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Industrial land reclamation in the Manyar Estuary, Gresik (Indonesia), is reshaping coastal 

water quality and management. This study quantifies links between reclamation extent and 

estuarine water parameters and turns the evidence into practical coastal-planning actions. We 

analysed a five-year dataset (2020-2024) combining in-situ measurements at 14 stations 

(depths 0, 1, and 3 metres) with curated secondary records, and tested associations using 

correlation analysis within an integrated coastal-planning perspective. Turbidity rose from 5.0 

to 16.8 nephelometric turbidity units (NTU; standard < 5), salinity from 24.0 to 31.0, and 

sediment grain size from 0.0180 to 0.0185 millimetres, while dissolved oxygen improved from 

4.0 to 6.6; the reclaimed area expanded from 118 to 128 hectares. Exploratory correlation 

analysis (n = 5) indicated positive associations between reclamation extent and salinity 

(Pearson r = 0.884) and sediment grain size (r = 0.967), while turbidity increased 

monotonically with reclamation extent (Spearman ρ = 1.000), though the Pearson association 

was not statistically supported. Sediment grain size changed marginally (0.0180 to 0.0185 mm) 

and its correlation with reclamation (r = 0.967) should be interpreted cautiously because the 

absolute change is very small and uncertainty estimates are not provided. Given the short time 

series (n = 5) and mixed data sources, these associations should be treated as exploratory and 

used to prioritize improved monitoring and hypothesis-driven follow-up analyses before 

detailed management prescriptions are adopted. 
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1. INTRODUCTION

Gresik, a key industrial center in East Java, Indonesia, has 

undergone rapid expansion, significantly impacting the coastal 

environment. The Manyar Estuary, a vital ecological and 

economic zone, is increasingly affected by industrial 

reclamation projects, including the Java Integrated Industrial 

and Port Estate (JIIPE) [1]. These activities have led to notable 

shifts in turbidity, salinity, and sediment composition, altering 

hydrodynamic conditions and biodiversity [2]. While 

industrial development drives economic growth, it also raises 

serious environmental concerns that require scientific 

investigation and sustainable management strategies [3]. 

Manyar Estuary serves as a critical case study beyond its 

industrial significance due to its rich biodiversity, fisheries 

productivity, and role in maintaining coastal resilience [1]. 

Sediment resuspension and increased turbidity caused by 

reclamation impact photosynthetic organisms, fisheries, and 

benthic ecosystems, which are essential for coastal food chains 

[4]. Additionally, salinity fluctuations threaten mangrove 

habitats and aquatic species, further stressing the estuarine 

ecosystem [5]. 

Global comparisons underscore the widespread impact of 

coastal reclamation. Studies from Jakarta Bay [6] and Bali's 

Benoa Bay [7] highlight habitat degradation, water quality 

decline, and socio-economic disruptions resulting from poorly 

managed reclamation. Similar trends are observed in China 

and the Mediterranean, where reclamation disrupts natural 

sediment transport and marine biodiversity [8, 9]. Yet few 

studies quantitatively link reclamation extent to measured 

estuarine responses in turbidity, salinity, and sediment 

characteristics, especially in policy-relevant frames. 

This paper addresses that gap by analysing five years of 

observations (2020-2024) in the Manyar Estuary, relating 
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reclamation area to turbidity, salinity, and sediment grain size 

using standard correlation analysis, and interpreting the results 

through integrated coastal-zone planning to inform permitting, 

monitoring design, and compliance in rapidly industrialising 

coasts. 

2. MATERIALS AND METHODS

2.1 Research location 

This research was conducted on the coast of Manyar District, 

Gresik Regency, East Java, on July 16, 2024, focusing on 

coastal industrial areas, including PT JIIPE, PT Ecooil, and PT 

Siam Maspion Terminal. These three industries are involved 

in port activities and crude oil processing and are part of the 

JIIPE. Sampling was carried out during the dry season to avoid 

the influence of seawater mixing with rainwater, which could 

affect the physicochemical parameters of the water. During 

this season, tides are lower, resulting in reduced suspended 

sediments and a more stable arrangement of bottom sediments 

[10]. The distribution of sampling stations across the river, 

estuary, and marine zones is shown in Figure 1. 

Figure 1. Sampling points for water-column profiling (0, 1, 3 

m) and sediment collection, shown at publication-quality

resolution with readable labels, scale bar, north arrow, and

station IDs 

2.2 Data collection 

Data collection of water parameters was carried out using 

AAQ Rinko 1183 (multi-parameter water quality profiler) at 

depths of 0 m, 1 m, and 3 m. This tool is ISO 9001 JQA 0950 

certified and capable of recording data automatically quickly 

and accurately [11]. Before each survey day, the probe was 

checked and calibrated following the manufacturer’s 

procedure (sensor check and stabilization). A total of 14 

sampling points were determined to cover the river, estuary, 

and marine areas [12]. Points 1-5 were located downstream of 

the river to observe the influence of anthropogenic inputs, 

point 6 at the confluence area of the river and the sea, and 

points 7-14 around the reclamation island. Sediment samples 

were then collected using a sediment corer and placed into 

plastic bags labeled according to depth for further analysis. 

