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Abstract. A/ Falah MH, Soeprobowati TR, Hadiyanto H, Rahim A, Jumari J, Khotimperwati L, Cahyani NKD, Wojewddka-Przybyt M,
Kruszewski £, Rydelek P. 2025. Environmental DNA reveals protist biodiversity in mangrove sediments of Java and Madura, Indonesia.
Biodiversitas 26: 5211-5225. Mangrove ecosystems provide critical ecological services and harbor diverse microbial communities;
however, the diversity of protists and their ecological roles in these habitats remains understudied. This research investigated the protist
community composition in mangrove sediments from seven sites across the Java and Madura Islands, Indonesia, using environmental
DNA (eDNA) metabarcoding targeting the 18s rRNA gene. Sediment samples were analyzed via Illumina MiSeq sequencing, with
taxonomic assignment performed using the PR2 database. Five major protist supergroups were detected, exhibiting significant site-
specific variations in community structure. Additionally, a wide range of taxa at the genus and species levels, including microalgae,
vegetation, fish, insects, amoebae, protists, nematodes, fungi, and merostomata, were identified. The detection of parasitic and potentially
pathogenic taxa, such as Exobasidiomycetes and Malassezia globosa, highlights potential ecological risks in mangrove sediments. The
presence of diverse protists and fungi indicates active nutrient cycling and ecosystem resilience. Water quality supports the ecological
function of mangrove habitats, with Total Dissolved Solids influencing the abundance of Malassezia globosa and Tetrahymena. This
study demonstrates that eDNA metabarcoding is a novel method for revealing hidden biodiversity that is often missed by traditional
methods. These findings provide crucial baseline data for the conservation and sustainable management of mangrove habitats, contributing
to informed restoration and environmental monitoring efforts that protect vital ecosystem services in coastal regions.
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INTRODUCTION

Mangrove ecosystems, situated at the dynamic interface
between land and sea, provide indispensable ecological
services and socioeconomic benefits. These coastal forests
serve as natural bulwarks, protecting shorelines from
erosion and the growing impacts of extreme weather
events, thereby enhancing coastal resilience (Ripple et al.
2017; Lincoln et al. 2022). Functioning as vital nurseries
and refuges for a rich diversity of species, they support
local fisheries that form the economic backbone of many
coastal communities. Furthermore, mangroves are global
powerhouses for carbon sequestration and nutrient cycling,
which are crucial in maintaining regional environmental
balance (Friess et al. 2019; Walker et al. 2022). Despite
their immense value, these ecosystems face an
unprecedented global decline. A confluence of pressures,
including climate change-driven sea-level rise, intensive
coastal development, pollution, and unsustainable resource
extraction, is accelerating their degradation, as well as the
biodiversity and human livelihoods that depend on them.

The foundation of mangrove ecosystem health and
function lies within its unique sediments, harboring distinct
physicochemical conditions characterized by high salinity,
fluctuating redox states, and abundant organic matter.
These conditions cultivate highly specialized and diverse
microbial communities that drive critical biogeochemical
processes. While extensive research has illuminated the
roles of bacteria, fungi, and archaea within these sediment
microbiomes (Basak et al. 2016; Xiao et al. 2021; John et
al. 2024), a significant knowledge gap persists regarding
protists. This diverse and functionally pivotal group of
unicellular eukaryotes remains profoundly understudied,
particularly within the tropical mangroves of Southeast
Asia, which are recognized as global hotspots of
biodiversity (Li et al. 2022; Wan 2024).

Protists play fundamental ecological roles that are
integral to the health and stability of sediments. This vast
group encompasses phototrophic microalgae, which
contribute to primary production (Tréguer et al. 2018), and
heterotrophic protozoa, which serve as key predators of
bacteria and smaller eukaryotes. These protozoa enhance
nutrient recycling and energy transfer through microbial
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food webs through grazing activities, thereby shaping
community structure and bolstering ecosystem resilience
(Geisen and Bonkowski 2018; Shi et al. 2021). However,
recent findings have revealed an alarming dominance of
parasitic taxa in some mangrove sediments, occasionally
exceeding 50% of the relative abundance of the protist
community (Liu et al. 2024a). The prevalence of parasites
raises critical ecological and health concerns, as they may
negatively impact mangrove flora and fauna and pose
potential risks to human health. Since protist community
composition is tightly linked to local physicochemical factors,
these assemblages are highly sensitive bioindicators of
environmental quality and ecological integrity.

Fahma et al. (2024) and Nabila et al. (2024) found that
intestinal  parasite-rich  protists  (Tritrichomonadidae)
dominate the sediments of Balekambang Lake, reflecting
the influence of agriculture. For comparison, in the mangrove
ecosystem in China, Liu et al. (2024b) documented
widespread parasitic protist prevalence in mangrove
sediments across Chinese provinces, found Chloroflexi,
playing an essential role in the degradation of terrestrial-
derived organic carbon, and Wang et al. (2023) used eDNA
to monitor meiofauna, marine nematodes, and pathogens
within mangrove sediments. Additionally, some eDNA
research using 18s rRNA reveals different conditions, for
example, in Makassar, Indonesia (Basyuni 2025), where
protists are the most abundant kingdom and can serve as an
environmental biomonitoring. In the Philippines mangrove,
the exploration of fish biodiversity using 12s was
investigated by Naputo et al. (2024), who identified 89
species, and Balatero et al. (2025) revealed 29 species. The
eDNA approach also revealed the benthic foraminiferal
community in the Sundarbans mangrove ecosystem (Mandal
et al. 2025). Marinchel et al. (2024) found heterogeneity of
the protist community in the Mediterranean Sea of Italy.

