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Abstract – Combined sewer systems, common worldwide, transport both ‘stormwater’ and ‘wastewater’
within a single network. Many such systems include overflows, called Combined Sewer Overflows (CSOs),
to prevent sewer pipes and treatment plants from being overwhelmed during heavy rainfall. In Chicago, IL,
USA pumping stations actively discharge combined stormwater and wastewater into the Chicago River
during extreme rain events. In 2023 12.3 billion litres of untreated stormwater and wastewater was
discharged into the Chicago River, with 9.1 billion litres entering Bubbly Creek. Zooplankton populations
were notably impacted: Chydoridae were eliminated, while Moinidae densities exceeded 300 individuals
L�1. In contrast, zooplankton communities at other locations remained relatively unaffected. We suggest
that sewage-derived nutrients fuelled a phytoplankton bloom, while low oxygen levels suppressed
predators, allowing Moinidae populations to surge. This study provides in situ evidence that CSOs can
significantly alter zooplankton communities in receiving water bodies.
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1 Introduction

Freshwater systems worldwide face threats from urbani-
zation and anthropogenic chemical inputs, which reduce
availability of high-quality habitat and in turn biodiversity
(Vörösmarty et al., 2010; Albert et al., 2020). Riverine
systems in particular are threatened due to their natural
capacity for high biodiversity and their ubiquitous use by
urban centres as waste disposal systems for domestic and
industrial wastewaters as well as stormwater runoff (Booth
et al., 2016; van Vliet et al., 2017). The rapid and direct
delivery of stormwater from impervious urban surfaces
represents a major driver of urban riverine ecosystems
(Walsh et al., 2005). Water that is treated via reclamation
plants, and discharged as effluent into waterways, creates
downstream areas with species poor aquatic communities
dominated by invasive species (Tetreault et al., 2013;
Mccallum et al., 2019; Mehdi et al., 2020). A related yet
understudied stressor affecting many urban waterbodies is
the release of untreated wastewater and stormwater (Marques
and Cunico, 2023). Raw sewage indicators have increased
across two-thirds of all rivers in Africa, Asia, and Latin
America over the last 30 years (UNEP, 2016), while direct
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outfalls of untreated sewage exist at roughly 650,000
locations in Europe and another 11,000 across the United
States and Canada (Perry et al., 2023; US-EPA, 2023;
Government of Canada, 2024). Releases of untreated
wastewater represent a growing issue in freshwater ecology
with relatively unknown consequences for aquatic commu-
nities and populations (Marques and Cunico, 2023).

Combined sewage outfalls (CSOs) allow the release of a
mixture of untreated wastewater and urban runoff during
intense rainfall events (Perry et al., 2023). Well-documented
effects of CSOs on receiving waters include reduced dissolved
oxygen for multiple days (Alp and Melching, 2009; Motta
et al., 2010), altered distributions of pharmaceuticals (e.g.
caffeine and ibuprofen), hormones (e.g., oestrogen), and
pesticides (Phillips et al., 2012; Launay et al., 2016; Quijano
et al., 2017; Munro et al., 2019), induced behavioural changes
in fishes (Gaulke et al., 2015), and elevated pharmaceutical
contaminants in fish tissues (Ramirez et al., 2009). While
laboratory-based toxicity testing has clearly shown the risks
associated with isolated components of effluents, mixtures of
pharmaceuticals, pesticides, and hormones can have enhanced,
synergistic toxicological effects (Cleuvers, 2004; Schnell
et al., 2009). Few studies have documented biological
responses of multicellular organisms to the ambient ‘cocktail’
released via combined sewer overflow events (Perry et al.,
2023). In many urban areas with extensive combined sewer
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systems, existing records show increased frequency and
magnitude of precipitation, suggesting that CSO events would
continue to pose a problem in the future (Semadeni-Davies et al.,
2008; Abdellatif et al., 2015; Gooré Bi et al., 2015; Roseboro
et al., 2021). Despite all these valuable contributions, a
knowledge gap remains regarding the risks that precipitation-
induced CSO events pose to aquatic communities.

Zooplankton are often-overlooked indicators of an aquatic
ecosystems health and resilience (Gannon and Stemberger,
1978; Jeppesen et al., 2011). With urbanisation frequently
comes increased nutrient loads and heavy metal concentrations
in local surface waters, which alter zooplankton communities
toward smaller-bodied taxa (Shen et al., 2021). For example,
high nutrient levels can lead to increased abundances of small
cladocerans, cyclopoid copepods, and especially rotifers
(McQueen et al., 1989; Moody and Wilkinson, 2019) and
low oxygen levels reduce survival of copepods (Roman et al.,
1993; Marcus, 2011). Pesticides have been shown to reduce
abundances of larger zooplankton, such as Daphnia spp. and
calanoid copepods (Hanazato, 2001). Conversely, Moina spp.
has been found in untreated domestic sewage, living in high-
density (>9000 L–1) monocultures despite persistent low
oxygen levels, indicating some taxa capitalise on poor
conditions (Janakiraman et al., 2024). As primary consumers,
zooplankton play important roles in supporting higher trophic
levels, particularly by linking phytoplankton to fish. Thus,
changes in zooplankton composition may have cascading
effects throughout the food chain (Chen et al., 2021b; Martin
et al., 2022). Due to their critical role in food webs and trophic
cascades, their rapid response to instream conditions, and the
relative ease of sampling methodology, changes in zooplank-
ton communities represent underappreciated endpoints to use
when assessing environmental disturbances in urban waters,
such as CSOs (Pinel-Alloul et al., 1995; Taylor et al., 2002;
Cottenie et al., 2003; Carter et al., 2017).

