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Abstract

Urban freshwater systems are subject to complex, interacting anthropogenic stressors that
collectively alter hydrological, chemical, and ecological dynamics. This study examines the
temporal evolution of water quality across the Chicago River Watershed (CRW) and the
Des Plaines River Watershed (DPRW) over a 25-year monitoring period (2001–2025). Long-
term data from 51 stations were analyzed across ten water quality parameters. Principal
component analysis (PCA) was applied annually to characterize shifts in multivariate water
quality structure and identify dominant gradients governing system behavior. During
the early phase (2001–2012), three principal components described the system, reflecting
semi-independent stressor gradients. Beginning in 2013, a marked structural simplification
emerged where a single dominant component accounted for approximately 78–84% of total
annual variance, indicating strong parameter coupling and consolidation of system vari-
ability into a unified response gradient. This transition coincided with measurable declines
in total phosphorus, total dissolved solids, and nitrogen. Nevertheless, the persistence of a
single dominant gradient underscores the continued influence of urban environmental con-
trols and tightly coupled pollutant pathways. These findings affirm the value of long-term,
multivariate monitoring for characterizing urban water quality dynamics and informing
adaptive watershed management.
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1. Introduction
For the platitude “water is life”, rivers and streams form the backbone of healthy

environments, human well-being, and thriving economies. Yet, water systems are under
increasing pressure, especially in matured urban areas and regions experiencing rapid
urban growth. Freshwater systems are not isolated entities but are part of coupled social–
ecological systems where human benefits and ecosystem health are inherently intercon-
nected, making it impossible to manage one without considering the other [1]. At a global
scale, anthropogenic pressures including pollution, flow alteration, and biodiversity loss
have significantly diminished the capacity of freshwater ecosystems to provide essential
services [2]. This growing pressure is particularly evident in urban environments, where
water bodies are increasingly subjected to complex and interacting stressors.

As cities expand, urban rivers and streams increasingly absorb a wide range of human-
generated polluting inputs, ranging from treated wastewater and industrial discharges
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to stormwater washing off roads, rooftops, and parking lots. Anthropogenic inputs stem
from a broad range of sources, including industrial effluents, domestic activities, and dif-
fused inputs tied to land use changes [3]. These inputs do not act in isolation; rather, they
interact within increasingly complex environmental settings. Urban rivers face distinct
environmental pressures, with water pollution emerging as the predominant constraint on
ecological health, often occurring at greater magnitudes and complexity than in natural
systems [4]. Consequently, urban water bodies are now among the most degraded compo-
nents of ecological and hydrological systems, posing significant challenges to sustainable
urban development [4]. Urbanization modifies landscapes by replacing vegetated areas
with impervious surfaces and redirecting natural water channels, thereby transforming
how water moves across the land. Soil sealing and the expansion of impervious surfaces
reduce infiltration and disrupt groundwater recharge processes, while increasing surface
runoff [5,6]. These hydrological alterations are further intensified by the structure and
connectivity of impervious areas, which directly influence runoff generation and transport
pathways in urban watersheds [7]. As a result, urban catchments experience enhanced
runoff volumes, faster flow routing, and greater hydraulic efficiency, all of which increase
the speed and magnitude at which pollutants are transported to receiving waters [8].

The consequences of these landscape modifications extend beyond hydrology into
ecological degradation. Increased runoff facilitates the rapid mobilization and transport
of pollutants, including nutrients, sediments, pathogens, and chemical contaminants, into
urban waterways. Stormwater runoff acts as a major pathway for pollutants such as
fertilizers, pet waste, and chemical contaminants, delivering them directly into streams
and rivers [9,10]. In addition, urbanization contributes to elevated concentrations of water
quality parameters such as nutrients, suspended solids, and microbial contaminants, driven
by both wastewater discharge and runoff processes [3]. These changes often exhibit strong
temporal variability, particularly during storm events, when pollutant loads increase
sharply due to combined sewer overflows and surface wash-off.

Urban rivers are therefore difficult to manage because contaminant inputs rarely arrive
in isolation. Instead, they occur as mixtures of interacting substances whose combined
effects can be more significant than individual pollutants. This phenomenon has been
conceptualized as the formation of “chemical cocktails,” where nutrients, metals, salts,
and organic compounds co-occur and interact within urban watersheds due to human
activities and altered geochemical processes [11]. These mixtures are shaped by land use,
infrastructure, and climate, and their transport is facilitated by increasingly connected and
engineered hydrological systems. The result is a departure from natural nutrient cycling
processes, with urban streams exhibiting altered biogeochemical dynamics and reduced
capacity for self-regulation.

While rural watersheds are also subject to environmental stressors, the nature of con-
tamination in these systems is typically more source-specific and seasonally predictable.
For instance, nutrient enrichment in rural settings is often linked to agricultural activities
such as fertilizer application and livestock management, with impacts varying according to
seasonal cycles [3]. In contrast, urban systems are characterized by continuous and diffuse
pollutant inputs, compounded by infrastructure-driven hydrological changes and complex
contaminant interactions. This distinction underscores the importance of continuous moni-
toring and integrative assessment of water quality in urban watersheds to capture evolving
conditions and guide adaptive management strategies. Such assessments are critical in
highly urbanized river systems, where multiple and interacting stressors drive complex
spatial and temporal variations in water quality [3,12]. Existing studies have analyzed
water quality in urban watersheds. However, they tend to treat water quality relationships
as constant over time, while in reality, urban systems are dynamic. As such, the dynamic
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nature of urban freshwater systems, particularly the potential for temporal reorganization
of water quality structure, remains insufficiently understood. In response, this study sheds
light on how water quality structure reorganizes over time by analyzing water quality
conditions in the Chicago River and Des Plaines River. These two heavily urbanized river
systems exemplify the cumulative impacts of urbanization, hydrological alteration, and
anthropogenic pollution. The study also provides a comprehensive assessment of water
quality dynamics and contributes to ongoing efforts to monitor, evaluate, and manage
urban freshwater systems under increasing environmental pressure [1,2].

2. Materials and Methods
2.1. Study Area

The study area encompasses two heavily urbanized watersheds in northeastern Illinois:
the Chicago River Watershed (CRW) and the Des Plaines River Watershed (DPRW), both of
which carry long histories of compromised water quality challenges. The Chicago River’s
South Fork, which is historically known as Bubbly Creek, gained notoriety for extreme
pollution generated by the meatpacking industry and municipal sewage discharge, which
produced visible bubbling from decomposing organic matter [13]. Although conditions
have since improved, the Illinois Department of Public Health (IDPH) has issued fish
consumption advisories citing contamination by polychlorinated biphenyls (PCBs) and
mercury, including a “do not eat” advisory for carp exceeding 12 inches [14,15].

