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This study examined whether the number of household connections (SR) is associated with influent domestic
wastewater characteristics at decentralized WWTPs on Tidung Besar Island, Indonesia. The dataset covered four
service zones (North, West, East, and South) observed annually from 2022 to 2025. SR was treated as the independent
variable, while pH, BODS5, COD, TSS, oil and grease, ammonia, surfactant anionic (MBAS), free chlorine, total
coliform, fecal coliform, and discharge were treated as dependent variables according to data availability. Although
monitoring was conducted at both WWTP inlets and outlets, this study used inlet data only to represent untreated
wastewater entering the system and to avoid confounding from treatment processes. Exploratory simple linear
regression and Pearson correlation were applied to pooled zone-year observations, supplemented by leave-one-out
cross-validation (LOOCYV) as a predictive robustness check. Total household connections increased from 729 in 2022
to 831 in 2025. Across the pooled 2022-2025 dataset, the highest positive correlations among the main parameters
were observed for BODS5 (r = 0.362) and COD (r = 0.346), while pH (r = 0.061), TSS (r = -0.135), oil and grease (r =
0.216), and ammonia (r = -0.083) showed negligible relationships. Discharge showed a low positive correlation with
higher value (r = 0.446) but should be interpreted cautiously because of possible flow-meter problems. Parameters
introduced or discontinued after regulatory changes were treated as exploratory only. None of the pooled relationships
were statistically significant (p > 0.05), and LOOCYV yielded negative predicted R? values, indicating poor predictive
stability. Overall, SR alone was not a reliable predictor of influent wastewater characteristics.

Keywords: correlation analysis, decentralized WWTP, household connections, influent domestic wastewater,
small island

sanitation services in areas where centralized
sewerage is not yet feasible (Eales et al., 2013;
remains a major environmental challenge in World Bank, 2013). These challenges are often
Indonesia, where household and other more pronounced in small-island settings,
domestic-source discharges continue to where land availability is constrained,
contribute organic matter, suspended solids, freshwater resources are limited, settlements
nutrients, oil and grease, and microbial are relatively dense, and coastal and marine
contaminants to receiving waters (Widyarani environments are highly sensitive to pollution

1. Introduction
Domestic wastewater management

et al., 2022). At the national level, safe
wastewater management coverage remains
limited, while decentralized systems continue
to play an important role in extending
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(Rouse, 2015).

Within such systems, understanding
influent domestic wastewater characteristics is
important for service planning and operational
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management. Influent quality represents the
untreated wastewater entering the WWTP and
therefore provides a more direct indication of
source-side wastewater characteristics than
outlet data, which are already affected by
treatment processes. Previous studies have
shown that influent characteristics may vary
according to source composition and local
wastewater generation patterns (Widyarani et
al., 2022). Influent quality may also fluctuate
with occupancy patterns and tourism-related
dynamics, particularly in areas with seasonal
variation in visitor numbers (Rodriguez-
Alcantara et al., 2024). Accordingly, in
practical planning, it is often assumed that
wastewater strength and composition will
change in a broadly predictable manner as the
number of connected households increases.
Nevertheless, this assumption may not always
hold, because inflow and infiltration within the
collection network can dilute or otherwise alter
wastewater quantity and quality before it
reaches the treatment plant (Bugajski et al.,
2025).

Tidung Besar Island provides a relevant
case for examining this issue because domestic
wastewater on the island is managed through a
decentralized system consisting of four
WWTP service zones (North, West, East, and
South) and the number of household
connections (SR) has increased over time. A
recent multi-aspect assessment reported that
Tidung Besar already has domestic wastewater
infrastructure, but the system still faces
environmental and operational challenges,
including parameter exceedances, uneven
service pressure, and equipment-related
constraints (Prayoga et al., 2025). This makes
Tidung Besar an appropriate setting for
evaluating  whether  service  coverage
expansion is accompanied by measurable
changes in the characteristics of wastewater
entering the treatment system. In addition,
although its practical relevance, published
work has focused more on domestic
wastewater generation, characteristics,
treatment systems, and system management
than on statistically testing whether household
connections (SR) are associated with
monitored influent parameters (Eales et al.,
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2013; Widyarani et al., 2022). Accordingly,
this study aims to evaluate the correlation
between household connections (SR) and
influent domestic wastewater characteristics at
the WWTP inlets on Tidung Besar Island using
time series data from 2022 to 2025.
Furthermore, the study assesses whether SR
can be interpreted not only as a service
coverage indicator but also as a potentially
credible standalone predictor of influent
domestic wastewater characteristics. In doing
so, this paper contributes a more cautious and
evidence-based assessment of the
opportunities and limitations of using SR-
based relationships in decentralized small-
island WWTP system:s.

