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ABSTRACT

The ecological integrity and sustainability of urban mangrove ecosystems are threatened by marine debris
and especially plastic. This study examines a non-destructive technique to estimate the amount of marine
debris and mangrove density in an urban mangrove forest. Field surveys, held from September 2024 to
January 2025, were conducted across distinct hydrodynamic zones, showing that plastic accounted for up
to 95% of the total debris, with the highest concentrations being observed in zones with dense mangrove
stands and limited water flow. The proposed method leads to targeted debris removal and better
management strategies, which combine waste reduction and the maintenance of healthy mangrove

ecosystems.

Keywords-integrated coastal management; mangrove debris assessment; marine debris monitoring; non-

destructive sampling; plastic pollution

I.  INTRODUCTION

Mangrove ecosystems provide coastal protection and
support local biodiversity [1, 2], but are threatened by pollution
from marine debris, particularly plastic, as well as by
deforestation and illegal logging [3-5]. Debris accumulation
within mangrove forests can degrade ecosystem health and
reduce the effectiveness of mangroves as natural filters and
coastal buffers [3, 6]. A similar pattern was observed in the
Wonorejo Mangrove Ecotourism area, where the density of
marine debris was found to affect the density of mangrove
seedlings by up to 88%, with the remaining 12% influenced by

other factors [7]. Authors in [7] examined the relationship
between debris abundance and Avicennia mangrove seedling
density, while authors in [8] described debris occurrence and
stated that debris accumulation was associated with lower
mangrove density. However, these studies did not classify the
sampling zones based on hydrodynamic characteristics. Since
urban mangroves like Wonorejo are influenced by both
anthropogenic factors and marine dynamics, the role of
hydrodynamic processes in debris accumulation is not well
understood. This study uses a non-destructive method to
measure the presence of marine debris in the Wonorejo
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Mangrove Ecotourism area of Surabaya, Indonesia. By
monitoring the debris with hydrodynamic characterization
across three zones (estuary, marine, and enclosed), the current
study provides data on the distribution and the ecological
impacts of the waste.

IL.

A. Study Site

The present study was conducted in the Wonorejo
Mangrove Ecotourism Area in eastern Surabaya, Indonesia, as

MATERIALS AND METHODS

shown in Figure 1. The site consists of tidal mangrove forests
with complex root structures. It is situated at the estuary of the
Jagir River and faces the Madura Strait. Wonorejo was selected
as the case study site because it is a highly vulnerable urban
mangrove ecosystem influenced by hydrodynamic processes
(e.g., tides and river inflow) and anthropogenic activities (e.g.,
tourism, upstream pollution, and fisheries practices) [7, 9]. The
area was divided into three zones based on hydrodynamic
characteristics: estuary, marine, and enclosed.
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Fig. 1.

B. Sampling Design

Samples were taken from September 2024 to January 2025,
in order to capture the characteristics of the sites [10, 11]. The
primary data included the amount and type of marine debris
and the density of mangroves. Five transects were established
in each hydrodynamic zone to ensure the right distribution
across different hydrodynamic conditions. The secondary data
included ocean current and tide information.

C. Mangrove Density Assessment

Mangrove growth stages were adapted for transect plots: 10
x 10 m for trees (>10 cm stem diameter), 5 x 5 m for saplings
(height >1.5 m and diameter <10 cm), and 2 x 2 m for
seedlings (<1.5 m height), as depicted in Figure 2 [7, 12]. The
data collected included the tree diameter (measured at 1.3 m
above the ground), number of trees in the area, and species
identification. For multi-stemmed trees, each branch was
measured separately [13].

D. Marine Debris Collection

At each point, a 5x5-m grid was used to collect
macrodebris, and a nested 1x1-m grid was utilized to collect
mesodebris [14]. Locations were recorded by GPS [15], and all
visible debris on the sediment surface was collected, weighed,
and sorted by material type (plastic, glass, metal, fabric, rubber,

Study site location.

wood, ceramic, and HTMs), according to NOAA shoreline
survey guidelines [16].
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Fig. 2. Sampling transect: a) mangrove density, b) marine debris.

E. Hydrodynamics: Current and Tides

Tidal data were retrieved from Geospatial Information
Agency's website and processed in Excel using the least
squares method, as displayed in Figure 3, while the current data
for January were gathered from OSCAR and used to map the
distribution, as portrayed in Figure 4.
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F. Marine Debris Data Analysis

The primary data on marine debris were analyzed using
[17]:

N
Percentage (%) = (Z_M) x 100 )
Item Abundance (items/ m?) = % 2)
Weight Abundance (kg/ m?) = % 3)

where N; is the number of debris items type i (items), Y. N; is
the total number of debris items (items), N is the number of
debris items within the transect (items), W is the total weight of
debris within the transect (kg), and A is the transect area (m?).
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Fig. 4. Current data processing flow.

G. Mangrove Data Analysis

The number of specific stands refers to the total number of
individuals of a particular mangrove species within each
transect. The mangrove density is calculated using [7, 12]:

N
D=1 4
where D is the species density (individuals per ha), n; is the
number of individuals of the species, and A is the total plot area

(m? converted to ha by dividing by 10,000).
1. RESULTS AND DISCUSSION

A. Mangrove Density and Species

As shown in Figure 5, the estuarine zone had the highest
mangrove density (3,260 ind/ha), which is classified as high
density (>1,500 ind/ha) [18]. The enclosed zone had a high
density of 2,760 ind/ha, while the marine zone had a medium
density of 1,480 ind/ha. The dominant species were Avicennia
marina, A. alba, Excoecaria agallocha, Rhizophora
mucronata, Nypa fruticans, and R. stylosa. Authors in [19]
reported similar density categories and species compositions in
the Wonorejo area. The same transects were used for mangrove
density and marine debris sampling, as displayed in Figure 6.