The DPRW covers approximately 3768 km2 across northeastern Illinois and south-
eastern Wisconsin, extending between latitudes 41◦20′58.60′′ N and 42◦42′10.02′′ N and
longitudes 87◦43′31.14′′ W and 88◦17′5.89′′ W (author measurement using Google Earth
Pro version 7.3. The watershed spans portions of Lake, Cook, DuPage, Grundy, and Will
counties in Illinois. As shown if Figure 1, its upper reach is relatively narrow, approximately
13 km across, with correspondingly short tributary lengths. The Des Plaines River serves
as the main stem, originating from west of Kenosha, Wisconsin, and flowing southward
through Des Plaines, Forest Park, River Forest, and Riverside before passing through
woodland forest preserve areas in Lake and Cook counties [16]. Land use is predominantly
urban, supporting a population exceeding six million residents and accounting for 58.7%
of total watershed area, with agricultural land comprising an additional 33.2% [17].

The CRW is formed by the confluence of the North and South Branches of the Chicago
River. The North Branch originates as three forks: the West Fork (approximately 14 miles),
the Middle Fork or West Skokie (approximately 24 miles), and the Skokie River (approxi-
mately 17 miles), before merging into the main channel. The South Branch flows into the
Chicago Sanitary and Ship Canal, where it is diverted westward to join the Des Plaines
River as a tributary of the Illinois River. Human population growth within the CRW has
driven sustained urban and industrial expansion, with approximately 82% of watershed
land classified as urban [18].

The watershed’s topography is comparatively flat; the majority of the region lies
below 213 m above sea level, with elevations ranging from 164.8 to 244.1 m [19]. The
area experiences a humid continental climate with warm, humid summers (mean July
temperature: 23.8 ◦C), cold winters (mean January temperature: −4.2 ◦C), and mean annual
precipitation of 863 mm. Urban land use dominates both watersheds. According to Mahdi
et al. (2017) [18], approximately 82% of the CRW is urbanized, while [17] documented that
urban development comprises 58.7% of the DPRW. The extent of urban coverage, persistent
water quality degradation, and active fish consumption advisories collectively underscore
the need for sustained water quality monitoring in these systems.
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Figure 1. Map of CRW and DPRW in Illinois State context. Source: Authors’ construct.

2.2. Data Source and Analysis

Water quality monitoring records were obtained from the Metropolitan Water Reclama-
tion District of Greater Chicago, covering the period from 2001 to 2025 across 51 monitoring
stations distributed throughout the CRW and the DPRW. The dataset included station-level
concentration measurements for ten water quality parameters: ammonia (mg/L), fecal col-
iform (CFU/100 mL), total phosphorus (mg/L), sulfate (mg/L), suspended solids (mg/L),
total dissolved solids (TDS, mg/L), total Kjeldahl nitrogen (TKN, mg/L), nitrate-nitrite
(mg/L-N), chloride (mg/L), and chlorophyll-a (µg/L).

The data was compiled as part of a broader study that incorporated a spatially explicit
analytical framework. Water quality records from the 51 monitoring stations were initially
stored as separate comma-separated value (CSV) files for each parameter. Geographic
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coordinates of monitoring stations were used to create a point shapefile representing station
locations, after which the parameter datasets were integrated into a single attribute table.
The resulting dataset was organized in wide format, where each column represented a
specific parameter–year combination. This structure facilitated year-by-year multivariate
analysis and annual principal component analysis (PCA) of water quality conditions from
2001 to 2025.

PCA was applied separately for each year from 2001 to 2025 in order to evaluate
the annual covariance structure of water quality across the monitored stations. Principal
Component Analysis (PCA) was applied on an annual basis to explicitly capture the
temporal evolution of water quality structure. This approach allows the relationships
among water quality variables to vary from year to year, thereby reflecting the dynamic
nature of urban freshwater systems influenced by changing land use, infrastructure, and
regulatory conditions. All analyses were executed in R version 4.5.1 using the sf, dplyr,
readr, stringr, and ggplot2 (for screeplot) packages. The shapefile was first read into R and
its geometry was temporarily dropped to permit matrix-based statistical analysis, while a
stable row identifier was added to preserve the linkage between the statistical outputs and
the original monitoring stations. Year-specific variables were then identified automatically
from field names ending in two-digit year suffixes (in essence, _01 for 2001 through _25
for 2025).

Year-specific PCA was conducted using the prcomp() function in R, with centering and
scaling enabled. Centering removed differences in variable means, while scaling standard-
ized all parameters to unit variance before analysis. This step was necessary because the
included variables were measured in different units and orders of magnitude, ranging from
microbial counts and nutrient concentrations to ionic and particulate measures. Standard-
ization therefore ensured that the PCA reflected the correlation structure among variables
rather than being dominated by those with the largest numeric ranges. For each year, eigen-
values were calculated as the squared standard deviations of the principal components,
and the proportion and cumulative proportion of explained variance were computed to
assess the contribution of each component to the annual multivariate structure.

Component loadings and station scores were extracted for every year. Loadings were
used to identify the variables contributing most strongly to each principal component,
thereby supporting interpretation of the dominant water quality gradients for a given year.
For each year, separate comma-separated files were exported for eigenvalues, explained
variance, and component loadings. PCA scores were generated and are used to interpret
the annual distribution of explained variance across components.

The annual PCA framework was designed to capture temporal shifts in the multi-
variate structure of water quality rather than to derive a single pooled ordination for the
entire study period. By running PCA independently for each year, the analysis preserved
year-specific covariance patterns among the ten parameters and allowed direct evalua-
tion of how dominant gradients changed through time. This approach was particularly
appropriate for the CRW and DPRW because it enabled the study to distinguish years
characterized by multiple semi-independent water quality gradients from those in which a
more integrated water quality signal emerged. The interpretation of retained components
in the manuscript was based on the annual eigenvalues, explained variance, and loadings
generated from this workflow.

