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ABSTRACT

Urbanized tropical coastal waters are increasingly exposed to heavy metal contamination due to rapid urbaniza-
tion, industrial development, and domestic wastewater discharges, yet the role of tidal dynamics in regulating
metal accumulation remains insufficiently understood. This study investigates the concentration patterns, tidal
variability, and pollution status of dissolved heavy metals in the coastal waters of Makassar, Indonesia. Seawater
samples were collected from ten representative riverine-coastal sites under contrasting high- and low-tide condi-
tions and analyzed for Ba, Fe, Mn, Co, Ni, Cr, Zn, Pb, and Cd using Inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). Pollution levels were assessed using the heavy metal pollution index (HPI), while
metal associations and potential source characteristics were evaluated through correlation analysis and principal
component analysis (PCA). The results demonstrate a clear tidal dependency, with systematically higher metal
concentrations and HPI values observed during low-tide conditions, reflecting reduced hydrodynamic dilution and
enhanced sediment resuspension. Multivariate analyses indicate that overall variability is primarily governed by
background geochemical processes, whereas Pb and Cd are more strongly influenced by localized anthropogenic
inputs. These findings highlight that tidal phase not only controls metal concentrations but also modulates source
expression and cumulative pollution intensity. Incorporating tidal variability into coastal water quality assessment
is therefore essential for improving contamination detection and supporting effective monitoring and management
strategies in rapidly urbanizing tropical coastal regions.

Keywords: tidal dynamics, heavy metal pollution, coastal water quality, [CP-OES analysis.

INTRODUCTION

Despite increasing awareness of coastal pol-
lution, many studies on heavy metals continue to
underrepresent the regulatory influence of tidal
dynamics, which play a critical role in governing
dilution processes, sediment resuspension, and
contaminant transport in coastal (Giménez et al.,
2024; Wu et al., 2022). Heavy metal contamina-
tion has become one of the most persistent and
ecologically significant threats in coastal systems
worldwide. Rapid urbanization, industrial expan-
sion, maritime activities, and untreated domestic
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discharges have intensified metal inputs into
nearshore environments, particularly in develop-
ing coastal regions (Dehm et al., 2025; Jin et al.,
2025; Mu et al., 2023). Trace metals such as lead
(Pb), cadmium (Cd), chromium (Cr), nickel (Ni),
and zinc (Zn) are of particular concern due to
their environmental persistence, non-degradable
nature, and tendency to accumulate in sediments
and aquatic organisms, with well-documented
ecotoxicological implications and potential hu-
man health risks through trophic transfer (Feh-
renbach et al., 2025; Muis et al., 2024). Unlike
many organic contaminants, heavy metals remain


https://orcid.org/0009-0006-1158-6707
https://orcid.org/0009-0008-5983-812X
https://orcid.org/0009-0004-4804-7526
https://orcid.org/0000-0002-4773-1332

Ecological Engineering & Environmental Technology 2026, 27(3), 368-383

chemically stable and environmentally active
over prolonged periods, sustaining chronic eco-
logical risk in rapidly developing coastal zones
(Ao etal., 2025; Lo et al., 2023)

From a mechanistic perspective, coastal
metal distribution is strongly influenced by tidal
hydrodynamics, which govern dilution capacity,
mixing intensity, estuarine circulation, and sedi-
ment re-suspension processes. These dynamic
interactions regulate the exchange between dis-
solved and particulate phases and determine spa-
tial redistribution patterns across river—coastal
interfaces (Muis et al., 2024; Thelen et al., 2024).
However, most empirical investigations rely
on static or single-phase sampling approaches
that inadequately capture tidal-driven variabil-
ity, thereby limiting interpretation of short-term
contamination dynamics. Moreover, while tidal—
metal interactions have been extensively exam-
ined in temperate estuarine systems, comparable
high-resolution studies in tropical urban coastal
environments remain limited, despite distinct
rainfall regimes, catchment characteristics, and
monsoonal hydrodynamics that may alter con-
taminant (Jones et al., 2025; Tansel, 2024). This
imbalance in geographic and climatic represen-
tation constrains the generalization of existing
knowledge to tropical systems.

The Makassar coastal zone in South Sulawesi,
Indonesia, exemplifies a rapidly urbanizing tropi-
cal coastal environment subjected to combined
riverine and marine influences. The Jeneberang
River functions as a major transport pathway for
sediments and anthropogenic contaminants, in-
fluencing physicochemical conditions and coastal
circulation patterns (Asih et al., 2022; Clough et
al., 2025). Nevertheless, the tidal-phase-depen-
dent variability of dissolved heavy metals in this
system has not been systematically evaluated,
and its implications for pollution index interpre-
tation remain unclear. Because pollution indices
such as the Heavy Metal Pollution Index (HPI)
are calculated directly from measured dissolved
concentrations, neglecting tidal modulation may
introduce systematic bias in pollution classifica-
tion, potentially leading to overestimation or un-
derestimation of ecological risk under dynamic
coastal conditions.

Therefore, this study aims to evaluate the
spatial distribution and tidal-phase variability of
dissolved-phase heavy metals in the Makassar
coastal system under contrasting high- and low-
tide conditions and to assess contamination status

using an integrated pollution index approach. We
hypothesize that tidal fluctuations significantly
modulate dissolved metal concentrations through
dilution and resuspension-driven exchange pro-
cesses, resulting in measurable differences in pol-
lution index values between tidal phases. By ex-
plicitly focusing on the dissolved fraction and its
hydrodynamic modulation, this study advances
understanding of short-term tidal controls on bio-
available metal forms and contributes to a more
robust, tidal-aware interpretation of pollution in-
dices in tropical urban coastal waters.