Despite these advances, a detailed investigation into the
fine-scale taxonomic and functional diversity of protist
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communities across different mangrove ecosystems in
Southeast Asia is still lacking. Most regional eDNA studies
have prioritized fish or other macro-eukaryotes, leaving the
ecological drivers of protist community structure poorly
understood. The present study comprehensively characterizes
protist communities from selected mangrove areas using
high-throughput 18S rRNA gene sequencing to address this
critical gap. We aim to elucidate their taxonomic composition,
identify potential bioindicator taxa, and provide foundational
data to enhance our understanding of protist-mediated
ecological processes. The findings are intended to guide
science-based conservation and management strategies,
ultimately supporting the long-term health and resilience of
these vital coastal ecosystems.

MATERIALS AND METHODS

Study area

Fieldwork was conducted in January and February 2024,
with seven mangrove locations selected using purposive
sampling. The selection criteria were based on variations in
environmental characteristics and community usage
surrounding each sampling site (Prahardika and Styawan
2020). This research examines the mangrove ecosystem along
the north coast of Java Island and Madura Island, including:
(1) Indramayu: 6°17'47.2"S 108°22'07.5"E, (ii) Brebes:
6°47'17.3"S 109°0224.8"E, (iii) Pekalongan: 6°52'07.1"S
109°38'47.3"E, (iv) Surabaya: 7°18'26.3"S 112°49"26.5"E,
(v) Kedatim: 7°05'36.4"S 113°51'54.2"E, (vi) Bangkalan:
7°00'44.0"S 112°45'32.1"E, (vii) Tajungan: 7°09'19.9"S
112°41'44.5"E (Figure 1). Each site is marked according to
its primary ecological function, such as a natural coastal
barrier or an ecotourism area, providing context for
environmental and community-based differences.
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Figure 1. Map of mangrove sampling locations on Java and Madura Islands, Indonesia. This map illustrates the seven sites selected for
sediment sampling, highlighting their geographic distribution along the north coast of Java and Madura, Indonesia. IDR M:
Karangsong, Indramayu, BRS1: Pandansari, Brebes, PKL: Mulyo Asri, Pekalongan, SBY:Wonorejo, Surabaya, MDR_S: Kedatim,

Madura, MDR1: Bangkalan, Madura, MDR2: Tanjungan, Madura.

I: Mangrove ecosystem area, ® : Sampling location
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Figure 2. Mangrove ecosystem conditions and functions as barriers can be found in: A. Brebes, B. Pekalongan, C. Indramayu, E. Tajungan
and Bangkalan. Meanwhile, ecotourism functions can be found in: A. Brebes, D. Surabaya, and F. Kedatim. All locations were in bad

condition, with much home/industrial waste

These areas serve various ecological and rehabilitation
functions. On Java Island, mangroves play a crucial role in
buffering coastal abrasion, particularly in the areas of Brebes,
Pemalang, Kendal, and Demak, where muddy beaches
characterize the coastline (Mahendra et al. 2017). In contrast,
the Surabaya mangrove area is managed primarily for river
normalization and pollution reduction, given its proximity
to the Surabaya City area. Additionally, it holds significant
potential for ecotourism (Azizah et al. 2020). Similarly, the
Kedatim (MDR_S) mangrove ecosystem supports ecotourism
and is an important fish spawning ground. Bangkalan
(MDR1) and Tajungan (MDR?2), located on the island of
Madura, function as key fishing zones.

According to the Ministry of Environment and Forestry
of Indonesia (Ministry of Environment and Forestry of
Indonesia 2017), the country has coastline spanning 95,181
km? and, as of 2015, a mangrove area of 3,489,140.68 ha.
Of this, 1,671,140.75 ha are in good condition, while the
others are classified as degraded. In Indonesia, mangrove
ecosystems are often cultivated as natural coastal barriers,
supporting fisheries and ecotourism, and contributing to the
livelihoods of surrounding communities (Prihadi et al.
2018). In this study, the condition of analyzed mangrove
ecosystems falls into two main categories: natural barriers
and ecotourism sites (Figure 2).