3. Results
The results from the PCA revealed the multivariate structure of water quality in

the CRW and the DPRW and tracked the temporal behavior of individual parameters
across the 25-year study period. In 2001, the PCA retained three components, with the
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first principal component (PC1) explaining 54.0% of total variance, the second principal
component (PC2) explained 18.9%, and the third (PC3) did 12.4%. As shown in Table 1,
cumulative total of 85.4% of the variances in water quality in 2001 is explained by the three
principal components (PCs). The dominant variables on PC1 were TDS, fecal coliform, and
nitrate-nitrite, which indicates that the primary water quality gradient at the start of the
study period reflects a combination of dissolved ionic conditions, microbial contamination,
and oxidized nitrogen. This interpretation is consistent with the concentrations observed
for the water quality parameters in 2001, where ammonia was elevated (Figure 2), fecal
coliform was high (Figure 3), and TKN was at its maximum annual mean of 1.64 mg/L-
N (Figure 2). Total phosphorus was elevated at 0.94 mg/L (Figure 2), chloride stood at
130.81 mg/L (Figure 4), and TDS reached 539.79 mg/L (Figure 3). PC2 was dominated
by ammonia, with secondary contributions from chlorophyll-a and chloride, reflecting
the importance of reduced nitrogen stress and eutrophic productivity as independent
secondary dimensions of water quality variation in the CRW and DPRW. PC3, driven by
sulfate and total phosphorus, captured an additional chemical gradient consistent with the
significance of sulfur and nutrient inputs during the early times of the studied period.

Table 1. Principal Components of Water Quality Parameters from 2001 to 2012.

Year
PC1 PC2 PC3
EV Loadings EV Loadings EV Loadings

2001 5.4 TDS (0.38), FC (0.37),
N (0.35) 1.9 A (−0.55), CP (0.42),

CH (0.36) 1.24 S (−0.64), P (−0.47),
CP (0.29)

2002 5.18 TDS (−0.37), N (−0.36),
FC (−0.36) 1.99 A (−0.62), TKN (−0.43),

S (0.33) 1.37 S (−0.51), SS (0.46),
P (−0.43)

2003 5.08 TDS (−0.37), FC (−0.37),
N (−0.36) 2.13 A (−0.61), TKN (−0.43),

CP (0.32) 1.03 S (−0.73), CP (0.44),
TDS (−0.27)

2004 4.44 TDS (0.39), FC (0.39),
SS (0.38) 2.25 A (0.55), TKN (0.37),

CH (−0.33) 1.21 S (−0.62), CP (0.38),
P (−0.35)

2005 4.42 TDS (0.42), SS (0.41),
FC (0.36) 2.51 A (−0.55), TKN (−0.47),

CH (0.35) 1.08 P (0.55), N (0.44),
A (−0.38)

2006 4.5 FC (0.40), TDS (0.37),
N (0.35) 2.06 A (−0.50), CP (0.39),

CH (0.36) 1.38 S (0.63), A (−0.32),
TKN (−0.31)

2007 4.18 FC (0.42), P (0.38),
TDS (0.38) 2.13 CH (0.50), CP (0.43),

A (−0.43) 1.28 A (−0.48), TKN (−0.46),
S (0.39)

2008 4.19 TDS (0.39), FC (0.37),
TKN (0.36) 2.03 CP (0.47), CH (0.43),

SS (0.35) 1.52 S (−0.56), A (0.51),
TKN (0.40)

2009 4.65 TDS (0.41), FC (0.36),
N (0.36) 1.6 CP (0.60), A (−0.39),

SS (0.38) 1.18 S (0.61), A (−0.52),
TKN (−0.34)

2010 4.16 FC (0.41), TDS (0.39),
TKN (0.36) 2.07 A (−0.50), CP (0.36),

CH (0.35) 1.41 S (0.44), CP (−0.44),
N (0.42)

2011 4.9 TDS (0.39), FC (0.39),
N (0.35) 1.85 A (−0.55), CP (0.46),

TKN (−0.31) 1.11 S (−0.79), CH (0.40),
CP (0.32)

2012 3.57 FC (0.43), TDS (0.40),
SS (0.38) 2.29 CH (−0.45), A (0.40),

P (0.37) 1.78 A (0.45), CP (0.43),
S (−0.43)

Note: EV = Eigenvalue; A = ammonia; FC = fecal coliform; P = total phosphorus; S = sulfate; SS = suspended
solids; TDS = total dissolved solids; TKN = total Kjeldahl nitrogen; N = nitrate-nitrite; CH = chloride; and
CP = chlorophyll. Source: Authors’ computation.

Building directly on the structure observed in 2001, the PCA for 2002 retained the same
three-component configuration, with PC1 explaining 51.8%, PC2 explaining 19.9%, and PC3
explaining 13.7%, for a cumulative explained variance of 85.4%. PC1 remained dominated
by TDS, nitrate-nitrite, and fecal coliform, indicating the continued primacy of dissolved
and sanitary loading as the main organizing gradient. This is consistent with conditions
established in the previous year, which was characterized by persistent high microbial

https://doi.org/10.3390/w18131563

https://doi.org/10.3390/w18131563


Water 2026, 18, 1563 7 of 19

contamination and increasing dissolved constituents. PC2 was defined by ammonia and
TKN, reinforcing that reduced forms of nitrogen persisted as a distinct secondary gradient.
PC3 was associated with sulfate, suspended solids, and total phosphorus, indicating that
particulate and sulfur-related variability remained sufficiently independent to constitute its
own axis. This structure corresponds to continued instability in total phosphorus, elevated
sulfate loads, and particulate urban influences characteristic of 2001.

Figure 2. Mean annual concentrations of Ammonia, Total Phosphorus and TKN. Source: Authors’
computation.

Figure 3. Mean annual concentrations of Fecal Coliform and TDS. Source: Authors’ computation.

As shown in Table 1, the three-component structure was maintained into 2003, with
PC1 explaining 50.8%, PC2 explaining 21.3%, and PC3 explaining 10.3%. This produced
a cumulative explained variance of 82.4%. PC1 continued to be dominated by TDS, fecal
coliform, and nitrate-nitrite, a pattern that is particularly meaningful given that fecal
coliform reached its highest annual mean in 2003 at 2008.51 CFU/100 mL (Figure 3), while
accompanying sulfate concentrations also showed strong peaks at some monitoring sites.
PC2 was again dominated by ammonia and TKN, and PC3 was associated with sulfate
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and chlorophyll-a. Together, these patterns confirm that in 2003, the watersheds still
exhibited multiple partially independent stress gradients: one centered on dissolved and
microbial contamination, a second on reduced nitrogen, and a third capturing sulfur–
productivity interactions.

Figure 4. Mean annual concentrations of Sulfate and Chloride. Source: Authors’ computation.

In 2004, the PCA structure remained three-dimensional but exhibited a notable internal
reorganization, with PC1 explaining 44.4%, PC2 explaining 22.5%, and PC3 explaining
12.1%, for a cumulative explained variance of 79.0%. The decline in PC1’s explained
variance relative to 2003 reflects a broader redistribution of variability among the retained
components. PC1 was dominated by TDS, fecal coliform, and suspended solids, indicating
that particulate pollution had become more prominent in the dominant axis. This is
consistent with the broader water quality record, where ammonia reached its mean annual
peak of 0.57 mg/L in 2004, as shown in Figure 2, and as shown in Figure 4, sulfate also
peaked at 106.15 mg/L. This suggests that the system was clearly under strong urban and
wastewater-related pressure. PC2, still driven by ammonia and TKN, captured the reduced
nitrogen dimension during this period of elevated ammonia toxicity risk. PC3, dominated
by sulfate and chlorophyll-a, expresses that sulfur dynamics and eutrophic productivity
remained partially separable from the main urban contamination gradient.

