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Abstract
Pollution with nitrogen (N) and phosphorous (P) impairs streams by favoring suspended algae and cyano-

bacteria over diatom-rich periphyton. Recently, wastewater treatment plants have been upgraded to biological
nutrient removal to eliminate both P and N (mainly NH4

+), although little is known of the effects of this effluent
on flowing waters. Here, we used high performance liquid chromatography to quantify how the abundance and
composition of phytoplankton and periphyton varied in response to both influx of effluent produced by biologi-
cal nutrient removal and physico-chemical conditions in small, turbid, P-rich streams of the northern Great
Plains. At the catchment scale, analysis with generalized additive models (GAMs) explained 40.5–62.6% of devi-
ance in total phototroph abundance (as Chl a) and 72.5–82.5% of deviance in community composition
(as biomarker carotenoids) in both planktonic and benthic habitats when date- and site-specific physico-chemical
parameters were used as predictors. In contrast, GAMs using wastewater input (as aqueous δ15N) as a predictor
explained up to 50% of deviance in Chl a, and ~60% of deviance in community composition, in both suspended
(51.6% of Chl a, 67.1% of composition) and attached communities (21.5% of Chl a, 58.8% of composition). Phy-
toplankton was replaced by periphyton within a 60-km wastewater-impacted reach due to dilution of streams by
transparent effluent and addition of urban NO3

�, although predominance of phytoplankton was re-established
after confluence with higher-order streams. Overall, influx of effluent shifted turbid, phytoplankton-rich streams
to clear ecosystems with abundant epilithon by improving water transparency and providing NO3

� to favor
benthic diatoms and chlorophytes.

Nutrient-rich discharge from urban wastewater treatment
plants degrades freshwaters in streams and rivers by causing
eutrophication (Holeton et al. 2011) and promoting harmful
levels of algae and cyanobacteria (Dodds and Smith 2017;
Hamdhani et al. 2020). Alongside nutrient effects, wastewater
treatment plant effluent can also affect phototrophic commu-
nities in flowing waters by modifying hydrological discharge,
thermal characteristics, and irradiance regimes (Carey and
Migliaccio 2009; Holeton et al. 2011). While effects of urban
effluent on primary production, as well as primary producer
biomass and composition, in rivers and streams has been

generally well studied (Murdock et al. 2004; Gücker
et al. 2006; Waiser et al. 2011), less is known of how the
effects of effluent may change the importance of phytoplank-
ton or periphyton communities in space and time (Hamdhani
et al. 2020). Further, prior research has typically investigated
impacts of secondary- (low dissolved organic matter, DOM;
high nutrients) or tertiary-treated effluent (low DOM; low P,
high N) on flowing waters (Carey and Migliaccio 2009), and
less is known of the effect of modern wastewater treatment
processes, such as biological nutrient removal, which produces
effluent with low content of DOM, N and P (Carey and
Migliaccio 2009; Hamdhani et al. 2020).

Management of urban wastewaters has undergone substan-
tial development during the past 50 yr (Tchobanoglous
et al. 2003; Carey and Migliaccio 2009). Following experimen-
tal evidence that pollution with P caused widespread eutrophi-
cation of freshwaters (Schindler 1977; Dodds and
Smith 2017), many inland urban centers upgraded wastewater
treatment plants in the 1970s to remove P by chemical precip-
itation, usually as insoluble ferric compounds (Tchobanoglous
et al. 2003). However, tertiary treatment does not eliminate
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inorganic N, and toxic levels (40 mg N–NH4
+ L�1) of ammo-

nium (NH4
+) in effluent (Waiser et al. 2011; others) can

depress stream production (Waiser et al. 2011), while also
favoring toxic cyanobacteria (Donald et al. 2011; Solomon
et al. 2019). To address this issue, biological nutrient removal
technologies were developed that use sequential microbial
nitrification, denitrification, and nutrient uptake to reduce
total N by up to 95%, largely eliminate NH4

+, and release only
moderate levels of NO3

� (<5 mg N-NO3
� L�1) and P (<1 mg P-

PO4
3� L�1) to surface waters (Carey and Migliaccio 2009).

However, while elimination of NH4
+ toxicity is environmen-

tally desirable, many cities have yet to upgrade their facilities
to biological nutrient removal processes (Organization for Eco-
nomic Cooperation and Development 2020), possibly due to
high costs of new facilities (>$100 million per treatment plant;
Environmental Protection Agency 2007) and the relative pau-
city of research on the effects of this new N-depleted effluent
on freshwaters (Schindler et al. 2016).