Sediment collection, decantation, and water quality
Approximately 20 g of surface sediment samples (5 cm
depth) were collected using a sterile spatula and placed into
a 15 mL Falcon tube containing 10 mL of 96% ethanol for
preservation. A sterile disposable hand glove must be used
when taking the sediment into the Falcon tube to avoid
contamination. Every site collects three replications of soil
samples in the decantation process. The samples were then
stored in a cool box at 4°C to preserve their integrity during
transport to Universitas Diponegoro, Semarang. Soil samples
pose challenges for DNA extraction due to their complex
composition. When targeting microorganisms, DNA
extraction yields sufficient genetic material for library
preparation. However, sediment samples, including metazoans,
often require additional processing for eukaryotic organisms.
This may involve a decantation process— separating solids
from solutions — or a multi-stage filtration system to
improve DNA recovery (Cahyani et al. 2024a). The

decantation method wused in this study follows a
standardized approach to separating sediment particles
from the solution, building upon previous research
methodologies (Cahyani et al. 2024b). The process began
by placing approximately two-thirds of the total sediment
sample into a 1 L Erlenmeyer flask and adding 400 mL of
distilled water. The mixture was then shaken for 2 minutes
to ensure proper dispersion of the particles. Following
initial sediment suspension, the solution undergoes sequential
filtration using a 500 pm Nectex filter. Any retained
sediment was discarded, while the filtered solution was
shaken for 30 seconds, then filtered using a 100 pm Nectex
filter, and the process was repeated twice. The final
solution was filtered through a Nectex 45 pum filter to
refine the sample further and stored for 24 hours. A final
filtration step, using a vacuum pump and a 2.5 um
Whatman filter, ensures optimal separation of particulate
matter. Water quality measurements are made using a
Horiba water checker US0 with three replicates for each
site.

DNA extraction and quantitative measurements

The samples were prepared according to the isolation
protocol to obtain pure DNA, free from other materials.
DNA isolation was carried out using the Zymo Quick-
DNA™ Fecal/Soil Microbe MiniPrep Kit (Zymo Research,
Germany), chosen for its efficiency and ability to yield
high DNA concentrations (Pambudi et al. 2021). Cell lysis
was performed using the ZR Bashing Bead Lysis Tubes kit,
which involved bead-beating. These beads effectively
disrupt cell walls in sediment samples, facilitating physical
DNA extraction. The DNA vyield and purity were then
assessed by measuring absorbance at 260/280nm using a
Thermo Scientific™ NanoDrop 2000C Spectrophotometer.
The quality of DNA purity will be retested at Genetics
Science to ensure it meets quality control standards prior to
the sequencing stage. The steps taken there include: i)
Genomic Quantification by Nanodrop & Qubit, ii) Initial
quantification and purity observation with Nanodrop 2000
(Thermo Scientific), iii)) PCR amplification with Phusion™
Plus PCR Master Mix (F631S), iv) PCR and product PCR
visualization with Agarose Gel Electrophoresis, and v)
Accurate quantification with Qubit dSDNA HS Assay Kits
(Thermo Scientific).
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Figure 3. The eDNA method starts from: 1. Collecting sediment from seven sites, 2. Decantation to get the separate sediment from the
solution, 3. DNA isolation using an eDNA kit, 4. DNA quality test using a nanodrop, and 5. DNA sequencing in the PT. Genetika

Science Indonesia facility

DNA sequencing

Samples with a 2 ng/puL concentration were sent to the
sequencing facility (PT. Genetika Science Indonesia) for
PCR amplification and sequencing. The analysis was
conducted using the amplicon-based approach with the
Next Generation Sequencing (NGS) Illumina platform by
Novogene Co., Ltd. in Singapore. The 18s rRNA gene was
targeted using specific primers: the forward primer
TAReuk454FWD1 (5'-CCAGCASCYGCGGTAATTCC-3'), and
reverse primer TAReukREV3 (5'-ACTTTCGTTCTTGATYRA-
3) with the V4 region, which has a universal
complementary sequence to eukaryotic DNA (Maritz et al.
2017). Sequencing was performed using the Illumina
MiSeq platform to obtain raw sequencing data in FASTQ
format. Details for sampling until DNA sequencing are
shown in Figure 3.

Data analysis

The data analysis was conducted using the GALAXY
program (https://usegalaxy.org) for initial data processing
and R-STUDIO software for data visualization. The
GALAXY platform, developed by the "Galaxy Project"
community, provides an automated framework for
bioinformatics analysis (Saif et al. 2020). In this program,
raw sequencing data in FASTQ format were subjected to a
quality check using FASTQC. Adapters and primers were
trimmed using DADA2, and unwanted sequences were
removed. The cleaned sequences were merged and classified
into Amplicon Sequence Variants (ASVs). Taxonomic
classification was performed by aligning sequences against
the PR2 database (https://pr2-database.org), which generated
an OTU (Operational Taxonomic Unit) table and a
taxonomy file. Analysis of alpha diversity and visualization
of protist taxonomy is carried out using R-STUDIO
V2024.12.1+563, while visualization of alpha diversity
analysis is carried out using Origin 2024B.

The DNA trimming process using DADA?2 (Callahan et
al. 2016) is employed to detect and correct amplicon
sequences generated by the Illumina platform. This process
includes quality control steps that filter out phiX reads and

chimeric sequences. PhiX is a commercially used single-
stranded DNA (ssDNA) virus employed as a positive
control during sequencing. If primer trimming is required
before running DADA?2, the tool "cutadapt" can be used.
Subsequently, within DADA?2, the parameters "p-trim-left-
f' and "p-trim-left-r" should be set to zero (Cahyani et al.
2024b).

