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Abstract: Mangrove ecosystems contribute to biodiversity conservation and 
climate-change mitigation through carbon storage. This study assessed the 
association between biodiversity (flora and fauna) and carbon stocks in 
mangroves of North Sulawesi across three management contexts: a 
conservation zone (Bunaken), a protected forest (Sondaken), and an 
unprotected area (Bitung). Field surveys were conducted to compile species 
inventories, and carbon stocks were estimated from biomass measurements. 
Protected sites showed higher species richness and larger carbon stocks than 
the unprotected site. Species richness was positively and significantly 
correlated with carbon storage, indicating that sites with greater biodiversity 
also tended to store more carbon. These results support the role of effective 
protection in maintaining both ecological integrity and carbon sequestration 
capacity. In conclusion, strengthening mangrove protection in North Sulawesi 
is likely to deliver co-benefits for biodiversity conservation and climate 
mitigation.  
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Introduction  
 
Mangrove forests are globally important coastal 

ecosystems that sustain high biodiversity and provide 
essential services for people, including shoreline 
stabilization, water-quality regulation, and support for 
fisheries. A key function with direct relevance to climate 
policy is their capacity to sequester and store blue carbon 
in biomass and, especially, organic-rich sediments 
(Duarte et al., 2013; Hamilton & Friess, 2018; Alongi, 
2014). Carbon storage in mangroves is influenced by 
forest structure, species composition, and below-ground 
processes that regulate productivity, root biomass, and 
sediment accretion. Biodiversity can therefore be 
mechanistically linked to carbon accumulation through 
complementary resource use and increased ecosystem 
functioning, which may enhance long-term carbon 
retention (Tilman et al., 2014; Seddon et al., 2020; Alongi, 
2014). As the country with the largest mangrove extent 
globally, Indonesia is a major contributor to blue-carbon 

dynamics and national mitigation efforts (Friess et al., 
2020).  

In North Sulawesi, mangrove ecosystems occur 
under markedly different protection regimes (BKSDA 
Sulut 2021; BTNB 2022; Donato et al., 2011; Murdiyarso 
et al., 2015; Pemkot Bitung 2021; Sutran et al., 2024; 
Saputra et al., 2024). Bunaken is managed within a 
national park framework with comparatively strong 
legal and institutional safeguards, Sondaken is 
designated as protected forest with more variable 
enforcement, and Bitung represents largely unprotected 
urban mangroves exposed to rapid land-use change, 
pollution, and aquaculture expansion. This governance 
gradient provides a natural “management experiment” 
to test how protection status translates into measurable 
ecological outcomes, particularly biodiversity and 
carbon storage (Langi et al., 2023; Hikmawan et al. 2024; 
Langi et al. 2025). 

The novelty of this study is an integrated, field-
based assessment of biodiversity–carbon relationships 
across contrasting protection levels within the same 
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biogeographic region. Despite the recognized 
importance of mangroves, integrated studies that jointly 
quantify biodiversity (flora and fauna) and carbon 
stocks across varying protection categories remain 
limited in eastern Indonesia (Langi et al., 2023; 
Hikmawan et al. 2024; Langi et al. 2025). Many existing 
studies address biodiversity (e.g., species inventories) or 
carbon/biomass estimates separately, or focus on 
settings with relatively uniform land-use contexts, 
which constrains inference about governance-driven 
differences (Arifanti et al., 2019; Beselly et al., 2025; 
BKSDA Sulut 2021; BTNB 2022; Friess et al., 2020; 
Pemkot Bitung 2021). By applying consistent field 
surveys, species inventories, and biomass-based carbon 
measurements across three sites, this research explicitly 
evaluates whether protection status is associated with (i) 
higher biodiversity, (ii) higher carbon storage, and (iii) a 
stronger coupling between biodiversity and carbon 
dynamics (BTNB 2022; Duarte et al., 2013; Langi et al., 
2023; Hikmawan et al. 2024; Langi et al. 2025; Seddon et 
al., 2020). 

 

Method 
  
Study Sites 

Three mangrove areas in North Sulawesi were 
selected based on their protection status: Bunaken 
National Park (strictly protected), Sondaken (designated 
protected forest), and Bitung (unprotected). Each site 
was surveyed during the dry season (March–May 2025). 
 