2. Methods

2.1. Study context and data structure

This study used a processed dataset for
Tidung Besar Island, Indonesia, covering four
decentralized WWTP service zones: North,
West, East, and South of the Tidung Besar
Island. The analytical unit was a zone-year
observation, meaning that each observation
represented one service zone in one year.
Household connections (SR) were recorded for
each zone and year, while wastewater quality
variables were taken from inlet monitoring
data for the corresponding WWTP. Because
the objective of this study was to assess the
relationship between SR and wastewater
characteristics before treatment, only inlet data
were used in the statistical analysis, even
though monitoring was conducted at both the
inlet and outlet.

For parameters monitored continuously
from 2022 to 2025, the pooled dataset
contained 16 observations (4 zones x 4 years).
However, not all parameters were available for
the full study period. Some variables were
monitored only up to 2024 or only in 2025
because of changes in wastewater quality
standard  following regulatory updates
(Regulation of the Minister of Environment
and Forestry No P.68 Year 2016 on Domestic

Wastewater  Quality  Standard, 2016;
Regulation of the Minister of
Environment/Environmental Management

Agency No. 11 0f 2025 on Wastewater Quality
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Treatment
Domestic

Standards and  Wastewater
Technology  Standards  for
Wastewater, 2025).

2.2. Variables and parameter grouping

Household connections (SR) were treated
as the independent variable (x). The dependent
variables (y) were pH, BODs, COD, TSS, oil
and grease, ammonia (NH3), surfactant anionic
(MBAS), free chlorine (Cl2), total coliform,
fecal coliform, and discharge, subject to data
availability. The values analyzed in this study
were annual zone-level values compiled by the
author from monitoring records provided by
the Seribu Islands Water Resources Sub-
Agency. Accordingly, the statistical analysis
was performed on the processed annual
dataset.

To support interpretation, the parameters
were grouped into three analytical categories.
Parameters with complete observations for
2022-2025 were treated as the main analysis
set. Parameters available only for 2022-2024
were treated as secondary analysis, while
parameters available only in 2025 were treated
as exploratory only, because their time series
were too limited for robust interpretation.

2.3. Statistical Analysis

The main statistical approach combined
simple linear regression and Pearson
correlation  analysis to examine the
relationship between household connection
and each influent wastewater parameter
(James et al., 2021; Schober et al., 2018). For
each parameter, the following linear model
was fitted to Equation 1.

y=a+ bx (1)

where y is wastewater parameter value, x is

number of households connection (SR), a is
intercept, and b is slope.

Pearson’s correlation coefficient (r) was
used to describe the direction and strength of
the linear relationship between SR and each
parameter (Schober et al., 2018). The
coefficient of determination (R*) was used to
indicate the proportion of variance in the
dependent variable explained by SR under the
fitted linear model (James et al., 2021).
Because this was a simple bivariate
exploratory study, statistical significance was
evaluated using a nominal threshold of p <
0.05.

For interpretive consistency, the strength
of correlation was classified following (Hinkle
et al., 2003) in (Mukaka, 2012) as presented in
Table 1. These analyses were applied to the
pooled 2022-2025 zone-year dataset for each
parameter according to its available
observation period.

2.4. Validation and robustness checks

Because the study also generated
regression equations, a predictive robustness
check was added using leave-one-out cross-
validation (LOOCV), a resampling-based
approach widely used to assess out-of-sample
predictive performance (James et al., 2021;
Picard & Cook, 1984; Stone, 1974). In
LOOCYV, one observation is omitted at a time,
the model is re-fitted to the remaining
observations, and the omitted observation is
then predicted. This procedure was repeated
until each observation had served once as the
validation case. LOOCV was used here as a
secondary robustness check, rather than as the
primary basis for inference, to assess whether
the fitted equations showed any practical
predictive stability beyond the calibration
sample.

Table 1. Classification and interpretation of correlation coefficients.

