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Abstract. Sulistiyowati H, Setiawan R, Siddiq AM, Wimbaningrum R, Afriyanto M, Hasanah EA, Mulyadi BP, Baraas A. 2025. 
Ecological insights post-restoration from two decades of mangrove forest succession in Pangpang Bay, East Java, Indonesia. 
Biodiversitas 26: 2299-2308. The Mangrove Pangpang Bay (MPB) in Banyuwangi District, East Java, Indonesia, has suffered 
significant degradation from anthropogenic pressures. A restoration project was launched in the late 1990s, and between 2000 and 2003, 
approximately 300,000 trees were planted across 70 ha. However, 22 years later, little is known about the structural and functional 
dynamics of the mangrove forest's succession. This study assesses the structural complexity, ecological functionality, and environmental 
resilience of the restored mangrove forest in MPB. Tree vegetation data were collected using 10x10 m² plots, and functional data were 
obtained through a semi-destructive method. Secondary data on species conservation status and geographic distribution were sourced 
from the IUCN Red List, while abiotic factors, including temperature, pH, and salinity, characterized environmental conditions. The 

MPB comprises 11 mangrove species from 5 families and 7 genera, dominated by Rhizophora mucronata and Sonneratia alba. Abiotic 
conditions, salinity (31.85%), soil pH (7.96), and temperature (29.89℃) are favorable for mangrove growth, particularly for the 
Rhizophora. The Shannon-Wiener Diversity Index (H') was low (0.98), indicating secondary succession influenced by human-led 
planting. Mangrove tree density averaged 3,719 trees/ha, with 1,392 seedlings/ha, and vegetation volume was 18,556.10 m3/ha. The 
estimated carbon stock was 104.58 Mg C/ha, equating to 383.49 Mg CO2/ha and 277.42 Mg O2/ha. Salinity correlated positively with 
carbon stock and tree volume, while pH, temperature, and diversity showed negative correlations, indicating potential trade-offs in 
shaping the restored ecosystem of MPB. Additionally, the total biodiversity value of MPB was calculated to be 9,733,952,191.99 IDR 
per hectare. 
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INTRODUCTION 

The Mangrove Pangpang Bay (MPB), located in the 
Muncar Sub-district of Banyuwangi District, East Java, 

Indonesia, has been designated as an Essential Ecosystem 

Area (Rodiana et al. 2019). The MPB area covered 

approximately 207.5 hectares in 1989, which increased to 

282.8 hectares by 2011 (Raharja et al. 2014). Mangrove 

forests play an important role as a natural green belt, 

protecting coastlines from erosion (Getzner and Islam 

2020). Furthermore, this ecosystem served as a nursery and 

feeding ground for numerous marine species (Juan et al. 

2022). In this case, the mangrove forest of MPB provides 

crucial habitat for several gastropod species (Setiawan et 
al. 2021, et al. 2024), fish (Rofiqoh et al. 2020), primate 

(Siddiq et al. 2022), and bird communities (Siddiq et al. 

2023, et al. 2024). 

The MPB experienced significant degradation due to 

anthropogenic pressures, leading local or international 

stakeholders to launch a large-scale restoration project in 

the late 1990s. Rodiana et.al. (2019) reported that the 

Banyuwangi District Fisheries and Maritime Service 

started mangrove (mostly Rhizophora sp.) planting 

activities in 2000 covering an area of 5 ha and in 2001 

covering an area of 30 ha with a total of 150,000 trees in 
the MPB. This was followed in 2002 by an area of 10 ha, 

featuring 50,000 trees, and in 2003 by an area of 30 ha, 

encompassing 100,000 trees. Recently, 22 years after these 

efforts began, it is crucial to assess the ecological value of 

the MPB succession. The structural complexity (species 

composition, density, and diversity), ecological 

functionality (carbon stock and sequestration), and 

environmental resilience (temperature, pH, and salinity) are 

ecological value indicators that provide a comprehensive 

framework for assessing MPB succession (Sulistiyowati 

and Buot 2013, 2016).  
Mangrove diversity, density, and composition all reveal 

the structural intricacy of the succession. Mangrove species 

diversity is a crucial indicator of ecological recovery 

(Barnuevo et al. 2017; Bai et al. 2021; Pimple et al. 2022). 