Data sources: Primary measurements were collected by the 

authors during a single-day survey on July 16, 2024 (n = 14 

stations). For context, 2020-2021 values were extracted from 

published literature. Values for 2022-2023 were obtained from 

Coastal and Marine Resources Management Center (BPSPL) 

Denpasar, Sidoarjo Working Area as secondary monitoring 

summaries. 

2.3 Laboratory analysis 

This study used hydrometer and pycnometer analysis to 

determine the density and specific gravity of sediments. 

Hydrometer analysis was carried out by mixing dry sediment 

samples (50 grams) with sodium hexametaphosphate, 

precipitated for 24 hours, and measured with a hydrometer at 

intervals of up to 24 hours to determine the density of the 

solution [13]. Pycnometer analysis is carried out by putting 

fine sediment into a pycnometer that has been calibrated 

according to SNI 2441: 2011, mixed with boiling water, 

heated, and weighed at temperature intervals of 80 ℃, 60 ℃, 

and 40 ℃ to obtain accurate results [14, 15]. 

2.4 Statistical analysis 

Interpretation rule: Because annual values are assembled 

from mixed provenance and are not synchronized by season, 

tide, rainfall, discharge, and station matching, we do not treat 

the 2020-2024 series as a standardized monitoring record. 

Therefore, (i) any year-to-year statements are limited to 

descriptive ranges, (ii) correlation outputs are reported only as 

illustrative screening, and (iii) management recommendations 

are framed as provisional priorities for improved monitoring 

rather than evidence of confirmed temporal impacts. 

Therefore, the core quantitative evidence is derived from 

within-campaign spatial patterns (2024), while earlier records 

are used to contextualize plausible ranges. 

This limits strict year-to-year comparability; therefore, the 

multi-year series is presented as contextual ranges rather than 

a standardized monitoring record, while interpretation 

prioritizes verifiable within-campaign spatial variability. To 

enable valid temporal inference, future monitoring should 

adopt quarterly synchronized sampling at matched stations, 

within a fixed tidal window (± 1 h of high tide), with 

antecedent rainfall and river discharge recorded as covariates 

and replicated measurements per station-depth. 

Annual association estimates between reclamation extent 

and compiled water-quality metrics (n = 5 years) are reported 

as an illustrative screening of directionality using Pearson 

(linear) and Spearman (monotonic) measures, with exact two-

sided p-values for Spearman. Given the very small n and 

mixed data provenance, these estimates are not used to infer 

temporal trends or causality; significance language is avoided 

unless strictly supported by p-values, and findings are treated 

as exploratory indications only. The interpretation of 

correlation strength followed the coefficient categories 

presented in Table 1. 

Table 1. Coefficient value 

Value of r Description 

0.00-0.199 Very low 

0.20-0.399 Low 

0.40-0.599 Medium 

0.60-0.799 Strong 

0.80-1.000 Very strong 
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3. RESULTS AND DISCUSSION

3.1 Inter-annual ranges of aquatic parameters in the last 5 

years (2020-2024) 

Across 2020-2024, pH and temperature were generally 

within guideline ranges, but DO in 2020 (4.0 mg/L) was below 

the > 5.0 mg/L standard and turbidity exceeded the < 5 NTU 

standard in multiple years; therefore, not all parameters 

consistently met the quality standards of the Ministry of 

Environment Decree No. 51 of 2004. The inter-annual 

summary of reclamation area, water-quality parameters, 

sediment grain size, and data sources is presented in Table 2. 

3.1.1 Degree of acidity (pH) 

Figure 2 shows annual pH values in Manyar District (2020-

2024) compared with the guideline range (6.5-8.5). 

The pH fluctuations in Manyar District from 2021 to 2024, 

ranging from 6.6 to 8.3, demonstrate the complex interplay 

between anthropogenic activities and environmental processes. 

This variation reflects how industrial discharges, particularly 

from sectors such as sugar and aquaculture, introduce 

pollutants that significantly affect water chemistry [16, 17]. 

Similar trends are observed globally, where industrial runoff 

leads to substantial changes in regional water quality, 

impacting nutrient cycling and local ecosystems, as seen in 

Uttarakhand, India [18]. 

Climate factors like rainfall also influence pH fluctuations, 

underlining the broad environmental impact of these changes 

[19]. The improvement in water quality during periods of 

reduced industrial and mobility activity associated with 

COVID-19 restrictions illustrates the potential for 

environmental recovery, although such recovery remains 

fragile and vulnerable to continued industrial pressure [20, 21]. 