Effluent from biological nutrient removal is expected to
interact with in situ physico-chemical features of flowing waters
to regulate both planktonic and benthic primary producers in
complex manners that vary in time and space (Dodds
et al. 2006; Wu et al. 2011; Breuer et al. 2017). Excess nutrients
promote phototroph blooms (Chambers et al. 2012; Dodds and
Smith 2017), as well as changes in community composition
(Glibert et al. 2016) and habitat of production (Roeder 1977;
Wu et al. 2011; Breuer et al. 2017), with benthic diatoms giving
way to chlorophytes and cyanobacteria in suspended (Mischke
et al. 2011) and benthic communities (Peterson and
Grimm 1992; McCall et al. 2017). However, nutrient effects
should also depend on baseline production and stoichiometry
of streams, as low N:P ratios may favor harmful cyanobacteria
(Dodds and Smith 2017), while changes in individual chemical
forms (e.g., NO3

� vs. NH4
+) can exert taxon-specific effects on

algae (Glibert et al. 2016; Solomon et al. 2019; Kim et al. 2020).
Although irradiance regimes affect both suspended and attached
phototrophs in flowing waters (Munn et al. 1989; Hutchins
et al. 2010), effects of photon flux vary seasonally with dis-
charge and turbidity (Biggs 1995; Leland 2003), canopy cover
(Rosemond et al. 2000), nutrient content (Glibert et al. 2016),
and temperature (Baker and Baker 1979; Munn et al. 2002; Wu
et al. 2011). Such seasonal changes also drive patterns of ben-
thic and suspended community development (Andrus
et al. 2015), with enhanced production of diatoms in spring
and fall and elevated densities of chlorophytes and cyano-
bacteria in summer (Breuer et al. 2016; Moorhouse et al. 2018).
Overall, the degree to which natural phototrophic phenology
interacts with effluent influx is poorly understood (del Giorgio
et al. 1991; Stevenson and White 1995; Solomon et al. 2019),
particularly for streams in nonboreal systems such as agricul-
tural grasslands (Dodds et al. 2004; Breuer et al. 2017).

This paper uses generalized additive models (GAMs) to analyze
how spatial and temporal variation in physical and chemical
parameters interacts with effluent from biological nutrient

removal to regulate abundance and composition of periphyton
and phytoplankton in two prairie streams. Study systems are
P-rich, turbid, low-order grassland streams, one of which receives
urban wastewater mid-reach. Phototrophic communities were
quantified using taxonomically diagnostic pigment biomarkers
(chlorophylls [Chl], carotenoids) to measure: (1) how regional
variation in physico-chemical conditions affected development
of phototrophic biomass and community composition; (2) how
modern effluent affected phytoplankton and periphyton; and
(3) whether urban effluent had a differential effect on suspended
or attached communities. We hypothesized that: (1) landscape
patterns of abundance, composition and interaction of phyto-
plankton and periphyton would reflect spatial and temporal vari-
ation in regulation by physico-chemical parameters (discharge,
irradiance, temperature) in these eutrophic streams (Breuer
et al. 2016, 2017; Moorhouse et al. 2018); (2) effluent influx
would overwhelm natural landscape controls (discharge, irradi-
ance, temperature) of periphyton (Murdock et al. 2004;
Hamdhani et al. 2020) and phytoplankton development (del
Giorgio et al. 1991; Stevenson and White 1995; Solomon
et al. 2019); (3) modern urban effluent would favor phytoplank-
ton over periphyton due to both changes in nutrient (Chambers
et al. 2012; Dodds and Smith 2017) and irradiance regimes
(Munn et al. 1989; Rosemond et al. 2000); and (4) NO3

� from
effluent would favor siliceous algae and chlorophytes over cyano-
bacteria downstream of wastewater treatment plant outfall
(Glibert et al. 2016; Swarbrick et al. 2019).

Methods
Study area

Study sites consisted of first-order Wascana Creek and
higher-order Qu’Appelle River, small grassland streams within
the Prairies of southern Saskatchewan, Canada (Fig. 1 and
Table 1). The Qu’Appelle River drainage basin covers
~52,000 km2 of intensive agriculture (mainly wheat, canola)
and more limited natural grassland, wetland, and urban envi-
ronments (Hall et al. 1999). Regional climate is a cool-summer
humid continental regime (Köppen Dfb), with high seasonal
variation, short summers (July mean of 19�C), cold winters
(January mean of �16�C), and low-annual temperatures
(~1.5�C) (Leavitt et al. 2006; Swarbrick et al. 2020). Wascana
Creek is a naturally intermittent prairie stream draining
~1400 km2 in a northwest direction through Wascana Lake
and the City of Regina, before receiving treated effluent from
a wastewater facility using biological nutrient removal (Fig. 1).
Wascana Creek continues northwest ~60 km before its conflu-
ence with the Qu’Appelle River, a larger stream flowing east to
Pasqua Lake (Leavitt et al. 2006). The Qu’Appelle River origi-
nates in wetlands near Eyebrow Lake west of Regina and flows
eastward though eutrophic Buffalo Pound Lake before its con-
fluence with Wascana Creek (Fig. 1). Flow in the Qu’Appelle
River is also supplemented year-round by water discharged
from the mesotrophic Lake Diefenbaker reservoir and, in late
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summer of most years, by flow from eutrophic, sub-saline Last
Mountain Lake immediately northeast of the Wascana Creek-
Qu’Appelle River confluence. Catchment hydrology is detailed
in Haig et al. (2020).