High diversity suggests that a restored area supports a wide 

range of life forms, reflecting improved habitat quality. The 

mangrove density, as revealed by Marasabessy et al. 

(2021), can provide information on the abundance and 

growth potential of mangroves in an area. Higher densities 

often provide greater root coverage, which can enhance silt 
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trapping, coastal protection, and habitat for marine life. On 

the other hand, low densities may indicate poor survival 

rates or a lack of regeneration. The species composition is 

important in mangrove restoration because it indicates how 

effectively the ecosystem is moving toward a reference or 

natural condition. Other mangrove species outside of 

Rhizophora may begin to establish themselves after 22 

years of planting. 

The survival of mangroves depends on their ecological 

functions during succession. The mangrove's ability to 
sequester carbon in both above- and below-ground biomass 

is one of their most significant ecological roles (Wylie et 

al. 2016; Himes-Cornell et al. 2018). This ecosystem plays 

a role in mitigating the greenhouse gas effect by 

sequestering carbon dioxide through natural processes (Zhu 

and Yan 2022). An indication of long-term ecological 

function is the buildup of carbon in the mangrove as 

biomass. Carbon stocks should rise as the mangroves 

expand and the ecosystem stabilizes over time, indicating 

that the ecosystem is actively regulating the climate 

through carbon storage (Wang and Yan 2022). In the face 
of environmental changes such as rising sea levels, climate 

change, or increased pollution, environmental resilience 

ensures the long-term viability of the mangrove ecosystem. 

Mangrove forest adaptation to environmental factors such 

as temperature, pH, and salinity is essential for 

understanding its resilience and long-term sustainability. It 

helps in evaluating how well the forest is recovering and 

adapting to external conditions (Xu et al. 2020). Therefore, 

based on the mangrove forest's structural complexity, 

ecological functionality, and environmental resilience, the 

study aimed to evaluate the ecological value of the 25-year 

mangrove forest succession in Mangrove Pangpang Bay 

(MPB) following restoration. 

MATERIALS AND METHODS 

Study area 

This study was conducted in May 2023 at the MPB, 

located in the Banyuwangi area of Indonesia. The research 

area was systematically studied using 31 plots that were 

randomly distributed across five different sites: site 1 

(8°27'10.42"S, 114°21'3.27"E), site 2 (8°28'26.32"S, 

114°21'35.58"E), site 3 (8°29'41.27"S, 114°21'36.69"E), 
site 4 (8°30'10.07"S, 114°21'32.13"E), and site 5 

(8°30'37.05"S, 114°21'27.97"E) (Figure 1). This strategic 

placement ensured that data collection covered a broad 

representation of the area's ecological conditions. These 

five sites were selected based on specific criteria, likely 

considering their ecological significance, accessibility, and 

potential to represent the regional species diversity. This 

strategic placement ensured that data collection covered a 

broad representation of the area's ecological conditions. 

These five sites were selected based on specific criteria, 

likely considering their ecological significance, 
accessibility, and potential to represent the regional species 

diversity. The plots provided a structured framework for 

sampling and observation, allowing researchers to 

systematically analyze the area's mangrove structure, 

function, and environmental characteristics being 

investigated. Figure 1 likely provides a visual map or 

spatial representation of the study area, helping to 

contextualize the locations of the sites and their 

relationship to the broader geography of Pangpang Bay. 
 

 

 
 
Figure 1. Research site location at Pangpang Bay, Banyuwangi District, East Java, Indonesia. A. Site 1; B. Site 2; C. Site 3; D. Site 4; E. 
Site 5 
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Data sampling 

Data sampling was conducted using a combination of 

the transect and plot methods along the coastline to achieve 

a detailed understanding of mangrove forest structure while 

ensuring systematic and replicable sampling. Observations 

were made in 20x20 m² plots, with a 20-meter distance 

between adjacent plots. Within each plot, all trees with a 

Diameter at Breast Height (DBH) ≥5 cm were measured 

and recorded. The tree species of mangroves are identified 

using a guide by Noor et al. (2012), titled "Panduan 

Pengenalan Mangrove di Indonesia" or "A Guide to the 

Introduction of Mangroves in Indonesia". The conservation 

status and geographic distribution of all recorded tree 
species were referenced in the IUCN Red List of 

Threatened Species, following the classification by the 

International Union for Conservation of Nature (IUCN 

2024). Additionally, abiotic factors, including temperature, 

pH, and salinity, were measured to characterize the 

environmental conditions of the MPB at the time of 

sampling. These abiotic parameters were measured three 

times in each plot to ensure accuracy and reliability. 