The Chicago River (Illinois, USA) exhibits classic urban
stream syndrome modifications seen worldwide, including
shoreline armouring, dredging of materials, urban runoff, and a
general lack of riparian areas (LimnoTech, 2010; Booth et al.,
2016; Hill, 2019; Happel et al., 2024). In addition, the Chicago
River is connected to a man-made canal system built through
the Saint Lawrence continental divide to aid in the removal of
water from the city (MWRD, 2008; Duncker and Johnson,
2015; Olson and Morton, 2017; Hill, 2019). The primary
source of flow for the Chicago River is treated effluent from
Chicago’s Terrence J. O’Brien Water Reclamation Plant (one
of the largest in the world; Illinois Coastal Management
Program, 2011; MWRD, 2019a; US Army Corps of Engineers
� Chicago District, 2001), which, when combined with a lock-
and-dam system, allows the river to flow over a continental
divide, away from its original river mouth in Lake Michigan.
While the Metropolitan Water Reclamation District of Greater
Chicago (hereafter referred to as MWRD) maintains one of the
most advanced storm- and wastewater management systems,
including a network of interceptors, deep tunnels, and several
water reclamation plants, CSOs still periodically discharge
untreated water into the Chicago River ecosystem during
intense storm events (Sinha et al., 2010; Duncker and Johnson,
2015; Chen et al., 2021a; Happel and Gallagher, 2022). As
many of Chicago’s neighbourhoods were built near the water
table, pumping stations were added to reduce flooding by
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discharging storm- and wastewater into the Chicago River.
These pumping stations are capable of releasing billions of
litres via discharge rates greater than 100m3s�1 (Quijano et al.,
2017). The activation of these pumping stations represents
distinct, large-magnitude CSO events that can be used to assess
the responses of zooplankton communities.

To assess the impact of CSO events on zooplankton
communities, we conducted a monitoring study that sampled
zooplankton at three distinct locations before and after a major
CSO event in 2023. The selected locations represented
different exposure levels to treated and untreated wastewater:
(1) a distant control location within the North Branch of the
Chicago River, primarily influenced by treated effluent; (2) our
disturbed location, Bubbly Creek, which received the highest
concentration of untreated CSO water via a pumping station;
and (3) a nearby control location, the South Branch of the
Chicago River, where waters from the first two locations
converge. We hypothesised that zooplankton communities in
the disturbed location would undergo the most pronounced
changes due to the high volume of sewage input and the
relatively stagnant flow conditions, whereas both control
locations would exhibit comparatively few shifts in taxa
abundance and community composition due to limited
exposure to CSOs and water turnover rates. As cyclopoid
abundance correlates positively with eutrophication, we
suspected this species would increase in abundance in the
disturbed location following the influx of nutrients in the CSO
discharge. Conversely, we suspect sensitive taxa such as large
Cladocera spp. will be eliminated from the location disturbed
by the CSO event.

2 Methods

2.1 Study system

Prior to settlement, the Chicago River consisted of a North
and South Branch, each draining a low-lying wetland system
(Olson andMorton, 2017; Hill, 2019). By the late 1800s, it was
used for transportation and sewage disposal, flowing into Lake
Michigan, the city’s drinking water source (Olson and Morton,
2017; Hill, 2019). To prevent contamination, engineers
reversed the river’s flow in 1900 via a canal system.

To aid this reversal, the North Shore Channel was built in
the early 1900s. It receives inflow from Lake Michigan via
sluice gates, as well as treated wastewater from the O’Brien
Water Reclamation Plant, which serves 1.3 million people and
processes 871 million litres of wastewater daily (∼10m3s–1;
MWRD, 2019a). The upper North Branch of the Chicago River
adds surface water to the channel, continuing the flow towards
the city centre and the Main Stem of the Chicago River, where
sluice gates again allow water inflow from Lake Michigan.

The confluence of the lower North Branch and the Main
Stem creates the South Branch of the Chicago River, which
flows south-west into the Chicago Sanitary and Shipping
Canal. This canal is wholly manmade and facilitates
transportation and wastewater removal. Historically the South
Branch had >12 barge slips; now, only 4 remain (two active,
two inactive). Bubbly Creek was a drainage site for Chicago’s
Union Stockyards until its closure in 1971. Decades of
accumulating decomposing organic matter have led to
very high sediment oxygen demand in Bubbly Creek
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(Waterman et al., 2011). The name “Bubbly Creek” from the
ebullition caused by the decades of offal deposited into the
aquatic environment, which can still sometimes be experienced
(Viana et al., 2012, 2018).

