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INTRODUCTION 

Coastal sediments play an essential role as a 
medium of storage, conversion, and the cycle of 
substances, including organic matter and nutri-
ents. In addition to functioning as a site for key 
biogeochemical processes such as decomposi-
tion, mineralization, and nutrient retention, sedi-
ment also reflects the prevailing physicochemical 
conditions of the environment (Castro-Rodrí-
guez et al., 2018; Kalev and Toor, 2018; Sarker 

et al., 2020). Furthermore, sediments preserve 
historical records of temporal changes, thereby 
reflecting the long-term dynamics of an ecosys-
tem (Sarker et al., 2020). Parameters such as pH, 
salinity, ORP, texture, color, and C-organic are 
essential indicators for assessing the functional 
status and stability of sediments, spatially and 
vertically. One of the key drivers forming these 
sediment characteristics is the presence of veg-
etation cover, particularly mangrove ecosystems 
(Alongi, 2021; Gijsman et al., 2023).
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ABSTRACT
Coastal sediments play a dual role in biogeochemical processes, both as a medium for substance storage and trans-
formation, and as a natural archive, recording the historical traces of environmental change, including possible 
changes in mangrove coverage and species composition. This study is to disclose the mangrove zone in modify-
ing the biogeochemical characteristics of sediments. The 50 cm sediment cores were collected at three stations 
representing variations in mangrove and non-mangrove stand structure and analyzed in various layers. Grain size, 
color, pH, salinity, oxidation-reduction potential (ORP), organic carbon (C-organic), total nitrogen (TN), ammo-
nium (NH4

+), nitrite (NO2
-), nitrate (NO3

-), phosphate (PO4
3-), and total phosphorus (TP) were measured from the 

concerned layers of sediments. The results revealed that gradual decreases in pH, ORP, C-organic, and nutrient 
concentrations in mangrove sediment profiles were observed, suggesting chemical processes associated with in-
creasing anoxic/reducing conditions in deeper layers. In contrast, those in the non-mangrove sediments apparently 
varied. Principal component analysis (PCA) demonstrated clear spatial segregation among stations. Mangrove 
sediments were characterized by fine-grained sediments, higher C-organic, and enriched nutrient profiles, whereas 
coarser textures, alkaline conditions, and low nutrient concentrations were observed in the non-mangrove sedi-
ments. Different profiles of sediment properties across these distinctive zones were also identified. These weaker 
associations with any dominant parameter were probably related to the influence of sparse stand structure, simple 
mangrove morphology, and dynamics of site hydrology. These findings highlight the critical role of mangrove in 
biogeochemical processes to form and modify properties of the physico-chemical sediment, and possibly the eco-
logical function of coastal environments.
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The presence of mangroves significantly in-
fluences and modifies sediment characteristics 
through litter accumulation, root structural com-
plexity, and the alterations of biogeochemical pro-
cesses (Gijsman et al., 2023). Mangrove roots trap 
fine particles and organic matter, enrich sediments 
with nutrients, and create redox microzones that 
facilitate biogeochemical processes (Kristensen 
et al., 2017; Castro-Rodríguez et al., 2018). The 
zonation of mangrove species along the intertidal 
gradient influences patterns of sediment accumu-
lation and the distribution of organic matter be-
neath the canopy, as different species exhibit vary-
ing tolerances to environmental conditions (Bour-
geois et al., 2019). Conversely, non-mangrove 
coastal areas are typically characterized by coarse 
sediment texture, low organic matter content, and 
homogeneous and limited nutrient distribution 
(Castro - Rodríguez et al., 2018).

Nutrient dynamics, particularly those involv-
ing nitrogen (N) and phosphorus (P), are closely 
regulated by the presence of vegetation, sediment 
physicochemical conditions, and microbial activ-
ity (Alongi, 2020). In sediments, nutrients such as 
ammonium (NH4

+), nitrite (NO2
-), nitrate (NO3

-), 
and phosphate (PO4

3-) are closely linked to organic 
matter input, redox conditions, and biogeochemi-
cal processes, including ammonification, nitri-
fication, and denitrification (Chowdhury et al., 
2019; Alongi, 2020). Mangrove vegetation con-
tributes significantly to these processes through 
litterfall input and complex root structures, which 
enhance organic matter availability and facilitate 
microbial activity that drives sediment biogeo-
chemical transformations. Consequently, vertical 
nutrient stratification is commonly observed in 
vegetated sediments, reflecting progressive sedi-
mentary succession and increasing biogeochemi-
cal complexity with depth (Aprilia et al., 2020). In 
contrast, non-mangrove areas, lacking substantial 
organic inputs, exhibit more homogeneous and 
stagnant vertical distribution of nutrients. These 
contrasting patterns emphasize sedimentary dy-
namics across ecosystems and highlight the im-
portance of location-specific studies to reveal nu-
trient distributions within ecological variability.

Previous studies have highlighted the role 
of mangrove in sediment biogeochemical pro-
cesses in various regions. These studies indicate 
that mangrove sediments possess finer textures, 
higher organic matter content, and more complex 
nutrient stratification than their non-mangrove 
counterparts (Castro-Rodríguez et al., 2018). 