Structure complexity analysis 

Next, to assess species composition in Pangpang Bay, 

data for all mangrove tree species were compiled and 
categorized by family, genus, and species. Tree species 

dominance was calculated using the method outlined by 

Barbour et al. (1998). The Importance Value Index (IVI), a 

measure of a species' ecological importance and 

dominance, was determined as the sum of its relative 

density, dominance, and frequency. Vegetation diversity 

was assessed using the Shannon-Wiener index using 

RStudio 4.3.6 (Oksanen 2016). The tree vegetation in MPB 

consists of a variety of unique species characterized by 

their geographic distribution (Gd), encounter rate (Fr), and 

conservation status (Cs). To assess these characteristics, the 

existence factor (Ef) equation proposed by Sulistiyowati 
and Buot (2016) was applied. The coverage or basal area of 

each tree species was calculated using the basal area 

formula described by Barbour et al. (1988), as shown 

below: 

BA = π(D2)/4(100)2 

Where, 
BA : Basal Area (m2) 

π : Constant (3.142) 

D : Diameter at breast height (cm) 

The total basal area of each species was determined by 

summing the basal areas of individual trees. Additionally, 

the total tree volume was estimated using a standard 

volume estimation method specifically designed for 
mangroves.  

Ecological functionality analysis 

Carbon storage, carbon sequestration, and oxygen 

production were estimated as functional values of tree 

vegetation. Allometric equations from Komiyama et al. 

(2005) and et al. (2008) were used to estimate above-

ground and below-ground biomass for various mangrove 

species: 

AGBest = 0.251 (ρD) 2.46 

BGBest = 0.199 ρ0.899 D2.22 

Where, 

AGB : Above-Ground Biomass (kg) 

BGB : Below-Ground Biomass (kg) 

ρ : Wood density (g/m3), and D is DBH (cm) 

 

The wood density (ρ) of each mangrove species was 

determined using values reported by Komiyama et al. 

(2005). For species not listed in their study, wood density 
data were sourced from the Global Wood Density Database 

by Zanne et al. (2012). Biomass was converted to carbon 

stock using a factor of 0.50, and carbon stock was 

subsequently converted to carbon sequestration using a 

factor of 3.667. Based on the photosynthesis equation, the 

release of 1 g of CO₂e corresponds to the production of 

0.727 g of O₂ into the atmosphere. 

Correlations between abiotic factors and structure-

function values  

Principal Component Analysis (PCA) was used to 

analyze the relationships among diversity, carbon stock, 
tree volume per species, and environmental factors, 

including salinity, pH, and temperature. Additionally, 

RStudio 4.3.6 (R Core Team 2021) was used to examine 

correlations between abiotic factors and structural and 

functional values using PCA. Differences were considered 

significant at α: 0.05. 

RESULTS AND DISCUSSION 

Structure complexity of Mangrove Pangpang Bay 

A total of 11 mangrove species belonging to 5 families 

and 7 genera were found in MPB (Table 1). Most of these 

species belong to the Rhizophoraceae family. In addition to 
the previously planted Rhizophora species (R. stylosa, R. 

apiculata, and R. mucronata), other mangrove species such 

as Avicennia, Sonneratia, Xylocarpus, Bruguiera, Ceriops, 

and Scyphiphora were observed (Table 1). These new 

species contribute to the biodiversity and ecological 

resilience of the mangrove ecosystem. The average abiotic 

conditions in MPB, including a salinity of 31.85%, a soil 

pH of 7.96, and a temperature of 29.89℃, are highly 

suitable for mangrove growth, particularly for planted 

Rhizophora populations. 