Consistent with the broadening of variance among components observed in 2004, the
2005 PCA retained three components, with PC1 explaining 44.2%, PC2 explaining 25.1%,
and PC3 explaining 10.8%, for a cumulative total of 80.1%. PC1 was defined primarily
by TDS, suspended solids, and fecal coliform, while PC2 was shaped by ammonia, TKN,
and chloride. PC3 was dominated by total phosphorus and nitrate-nitrite. This structure
aligns with the observed parameters’ behavior in 2005, when chloride reached its annual
maximum of 188.57 mg/L (Figure 4), chlorophyll-a peaked at 14.34 µg/L (Figure 5) with
a maximum standard deviation of 20.81 µg/L (Table 2), and both nutrient-related and
dissolved urban signals remained prominent. The loading of total phosphorus and nitrate-
nitrite most strongly on PC3 indicates that nutrient variability remained an important but
not yet a fully synchronized component of the overall water-quality gradient.
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Figure 5. Mean annual concentrations of Suspended Solids, Nitrate-Nitrite, and Chlorophyll-a.
Source: Authors’ computation.

Table 2. Range of standard deviations for water quality parameters across the study period.

Parameter Min. SD. Max. SD.

Ammonia 0.174117 0.606286
Fecal coliform 643.1754 2613.616
Phosphorus 0.377183 1.014141
Sulfate 35.91985 126.4964
SS 6.638826 18.49352
TDS 187.4856 420.3685
TKN 0.384722 1.093247
Nitrate 2.096714 3.145193
Chloride 58.39917 138.3073
Chlorophyl 4.604828 20.81307

Note: Source: Authors’ computation.

In 2006, the three-component configuration persisted, with PC1 explaining 45.0%, PC2
explaining 20.6%, and PC3 explaining 13.8%, yielding a cumulative explained variance of
79.3% in water quality in the watersheds. PC1 was dominated by fecal coliform, TDS, and
nitrate-nitrite; PC2 was defined by ammonia, chlorophyll-a, and chloride; and PC3 reflected
sulfate. This structure is consistent with the continued multivariate complexity of the period.
Notably, suspended solids reached their mean annual maximum in 2006 at 23.98 mg/L, as
shown in Figure 5. Sulfate remained elevated but variable. The PCA therefore captured a
system in which microbial and dissolved contamination formed the dominant gradient,
while reduced nitrogen and sulfur still maintained partly distinct signatures.

The multi-axis structure continued into 2007, when three components were retained
with PC1, PC2, and PC3 explaining 41.8%, 21.3%, and 12.8% of variance in water quality,
respectively, for a cumulative total of 76.0%. PC1 was dominated by fecal coliform, total
phosphorus, and TDS, indicating that microbial contamination and nutrient enrichment
remained central to the first axis. PC2 was associated with chloride, chlorophyll-a, and
ammonia, while PC3 emphasized ammonia, TKN, and sulfate. As shown in Figure 2, this
structure reflects the continued variability in total phosphorus and the still and somewhat
elevated ammonia regime that preceded the later post 2012 decline.

In 2008, three components were again retained, with PC1 explaining 41.9%, PC2
20.3%, and PC3 15.2%, totaling 77.3% cumulative explained variance in water quality.

https://doi.org/10.3390/w18131563

https://doi.org/10.3390/w18131563


Water 2026, 18, 1563 10 of 19

PC1 was driven by TDS, fecal coliform, and TKN, a loading pattern that aligns with TDS
reaching its annual peak of 733.02 mg/L in 2008 (Figure 3), confirming that dissolved
constituents were especially influential in structuring water-quality variation during this
year. As shown in Table 2, standard deviations ranging between 643.18 CFU/100 mL and
2513.62 CFU/100 mL, 187.49 mg/L and 420.37 mg/L, and 0.38 mg/L and 1.1 mg/L were
respectively established for fecal coliform, TDS, and TKN over the studied periods. PC2 was
associated with chlorophyll-a, chloride, and suspended solids, while PC3 was dominated
by sulfate, ammonia, and TKN. These patterns indicate that by 2008, the watershed still
supported multiple distinct gradients related to salinity, particulate matter, sulfur, and
reduced nitrogen, even as dissolved solids had become the most dominant single parameter.

As shown in Table 1, the multi-axis structure was maintained through 2009, when PCA
yielded a cumulative explained variance of 74.4%, with PC explained variances of 46.5%,
16.0%, and 11.8% for PC1 through PC3, respectively. PC1 again reflected TDS, fecal coliform,
and nitrate-nitrite, while PC2 was most strongly shaped by chlorophyll-a, followed by
ammonia and suspended solids, and PC3 was dominated by sulfate and ammonia. This
structure corresponds to the broader temporal record, in which nitrate-nitrite remained
relatively stable before its post-2013 decline and chlorophyll-a and particulate conditions
still contributed distinct secondary variability. The comparatively lower share of variance
explained by PC2 relative to earlier years suggests some narrowing in the independence of
secondary gradients, which foreshadows the structural simplification that would emerge
after 2012, as shown in Table 3.

Table 3. Principal Components of Water Quality Parameters from 2013 to 2025.

Year
PC1 PC2
EV Loadings EV Loadings

2013 8.09 TDS (0.34), SS (0.34), FC (0.34) - -
2014 7.83 FC (0.35), SS (0.34), TDS (0.34) - -
2015 8.13 TDS (0.34), SS (0.34), TKN (0.33) - -
2016 7.97 TDS (0.35), SS (0.34), TKN (0.34) - -
2017 8.16 TDS (0.34), SS (0.34), TKN (0.33) - -
2018 8.39 TDS (0.34), TKN (0.34), SS (0.33) - -
2019 8.35 TDS (−0.34), FC (−0.34), TKN (−0.33) - -
2020 7.82 FC (−0.35), TDS (−0.35), SS (−0.34) - -
2021 7.98 TKN (−0.342), SS (−0.341), FC (−0.339), TDS (−0.332) - -
2022 8.00 TKN (0.341), TDS (0.340), SS (0.333), CP (0.329) - -
2023 7.90 TDS (−0.346), TKN (−0.343), FC (−0.341), SS (−0.341) - -
2024 8.02 TDS (−0.344), FC (−0.340), TKN (−0.339), SS (−0.335) 1.02 A (−0.658), P (−0.430), CP (0.351)
2025 7.78 TDS (0.340), TKN (0.339), SS (0.337), N (0.336) 1.11 A (−0.629), P (−0.444), CH (0.364)

Note: EV = Eigenvalue; A = ammonia; FC = fecal coliform; P = total phosphorus; S = sulfate; SS = suspended
solids; TDS = total dissolved solids; TKN = total Kjeldahl nitrogen; N = nitrate-nitrite; CH = chloride; and
CP = chlorophyll. Source: Authors’ computation.

