Compa-
rable patterns have been reported in managed peatlands,
where reduced flooding and soil amendments significantly
enhance growth rates of Melaleuca species °".

Based on Tables 7-9, peat thickness (PT) emerges
as the key driver of the Melaleuca peatland ecosystem,
regulating water level (WL), regeneration, stand structure,
and growth through the main pathway PT — WL — regen-
eration — structure — growth, alongside a strong direct
effect on growth (p < 0.001). Thicker peat creates more
stable, shallow water conditions, significantly increasing
regeneration and enhancing individual tree performance.
Positive feedback occurs as increased vegetation promotes
moisture retention and peat accumulation, while negative

density-dependent feedback regulates populations through
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competition and mortality at high regeneration levels.

Multivariate analyses (MLR, GLM/GAM, and SEM)
further support this mechanism. Growth responses follow
the model Growth = fo + p1PT + WL + (3Nt + paNd +
&, with PT showing a strong positive effect and WL a neg-
ative effect. Regeneration dynamics are well described by
Nt ~ Poisson(}A), log(A) = fo + S1PT + WL, indicating
exponential increases under lower WL. GAM results re-
veal nonlinear responses and ecological thresholds around
40-60 cm of peat thickness, while SEM confirms both
direct and indirect effects of PT on growth: Total = Di-
rect + Indirect (via WL and Nt), with indirect pathways
contributing substantially (40—60%). Overall, the system
is controlled by peat and hydrology, with regeneration and
self-thinning processes maintaining ecological balance.

Changes in peat chemistry further reflect the strong
influence of hydrological conditions. The observed de-
crease in pH and humic acid with increasing peat thick-
ness, alongside increases in nutrients such as NHa*, P2Os,
and Fe?*, indicates active biogeochemical cycling influ-
enced by redox dynamics. Similar trends have been report-
ed in peatlands of Central Kalimantan, Indonesia, where
seasonal water fluctuations drive nutrient mobilization and
organic matter decomposition ",

Importantly, comparable processes have also been
documented in peatland and wetland systems in the Unit-
ed States. In boreal peatlands of Alaska, studies following
large wildfires have shown that fire-induced lowering of
the water table accelerates peat decomposition, increases
nutrient availability, and alters soil chemistry, particularly
through increased nitrogen mineralization and iron mobi-
lization "*). Similarly, research in the Florida Everglades
demonstrated that post-fire conditions can lead to increased
phosphorus release and changes in water chemistry, affect-
ing long-term ecosystem productivity ¥

Water chemistry results from this study further sup-
port these findings. The strong seasonal contrast, with sig-
nificantly higher nutrient concentrations (N, P, Fe) during
the dry season, reflects concentration effects and enhanced
mineralization under lower water levels. In U.S. peatland
systems, such as the Great Dismal Swamp and northern
bogs, similar seasonal dynamics have been observed,
where drought conditions increase nutrient release and al-

ter redox-sensitive elements, particularly iron and sulfur

compounds "**%. These processes can enhance short-term
productivity but also accelerate long-term peat degrada-
tion.

The loss of peat area (218 ha) and reduction in peat
thickness (approximately 60 cm) following the 2003 fire
represent a substantial decline in carbon storage capacity.
The estimated peat volume loss (1,308,000 m?®) and asso-
ciated carbon emissions are consistent with global obser-
vations of peatland fires as major sources of atmospheric
carbon. In the United States, peat fires in Alaska and the
southeastern coastal plain have been shown to release large
quantities of stored carbon, contributing significantly to
greenhouse gas emissions ",

Peatlands are globally recognized as critical carbon
reservoirs, storing more carbon than aboveground forest
biomass in many ecosystems. This has been well docu-
mented in boreal peatlands of North America, where long-
term carbon accumulation in peat exceeds that of forest
vegetation *”. The findings from U Minh Thuong reinforce
this global pattern, emphasizing the importance of peat
conservation for climate regulation.

A key insight from this study is that post-fire peat
decomposition may result in greater long-term carbon loss
than the initial combustion event. While fire causes imme-
diate carbon release, subsequent drainage, oxidation, and
microbial decomposition can lead to sustained emissions
over decades. Similar conclusions have been reported in
both tropical and temperate peatlands, where altered hy-
drology leads to persistent carbon loss even after vegeta-
tion recovery '

Finally, the relationship between peat chemistry and
forest growth indicates that humic substances play a cen-
tral role in regulating ecosystem productivity. The strong
correlation between humic acid content and growth param-
eters (D, 5, Ht, Hb) suggests that organic matter quality is a
key driver of nutrient availability and plant development.
This is consistent with findings from peatland studies in
both Southeast Asia and North America, where dissolved
organic carbon and humic compounds influence nutrient
cycling, microbial activity, and vegetation dynamics .