Both Wascana Creek and Qu’Appelle River are naturally
small, turbid, alkaline, and P-rich streams, often exhibiting N
limitation and abundant suspended cyanobacteria by late
summer (Waiser et al. 2011; Supporting Information Fig. S1).
Discharge in both systems is highly seasonal, with spring
snow melt accounting for 80% of surface runoff (Pham
et al. 2009; Haig et al. 2020). Flow is limited during winter
and much of summer, particularly in Wascana Creek where
effluent from the wastewater treatment plant makes up most
of the discharge during June to September and November to
March (Waiser et al. 2011). Presently, mean (� SE) effluent
nutrient levels include 5.8 � 0.07 mg N L�1 as NO3

�,
1.82 � 0.07 mg N L�1 as NH4

+, and 0.58 � 0.02 mg P L�1 as
TDP (Table 1).

Field methods
Nine stations were sampled along the continuum formed

from Wascana Creek headwaters to Qu’Appelle River near
Pasqua Lake (Fig. 1), including two sites upstream of the
wastewater treatment plant outfall (before and after Wascana
Lake), three stations between the outfall and the Wascana -
Creek-Qu’Appelle River confluence, and four locations along
the mainstem of the Qu’Appelle River (upstream of

confluence, upstream of Last Mountain Lake inflow, two fur-
ther downstream). All sites were sampled every 2 weeks 1 May
to 15 September 2018 and 2019 between 9:00 and 14:00 h. At
each station, temperature (�C), cloud cover (%), and wind
velocity (km s�1) were recorded, while a YSI Model 85 m was
used to register water temperature (�C), dissolved oxygen
(mg O2 L�1), specific conductivity (μS cm�1), salinity (g total
dissolved solids [TDS] L�1), and pH at surface, mid-column,
and near-bottom depths. Surface values were used for subse-
quent analyses, as there was limited variation with water-
column position. Water transparency was recorded with a
20-cm diameter Secchi disk, as well as a LaMotte model
2020we turbidity meter.

On each date, a 10-L sample of water was obtained from
the stream center at each site by integrating discrete samples
collected from surface to mid-column depths. Water was
screened though a 243-μm pore mesh to remove invertebrates
and particulate matter, but not phytoplankton (Vogt
et al. 2018). Periphyton samples at each location were col-
lected from the stream side at ~12 � 2 cm depth by brushing
three similar-sized biofilms of known area (~5 cm diameter)
from rocks randomly chosen from a geo-referenced cobble
deposit. We selected this depth as it represented ~50% of
Secchi depth in the turbid reaches of the study system. Rather
than let sampling depth vary with water-column transparency
(e.g., storm events), we selected a fixed sampling depth to
quantify a representative epilithic response.

Fig 1. Map of sampling sites within Wascana Creek (1–5) and the Qu’Appelle River (6–9) in Saskatchewan, Canada (SK, upper right). Wascana Creek in
red, sampling locations as white circles, and City of Regina (black square) wastewater treatment plant as yellow diamond.
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Periphyton samples were diluted with deionized water and
stored in Whirl-Pak® bags for transportation. Although subject
to potentially greater variability (Morin and Cattaneo 1992),
we used natural substrates to both better capture the normal
phenology of epilithon, and to avoid the underestimation of
total periphyton, chlorophyte, and cyanobacteria abundances
commonly associated with use of artificial surfaces (Cattaneo
and Amireault 1992). We measured instantaneous water veloc-
ity, water-column depth, and channel cross-sectional area at
wade-able sites (<1.2 m depth) using a calibrated Swoffer
Instruments Inc. model 2100 current velocity meter, following
the two-point (>0.75 m) and 6/10th (<0.75m) depth methods
of Buchanan and Somers (1976) as detailed in
Swarbrick (2017). All samples were processed in the laboratory
on day of collection. In addition, we collected weekly discrete
(instantaneous) and 24-h integrated samples of final urban
effluent from EPCOR Utilities for the period of May 2018 to
August 2019.

Laboratory methods
Whole-water and periphyton samples were filtered through

GF/C glass fiber filters (1.2 μm nominal pore size) and stored
frozen at �20�C until later analysis of pigments and stable iso-
topes. Filtrate was then passed through 0.45-μm pore mem-
brane filters and frozen at �20�C until analysis of dissolved
nutrients. GF/C filters were used for pigment and isotope
analyses.