To summarize the taxonomic composition of each
sample, we used the phyloseq package (McMurdie and
Holmes 2013) in R Studio. Stacked bar plots illustrating
taxonomic composition and sequence abundance were
generated with ggplot2 (Wickham 2019) based on the total
abundance observed in each sample. The Shannon-Wiener
and Simpson diversity indices are classical ecological
metrics commonly used in eDNA biodiversity studies to
assess species diversity and dominance in environmental
samples. In our analysis, these indices were calculated
automatically in RStudio using the vegan package, which
implements the standard ecological formulas for these indices
based on species abundance data (Wang et al. 2024).

RESULTS AND DISCUSSION

Identification of protist communities

The bioinformatics analysis yielded 63,440-107,334
sequencing reads (Figure 4). Across the seven sampling
locations, 109 Amplicon Sequence Variants (ASVs) were
identified.

Based on the read abundance, the taxonomic composition
reveals slight variations among the seven samples (Figure 5).
Overall, analysis revealed the presence of five supergroups:
Amoebozoa, Archaeplastida, Eukaryota X, Obazoa, and
TSAR. Obazoa was present across all research locations,
whereas Eukaryota X was exclusively found in MDR2.

An analysis of family composition in each location
revealed variations in taxa abundance (Figure 6). Ostracoda
was the most abundant group in sample BRS1, accounting
for 26.57% of the total composition, while the highest
overall abundance was observed in sample IDR M. In
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contrast, different patterns emerged in the three samples [ Data Reads
from Madura. Chlorellales (48.36%) was the dominant group 120000 -

in MDR_S and represented 22.37% of the composition in orses

MDR 2. Meanwhile, Tetrahymenida, which accounted for 100000 seoat S92, TS0 gqpes o381
77.72%, increased to 87.16% in MDRI. Additionally, 60000 |

Chaetocerotaceae was most abundant in SBY, making up e

24.30% of the total composition.

Figure 6 presents the relative abundance of dominant
protist families at each site. Notable patterns include the
prevalence of Ostracoda in Brebes (BRS1), Chlorellales in
Kedatim (MDR_S) and Tajungan (MDR2), Tetrahymenida
in Bangkalan (MDRI1) and Tajungan (MDR2), and 0
Chaetocerotaceae in Surabaya (SBY). The results highlight
spatial variation in community structure.

The eDNA analysis allowed identification at both the Figure 4. Sequencing read counts from eDNA samples across

genus and SP_eCies_ levels. In this study, 33 genera and 19 mangrove sites. This bar plot displays the total number of high-
species were identified (Table 1). quality sequencing reads obtained from each sediment sample

using the Illumina MiSeq platform. The variation in read counts
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Figure 5. Relative abundance of protist supergroups detected by eDNA metabarcoding. Stacked bar plots show the proportional
composition of five major protist supergroups—Amoebozoa, Archaeplastida, Eukaryota X, Obazoa, and TSAR—across all sampling
sites. The analysis reveals distinct community profiles, with Obazoa present at all locations and Eukaryota_X most detected in MDR2
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Figure 6. Family and class-level composition of protist communities in mangrove sediments
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Table 1. Distribution and ecological roles of identified protist species across sampling sites. The table lists all genera and species
detected through eDNA analysis, indicating their presence at each location. Ecological roles (such as primary producer, decomposer, or
parasite) and potential impacts on mangrove ecosystem health are summarized, with site-specific bioindicator taxa highlighted

Genus

Species

Research location

BRS1 IDR M MDR_S MDR1 MDR2 PKL SBY

Amoebozoa
Paraflabellula
Archaeplastida
Microalgae
Picochlorum
Trentepohlia
Vegetation
Embryophyceae XXX
Populus
Rehmannia
Eukaryota X
Protist

Ancyromonadida_Group-1 X

Obazoa
Fish

Salmo

Insecta
Liposcelis
Zatania

Protist
Subulatomonas-lineage

Nematoda
Sabatieria
Chromadorea XX
Metachromadora

Fungi
Aspergillus
Coprinopsis
Kellermania
Trametes
Candida
Exobasidiomycetes X
Malassezia
Sporisorium
Sterigmatomyces

Merostomata
Tachypleus

TSAR

Microalgae

Chaetoceros
Nannochloropsis

Protist
Leidyanal
Spumella
Tetrahymena
Gregarina3
Paralecudina
Polyplicarium

Pseudodendromonadales XX

Picochlorum sp.
Trentepohlia sp.

Embryophyceae XXX sp.
Populus trichocarpa
Rehmannia glutinosa

Salmo salar

Zatania albimaculata

Subulatomonas-lineage X sp.

Chromadorea XX sp.
Metachromadora sp.

Candida wounanorum
Exobasidiomycetes X _sp.
Malassezia globosa
Sporisorium scitamineum
Sterigmatomyces halophilus

Gregarina3_sp.
Paralecudina sp.
Polyplicarium sp.

+

+

+ 4+ + +

Pseudodendromonadales XX sp. +

Note: (+) explain why those species appear

Diversity of the protist communities

Based on the Shannon-Wiener Diversity Index and
Simpson dominance index, IDR_M exhibited the highest
diversity value, indicating a moderate to good level of
ecosystem stability. Similar conditions were also observed
in BRS1, SBY, MDR2, and MDR_S. In contrast, MDR1
and PKL showed low diversity values, suggesting poor

ecosystem stability. This instability was further supported
by a high Simpson dominance index (Figure 7), indicating
the beginning of species dominance.