However, most studies have been conducted in 
major terrestrial ecosystems or areas with ex-
tensive and homogeneous mangrove coverage. 
Detailed knowledge of the vertical variation in 
sediment physicochemical properties and nutrient 
distribution on small islands, particularly those 
exhibiting pronounced differences in mangrove 
density and species composition, remains lim-
ited. This knowledge gap is particularly relevant 
in areas such as Nusa Lembongan and Nusa Peni-
da, which have distinct differences in mangrove 
composition. Nusa Lembongan is surrounded 
by mangrove areas dominated by Rhizophora, 
Ceriops, and Xylocarpus species (Wijaya et al., 
2024). In Nusa Penida, mangroves are confined to 
limited areas and are primarily composed of Lum-
nitzera racemosa. Until now, no research output 
has comprehensively examined the presence of 
mangroves in Nusa Penida and their implications 
for sediment characteristics and nutrient distribu-
tion. These conditions may lead to pronounced 
differences in sediment structure and nutrient 
distribution, yet they have not been comprehen-
sively investigated. 

A vertical profile-based approach to assessing 
the physicochemical properties of sediments and 
nutrient dynamics is expected to provide deeper 
insights into spatial variability and the role of 
mangrove vegetation in shaping sediment charac-
teristics. This study aims to reveal the influence of 
differences in mangrove vegetation structure on 
the physicochemical properties and nutrient strat-
ification of sediments, thereby filling data gaps in 
small island ecosystems and supporting sustain-
able coastal conservation strategies (Veitayaki 
et al., 2017; Wijaya et al., 2024). The hypothesis 
is that differences in mangrove vegetation struc-
ture will result in significant variations in sedi-
ment texture, organic matter content, and nutrient 
stratification, with vegetated sediments exhibiting 
higher organic accumulation and greater biogeo-
chemical complexity.

METHOD

Study site and sampling design

This research was observed at three stations 
representing variations in mangrove and non-
mangrove stand structure on two small islands 
in Bali Province, specifically the mangrove area 
of Nusa Lembongan (NL) and the less dense 



94

Ecological Engineering & Environmental Technology 2025, 26(9), 92–108

mangrove (NP) and non-mangrove areas (NM) of 
Nusa Penida (Figure 1). In other words, purpo-
sive sampling was used to represent those distinc-
tive vegetation types, i.e., the presence of man-
grove vegetation and variations in stand structure, 
to assess the impact of mangrove vegetation and 
structural complexity on sediment characteristics. 
Representative field conditions across the sam-
pling stations are shown in Figure 2. Data collec-
tion was carried out in September 2024.

Mangrove structure 

Mangrove stand structure was observed 
within 10×10 m plots by measuring tree density, 
canopy cover, and morphometric characteristics, 
including diameter and height. Each individual 
was identified to the species level (As-syakur 
et al., 2023). Diameter at breast height (DBH) 
was measured and categorized into two groups: 
trees (DBH ≥ 5 cm) and saplings (DBH < 5 cm). 
Canopy cover was assessed using hemispherical 
photography, taken from five positions in each 
plot (each corner and center) using a smartphone 

camera with a resolution exceeding 3 megapixels. 
ImageJ software was used to analyze the canopy 
photos and calculate canopy cover percentage. 
The mangrove stand height was estimated using 
trigonometric calculations based on a measure-
ment of horizontal distance (10 m), the observer’s 
eye height (H0), and the angle of elevation to the 
canopy apex (θ), measured using a protractor ap-
plication (Dharmawan et al., 2020). The Mon-
Mang 2.0 application was used to record field 
measurement data efficiently.

Soil physicochemical and nutrient analysis

Methodology for soil sampling and preparation

Sediment cores were collected using a rus-
sian corer from the surface to a depth of 50 cm, 
representing a 10×10 m research plot. Cores were 
carefully retrieved to preserve stratification. Dur-
ing sample transport to the laboratory, the cores 
were maintained in a vertical position to prevent 
mixing between layers and preserve their natu-
ral vertical structure. Each core was stratified 

Figure 1. Sampling stations at both research locations
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into sublayers considering the diagenetic change 
of sediment color: i.e., NL (0–5, 10–15, 20–25, 
30–35, 35–40, 45–50 cm), NP (0–5, 5–10, 10–15, 
15–20, 25–30, 40–45 cm), and NM (0–5, 5–10, 
10–15, 15–20, 25–30, 40–45 cm). All physico-
chemical and nutrient analyses were performed 
as single measurements for each sediment layer 
at each sampling station, without replication. 
Thus, the reported data represent individual val-
ues rather than statistical averages. The analyzed 
data was assessed for accuracy and precision us-
ing quality assurance and quality control (QA/
QC) measures, with accuracy reaching ~93% and 
recovery percentages ranging from 93–111%.

Physicochemical analysis of sediment parameters

Physicochemical parameters of sediment 
samples were analyzed to determine vertical 
variations in sediment texture, sediment color, 
organic carbon (C-organic) content, oxidation-
reduction potential (ORP), pH, and salinity along 
the sediment core. Grain size of the sediment was 
determined using the dry sieving method and clas-
sified according to the Wentworth scale (1922), 
categorizing sediment into sand (2–0.063 mm), 
silt (0.063–0.0039 mm), and clay (< 0.0039 mm) 
(Figure 3a). Sediment color was visually assessed 

before core sectioning and qualitatively described 
based on observable vertical color transitions that 
guided the stratification of each core. Organic 
carbon content in the sediment was determined 
using the Walkley and Black method (Figure 
3b) (Okalebo et al., 2002). Sediment samples 
were dried, ground, and weighed (0.5 g), fol-
lowed by the addition of K₂Cr₂O₇ solution and 
concentrated H₂SO₄. The mixture was heated for 
30 minutes, cooled, diluted with distilled water, 
homogenized, and left to stand for approximately 
24 hours. Absorbance was then measured using 
a spectrophotometer at a wavelength of 561 nm. 
Sediment pH and oxidation–reduction potential 
(ORP) were measured using a EUTECH Instru-
ments PC 700 with a sediment-to-distilled water 
ratio of 1:5 (w/v) (Figure 3c). Salinity of the sedi-
ment was measured using a refractometer on a 1:5 
(w/v) suspension of sediment in distilled water, 
which was thoroughly shaken and left unfiltered 
before analysis (Behera et al., 2019; Das et al., 
2021; Semanti et al., 2021). 