Studies from East China further show that seasonal nutrient 

inputs and environmental shifts affect aquatic health, with pH 

interacting dynamically with other parameters like 

temperature and dissolved oxygen (DO), impacting diverse 

ecosystems [22-24]. This emphasizes the need for effective 

environmental management and regulatory strategies to 

preserve global aquatic ecosystems, highlighting the critical 

role of continuous monitoring and adaptive management in 

mitigating industrial impacts on water quality. 

3.1.2 Salinity 

Figure 3 shows annual salinity values in Manyar District 

(2020-2024) compared with the guideline range (30-34 ppt). 

The salinity fluctuations in Manyar Subdistrict, highlighted 

by peaks up to 33.7 ppt in 2022 due to desalination discharges, 

underscore the significant impacts of industrial activities on 

local water bodies. This rise in salinity is comparable to global 

instances where desalination processes notably increase local 

salinity levels, affecting marine ecosystems [25, 26]. Notably, 

confined salinity plumes from desalination plants, such as 

those observed in Spain, show that while localized, these 

discharges can still amplify salinity and pose risks to nearby 

marine life [27, 28]. 

Additionally, urban practices like using seawater for 

flushing in water-scarce cities further exacerbate salinity 

levels in wastewater systems, mirroring challenges seen in 

Manyar [29]. Elevated salinity levels threaten aquatic 

ecosystems, necessitating stringent regulatory measures to 

mitigate the adverse effects and ensure ecological integrity 

[30, 31]. This global challenge underscores the need for 

effective salinity management strategies that harmonize 

industrial practices with environmental sustainability. 

Table 2. Reclamation area, aquatic parameters and sediment data 

Year 
Reclamation 

Area (Ha) 
pH 

Salinity 

(ppt) 
DO (mg/L) 

Temperature 

(℃) 
Turbidity (NTU) 

Sediment 

(mm) 
Data Source 

2020 118 7.5 24.0 4.0 29 5.0 0.0180 [32] 

2021 121 6.6 25.6 5.0 28 6.0 0.0182 [33] 

2022 126 7.7 33.7 5.0 30 8.0 0.0183 
Institutional monitoring 

records (secondary data) 

2023 127 7.7 30.0 5.0 29 10.0 0.0184 
Institutional monitoring 

records (secondary data) 

2024 128 8.3 31.0 6.6 28 16.8 0.0185 Field Data 

Quality Standard 6.5-8.5 30.0-34.0 > 5.0 28-32 < 5.0 
Source: Data Processing, 2024 

Note: ppt = parts per thousand; NTU = Nephelometric Turbidity Units. 

Figure 2. Degree of acidity (pH) profile 2020-2024 
Figure 3. Salinity profile 2020-2024 
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Figure 4. Dissolved oxygen profile 2020-2024 

Figure 5. Temperature profile 2020-2024 

3.1.3 Dissolved oxygen 

Figure 4 shows annual DO values in Manyar District (2020-

2024) relative to the minimum quality standard of > 5.0 mg/L. 

The consistent levels of DO in Manyar, maintaining at 5 

mg/L from 2021 to 2023, highlight the complex interplay 

between environmental factors. This stability, influenced by 

average rainfall, supports aquatic health by diluting pollutants 

and reducing turbidity [34]. However, heavy rainfall can 

increase turbidity, leading to oxygen depletion as organic 

waste decomposes [35]. Such fluctuations in DO and turbidity 

are observed globally, often exacerbated by rainfall and human 

activities [36]. 

Studies from around the world, including coastal Sri Lanka, 

illustrate how stormwater runoff and agricultural contaminants 

spike turbidity during the southwest monsoon, significantly 

impacting DO levels [35]. Urban areas similarly report 

decreased DO due to turbid water from sewage and fertilizers 

[37]. Industrial discharges, like those in Gwadar, Balochistan, 

contribute to eutrophication, further depleting oxygen [36]. 

Temperature also plays a critical role; research in Brazil 

shows lower water temperatures generally correlate with 

higher DO levels, underlining the importance of temperature 

in oxygen solubility [38]. Manyar’s stable climatic conditions 

help sustain DO levels, unlike warmer regions where increased 

temperatures may lower oxygen levels. 

Effective management of aquatic environments requires 

ongoing monitoring of DO, temperature, and turbidity. By 

understanding these interactions, proactive strategies can be 

developed to mitigate pollution impacts and preserve global 

aquatic ecosystems. 

3.1.4 Temperature 

Figure 5 shows annual temperature values in Manyar 

District (2020-2024) compared with the guideline range (28-

32 ℃). 