Among the mangrove species observed in the MPB, R. 

mucronata and S. alba were identified as the dominant and 
codominant populations, with the highest Important Value 

Index (IVI) recorded at 181.89% and 44.05%, respectively 

(Figure 2). These elevated IVI values can be attributed to 

their large basal area, high number of individuals, and wide 

distribution across their habitat. The dominance of R. 

mucronata was primarily due to its large number of 

individuals and total basal area, which measured 2,043.57 

m² from 2,748 stand trees per hectare. Similarly, S. alba, as 

the codominant population, had a basal area of 570.20 m², 

corresponding to 442 stand trees per hectare. 
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Table 1. Species composition of tree vegetation in Mangrove 
Pangpang Bay, Banyuwangi District, East Java, Indonesia 

 

Family Species 
IUCN Red List 

Status 

Acanthaceae  Avicennia marina  Least Concern 
Lythraceae  Sonneratia alba Least Concern 
 Sonneratia caseolaris  Least Concern 

Meliaceae Xylocarpus granatum  Least Concern 
Rhizophoraceae Bruguiera gymnorhiza  Least Concern 
 Bruguiera parviflora  Least Concern 
 Ceriops decandra Near Threatened 
 Ceriops tagal  Least Concern 
 Rhizophora apiculata  Least Concern 
 Rhizophora mucronata  Least Concern 
Rubiaceae Scyphiphora hydrophyllacea  Least Concern 

 
 
 

According to Cheng et al. (2018), dominant species 

significantly influence productivity and diversity by 

shaping and maintaining the community. This study's 

findings align with those of Kusmana and Azizah (2022) 
and Rahim et al. (2024), who also reported R. mucronata as 

the dominant species in their research areas, resulting in a 

high IVI. The dominance of the genus Rhizophora has been 

widely documented, attributed to its superior propagative 

ability and survivability (Uche et al. 2023). For example, 

Rhizophora dominance has been observed in North 

Minahasa, Sulawesi, Indonesia (Mandagi et al. 2024), and 

Kutai National Park, East Kalimantan, Indonesia (Edwin et 

al. 2021). These findings underscore the critical ecological 

role of R. mucronata in mangrove ecosystems. As noted by 

Guo et al. (2017), Rhizophoraceae is an important 

mangrove family characterized by highly developed 

morphological and physiological adaptations, which enable 

survival in harsh conditions.  

In contrast, the isolated population of B. parviflora 

exhibited a low basal area of only 0.96 m2 from three 

individuals. This result indicates that the area is more 

suitable for the growth and propagation of R. mucronata, 

while B. parviflora is less adapted. This disparity can be 

attributed to the higher salinity tolerance of R. mucronata, 

which is reported to be up to 55%, compared to the salinity 

tolerance of B. parviflora, which is limited to 20% (Noor et 
al. 2012). Additionally, new populations from surrounding 

ecosystems, such as B. gymnorhiza and S. hydrophyllacea, 

have successfully adapted to the environment, resulting in 

moderate IVI values, as shown in Figure 2. 

The low diversity of H' index (0.98) observed in MPB 

is predominantly attributed to the effects of secondary 

succession, driven by human-led planting initiatives. These 

restoration efforts often focus on a limited range of fast-

growing or commercially favorable species, particularly 

those from the Rhizophora genus, resulting in reduced 

species richness and evenness. Such practices inadvertently 
decrease overall species diversity. Natural mangrove 

ecosystems are characterized by a rich variety of species, 

which contributes to both the structural and functional 

complexity of the habitat (Janne et al. 2023). Therefore, 

when replanting initiatives prioritize a narrow range of 

species, such as Rhizophora spp., less dominant but 

ecologically significant species are excluded. This leads to 

a simplified ecosystem structure, as observed in this 

research area. Planted mangroves often exhibit dominance 

by one or two species, suppressing the growth of other 

potential colonizers due to competition for light, nutrients, 
and space.  

 

 

 

 
 
Figure 2. Important Value Index (IVI), Relative Frequency (RF), Relative Density (RD), and Relative Dominance (RDo) of mangrove 
vegetation 
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The encounter frequency, conservation status, and 

geographical distribution of each species were analyzed to 

determine its uniqueness level using the existence factor 

(Ef). Species with low encounter frequency levels, urgent 

conservation status (such as near threatened to 

endangered), and narrow geographical distribution were 

considered the most unique. The uniqueness level of 

mangrove trees in Pangpang Bay averaged 3 (three), 

indicating that the mangrove vegetation in this area is 

relatively unique (Figure 3). Among these, C. decandra 
demonstrated a significant contribution to its Cs level. This 

species is classified as near threatened on the IUCN Red 

List and is distributed exclusively in Asia. On the other 

hand, R. mucronata had an Ef value of 2 (two), indicating 

that it is less unique compared to other species due to its 

high encounter frequency. Despite this, the existence of R. 

mucronata is crucial to maintaining its population and 

ensuring the overall health of the habitat and other species 

within the ecosystem. As suggested by Yan et al. (2016), 

the growth of R. mucronata population not only impacts 

their population but also has broader consequences for the 
entire mangrove forest ecosystem. The notable 

characteristics of this species, including viviparous seeds, 

aerial roots, and stilt roots (Shamin-Shazwan et al. 2021), 

support its effective establishment in the environment, 

enhancing its ability to stabilize sediments and contribute 

to the overall resilience of the MPB. 