Water quality measurement
The water quality measurements showed that temperature
levels across all sites stayed within the normal range for
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estuarine environments. The pH levels tended to be alkaline.
Dissolved Oxygen (DO) concentrations at MDR S, PKL,
and SBY were below 5 mg/L, falling short of the standards
set by the Indonesian Ministry of Environment and Forestry.
Salinity levels were generally within the typical range for
mangrove ecosystems, reaching 34 ppt. Elevated Total
Dissolved Solids (TDS) readings indicated a high mineral
content; however, TDS levels at all sites remained within
safe limits for aquatic life and suitable for consumption.
These results suggest that, apart from localized low DO in
some areas, the water quality parameters support the
ecological health of the mangrove habitats studied (Figure
8).

nMDS analysis between water quality parameters and
protist composition

The NMDS plot shows species distributions along
environmental gradients, with TDS being the only
statistically significant variable (p<0.05), represented by a
directional arrow (Figure 9). Species groups are enclosed
within ellipses, suggesting potential ecological clusters. It
shows that TDS is the key environmental gradient. The
TDS vector points rightward and slightly downward,
indicating a positive correlation with species in that direction.
Species in the opposite direction (e.g., Chaetoceros,
Sporisorium  scitamineum,  Pseudodendromonadales,
Rehmannia glutinosa) are associated with lower TDS
levels, likely reflecting freshwater or less mineralised
environments. Species closer to the direction of the arrow
(e.g., Coprinopsis, Zatania albimaculata, Populus

salinity
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X
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trichocarpa) are more closely associated with higher TDS
levels, indicating environments richer in dissolved substances.
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Figure 7. Diversity indices of protist communities in mangrove
sediments. Bar plots illustrate each site's Shannon-Wiener Diversity
Index (orange) and Simpson dominance index (green). Higher
Shannon values indicate greater species diversity and ecosystem
stability, while higher Simpson values reflect dominance by a few
taxa. Indramayu (IDR_M) exhibited the highest diversity, whereas
Bangkalan (MDR1) and Pekalongan (PKL) showed lower diversity,
suggesting environmental stress at these sites

Temp. (°C) pH

8,00

6,00 |
BRS1

TDS

=)

IDR.M  MDRS  MDR1 MDR2 PKL SBY

EpH

BRS1 DR_M MDRS  MDR1 MDR 2 PKL SBY

TDS (g/L)

Figure 8. Water quality measurement shows that all parameters were within normal conditions
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Figure 9. Non-metric Multidimensional Scaling metric. Green cluster (center): Includes various protists, algae, and yeasts—species with
broader ecological tolerance, likely found in intermediate TDS conditions. Orange cluster (upper left): This cluster consists of species
favoring low TDS environments, possibly characteristic of freshwater or oligotrophic systems. Purple cluster (upper right): Includes
Exobasidiomycetes and Salmo salar, potentially reflecting unique or isolated ecological niches. Yellow cluster (lower left): Contains
more terrestrial or mesohaline species, which TDS may less influence

Discussion
Protists diversity and ecological impacts

The eukaryotic community within the sediment plays a
vital role in maintaining ecosystem health. Eukaryotic
groups, such as arthropods, apicomplexans, and diatoms,
are commonly used as bioindicators because of their quick
responses to water quality changes. These organisms are
crucial for nutrient cycling, providing habitat, and serving
as a food source for other species (B-Béres et al. 2023).
They are valuable indicators for reconstructing the historical
conditions of aquatic ecosystems (paleolimnology,
paleooceanography). Furthermore, eukaryotic communities
in the sediment are identified and quantified through
microscopic analysis of their morphology and abundance.
However, despite the large number of estimated species,
our understanding of this diverse biodiversity remains limited
(Lejzerowicz et al. 2021). To overcome these limitations,
molecular techniques such as DNA metabarcoding have
proven effective in detecting previously unidentified
eukaryotic taxa and enhancing our understanding of their
distribution patterns (Juhel et al. 2022). The eDNA
metabarcoding technique enables the identification and
quantification of species, allowing for the prediction of
taxonomic dominance within an ecosystem (Beng and
Corlett 2020; Andriyono et al. 2021; Garcia-Vazquez et al.
2021; Sacco et al. 2022; Cahyani et al. 2024b).

Numerous studies have demonstrated the effectiveness
of the 18s rRNA gene as a marker for single-cell eukaryotes,
including diatoms (Pawlowski et al. 2016; Bailet et al.
2020), marine protists in Indonesian waters (Cahyani 2021),
fish (Kumar et al. 2022), coral-Zoothanthella (Shinzato et
al. 2018), and fungi (Quandt et al. 2023). The V4 region of
the 18s rRNA gene is particularly promising for identifying

diatoms and other protist sequences (Zimmermann et al.
2015). However, challenges persist in selecting genetic
markers, and the availability of comprehensive reference
databases hinders accurate identification. This study
analyses the diversity composition recorded through
sedimentary DNA. Variations in diversity across locations
suggest that environmental factors uniquely shape each
mangrove ecosystem. Rios-Castro et al. (2021) identified
four eukaryotic groups using the 18s method in their
research on the Spanish coast. Eukaryotic community
dynamics are influenced by abiotic and biotic factors,
including predation, sunlight exposure, nutrient availability,
and temperature (Pramanik and Bhattacharyya 2023).
Additionally, wind-driven upwelling and downwelling,
caused by fluctuations in water column stratification and
mixing (Odic et al. 2022), drive the seasonal succession of
small planktonic eukaryotes in surface waters (Hernandez-
Ruiz et al. 2018). The study site examined by Rios-Castro
et al. (2021) is strongly influenced by upwelling dynamics,
particularly during the summer months, when deep oceanic
currents penetrate the area.