Chicago has a combined sewer system, meaning storm-
water and wastewater share pipes. Heavy rainfall events can
overwhelm the system, causing untreated storm- and waste-
water to flow into the Chicago River. During extreme rain
events, pumping stations actively pull combined storm- and
waste-waters out of low-lying neighbourhoods and sewers and
discharge into the system. Chicago’s Tunnel and Reservoir
Project aims to create enough storage capacity by 2030 such
that untreated sewage is no longer released into the system.

The water in the Chicago River is primarily composed of
treated effluent from the O’Brien Water Reclamation Plant. On
average, ∼10m3s–1 is discharged from the plant, whereas
the upper North Branch of the Chicago River discharges only
1.1m3s�1 of surfacewater into theNorthShoreChannel (median
of 2018–2024,USGSstreamgauge 05536085). The lowerNorth
Branch of theChicagoRiver discharges 12.15m3 s�1 (median of
2016–2024, USGS stream gauge 5536118) prior to meeting the
western flowing Main Stem of the Chicago River which only
discharges 0.62 m3 s�1. Together, these numbers indicate that
the Chicago River is primarily composed of treated wastewater
effluent, which flows at a sluggish rate of <0.03m s�1

(Sinha et al., 2012). Bubbly Creek only experiences flow during
times when the Racine Avenue Pumping Station is active
(Duncker and Johnson, 2015; He, 2016).

Boat electrofishing surveys of the Chicago River indicate
that the fish community is numerically dominated by Gizzard
Shad (Dorosoma cepedianum), a native zooplanktivore
(Happel and Gallagher, 2021; Happel, 2022). By biomass,
the larger-bodied detritivore Common Carp (Cyprinus carpio)
dominate. Together these two species comprise nearly half of
the fish community in both abundance and biomass. There are
other abundant cyprinid and centrarchid species that consume
zooplankton within the system as well (Happel and Gallagher,
2021; Happel, 2022).

2.2 Study event

Between 25 June and 15 July 2023, 27.7 cm of rain fell,
including approximately 10 cm within 24 hours on 2 July 2023
(as recorded at Midway Airport), overwhelming much of
Chicago’s combined sewer system. To alleviate pressure in the
sewage system and avoid flooding communities and homes,
6.6 �109 L (or 6.6 GL) of untreated waste- and storm-water
were pumped into Bubbly Creek (aka, South Fork of the South
Branch of the Chicago River, our ‘disturbed’ location) via the
Racine Avenue pumping station over the course of 67 hours
between 2 and 6 July. At the same time, 2.2 GL were pumped
into the North Branch over 28.4 h. A second event occurred
12 July and 15 July 2023 where 2.5 GL was pumped into the
disturbed site, Bubbly Creek.

2.3 Sampling methodology

MWRD maintains seven continuous dissolved oxygen
monitoring stations (Eureka Manta2TM or MantaþTM Probes
of Austin, Texas) within the Chicago River and North Shore
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Channel which are situated 1m below the water surface
(Minarik et al., 2024). We obtained data from MWRD from
one station in each of our study locations —‘Far Control’,
‘Near Control’, and ‘Disturbed’ (Fig. 1). Oxygen concen-
trations (mgL�1) were plotted versus time for each of these
stations in May through September, encompassing our
sampling period. We calculated the percentage of hourly
readings which were below 5mgL�1 and below 2mgL�1 for
each week of the sampling period.

The MWRD also conducts monthly water quality testing
across the Chicago River, including three sites within our far
control, two within our near control, and one within the
disturbed area. Water is sampled via stainless steel bucket and
analysed back at the lab following EPA protocols (USEPA-
approved methods listed in 40 CFR Parts 136, 141, and 145;
MWRD, 2019b). Water quality variables of interest for this
study included: dissolved oxygen (DO; mgL�1), water
temperature (TEMP; °C), pH, total Kjeldahl nitrogen (TKN;
mg L�1), ammonia-nitrogen (NH3_N; mg L�1), nitrite and
nitrate (NO2.NO3; mg L�1), total phosphates (Tot.P; mg L�1),
faecal coliform bacterial counts (FEC_COL; colonies per
100ml), chlorophyll-a (chlorophyll-a; mg L�1).

Seven sites were chosen to represent the North and South
Branches of the Chicago River for zooplankton sampling
(Fig. 1). These included three sites on the North Shore Channel
and North Branch (referred to as ‘Far Control’), two sites in the
South Branch (referred to as ‘Near Control’), and two sites to
represent the main Disturbed location, Bubbly Creek. All sites
were accessible via a pier or wading, allowing sampling of
water from a depth 0.6m.