Analysis of nutrient concentrations 

Total nitrogen (TN) was determined using 
the Kjeldahl method according to AOAC (2012; 
955.04). Sediment (0.1 g) was added with 

Figure 2. Field conditions at the three sampling stations, (a) NL Station (b) NP Station, (c) NM Station

Figure 3. Analysis of sediment physicochemical parameters, (a) Grain size distribution,
(b) C-organic content analysis using the Walkley and Black method,

(c) Measurement of oxidation-reduction potential (ORP) and pH
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selenium and concentrated H₂SO₄, then heated 
until the solution turned transparent green. Af-
ter that, distilled water and 40% NaOH solu-
tion were added, followed by distillation. The 
distillate was collected in 2% boric acid solu-
tion and subsequently titrated with standard 
HCl (Figure 4a). Total phosphorus (TP) was 
analyzed using a spectrophotometric method 
adapted from Sudjadi et al. (1971). Sediment 
(2 g) was extracted with 25% HCl by shaking 
for 5 hours, followed by overnight incubation. 
The clear filtrate was diluted, reacted with a 
phosphorus color reagent, and incubated for 30 
minutes. Absorbance was measured at 693 nm 
using a UV-Vis spectrophotometer (Figure 4b). 

Inorganic nutrients, including ammonium 
(NH4

+), nitrite (NO2
-), nitrate (NO3

-), and phos-
phate (PO4

3-), were initially extracted using a 2 
M KCl solution, followed by 5 hours of shak-
ing and overnight settling before filtration and 
analysis (Thanh et al., 2016; Wang et al., 2016; 
Semanti et al., 2021). Ammonium (NH4

+) con-
centrations were determined using a modified 
APHA (2023; 4500-NH3) method. The 25 ml fil-
trate was reacted with EDTA, sodium nitroprus-
side, phenolate solution (a mixture of NaOH and 
phenol), and an oxidizing reagent composed of 
alkaline citrate and hypochlorite. After incuba-
tion for approximately one hour, absorbance was 
measured at 640 nm (Figure 5a). Results were 
expressed as NH4

+, as calibration was conducted 
using ammonium standards. Nitrite (NO2

-) was 
analyzed following the AOAC (2006; 973.31) 
method by reacting the 50 ml filtrate with sul-
fanilamide and N-(1-naphthyl)ethylenediamine, 
followed by spectrophotometric measurement 
at 543 nm (Figure 5b). Nitrate (NO3

-) determi-
nation followed the EPA 352.1 method. The 5 
ml filtrate was acidified with H2SO4, reacted 
with NaCl and brucine–sulfanilic reagent, then 

heated at 90 °C for one hour before absorbance 
was measured at 410 nm (Figure 5c). Phosphate 
(PO4

3-) analysis followed the APHA (2023; 
4500-P) method, in which the 2 ml filtrate was 
reacted with a color reagent containing ascorbic 
acid. After a 30-minute incubation, absorbance 
was measured at 693nm (Figure 5d). All nutri-
ent concentrations were measured using a UV-
Vis spectrophotometer, with absorbance read-
ings taken at nutrient-specific wavelengths as 
indicated.

Statistical analysis

Sediment physicochemical and nutrient data 
were visualized using OriginPro. The distribution 
patterns among stations and the contribution of 
each parameter in different sedimentary environ-
ments were analyzed using principal component 
analysis (PCA) with XLStat software version 
2019.2.2. This multivariate analysis was to corre-
late among variables and to identify the dominant 
parameters characterizing each station.

RESULT AND DISCUSSION

Mangrove stand structure

The ecological characteristics of man-
groves between stations show differences in 
those observed locations (Table 1). Station NL 
is dominated by Rhizophora stylosa with tree 
and sapling densities of 36 stands/100 m² and 
46 stands/100 m², respectively. These values 
are considerably higher than those observed in 
the other locations, such as Middleburg-Miossu 
Island (11 stands/100 m² and 16 stands/100 m²) 
(Nurdiansah and Dharmawan, 2021) and Pa-
daidori Island, Padaido Islands (6 stands/100 
m² and 15 stands/100 m²) (Siahaan et al., 2022). 

Figure 4. Nutrient analysis procedures in sediment samples, (a) Total nitrogen, (b) Total phosphorus 
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The average stem diameter (6.20 cm) in NL 
Station was relatively small compared to those 
of NP, indicating the influence of high stand 
density, leading to light and nutrients competi-
tion, which may constrain radial growth (Xiong 
et al., 2019). The average stand height of 8.55 
m reflects a vertical growth strategy to opti-
mize light capture in densely vegetated condi-
tions (Mustika et al., 2014; Dharmawan et al., 
2020). The high canopy cover (80.36%) is con-
sistent with the dense stand structure and the 
typical conical crown form of Rhizophora spe-
cies (Dharmawan, 2020; Ernawati et al., 2024). 
Furthermore, the high proportion of saplings 

indicates active regeneration, supported by the 
viviparous reproductive strategy of Rhizophora 
(Wijaya et al., 2024).