The composition and diversity of protist communities in
mangrove sediments are closely linked to key water quality
parameters, including pH, Dissolved Oxygen (DO), salinity,
and Total Dissolved Solids (TDS). In this study, sites with
higher protist diversity, such as Indramayu (IDR M),
generally exhibited moderate to optimal water quality
conditions, including neutral to slightly alkaline pH, adequate
DO, and balanced salinity and TDS levels. These
conditions support a diverse range of protist taxa, including
phototrophic groups such as Chlorellales and various
heterotrophic and parasitic protists, reflecting a stable and
resilient ecosystem. This finding is consistent with recent
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research demonstrating that protist richness and community
structure are strongly influenced by physicochemical
gradients, particularly salinity and nutrient availability, in
freshwater and brackish environments (da Silva and
Fernandes 2023).

Conversely, sites such as Bangkalan (MDR1) and
Pekalongan (PKL), which showed lower protist diversity
and higher dominance of specific taxa (e.g., Tetrahymenida),
were characterized by suboptimal water quality, notably
low DO levels and signs of organic pollution. Low DO can
limit the metabolic activity and survival of protist taxa,
favoring those adapted to hypoxic or polluted conditions,
such as certain ciliates and parasitic forms. High TDS and
altered pH can further influence the bioavailability of metals
and nutrients, shaping protist assemblages by selecting for
tolerant or opportunistic species. These patterns highlight the
role of protists as sensitive bioindicators of environmental
stress and water quality degradation in mangrove sediments
(Febriansyah et al. 2023; El-Tohamy et al. 2024).

Trentepohlia is a filamentous green alga belonging to
the class Trebouxiophyceae in Chlorophyta. Unlike most
green corticolous algae, which appear green, Trentepohlia
exhibit orange, yellow, or red hues due to a high
concentration of carotenoids in their cells, making them
easily recognizable in the field. All Trentepohlia species
produce a high total carotenoid content, which protects
them from ultraviolet light and high irradiance (Saraphol et al.
2021). Additionally, Trentepohlia can serve as bioindicators
of atmospheric metallic pollution (Garcia-Florentino et al.
2018) and are commonly found in humid habitats
worldwide (Rindi et al. 2018). Their presence in mangroves
may reflect air and water quality and contribute to primary
production and microhabitat complexity.

As the most commonly found family in BRSI,
Ostracoda is a group of microscopic crustaceans known for
their excellent preservation in sediment (Vazquez-Garcia et
al. 2021). They inhabit lacustrine, estuarine, and marine
environments (Horne et al. 2022) and feed on detritus,
diatoms, foraminifers, and microscopic polychacte worms.
Ostracods thrive best in habitats with muddy sands, silts,
algae, and seagrass (Szlauer-Lukaszewska and Pesi¢ 2020).
In the Indo-Australian region, some commonly encountered
genera include Hemicytherura, Loxoconcha, Parakrithella
(Hussain et al. 2021). Their community composition and
abundance respond rapidly to changes in salinity, organic
matter, and pollution, making them effective for monitoring
anthropogenic impacts and ecosystem health (Schmitz et al.
2025). Their abundance can reflect the impact of human
activities (Ruiz et al. 2005) and geochemical changes in
their carapace (Ruiz et al. 2013). Overall, because BRS1
functions as a fish pond and ecotourism site, it is easy to
find ostracods, as some species can provide information
about tide levels.

Tetrahymena, a genus within the family Tetrahymenida,
was found to dominate in MDRI1. These free-living,
unicellular ciliate protozoa belong to the phylum Ciliophora
and are commonly found in freshwater environments,
where they play crucial ecological roles as decomposers
and predators of bacteria (Gupta et al. 2019). Tetrahymena
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are widely used as model organisms in toxicological and
environmental research (Chasapis 2019). Their ability to
reduce the growth rate of harmful algae and toxins suggests
that MDR1 may be subject to contamination. Additionally,
as key consumers in the food chain, Tetrahymena acts as a
bioaccumulator of pollutants (Maurya and Pandey 2020).
Based on the condition of MDRI1, the environment can be
polluted due to waste; this is related to community awareness
in protecting the mangrove ecosystem. Mongabay reported
in 2019 that the mangroves in Madura were in danger, with
most of the root cause being a lack of community awareness;
on the other hand, they found that some areas had been
converted into shrimp ponds.