Data Collection 
Biodiversity Assessment 

Biodiversity data were collected during March to 
April 2025 where variability due to tidal or seasonal 
changes was considered relatively low.  Vegetation 
surveys were conducted using 10 m x 10 m quadrats 
placed systematically along transects perpendicular to 
the coastline (Arifanti et al. 2019). In each quadrat, all 
tree species with diameter at breast height (DBH) ≥ 5 cm 
were identified and counted. Species identification in the 
field was assisted by digital plant identification tools, 
notably Flora Incognita (Boho et al. 2020) and Naturalist 
(Van Horn et al. 2018), which enabled rapid recognition 
and photographic documentation of tree and shrub 
species. These tools were especially useful for 
distinguishing morphologically similar mangrove taxa 
in remote areas with limited internet access. Tree height 
was measured using a clinometer, and canopy cover was 
visually estimated. Faunal surveys included bird point 
counts (at dawn), crab and mollusk collection using 
hand capture and pitfall traps, and fish sampling using 
hand nets during high tide in tidal creeks (Hikmawan et 
al. 2024; Langi & Nurmawan 2023). Species were 

identified in the field or photographed for later 
verification. 
 
Carbon Stock Assessment 

Carbon stock data were collected following the 
CIFOR guidelines (Arifanti et al. 2019).  Aboveground 
Biomass (AGB) was assessed through tree biomass 
estimated using allometric equations specific to tropical 
mangrove species based on DBH and tree height; 
whereas wood density values were obtained from 
literature or local species databases. Belowground 
Biomass (BGB) was estimated using root-to-shoot ratios 
according to published models, adjusted for mangrove 
species composition and site conditions. Soil cores were 
collected at three depths (0–15 cm, 15–30 cm, and 30–50 
cm) using a stainless-steel corer. Samples were weighed, 
dried, and analyzed for organic carbon content using the 
Walkley-Black method in the laboratory (Komiyama et 
al., 2008; Alongi, 2012).  Where applied, in selected plots 
litter traps (0.5 m²) were used to collect leaf and woody 
debris over a 30-day period. Samples were dried and 
weighed to estimate litter production as a proxy for 
carbon input. 
 
Data Analysis 

Biodiversity metrics—including species richness, 
abundance, and diversity—were calculated using the 
Shannon-Wiener Diversity Index (H’), with evenness 
assessed to evaluate species distribution across sites. 
Carbon stock per site (Mg C/ha) was estimated by 
summing aboveground biomass, belowground biomass, 
and soil organic carbon. To examine the relationship 
between biodiversity and carbon storage, Pearson 
correlation analysis was conducted. One-way ANOVA 
was applied to test for significant differences in 
biodiversity indices and carbon stocks among the three 
mangrove sites. Prior to analysis, assumptions of 
normality and homogeneity were verified using 
Shapiro-Wilk and Levene’s tests, respectively. All 
statistical analyses were performed in R software 
(version 4.3.1), with significance determined at p < 0.05.  

 

Result and Discussion 
 
Biodiversity 

Table 1 and Table 2 present respectively the flora 
and fauna species observed at each of the three study 
sites: Bunaken (Site A), Sondaken (Site B), and Bitung 
(Site C). At each site there are key mangrove species in 
terms of dominance.  At Bunaken site (conservation 
zone) the key species are Rhizophora mucronata, Bruguiera 
gymnorrhiza, Sonneratia alba, Avicennia marina, and 
Xylocarpus granatum.  At Sondaken (protected forest) the 
key species are Avicennia marina, Bruguiera gymnorrhiza, 
Rhizophora apiculata, Excoecaria agallocha, and Lumnitzera 
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racemosa. At Bitung (unprotected area) the key species 
are Avicennia marina, Rhizophora stylosa, Ceriops tagal, 
Sonneratia alba, and Lumnitzera racemosa.  These key 

species indicate the resilience and successional stage of 
the mangrove ecosystems across the three sites. 