In Manyar Subdistrict, water temperature shows remarkable 

stability, varying only between 1-2 ℃ annually, within 

established quality standards. This stability highlights the 

intricate balance between environmental influences like solar 

intensity, water depth, and movement, and human activities 

such as reclamation [39]. Reclamation on tidal flats can 

increase risks from storm impacts by altering sedimentary 

processes [40], presenting challenges similar to those in 

Manyar. These observations confirm that the increasing 

sediment grain size in Manyar is part of a broader global trend 

where anthropogenic activities significantly alter sediment 

dynamics. This necessitates the careful management of 

reclamation practices to preserve ecological balance and water 

quality in various regions. 

3.2 The relationship between each water parameter and 

reclamation 

The correlation results in Table 3 provide an exploratory 

assessment of how reclamation extent covaries with key 

aquatic and sediment indicators in Manyar across five annual 

observations (n = 5). Given the short time series and the 

estuarine setting, these associations should not be interpreted 

as causal impacts or definitive trends. To improve robustness 

under small-sample uncertainty and potential non-linearity, 

Pearson correlations (linear association) are reported 

alongside Spearman rank correlations (monotonic association). 

Table 3. Correlation test results 

Parameter (X) Pearson r Pearson p Spearman ρ 
Spearman P (Exact, 

Two-Sided) 
Description 

pH 0.6523 0.2328 0.8721 0.0667 
Not statistically significant (Pearson p = 0.233; Spearman p 

= 0.0667); insufficient evidence of association. 

Salinity (ppt) 0.8837 0.0468 0.7000 0.2333 

Borderline under Pearson (p = 0.0468) but not supported by 

Spearman (p = 0.2333); association not robust across 

methods. 

DO (mg/L) 0.7718 0.1263 0.8944 0.1000 
Not statistically significant (Pearson p = 0.126; Spearman p 

= 0.100); insufficient evidence of association. 

Temperature 

(℃) 
0.0695 0.9116 -0.2108 0.7333 

No evidence of association (Pearson p = 0.912; Spearman p 

= 0.733). 

Turbidity (NTU) 0.8093 0.0971 1.0000 0.0167 
Monotonic increase supported by Spearman (ρ = 1.000; p = 

0.0167), while Pearson is not significant (p = 0.097). 

Sediment (mm) 0.9669 0.00718 1.0000 0.0167 

Consistent positive association (Pearson p = 0.007; 

Spearman p = 0.0167); interpret cautiously because the 

absolute grain-size change is very small. 
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Turbidity shows a consistent increasing pattern with 

reclamation area (Spearman ρ = 1.000; p = 0.0167), while the 

Pearson test is not significant (r = 0.809; p = 0.097); therefore, 

the association is treated as exploratory or early indicators. 

This result is consistent with the understanding that 

reclamation activities, by disturbing sediment and enhancing 

its suspension, contribute to increased turbidity. The greater 

the reclamation area, the higher the turbidity levels, primarily 

due to the influx of suspended sediments from construction 

and land alteration activities. This rise in turbidity can severely 

limit the penetration of sunlight into water bodies, which is 

crucial for the photosynthetic activity of phytoplankton, 

thereby affecting the overall productivity and ecological 

balance of the aquatic environment [40, 41]. 

Salinity shows a positive association with reclamation 

extent under Pearson correlation (r = 0.884, p = 0.047), but this 

relationship is not supported by Spearman rank correlation (ρ 

= 0.700, p = 0.233), suggesting the pattern is not robust across 

methods. Therefore, while the pattern is suggestive, the 

available five-year dataset provides insufficient evidence to 

conclude that reclamation expansion consistently increases 

salinity. A plausible mechanism remains that industrial 

activities associated with reclamation may introduce saline 

inputs (e.g., brine discharge), which could increase salinity 

and alter osmotic conditions affecting aquatic biota and their 

distribution [42]. 

Sediment grain size exhibits the strongest and most 

consistent positive association with reclamation area among 

the tested parameters (Pearson r = 0.967, p = 0.007; Spearman 

ρ = 1.000, p = 0.0167). This indicates a highly consistent 

increasing pattern in grain-size values as reclamation area 

increases across 2020-2024. Nevertheless, the compiled 

records indicate a small but consistently higher grain-size 

value in later years (0.0180→0.0185mm). This is presented as 

a qualitative indication of sediment texture change that may 

accompany coastal modification, so the ecological 

significance of this shift should be interpreted cautiously even 

though the statistical association is strong. Areas close to 

reclamation activities tend to exhibit coarser sediment due to 

the heavy use of construction materials that alter the natural 

sediment flow and deposition processes [43]. 

These associations suggest that reclamation may be linked 

to changes in key aquatic and sediment indicators in Manyar, 

particularly for sediment characteristics and potentially 

turbidity, although inference is constrained by the short annual 

series (n = 5) and mixed temporal data sources. Accordingly, 

the findings are best used to prioritize monitoring and targeted 

mitigation rather than to claim definitive impacts. Practical 

implications include strengthening synchronized, multi-

timepoint sampling across years, tracking turbidity and 

sediment metrics alongside estuarine covariates (e.g., tides and 

river discharge), and implementing precautionary controls to 

limit sediment resuspension and manage potential salinity 

stressors. Placed in a broader context, this study aligns with 

evidence that coastal modification can pose environmental 

risks, but stronger empirical support is required before detailed 

regulatory frameworks are derived from the present 

correlations. 