This gradual narrowing was similarly apparent in 2010, when the PCA retained three
components, with PC1 explaining 41.6%, PC2 explaining 20.7%, and PC3 explaining 14.1%,
which yielded a cumulative explained variance of 76.3%. PC1 was dominated by fecal
coliform, TDS, and TKN, while PC2 reflected ammonia, chlorophyll-a, and chloride, and
PC3 captured sulfate, chlorophyll-a, and nitrate-nitrite. This is consistent with a system
that is structured by multiple overlapping but distinguishable forms of contamination,
including microbial and dissolved loads, reduced nitrogen, sulfate, and salinity.

In 2011, PC1 explained 49.0% of variance, PC2 did 18.5%, and PC3 did 11.1%, for a
cumulative total of 78.5%. PC1 was again dominated by TDS, fecal coliform, and nitrate-
nitrite, PC2 by ammonia and chlorophyll-a, and PC3 overwhelmingly by sulfate. Although
the year still exhibited a clearly multi-axis structure, it directly preceded a major turning
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point in several individual water quality parameters. In particular, many of the variables
that had fluctuated during the first decade of the studied period were on the threshold of
sharp declines or tighter stabilization, particularly after 2012.

The transitional character of 2012 is evident in the PCA structure, which retained three
components but with a markedly more even variance distribution than in any prior year:
PC1 explaining 35.7%, PC2 22.9%, and PC3 17.8%, for a cumulative total of 76.4%. PC1
was dominated by fecal coliform, TDS, and suspended solids; PC2 by chloride, ammonia,
and total phosphorus; and PC3 by ammonia, chlorophyll-a, and sulfate. This was clearly
a transitional year, coinciding with the total phosphorus spike to 0.97 mg/L, continued
instability in TDS and chloride, and the final year before several major improvements took
effect. The unusually even distribution of explained variance across the first three PCs
reflects a temporary broadening in the relative importance of multiple stressors, just before
the system underwent its most substantial structural reorganization.

As Table 3 presents, a marked structural shift occurred in 2013, when the PCA re-
tained only one principal component, with PC1 explaining 80.9% of total variance. The
strongest contributors were TDS, suspended solids, and fecal coliform, though loadings
were relatively even across variables. This abrupt consolidation is highly consistent with
the simultaneous shifts observed in the annual means of several parameters: TDS dropped
sharply (Figure 3), total phosphorus declined from 0.97 mg/L in 2012 to 0.44 mg/L
(Figure 2), TKN declined from 1.38 to 0.79 mg/L-N (Figure 2), nitrate-nitrite dropped
to 2.49 mg/L (Figure 5), chloride fell to 79.96 mg/L (Figure 4), and sulfate declined sub-
stantially (Figure 4). Rather than exhibiting multiple distinct gradients, the system now
behaved as a much more integrated water-quality complex in which major variables co-
loaded along a single axis.

This one-component structure persisted into 2014, with PC1 explaining 78.3% of
the variance in water quality, and again dominated by fecal coliform, suspended solids,
and TDS. This result aligns with the post-2013 phase of generally improved but strongly
synchronized water quality situation. Nutrient and ionic variables are no longer sepa-
rated into distinct independent components to the same extent as in the earlier period.
Instead, they load together, indicating a more uniform watershed-wide control on water-
quality conditions.

Retaining only one PC in 2015, PC1 alone explained 81.3% of total variance and was
dominated by TDS, suspended solids, and TKN. This result is especially informative given
that the data from many monitoring sites showed anomalous TKN spikes during this
year, even as the broader long-term TKN trend was downward. Crucially, those nitrogen
anomalies did not generate a separate independent component but were absorbed into the
dominant integrated gradient alongside suspended and dissolved materials, providing
strong evidence that water-quality variables had, by this stage, exhibited similar loading
structure within the dominant component.

Consistent with the pattern established since 2013, the PCA for 2016 retained only
PC1, which explained 79.7% of total variance. The dominant contributors were TDS,
suspended solids, and TKN. This single retained PC again reinforced the integrated nature
of the prevailing water quality structure and coincided with the stabilization of ammonia
concentrations at reduced levels after 2015 at many continuously monitored sites, along
with generally lower total phosphorus, sulfate, and suspended solids relative to the earlier
times in the studied period.

In 2017, PC1 explained 81.6% of variance and was again dominated by TDS, sus-
pended solids, and TKN. This result aligns with TDS reaching its annual minimum of
298.21 mg/L in 2017 (Figure 3). The persistence of a one-component structure despite these
reduced concentrations indicates that improvements in water quality did not restore a more
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differentiated multivariate architecture. Rather, the variables remained tightly coupled
along a single dominant axis.

In 2018, the PCA produced the strongest single-axis structure observed across the full
study period, with PC1 explaining 83.9% of total variance in the watersheds’ water quality,
and dominated by TDS, TKN, and suspended solids. This occurred during a period when
most major parameters were substantially reduced relative to the early 2000s, yet continued
to vary together. Even under improved conditions, the watersheds’ chemistry remained
strongly coordinated, and one integrated gradient was sufficient to characterize most of the
annual multivariate variation.

In 2019, PC1 explained 83.5% of variance and was dominated by TDS, fecal coliform,
and TKN. Given that the loadings were negative, as shown in Table 3, that does not alter
their substantive interpretation. This year corresponded with the lowest sulfate concentra-
tion in the record at 34.64 mg/L (Figure 4), continued relatively low total phosphorus and
chloride (Figure 4) conditions, and chlorophyll-a (Figure 5) near its minimum. The PCA
indicates that the remaining variation in these reduced-concentration conditions was still
organized around one unified water quality gradient centered on dissolved, microbial, and
nitrogen-related conditions.

The single-component structure was maintained through 2020, with PC1 explaining
78.2% of the variance in water quality in the CRW and the DPRW. The strongest contributors
to this single PC are fecal coliform (−0.35), TDS (−0.35), and suspended solids (−0.34).
This result is highly consistent with the year-specific chemical observations: ammonia
concentrations reached 0.15 mg/L (Figure 2), fecal coliform reached 260.64 CFU/100 mL
(Figure 3), suspended solids reached 7.17 mg/L (Figure 5), TKN reached 0.53 mg/L-N
(Figure 2), and chloride remained low at 74.74 mg/L (Figure 4). Although TDS exhibited
somewhat distinct behavior from other parameters over the studied period, it remained
one of the strongest contributors to the dominant PCA axis.