Chaetoceros is one of the most diversified genera of
planktonic diatoms (Lu et al. 2024). Chaetoceros are
characterised by their cells and setae, which contain
multiple chloroplasts and are widely distributed (Kooistra
et al. 2022). These species are highly prevalent in marine
ecosystems, with certain members, such as Chaetoceros
atlanticus and Chaetoceros danicus, capable of triggering
blooms (Helleren 2016). Furthermore, their rigid, spiky
setae can cause mechanical damage to the gills of fish and
other economically significant organisms, leading to financial
losses (Fryxell and Medlin 1981; Lassus et al. 2016). The
presence of this genus is often indicative of soluble
pollution in aquatic environments, as Chaetoceros can act
as a reducing agent. Moreover, Chaetoceros tenuissimus
exhibits heightened sensitivity to various toxic chemicals,
making it a valuable indicator for assessing water quality
(Pastorino et al. 2022).

Parasites have been identified within the fungal groups,
including the genus Kellermania (Minnis et al. 2012) and
Exobasidiomycetes x_sp. (Wang et al. 2015), both can
cause plant diseases by infecting leaves, tissues, and
flowers. In humans, Malassezia globosa is known to cause
dandruff (Dawson 2007; Torres et al. 2024), while species
from the genus Malassezia have also been linked to acne
(Hamdino et al. 2022). Parasitic protists have also been
identified, such as Leidyanal, which can infect grasshoppers
(Odle et al. 2024). Detecting parasitic and potentially
pathogenic protists, including Exobasidiomycetes and
Malassezia globosa, in sites with elevated TDS and lower
DO highlights the ecological risks of declining water
quality. Recent studies have demonstrated that mangrove
sediments can serve as environmental hotspots for pathogenic
protists, with parasitic taxa occasionally dominating the
community and posing risks to both the ecosystem and
human health (Liu et al. 2024a). The strong association
between protist community composition and water quality
parameters observed in this study supports the use of
eDNA-based protist monitoring as an effective tool for
early detection of ecological disturbances, pollution, and
emerging pathogenic threats in mangrove ecosystems.
Integrating protist bioindicators with routine water quality
assessments will enhance the capacity for timely management
interventions and long-term conservation of these critical
coastal habitats. The summary of protists that can serve as
bioindicators in this research, along with the methods for
controlling them, is presented in Table 2.
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Table 2. List of protists that can be environmental indicators in the mangrove ecosystem

Species/Group Ecological role/Impact Source/Indicator Management/Control
Ostracoda Bioturbation, nutrient cycling, Natural, sensitive to sediment ~ Maintain sediment quality, reduce
bioindicator quality pollution

Tetrahymena Decomposer, bacterial predator, pollution Organic pollution, Reduce waste input, raise
indicator eutrophication awareness

Chaetoceros Primary producer, can form blooms, Nutrient enrichment, water Control nutrient input, monitor
bioindicator quality blooms

Chlorellales Primary producer, sediment stabilizer Nutrient availability Maintain balanced nutrients

Human pathogen, pollution indicator
Plant parasite, disease risk

Malassezia globosa
Exobasidiomycetes/

Wastewater contamination
Plant tissue infection

Improve wastewater treatment
Monitor plant health, reduce

Kellermania stressors
Leidyana Insect parasite affects the food web Insect hosts Monitor insects, maintain balance
Trentepohlia Bioindicator, primary producer Air/water pollution, humidity  Monitor pollution, preserve habitat

Water quality factor for protists' habitat

The NMDS (Non-metric Multidimensional Scaling)
plot provides a visual summary of the relationships
between protist, fungal, and micro-eukaryote communities
in mangrove sediments, highlighting how environmental
gradients, especially TDS (Total Dissolved Solids),
influence community structure. The distinct clustering of
taxa indicates that specific environmental conditions, such
as mineral content and organic matter, play a significant
role in shaping the distribution of these organisms. For
example, the central green cluster contains diverse taxa like
Tetrahymena, Malassezia globosa, and Nannochloropsis,
suggesting these species are well-adapted to environments
with moderate TDS and mixed organic inputs. This aligns
with recent studies demonstrating that environmental
heterogeneity, including salinity and nutrient levels, drives
the spatial structuring of microbial and protist communities
in mangrove sediments (Ho et al. 2023; Liu et al. 2024b).

The strong vector for TDS in the NMDS plot underscores
its significance as an environmental driver. Taxa positioned
along this gradient, such as M. globosa and Tetrahymena,
are likely more abundant in sites with higher mineral and
solute concentrations. Elevated TDS can result from both
natural processes and anthropogenic activities, such as
runoff or pollution, which can influence the bioavailability
of nutrients and metals. Recent research has shown that
TDS, along with other factors such as salinity and organic
content, can significantly impact the diversity and function
of sediment microbial communities, thereby affecting
ecosystem processes like nutrient cycling and organic
matter decomposition (Liu et al. 2024b; Spedicato et al.
2024). Potential pathogens, such as M. globosa, further
highlight the role of mangrove sediments as hotspots for
environmental pathogens, with consequences for both
ecosystem and human health (Liu et al. 2024a).