Mangrove in the NP Station is dominated 
by Lumnitzera racemosa, with Excoecaria 
agallocha as a companion species. The tree 
and sapling densities are 22 stands/100 m² 
and 16 stands/100 m², respectively, consider-
ably higher than those in Middleburg-Miossu 
Island and Padaidori Island (Nurdiansah and 
Dharmawan, 2021; Siahaan et al., 2022), al-
though still lower compared to those in NL. 
This pattern aligns with the finding of Er-
nawati et al. (2024), suggesting that areas 

Figure 5. Laboratory procedures for inorganic nutrient analysis in sediment samples, with absorbance measured 
using a spectrophotometer at the respective wavelengths, (a) Ammonium (NH₄⁺), (b) Nitrite (NO₂⁻),

(c) Nitrate (NO₃⁻), and (d) Phosphate (PO₄³⁻)

Table 1. Structure of mangrove stands at the research stations

Parameter
Sampling site

NL NP NM

Dominance of mangrove Rhizophora stylosa Lumnitzera racemosa -

Number of spp.
2

Rhizophora stylosa
Rhizophora apiculata

2
Lumnitzera racemosa
Excoecaria agallocha

-

Tree density (stands/100 m2) 36 22 -

Sapling density (stands/100 m2) 46 16 -
Diameter (cm)

Mean
Min
Max

6.20
2.55

27.36

6.82
1.91

20.36

-
-
-

Canopy coverage (%) 80.36 74.89 -

Height (m) 8.55 6.41 -

Note: NL: mangrove Nusa Lembongan; NP: mangrove Nusa Penida; NM: non-mangrove Nusa Penida
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dominated by Rhizophora generally exhibit 
higher stand densities than those dominat-
ed by Lumnitzera, both at the tree category 
(2,040 ± 1,053 stands/ha vs. 900 ± 596 stands/
ha) and at the sapling category (2,880 ± 1,773 
stands/ha vs. 2,120 ± 502 stands/ha). The av-
erage diameter of stems in NP is slightly larg-
er (6.82 cm) than those in NL, indicating low 
competitive pressure between stands, thus al-
lowing for more optimal stem growth (Dhar-
mawan et al., 2020; Cuc and Hien, 2021). The 
average height of stands in NP is 6.41 m with 
a canopy cover of 74.89%, influenced by the 
horizontally spreading crown of Lumnitzera, 
which contributes to broader lateral coverage 
despite lower vertical growth and stand den-
sity (Ernawati et al., 2024). 

No mangrove vegetation in Station NM was 
observed, and it was deliberately chosen for 
comparison purposes. This sandy-beach area 
probably receives less organic matter input 
from litterfall or roots. Therefore, the physico-
chemical characteristics of the sediment tend 
to be influenced by abiotic factors rather than 
biotic processes, such as decomposition, and 
are discussed.

Vertical profile of sedimentary 
physicochemical parameters

Physicochemical parameter data, includ-
ing proportions of sand, silt, and clay fractions, 
pH, salinity, ORP, and C-organic per station and 
depth, are presented in Table 2. Being dominated 
by dense and complex root systems of Rhizopho-
ra species, the NL Station exhibits low hydrody-
namic energy, facilitating the efficiency of trap-
ping fine particles and litter (Syahminan, 2015; 
Kusuma et al., 2022; Yuniar et al., 2023). Al-
though the sand fraction remains predominantly 
(59.21–65.29%), the composition of silt (21.03–
25.02%) and clay (13.68–15.76%) are higher 
than those of NP and NM Stations (Figure 6a). 
The decrease in the vertical profile of sand frac-
tion and a concurrent increase in finer particles 
with depth reflects the increased deposition of 
fine fraction that may be caused by entrapment 
of mangrove root systems. At the NP Station, 
the sediment profile is predominantly composed 
of sand (76.68–80.27%), higher than those ob-
served in the NL Station, and lower proportions 
of silt (12.84–14.96%) and clay (6.89–8.36%) 
(Figure 6c). These sediment characteristics are 
possibly related to the relatively sparse mangrove 

Table 2. Comparative physicochemical parameters of sediments at the research stations

Station Depth 
(cm)