In 2021, as found for the preceding eight years, only PC1 met the Kaiser criterion,
with an eigenvalue of 7.98, suggesting 79.79% of total water quality variance explained.
The dominant absolute loadings were TKN (−0.342), suspended solids (−0.341), fecal
coliform (−0.339), TDS (−0.332), nitrate-nitrite (−0.322), and chlorophyll-a (−0.315) as
shown in Table 3. This loading structure identifies the primary water-quality gradient as
an integrated axis that links reduced nitrogen, particulate matter, microbial contamination,
dissolved constituents, and oxidized nitrogen. The notably even magnitude of the loadings,
all clustering between approximately 0.29 and 0.34 in absolute value, indicates that no
single parameter dominated independently. Rather, water quality was organized around
a broad, shared signal of overall urban water quality condition. Ammonia carried the
smallest contribution among the ten variables with a loading of −0.286, indicating that.
While it remained part of the common gradient and given its absolute loading of less than
0.3, it was less influential than TKN, suspended solids, fecal coliform, and TDS in defining
the dominant structure.

This integrated pattern was sustained through 2022, when the PCA again retained
only PC1, with an eigenvalue of 8.00 and 80.04% of water quality variance explained. The
dominant loadings were TKN (0.341), TDS (0.34), suspended solids (0.333), chlorophyll-
a (0.329), and chloride (0.329), with nitrate-nitrite (0.322) and fecal coliform (0.32) also
contributing substantially. Compared to the case found in 2021, fecal coliform remained an
important contributor but was no longer among the three most influential loadings despite
observing a loading of 0.32. Chloride and chlorophyll-a became more prominent, reflecting
a slight relative shift toward dissolved solids, reduced nitrogen, particulate matter, algal
activity, and salinity-related influence. The persistence of only one retained PC and the near-
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equal loading pattern across variables confirm that the watershed remained dominated by
a single broad water-quality axis.

In 2023, PC1 was again the sole retained component, with an eigenvalue of 7.90
and 78.98% of total variance explained. The strongest loadings were TDS (−0.346), TKN
(−0.343), fecal coliform (−0.341), suspended solids (−0.341), and nitrate-nitrite (−0.319),
a structure closely resembling 2021’s but with TDS emerging as the single strongest con-
tributor. The closeness of absolute loading values across variables once more indicates a
highly unified water quality gradient in the CRW and the DPRW. Ammonia remained the
weakest contributor at −0.249, reinforcing the view that the multivariate pattern was driven
primarily by broader urban water quality conditions rather than by reduced nitrogen alone.
The year 2023 observed the same preserved one-axis structure seen in 2021 and 2022, with
somewhat greater emphasis on dissolved solids and a slightly diminished role of ammonia.

A structural change occurred in 2024, when the PCA retained two components for
the first time since 2012. PC1 had an eigenvalue of 8.02 and explained 80.20% of total
variance, while PC2 had an eigenvalue of 1.02 and explained an additional 10.20%, bringing
cumulative explained variance to 90.39%. The dominant variables on PC1 were TDS
(−0.344), fecal coliform (−0.340), TKN (−0.339), suspended solids (−0.335), and nitrate-
nitrite (−0.331). These loadings confirm that the primary component still represented the
broad integrated gradient that had characterized the post 2013 period. The reappearance of
PC2, however, is a key structural development as it was strongly dominated by ammonia
(−0.658) and constituted the only loading in the 2021–2025 period to, by a wide margin,
exceed the absolute 0.5 threshold. Total phosphorus (−0.430) and chlorophyll-a (0.351)
made secondary contributions to PC2. This indicates that in 2024, although the overall
system’s behavior was still governed by the broad integrated PC1 gradient, a secondary
and more distinct axis re-emerged to capturing variabilities specifically related to reduced
nitrogen, nutrient enrichment, and biological response, which is a dimension that had not
operated independently since before 2013.

In 2025, the two-component structure persisted. PC1 had an eigenvalue of 7.78 and ex-
plained 77.76% of total variance, while PC2 had an eigenvalue of 1.11 and explained 11.08%,
for a cumulative total of 88.84%. The dominant loadings on PC1 were TDS (0.340), TKN
(0.339), suspended solids (0.337), nitrate-nitrite (0.336), and fecal coliform (0.336), which
confirm the continuity of the dominant integrated gradient that characterized the 2021–2025
period. On PC2, ammonia (−0.629) again emerged as the strongest contributor, followed
by total phosphorus (−0.444) and chloride (0.364), with TDS (0.252) and chlorophyll-a
(0.248) also playing a role. Relative to 2024, the secondary axis in 2025 broadened slightly
to encompass salinity and dissolved solids more visibly alongside reduced nitrogen and
total phosphorus. The sustained dominance of ammonia on PC2 across both 2024 and
2025 suggests that although ammonia had become less influential in defining the dominant
overall gradient during the post-2013 period, it retained sufficient distinctive variability in
the final year of the studied period to re-emerge as the primary driver of an independent
secondary axis, which indicates a potentially renewed structural differentiation in the
watersheds’ water quality dynamics.

4. Discussion
The PCA results demonstrate a clear long-term reorganization of water-quality struc-

ture, transitioning from a multi-gradient system in 2001–2012 to a highly integrated system
in 2013–2023, followed by a partial re-emergence of secondary differentiation in 2024 and
2025. This shift reflects a movement from a system that is characterized by several dis-
tinguishable contaminant pathways to one that is dominated by a tightly coupled urban
signal. Such a transition is consistent with the conceptual framework of urban stream
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systems, where multiple anthropogenic stressors co-occur and interact. Urban streams
are widely described as exhibiting elevated concentrations of nutrients and contaminants,
with degradation driven by complex and interactive mechanisms, primarily associated
with urban stormwater runoff delivered to streams by hydraulically efficient drainage
systems [20]. Similarly, urban water-quality assessments identify the co-occurrence of
increased dissolved solutes, increased suspended solids, increased fecal bacteria and in-
creased nitrogen and total phosphorus, emphasizing the simultaneous and coordinated
influence of multiple pollutants [21].