 
Table 1. The Plant Species Identified in Each Study Site 
Bunaken Sondaken Bitung 

Acrostichum aureum 

Aegiceras corniculatum 

Avicennia marina 

A. officinalis 

Barringtonia asiatica 

Bruguiera gymnorrhiza 

B. sexangula 

Calophyllum inophyllum 

Cassytha filiformis 

Ceriops tagal 
Clerodendrum inerme 

Dolichandrone spathacea 

Excoecaria agallocha 

Ficus septica 

Heritiera littoralis 
Hibiscus tiliaceus 
Lumnitzera racemosa 
Nypa fruticans 
Pemphis acidula 
Rhizophora apiculata 
R. mucronata 
R. stylosa 
Scyphiphora hydrophylacea 
Sonneratia alba 
Terminalia catappa 
Thespesia populnea 
Vitex trifolia 
Xylocarpus granatum 

Acrostichum aureum 
Aegiceras corniculatum 

Avicennia marina 
Barringtonia asiatica 

Bruguiera gymnorrhiza 
Cassytha filiformis 

Ceriops tagal 
Clerodendrum inerme 

Dolichandrone spathacea 
Excoecaria agallocha 

Heritiera littoralis 
Hibiscus tiliaceus 

Lumnitzera racemosa 
Pemphis acidula 

Rhizophora apiculata 
R. mucronata 

R. stylosa 
Scyphiphora hydrophylacea 

Sonneratia alba 
Terminalia catappa 

Thespesia populnea 
Xylocarpus granatum 

Aegiceras corniculatum 
Avicennia marina 

Barringtonia asiatica 
Bruguiera gymnorrhiza 

Ceriops tagal 
Dolichandrone spathacea 

Excoecaria agallocha 
Heritiera littoralis 

Lumnitzera racemosa 
Rhizophora apiculata 

R. mucronata 
R. stylosa 

Sonneratia alba 
Xylocarpus granatum 

 
Table 2. Fauna Species Identified in Each Study Site 
Bunaken Sondaken Bitung 

Anadara granosa 

Ardea sumatrana 

Arius maculatus 

Astropecten polyacanthus 

Babylonia spirata 

Brachidontes variabilis 

Centropus sinensis 

Cerithidea obtusa 

Chanos chanos 

Chelonodon patoca 

Egretta sacra 

Gerres oyena 

Grapsus albolineatus 

Halcyon chloris 

Holothuria atra 

Liza vaigiensis 

Lutjanus argentimaculatus 

L. fulviflamma 

Metapenaeus ensis 

Nemipterus japonicus 

Octopus cyanea 

Ocypode ceratophthalmus 

Panulirus versicolor 

Ardea sumatrana 
Arius maculatus 

Astropecten polyacanthus 
Centropus sinensis 

Cerithidea obtusa 
Chanos chanos 

Chelonodon patoca 
Egretta sacra 
Gerres oyena 

Grapsus albolineatus 
Halcyon chloris 
Holothuria atra 
Liza vaigiensis 

Lutjanus argentimaculatus 
Metapenaeus ensis 

Octopus cyanea 
Ocypode ceratophthalmus 

Periophthalmus argentilineatus 
Portunus pelagicus 

Scylla serrata 
Siganus canaliculatus 

Stenella longirostris 
Terebralia palustris 

Ardea sumatrana 
Arius maculatus 

Centropus sinensis 
Cerithidea obtusa 

Chanos chanos 
Chelonodon patoca 

Egretta sacra 
Gerres oyena 

Halcyon chloris 
Liza vaigiensis 

Lutjanus argentimaculatus 
Periophthalmus argentilineatus 

Scylla serrata 
Siganus canaliculatus 

Stenella longirostris 
Terebralia palustris 

Turdus poliocephalus 
Uca vocans 
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Bunaken Sondaken Bitung 

Penaeus monodon 

Periophthalmus argentilineatus 

Portunus pelagicus 

Scylla serrata 

Sepioteuthis lessoniana 

Siganus canaliculatus 

Stenella longirostris 

Terebralia palustris 

Tridacna crocea 

T. maxima 

Turdus poliocephalus 

Uca vocans 

Tridacna crocea 
T. maxima 

Turdus poliocephalus 
Uca vocans 

The key fauna species at Bunaken mangrove site are 
Egretta sacra (specialist bird indicating undisturbed tidal 
zones), Lutjanus argentimaculatus (commercial fish), 
Scylla serrata (mud crab), Tridacna crocea, T. maxima (giant 
clams), Periophthalmus argentilineatus (mudskipper in 
intertidal flats), Octopus cyanea (benthos-mangrove 
linkages), and Stenella longirostris (spinner dolphin 
between mangrove and offshore waters). At Sondaken 
site the key species are Arius maculatus (euryhaline 
catfish at brackish creeks), Centropus sinensis (bird 
sensitive to disturbance), Chanos chanos (milkfish feed on 
mangrove detritus), Metapenaeus ensis (estuarine 
shrimp), and Ocypode ceratophthalmus (crabs on intertidal 
flats).  At Bitung site the key species are Periophthalmus 
argentilineatus, Scylla serrata, Terebralia palustris, Uca 
vocans, and Halcyon chloris – all adaptable to urbanized 
mangrove fragments. 