Physical parameters Chemical parameters

Grain size (%)
pH ORP (mV) Salinity (ppt) C-organic 

(%)Sand Silt Clay

NL

0–5 65.29 21.03 13.68 6.28 -3.2 25 2.73

10–15 63.62 21.92 14.46 6.20 -3.7 25 2.63

20–25 62.08 23.36 14.56 6.18 -12.4 26 2.67

30–35 60.56 23.74 15.70 6.18 -28.4 25 2.68

35–40 60.23 24.16 15.61 6.14 -33.6 26 2.55

45–50 59.21 25.02 15.76 6.04 -37.2 27 2.17

NP

0–5 80.27 12.84 6.89 6.15 -53.6 16 0.94

5–10 79.46 13.78 6.76 6.13 -76.9 17 0.72

10–15 78.56 13.07 8.36 6.11 -86.9 17 0.69

15–20 78.13 13.63 8.24 5.98 -114.9 18 0.50

25–30 77.32 14.69 7.99 6.05 -112.6 19 0.48

40–45 76.68 14.96 8.36 5.72 -137.1 20 0.41

NM

0–5 98.79 0.39 0.82 8.86 32.5 30 0.09

5–10 98.05 0.60 1.35 8.74 30.5 29 0.11

10–15 97.73 0.96 1.31 8.64 16.3 30 0.17

15–20 97.54 0.89 1.57 8.40 7.5 31 0.15

25–30 97.03 1.36 1.61 8.48 -14.8 33 0.16

40–45 95.87 2.27 1.87 8.12 -26.8 33 0.10

Note: NL: mangrove Nusa Lembongan; NP: mangrove Nusa Penida; NM: non-mangrove Nusa Penida.
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density. This zone is characterised by Lumnitzera 
vegetation, which lacks pneumatophores and ex-
hibits a simpler root structure, reducing its ef-
fectiveness in trapping fine sediments and litter 
(Costa et al., 2019; Wulandari et al., 2024). The 
NM Station has no mangrove cover, and the sedi-
ment characteristics typical of an unvegetated 
coastal area are overwhelmingly dominated by 
sand fractions, ranging from 95.87% to 98.79%, 
with a slight decrease in the fine fraction in the 
very recent deposition (Figure 6e). Water distur-
bances efficiently mobilize fine materials in this 
area, and hence develop a macro-textured and 
highly porous sediment structure (Dewi, 2020). 
In addition, this composition aligns with the geo-
logical characteristics of Nusa Penida, in which 

carbonate rocks and biogenic sediments are the 
structure (Astjario, 2008). 

The effect of mangrove habitat is probably 
crucial for organic matter deposition, as shown 
in Figure 7a. The highest C-organic content, 
ranging from 2.17% to 2.73% is found in the 
NL Station. The high stand density and canopy 
cover, producing detritus and the development 
of benthic microalgae, are probably responsible 
for enhancing organic matter deposition (Chow-
dhury et al., 2019). However, the NP Station, 
located in the backshore and away from tidal 
influence, resulting in limited periodic flooding 
and reduced supply of fine sediments from the 
sea (Cinco-Castro et al., 2022), is characterized 
by the low accumulation of C-organic contents 

Figure 6. Vertical profile of physical characteristics at the sediment core, (a) Grain size of NL Station,
(b) Sediment color of NL Station, (c) Grain size of NP Station, (d) Sediment color of NP Station,

(e) Grain size of NM Station, (f) Sediment color of NM Station
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ranging from 0.41% to 0.94%. This occurrence 
is consistent with the lower litterfall and organ-
ic matter input typically found in Lumnitzera 
dominated mangrove forests compared to those 
dominated by Rhizophora, leading to a cor-
respondingly lower organic carbon content in 
sediments under Lumnitzera stands (Ernawati et 
al., 2024). This may explain the lower C-organic 
input compared to those observed in the NL Sta-
tion, regardless of the increase in organic inputs, 
which is still observed in recent sediment of the 
NP Station. The lowest input of organic detri-
tus contributes to the extremely low C-organic 
content in the NM Station, ranging from 0.09% 
to 0.17% in which no vegetation and a sandy 
beach is a type of area. Overall, the limited or-
ganic matter input and high sediment porosity 
promote rapid leaching and prevent organic mat-
ter accumulation, resulting in consistently low 
C-organic levels throughout the sediment col-
umn (Castro - Rodríguez et al., 2018; Perera and 
Amarasinghe, 2019; Matos et al., 2020).

The extent to which the organic content is 
available in the sediment can drive the sedimen-
tary-chemical modification. Decomposition of C-
organic accumulation may consume oxygen, and 
its depletion contributes to anaerobic conditions 
in the sediment (Noël et al., 2014; Kristensen et 
al., 2017; Castro – Rodríguez et al., 2018). The 
negative of ORP indicates an anaerobic/reducing 
condition within sediment, and most of the ORP 
profiles show a gradual increase from the older 
layer towards the surface layer. This suggests that 
decomposition occurred in some periods in the old 
sediment compared to the new deposition surface 
layer. In addition, the negative of ORP is prob-
ably due to more intensive degradation of organic 
matter. Oxygen is progressively consumed as the 
primary electron acceptor during organic matter 
decomposition with increasing depth, leading 
to more reducing conditions in the deeper layer. 
This decline is not solely driven by microbial ac-
tivity, but also associated with limited oxygen dif-
fusion into deeper sediment, as the fine-grained 
sediment is increasingly compacted (Noël et al., 
2014; Alongi, 2020). The anaerobic decompo-
sition processes further generate reduced com-
pounds such as sulfides, which react with metals 
to form iron sulfide (FeS) (Castro - Rodríguez et 
al., 2018; Rohmawati, 2019), leading to a visual 
transition in sediment color from dark brown (0–
32 cm) to blackish at depths greater than 32 cm 
in NL Station (Figure 6b). In contrast, NP Station 

displays a more homogeneous brown coloration 
throughout the profile, indicating a lower degree 
of organic matter degradation than NL (Figure 
6d). Meanwhile, NM Station shows a distinct 
two-layered color pattern, with a cream tone at 
the surface (0–14 cm), indicating carbonate sand 
dominance and marine biota remnants, transition-
ing to black at deeper layers (14–50 cm) (Figure 
6f), due to the weathering of volcanic rocks or the 
accumulation of heavy minerals such as magne-
tite and ilmenite, rather than due to the decompo-
sition of organic matter such as mangrove sedi-
ments (Noviadi and Setiady, 2020).