Concentrations of ammonia (NH3) /ammonium (hereafter
as NH4

+), nitrite (NO2
�) /nitrate (hereafter as NO3

�), total dis-
solved nitrogen (TDN), SRP, and total dissolved phosphorous
(TDP) were analyzed using a Lachat QuikChem 8500 FIA auto-
mated ion analyzer and standard procedures (APHA-AWWA/
WEF 1998). In addition, the City of Regina supplied monthly
estimates of NH4

+, NO2
�, NO3

�, TDN, and TDP collected near
our sites, as well as at additional locations. Finally, nutrient
concentrations in treated effluent from the Regina wastewater
treatment plant were supplied by EPCOR Utilities (Edmonton,
Canada). All N and P species were expressed as mg nutri-
ent L�1.

Stable isotopes of carbon (C) and N from filtered water,
effluent, particulate organic matter (POM, mainly phytoplank-
ton), and periphyton were measured for all sampling sites to
estimate fluxes of 15N-enriched effluent (22–25 ‰ in summer)
following Leavitt et al. (2006). Briefly, GF/C-filtered water and
effluent samples were freeze-dried (1 week, 0.01 Pa) to obtain
residue for analysis, whereas POM and periphyton filters were
dried in an oven at 66�C for 24 h. To optimize N analyses, we
packed 10–15 mg of solids from treated effluent or
wastewater-impacted river sites, whereas 20–25 mg was used
for isotope analysis of undisturbed sites. We used six 6-mm
diameter hole-punches of GF/C filters for stable isotope analy-
sis of POM and periphyton. All solids were folded into individ-
ual tin capsules and combusted in a NC2500 Elemental
Analyzer (ThermoQuest, CE Instruments) coupled to aT
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Thermoquest (Finnigan-MAT) Delta PlusXL isotope ratio mass
spectrometer (IRMS). Stable isotope values are presented using
standard expressions (δ13C, δ15N) calibrated relative to atmo-
spheric and laboratory standards, whereas elemental content
was expressed as % dry mass (% C, % N).

Total abundance and community composition of phyto-
plankton and periphyton were estimated using standard tri-
chromatic spectrophotometric analysis of Chl a (Jeffrey and
Humphrey 1975) and high-performance liquid chromatogra-
phy (HPLC) quantification of biomarker pigments (Leavitt and
Hodgson 2001; Steinman et al. 2017), respectively. Briefly, fil-
ters were completely extracted with either HPLC-grade ace-
tone (trichromatic Chl a) or acetone, methanol, and water in
a ratio of 80:15:5 by volume (all pigments and derivatives) for
24 h at �20�C, then filtered (0.2-μm pore membrane) before
further processing. HPLC was completed following the stan-
dard methods of Leavitt and Hodgson (2001) and following
the standard procedures of the Qu’Appelle Valley Long Term
Ecological Research (QU-LTER) program (Leavitt et al. 2006;
Vogt et al. 2011; Haig and Leavitt 2019). Trichromatic Chl
a was expressed as μg Chl a L�1 or μg Chl a cm�2, following
QU-LTER protocols (Vogt et al. 2011). The ratio of labile Chl
a to its stable degradation product, pheophytin a, was calcu-
lated to evaluate whether pigments represented live material
or detritus. As ratios were routinely greater than 15:1 in both
phytoplankton (17.01 � 0.83) and epilithon (17.16 � 1.04),
we assumed that pigments mainly represented metabolically
active phototrophs (Leavitt 1993).

Ratios of periphyton to phytoplankton abundance were
calculated by dividing volumetric estimates of planktonic pig-
ments by aerial estimates of periphytic biomarkers. This ratio
was used to approximate spatial and temporal changes in the
relative abundance of primary producers in planktonic and
attached habitats. Epilithon were collected from ~50% of
Secchi depth at turbid sites (Table 1), therefore it was assumed
that the ratio would capture the main changes in relative
abundance and composition of the benthic assemblages
(Vinebrooke and Leavitt 1999), particularly given the spatial
and temporal variation in environmental conditions among
sites. This approach may underestimate total phytobenthic
response (e.g., episammon and epiepelon; epilithon at trans-
parent sites) relative to a comprehensive, but impractical,
analysis of phytobenthos in the 180 field collections.

Hydrometric data
Stream discharge was either directly measured, recorded by

gauging stations, or calculated using the drainage area ratio
method depending on seasonal flow and site characteristics.
At wadeable sites, we calculated instantaneous discharge rate
(Q) by summing the product of discrete velocities and their
respective cross-sectional areas measured at 10–15 points
along an orthogonal transect across the creek, following the
two-point and 6/10th methods (Buchanan and Somers 1976).
When sites were unwadeable, discharge was calculated from

provincial and federal hydrometric gauging stations, or by
applying the drainage area ratio method following
Swarbrick (2017).