Peatland Melaleuca forests are sensitive ecosystems
that are highly prone to fire, with fires capable of smolder-
ing underground for several weeks. The direct impacts of

fire include the death of seedlings, mature trees, and small
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fauna, reduction in tree density, alteration of forest struc-
ture, drying and nutrient loss in peat soils, and CO2 emis-
sions that affect the photosynthesis of surviving trees. After
a fire, water management under the forest canopy becomes
critical for ecological recovery. High water levels during
the dry season support tree survival and rapid regeneration
while creating wet zones that prevent further peat ignition.
Conversely, low water levels increase stress on trees, the
risk of smoldering fires, and depletion of aquatic organ-
isms. Thus, fire causes immediate direct damage, whereas
water management is an indirect factor that determines the
long-term recovery and stability of peatland Melaleuca
forests (Figure 15).

WILDFIRE

WATER MANAGEMENT

Low Water Level

Carbon loss in peatland Melaleuca forests results
(Figure 16) from multiple interacting mechanisms. First,
biological oxidation and mineralization by microorgan-
isms decompose organic matter, releasing CO: and CHa.
Second, water level changes regulate decomposition rates:
high water slows oxidation, whereas drainage exposes peat
to air, accelerating carbon loss. Third, peat fires directly re-
lease large amounts of long-stored carbon as gases. Fourth,
leaching and dissolved carbon export via water flows re-
duce carbon stocks. Finally, these mechanisms interact,
highlighting the critical role of hydrological management
and fire prevention in carbon conservation and ecological
recovery of peatland Melaleuca forests.
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Figure 15. Schematic illustrating the direct impacts of wildfire and the subsequent effects of water management.
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Figure 16. Diagram of Carbon Loss Mechanisms in Peatland Melaleuca Forests.

Integrated diagram illustrating the main mecha-
nisms of carbon loss in peatland Melaleuca forests. Carbon
stored in peat is lost through biological oxidation and min-
eralization by microorganisms, peat fires that release large
amounts of carbon as gases, water level changes that con-
trol decomposition rates, and leaching of dissolved organic
carbon (DOC) via water flows. These mechanisms interact,
highlighting the importance of hydrological management
and fire prevention for carbon conservation and ecological

recovery.

5. Conclusions

The restoration of Melaleuca forests in U Minh
Thuong National Park demonstrates a strong capacity for
natural regeneration from residual seed banks following
fire disturbance, facilitating the recovery of pre-prima-
ry forest structures consistent with conservation criteria
for protected areas. Forest succession proceeds through
four distinct stages: (i) post-fire seedling emergence from

burned mother trees, (ii) development into young stands
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(1-3 m), (iii) rapid canopy closure (3—4 m) within approx-
imately two years, and (iv) long-term maturation over ~20
years, forming a stable forest system comparable to prima-
ry conditions.

Forest growth is strongly influenced by peat thickness
and hydrological regimes. Growth parameters (DBH, total
height, bole height, and canopy diameter) are generally con-
strained under shallow or irregularly flooded peat, while op-
timal development occurs in peat layers of 60—-80 cm.

Severe fire disturbance resulted in the degradation
of 218 ha of peatland, reducing peat thickness and signifi-
cantly depleting peat volume, biomass, and carbon stocks.
Initial peat reserves (26.77 million m?; 6.37 million t; 2.68
million t C) have declined substantially after 20 years of
hydrological management, with remaining stocks reduced
to 10.74 million m3, 2.58 million tons, and 1.09 million t C,
respectively. These losses highlight the combined impacts
of fire and prolonged water management practices on peat
decomposition.

Post-fire peat and water chemistry exhibit clear
relationships with peat thickness. Parameters such as
pH and humic acid decrease with increasing peat depth,
whereas nutrients and ions (SO4*", NH4", P20s, total N,
K-0, and Fe*") show increasing trends. Correlation analy-
sis further indicates that humic acid is strongly associated
with peat thickness, while growth variables are influ-
enced by key chemical factors, particularly pH, sulfate,
and iron, with weaker relationships observed for canopy
diameter.

Overall, peat thickness and associated biogeochemi-
cal properties play a critical role in regulating forest regen-
eration, growth dynamics, and long-term carbon storage in

fire-affected Melaleuca ecosystems.
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