MATERIAL AND METHODS

Study area

The coastal waters of Makassar, Indonesia,
represent a dynamic tropical urban coastal system
influenced by intense anthropogenic pressures and
strong tidal forcing. The Tanjung Bunga coastal
zone is characterized by dense urban develop-
ment, tourism activities, port operations, and riv-
erine inputs transporting domestic and industrial
effluents. The interaction between river discharge
and marine hydrodynamics creates complex mix-
ing processes that influence the distribution and
transformation of dissolved heavy metals.

The average water column depth at the sam-
pling sites is approximately 4 m. However, sur-
face water samples were collected from the tidally
mixed upper layer to evaluate spatial and tidal vari-
ability of dissolved heavy metals. The locations of
the sampling sites are presented in Table 1, and a
map of the study area is presented in Figure 1.

Sampling design and site selection

Sampling was conducted during the pre-mon-
soon period to minimize seasonal hydrological
variability. A stratified sampling approach was ad-
opted to represent gradients of anthropogenic in-
fluence and hydrodynamic conditions across river-
ine, creek, and coastal. Ten sampling stations were
selected, two creeks: the Center Point of Indonesia
Creek (S-1) and Bosowa Creek (S-2), four Coast-
al: Bosowa Coastal (S-3), Akkarena Coastal (S-4),
Angin Mammiri Coastal (S-5), Tanjung Bayang
Coastal (S-6), and four segments of the Jeneberang
River from upstream to estuarine zones ranging
from upstream areas (S-7) to the downstream es-
tuarine zone (S-8), (S-9), and (S-10).

369



Ecological Engineering & Environmental Technology 2026, 27(3), 368—383

N
A Scale: 1:50,000,000

Legend
@  samping polnts
tnaan bosowa river [ stuay carchment

Jeneberang river

CP1 River

°P< anakkukang

Figure 1. Overview of the study area

To examine tidal influence, sampling was per-
formed during two contrasting tidal phases: high
tide and low tide. At each station, water samples
were collected under both tidal conditions using
an identical standardized protocol to ensure com-
parability. Tidal phases were determined based on
local tidal prediction data.

Preparation of sampling equipment

Prior to sampling, all equipment, including
the sampler and storage bottles, were thorough-
ly cleaned to prevent contamination. Sampling
bottles, typically 500 mL borosilicate glass or
high-density polyethylene (HDPE), were acid-
washed with 10% nitric acid (HNQOs) and rinsed
with deionized water. The sampler was also pre-
rinsed three times with ambient water at each lo-
cation to eliminate any potential carry-over from
previous stations.

Sampling procedure and preservation

Surface water samples were collected at ap-
proximately 30 cm below the surface using a Van
Dorn horizontal water sampler (Wildco®, Yulee,
Florida, USA). This depth represents the actively
mixed surface layer influenced by tidal dynamics.
All sampling equipment and storage bottles (500
mL HDPE or borosilicate glass) were pre-cleaned
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and acid-washed with 10% HNOs, followed by
rinsing with deionized water. At each station, the
sampler was pre-rinsed three times with ambient
water to prevent cross-contamination. Immediately
after collection, samples were acidified in situ with
ultrapure nitric acid (Merck Suprapur®, Darmstadt,
Germany) to pH < 2 to stabilize dissolved metals.
Samples were stored in dark containers at 4°C and
transported to the laboratory within 24 hours.

Sample preparation (pre-analysis)

Inthe laboratory, samples were filtered through
a 0.45 pm membrane filter (Whatman®, Maid-
stone, UK) to obtain the dissolved metal fraction.
When required, acid digestion was performed us-
ing concentrated HNO; under controlled heating
(85 °C for 2 hours) following APHA 3125-B and
SNI 6989.16:2019 procedures.

ICP-OES measurement analysis

Metal concentrations were determined us-
ing Inductively coupled plasma optical emission
spectrometry (ICP-OES; PerkinElmer Avio 500).
Instrument calibration was performed using multi-
element standards at five concentration levels, pro-
ducing calibration curves with R? > 0.995. Qual-
ity control included reagent blanks, procedural
blanks, replicate analysis, and certified reference
materials. All concentrations are reported in mg/L.
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Table 1. Geographic coordinates of the study area

Sample Type of areas Sample Latitude ID Longitude ID
1 S-1 -119° -23'-43.861" S 5°9'2.423" W
Creek
2 S-2 -119° -23'-17.254” S 5°9'40.021" W
3 S-3 -119° -23'-13.621” S 5°9'57.643" W
4 S-4 -119° -23'-12.847" S 5°10°17.882" W
Beach
5 S-5 -119° -23'-13.236” S 5°10’35.274" W
6 S-6 -119° -23'-11.688" S 5°10’57.745" W
7 S-7 -119° -27'-12.841" S 5°1247.934" W
8 R S-8 -119° -25’-30.659” S 5° 11’ 37.835" W
iver
9 S-9 -119° -24’ -34.596” S 5°11'42.299" W
10 S-10 -119°-22’-53.994” S 5°11’35.297" W

Heavy metal pollution index (HPI)

To assess the comparative contamination po-
tential of dissolved heavy metals across the sam-
pling locations, the heavy metal pollution index
(HPI) method was employed. The HPI index was
calculated by assigning each parameter a rating
or weight (W) ranging from 0 to 1, which repre-
sented the relative significance of multiple qual-
ity criteria when taken together. Wi could also be
computed by inversely proportional to the param-
eter’s proposed standard (S). The heavy metal
pollution index for each metal (HPI;) was calcu-
lated according to the following formula (Alam
et al., 2023).

W0,
HPI =L (1)

n

W
=1

where: O, and W, are the sub-index and unit
weight of parameter 7, respectively, and n
is the number of parameters considered.
The sub-index Qi is calculated by

N M=

0=3 5

x 100 )

where: M, represents the metal concentration
measured (mg/L) obtained from ICP-OES
analysis, and S, denotes the permissible
concentration limit (mg/L) as specified by
the standard recommended concentration
of parameters i, for Government Regula-
tion No. 22/2021 National water quality
standards. The symbol (—) stands for the
numerical difference between two values,
which ignores the algebraic sign.