Numerical analyses
We used hierarchical generalized additive models (Pedersen

et al. 2019) to quantify spatio-temporal trends in abundance
and composition of phytoplankton and periphyton both
alone, and in response to variation in in situ physico-chemical
conditions or effluent influx. Generalized additive models
(GAMs) were used to estimate trends in mean values and esti-
mate uncertainties and are uniquely capable of capturing both
linear and non-linear relationships among variables. Trichro-
matic Chl a was used as a proxy for abundance of total photo-
trophs, while community composition was estimated in
GAMs using a suite of biomarker pigments: fucoxanthin (sili-
ceous algae), alloxanthin (cryptophytes), chlorophyll
b (chlorophytes), and echinenone (total cyanobacteria). Other
pigments were not included in the main models either
because compounds were rare (e.g., peridinin) or exhibited sig-
nificant taxonomic overlap with selected biomarkers
(e.g., cyanobacterial carotenoids). Additionally, Chl a derived
from HPLC was modeled for comparison with trichromatic
Chl a. The Qu’Appelle River site immediately upstream of the
Wascana Creek-Qu’Appelle River confluence (site 6, Table 1)
was excluded from GAMs but was analyzed separately to bet-
ter identify the mechanisms contributing to downstream pat-
terns in the Qu’Appelle River.

Spatio-temporal models included a fixed effect of year, mar-
ginal smooth terms for day of year (day hereafter) and dis-
tance along the stream flow path, plus a smooth interaction
for day and distance that allowed estimation of seasonal differ-
ence along our lotic continuum (Supporting Information
Table S1). Distance and day terms also included a tensor prod-
uct smooth of year to allow for year-specific effects. Addition-
ally, GAMs of community composition included day and
distance factor-smoothers for pigment-specific responses. Pre-
liminary models initially included most physico-chemical
parameters as predictive variables, while testing for both
instantaneous and lag effects. Due to weak explanatory power,
we omitted redundant predictors (turbidity) and time lags but
retained effects of distance, day, discharge, pH, dissolved
nutrients (NO3

�, NH4
+, SRP), the mass ratio of TDN to SRP,

Secchi transparency, specific conductance, and temperature.
To achieve better dispersion of the data, NO3

�, NH4
+, TDN:

SRP, turbidity, and specific conductance were log10-trans-
formed, whereas SRP and discharge were square-root trans-
formed. Multi-colinearity among predictors was estimated
using Pearson correlation coefficients for all pairs of predictors
and concurvity of model smooths; no Pearson correlation
was > 0.35, but smoother concurvity was high (0.7–0.9)
suggesting non-linear correlation of parameters. To address
non-linear correlations and to achieve best fit and parsimony,
we penalized the range and null space of the smoothing
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matrices for physico-chemical variables during fitting with the
option select = true (Marra and Wood 2011).

All models were run within the R statistical environment
(v. 3.6.2; R Core Team 2018) with mgcv (v. 1.8–29; Pedersen
et al. 2019) package with automatic smoothness estimation
(Wood 2011; Wood 2017). Prior to model creation, a redun-
dancy analysis (RDA) was performed with physico-chemical
constraints to determine initial linear relationships between
pigments and physico-chemical covariates. As RDA axes
explained little variance (<20%) and most biologically relevant
covariates were removed from the RDA after variable selection
using forward selection or backwards elimination, we inferred
that that underlying relationships were non-linear in nature.
We used a gamma distribution (positive, continuous
responses) with a log-link function for Chl a models because
concentrations were >0 μg L�1. However, because concentra-
tion of other biomarker pigments were occasionally below
detection limits (<0.002 nmol pigment L�1 or cm�2), a
Tweedie distribution (zero-inclusive, positive, continuous
responses) was used for those models. We did not treat these
observations as censored because <1% of values were 0 and
likely truly absent (0.0 nmol pigment L�1) and because prelim-
inary analysis with Bayesian regression models using Stan
(BRMS, v. 2.10.0; Bürkner 2018) greatly overestimated
observed pigment concentrations (i.e., exhibited a poor fit rel-
ative to mgcv models). In addition, models dealt with missing
values internally by omitting samples with absent physico-
chemical variables.

To analyze changes in community composition, GAMs
were developed to include global (all pigments) and pigment-
specific smooth terms. This modeling approach allowed us to
determine the response of all pigments together as well as iso-
late how each pigment changed within that main response.
Global terms were tensor-product smoothers, whereas
pigment-specific terms were factor smoothers (Pedersen
et al. 2019). We compared model residuals against physico-
chemical parameters to determine which variables required
taxa-specific response; all pigment models exhibited a substan-
tial decrease in the magnitude of residuals and better homoge-
neity when taxa-specific responses were included. We assessed
basis size, dispersion of residuals, homogeneity of variance,
and the relationship between the observed and predicted
response for all models to evaluate whether model assump-
tions were violated. Residual maximum marginal likelihood
(REML) was used for smoothness selection (Wood 2011).
Spatio-temporal model predictions and physico-chemical
model marginal smooths were visualized in R using ggplot2
(v. 3.2.1; Wickham 2016).