Size of Correlation

Interpretation

0.90 to 1.00 (-0.90 to -1.00)
0.70 to 0.90 (-0.70 to -0.90)
0.50 to 0.70 (-0.50 to -0.70)
0.30 to 0.50 (-0.30 to -0.50)
0.00 to 0.30 (0.00 to -0.30)

Very high positive (negative) correlation
High positive (negative) correlation
Moderate positive (negative) correlation
Low positive (negative) correlation
Negligible correlation
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For each omitted observation i, the cross-
validated prediction error was calculated with
Equation 2.

e =Y — J-i) (2)
Where e; is the cross-validated prediction error
for observation i, yi is the observed value for
observation i, and y is the value predicted
from the model fitted without observation i.
Based on these LOOCYV prediction errors, the
cross-validated root mean square error
(LOOCV RMSE) and cross-validated mean
absolute error (LOOCV MAE) were calculated
using Equation 3 and Equation 4.

1 ~ 2
LOOCV RMSE = J;Z?:l(yi ~Jen) B

1 ~
LOOCV MAE =~ 31 |y; — 9 ()| @)
In addition, predicted R?, here denoted as Q2
was calculated to evaluate cross-validated
goodness-of-prediction (Equation 5).

1 S (-9 -p)”
Z?:l(Yi—J_’)Z

Q* = )
where y is the mean of the observed values in
the full sample. Positive predicted R*> (Q?)
values indicate some predictive utility beyond
the calibration sample, whereas negative
predicted R?> (Q?) values indicate poor

predictive stability.

For comparison with the cross-validated
metrics, the in-sample RMSE of the fitted
model was also calculated using Equation 6.

RMSE = PEL0i-90  ©
where y; is the fitted value from the regression
model estimated using the full dataset.

In addition, year-specific  Pearson
correlations were calculated separately for
2022, 2023, 2024, and 2025 to examine
whether pooled relationships were temporally
consistent. Because each year contained only
four zone-level observations, these annual
correlations were treated as descriptive checks
only and were not emphasized as stand-alone
inferential results

2.5. Data-quality constraints and

interpretation rules

This study was intended as an exploratory
analysis of association rather than a test of
causality. Three limitations should therefore be
considered. First, the same four service zones
were observed repeatedly from year to year, so
the pooled dataset does not consist of fully
independent observations. Second, some
parameters were not available for the full
2022-2025 period because monitoring
requirements changed during the study period

following regulatory updates. In addition,

Table 2. Domestic wastewater parameter availability and analytical status.

Parameter Available years n Analytical status

pH 2022-2025 16

BOD5 2022-2025 16

COD 2022-2025 16 Main analysis

TSS 2022-2025 16

Oil and Grease 2022-2025 16

Ammonia (NHs) 2022-2025 16

Total Coliform 2022-2024 12 Secondary analysis;
2025 unavailable and

Discharge 2022-2024 12 field note indicates
possible flow-meter

issues

Surfactant Anionic 2025 only 4

(MBAS) Exploratory onl

Free Chlorine (Cl) 2025 only 4 p ry only

Fecal Coliform 2025 only 4
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missing values were not imputed, and each
parameter was analyzed only on the basis of
the available observations. Third, the
discharge variable was treated with special
caution because field notes indicated possible
flow-meter problems and uncertainty in some
discharge records. For this reason, discharge
was retained only as a secondary variable and
interpreted conservatively.

Accordingly, parameters with full 2022-
2025 coverage were treated as the main
analytical set, parameters available only
through 2024 were treated as secondary, and
parameters available only in 2025 were treated
as exploratory only (Table 2).

3. Result and Discussion

3.1. Trend of household connections
Household connections (SR) increased in
all four WWTP service zones during the study
period. The total number of connections rose
from 729 in 2022 to 763 in 2023, 804 in 2024,
and 831 in 2025 (Figure 1), representing an
overall increase of approximately 14.0% over
four years. In absolute terms, the West Zone
consistently carried the largest service load,
increasing from 407 to 449 connections, while
the South Zone remained the smallest,
increasing from 20 to 23 connections. In

1000

relative terms, the North Zone showed the
fastest growth, increasing from 122 to 155
connections (about 27.0%), followed by the
South, East, and West zones. Overall, these
figures indicate a pattern of gradual service
expansion rather than a major step-change in
connected households.