Methods of statistical analysis

The dataset consisted of ten sampling sta-
tions analyzed under two tidal phases (high and
low tide), resulting in a paired repeated measures
design for nine heavy metal parameters. All mea-
surements are presented as mean =+ standard de-
viation (SD). The statistical procedure was per-
formed in the following steps:

e Stage 1. Descriptive statistical analysis

Mean, standard deviation, minimum, and
maximum values were calculated to summarize
heavy metal concentrations across stations and
tidal phases

e Stage 2. Normality assessment
Normality of paired differences (high tide —
low tide) was assessed using the Shapiro—Wilk test.

e Stage 3. Homogeneity of variances
Levene’s test was applied to evaluate equality
of variances for spatial comparisons.

e Stage 4. Evaluation of tidal influence

Paired samples t-tests were performed for
normally distributed data, whereas the Wilcoxon
signed-rank test was applied when normality as-
sumptions were not met. Bonferroni correction
was used to account for multiple comparisons
across nine parameters.

e Stage 5. Principal component analysis (PCA)

PCA was conducted to identify distribution
patterns and potential sources of heavy metals.
Components with eigenvalues > 1 were retained.

e Stage 6. Correlation analysis

Pearson correlation coefficients were calcu-
lated for normally distributed variables; other-
wise, Spearman’s rank correlation was applied.
Statistical significance was set at p < 0.05.
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Representative of the experimental workflow
are presented in Figure 2 to enhance methodolog-
ical experimental study.

RESULTS

Characteristic coastal waters

The coastal waters of the study area exhib-
ited slightly alkaline conditions and low organic
pollution during the sampling period, indicating
generally acceptable baseline water quality. As
shown in Table 2, surface water pH averaged
8, with moderate salinity (26 psu) and surface
temperature (~30 °C). Total dissolved solids (15
mg/L) and turbidity (16 NTU) reflected moderate
suspended and dissolved material loads, likely in-
fluenced by tidal mixing and sediment resuspen-
sion. Organic pollution indicators remained low,
as evidenced by low biochemical oxygen demand
(0.98 mg/L) and well-oxygenated conditions
(6.73 mg/L DO). These physicochemical condi-
tions provide an appropriate environmental con-
text for interpreting tidal and spatial variability in
dissolved heavy metals.

Tidal influence on metal concentrations

Dissolved heavy metal concentrations in
coastal surface waters were consistently high-
er during low-tide conditions than during high
tide, indicating a pronounced influence of tidal

Table 2. Physicochemical parameters of the study site

No Physicochemical parameters Average values
1 |pH 8

2 | TDS (mg/l) 15

3 | Turbidity (NTU) 16

4 |BOD (mg/l) 0.98

5 | DO (mg/l) 6.73

6 | Salinity (psu) 26

7 | Surface water temperature (°C) 30

8 | Atmospheric temperature (°C) 32

dynamics on metal distribution. As shown in Ta-
bles 3 and 4, mean concentrations of most ana-
lyzed metals increased under low tide, reflect-
ing reduced dilution by offshore seawater and
enhanced contributions from land-based inputs.
During high-tide conditions (Table 3; Fig. 2), the
hierarchy of mean metal concentrations followed
the order: Ba > Fe > Co > Mn > Ni > Zn > Cr
> Pb > Cd. Barium exhibited the highest mean
concentration (1.551 mg/L), followed by Fe
(0.170 mg/L) and Co (0.165 mg/L), while Cd and
Pb were detected at comparatively lower levels.
Spatially, elevated concentrations of Ba, Fe, and
Co were observed at stations S-8, S-9, and S-10,
suggesting localized accumulation influenced by
site-specific conditions.

In contrast, low-tide conditions (Table 4)
were characterized by a marked increase in met-
al concentrations across most sampling stations.
The mean concentration sequence remained

Process Description :
(1) Field survey; (2) Water sampling during high tide:; (3) Water sampling during low tide; (4) In situ salinity
measurement; (5) Biological parameter analysis; (6) Physicochemical parameter analysis; (7) Heavy metal analysis
using ICP-OES; (8) Final data processing and reporting stage.

Figure 2. Experimental workflow diagram
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broadly similar but with substantially higher
values, particularly for Ba (2.767 mg/L), Fe
(0.350 mg/L), and Co (0.295 mg/L). All mea-
sured concentrations during both tidal phases
were well above the instrument limits of de-
tection (LoD) determined by ICP-OES (Perki-
nElmer Avio 500), confirming the analytical re-
liability of the observed tidal-driven enrichment
patterns. Notably, maximum concentrations
were recorded at station S-10, where Ba, Fe,
and Co reached 6.612 mg/L, 0.774 mg/L, and
0.577 mg/L, respectively. This pronounced en-
richment during low tide reflects the combined
influence of sediment resuspension and domi-
nant terrestrial inflows.

The spatial distribution patterns further dem-
onstrate that stations located near river mouths
and areas with intensive anthropogenic activ-
ity exhibited consistently higher metal concen-
trations under both tidal regimes. However, the
contrast between high- and low-tide conditions
was more evident during low tide, highlighting
the role of tidal flushing in regulating metal ac-
cumulation and redistribution within the coastal
system. Overall, these results confirm that tidal
fluctuations govern alternating dilution and en-
richment processes, thereby modulating the tem-
poral variability of dissolved heavy metals in the
study area.