The structural value of mangrove vegetation can be 

effectively assessed through its volume, which serves as an 

indicator of biomass, carbon sequestration potential, and 

habitat complexity. As observed, the total volume of 

mangrove tree vegetation was 18,556.10 m3/ha. Among the 
species found, R. mucronata population contributed the 

largest volume (10,741.42 m³/ha) to the community, while 

the smallest volume was contributed by B. parviflora 

(15.53 m³/ha), as seen in Figure 4. Tree volume reflects the 

size and growth of individual mangrove trees, contributing 

to the overall structural integrity and ecological function of 

the ecosystem. Larger stem volumes are typically 

associated with older and more mature trees, which provide 

greater habitat complexity for fauna and higher ecosystem 

services. Forest functioning in the context of natural and 

anthropogenic changes is closely linked to large trees, as 

they play a critical role in many key ecological processes in 

global forests (Lutz et al. 2018; Arshad and Wang 2021). 

Additionally, variations in stem volume among different 

species can indicate the dominance of particular taxa, stand 

composition, and succession stage, offering insights into 

the ecosystem's health and management needs. 

Approximately 3,719 trees and 1,392 mangrove 
seedlings per hectare were observed at the site, 

representing 11 recruited species (Figure 5). As expected, 

the most abundant species was R. mucronata, which was 

planted in 2000. Most of the seedlings belonged to the 

Rhizophoraceae family. However, the results showed a low 

recruitment rate compared to achievements in other 

restoration projects. This density has not yet reached the 

typical mangrove forest recovery range, which is generally 

between 5,000 to 10,000 propagules or seedlings per 

hectare. This range is commonly used as a guideline in 

mangrove restoration projects to ensure adequate coverage 
and ecological functionality. 

Across all species, R. mucronata dominated with a 

recorded count of 2,748 individuals, accounting for most of 

the population (Figure 5). In contrast, B. parviflora had the 

lowest abundance, with only 3 individuals, reflecting its 

limited presence in the ecosystem. Other notable species, 

such as S. alba and R. apiculata, exhibited significant 

abundances of 442 and 216 individuals, respectively. The 

total basal area (BA) for all mangrove species was 

approximately 3,351 m2. Among the species, R. mucronata 

contributed the highest BA. At the same time, both B. 
parviflora and C. decandra had the lowest basal area, with 

only 1 m2 each, likely due to their smaller size or limited 

distribution. Notable contributions were also made by S. 

alba and R. apiculata with BAs of 570 m²/ha and 347 

m²/ha, respectively. The variety of tree basal area is a 

crucial indicator of structural attributes, reflecting the health 

and biomass distribution within a mangrove forest (Rouzbeh 

et al. 2020; Moncada et al. 2023).  
 

 

 
 

Figure 3. The uniqueness levels or existence factor (Ef) (1: not unique, 2: less unique, 3: quite unique, 4: unique, and 5: very unique) of 
mangrove vegetation based on the geographic distribution (Gd), encounter frequency (Fr), and conservation status (CS) 
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Figure 4. Total volume (m3/ha) of mangrove tree vegetation in Mangrove Pangpang Bay, Banyuwangi District, East Java, Indonesia 
 

 

 
 
Figure 5. Total abundance (individual) and basal area (m2/ha) of mangrove tree vegetation in Mangrove Pangpang Bay, Banyuwangi 
District, East Java, Indonesia 
 
 

The high abundance of R. mucronata indicates that this 

species is well-adapted to the environmental conditions of 

the study area. This adaptability could be attributed to 

factors such as greater tolerance to salinity, effective 

reproductive strategies, or competitive superiority. Its 

substantial BA highlights its role in contributing to the 

structural complexity of the MPB, which is essential for 

providing habitat and resources for various marine and 

terrestrial species. In contrast, the extremely low 

abundance, and BA of B. parviflora suggest challenges in 
its establishment within the MPB. This challenge may stem 

from specific microhabitat requirements, competition with 

dominant species, or vulnerability to environmental stressors.  