Table 3 summarizes the biodiversity metrics 
measured across the three mangrove study sites. These 
include species richness (plant and animal), total species 
abundance, Shannon-Wiener diversity index (H'), and 
evenness (E), which reflects the distribution of 
individuals among species. The conservation zone 
(Bunaken) recorded the highest biodiversity index (H’ = 
3.2), reflecting high species richness and ecological 
stability. In contrast, the unprotected area (Bitung) had a 
much lower index (H’ = 1.8), indicating degraded 
conditions and anthropogenic stress (BTNB 2022; 
Pemkot Bitung 2021). These findings support the role of 
formal protection in sustaining ecological integrity. 
Higher values of H' and E are generally associated with 
more stable and resilient ecosystems. 

 
Table 3. The Biodiversity Metrics Measured  
Site PSR ASR TSR TSA SWI E 

Bunaken  
Sondaken  
Bitung  

28 
22 
14 

35 
27 
18 

63 
49 
32 

750 
540 
310 

3.2 
2.6 
1.8 

0.91 
0.84 
0.72 

PSR: Plant Species Richness  
ASR: Animal Species Richness 
TSR: Total Species Richness 

TSA: Total Species Abundance 

SWI: Shannon-Wiener 
Index (H') 
E: Evenness 

  

Biodiversity varied significantly among the three 
study sites, with a clear gradient corresponding to 
protection status. Bunaken (Site A) exhibited the highest 
biodiversity across all metrics (Figure 1). The Shannon-
Wiener index (H') was 3.2, indicating a well-balanced 
and rich community, with 28 plant species and 35 animal 
species identified. In contrast, Sondaken (Site B) 
recorded a moderate H' index of 2.6, with 22 plant 
species and 27 animal species, reflecting its intermediate 
level of protection and moderate anthropogenic 
pressure. Bitung (Site C), the unprotected site, had the 
lowest biodiversity (H' = 1.8), with only 14 plant species 
and 18 animal species, consistent with its more 
fragmented and degraded habitat.   
 
Carbon Stocks 

Carbon stock estimates followed a similar pattern 
to biodiversity. The highest total carbon stock was found 
in Bunaken, averaging 235 Mg C/ha, followed by 
Sondaken with 162 Mg C/ha, and the lowest in Bitung 
at 98 Mg C/ha (Figure 1). These figures account for both 
above- and below-ground carbon pools.  Environmental 
factors such as tidal inundation, soil type, and salinity 
likely contributed to the observed differences in carbon 
storage. The relatively undisturbed structure of 
Bunaken’s mangroves, with mature tree stands and 
dense vegetation cover, supports greater carbon 
sequestration. Conversely, the fragmented and 
disturbed mangrove patches in Bitung store 
significantly less carbon (BTNB 2022; Pemkot Bitung 
2021). These findings are consistent with those of Langi 
et al. (2023), who found that litterfall production—and 
thus carbon input—was significantly influenced by 
environmental variability in mangroves of Teling 
Tombariri (within Bunaken National Park). Conversely, 
the fragmented and disturbed mangrove patches in 
Bitung store significantly less carbon (Donato et al., 2011; 
Murdiyarso et al., 2015; Sutran et al., 2024; Saputra et al., 
2024). These findings are consistent with those of Langi 
et al. (2023), who found that litterfall production—and 
thus carbon input—was significantly influenced by 
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environmental variability in mangroves of Teling 
Tombariri (within Bunaken National Park). 