Heavy metal pollution index (HPI)

The calculated HPI values under high- and
low-tide conditions are presented in Table 5.
Overall, HPI values were consistently higher
during low tide than during high tide, indicating
an increase in cumulative heavy metal pollution
when tidal dilution is reduced. During high tide,
HPI values ranged from 29 to 117, with an av-
erage value of 72, whereas under low-tide con-
ditions, values increased substantially, ranging
from 27 to 165 with a higher mean of 99. Spatial-
ly, elevated HPI values were primarily observed
at stations influenced by riverine discharge and
urban industrial activities. During high tide, the
highest HPI values were recorded at S-2 (117)
and S-10 (111), while during low tide, S-1 (165)
and S-10 (154) exhibited the most pronounced
pollution levels.

In contrast, station S-7 consistently showed
the lowest HPI values under both tidal regimes,
suggesting relatively low cumulative metal con-
tamination at this location. The increase in HPI
values during low tide was accompanied by a
higher standard deviation (45.65) compared to
high tide (33.88), reflecting enhanced spatial
variability in heavy metal pollution when seawa-
ter dilution is limited. These findings indicate that
tidal conditions play a crucial role in modulating

Table 3. Result of average concentration of dissolved heavy metals (mg/l) during high tides

Station Pb Cd Cr Ni Zn Co Mn Fe Ba
S-1 0.021 0.012 0.050 0.045 0.050 0.305 0.165 0.135 1.984
S2 0.022 0.016 0.050 0.036 0.041 0.280 0.065 0.160 0.940
S3 0.013 0.011 0.018 0.026 0.031 0.157 0.055 0.060 0.094
S4 0.011 0.005 0.017 0.024 0.011 0.069 0.035 0.020 0.044
S5 0.023 0.004 0.036 0.024 0.027 0.075 0.035 0.022 0.896
S6 0.013 0.003 0.036 0.026 0.029 0.221 0.035 0.093 0.883
S7 0.008 0.003 0.009 0.015 0.029 0.029 0.015 0.055 0.084
S8 0.004 0.005 0.018 0.058 0.034 0.046 0.042 0.235 3.407
S9 0.015 0.011 0.039 0.059 0.035 0.102 0.155 0.354 3.468
S-10 0.015 0.012 0.050 0.068 0.050 0.368 0.171 0.563 3.706
Min 0.004 0.003 0.009 0.015 0.011 0.029 0.015 0.020 0.044
Max 0.023 0.016 0.050 0.068 0.050 0.368 0.171 0.563 3.706

Mean 0.014 0.008 0.032 0.038 0.034 0.165 0.077 0.170 1.551
+SD 0.007 0.005 0.017 0.020 0.013 0.132 0.065 0.201 1.556
LoD 0.0065 | 0.0005 | 0.0006 | 0.0008 | 0.003 | 0.0004 | 0.0003 | 0.014 | 0.0000

Rdonesian | 0.3 0.01 0.05 0.05 0.05 0.2 0.01 0.3 1
St\;\’n"('jgr g 0.01 0.01 0.05 0.070 N?{éﬂ:‘fe N?{éﬂ:‘fe 0.04 N?{éﬂ:‘fe 07
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Table 4. Result of average concentration of dissolved heavy metals (mg/l) during low tides

Station Pb Cd Cr Ni Zn Co Mn Fe Ba
S-1 0.039 0.018 0.087 0.057 0.066 0.442 0.246 0.365 3.456
S-2 0.037 0.017 0.056 0.048 0.050 0.361 0.140 0.370 2.564
S-3 0.017 0.013 0.037 0.036 0.041 0.245 0.082 0.165 0.943
S-4 0.015 0.007 0.036 0.035 0.032 0.172 0.066 0.182 0.969
S-5 0.022 0.006 0.046 0.039 0.035 0.157 0.093 0.259 1.975
S-6 0.026 0.007 0.046 0.037 0.034 0.145 0.089 0.276 1.861
S-7 0.004 0.003 0.009 0.002 0.029 0.003 0.052 0.206 0.064
S-8 0.008 0.006 0.018 0.058 0.034 0.368 0.171 0.354 3.468
S-9 0.016 0.013 0.052 0.069 0.046 0.482 0.381 0.553 5.757

S-10 0.021 0.014 0.080 0.080 0.064 0.577 0.439 0.774 6.612
Min 0.004 0.003 0.009 0.002 0.029 0.003 0.052 0.165 0.064
Max 0.039 0.018 0.087 0.080 0.066 0.577 0.439 0.774 6.612

Mean 0.021 0.010 0.047 0.046 0.043 0.295 0.176 0.350 2.767
+SD 0.012 0.006 0.028 0.026 0.014 0.203 0.151 0.219 2.375
LoD 0.0065 0.0005 0.0006 0.0008 0.0003 0.0004 0.0003 0.0014 0.0000

Indonesian |, 3 0.01 0.05 0.05 0.05 0.2 0.01 03 1
Standard
WHO 0.01 0.01 0.05 0.070 No guide | No guide 0.04 No guide 07
Standard value value value
10
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Figure 3. Heavy metal concentration of study area (high tide)
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Figure 4. Heavy metal concentration of study area (low tide)
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Table 5. Calculated heavy metal indices of both
condition high and low tide in the studied

Location Index Heavy metal pollution index
High tide (HT) Low tide (LT)
S-1 109 165
S-2 117 142
S-3 78 101
S-4 39 66
S-5 48 71
S-6 43 73
S-7 29 27
S-8 51 69
S-9 96 128
S-10 1M1 154
Maximum 117 165
Minimum 29 27
Average 72 99
SD 33.88 45.65

the intensity and spatial heterogeneity of metal
pollution across the study area.

Consistent with previous observations, sta-
tions located near downstream river zones and
coastal industrial areas exhibited higher cumu-
lative metal loads, highlighting the combined
influence of riverine inputs and anthropogenic

Table 6. Descriptive statistics - high tide condition

activities (Ardila et al., 2023). Conversely, sites
characterized by reduced human disturbance or
upstream riverine influence displayed compara-
tively lower HPI values, supporting their classifi-
cation as less impacted reference locations (Lak-
shmanna et al., 2022; Rajendiran et al., 2025).
Overall, the HPI results reinforce the strong cou-
pling between tidal dynamics, spatial location,
and cumulative heavy metal pollution in coastal
surface waters.