3.3 Water quality and reclamation impacts 

Industrial and reclamation activities can cause significant 

changes in water parameters. Poorly managed industrial 

effluent discharge can increase the concentration of organic 

matter which in turn affects the turbidity of waters [44]. In 

addition, reclamation that involves backfilling and redirecting 

water flow can alter the physical parameters of waters such as 

turbidity, salinity and temperature. Reclamation causes a 

decrease in water brightness, changes in salinity, and a 

decrease in biodiversity, indicating degradation of the quality 

of the aquatic environment [45]. Therefore, proper 

management and regular monitoring of water quality 

parameters are essential to minimize the negative impacts of 

industrial and reclamation activities on aquatic ecosystems. 

Continuous monitoring of water quality in Manyar Estuary 

is essential to identify and address potential negative impacts 

from industrial pollution. Industrial activities and reclamation 

activities around the area have the potential to generate 

effluents that can alter water quality. Without regular 

monitoring, changes in water quality can go undetected and 

reach levels that are harmful to the surrounding ecosystem and 

the health of local communities [46]. Industrial and 

reclamation activities can cause significant changes in the 

physical, chemical and biological parameters of water, 

negatively affecting water quality and aquatic organisms [47]. 

By conducting continuous monitoring, authorities can 

promptly identify changes in water quality, determine the 

source of pollution, and take necessary mitigation measures to 

prevent further damage to the environment and human health. 

Reclamation activities also have the potential to negatively 

affect the activity of zoobenthos and other biota in the bottom 

waters. In a case study on Kyushu Island, Japan, bentonite 

bivalves were found to die in large numbers after reclamation 

activities. Bivalves, which are commonly used as 

bioindicators for estimating water quality, died in large 

numbers, raising concerns about water quality in the Kyushu 

area [48]. Bivalve mortality in waters in the Kyushu area is 

due to an increase in sediment size and the amount of sediment 

suspended in the water that can cover the bivalves and 

interfere with respiration and filtration processes. In addition, 

bivalve mortality is also caused by an increase in water 

parameter values that make the waters not optimal for biota 

growth. 

Changes in water parameters, such as temperature, salinity, 

pH, and DO content, can have a significant impact on the 

health of mangrove ecosystems in Manyar District. For 

example, an increase in water temperature can disrupt the 

photosynthesis and respiration processes of mangrove plants, 

while drastic changes in salinity can affect the mangroves' 

ability to absorb nutrients [5]. Decreased pH (increased acidity) 

and low DO levels can inhibit root growth and reduce the 

ability of mangroves to survive. This is reinforced by the low 

mangrove density value in Manyar Sub-district. When 

compared to other areas in Gresik, mangroves in Manyar 

District are considered a poor ecosystem with low density and 

high ecological disturbance. 

Pollutants and changes in aquatic parameters have serious 

impacts on human health. Industrial effluents containing 

heavy metals such as mercury, lead and cadmium can 

contaminate water sources, and through bioaccumulation and 

biomagnification, these pollutants reach humans through the 

food chain [49]. Effects include neurological disorders, kidney 

damage, and cancer. Changes in water parameters, such as 

decreased DO levels and increased BOD/COD, indicate 

organic pollution that can lead to the development of 

pathogenic bacteria in water [50]. This increases the risk of 

waterborne diseases such as diarrhea, cholera and typhoid. In 

addition, changes in water pH due to chemical pollutants can 
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cause skin and eye irritation in humans. Effluent management 

and water quality monitoring are critical steps to protect public 

health. 

3.4 Strategies and solutions to overcome turbidity in 

Manyar Estuary 

These strategies are operationalized within an Integrated 

Coastal Zone Management (ICZM) and local spatial planning 

framework, ensuring that sediment control measures (e.g., silt 

curtains, sediment traps, vegetated buffers) are aligned with 

designated industrial-estuarine zones and seasonal 

hydrodynamics. 

This study provides compelling evidence of a consistent 

annual increase in turbidity within Manyar Estuary, which 

persistently surpasses the environmental quality standards as 

outlined by the Ministry of Environment No. 51 of 2004. The 

exacerbation of turbidity levels highlights the immediate 

necessity for systematic intervention to mitigate these 

environmental impacts. 