The ORP values in the NP Station are appar-
ently most negative (−53.6 to −137.1 mV) com-
pared to the others (i.e., −3.2 to −37.2 mV in NL 
Station and 32.5 mV to −26.8 mV in NM Station) 
(Figure 7b). However, the highest organic content 
occurs in the NL Station. The type of deposited 
organic matter and oxygen supply is responsible 
for this inconsistency, and more degradable mate-
rial in the NP sediment is possibly available com-
pared to that observed in the NL area. The high 
ORP in the NM Station is clearly due to minimum 
organic matter input because of the unvegetated 
area (Table 1). Noël et al. (2014) similarly report-
ed that unvegetated area (350 to 87 mV) exhibit 
more oxidative than Avicennia (150 to −110 mV) 
and Rhizophora (250 to −50 mV), all showing de-
creasing ORP with depth. It is necessary to note 
that the ORP profile shifting from negative to 
positive indicates a possible change of environ-
mental deposition to be more inorganic input. The 
decomposition of organic matter can also release 
H+ ions, reducing the sediment pH (Taylor et al., 
2015; Rahman et al., 2021). The profiles of pH in 
this study area apparently support the phenom-
ena, indicating that the low pH is characterized in 
both NL (pH 6.04 to 6.28) and NP (pH 5.72 to 
6.15) Stations compared to the NM Station (pH 
8.12 to 8.86) (Figure 7c). This pattern is further 
supported by Noël et al. (2014), that unvegetat-
ed area have relatively high pH values (7.6–6.8), 
whereas mangrove zones dominated by Avicennia 
and Rhizophora exhibit lower pH levels, namely 
6.5–7 and 5–6, respectively. In addition, the salin-
ity profile in which the salinity is more saline suc-
cessively from NP (16–20 ppt), NL (25–27 ppt) 
towards NM stations (29–33 ppt) is apparently 
more convincing that the occurrence of diffusion 
is more readily in the sandy beach of NM Station 
(Figure 7d). It is crucial to diffuse and transport 
oxygen and buffer capacity within sediments, and 
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consequently influence the geochemical profile of 
the sediments (Singh and Rangarajan, 2023). The 
lower salinity in Lumnitzera dominated zones is 
also attributable to their location in the landward 
mangrove zone, in contrast to Rhizophora domi-
nated zones typically situated in the middle man-
grove zone, closer to marine influence. This find-
ing aligns with Ernawati et al. (2024), reporting 
that mangrove zones dominated by Lumnitzera 
exhibit lower salinity levels (± 20.8 ppt) compared 
to zones dominated by Rhizophora (± 29.4 ppt). 

Vertical profile of nutrient concentration

The vertical distribution of nutrients (nitrogen 
and phosphorus) in particular NL and NP Stations 
generally exhibits an increasing profile from deep-
er layers towards the surface layer (Table 3; Figure 
8). Most nitrogen concentrations (total nitrogen 
and species) appear to correlate with the presence 
of dense mangrove stands and organic matter; i.e., 
the highest in NL Station and the lowest in NM 
Station. Therefore, concentrations of nitrogen are 
probably derived from the decomposition of or-
ganic matter, regardless of other sources such as 
anthropogenic. The microbial decomposition of 

organic matter trapped by mangrove roots releas-
es ammonium (NH4

+), which is subsequently con-
verted through geochemical processes into nitrite 
(NO₂⁻) and subsequently nitrate (NO3

-), as impor-
tant steps in the nitrogen cycle (Ray et al., 2014). 
The highest concentration of ammonium (NH4

+) 
compared to its counterparts (NO2

- and NO3
-) in 

these sites indicates insufficient oxygen availabil-
ity (as shown by negative ORP in the sediment) to 
proceed completely these nitrification. 

In NL Station, total nitrogen (TN) exhibits a 
pronounced upward trend, increasing from 0.32% 
in the deepest layer (45–50 cm) to 0.47% at the 
surface layer (0–5 cm). A similar upward trend 
is observed at NP Station from 0.10% to 0.23%. 
In contrast, TN concentrations at NM Station re-
main relatively stable, fluctuating only slightly 
between 0.05% and 0.08%, with the highest val-
ue recorded at 5–10 cm, indicating minimal tem-
poral variation in organic matter deposition. For 
ammonium (NH₄⁺), concentrations at NL Station 
increase from 20.87 mg/kg (45–50 cm) to 32.8 
mg/kg (0–5 cm), while NO₂⁻ and NO₃⁻ also in-
crease from 0.07 mg/kg to 0.25 mg/kg and from 
1.10 mg/kg to 1.60 mg/kg, respectively. A simi-
lar pattern is evident at NP Station, with NH₄⁺ 

Figure 7. Vertical profile of physicochemical parameters of the sediment core, (a) C-organic, (b) ORP,
(c) pH, (d) Salinity
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increasing from 4.59 mg/kg in the deeper layer 
to 13.38 mg/kg at the surface, NO₂⁻ increasing 
from 0.09 mg/kg to 0.21 mg/kg, and NO₃⁻ from 
0.21 mg/kg to 0.60 mg/kg. In these two stations, 
the profiles of NO₂⁻ and NO₃⁻ show significant 
increases toward the surface layer. This aligns 
with previous studies indicating that ammonium 
(NH₄⁺) concentrations are 4–18 times higher than 
NO₂⁻ and NO₃⁻ in mangrove environments (Ray 
et al., 2014; Semanti et al., 2021). At NM Sta-
tion, ammonium still dominates among nitrogen 
species, but at much lower concentrations. NH₄⁺ 
increases from 1.98 mg/kg in the deeper layer 
to 3.85 mg/kg at 10–15 cm. NO₂⁻ also increases 
from 0.02 mg/kg to 0.08 mg/kg (5–10 cm), and 
NO₃⁻ from 0.08 mg/kg to 0.22 mg/kg (10–15 cm). 
However, the peak concentrations of these nitro-
gen species occur in the middle layers rather than 
at the surface, suggesting limited mangrove litter 
input and poor nutrient retention due to the sandy, 
highly porous substrate (Ray et al., 2014; Castro-
Rodríguez et al., 2018; Matos et al., 2020). This 
pattern is consistent with Zhang et al. (2018), re-
porting that nitrogen and its species tend to in-
crease from deeper layers to the surface due to 
higher fresh organic matter inputs and intensified 
biological activity in upper sediments.