In terms of metal-specific behavior, Fe and
Pb exhibited the highest median concentrations
and the widest spatial variability across sampling
stations, suggesting stronger contributions from
sediment resuspension processes and urban run-
off inputs. In contrast, Cd and Ni displayed rela-
tively lower concentrations but more spatially
consistent distributions, indicating more uniform
background levels across the study area. Mean-
while, Ba and Co showed comparatively stable
concentration patterns under both tidal condi-
tions, reflecting a predominant influence of geo-
genic sources such as mineral weathering and
sediment water interactions (Kim et al., 2023;
Uddin et al., 2024). The contrasting variability
observed among metals supports the interpreta-
tion that both natural factors (e.g., mineral weath-
ering and sediment load) and anthropogenic in-
fluences (e.g., domestic effluents and port-related

Indicator Pb Ba Fe Cd Co Cr Mn Ni Zn
Valid N 10 10 10 10 10 10 10 10 10
Statistic | 0.0145 | 1.5436 | 0.1918 | 0.0083 | 0.1626 | 0.0323 | 0.0783 | 0.0368 | 0.0337

Mean St Error | 000195 | 0.47084 | 0.05552 | 0.00146 | 0.03928 | 0.00494 | 0.01916 | 0.00646 | 0.00365
Cor?f%"(/;’nce tlgg:ﬁ; 0.0101 | 0.4785 | 0.0662 | 0.0050 | 0.0737 | 0.0211 | 0.0350 | 0.0222 | 0.0254
'”ﬂ;’i:‘” ggfﬁg 0.0189 | 2.6087 | 0.3174 | 0.0116 | 0.2515 | 0.0435 | 0.1216 | 0.0514 | 0.0420
5% Trimmed mean 0.0146 | 1.5068 | 0.1807 | 0.0082 | 0.1601 | 0.0326 | 0.0767 | 0.0370 | 0.0341
Median 0.0140 | 0.9180 | 0.1475 | 0.0085 | 0.1295 | 0.0360 | 0.0535 | 0.0310 | 0.0325
Variance 0.000 | 2217 | 0031 | 0000 | 0015 | 0.000 | 0.004 | 0000 | 0.000
Std. deviation 0.00615 | 1.48894 | 0.17557 | 0.00462 | 0.12422 | 0.01563 | 0.06059 | 0.02043 | 0.01154

Min 0.00 0.04 0.02 0.00 0.00 0.01 0.02 0.00 0.01

Max 0.02 3.71 0.56 0.02 0.37 0.05 0.17 0.07 0.05
Range 0.02 3.66 0.54 0.01 0.37 0.04 0.16 0.07 0.04
Interquartile Range 0.01 3.36 0.30 0.01 0.22 0.03 0.12 0.03 0.01
Srownoss | SEUSte | 0102 | 0548 | 1107 | 0242 | 0435 | -0183 | 0855 | 0041 | -0.287
Std.error| 0.687 | 0687 | 0.687 | 0687 | 0687 | 0687 | 0687 | 0687 | 0.687

_ Statistic | -0.639 | -1.538 | 0790 | -1.435 | -1.245 | -1.668 | -1.223 | -0.649 | 0.742

Kunosts o emor | 1304 1334 | 1334 | 1334 | 1334 | 1.334 | 1334 | 1334 | 1.334
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activities) jointly govern the overall distribution
of heavy metals in coastal surface waters, with
their relative contributions modulated by tidal
dynamics (Xianglei et al., 2025; Zou et al., 2024).

Results of statistical analysis

Descriptive statistics

Descriptive statistics were calculated for each
heavy metal parameter at all stations and tidal
phases, including mean, standard deviation, mini-
mum, and maximum values. These statistics were
used to characterize the overall distribution pat-
tern and preliminary tidal variation.

Testing the normality data

Normality tests were performed using the
Kolmogorov-Smirnov and Shapiro-Wilk tests.
Since the sample size for each group was n = 10
(<50), the primary interpretation was based on the
Shapiro-Wilk test.

Decision-Making Criteria:

e IfSig.>0.05 — Data are normally distributed

e If Sig. < 0.05 — Data are not normally
distributed

indicating a normal distribution of the data. How-
ever, several parameters showed a Sig. value <
0.05, namely: Barium (Ba) at high tide and Man-
ganese (Mn) at high tide, this indicates that not all
variables meet the assumption of normality.

Testing the homogeneity of variance

The homogeneity test was conducted using
Levene’s Test to determine whether the varianc-
es between the high and low tide groups were
equal (homogeneous).

Decision-making criteria:
e [fSig. > 0.05 — Homogeneous variance
e [fSig. <0.05 — Inhomogeneous variance

The analysis results show that most parameters
have a significance value (Sig.) > 0.05, indicating
homogeneous data. However, several parameters
showed a Sig. value < 0.05, namely: dissolved
manganese (Mn). This indicates that there is a sig-
nificant difference in variation between high and
low tide conditions for Mn. In other words, the
data distribution in both conditions is uneven.