Ecological functionality of Mangrove Pangpang Bay 

The functional value of mangrove vegetation can be 

estimated by its ability to sequester CO2 through 

photosynthetic processes, resulting in the storage of carbon 

in its bodies and the production of oxygen. In the MPB, the 

estimated carbon stock of mangrove vegetation was 

approximately 104.58 Mg C/ha. As seen in Figure 6, this 

carbon stock was primarily composed of R. mucronata 

(42.37%, 44.31 Mg C/ha), followed by S. hydrophyllacea 

(22.86 Mg C /ha) and R. apiculata (17.89 Mg C /ha). These 

results indicate that carbon stock is influenced not only by 

the number of individual trees but also by the size of each 

tree stand. For example, S. hydrophyllacea contributed the 

second-highest carbon stock with only 17 individual trees, 

whereas R. mucronata contributed the most with 852 

individual trees. The ability of Rhizophora sp. to rapidly 

propagate and establish dense stands makes it the genus 
with the highest carbon stock in this ecosystem. This 

finding aligns with previous studies. Purnamasari et al. 

(2020) and Rijal et al. (2024) reported that Rhizophora sp. 

contributed significantly to carbon stocks in Alas Purwo 

National Park, with values of 34.73 Mg C/ha and 114.09 

Mg C/ha, respectively. Similarly, Asadi et al. (2019) found 

that Rhizophora sp. accounted for 96.3% of the carbon 

stock on Poteran Island, East Java, Indonesia. These 

findings highlight the importance of the Rhizophora sp. as 

a key species in mangrove ecosystems, with significant 

potential to store more carbon than the other species. 
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This study estimated the stock carbon resulting from 

CO2 sequestration by mangrove vegetation, which amounts 

to approximately 383.49 Mg CO2/ha. Among the species 

analyzed, R. mucronata demonstrated the highest CO2 

sequestration capacity (162.48 Mg CO2/ha), while B. 

parviflora had the lowest (0.1 Mg CO2/ha) (Figure 6). The 

CO2 sequestration capacity of Mangrove vegetation in 

MPB is lower than the estimate by Hapsari and Permatasari 

(2020) (571.68 Mg CO2/ha) in Pangpang Bay, Banyuwangi 

using Landsat-8 Imagery but higher than the estimate by 
Trissanti et al. (2020) (64,416.36 Mg CO2/ha) in Karawang 

Regency and by Safitri et al. 2024 in Santong Bay Mangrove 

Ecotourism Area Sumbawa Regency (76.52 Mg CO₂/ha). 

However, this value represents only 63.98% of the average 

CO2 sequestration capacity of mangroves on Java Island, 

which is 599.38 Mg CO2/ha (Maulana et al. 2020).  

The CO2 sequestration capacity of the MPB is expected 

to increase as the number and the size of mangrove stand 

trees grow, aided by the ongoing rehabilitation program, 

which is currently 22 years old. The presence of R. mucronata 

and R. apiculata in this research area indicates a high potential 
for carbon sequestration, given their significant carbon storage 

capacity. These species can also be propagated to enhance 

the mangrove population in the forest (Isnani and Masjud 

2024). Sugiana et al. (2024) studied the mangrove 

restoration in Benoa Bay, Bali, 30 years after its 

implementation, and reported that the restored mangrove 

could absorb up to 1.5 million metric tons of CO2. These 

findings suggest that the MPB still has significant potential 

to absorb more atmospheric CO2, provided that its 

mangrove vegetation remains undamaged and intact.  

The CO2 sequestration of MPB contributes significantly 
to reducing atmospheric CO2 levels, while its role in O2 

production amounts to approximately 277.42 Mg O2/ha. 

This level of O2 production surpasses that of mangrove 

vegetation in Central Kalimantan, which produces 121.88 

Mg O2/ha (Junaedi et al. 2020), community forests in 

Central Kalimantan at 88.01 Mg O2/ha (Junaedi et al. 