All sites were sampled between 09:30 and 15:00, typically
in order from North to South, with some variation in the order
of the southern sites that is not expected to affect results.
Samples consisted of 20 L of sub-surface (top 0.6m) water
which was filtered through a 53mmmesh sieve. Samples were
collected via four grabs using a 5 L horizontal Niskin Bottle
(General Oceanics) or by using 19 L and 1L buckets to
compose 20 L. Collected organisms were then washed into
20ml scintillation vials and preserved onsite with 90%
denatured ethanol for later enumeration. A handheld YSI meter
was used to collect data on temperature, conductivity, and
dissolved oxygen during each sampling event. Samples were
taken as close to the centre of the waterway as possible. Sites
were visited approximately weekly between 8 June and
12 September 2023, for a total of 15 sample dates. As visible
clouds of zooplankton were present on 27 July in the Disturbed
location, two 20 L samples were taken via bucket to help
account for potential variability in zooplankton numbers
captured on this date. Video was also taken of these clouds,
freely available online (https://doi.org/10.6084/m9.fig
share.28212548). We sampled using both the Niskin bottle
and bucket concomitantly on 1, 8, and 15 August to facilitate
analysis of any differences in the communities or abundances
they captured.
2.4 Lab methods

Zooplankton were enumerated under a dissection micro-
scope using a gridded square Petri dish. Samples with large
numbers of zooplankton were diluted to a known volume (i.e.,
f 14
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Fig. 1. Map of sampling locations where water quality and
zooplankton were collected in 2023. Pumping stations active in
2023 are displayed. Locations of the T.J. O'Brien and Stickney Water
Reclamation Plants (WRP) are included as they contribute much of
the southern flow for the system (see text for discharge details).
Colour figures available online.
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300mL), and four subsamples were taken using a 10mL
Hensen–Stempel sampler following agitation. Subsample
counts were adjusted to reflect the full 20 L sample volume,
and averaged to obtain a value for that date, location, and
sampling method combination. During lab work, a sample
from 22 August was lost after one 10mL subsample was
counted (the beaker broke). We maintained this sample in the
analysis despite lower confidence in community composition
(78 individuals were counted, compared to a mean of 109,
median of 45, and standard deviation of 171 across 139
samples). Zooplankton were classified into the following
groups: Bosminidae, Calanoida, chironomid larvae, Cyclo-
poida, Chydoridae, other Daphniidae (including Scapholeberis
spp., Daphnia lumholtzi, among others), Diaphanosoma
(Sididae), Moinidae, Naididae, Ostracoda, Polyphemus ped-
iculus (Polyphemidae); and the presence of nauplii and rotifers
was noted but not counted.
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2.5 Analysis methods

We used mixed-effect ANOVAs to compare before and
after the sewage pumping event, as well as among locations,
for our collected water quality and zooplankton data. We
applied negative binomial models to assess taxa richness, total
abundance, and individual species’ catches, and included site
and date of capture as random effects (Brooks et al., 2017). We
included an effect of sampling method in our models to
account for the use of two different methods. Model fits were
evaluated using the DHARMa package (Hartig, 2022), along
with plots of observed versus predicted data (Wickham, 2016).

Moinidae data exhibited near-complete separation, before
the release no individuals were found in the near control or
disturbed locations, and only two samples in the far control
contained individuals, which caused issues with model
estimation. This was handled in two ways: 1) only assessing
differences among locations after the sewage event, and 2)
adding 1 to all Moinidae catches in a similar vein to using a log
(xþ1) transformation, as we are using negative binomial
regressions with a log link function. comparisons among these
models yielded similar statistical interpretations despite
biasing mean estimation. We retained the latter model as
the model formulation matched all other taxa assessed.

Significant interactions between the CSO event and
locations were explored using post hoc testing (Lenth,
2022), and marginal means were displayed in figures included
herein (Lüdecke, 2018). We were primarily interested in
comparing before and after within each location, or
alternatively among the three locations either before or after.
Rather than conducting all 15 possible comparisons, multi-
variate t-tests were used to control for multiple comparisons
within the the specific questions of interest (Lenth, 2022).

Changes in zooplankton community composition were
assessed, using analysis of similarity tests (ANOSIM) and
visualised using non-metric multidimensional scaling
(nMDS). A dummy variable consisting of all 1s was added
to the community data, as 1 sample had no zooplankton
observed in it and otherwise would have to be excluded.
Zooplankton count data were converted into community
composition (i.e. relative abundance) data by standardising to
sample’s total counts, and subsequently square root trans-
forming (Hellinger transformation). Bray–Curtis similarities
among samples were then used for both the ANOSIM testing
and nMDS visualisation.

3 Results

Continuous (i.e. hourly) dissolved oxygen data from the far
control location exhibited low oxygen (< 5.0mgL–1) for only
21 records from May through September 2023, and the near
control had 56 records < 5.0mgL–1. Conversely, a total of
1,491 records at the disturbed site indicated oxygen concen-
trations < 5.0mgL–1. From May through September, this
equates to 40% of the hourly dissolved oxygen values in our
disturbed location, primarily after the CSO event (Fig. 2).
For comparison, in 2022 no CSO events occurred within our
disturbed location and � 5% of recordings across the year
exhibited oxygen levels < 5.0mgL–1 (Minarik et al., 2023).
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Fig. 2. Daily median dissolved oxygen (mgL�1) sampled hourly from each of the three locations zooplankton were also sampled from in 2023.
Data provided by the Metropolitan Water Reclamation District of Greater Chicago.