3.2. Pattern of influent wastewater parameters

Despite the steady increase in SR, the
influent wastewater parameters did not change
monotonically over time. Several parameters
fluctuated substantially across years even
when SR increased only modestly. As shown
in Table 3, the annual mean BODs decreased
from 142.9 mg/L in 2022 to 126.1 mg/L in
2023, then increased to 203.9 mg/L in 2024
and remained high in 2025 (196.5 mg/L). A
similar pattern was observed for COD, which
declined slightly from 188.0 mg/L in 2022 to
167.8 mg/L in 2023, increased to 270.8 mg/L
in 2024, and rose sharply to 393.8 mg/L in
2025. By contrast, ammonia dropped markedly
in 2025 relative to the earlier years, while pH
shifted considerably between 2023 and 2024.
These descriptive patterns suggest that SR
alone may not fully explain year-to-year
variation in influent concentration.

900
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=®= North Zone =M= West Zone =a= East Zone ~@- South Zone *4 Total

831

400 | .

300 -

Number of Household Connections (SR)

200

2025

Year

Figure 1. Number of household connections (SR) by WWTP service zone and year.
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Table 3. Annual mean influent wastewater parameters across the four service zones in 2022-2025.

Parameter and Unit

Surfactant Free

Oiland Ammonia L . Total Fecal .
Year PH BODs COD TSS Anionic  Chlorine . . Discharge
Grease (NH3) (MBAS) (Cl) Coliform Coliform
- mg/L mg/L mg/L mg/lL mg/L mg/L mg/L  MPN/100 mL MPN/100 mL m’/s
2022 74 1429 188.0 183 6.0 114 - - 220,358 - 0.0003
2023 6.3 126.1 167.8 225 8.3 26.3 - - 149,500 - 0.0011
2024 7.6 2039 270.8 19.0 8.3 17.5 - - 149,500 - 0.0005
2025 7.1 196.5 393.8 37.8 43 0.6 2.3 0.03 - 73,125 -
Qs 69 30 100 30 5 10 5% ™ 3,000 1,000 -

*Primary and currently applicable reference/quality standard (QS): Regulation of the Minister of Environment/Environmental Management

Agency No. 11 of 2025 (App. [.A.2 Wastewater Quality Standards for Non-Toilet Wastewater, or a Mixture of Toilet Wastewater and
Non-Toilet Wastewater Discharged into Water Bodies, with a discharge volume of x > 50 m*day) (Regulation of the Minister of
Environment/Environmental Management Agency No. 11 of 2025 on Wastewater Quality Standards and Wastewater Treatment

Technology Standards for Domestic Wastewater, 2025)

"*Older references/quality standard (QS), used for parameters missing in the primary reference/QS: Regulation of the Minister of
Environment and Forestry No P.68 Year 2016 on Domestic Wastewater Quality Standard, 2016 (Regulation of the Minister of
Environment and Forestry No P.68 Year 2016 on Domestic Wastewater Quality Standard, 2016)

These interannual changes are interpreted
as descriptive evidence of influent variability
rather than as direct effects of SR expansion.
No specific management intervention was
documented during the period that could
directly explain the marked COD increase or
the ammonia decrease in 2025, and the
laboratory reports did not indicate a change in
analytical methods for these parameters.
Therefore, these changes are better interpreted
as year-to-year variability in influent
wastewater characteristics that cannot be
explained by SR alone. Possible unmeasured
contributors include variation in wastewater
source composition, water-use behavior,
sampling timing, tourism-related occupancy,
and hydraulic conditions in the collection
system. Such factors have been reported to
influence domestic wastewater characteristics
and influent quality in decentralized or
tourism-affected wastewater systems
(Bugajski et al., 2025; Rodriguez-Alcantara et
al., 2024; Sururi et al., 2023; Watanabe et al.,
2021; Widyarani et al., 2022).
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3.3. Pooled regression and correlation results

The pooled regression and correlation
results are presented in detail on Table 4, while
selected scatter plots are shown in Figure 2.
Among the parameters with complete 2022-
2025 coverage, the highest positive
correlations with SR were observed for BODS5
(r=0.362; R*=0.131) and COD (r = 0.346; R?
= 0.120). Under the correlation classification
following (Hinkle et al., 2003) in (Mukaka,
2012) adopted in this study, both relationships
fall within the low positive range. However,
neither relationship was statistically significant
(p > 0.05). The remaining main parameters
showed even weaker relationships; oil and
grease (r = 0.216), pH (r = 0.061), TSS (r = -
0.135), and ammonia (r =-0.083) all fall within
the negligible range. Thus, for the main
analytical set, SR explained only a small
proportion of the wvariation in influent
wastewater characteristics.