2024), and urban forests in Palangka Raya City at 49.84 

Mg O2/ha (Ludang et al. 2016). The highest oxygen 

production was contributed by R. mucronata at 117.54 Mg 

O2/ha, followed by S. hydrophyllacea, R. apiculata, R. 

apiculata, and S. alba, which produced 60.65 Mg O2/ha, 

47.45 Mg O2/ha, and 28.76 Mg O2/ha, respectively (Figure 
5). This oxygen production plays a vital role in maintaining 

the Earth's life-sustaining ecosystems, supporting both 

human well-being and environmental health. It is widely 

recognized as an ecosystem service, one of the many 

benefits derived from ecosystem activities, processes, or 

features that provide value to people (Costanza et al. 2017, 

et al. 2021). 

The mangrove ecosystem provides numerous benefits, 

including carbon sequestration through tree vegetation 

stock, which plays a crucial role in mitigating climate 

change. The carbon stock in vegetation depends on factors 
such as the number of individual trees and the size of the 

tree stands. In this study, R. mucronata had the largest 

population, comprising 2,748 trees and contributing the 

highest carbon stock in the area at 44.31 Mg C/ha (Figure 

6). On average, each stand tree of R. mucronata stores 

approximately 0.02 Mg C/ha. In comparison, S. 

hydrophyllacea had a much smaller population of 17 trees 

but contributed the second-highest stock carbon at 22.86 

Mg C/ha (Figure 6), with each tree storing an average of 

1.34 Mg C/ha. These findings suggest that individual trees 

with larger dimensions and volumes can store significantly 

more carbon. 

Correlations between abiotic factors and structure-

function values of Mangrove Pangpang Bay 

Mangrove forests are complex ecosystems 
characterized by intricate relationships between vegetation 

and its environment. These interactions encompass 

biogeochemical cycles and abiotic factors, including 

salinity, pH, and temperature. This study analyzed the 

relationships between abiotic factors and key ecosystem 

parameters- diversity, carbon stock, and tree volume- using 

Principal Components Analysis (PCA) to assess the 

condition of MPB. Based on Figure 7, salinity exhibited a 

strong positive relationship with both carbon stock and tree 

volume, as evidenced by the alignment of their respective 

vectors along the first principal component (Dim1, which 
explains 40.3% of the variance). In contrast, pH, 

temperature, and diversity displayed negative relationships 

with salinity, carbon stock, and tree volume as their vectors 

pointed in nearly opposite directions. 
 

 
 
Figure 6. Carbon stock, CO2eq and O2eq of mangrove vegetation 
in Mangrove Pangpang Bay, Banyuwangi District, East Java, 
Indonesia (Mg/ha) 
 

 

 
 
Figure 7. PCA analysis of abiotic factors and the structure-

function of Mangrove Pangpang Bay, Banyuwangi District, East 
Java, Indonesia 
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Salinity influences mangrove diversity by limiting the 

growth, development, and propagation of mangroves. At 

extreme salinity levels, the survivability of mangrove 

seedlings significantly decreases (Kodikara et al. 2018; 

Matto et al. 2023). Moreover, salinity affects mangrove 

communities at a broader level; elevated salinity reduces 

average tree height, DBH, basal area, and carbon stock 

(Ahmed et al. 2023). These findings suggest that elevated 

salinity levels affect mangrove forests at both individual and 

community levels by reducing growth, development, and 
survival rates. Consequently, this results in mangrove forests 

that are less diverse, composed of smaller trees, and less 

effective in carbon sequestration. 

The PCA biplot (Figure 7) reveals several significant 

relationships between abiotic factors and key ecosystem 

parameters in the mangrove ecosystem. One notable 

observation is the positive correlation between salinity and 

tree volume. This relationship suggests that higher salinity 

levels may be associated with larger tree volumes. This can 

be attributed to the dominance of salt-tolerant mangrove 

species such as Rhizophora, which thrive in saline 
conditions and significantly contribute to biomass and tree 

volume. Adaptive traits of these species, such as salt-

excreting leaves, enable them to grow well in saline 

environments (Surya and Hari 2018; Sudhir et al. 2022). 

However, this positive relationship may have a threshold 

effect, as extremely high salinity levels could also hinder 

growth in some mangrove species. 

Furthermore, the PCA biplot (Figure 7) indicates a 

strong positive correlation between salinity and carbon 

stock, suggesting that areas with higher salinity tend to 

exhibit greater carbon storage potential. In saline 
environments, mangroves tend to allocate more resources 

to root systems, enhancing below-ground carbon storage. 