 

 
Figure 1. Estimated carbon stock components by site (in Mg 

C/ha) 

 
Biodiversity and Carbon Correlation 

A strong positive correlation was observed between 
total species richness and carbon stock across the three 
study sites (r = 0.82, p < 0.01), indicating that mangrove 
areas with higher biodiversity tend to store more carbon. 
This relationship reinforces existing global and local 
research suggesting that biodiversity enhances multiple 
ecosystem functions, including productivity, resilience, 
and carbon sequestration (Alongi 2014; Seddon et al. 
2020; Tilman et al. 2014).  At Bunaken (Site A)—a legally 
protected conservation zone within the Bunaken 
National Park—the highest values of both biodiversity 
(H' = 3.2) and total carbon stock (235 Mg C/ha) were 
recorded. The forest structure here is intact, with 
dominant mangrove species such as Rhizophora 
mucronata, Sonneratia alba, and Bruguiera gymnorrhiza, 
supporting diverse faunal groups and maintaining high 
ecological function. These findings align with periodic 
ecological monitoring conducted by Balai Taman 
Nasional Bunaken (BTNB), which has consistently 
reported high biological productivity and low levels of 
degradation in the park’s core zones (BTNB 2022; 
Donato et al., 2011; Murdiyarso et al., 2015). 

In contrast, Bitung (Site C)—an unprotected, urban-
fringe mangrove site—exhibited the lowest biodiversity 
(H' = 1.8) and lowest carbon stock (98 Mg C/ha). This 
reflects the impact of unregulated development, waste 
discharge, and mangrove clearance, issues frequently 
highlighted in environmental assessments by the 
Pemerintah Daerah Kota Bitung (Pemkot Bitung 2021; 
van Zanten et al., 2021; Pendleton et al., 2012).  
Meanwhile, Sondaken (Site B)—a protected forest under 
the oversight of Balai Konservasi Sumber Daya Alam 
(BKSDA) Sulawesi Utara—showed moderate ecological 
values, representing transitional conditions between full 
protection and open access. The species composition and 
carbon stock (162 Mg C/ha) reflect both conservation 

potential and existing anthropogenic pressures (BKSDA 
Sulut 2021; Saputra et al., 2024; Sutran et al., 2024). 

This study affirms that mangrove biodiversity 
contributes directly to ecosystem functionality, 
particularly in terms of carbon storage (Kusumaningtyas 
et al. 2024). High species diversity enhances vertical 
forest structure, root biomass, and sediment trapping—
all contributing to carbon accumulation in both biomass 
and soils (Langi et al. 2025; Langi & Nurmawan 2023). 
Furthermore, faunal diversity, including burrowing 
crabs, mollusks, and fish, plays a role in nutrient cycling 
and organic matter breakdown, processes that reinforce 
long-term carbon retention (Alongi 2014).  From a policy 
standpoint, the data underscore the importance of 
legally protected areas such as Bunaken in delivering 
nature-based solutions (NbS) for both biodiversity 
conservation and climate mitigation. This aligns with the 
Rencana Pengelolaan Hutan Mangrove Nasional dan 
Daerah (RPHMN), which prioritizes ecosystem-based 
carbon strategies, particularly in eastern Indonesia (van 
Zanten et al. 2021). 
 

Conclusion  

 
Across three mangrove sites representing a clear 

protection gradient in North Sulawesi, both biodiversity 
and carbon storage were consistently higher in better-
managed areas. Bunaken (conservation zone) showed 
the highest diversity (H’ = 3.2) with 28 plant species and 
35 animal species, and the largest total carbon stock (235 
Mg C/ha). Sondaken (protected forest) was 
intermediate (H’ = 2.6; 22 plant species; 27 animal 
species; 162 Mg C/ha), while Bitung (unprotected) had 
the lowest biodiversity (H’ = 1.8; 14 plant species; 18 
animal species) and the smallest carbon stock (98 Mg 
C/ha). A strong positive relationship between total 
species richness and carbon stock (r = 0.82, p < 0.01) 
indicates that mangrove systems with richer biotic 
communities also tend to retain higher carbon stocks. 
Generalizing from these results, differential governance 
and disturbance pressure are likely to influence 
mangrove “co-benefits”: where protection maintains 
stand structure, habitat continuity, and diverse 
communities, carbon storage potential is also higher; 
where mangroves are fragmented and degraded, both 
biodiversity and carbon storage decline. Practically, 
these findings support (1) prioritizing enforcement and 
sustained protection in high-performing sites (e.g., 
Bunaken) to safeguard established biodiversity–carbon 
co-benefits; (2) targeting unprotected urban mangroves 
(e.g., Bitung) for zoning controls, pollution reduction, 
and rehabilitation to recover biodiversity and carbon 
function; and (3) integrating biodiversity indicators 
alongside carbon metrics in local monitoring and 
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management decisions so that conservation and climate-
mitigation outcomes can be pursued simultaneously. 
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