Among the secondary parameters,
discharge showed the highest pooled
correlation (r = 0.446; R* = 0.199), which
corresponds to a low positive relationship.



Prayoga et al.

Habitus Aquatica : Journal of Aquatic Resources and Fisheries Management 7(2):120-132

Table 4. Pooled regression equations and correlation statistics.

Equation

p_

2
Parameter n (y=a+bX) r R valuet Strength Status
BODs 16 y=135363+0.163635x 0.362 0.131 0.168 Low
COD 16 y=197.502 + 0.294520x 0.346 0.120 0.189 Low
Oil and Grease 16 y=46.133 +0.002838x 0.216 0.047 0422  Negligible
Main
TSS 16 y=25.940 —0.008008x -0.135 0.018 0.619  Negligible
pH 16 y=7.036+0.000215x 0.061 0.004 0.823  Negligible
Ammonia (NH3) 16 y=15.069—0.005887x -0.083 0.007 0.759  Negligible
Discharge 12 y=0.000+ 0.000001x 0.446 0.199 0.146 Low
Secondary
Total Coliform 12 y=145837.484 + 142.587191x 0.225 0.051 0.481  Negligible
Fecal Coliform 4 y=47717.974 + 122.296156x 0.523 0.273 0477 Moderate
Free Chlorine (Cly) 4 y=0.048 —0.000062x -0.627 0.393  0.373 Moderate  Exploratory
Surfactant Anionic (MBAS) 4  y=2.653-0.001942x -0.692 0478 0.308 Moderate
aStatistical significance was evaluated at p < 0.05.
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£ 200 - = - | 2 100 | . % sp° ‘e e o_'_._
8 10re Ot % Cmbe— o 4 E . .
wo | * ¢ y=0.1636x + 135.363 o y=02945x +197.502 | © 4 o /=0.0028x + 6.133
L ° L ]
50 F r=0362, R2=0.131 100 r=0.346, R? =0.120 2k r=0216, R? =0.047
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Figure 2. Scatter plot of the number of household connections (SR) against several influent wastewater

parameters.
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However, this result should be interpreted
cautiously because the discharge series is
incomplete, especially in 2025, and
accompanied by field notes indicating possible
flow-meter problems. Total coliform showed
only a negligible positive relationship (r =
0.225; R*=0.051).

The exploratory parameters measured only
in 2025 yielded apparently stronger
coefficients, including MBAS (r = -0.692),
free chlorine (r = -0.627), and fecal coliform (r
= 0.523) (Table 4). Under the adopted
classification, these represent moderate
relationships. However, because these
estimates are based on only four observations,
they should be regarded as preliminary signals
rather than stable or transferable equations.

Overall, the pooled regression results
indicate that household connections (SR) were
not a strong standalone predictor of influent
domestic wastewater characteristics. This is
reflected in the generally low to negligible
correlation coefficients, small R? values, and
the absence of statistically significant
relationships across the main analytical
parameters.

3.4. Model  validation  and

consistency

The LOOCV results confirm that the
regression equations presented in Table 4 have
limited predictive value when SR is used as the
sole predictor. Across parameters, the cross-
validated prediction errors were generally
larger than the corresponding in-sample errors,
as shown by the higher LOOCV RMSE

temporal

compared with the in-sample RMSE (Table 5).
This pattern indicates that the fitted equations
performed less well when each observation
was predicted outside the calibration subset.

All models produced negative predicted R?
(Q?) values (Table 5), meaning that cross-
validated predictions performed worse than a
simple mean-based benchmark. Therefore, the
fitted equations should be interpreted primarily
as descriptive relationships rather than
predictively robust models. The poorest
predictive performance was observed among
the exploratory parameters, particularly
surfactant anionic/MBAS (Q? = -4.143) and
fecal coliform (Q?> = -3.184), which is
consistent with their very small sample size.
However, these results should be interpreted
cautiously because these parameters were
based on only four observations, making the
validation metrics highly sensitive to
individual data points.