Fig. 3. Water quality variables from three locations within the Chicago
River sampledoncepermonth fromMaythroughSeptember2023.Data
provided by the Metropolitan Water Reclamation District of Greater
Chicago. Chlorophyll-a measured in mg L�1, Fecal Coliforms
(FEC_COL; natural log transformed) as colonies per 100mL,
temperature (TEMP) is in degrees Celsius, whereas all other variables
are measured in mg L–1. Other abbreviations include dissolved oxygen
(DO),ammonia-nitrogen (NH3_N),nitriteandnitrate (NO2.NO3), total
Kjeldahl nitrogen (TKN), and total phosphorus (Tot.P).
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We display the continuous dissolved oxygen data as daily
medians to ease interpretation from the visualisation (Fig. 2).

We present monthly water quality data collected by
MWRD and use these visualisations to draw conclusions from
but did not conduct statistical tests (Fig. 3). We note that
chlorophyll-a at the disturbed location remained very high
throughout June � August. We also note peaks in ammonia-
nitrogen and total Kjeldahl nitrogen in July samples from the
disturbed location but not elsewhere, suggesting a possible
effect of the CSO discharge.

We conducted analyses on the water quality variables
which were taken concurrently with the zooplankton samples.
Water temperature at both control locations was significantly
higher after the CSO event; however, this trend was not
observed at the disturbed location (Fig. 4). Conversely,
dissolved oxygen was lower and conductivity was higher
following the sewage release at the disturbed location but not
at control sites (Fig. 4). After the sewage release event,
dissolved oxygen values < 5.0mgL�1 occurred on 8
zooplankton sampling events in the disturbed location, and
only once in each of the control locations.

Generally, five taxa (median = 5; quartile range= 4–6;
range= 0–9), and 34 individuals (median= 34; quartile range=
17–90; range= 0–7,640)were found in each20L sample.Wedid
not find significant effects of location or the CSO event on
richness. Conversely, total zooplankton abundance was signifi-
cantlyalteredby theCSOevent at thedisturbed locationbut not at
the control locations (Fig. 5).

Taxon-specific regressions frequently revealed significant
interactions between the CSO event and locations (Fig. 6),
particularly when comparing before and after at the disturbed
Page 5 of 14



Fig. 4. Water temperature, dissolved oxygen, and conductivity
measured alongside zooplankton sampling in the Chicago River
before and after a major CSO event in 2023. Three locations were
sampled, with the disturbed location receiving 9.1 billion litres over
two weeks. Shared letters indicate statistical similarity among
locations within each period (‘a/b’ before the CSO; ‘x/y’ after the
CSO), while asterisks denote significant changes within locations
before and after the event.

Fig. 5. Number of zooplankton taxa and total abundance of
zooplankton sampled from the Chicago River before and after a
large CSO event from three locations sampled in 2023. Three
locations were sampled, with the disturbed location receiving
9.1 billion liters over two weeks. Sharing letters indicate similarities
among locations within each period (‘a/b’ before CSO, ‘x/y’ after
CSO), while asterisks denote significant changes within locations
before and after the event.
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location. Cyclopoida and Moinidae significantly increased in
abundance at the disturbed location after the sewage release,
whereas Chydoridae significantly decreased. Following the
CSO event Bosminidae significantly increased in the far
control sites whereas Calanoids significantly decreased in the
near control. Across the system other daphnids significantly
increased following the CSO event.

Several taxa did not exhibit changes related to the CSO
event and showed only geographical differences (Fig. 7). Both
chironomids and naidids were significantly more abundant in
the far control location, while Ostracoda and Diaphanosoma
were significantly more abundant in the disturbed location. We
did not find statistical evidence for differences in the
abundance of Polyphemus pediculus; however, we note that
none were found prior to the CSO event.

Multivariate analysis and visualisation (Fig. 8) revealed a
shift in the zooplankton community at the disturbed site
(ANOSIM R= 0.495, p < 0.001), while no significant change
was observed at the control sites (R< 0.09, p> 0.16). This
aligns with previous regression analyses of individual taxa.
The 2D visualisation of zooplankton composition returned a
stress value of 0.20 (Fig. 8), suggesting that careful
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interpretation is required. In nMDS space, samples from the
disturbed location shifted from left (before the CSO event) to
right (after the CSO event), while control locations showed no
clear shift along nMDS1 or nMDS2. Additionally, post-CSO
samples exhibited greater dispersion, contributing to the
significant ANOSIM result. Species vectors indicate Moinidae
correlates positively with nMDS1, whereas Chydoridae and
Naididae correlate negatively.