The conclusions that can be drawn from the
prerequisite test above are as follows:

e most parameters (8 of 9) have homogeneous

variance,
The analysis results show that most param- e the Mn parameter shows non-homogeneous
eters have a significance value (Sig.) > 0.05, variance,
Table 7. Descriptive statistics — low tide condition
Indicator Pb Ba Fe Cd Co Cr Mn Ni Zn
Valid N 10 10 10 10 10 10 10 10 10
Statistic | 0.0205 | 2.7669 | 0.3504 | 0.0104 | 0.2952 | 0.0467 | 0.1759 | 0.0461 | 0.0431
Mean Std. Error | 0.00356 | 0.66705 | 0.05949 | 0.00165 | 0.05679 | 0.00768 | 0.04323 | 0.00686 | 0.00418
Con?g?nce t';g:’f:(; 00125 | 1.2579 | 0.2158 | 0.0067 | 0.1667 | 0.0293 | 0.0781 | 0.0306 | 0.0336
ntemelier | Jeper 1 00285 | 42759 | 04850 | 0.0141 | 0.4237 | 0.0841 | 02737 | 0.0616 | 0.0526
5% trimmed mean 0.0204 | 2.7034 | 0.3372 | 0.0104 | 0.2958 | 0.0466 | 0.1682 | 0.0467 | 0.0426
Median 0.0190 | 2.2695 | 0.3150 | 0.0100 | 0.3030 | 0.0460 | 0.1165 | 0.0435 | 0.0380
Variance 0.000 4450 | 0035 | 0.000 | 0.032 | 0.001 0.019 | 0.000 | 0.000
Std. deviation 0.01125 | 2.10938 | 0.18814 | 0.00521 | 0.17957 | 0.02427 | 0.13670 | 0.02171 | 0.01323
Min 0.00 0.06 0.17 0.00 0.00 0.01 0.05 0.00 0.03
Max 0.04 6.61 0.77 0.02 0.58 0.09 0.44 0.08 0.07
Range 0.04 6.55 0.61 0.02 0.57 0.08 0.39 0.08 0.04
Interquartile Range 0.02 3.08 0.22 0.01 0.30 0.03 0.20 0.03 0.02
Skownoss Statistic 0.415 0.760 1439 | 0151 | -0.006 | 0233 | 1.188 | -0.480 | 0.916
Std. error | 0.687 0.687 | 0687 | 0.687 | 0687 | 0687 | 0687 | 0687 | 0.687
_ Statistic | -0.354 | -0.206 | 2.002 | -1.525 | -0.890 | -0.191 | 0.130 | 1.015 | -0.484
urtosts Std. error | 1.334 1.334 | 1.334 | 1.334 1.334 | 1334 | 1.334 | 1.334 | 1.334
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Table 8. Tests of normality

Kolmogorov-Smirnov? Shapiro-Wilk
Variables Condition Result
Statistic df Sig. Statistic df Sig.
Pb High tide 0.168 10 .200 0.949 10 0.656 Significant
Low tide 0.147 10 .200° 0.949 10 0.660 Significant
High tide 0.257 10 0.059 0.835 10 0.038 Not Significant
B Low tide 0.170 10 .200° 0.928 10 0.427 Significant
High tide 0.172 10 .200° 0.889 10 0.167 Significant
Fe Low tide 0.259 10 0.057 0.858 10 0.072 Significant
High tide 0.221 10 0.184 0.889 10 0.167 Significant
cd Low tide 0.243 10 0.097 0.910 10 0.284 Significant
High tide 0.187 10 .200° 0.933 10 0.479 Significant
Co Low tide 0.154 10 .200° 0.968 10 0.870 Significant
High tide 0.220 10 0.187 0.873 10 0.110 Significant
o Low tide 0.151 10 .200° 0.958 10 0.764 Significant
High tide 0.287 10 0.019 0.792 10 0.012 Not Significant
Mn Low tide 0.228 10 0.151 0.826 10 0.030 Not Significant
) High tide 0.201 10 .200° 0.940 10 0.548 Significant
N Low tide 0.205 10 .200° 0.950 10 0.666 Significant
7n High tide 0.181 10 .200° 0.929 10 0.443 Significant
Low tide 0.230 10 0.143 0.864 10 0.086 Significant
Note: * This is a lower bound of the true significance’ (a) Lilliefors significance correction.
Table 9. Test of homogeneity of variances
Variables Levene statistic df1 df2 Sig. Result
Pb 2.426 1 18 0.137 Significant
Ba 0.730 1 18 0.404 Significant
Fe 0.004 1 18 0.948 Significant
Cd 0.396 1 18 0.537 Significant
Co 2.077 1 18 0.167 Significant
Cr 0.615 1 18 0.443 Significant
Mn 4.853 1 18 0.041 Not Significant
Ni 0.002 1 18 0.962 Significant
Zn 0.564 1 18 0.462 Significant

e because there is non-normality and inhomo-
geneity in several variables, the use of a non-
parametric test (Wilcoxon) is methodologi-
cally appropriate.

Evaluation of tidal effect

This test is used to determine whether there
is a significant difference between high and low
tide conditions.

Criteria:
e Sig <0.05 — significant difference
e Sig>0.05 — no significant difference

Based on the Wilcoxon signed rank test results,
all heavy metal parameters showed a significance
value less than 0.05 (p < 0.05). This indicates a
significant difference between heavy metal con-
centrations at high and low tide. In general, heavy
metal concentrations tended to be higher at low
tide than at high tide. This phenomenon indicates
that at low tide, there is an increase in metal ac-
cumulation or concentration due to reduced water
volume and a weakening of the dilution process.
Therefore, the hypothesis stating that there is a
difference in heavy metal concentrations between
high and low tide is accepted.
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Table 10. Wilcoxon test

Variables Zz Asymp. Sig. (2-tailed) Result

Pb (LT)_Pb (HT) -2.165° 0.030 Significant
Ba (LT)_Ba (HT) -2.666° 0.008 Significant
Fe (LT)_Fe (HT) -2.668° 0.008 Significant
Cd (LT)_Cd (HT) -2.000° 0.046 Significant
Co (LT)_Co (HT) -2.492° 0.013 Significant
Cr (LT)_Cr (HT) -2.803° 0.005 Significant
Mn (LT)_Mn (HT) -2.714p 0.007 Significant
Ni (LT)_Ni (HT) -2.251° 0.024 Significant
Zn (LT)_Zn (HT) -2.333° 0.020 Significant

To visually assess the distribution patterns,
variability, and potential outliers of heavy metal
concentrations across sampling stations and tid-
al phases, box plot analysis was performed for
the nine investigated metals (Figure 5).