During the 2001–2012 period, the consistent retention of three PCs indicates that water
quality was governed by several semi-independent gradients. The separation of dissolved,
microbial, nutrient, and ionic processes aligns with evidence that urban watersheds exhibit
spatially heterogeneous and source-specific contaminant pathways. For instance, urban
stream chemistry has been shown to reflect spatially heterogeneous patterns. According
to [22], stream chemistry exhibits strong spatial heterogeneity driven by localized ground-
water contributions, with patterns reflecting both current and legacy land-use influences
and showing temporal stability under baseflow conditions. Similarly, urban geochemical
studies identify distinct ionic groupings, with strong positive correlations among major
ions including Cl− [23]. This clearly indicates identifiable source signatures, emphasizing
shared but distinct anthropogenic sources and transport pathways [23]. These findings
support the interpretation that the water quality during the early period in the studied
watershed was structured by multiple interacting yet distinguishable processes.

The persistence of similar component structures in the early 2000s suggests a relatively
stable contamination regime, reflecting the chronic nature of urban pollutant inputs. As
established by [24], urban runoff mobilizes a broad spectrum of contaminants, including
solids, nutrients, metals, organic pollutants, and microbial indicators, many of which occur
in both dissolved and particle-bound forms. This position, according to [24], supports and
justifies the observed coexistence of particulate and dissolved gradients during the early
and mid-2000s.

The standard deviation patterns further support the interpretation of the CRW and
DPRW as highly dynamic urban freshwater systems characterized by substantial spatial
and temporal heterogeneity. Fecal coliform, TDS, chloride, and sulfate exhibited large stan-
dard deviation ranges, reflecting pronounced fluctuations across monitoring stations and
years. These patterns are consistent with the temporal dynamics observed in Figures 2–5,
where several parameters displayed strong year-to-year oscillations, localized concentration
spikes, and differing responses among tributaries and main channels. For example, prior
to aggregation of the data, the records of concentrations from individual stations revealed
that fecal coliform concentrations showed extreme variability at tributary locations such as
Thorn Creek and portions of the Little Calumet River prior to 2012, while major channels
such as the North Branch Chicago River and North Shore Channel experienced substantial
long-term declines. Similarly, sulfate and TDS demonstrated highly elevated and variable
concentrations at locations including Thorn Creek, Higgins Creek, and portions of the
Little Calumet River, indicating strong localized anthropogenic influences and uneven
watershed responses. The elevated variability of suspended solids also reflects episodic
runoff-driven transport processes and disturbance events, particularly within tributary
systems that exhibited sharp concentration peaks during earlier years of the study period.
In contrast, nitrate-nitrite exhibited comparatively narrower variability, with concentrations
remaining relatively stable after 2013 despite spatial differences among stations. Ammo-
nia and TKN similarly showed lower overall variability relative to microbial and ionic
parameters, although ammonia re-emerged as a dominant secondary PCA gradient in 2024
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and 2025, indicating that variables with comparatively smaller overall variability may still
retain structurally independent behavior within the broader multivariate system.

The period from 2007 to 2012 appears to represent a transition phase, in which multiple
stressors remained active but increasingly interacted. This is when previously distinct
contaminant pathways began to interact more strongly due to increasing hydrological
connectivity and overlapping source inputs. This is consistent with the broader ecological
understanding that the combined effects of multiple stressors can differ substantially
from the effects of individual stressors due to complex interactions, as put forth by [25].
Ref. [26] reiterates in support that urban stream systems are therefore not only influenced
by multiple stressors but also by the interactions among them, which can produce nonlinear
and system-wide responses.

The most pronounced change occurs in 2013, when the PCA collapses into a single
dominant component. This indicates a substantial increase in covariance among water-
quality variables, suggesting that previously independent gradients became synchronized.
Such synchronization is characteristic of urban systems that are influenced by infrastructure-
mediated hydrology. The collapse of the PCA into a single dominant explained as syn-
chronization of water-quality variables is likely driven by processes due to human-built
drainage systems. According to [27], combined sewer overflows introduce pulses of con-
tamination, with wastewater inputs contributing to elevated fecal coliform concentrations
alongside changes in other water-quality parameters. Additionally, urban drainage systems
facilitate the co-transport of dissolved constituents, sediments, and microbial contaminants,
reinforcing the integration observed in the PCA.

While this integrated structure persisted through 2023, it contrasts with studies that
report persistent differentiation among water quality parameters. In particular, evidence
from urban stream research indicates that individual solutes and indicators do not always
respond uniformly to common drivers. For instance, ref. [22] demonstrate that baseflow
stream chemistry exhibits pronounced spatial heterogeneity, with different solutes such
as nitrate, sulfate and chloride displaying distinct spatial patterns controlled by localized
groundwater inputs and land-use influences. These findings suggest that even within
the same watershed, chemical constituents can retain source-specific signatures rather
than converging into a single integrated signal. Similarly, spatiotemporal analyses such
as [28] show that water quality parameters, including nutrients and microbial indicators,
respond differently to varying hydrologic and climatic conditions, with precipitation,
discharge, and seasonal dynamics exerting varying levels of influence across parameters.
These studies highlight that urban water quality systems often maintain parameter-specific
responses which are driven by differences in source pathways, transport mechanisms, and
environmental controls. The case stands in contrast to the pattern observed in the present
study, where the post-2013 period is characterized by strong covariance among variables,
leading to the emergence of a single dominant principal component. While prior studies
emphasize persistent differentiation arising from spatial heterogeneity and variable drivers,
the results presented here suggest that, under certain conditions, these distinctions can
diminish over time as urban processes will promote increasing synchronization among
contaminants. This divergence highlights that, although urban streams are influenced by
multiple stressors with distinct controls, the long-term evolution of urban systems through
increased hydrological connectivity and shared transport pathways can progressively
merge these signals into a more integrated water quality regime. The results of this study
therefore extend the existing literature by demonstrating that watershed-scale processes
over time can drive convergence toward a unified water quality structure, even in systems
where differentiation among parameters is typically observed.
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The re-emergence of a second PC in 2024 and 2025, dominated by ammonia and total
phosphorus with chlorophyll-a and chloride for respective cases, highlights the persistence
of nutrient-specific dynamics within an otherwise integrated system. Nutrient processes
exhibit distinct behavior due to biogeochemical cycling and localized environmental con-
trols, which influence how nitrogen and total phosphorus are transformed and transported
within aquatic systems. These processes are shaped by site-specific conditions, including
sediment interactions, microbial activity, and hydrological variability. For example, ref. [29]
have established that nutrient dynamics are governed by biogeochemical transformations
and potential legacy effects associated with urban pollution, which can vary across locations
and time. Reiterating, ref. [8] similarly put forth that nitrogen enrichment shows strong
spatial variability linked to land-use influences. Such variability reflects the combined
influence of current inputs and legacy contaminants, resulting in spatial and temporal
differences in nutrient behavior. As a result, nutrient-related parameters can retain or
re-establish partial independence even within systems where other water-quality variables
exhibit strong integration, supporting the interpretation that nutrient-driven gradients may
persist or re-emerge within otherwise highly integrated systems.