During microbial decomposition of the de-
posited organic material, phosphate is also re-
leased in addition to its contributions from an-
thropogenic sources. The concentrations gradu-
ally increase from the deeper layer to the more 
recent deposition, for instance, from 1.10 mg/
kg to 1.60 mg/kg and 0.37 mg/kg to 0.73 mg/kg 
in the NL and NP Stations, respectively. How-
ever, it is relatively unchanged in NM, ranging 
from 0.26 to mg/kg to 0.31 mg/kg (5–10 cm). 
The profile of phosphate concentrations is also 
similar to those observed in organic material 
and nitrogen. This is also probably related to 
the extent to which the deposited organic ma-
terial is remineralized. Similarly, at the NM 
Station, total phosphorus (TP) increases from 
0.001% in the deepest layer and reaches its 
highest concentration (0.004%) at a depth of 
10–15 cm, with a distribution pattern that tends 
to be fluctuating. In comparison, NL Station 
exhibits a higher range, from 0.010% at 45–50 
cm to 0.015% at the surface (0-5 cm), while 
NP Station shows intermediate values, increas-
ing from 0.002% in the deepest layer to a peak 
of 0.006%. This vertical pattern aligns with the 
distribution of organic matter, where higher 
TP and phosphate concentrations are linked to 

Table 3. Comparative nutrient concentration of sediments at the research stations

Station Depth 
(cm)

Nutrient concentration

NH4
+ (mg/kg) NO2

- (mg/kg) NO3
- (mg/kg) Total nitrogen (%) PO4

3- (mg/
kg)

Total phosphorus 
(%)

NL

0–5 32.80 0.25 1.60 0.47 1.60 0.015

10–15 29.12 0.20 1.43 0.41 1.53 0.014

20–25 26.72 0.14 1.31 0.43 1.55 0.015

30–35 26.98 0.17 1.35 0.40 1.49 0.011

35–40 24.85 0.10 1.27 0.37 1.21 0.014

45–50 20.87 0.07 1.10 0.32 1.10 0.010

NP

0–5 13.38 0.21 0.60 0.23 0.73 0.004

5–10 10.62 0.19 0.52 0.16 0.64 0.006

10–15 7.64 0.20 0.42 0.14 0.61 0.005

15–20 8.77 0.17 0.29 0.12 0.57 0.004

25–30 6.46 0.16 0.34 0.12 0.43 0.004

40–45 4.59 0.09 0.21 0.10 0.37 0.002

NM

0–5 3.02 0.05 0.15 0.05 0.27 0.001

5–10 3.32 0.08 0.19 0.08 0.31 0.002

10–15 3.85 0.07 0.22 0.07 0.29 0.004

15–20 2.95 0.05 0.20 0.05 0.27 0.002

25–30 2.46 0.04 0.14 0.06 0.28 0.001

40–45 1.98 0.02 0.08 0.05 0.26 0.001

Note: NL: mangrove Nusa Lembongan; NP: mangrove Nusa Penida; NM: non-mangrove Nusa Penida.
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mangrove litter input and finer sediments in NL 
and NP, whereas NM exhibits minimal TP and 
phosphate due to sandy texture and limited or-
ganic contributions. In addition to remineralisa-
tion of organic matter, the contribution of phos-
phate concentrations may derive from mineral 
rocks weathered through reduction processes of 
Fe3+ to Fe2+ in anoxic conditions that lead to 
phosphates into pore water (Singh et al., 2015; 
Perera et al., 2024). The upward increase in TP 
concentrations is likely attributable to the ac-
cumulation of fresh litter, enhanced microbial 
activity in the upper layers, and greater phos-
phate retention in fine sediments. Similar verti-
cal patterns have been reported by Matos et al. 
(2020) and Perez et al. (2020).

Relationship between sediment 
physicochemical characteristics 		
and nutrient concentration

Principal component analysis (PCA) of phys-
icochemical and nutrient parameters resulted in 
two main axes (F1 and F2) that cumulatively ex-
plain 93.72% of the total variation in the data, 
with 73.38% (F1) and 20.34% (F2), respectively 
(Figure 9). NL Station is characterized by a high 
C-organic content, elevated nutrient concen-
trations, and a predominance of fine sediment 
fractions (silt and clay) throughout the verti-
cal profile. In contrast, NM Station exhibits the 
dominance of sand fractions and high pH levels. 
No indication of the measured parameters is pre-
dominant in the NP Station.