Interpretation principal component analysis

The principal component analysis (PCA)
was applied to identify dominant patterns and
potential controlling factors influencing the

distribution of dissolved heavy metals under
contrasting tidal conditions. For both high and
low tide datasets, two principal components (PC)
with eigenvalues greater than 1 were retained,
indicating that a limited number of factors ex-
plain most of the variance in metal concentra-
tions (Table 6). Under high tide conditions, PC1
exhibited an eigenvalue of 5.63 and accounted
for 62.51% of the total variance.
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Figure 5. Box plots for the nine study samples of heavy metal
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This component showed strong positive load-
ings for Mn, Zn, Cr, Ni, Fe, Co, Ba, and Cd, sug-
gesting a common controlling influence affecting
the majority of metals. In contrast, Pb displayed
a relatively low loading on PC1 but showed the
highest positive loading on PC2. PC2, with an ei-
genvalue of 1.99, explained an additional 22.09%
of the variance, resulting in a cumulative vari-
ance of 84.59%. The separation of Pb from other
metals along PC2 indicates a distinct behavior
compared to the bulk metal assemblage during
high tide. During low-tide conditions, PC1 be-
came more dominant, with an eigenvalue of 6.67
explaining 74.14% of the total variance. Strong
positive loadings were observed for Co, Zn, Ni,
Mn, Ba, Cr, and Fe, indicating a tighter asso-
ciation among these metals when tidal dilution
was reduced. PC2, with an eigenvalue of 1.66,
accounted for 18.47% of the variance, increas-
ing the cumulative variance to 92.60%. Similar
to high tide, Pb and Cd exhibited strong positive
loadings on PC2, while Mn, Fe, Ba, and Ni were
negatively associated with this component.

The enhanced dominance of PC1 under low-
tide conditions reflects stronger coupling among
metals, likely driven by reduced seawater dilu-
tion and increased influence of sediment water
interactions and terrestrial inputs. Overall, the
PCA results highlight clear tidal contrasts in met-
al association patterns and support the presence
of multiple controlling factors governing heavy
metal distribution in coastal surface waters.

Correlation analysis

The Pearson correlation analysis was conduct-
ed to further examine inter-metal relationships

in coastal surface waters under contrasting tidal
conditions, with correlation coefficients summa-
rized in Table 8. Overall, the correlation patterns
were consistent with the PCA structure, showing
stronger and more coherent associations among
metals during low tide compared to high tide.
During high-tide conditions, several metals, in-
cluding Mn, Zn, Ni, Cr, and Fe, exhibited sig-
nificant positive correlations with one another,
indicating shared controlling processes under en-
hanced seawater dilution. In contrast, Pb showed
weak or negative correlations with most metals,
while Cd displayed limited associations, reflect-
ing distinct behavior relative to the main metal
group. This separation is consistent with the PCA
results, where Pb and Cd were isolated along the
second principal component, as indicated by the
eigenvalue structure in the scree plot (Fig. 6) and
their positioning in the high tide biplot (Fig. 7).

Under low-tide conditions, correlation coeffi-
cients generally increased, revealing stronger in-
ter-metal coupling across the study area. Co, Zn,
Ni, Mn, Fe, and Ba formed a tightly correlated
assemblage, as reflected by both high correlation
values in Table 8 and their clustered distribution
along PCI1 in the low-tide biplot (Fig. 7). Con-
versely, Pb and Cd continued to exhibit weaker or
selective correlations, aligning with their separa-
tion along PC2 and confirming their distinct con-
tribution to overall metal variability.

The enhanced strength and consistency of
correlations during low tide correspond with the
increased dominance of the first principal compo-
nent observed in the scree plot (Fig. 6), which ex-
plains a larger proportion of total variance under
reduced tidal dilution. Collectively, the correla-
tion analysis reinforces the PCA interpretation by

Table 11. Analysis of the main components of heavy metals in coastal water samples for high and low tide

conditions
Variables High tide Low tide
PC1 PC2 PC1 PC2
Pb 0.164 0.588 0.210 0.613
Cd 0.322 0.238 0.309 0.378
Cr 0.356 0.297 0.336 0.313
Ni 0.351 -0.365 0.354 -0.182
Zn 0.373 0.061 0.355 0.220
Co 0.334 0.280 0.371 -0.118
Mn 0.384 -0.040 0.351 -0.297
Fe 0.346 -0.338 0.336 -0.319
Ba 0.319 -0.421 0.350 -0.312
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Table 12. The correlation matrix of heavy metals

Variables High tide Low tide
Eigenvalue Variance Cumulative Eigenvalue Variance Cumulative
Pb 5.6256 62.51% 62.51% 6.6723 74.14% 74.14%
Cd 1.9877 22.09% 84.59% 1.6619 18.47% 92.60%
Cr 0.4825 5.36% 89.95% 0.2793 3.10% 95.70%
Ni 0.3760 4.18% 94.13% 0.2350 2.61% 98.32%
Zn 0.2285 2.54% 96.67% 0.0869 0.97% 99.28%
Co 0.1810 2.01% 98.68% 0.0406 0.45% 99.73%
Mn 0.0953 1.06% 99.74% 0.0224 0.25% 99.98%
Fe 0.0229 0.25% 99.99% 0.0014 0.02% 100.00%
Ba 0.0005 0.01% 100.00% 0.0002 0.00% 100.00%
Table 13. Correlation analysis of heavy metals during the high tide and low tide
Pb Cd Cr Ni Zn Co Mn Fe Ba
High tide