4 Discussion

Our study demonstrates that replacement of chydorid
Cladocera by Moinidae at a location which received 9.1 GL of
combined untreated storm- and wastewater —our disturbed
location, Bubbly Creek, in Chicago, Illinois. Furthermore, the
densities reached by Moinidae (> 300 individuals L–1)
following the release were several orders of magnitude higher
f 14



Fig. 6. Chicago River zooplankton taxa abundances which exhibited significant differences before and after a large CSO event based on samples
from three locations in 2023. Three locations were sampled, with the disturbed location received 9.1 billion litres of untreated effluent over two
weeks. Shared letters indicate statistical similarity among locations within each period (‘a/b’ before CSO, ‘x/y’ after CSO), while asterisks
denote changes within locations before and after the event.

Fig. 7. Chicago River zooplankton taxa abundances which exhibited significant differences among locations but but not in response to a large
CSO event in 2023. Three locations were sampled, with the disturbed location receiving 9.1 billion liters over two weeks. Asterisks denote
significant differences among locations.
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Fig. 8. Zooplankton community composition shifts shown via non-
metric multidimensional scaling (nMDS) based on Hellinger-
transformed count data and Bray–Curtis similarities. A single nMDS
was faceted to compare pre- and post-CSO event communities, with a
final facet displaying species correlation vectors. The 2D stress value
was 0.20; see Results for further interpretation.
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than any other simultaneously sampled sites in the system
(< 25 individuals L–1). In addition, numerous other population
differences existed between disturbed and control locations
during the study. For instance, Diaphanosoma and Ostracoda
maintained higher abundances in the disturbed location
compared with controls. While the whole Chicago River
experienced some exposure to the CSO event, few
populations changed in response to it outside of the disturbed
location. For example, chironomid larvae and Naididae were
more abundant at the far control location regardless of the
CSO event. While each of these are statistically significant,
taken together they are evidence that releases of untreated
storm- and waste-water destabilise the relative abundance and
taxonomic structure of zooplankton communities in natural
surface waters.
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The release of 9.1 GL of combined untreated storm- and
waste-water significantly altered the water quality of the
disturbed location for multiple weeks. Dissolved oxygen in the
disturbed location remained at near 0mgL–1 levels for
approximately 30 days, then fluctuated between 1 and
5mgL–1 for another 30 days (Fig. 2). Spikes in ammonia-
nitrogen and total Kjeldahl nitrogen occured in the disturbed
location in the weeks following the CSO event (Fig. 3). These
patterns were absent in the control locations and illustrate that
the disturbed location received large inputs of nitrogen, likely
in the form of organic sewage wastes. The decomposition of
organic nitrogenous waste is known to deplete dissolved
oxygen in aquatic systems for weeks to months (Turner et al.,
2005; Zhu et al., 2011). Increased oxygen demand downstream
of the CSO outfalls is a commonly reported environmental
impact (Daniel et al., 2002; Even et al., 2007; Miskewitz and
Uchrin, 2013). Beyond the documented anoxic conditions, a
myriad of potentially hazardous compounds which are
common in domestic wastewater including biocides, endocrine
disruptors, illicit drugs, and pharmaceuticals are likely
discharged during CSO events (Gardner et al., 2012; Perry
et al., 2023; Munro et al., 2019). Some estimates indicate that
CSOs account for up to 95% of the annual loads for such
contaminants in receiving waters (Phillips et al., 2012; Launay
et al., 2016b). Therefore, it is difficult to ascribe species
declines or tolerances to specific chemical compositions with
our current observational data.

The changes in zooplankton populations shown at the
disturbed location are due to the CSO event occurring during
the growing season. The most drastic shifts in abundances—
particularly of Chydoridae, Cyclopoida, and Moinidae— were
exclusive to the disturbed location, suggesting the CSO event
was the driving force. While the Chydorid population at the
disturbed location relatively disappeared after the CSO event,
the Cyclopoida and Moinidae populations appear to have
boomed as a result of it. We note that in a separate light-
trapping study of larval fish communities of the Chicago River,
a large pulse of unidentified zooplankton was noted in 2021
four weeks after a 5.4 GL CSO event at the disturbed location
(A. Happel unpublished data; video evidence of 2021
zooplankton bloom publicly viewable: https://doi.org/
10.6084/m9.figshare.28146791.v2). Similar zooplankton pop-
ulation boomswere not detected in 2022 surveys when no CSO
events occurred in the Chicago River (A. Happel unpublished
data). The Moinidae bloom we enumerated from the disturbed
location was present for several sampling dates, suggesting
that had it occurred in 2022 it would have been observed in the
weekly light trapping efforts conducted by A. Happel between
June through August in the study area. We take these field
notes, combined with the data herein, as evidence that CSO
events result in zooplankton blooms within receiving waters—
specifically, in this case Bubbly Creek, Illinois, USA.