3.4.1 Enhanced monitoring and regulation 

Within this ICZM framing, enhanced monitoring and 

regulation are crucial for managing water quality in Manyar 

Estuary, where industrial reclamation has notably increased 

turbidity, impacting aquatic ecosystems. Implementing real-

time monitoring systems [11] can provide immediate data 

crucial for regulatory actions. These systems, through 

continuous turbidity tracking using ISO 9001 JQA 0950 

certified tools like the AAQ Rinko 1183, enable quick 

responses during high turbidity events. These actions are 

crucial for protecting sensitive aquatic life stages. Instrument 

calibration/verification followed the manufacturer’s SOP prior 

to field deployment. At each station and depth, measurements 

were repeated (field replicates) to assess short-term variability 

and to reduce single-read bias. The 2024 snapshot recorded 

turbidity up to 16.8 NTU, exceeding the < 5 NTU reference 

threshold; earlier-year records suggest elevated turbidity can 

occur. Stricter regulations on activities like dredging and 

construction, which exacerbate turbidity, are necessary to 

mitigate these impacts [51]. Such measures will ensure 

healthier aquatic ecosystems by maintaining water quality 

within environmentally safe limits, fostering sustainable 

development in the Manyar area. 

3.4.2 Sediment control measures 

Consistent with the spatial planning approach, 

implementing effective sediment control measures is critical 

for mitigating the impacts of reclamation activities on the 

Manyar Estuary. The study highlights significant increases in 

sedimentation rates associated with these activities, which 

directly correlate with heightened turbidity and changes in 

sediment grain size. This underscores the importance of 

integrating sediment traps and vegetative buffers, which not 

only act as physical barriers to sediment entry but also enhance 

soil structure, thereby reducing runoff and improving water 

clarity [52, 53]. 

Additionally, the use of silt curtains is essential during 

active reclamation phases. These barriers effectively minimize 

sediment dispersion into adjacent water bodies, crucial for 

maintaining the ecological integrity of the estuary. The 

deployment and maintenance of silt curtains must be carefully 

managed to adapt to local hydrodynamic conditions, ensuring 

maximum effectiveness [54]. Collectively, these measures—

sediment traps, vegetative buffers, and silt curtains—form an 

integrated approach to managing sediment runoff. This 

approach is crucial for protecting Manyar Estuary from the 

detrimental impacts of increased sediment loads due to 

industrial activities and land reclamation, thus supporting 

sustainable coastal management practices. 

3.4.3 Water treatment and remediation techniques 

In support of the ICZM framework, the integration of 

advanced water treatment technologies and natural 

remediation strategies is imperative. Observational data from 

the area highlights turbidity levels frequently surpassing 

environmental safety standards, underscoring the urgent need 

for effective treatment solutions. Advanced water treatment 

facilities, equipped with modern technologies such as 

membrane filtration systems, are crucial. These systems are 

known for their efficiency in removing fine particulate matter, 

thereby substantially lowering water turbidity [55]. 

Additionally, the adoption of natural remediation 

techniques, such as constructed wetlands, offers a sustainable 

approach to water quality management. These systems utilize 

biological and physical processes to filter out sediments and 

pollutants from runoff, effectively reducing turbidity while 

enhancing the ecological health of the water bodies [56]. 

Combining these engineered solutions with natural treatment 

methods not only addresses the immediate issues of water 

clarity but also supports long-term sustainability by fostering 

biodiversity and ecological resilience. This dual approach 

ensures a comprehensive strategy for maintaining water 

quality within the Manyar Estuary, aligning with 

environmental standards and sustainable management 

practices. 

3.4.4 Public awareness and stakeholder engagement 

Stakeholder engagement is a core pillar of ICZM; raising 

public awareness and engaging stakeholders is therefore 

crucial for addressing the environmental and health impacts of 

turbidity in the Manyar Estuary. Data from the region illustrate 

the pressing need for community involvement in maintaining 

water quality and ecological balance. Educational programs 

play a vital role in informing local populations about the 

adverse effects of turbidity on aquatic ecosystems and public 

health. Research underscores the effectiveness of such 

initiatives in fostering environmental stewardship and 

promoting sustainable practices [57]. 

Moreover, stakeholder engagement is essential for 

incorporating diverse perspectives [58], especially in water 

management strategies. This inclusive approach ensures that 

conservation efforts are well-rounded and effectively address 

the specific needs and challenges of the local environment. 

Engaging community members, policymakers, and industry 

representatives in dialogue and decision-making processes 

enhances the implementation of practical and sustainable 

water management solutions. Collaborative platforms such as 

workshops, stakeholder meetings, and community forums 

facilitate mutual understanding and cooperative action [59], 

leading to more effective management of natural resources and 

greater community commitment [60], to reducing turbidity 

and its impacts. By fostering an informed and involved 

community, we can enhance the ecological and public health 

resilience of the Manyar Estuary. 
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3.5 Specific policy recommendations for water quality 

management in Manyar Estuary 

To translate the findings into practice, we propose an 

illustrative set of draft KPIs (Key Performance Indicators) as 

a starting point for monitoring design. However, these targets 

should be finalized only after a harmonized multi-season 

dataset is collected and validated against regulatory 

compliance requirements: 

1) Turbidity: < 5 NTU at compliance points (95th

percentile during dry season); response trigger at > 8

NTU sustained for > 24 h.