Pb 1

Cd 0.497 1

Cr 0.740 0.656 1

Ni -0.066 0.484 0.504 1

Zn 0.346 0.687 0.731 0.648 1

Co 0.493 0.690 0.824 0.414 0.764 1

Mn 0.328 0.677 0.708 0.772 0.754 0.653 1

Fe -0.075 0.455 0.499 0.900 0.643 0.502 0.750 1

Ba -0.112 0.307 0.456 0.967 0.605 0.288 0.704 0.873 1

Low tide

Pb 1

Cd 0.757 1

Cr 0.796 0.813 1

Ni 0.341 0.609 0.680 1

Zn 0.670 0.880 0.922 0.708 1

Co 0.378 0.746 0.713 0.956 0.826 1

Mn 0.172 0.539 0.648 0.869 0.744 0.900 1

Fe 0.172 0.458 0.609 0.833 0.697 0.845 0.956 1

Ba 0.207 0.501 0.628 0.934 0.691 0.917 0.973 0.956 1

demonstrating that tidal dynamics not only influ-
ence the magnitude of metal concentrations but
also regulate the structure and strength of inter-
metal relationships in coastal surface waters.

DISCUSSION

The present study demonstrates that tidal-
driven variability exerts a fundamental control
over both the magnitude and structure of dis-
solved heavy metal contamination in tropical

380

coastal waters. In the Makassar coastal system,
contrasts between high and low tide conditions
reflect a dynamic coupling between hydrody-
namic dilution, sediment water exchange, and
land-based pollutant inputs across riverine and
coastal zones. Beyond dilution effects, metal con-
centrations are further modulated by site-specific
physicochemical conditions and anthropogenic
settings, including settlement density, organic
matter inputs, pH-dependent metal speciation,
and adsorption-desorption processes involv-
ing suspended particulate matter. These controls
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Figure 7. PCA biplot of heavy metals under high tide (a) and low tide (b) conditions

become particularly influential during low tide,
when reduced water depth enhances electrical
conductivity and total dissolved solids, intensi-
fies sediment resuspension, and limits seawater
mixing, thereby promoting higher metal mobility
and accumulation at sites influenced by river dis-
charge and urban runoff (Zou et al., 2024).
Multivariate analyses further clarify the gov-
erning mechanisms behind these patterns. The
dominance of PC1 under both tidal phases, espe-
cially during low tide indicates that a coherent as-
semblage of metals (Mn, Fe, Zn, Ni, Cr, Co, and
Ba) primarily reflects background geochemical
controls associated with sediment resuspension,
riverine material transport, and hydrodynamic
mixing (Wu et al., 2022). The strengthening of
inter-metal correlations and tighter clustering in
PCA space under low-tide conditions, together
with elevated HPI values, confirms that reduced
tidal dilution amplifies existing metal accumu-
lation processes rather than introducing new

contamination sources (Khodja et al., 2025). In
contrast, Pb and Cd exhibit distinct behavior,
characterized by their separation along PC2 and
more variable correlation patterns, particularly
during low tide. Their decoupling from sediment-
associated metals indicates localized anthropo-
genic inputs that become more pronounced when
hydrodynamic dilution is constrained, especially
at urban and infrastructure-dominated sites such
as Centre Point of Indonesia (S-1), Akkarena (S-
4), and Angin Mammiri (S-5). The spatial concor-
dance between PC2 dominance, stronger Pb and
Cd associations, and elevated HPI values at these
sites supports a dual-source contamination mech-
anism, whereby natural background processes are
modulated by tidal dynamics and overlaid by an-
thropogenic loading (Lucia et al., 2023).

Overall, the results demonstrate that tidal
oscillation functions as a dominant regulatory
mechanism controlling not only the magnitude but
also the structural organization of dissolved heavy
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metals in coastal waters. The consistent enrich-
ment of all nine metals during low tide confirms
that reduced marine dilution and enhanced riverine
and sedimentary influence systematically intensify
contamination signals across chemically distinct
elements. More importantly, tidal phase amplifies
spatial heterogeneity, as reflected by the increased
HPI mean and variance under low tide conditions,
indicating that weakened hydrodynamic flush-
ing exposes intrinsic contamination gradients that
may remain masked during high tide. Multivariate
analyses further reveal structural reorganization of
metal associations, with stronger covariance and
greater variance explained by PC1 under low tide,
suggesting convergence toward shared sources or
mobilization pathways when dilution is minimized.
The differentiated behavior of Pb and Cd implies
additional anthropogenic inputs operating along-
side geogenic and sediment-controlled processes.
Collectively, these findings establish tidal forcing
as a dynamic switch between dilution-dominated
and concentration-dominated regimes, with direct
implications for monitoring strategy and ecologi-
cal risk assessment, particularly in river-influenced
coastal systems where hydrodynamic timing criti-
cally shapes contaminant expression.

CONCLUSIONS

This study demonstrates that tidal phase is a
dominant regulator of heavy metal dynamics in
coastal waters. Concentrations of all nine metals
were consistently higher during low tide, indicat-
ing reduced dilution and enhanced influence of
riverine inputs and sediment—water interactions.
The increase in HPI values and strengthened mul-
tivariate associations under low tide confirm that
tidal oscillation not only elevates contamination
levels but also restructures inter-metal relation-
ships. High tide conditions promote hydrodynamic
mixing and partial homogenization, whereas low
tide amplifies spatial heterogeneity and reveals
contamination hotspots. The distinct behavior of
Pb and Cd further suggests mixed geogenic and
anthropogenic contributions. These findings high-
light the necessity of incorporating tidal phase into
monitoring protocols and ecological risk assess-
ment, as sampling without tidal standardization
may underestimate cumulative metal pressure.
Tidal-driven variability should therefore be recog-
nized as a critical factor in coastal environmental
management and pollution control strategies.
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