Figure 8. Vertical profile of nutrient concentration at the sediment core, (a) NH4
+, (b) NO2

-, (c) NO3
-,

(d) Total nitrogen, (e) PO4
3-, (f) Total phosphorus
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Differences in physical, chemical, and nutri-
ent profiles appear to illustrate the important role 
of biogeochemical sediment formation, and the 
existence of mangroves stimulates material accu-
mulation, clearly influencing that process. Man-
grove structures, with their strong and complex 
root systems, are able to reduce current velocity, 
and hence trapping and depositing fine particles 
and litter (Grallier et al., 2017; Kusuma et al., 
2022; Yuniar et al., 2023), as in the Nusa Lem-
bongan sediments (NL). This may not occur in 
non-mangrove areas in which coarser particles 
(sand) are more abundant because the absence of 
root structures prevents the natural mechanism 
from the deposition of fine particles (Fernandes et 
al., 2016). Differences in grain size composition 
will further affect porewater circulation and sub-
stance diffusion, including dissolved oxygen and 
salinity. The supplies of oxygen and salinity from 
overlaying water into the sandy sediment layer 
(NM) will diffuse compared to those observed in 
the fine sediment (NL).

The decomposition of organic matter in man-
grove areas primarily determines the chemical 
characteristics of the sediment. Decomposition 
of sedimentary organic matter consumes oxy-
gen and produces nutrients such as NH4

+, NO2
-, 

NO3
-, TN, PO4

3-, and TP. C-organic serves as an 
energy source for microorganisms, stimulating 

biogeochemical processes such as mineraliza-
tion, ammonification, and nitrification in sedi-
ment (Srisunont et al., 2017; Aprilia et al., 2020). 
Limited water circulation and excessive oxygen 
consumption in fine sediment (NL Station) create 
a more anaerobic environment, indicated by the 
negative ORP parameter. The predominance of 
fine fractions increases the sediment adsorption 
capacity, allowing longer nutrient retention and 
reducing leaching losses (Aprilia et al. 2020; Ma-
tos et al. 2020), but reduces oxygen penetration 
from water overlaying sediment. In contrast, the 
dominance of sand fractions with high porosity 
and permeability accelerates nutrient loss through 
leaching (Castro-Rodríguez et al., 2018; Matos et 
al., 2020; Tang et al., 2023). The decomposition of 
organic matter also produces CO2, leading to de-
creased pH in the sediment because of the distur-
bance of the buffer capacity within the sediment. 
The pH value in the NM Station is relatively high, 
reflecting alkaline conditions caused by low de-
composition activity and high seawater intrusion. 
Under these circumstances, the release of H⁺ ions 
as a result of decomposition is insignificant and 
may not be able to disturb the buffer system as ob-
served in organic-rich sediments (Noël et al. 2014; 
Ho et al. 2017; Rahman et al., 2021).

Differences in vegetation composition are 
important contribution to modifying physical 

Figure 9. PCA analysis results show clear differences in the physicochemical characteristics of the sediments
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and chemical characteristics, clearly shown in 
the observed sites. The NL and NM are examples 
of significantly opposite conditions (shown in 
Table1). The NP Station is apparently interme-
diate in characteristics, with sparse mangrove 
density dominated by Lumnitzera, which has a 
simpler root structure than Rhizophora (Costa et 
al., 2019; Wulandari et al., 2024). Therefore, the 
input of litter and the physical structure for re-
taining fine particles are limited, resulting in rel-
atively low organic matter and nutrient accumu-
lation within the sediment profile. The sediment 
texture, comprising a mixture of sand and fine 
fractions, further supports this transitional nature 
of NP Station between those NL and NM regard-
ing sedimentary and biogeochemical attributes. 
This sedimentary characteristic of NP Station in-
dicates the role of mangrove vegetation, which is 
not dominant but still has a limited influence on 
sediment dynamics compared to the denser veg-
etation observed in the NL.

The species of mangrove and the density 
of the stands are the main controlling factors in 
forming the spatial differences in sediment char-
acteristics by influencing litter input, root system 
complexity, and the ability to retain fine particles 
and organic matter. Layer distribution across all 
stations accentuates this pattern, demonstrating 
that the accumulation and dynamics of physico-
chemical parameters and nutrients are not only 
confined to the surface layer but also propagate to 
the deeper layers. The vertical gradients formed 
at each station reflect the long-term contribution 
of mangroves to sediment characteristics. Con-
versely, in non-mangrove areas, the limited input 
of organic matter weakens biogeochemical pro-
cesses, including the storage of nutrients within 
sediment. Although vertical distribution remains 
apparent, the pattern in non-mangrove areas 
tends to be more homogeneous and consistent-
ly has low nutrient content. Thus, the presence 
of mangroves strengthens the physical stability 
of sediments and supports long-term ecological 
functions in coastal areas.

CONCLUSIONS

The study met its objective of revealing the 
vertical profile of sediment physicochemical 
characteristics and nutrient distribution in the 
mangrove and non-mangrove areas. Mangrove 
vegetation plays a crucial role in establishing 

sediment characteristics and nutrient dynamics 
through litter input, root system complexity, and 
enhancement of fine particle retention. Species 
composition and stand density emerge as primary 
drivers of spatial variation, as evidenced by verti-
cal gradients that reflect sustained organic matter 
accumulation and biogeochemical modification. 
In contrast, non-mangrove areas exhibit lower nu-
trient content and limited vertical differentiation, 
emphasizing the role of mangrove vegetation as 
a major regulator of nutrient retention in isolated 
coastal environments. This study provides em-
pirical evidence that in small-island mangrove 
ecosystems without major riverine inputs, nutri-
ent accumulation and stratification processes can 
still occur similarly to those in large estuarine or 
mainland ecosystems. Thus, the research fills a 
knowledge gap on sediment dynamics in small-
island mangroves and offers opportunities for ap-
plying vegetation-based restoration conservation 
strategies to maintain nutrient stocks and enhance 
the resilience of coastal ecosystems to environ-
mental changes, supporting the long-term resil-
ience and functionality of coastal ecosystems.
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