2) Core physicochemical bounds: DO > 5 mg/L; pH 7.0-

8.5; temperature within ± 2 ℃ of seasonal baseline.

3) Monitoring cadence: Monthly baseline sampling

+event-based sampling during reclamation/dredging;

at least one real-time turbidity logger per critical

outfall, calibrated per SOP.

4) Roles & assurance: Operators collect/report; district

environmental agency aggregates/validates; third-

party audit semi-annual with publicly available

summaries.

5) Transparency & enforcement: Quarterly public

dashboard; staged enforcement (warning→corrective

action plan→fines/suspension) for repeated

exceedances.

3.5.1 Policy framework enhancement 

Enhancing the policy framework for water quality 

management in the Manyar Estuary is crucial to mitigating the 

impacts of industrial reclamation. This study indicates strong 

associations between reclamation extent and 

turbidity/salinity/sediment metrics in a short annual dataset 

(Table 3). These results motivate stricter monitoring and 

impact-control planning, but do not establish causality [61, 62]. 

A comprehensive regulatory approach should integrate 

territorial (spatial) planning principles to balance industrial 

growth with environmental sustainability, strengthen marine 

resource protection through stricter reclamation controls [63], 

and mandate rigorous environmental impact assessments 

(EIAs) to prevent unchecked ecological degradation [64]. 

Moreover, Okorigba et al. [65] argued for stronger 

compliance enforcement to ensure industrial activities align 

with sustainable water-management practices, while Permana 

et al. [66] emphasized integrating urban planning to prioritize 

long-term water-quality preservation. Broad stakeholder 

engagement—from policymakers to local communities—will 

further foster participatory governance and regulatory 

adherence. 

A multi-disciplinary policy framework combining scientific 

monitoring, regulatory enforcement, and stakeholder 

collaboration is essential to balancing economic development 

with coastal ecosystem conservation in Gresik and beyond. 

3.5.2 Integrated Coastal Zone Management 

Adopting an ICZM is crucial for addressing the 

multifaceted impacts of industrial activities, urban 

development, and reclamation projects on the Manyar 

Estuary's water quality. This holistic strategy ensures the 

balance of environmental, economic, and social objectives, as 

highlighted by Rudianto et al. [67], who underscore its 

efficacy in enhancing coastal management awareness and 

resolving conflicts arising from diverse developmental 

activities. 

The significance of ICZM is also evident in its successful 

application in regions like China, demonstrating its potential 

adaptability and effectiveness in similar coastal settings [68]. 

Furthermore, research by Cantasano et al. [9] emphasizes the 

necessity of such integrated approaches in the Mediterranean 

to combat environmental pressures like biodiversity loss and 

pollution, advocating for robust collaboration among scientific, 

managerial, and policymaking sectors. 

This comprehensive approach is not only about managing 

the immediate impacts on water quality but also involves long-

term strategies to ensure the sustainability of coastal 

ecosystems, necessitating continued research, stakeholder 

engagement, and adaptive management practices to respond 

effectively to evolving environmental challenges. 

3.5.3 Collaboration with industrial sectors 

Establishing partnerships with industrial sectors is crucial 

for effective waste management and pollution control. 

Building on this, Thongkong et al. [69] emphasized integrating 

planning, monitoring, and evaluation into industrial waste-

management strategies to enhance resource efficiency and 

minimize environmental impacts, while Farzadkia et al. [70] 

highlighted the necessity of robust waste-management 

systems to mitigate environmental and health risks associated 

with industrial waste disposal. Strengthening collaboration 

between industries and regulatory bodies ensures regulatory 

compliance and facilitates the adoption of best practices in 

hazardous-waste management. 

Industrial symbiosis is a modern industrial strategy that 

encourages inter-industry collaboration to enhance resource 

efficiency, minimize waste, and promote sustainability. By 

facilitating shared use of materials and coordinated efforts 

across sectors, it supports cleaner production and more 

effective waste management [71]. Complementarily, 

ecological forecasting has been proposed to assess industrial 

effects on water quality; by integrating data-driven decision 

tools, firms can proactively manage their pollution footprint 

[72]. 

Ultimately, strengthened industry collaboration via 

optimized waste-management practices, resource sharing, and 

deployment of advanced monitoring technologies is pivotal to 

lowering environmental impacts and supporting sustainable 

industrial growth. 

3.5.4 Research and development support 

Supporting research and development is essential for 

understanding the long-term impacts of reclamation and 

industrial activities on the Manyar Estuary. Findings from this 

study indicate a consistent rise in turbidity, salinity, and 

sedimentation rates, emphasizing the need for further 

investigation into these environmental changes. Increased 

funding for research can help assess these alterations and 

develop innovative water management strategies. 