Separating other clusters, such as those containing
Chaetoceros and Exobasidiomycetes X sp., indicates that
some taxa are more specialized, occupying unique
environmental niches less influenced by TDS. This pattern
suggests that while particular species are generalists capable
of thriving across various conditions, others are specialists
with narrower ecological requirements. Such differentiation
is consistent with findings that environmental filtering
selects for specific community assemblages in mangrove

sediments (Spedicato et al. 2024). Understanding these
patterns is crucial for effective ecosystem management, as
shifts in environmental parameters can rapidly alter
community composition, potentially enhancing the prevalence
of harmful or invasive species and impacting overall
ecosystem resilience (Liu et al. 2024b; Zhang et al. 2024).

Detecting parasitic and pathogenic taxa, such as
Exobasidiomycetes and M. globosa, highlights the potential
ecological risks in these ecosystems and underscores the
importance of eDNA for early warning and bioindicator
development. Our findings confirm that eDNA metabarcoding
is a sensitive, noninvasive, and scalable approach for
monitoring microbial biodiversity and ecosystem health in
mangrove environments. It can detect both dominant and
cryptic taxa that are often missed by traditional methods.
Compared with Cahyani et al. (2024a), who used the
Cytochrome Oxidase Subunit I (COI) gene unit from two
sampling locations, the communities were dominated by
Chordata, Bacillariophyta, and arthropods. Evidence of
environmental contamination was found because Homo
sapiens DNA was detected. In another region, Liu et al.
(2024a) found a 59,67% abundance of protist communities.
Microbial communities (bacteria, fungi, and archaea)
positively influence parasitic communities, including both
horizontal and vertical-scale interactions. Additionally,
sulfate and salinity had the most significant impact on the
protistan community. The method provides comprehensive
insights into genetic structure and is cost-effective for
biodiversity research and understanding dynamic ecosystem
changes.

The investigation of benthic protists faces challenges
due to the various processes that influence sediment
dynamics. The seafloor plays a significant role in shaping
communities, influenced by continuous surface resuspension.
This phenomenon may vary based on surface waves, storm
impacts, shipping activities, and trawling, with effects that
differ in intensity depending on depth (Giannakourou et al.
2005; Sanchez-Vidal et al. 2012). Consequently, the
sedimentation rates, mechanical resuspension, and the
interactions between benthic and pelagic habitats render the
evaluation of dynamics near sediments complex (Cibic et
al. 2022). Furthermore, it has been demonstrated that
factors such as currents, horizontal flow speed, upwelling,
and depth affect the dispersal, transport, and sinking rates
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of eDNA particles, living microorganisms, and resting
stages, which may be found in sediments located far from
their source (Harrison et al. 2019; Nooteboom et al. 2019;
Nguyen et al. 2023).

When applying eDNA metabarcoding on sediments, it
is important to recognize that sediments form a complex
matrix. They accumulate both extra- and intracellular DNA,
making it difficult to distinguish between living and dead
organisms (Pawlowski et al. 2022). Additionally, when
eDNA settles on the seafloor, sediments can absorb it,
protecting it from degradation (Romanowski et al. 1991).
Decay times vary greatly, from days to thousands of years,
depending on sediment structure and various abiotic and
biotic factors (Harrison et al. 2019; Ellegaard et al. 2020;
Pawlowski et al. 2022). This was not a concern in our
study, as we focused on identifying benthic organisms. The
long-lasting presence of eDNA in sediments may add
uncertainty to reconstructing living benthic communities or
using this method for monitoring purposes (Harrison et al.
2019).

It is important to note that, although our findings may be
subject to certain biases, the resulting errors are systematic
and do not undermine the relative comparisons between
samples and locations. Consequently, the key findings of
our study are solid, especially regarding the identified
alterations in benthic protist community composition across
the seven mangrove areas. The diversity detected through
sedimentary eDNA varied between research locations,
indicating that each mangrove ecosystem is uniquely
shaped by its environmental factors. Notably, using the 18S
rRNA gene proved effective for capturing a broad spectrum
of single-cell eukaryotes, protists, and fungi. However, the
accuracy of identification continues to be challenged by the
limited availability of reference databases and the selection
of genetic markers.

In conclusion, the study revealed that the ability of
eDNA to survey multiple taxonomic groups simultaneously
makes it a powerful and minimally invasive approach for
biodiversity monitoring in mangroves. Findings such as the
detection of both well-known and rare taxa signal the method's
sensitivity. At the same time, the observed location-specific
variation underscores the influence of abiotic factors, such
as nutrient levels, sunlight, temperature, and hydrodynamics,
on community composition. This approach enables a more
nuanced understanding of ecosystem health, local stressors,
and ongoing changes in these vulnerable coastal habitats.

eDNA methods should be integrated into routine
monitoring programs for effective mangrove restoration
and conservation. Establishing standardized sampling and
processing protocols will improve the comparability of data
between sites and over time. Building and updating
comprehensive reference libraries for regional mangrove
biota will also enable more precise taxonomic assignments.
Combining eDNA results with environmental data (e.g.,
salinity, sediment quality, and anthropogenic pressures)
will facilitate the early detection of biodiversity loss or
invasive species, guiding targeted restoration and adaptive
management. As eDNA techniques advance, their application
offers an efficient, scalable, and cost-effective pathway for
safeguarding the complex web of life found in mangrove
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ecosystems and ensuring their essential ecological services
endure into the future.
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