The dominance of large, salt-tolerant species, such as R. 

mucronata, further contributes to higher biomass and 

carbon sequestration. This relationship highlights the 

crucial role of saline mangrove forests in mitigating climate 

change by acting as effective carbon sinks.  

According to Devaney et al. (2021), high salinity often 

leads to decreased stomatal conductance and reduced 

photosynthetic efficiency, thereby hindering seedling 

growth and the rapid development of the mangrove 

ecosystem, particularly during early succession. 

Conversely, the PCA biplot reveals a negative correlation 

between salinity and species diversity. As salinity 

increases, species diversity tends to decrease. High salinity 

imposes physiological challenges, limiting the number of 

species that can tolerate such conditions. Consequently, 
only a few salt-tolerant species, such as Rhizophora, 

dominate, leading to reduced overall species diversity in 

highly saline areas (Raganas and Damasa 2020).  

The graph depicts the biodiversity value of mangrove 

trees in this ecosystem, assessed using the replacement cost 

method (Figure 8). This approach monetizes the ecological 

structure and functions of mangroves by estimating their 

market-equivalent value, such as wood pricing and carbon 

sequestration potential. Ecological valuation combines both 

structural and functional aspects of biodiversity. According 

to Sulistiyowati and Buot (2016), tree vegetation in a 
specific habitat can be evaluated based on structural 

dimension and carbon sequestration capacity. In this study, 

the total biodiversity value of MPB was calculated to be 

9,733,952,191.99 IDR/ha. This high value suggests that the 

area likely has an abundance of species, diverse communities, 

and/or substantial ecological resources. This makes it a 

valuable location for conservation and ecological protection, 

primarily due to its inherent structural attributes. This total 

comprises structural values (9,278,050,002.42 IDR/ha) and 

functional values (455,902,189.57 IDR/ha) (Figure 8). The 

results demonstrate that structural biodiversity contributes 
significantly more to the total value compared to functional 

biodiversity. Functional biodiversity's smaller contribution 

remains a crucial aspect of the ecosystem's overall health 

and sustainability. Its relatively lower value could imply 

that either the functional processes in this area are 

underrepresented, less economically quantifiable, or not 

functioning at their full capacity.  
 

 

 

 
 
Figure 8. The structural (S), functional (F), and biodiversity values (Ѥ) in IDR/ha of Mangrove Pangpang Bay, Banyuwangi District, 
East Java, Indonesia 
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The high structural biodiversity value is predominantly 

attributed to five large mangrove tree species: R. 

mucronata, S. alba, S. hydrophyllacea, R. apiculata, and B. 

gymnorhiza, which together contribute 9,022,949,634.87 

IDR/ha. Similarly, the top contributors to functional 

biodiversity value are S. hydrophyllacea, R. mucronata, R. 

apiculata, S. alba, and X. granatum, with a combined 

contribution of 429,633,576.30 IDR/ha. Conversely, the 

species with the lowest combined contributions to both 

structural and functional biodiversity are B. parviflora, C. 
tagal, C. decandra, A. marina, and S. caseolaris, with 

values of 117,503,202.81 IDR/ha and 14,610,633.18 

IDR/ha, respectively. 
In conclusion, MPB comprises 11 mangrove species 

belonging to 5 families and 7 genera, with R. mucronata 

and S. alba being the dominant species. The abiotic 

conditions, including salinity, soil pH, and temperature, are 

favorable for mangrove growth, particularly for the R. 

mucronata. The Shannon-Wiener Diversity Index was low, 

indicating a recovering ecosystem, likely due to human-

assisted restoration efforts. Mangrove tree density averaged 
3,719 trees/ha, with 1,392 seedlings/ha, and vegetation 

volume was 18,556.10 m3/ha. The estimated carbon stock 

was 104.58 Mg C/ha, equivalent to 383.49 Mg CO2/ha and 

277.42 Mg O2/ha. Salinity correlated positively with 

carbon stock and tree volume, while pH, temperature, and 

diversity showed negative correlations, indicating potential 

trade-offs in shaping the restored ecosystem of MPB. 

Furthermore, the total biodiversity value of MPB was 

estimated at 9,733,952,191.99 IDR/ha, highlighting its 

ecological and economic significance. 
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