To quantify the relationship between effluent influx and
changes in the abundance and community composition of
phototrophic communities, GAMs were developed as above
for Chl and biomarker pigments using only δ15N of filtered
water samples, day, and distance from wastewater treatment
plant as predictors. Effluent from Regina is highly enriched in

15N isotopes due to nitrification, denitrification and NH4
+ vol-

atilization, and takes an elevated value (~20–25 ‰) relative to
regional background stream values (ca. 5–7 ‰) (Leavitt
et al. 2006). This enrichment is evident downstream in filtered
water (dissolved N), suspended POM (phytoplankton N), and
benthic films (periphyton N) so long as urban N is a signifi-
cant fraction of the total dissolved N pool (Leavitt et al. 2006).
Incorporation of 15N into particulate fractions demonstrates
biological update, while elevated values in filtered water illus-
trate the distance downstream over which effects of effluent
may be expected.

Results
Stream conditions

Physicochemical conditions varied substantially from the
headwaters of Wascana Creek to the downstream reaches of
the Qu’Appelle River in both 2018 and 2019 (Table 1, Fig. 2).
Headwaters immediately above the wastewater treatment
plant outfall were usually slow-flowing (<1 m3 s�1), moder-
ately turbid (25–50 NTU; Secchi < 25 cm), alkaline (pH > 8.5),
and relatively ion-poor (specific conductance ~1000 μS cm�1),
with low concentrations of TDN (<1 mg N L�1) and relatively
high levels of P (0.1–0.5 mg P L�1) resulting in low TDN:SRP
mass ratios (13.8 � 2.7) compared to other reaches (Table 1).
The presence of Wascana Lake between the two headwater
sites resulted in a decline in dissolved P fractions, water trans-
parency, and conductivity, and a modest increase in pH and
TDN:SRP ratios.

Influx of urban effluent altered the physico-chemical profile
of Wascana Creek and, to a lesser extent, the Qu’Appelle River,
with particularly marked effects in 2018 (Fig. 2). Mean (� SE)
effluent was circumneutral (7.42 � 0.01 pH) and contained high
concentrations of NO3

� (5.80 � 0.07 mg N L�1) relative to NH4
+

(1.82 � 0.07 mg N L�1) and TDP (0.58 � 0.02 mg P L�1), with
relatively low C:N ratios (4.98 � 0.11) and strongly enriched
δ15N values (annual mean 16.8 � 0.3 ‰) (Table 1, Supporting
Information Fig. S3). When combined with Wascana Creek
streamflow, effluent outfall led to substantial increases in dis-
solved N concentrations (TDN, NO3

�, NH4
+), discharge, and

water transparency (increased Secchi depth, reduced turbidity).
Further, δ15N values for filtered Wascana Creek water increased
from regional baselines of 3–6 ‰ to 18–23 ‰ in summer
(Fig. 2). In contrast, pH declined sharply to ~8, whereas influx of
effluent had more limited effects on stream temperature and dis-
solved P concentrations (Fig. 2). Due to changes in the nutrient
regime following effluent outfall, TDN:SRP mass ratios increased
to >23:1 (Fig. 2), suggesting either phosphorous limitation of
phototrophs or, based on bioassay experiments, saturation of
nutrient demands (Supporting Information Fig. S1).

For many parameters (except Q, SRP), effects of effluent
influx diminished with distance downstream, with a return to
near-headwater conditions near the confluence of Wascana
Creek with the Qu’Appelle River (Fig. 2). Discharge
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Fig 2. The modeled spatial and temporal distribution of physico-chemical parameters in 2018 and 2019 in Wascana Creek and Qu’Appelle River along a
continuum in reference to Regina’s wastewater treatment plant (WWTP). Deviance in physical–chemical variables explained by generalized additive
models using day of year, distance to wastewater treatment plant, and their interaction as predictors included: Discharge (67.6%), turbidity (82.2% for
2018, 80.0% for 2019), Secchi depth (75.5%), pH (78.4%), salinity (80.1%), specific conductance (77.6%), temperature (87.7%), TDN (87.4%), NO3

�

(79.3%), NH4
+ (64.6%), δ15N (83.0%), TDP (70.3%), SRP (78.0%), and TDN:SRP (85.6%). Colored lines are predicted means at four days of year (136,

170, 200, 236) that correspond to summer months in the growing season. Shaded areas are 95% confidence intervals. Square boxes and error bars are
the monthly mean and confidence intervals, respectively, of a control site in Qu’Appelle River �5 km upstream of the Wascana Creek-Qu’Appelle River
confluence that was not modeled. Red and black dotted lines represent the inflow of urban effluent into Wascana Creek and the confluence of Wascana
Creek with Qu’Appelle River, respectively. The red horizontal line in the TDN:SRP panel is at 23 above which P-limitation occurs.
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(>2.5 m3 s�1) and often turbidity (10–60 NTU) reached maxi-
mal values in the Qu’Appelle River, water transparency often
declined a minimum (Secchi < 20 cm, elevated turbidity), and
other parameters (pH, salinity, specific conductivity) returned
to background levels. In general, elevated nutrient concentra-
tions and δ15N values in Wascana Creek waters declined after
the Qu’Appelle River confluence, with particularly marked
dilution of dissolved N compounds (Fig. 2). Together, these
patterns show that most pronounced physico-chemical effects
of urban effluent influx were restricted to Wascana Creek in
the ~60 km below the wastewater treatment plant.