It is likely that Moinidae are present in the Chicago River
system annually, but a mechanism associated with CSOs
allowed the population densities to reach the high levels we
documented. Moinidae occur in the Illinois River system,
although typically in low abundances (up to 30 but more often
< 10 per L–1) and have not been documented as the primary
species contributing to samples with high macrozooplankton
densities in the system (J. Parkos, Kaskaskia Biological
Station, personal communication). Moinidae are thought to
f 14
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exploit favourable conditions, leveraging their short genera-
tion times, fast population growth rates through parthenogen-
esis, and tolerance of conditions unfavourable to other
zooplankton—including hyper-eutrophic and sewage ponds
or canals—to rapidly increase in density (Petrusek, 2002). In
low-oxygen waters, Moinidae have been shown to upregulate
haemoglobin synthesis to the point that they adopt a reddish
body colour (Kato et al., 2001); reddish coloration was
observed in the clouds of zooplankton recorded from Bubbly
Creek in 2023, suggesting an adaptive response to hypoxic
conditions (publicly viewable: https://doi.org/10.6084/m9.
figshare.28212548.v1). SomeMoinidae populations have even
been shown to feed on animal manure and food waste
(He et al., 2001; Kamrunnahar et al., 2019), including thriving
in untreated sewage canals (Janakiraman et al., 2024) —
environments theoretically similar to those produced by CSO
releases (He et al., 2013). Water samples collected monthly by
MWRD indicate ten times higher chlorophyll-a values (mg L–1;
Fig. 3) at the disturbed location than control locations during
June through September 2023. The highest chlorophyll-a
concentration recorded byMWRD in 2023 was in the disturbed
area (273.4mgL�1) on 24 July, suggesting abundant phyto-
plankton resources, even as large zooplankton populations
occurring 27 July. It is possible that theCSOevent provided food
either directly (i.e. manure, food waste, etc.) or nutrients to
support an algal bloom and in turn supported dense Moinidae
populations in the area that received the CSO.

In addition to increased resource availability, dense
Moinidae populations may have been caused by a reduction
in predation pressure. It has been shown that anoxic conditions
caused by CSO events alter fish behaviour, including leaving
and avoiding disturbed areas (Gaulke et al., 2015). Water
quality data from the disturbed location indicate that dissolved
oxygen remained< 5.0mgL–1 for much of the time during the
weeks following the event. Fish, including Gizzard Shad—the
dominant zooplanktivore in the Chicago River—exhibit
avoidance behaviour when dissolved oxygen levels fall below
5.0mgL–1 (Pollock et al., 2007; Dillon et al., 2021). Gizzard
Shad populations have been shown to regulate zooplankton
communities (Stein et al., 1995; Vanni et al., 2005). Avoidance
of CSO—disturbed areas by Gizzard Shad would reduce
predation pressures on zooplankton and could facilitate
the high population densities. We suspect that reduced
predation pressure, combined with increased forage availabil-
ity, contributed to the high Moinidae population densities
documented.

Dissolved oxygen levels prior to the sewage release
suggest that the disturbed location already supported prolific
photosynthetic activity. Oxygen concentrations of > 5mgL�1,
while other Chicago River locations were around 8–10 mg L�1

suggest CSO events are not the sole source of nutrients for
phytoplankton in the disturbed location (He, 2016). Sediment
oxygen demand is high in the disturbed location, indicating that
the decades of organic matter discharges from various sources
(i.e., CSOs,UnionStockYards, etc.) have led to an accumulation
of decomposing organicmatterwithinBubblyCreek (Waterman
et al., 2011). This organic sediment material also contains high
concentrations of PAHs, PCBs, heavy metals and sulphides
(Zhao et al., 2007). These compounds have been shown to
increase in concentration in areas downstream of CSO outfalls
elsewhere (Hnatuková, 2011). The decomposition of organic
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sediments causesgas ebullition—where thename ‘BubblyCreek’
came from—composed of various organic gases such as methane
and hydrogen sulphide, and enhances aqueous contaminant
concentrations (Viana et al., 2012, 2018). Attempts to model the
dissolved oxygen and chlorophyll-a content in the disturbed
location proved difficult, likely due to an inability to model and
account for sediment sources phosphorus fuelling perpetual algal
growth (He, 2016). We suspect that leaching of nutrients, or
resuspension by disruption (i.e. ebullition, physical stirring from
CSO flows, or fish activity), allows the disturbed location to
maintain high phytoplankton populations resulting in the high
mid-day dissolved oxygen values noted prior to the CSO event.

The lack of zooplankton population changes after the CSO
event in control areas of the Chicago River system is due to
differences in the magnitude and duration of exposure to
untreated waters discharged. While the North Avenue
Pumping station did discharge some 2.2GL into the far
control location the disturbed location received a total of
9.1GL. Extensive periods of 2023 (20–25% of the whole year)
in the disturbed location experienced low oxygen levels
(� 5mgL�1), whereas relatively rapid recoveries (< 36 h at a
time) were noted in the control locations of our study (Minarik
et al., 2024). For comparison most locations in the Chicago
River exhibit hypoxia for a non-zero but� 5% of the year even
if no CSO events occur that year (Minarik et al., 2023). Flow in
the disturbed location is essentially stagnant without the
Racine Avenue Pumping Station being active —barring wind
action—which contributes to the long duration of CSO effects
within it (Duncker and Johnson, 2015). By contrast, flow at the
control locations averages < 0.03m s–1 (Sinha et al., 2012),
which in theory would flush, or replace, the 21 km area we
studied of untreated water in eight days days. The large amount
of CSO wastewater discharged into the disturbed location
combined with the lack of flow in that area likely contribute to
the magnitude of zooplankton response and length of hypoxia
compared to control locations.