The annual correlations also varied
substantially in both direction and magnitude.
For example, BODs and COD were positively
correlated with SR in 2022, became negative
in 2023, and turned positive again in 2024-
2025. Similar reversals were observed for oil
and grease, while pH shifted from negative in
the earlier years to positive in the later years.
These reversals suggest that the pooled
equations are not temporally stable and should
not be interpreted as evidence of a single
persistent SR-parameter relationship. The
dynamics of year-specific  correlation
coefficients for each parameter are presented
in Figure 3.

Table 5. Validation metrics for pooled regression models.

Parameter LOOCV LOOCV  Predicted R? . RMSE Status
RMSE (Q» (in-sample RMSE)

BOD:s 16 70.986 -0.122 62.469

COD 16 137.706 -0.191 118.369

Oil and Grease 16 2.212 -0.284 1.906 Main

TSS 16 10.123 -0.318 8.736

pH 16 0.615 -0.374 0.524

Ammonia (NH3) 16 11.743 -0.251 10.465

Discharge 12 0.001 -0.396 0.000 Secondary

Total Coliform 12 100956.849  65936.751 -0.191 90135.951

Fecal Coliform 4 73810.696  65152.762 -3.184 30765.072

Free Chlorine (Cl») 4 0.017 -0.240 0.012 Exploratory

Surfactant Anionic (MBAS) 4 0.982 -4.143 0.313
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Year
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-0.19 I

Exploratory

Secondary

Main

-1.0 —0.5

0.0 0.5 1.0
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Figure 3. Annual Pearson correlation coefficients (r).

3.5. Discussion

The principal finding of this study is that
household connections (SR) were not a strong
standalone predictor of influent domestic
wastewater characteristics at the WWTP inlets
on Tidung Besar Island. This conclusion is
supported by three consistent signals from the
dataset: most pooled correlations were
negligible to low, all pooled relationships were
statistically non-significant, and all LOOCV
models yielded negative predicted R? values.
Taken together, these results indicate that SR
captures only a limited portion of the variation
in influent quality and should therefore be
interpreted as a service coverage indicator with
only modest explanatory power, rather than as
a robust predictive variable.

The substantial interannual variability
observed for COD and ammonia further
supports this interpretation. Although SR

128

increased gradually during 2022-2025, COD
increased sharply in 2025, whereas ammonia
decreased markedly in the same year. This
opposite direction of change suggests that
influent wastewater characteristics were not
controlled simply by the number of connected
households. COD reflects oxygen demand
from organic and other oxidizable substances
in wastewater, whereas ammonia iS more
closely associated with the nitrogen fraction of
domestic sewage and may also be affected by
dilution, transformation, and sampling
conditions (Macura et al., 2024; Office of
Water US EPA, 1978; Sururi et al., 2023;
Watanabe et al., 2021). Based on the available
records, no specific management intervention
or change in laboratory analytical method was
identified during the period. Therefore, the
COD and ammonia patterns observed in this
study should not be interpreted as evidence of
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a causal SR effect, but rather as an indication
that source composition and operational
conditions varied across years.

This weak relationship is technically
plausible. Domestic wastewater characteristics
are influenced not only by the number of
connected households but also by water-use
behavior, the relative contribution of
greywater and  blackwater, and the
composition of activities contributing to the
sanitary flow. In Indonesia, greywater volumes
have been reported to be one to four times
higher than blackwater volumes, and untreated
greywater remains a major contributor to
domestic wastewater pollution, which means
that changes in water use and source
composition can alter wastewater strength
even without a proportional change in
household numbers (Widyarani et al., 2022).
Greywater generation and quality are also
known to vary with lifestyle, fixtures,
household practices, and climatic conditions
(Oteng-Peprah et al., 2018).

At the sewer and collection level,
additional variability can arise before
wastewater even reaches the WWTP. An
Indonesian study on a cluster-scale
decentralized domestic wastewater system
found that wastewater characteristics changed
along the sewer line and differed between peak
and non-peak periods, indicating that
conveyance conditions and sampling timing
can influence inlet measurements (Sururi et al.,
2023). Infiltration and inflow can further alter
both flow and concentration. A study showed
that infiltration substantially increased sewage
flow and decreased sewage concentration in a
residential sewer catchment (Watanabe et al.,
2021), while likewise reported that incidental
stormwater inflow affected both the volume
and quality of influent wastewater (Bugajski et
al., 2025).