Landscape regulation of total phototroph abundance
Analysis of trichromatic Chl a using GAMs revealed the

presence of strong spatial–temporal patterns of primary pro-
ducer abundance (Fig. 3). Generalized additive model analysis
using year, distance, day, and their interaction as predictors
explained 62.6%, 45.5%, and 53.9% of deviance in phyto-
plankton, periphyton, and periphyton:phytoplankton ratios,
respectively (Supporting Information Table S1). All predictive
terms were significant (p < 0.05), except in the ratio model

where only distance and day were retained. This analysis sug-
gests that phototrophic communities exhibited marked varia-
tion among headwater, effluent-impacted, and post-
confluence reaches, as well as significant seasonal variability.

Phytoplankton and epilithon exhibited markedly different
spatial patterns of abundance (as Chl a) along the continuum
formed by Wascana Creek and the Qu’Appelle River (Fig. 3).
In both years, total phytoplankton in headwaters increased to
a peak downstream of Wascana Lake, declined following
receipt of urban effluent, and increased after confluence with
the already-turbid Qu’Appelle River (Fig. 3a). In general, phy-
toplankton patterns were more pronounced during 2018 than
in 2019, with GAM analysis revealing significant decreases in
Chl a associated with wastewater influx in both July and
August 2018, but not during May and June 2018. In contrast,
periphyton abundance increased sharply after wastewater
treatment plant inputs, before decreasing downstream of the
confluence (Fig. 3b). In this case, analyses showed that periph-
yton only increased significantly after the wastewater treat-
ment plant in 2019, while a significant and substantial
increase in periphyton:phytoplankton ratios was recorded

Fig 3. The modeled spatial and temporal distribution of total suspended (phytoplankton, a) and benthic (epilithon, b) algae and cyanobacteria and
their ratio (c), using trichromatic chlorophyll a as a proxy, in 2018 (top) and 2019 (bottom) in Wascana Creek and Qu’Appelle River along a continuum
in reference to Regina’s wastewater treatment plant (WWTP). Generalized additive models explained deviance in abundance of phytoplankton (62.6%),
epilithon (45.5%) and their ratio (53.9%) using day of year, distance to wastewater treatment plant, and their interaction as predictors. Colored lines are
predicted means at four days of year, 136, 170, 200, 236, which correspond to months in the growing season. Shaded areas are 95% confidence inter-
vals. Square boxes and error bars are the monthly mean and confidence intervals, respectively, of a control site in Qu’Appelle River �5 km upstream of
the Wascana Creek-Qu’Appelle River confluence that was not modeled. Red and black dotted lines represent the inflow of effluent into Wascana Creek
and the confluence of Wascana Creek with Qu’Appelle River, respectively.
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downstream of the wastewater treatment plant in both years
and all seasons (Fig. 3c). Similar spatial patterns of change
were recorded for both phytoplankton and epilithon assem-
blages when analyzed with Chl a quantified using HPLC
(Supporting Information Fig. S4).

Analysis of trichromatic Chl a using GAMs suggested that
landscape patterns of phytoplankton and periphyton abun-
dance were regulated mainly by changes in discharge, trans-
parency, and solute concentrations (Fig. 4). Overall, measured
environmental conditions explained 66.3% of deviance in
total phytoplankton abundance, and 53.9% in that of total
epilithon, with significant effects (p < 0.05) of distance down-
stream (both communities) and DOY (phytoplankton only)
(Supporting Information Table S1). Total phytoplankton
abundance increased with discharge, specific conductance,
and secondarily NH4

+ concentration, but declined with ele-
vated Secchi depth, NO3

� levels, and SRP content (Fig. 4a). In
contrast, periphyton abundance increased significantly
(p < 0.05) with NH4

+ concentrations and declined with ele-
vated discharge and elevated Secchi depth (Fig. 4b). Effects of
water temperature and TDN:SRP ratios were not significant
(p > 0.1) in either habitat (smooth linear and flat, EDF ~ 0),
while pH effects where marginal (p > 0.05).