Evidence shows that industrial expansion can markedly 

disrupt aquatic ecosystems, underscoring the need for targeted 

research to inform mitigation. Complementarily, 

characterizing the spatiotemporal variability of key water-

quality parameters and their relationship with landscape 

factors is essential to design effective interventions [73, 74]. 

On the technology side, advanced treatment options—such as 

oxidation processes—can enhance water quality [75], while 

numerical simulations provide predictive capacity for 

managing fluctuations and supporting adaptive planning [76]. 
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Investing in research to develop sustainable water treatment 

and monitoring technologies is crucial to preserving aquatic 

ecosystems in reclamation-affected areas like the Manyar 

Estuary. 

3.5.5 Enforcement of regulations 

Strengthening the enforcement of environmental 

regulations is pivotal to mitigating the adverse effects of 

reclamation and industrial activities in the Manyar Estuary. 

Documented increases in turbidity and shifts in sedimentation 

linked to industrial expansion underscore the need for tighter 

compliance mechanisms. Evidence shows that rigorous 

enforcement steers firms toward preventive, sustainable 

pollution-control strategies, whereas weak regulation is 

associated with poor compliance and inferior outcomes [77]. 

Complementary measures include credible penalties for non-

compliance [78] and addressing Indonesia-specific 

enforcement gaps by requiring rigorous impact assessments 

prior to project approval [79]. 

Implementing strict regulations, enforcing penalties, and 

conducting thorough environmental assessments are essential 

to safeguarding water quality in reclamation-affected areas. A 

strong regulatory framework will ensure compliance, promote 

sustainable industrial practices, and enhance environmental 

resilience in the Manyar Estuary. 

4. CONCLUSION

This assessment combines a primary field survey with

contextual historical records. Across 2020-2024 (n = 5), 

reclamation area shows an exploratory positive association 

with turbidity and sediment grain size, with the monotonic 

pattern strongest for turbidity (Spearman ρ = 1.000, exact p = 

0.0167) and consistent positive association for sediment 

(Pearson r = 0.9669, p = 0.00718; Spearman ρ = 1.000, p = 

0.0167), while salinity is borderline under Pearson (r = 0.8837, 

p = 0.0468) but not supported by Spearman (p = 0.2333). pH, 

temperature, and DO do not show statistically supported 

associations (p > 0.05). Importantly, DO in 2020 (4.0 mg/L) is 

below the > 5.0 mg/L quality standard, and turbidity in 2024 

(16.8 NTU) exceeds the < 5.0 NTU standard, indicating 

periods of non-compliance that warrant management attention. 

Based on these indicative associations, we propose a 

provisional management direction emphasizing: (i) 

operational KPIs for compliance (e.g., turbidity < 5 NTU at 

compliance points, routine and event-based monitoring, third-

party audits, and public dashboards), (ii) adoption of an ICZM- 

and spatial-planning frame to guide siting and operations, and 

(iii) a suite of interventions—real-time monitoring, sediment-

control measures (silt curtains, sediment traps, vegetated

buffers), engineered and nature-based treatment, stakeholder

engagement, and strengthened enforcement. Together, these

measures provide a coherent pathway to curb turbidity

exceedances and maintain water quality while accommodating

industrial activity.

This study has limitations typical of early-stage, 

management-oriented assessments: a short time series (n = 5) 

with partially mixed data sources; potential trending/seasonal 

confounding (e.g., river discharge, rainfall, tides) not fully 

controlled; reliance on a single sediment metric rather than full 

particle-size distributions; and indicative rather than source-

confirmed attribution for salinity increases near industrial 

operations. These constraints do not negate the results but call 

for cautious interpretation and adaptive implementation. To 

reduce over-interpretation under small n, we report both 

Pearson and Spearman (with exact p-values for Spearman) and 

restrict conclusions to exploratory associations rather than 

causal claims. 

A minimum design to enable year-to-year comparability is 

synchronized repeated sampling at matched stations at least 

quarterly (wet season, dry season, and transition periods), 

conducted within a fixed tidal window (e.g., ± 1 h of high tide) 

and accompanied by antecedent rainfall (48-72 h) and river 

discharge records as covariates. Replicated measurements per 

station-depth should be collected to quantify uncertainty and 

allow trend-robust or multivariate models. 

Future work should prioritize year-round, high-frequency 

sensing and harmonized protocols; hydrodynamic–sediment 

transport and plume modeling coupled with remote sensing to 

resolve hotspots; full PSD and geochemical characterization 

to clarify sediment sources; and causal/statistical designs (e.g., 

trend-robust estimators, multivariate controls). Parallel 

ecological monitoring (biota and habitat condition) and policy 

performance evaluation against the proposed KPIs will be 

essential to track effectiveness and recalibrate management 

under the ICZM framework. 
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