Although chironomid larvae and Naididae were found
across the Chicago River system, their higher abundances in
the far control location may be due to increased proximity to
the O’Brien WRP. Generally, larger abundances of Oligo-
chaeta (especially Naididae) and Chironomidae are considered
indicative of lower-quality environments, particularly when
compositionally dominant (Learner et al., 1978; Lenat, 1983;
Verdonschot, 2006; Arimoro et al., 2007). Abundances of
chironomids and oligochaetes were also higher immediately
downstream of the O’Brien WRP than elsewhere in the
Chicago River in samples (both Ponar and Hester-Dendy
methods) collected between 2001 and 2007 byMWRD (Baetis
Environmental Services Inc. and LimnoTech Inc., 2009).
Importantly, other species were also present in our samples
from the far control location, and across those samples,
chironomid larvae made up an average of� 13% of organisms,
Naididae even less. While the difference in abundance is
interesting, compositionally, we do not have evidence that the
zooplankton community in the far control location represents
an impacted one.

Chydoridae represent small-bodied plankton taxa common
in eutrophic waters where substrates are rich in organic matter
(Fryer, 1968; Vijverberg and Boersma, 1997; Irvine, 2001).
Chydorids appeared to favour areas with extensive
phytoplankton blooms, especially cyanobacterial blooms
f 14
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(Vijverberg and Boersma, 1997; Bowen and Currie, 2017;
Hann and Salki, 2017). We would expect the CSO event to
increase organic matter within the disturbed area, particularly
in the absence of flow allowing material to settle on the
substrate (Motta et al., 2010; Sinha et al., 2010; He, 2016).
Chlorophyll-a data also indicate extensive phytoplankton
populations were present in the disturbed location throughout
the summer. A favoured food resources were likely abundant,
the loss of chydorids following the CSO event is surprising.
While chydorids are typically associated with submerged
structures (i.e. rocks, vegetation, substrates, etc.), they have
been found free swimming (Whiteside, 1974). Despite being
found free-swimming, chydorids are generally poor swimmers
(Fryer, 1968). The high discharge velocity of the CSO (up to
175m3s–1) into the disturbed location is known to scour the
substrate (Viana et al., 2007; Quijano et al., 2017). This
velocity and scouring may have removed Chydorids from the
waterbody and reintroduction was hindered by poor swimming
ability.

Diversity metrics of zooplankton communities may be
poor indicators of environmental change. Each metric—
richness, evenness, and diversity—is designed to capture
different information about the community (Gallardo et al.,
2011). Some have recommended the use of multiple indices
to understand changes to an ecosystem (Lyashevska and
Farnsworth, 2012). Others advocate maintaining an assem-
blage approach to better understand changes among commu-
nities (Kremen, 1992). We identified our taxa to varying levels
of specificity, precluding the use of rigorous and varied
biodiversity metrics. We also did not identify or count rotifers,
which have been shown to be strong indicators of water quality
conditions, including increasing in density with eutrophication
and nutrient loading (Attayde and Bozelli, 1998; Lodi et al.,
2011). However, our analysis using assemblages
(i.e. multivariate analyses), despite the varied taxonomic
resolution, captured a shift in the community due to a
disturbance, offering evidence that assemblage-level methods
can track ecosystem changes.

Our study of a single large precipitation event indicates that
CSOs can alter zooplankton populations in receiving waters.
Although CSO events are difficult to predict due to their
reliance on heavy rainfall, ongoing monitoring efforts could
help to elucidate other ecological responses to these events.
A recent literature review found few, if any, published studies
on responses of multicellular organisms to CSOs (Perry et al.,
2023), indicating a gap in understanding the effects of urban
developments on aquatic systems. The contaminant loading by
CSOs can comprise a substantial proportion of annual loadings
for systems (Phillips et al., 2012; Launay et al., 2016), and the
infusion of such pollutants into food webs can potentially harm
recreational users, especially anglers (Batt et al., 2017).
Rainstorm intensity—a primary contributor to CSO events—is
predicted to increase as a result of climate change, creating a
scenario in which climate-driven change outpaces mitigation
efforts (Widhalm et al., 2018; Wuebbles et al., 2021). Solving
the issue of CSOs requires a combination of legislative,
engineering, and consumer behavioural changes, all of which
have associated costs (Quaranta et al., 2022; Perry et al.,
2023). Continued documentation of the consequences of
releases of untreated sewage, including CSOs, will be essential
in evaluating the costs and benefits of mitigation strategies.
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