These mechanisms are especially relevant
to the Tidung Besar case. Tidung Besar is a
densely populated, tourism-based small island
with four decentralized WWTP service zones
and documented operational challenges,
including uneven service pressure, parameter
exceedances, and equipment-related issues
(Prayoga et al., 2025). In such a setting,
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variation in influent quality may reasonably
reflect heterogeneity in domestic wastewater
sources  across  households, schools,
government offices, dormitories, and small- to
medium-scale  accommodation  facilities,
rather than  households alone.  This
interpretation is also consistent with island-
based evidence showing that tourism pressure
and seasonal population dynamics can
influence wastewater quality in WWTP
systems (Rodriguez-Alcéantara et al., 2024).
Local studies on Tidung Island further
support the relevance of tourism-related
pressure in interpreting wastewater variability.
Tourism development in Tidung has been
associated with the growth of amenities such
as homestay accommodation, boat rental, and
catering businesses, as well as environmental
impacts including waste accumulation,
changes in water quality, and coral reef
disturbance (Khrisnamurti et al., 2016). Hayati
et al. (2020) also reported that tourism was one
of the largest waste-generating sources on the
Tidung Islands, indicating that visitor-related
activities can materially affect local
environmental pressure. From a broader small-
island tourism perspective, (Adrianto et al.,
2021) emphasized that carrying capacity is an
essential consideration for reducing tourism
impacts in Tidung Islands, while Arijuddin
(2024)  highlighted the importance of
balancing domestic and tourism water demand
in the same island context. These studies do
not directly quantify influent wastewater
chemistry, but they provide a contextual basis
for considering tourism intensity, occupancy,
water use, and facility composition as
plausible explanatory variables beyond SR.
The secondary and exploratory parameters
further show how monitoring continuity
affects inferential strength. Discharge had the
highest pooled correlation in the study, but
confidence in that result is weakened by the
documented uncertainty in the flow-meter
record. Similarly, MBAS, free chlorine, and
fecal coliform produced moderate correlations,
but these were based on only four observations
from 2025 and therefore cannot be treated as
stable relationships. Total coliform, in
contrast, had a longer series but still showed
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only a negligible pooled relationship. Thus,
part of the statistical weakness observed in this
study reflects not only environmental
complexity but also uneven temporal coverage
across parameters following regulatory
changes in monitoring requirements.

From a practical perspective, the
regression equations derived here are best
interpreted as empirical source-
characterization relationships rather than as
design equations or decision rules. For
decentralized small-island systems, relying on
SR alone could oversimplify actual influent
loading conditions and lead to misleading
expectations regarding concentration trends.
Given the weak SR-based relationships
observed in this study, the contrasting
interannual patterns of influent parameters,
and the documented tourism-related
environmental pressures on Tidung Island,
future analyses should be strengthened by
including additional predictors such as
occupancy, tourism intensity, per-capita water
use, rainfall, infiltration/inflow indicators, and
facility-type composition within each service
zone. With the current annual dataset, the most
defensible conclusion is that SR provides only
limited directional information and does not
yet function as a robust standalone predictor of
influent domestic wastewater characteristics.

3. Conclusion

This study evaluated whether household
connections (SR) can explain influent
domestic wastewater characteristics in four
decentralized WWTP service zones on Tidung
Besar Island during 2022-2025. Although SR
increased gradually across the study period,
the influent parameters did not show a
consistent or proportional response. The
pooled correlation and regression results
indicate that SR had only weak explanatory
power, while the LOOCV results and year-
specific correlations further showed limited
predictive stability and temporal consistency.

The substantial interannual variation
observed for COD and ammonia reinforces the
conclusion that influent wastewater quality is
shaped by broader source-side and system-
level variability rather than by household

connection numbers alone. Therefore, the
regression equations derived in this study
should be interpreted as empirical descriptive
relationships, not as robust predictive or design
equations. Future assessments in decentralized
small-island WWTP systems should combine
SR with additional explanatory variables, such
as occupancy, tourism intensity, per-capita
water use, rainfall, infiltration/inflow, and the
composition of household and non-household
facilities ~ within each  service zone.
Operationally, influent wastewater quality
should be interpreted together with broader
source and system characteristics, rather than
relying on SR alone.
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