The consistent dominance of TDS across the study period is worth discussing because
it underscores its role as a central integrative indicator of urban water quality influence.
TDS represents the combined presence of dissolved substances and is widely recognized as
an indicator of the overall concentration of dissolved constituents in freshwater systems. Its
persistent presence suggests that dissolved ionic conditions form the backbone of the water
quality structure in the CWR and the DPRW, integrating inputs from wastewater, runoff,
and infrastructure-related sources. Similarly, the repeated association of fecal coliform with
TDS reflects the coupling of sanitary contamination with dissolved urban inputs. Urban
studies show that fecal contamination is closely linked to stormwater runoff and sewer
overflows, which also transport dissolved constituents and other pollutants [26]. This
shared transport pathway explains the repeated co-loading of fecal coliform with TDS ob-
served in this study, as both microbial and dissolved signals are introduced simultaneously
and become integrated within the broader urban water-quality regime.

The increasing prominence of suspended solids and total Kjeldahl nitrogen (TKN)
in the later period further indicates the growing importance of particulate transport and
reduced nitrogen in shaping the integrated urban signal. Suspended solids often act
as carriers for a wide range of contaminants, including organic matter, nutrients, and
microbial constituents, while TKN reflects the presence of organically bound and reduced
forms of nitrogen that are commonly associated with wastewater inputs, urban runoff,
and sediment-bound processes. Their joint prominence therefore suggests a shift toward
transport pathways dominated by particulate-associated materials and reduced nitrogen
forms, reinforcing the coupling between physical transport processes and biogeochemical
dynamics within the urban system.

The early prominence and subsequent integration of sulfate provide additional insight
into the evolution of geochemical controls in the watershed. In the earlier period, sulfate
emerged as loading onto a distinct component, indicating that sulfur-related processes
operated with a degree of independence from other water-quality variables. However, its
later absorption into the dominant integrated regime suggests that these processes became
increasingly synchronized with broader urban influences. This transition is consistent with
the understanding that urban geochemical signatures can become more homogenized over
time, as multiple anthropogenic inputs accumulate, interact, and are transported through
shared pathways. As noted by [23], urban systems often exhibit coordinated behavior
among chemical constituents due to overlapping sources and processes, supporting the
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interpretation that initially distinct geochemical signals can progressively merge into a
unified urban water-quality regime.

From an ecological perspective, the early multi-component structure implies that
aquatic biota were exposed to multiple, partially independent stressors operating simulta-
neously, including nutrient enrichment, microbial contamination, salinity-related effects,
and particulate influences. Such a configuration suggests a complex environmental setting
in which organisms must respond to a range of interacting but distinguishable pressures,
each potentially affecting different physiological and ecological processes. In contrast, the
post-2013 integrated structure indicates a shift toward a more integrated stress regime,
where multiple stressors co-occur and fluctuate together, creating a more uniform but
persistently degraded environmental condition.

Urban stream ecosystems are widely recognized to exhibit reduced ecological integrity
under these conditions, as the combined influence of multiple stressors can alter habitat
quality, disrupt trophic dynamics, and reduce species richness and diversity. As noted
by [19], urban streams are characterized by elevated contaminant levels and diminished
biological condition, while ref. [25] emphasizes that stressors in aquatic systems often
act in combination, producing cumulative and non-additive effects. This means that the
ecological response cannot be understood by considering individual stressors in isolation,
as interactions among stressors can amplify or modify their overall impact. Consequently,
the transition from a multi-gradient to an integrated water-quality structure may reflect
not only changes in environmental conditions but also a shift in how ecological stress
is experienced.

A limitation of this paper is that PCA was conducted independently for each year,
resulting in principal component axes that were derived separately rather than within a
common multiyear ordination space. Consequently, it is not ideal to compare individual
principal components across years. The temporal interpretations presented in this study
therefore relied on broader patterns in explained variance, retained component structure,
and recurring loading configurations rather than direct comparisons of component axes. Ac-
cordingly, the observed changes have been interpreted as evidence of evolving covariance
structure among water-quality parameters rather than definitive year-to-year trajectories.

5. Conclusions
This study hints that water quality in the CRW and DPRW has undergone structural

transformation, shifting from a multi-dimensional system characterized by distinct con-
taminant pathways to an integrated regime, with recent evidence of re-differentiation.
This evolution reflects not only improvements in absolute concentrations of several key
parameters but, more importantly, a fundamental reorganization in how water-quality
variables co-load and respond to shared drivers.

From a management perspective, these findings highlight a critical shift in the nature
of water-quality challenges in urban systems. The early-period structure suggests that
management strategies could reasonably target individual pollutant sources (for example,
nutrients, microbial contamination, or salinity), with some expectation of independent
system responses. However, the post-2013 integrated structure indicates that water quality
is now governed by interconnected processes driven by shared hydrological pathways.
Under such conditions, single-parameter or source-specific interventions are unlikely to
produce sustained improvements, as pollutants are transported and expressed collectively
rather than independently.

The persistence of a dominant integrated gradient which is anchored by TDS, fecal
coliform, suspended solids, and nitrogen, suggests that water quality management in the
CRW and DPRW must increasingly adopt systems-based approaches including prioritizing

https://doi.org/10.3390/w18131563

https://doi.org/10.3390/w18131563


Water 2026, 18, 1563 18 of 19

integrated stormwater management, reducing combined sewer overflow impacts, and
addressing diffuse urban runoff at the watershed scale. The coupling of microbial con-
tamination with dissolved and particulate constituents further emphasizes the need for
coordinated management of sanitary infrastructure and surface runoff pathways, rather
than treating them as separate issues.

At the same time, the recent re-emergence of a secondary component in 2024 and
2025, driven primarily by ammonia, total phosphorus, and biological activity, indicates
that complete homogenization is not permanent. Certain processes, such as those related
to nutrient cycling and biogeochemical controls, retain the capacity to decouple from the
dominant urban signal under specific conditions. This suggests that targeted interventions,
focusing on nutrient management, localized source control, or restoration of biogeochemical
processing zones, can still influence specific aspects of water quality, even within an
otherwise integrated system.

The findings of the study, to sum it up, underscore the importance of adaptive and
scale-aware management frameworks that recognize both the integrated nature of urban
water quality dynamics and the potential for localized differentiation. Effective manage-
ment should therefore combine broad and watershed-scale strategies that address shared
transport pathways with targeted interventions aimed at restoring key ecological and
biogeochemical functions. Such an approach is essential for sustaining long-term improve-
ments in water quality and for enhancing the resilience of urban freshwater systems under
continued anthropogenic pressure.
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