B. Hydrodynamic Conditions

The tidal elevation graph, as illustrated in Figure 7, reveals
a mixed, predominantly semidiurnal tide (Formzahl = 1.21),
confirming the previously described patterns for East Surabaya
[19, 20]. The current speeds around the study site range from
0.379 m/s to 0.444 m/s, as presented in Figure 8, and are
categorized as fast to very fast, while the current direction
shifts seasonally [21]. These hydrodynamic conditions play a
crucial role in controlling the distribution and accumulation of
marine debris in the mangrove ecosystem and provide the basis
for interpreting the debris composition and abundance patterns.
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Fig. 5. Mangrove density in each zone.

Fig. 6.
(red line).

1.50
1.00

0.50

> o 9
o u o
© © o©

Elevation (m)

-1.50

-2.00

=R -E-E-E-N-N-N- - - - - -]
coeeeeeeeeaeceaeeeeeeeseeese
SN PANDNRrOMONANDNREONOONDROE S ®6
- v Qo RN - -q
Time (WIB: UTC+7)
—e—Elevation (m) —MSL
Fig. 7. Tidal elevation graph of research location.
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C. Percentage of Marine Debris

Plastic was the most common type of debris in all zones,
accounting for 95% of the estuarine zone, 89% of the marine
zone, and 83% of the enclosed zone, as shown in Figure 9,
which can be explained by its lightweight, buoyant, and

durable nature, enabling widespread distribution [22]. The
enclosed zone had the greatest variety of debris types, likely
due to limited water flow allowing debris to pile up [23], as
presented in Figure 10.
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D. Debris Abundance by Item

The greatest number of debris (items/m?) was found in the
marine zone (3.98 + 1.92), followed by the enclosed zone (3.84
+ 1.34), and the least amount was found in the estuarine zone
(3.43 £ 2.24). There were significant differences between the
zones (p < 0.05), as evidenced in Figure 11 (a). The marine
zone's exposure to multiple sources and the enclosed zone's
limited water movement both contribute to debris deposition,
which was observed in other Indonesian mangroves [24].

E. Debris Abundance by Mass

The marine zone had the greatest debris weight abundance
(119.5 + 66.84 g/m?), followed by the estuarine zone (77.6 +
60.55 g/m?) and the enclosed zone (53.1 + 30.78 g/m?), as

Current velocity and direction in the study area (processed using ArcGIS 10.8).

presented in Figure 11 (b). Heavier items, such as metal and
glass, as illustrated in Figure 12, contributed the most to the
total mass of debris. The data show that the quantity and type
of debris are shaped by the interplay of the mangrove structure
and hydrodynamics.

Fig. 10.  Trash found: (a) plastic bottles, (b) diapers that have changed color
and shape, (c) household appliances, (d) fishing nets.
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The observed spatial variation in debris accumulation
reflects the strong interaction between hydrodynamics,
mangrove structure, and debris type. Areas with higher
mangrove density and limited water flow collect a wider
variety of debris, whereas open and dynamic zones receive
more debris but have greater mobility. These findings confirm
the role of mangroves as debris traps [1, 5, 25, 26], and
emphasize the importance of maintaining healthy mangrove
stands and considering local hydrodynamics for effective
debris management and coastal ecosystem protection.
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Debris mass abundance: (a) glass, (b) metal.

F. Practical Management Implications

Based on these insights, the management strategies in
mangrove ecotourism areas should prioritize maintaining or
increasing mangrove stand density, controlling upstream
sources of waste (especially plastics), and accounting for local
hydrodynamic conditions that affect debris retention and
transport. As portrayed in Figure 13, the interaction between
debris input, hydrodynamic forcing, and mangrove density
influences debris accumulation and ultimately mangrove health
[27]. This framework supports strategies that combine
maintaining mangrove cover, controlling upstream waste, and
using hydrodynamic-aware monitoring. The proposed approach
reduces the environmental impact of debris accumulation,
supports the sustainability of ecotourism, and preserves the
ecosystem services provided by mangroves. Monitoring and
cleanup programs should focus on the most susceptible to
debris trapping zones, such as areas with dense vegetation and
limited water circulation. Community engagement in upstream
waste management, coupled with the regular assessment of
hydrodynamic changes, will further enhance the long-term
resilience of these valuable coastal systems [28].
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Fig. 13.  Conceptual diagram showing the interrelationship of debris
management, mangrove health, and hydrodynamic influence in the study area.

IV. CONCLUSIONS

This study revealed that the Wonorejo Mangrove
Ecotourism area has dense mangrove stands (over 2,500 trees
per ha), yet it is heavily influenced by the presence of marine
debris, up to 95% of which is plastic. The marine zone was the
most affected, with the highest abundance of debris at 3.98
items/m2 and 119.5 g/m2. These results highlight the need for
integrated management strategies that promote mangrove
health, address upstream plastic waste, and consider local
hydrodynamic conditions. However, this study focuses on
surface-visible debris without considering tidal inundation
modeling or measuring the current velocity from primary data,
which may reduce hydrodynamic accuracy. Since debris
distribution is strongly influenced by water flow, future studies
should integrate hydrodynamic modeling and assess the long-
term impacts on mangrove growth.
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