Landscape regulation of community composition
Phytoplankton and periphyton assemblages exhibited sub-

stantial spatial and temporal variation in community compo-
sition (Fig. 5). Landscape position (distance), day, and their
interactions explained high proportions of deviance in com-
munity composition within GAMs for phytoplankton
(86.5%), periphyton (81.1%), and their ratios (77.5%). Both
suspended and benthic communities exhibited abundant sili-
ceous algae (as fucoxanthin) at most stations, with additional
site-specific contributions from cryptophytes (alloxanthin),
chlorophytes (Chl b), and total cyanobacteria (echinenone).
Further, HPLC analysis revealed that planktonic cyanobacteria
routinely consisted of colonial forms (as myxoxanthophyll) in
all reaches, whereas periphytic cyanobacteria also included
N2-fixing Nostocales (canthaxanthin) in Wascana Creek head-
waters and downstream Qu’Appelle River reaches (Supporting
Information Fig. S5).

Spatial variation in the abundance of individual algal and
cyanobacterial groups differed among years (Fig. 5). In general,
all phytoplankton groups increased between the two headwa-
ter stations, before declining markedly downstream of the
wastewater treatment plant, particularly in the case of
cryptophytes and total cyanobacteria. In contrast, abundance
of suspended chlorophytes and siliceous algae increased signif-
icantly below the effluent outfall in spring and early summer
of 2018. All planktonic groups typically increased downstream
of the confluence with the Qu’Appelle River in both years
(Fig. 5a). Unlike phytoplankton, all epilithon groups increased
significantly in urban-impacted waters in 2019, with more
limited increases observed in late summer 2018. Abundance of

periphyton usually declined within ~40 km of wastewater out-
fall and remained low following the confluence of Wascana
Creek and Qu’Appelle River, with the exception of

Fig 4. Legend on next page.
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cryptophytes (Fig. 5b) and diazotrophic cyanobacteria
(Supporting Information Fig. S5) which increased in the
Qu’Appelle River during 2019. Benthic: planktonic ratios of
most phototrophic groups increased immediately downstream
of the wastewater treatment plant (Fig. 5); however, timing of
changes varied among years, with elevated ratios during July–
August in 2018 and May–June in 2019 (Fig. 5). Overall, these
patterns suggest that influx of urban effluent favored
chlorophytes and siliceous algae in both habitats, while N2-

fixing cyanobacteria were common in Wascana Creek headwa-
ters and Qu’Appelle River locations.

Analysis of landscape patterns of phototroph commu-
nity composition using GAMs with diverse physico-
chemical predictors explained 84.0% of deviance in phyto-
plankton and 72.6% in periphyton when years were ana-
lyzed together (Fig. 6, Supporting Information Table S1) or
separately (not shown). For phytoplankton (Fig. 6a), signifi-
cant global effects (p < 0.05; all biomarkers together) were
recorded for all chemical (except pH) and physical vari-
ables, as well as spatial (distance) and temporal (day)
parameters. Similarly, significant taxon-specific effects were
included for all variables, except pH (marginal effect)
(Fig. 6a). Many physico-chemical parameters also exhibited
significant global effects on epilithic assemblages (except
temperature, SRP, and, marginally, TDN:SRP), while taxon-
specific effects were recorded for all parameters except dis-
charge and, marginally, NO3

� (Fig. 6b).
Physico-chemical factors had differential effects on photo-

trophic communities when analyzed at the landscape scale
(Fig. 6). Across all sites, high discharge rates favored elevated
phytoplankton abundance and reduced densities of

Fig 5. The modeled spatial and temporal distribution of suspended (phytoplankton, a) and benthic (periphyton, b) algae and cyanobacteria pigments
and their ratio (c), using pigment biomarkers, in 2018 and 2019 in Wascana Creek and Qu’Appelle River along a continuum in reference to Regina’s
wastewater treatment plant (WWTP). Modeled taxa by pigment include siliceous algae (fucoxanthin), cryptophytes (alloxanthin), chlorophytes (chloro-
phyll b), and total cyanobacteria (echinenone). Deviance explained by generalized additive models using day of year, distance to wastewater treatment
plant and their interaction as predictors of phototroph abundance was 87.0% for phytoplankton, 81.0% for periphyton, and 77.5% for their ratio. Col-
ored lines are predicted means at four days of year, 136, 170, 200, 236, in 2018 and 2019 that correspond to summer months in the growing season.
Shaded areas are 95% confidence intervals. Red and black dotted lines represent the inflow of effluent into Wascana Creek and the confluence of
Wascana Creek with Qu’Appelle River, respectively.

FIG 4. The modeled marginal smooth effects of physico-chemical vari-
ables on total phytoplankton (a) and periphyton (b) biomass (trichro-
matic Chl a) in response to changes in physico-chemical parameters
(rows) measured in Wascana Creek and the Qu’Appelle River during May–
September 2018 and 2019. Red lines represent the mean effect. Blue-
shaded areas are 95% credible intervals. Deviance explained by general-
ized additive models using physico-chemical parameters, day of year, and
distance to wastewater treatment plant as predictors of changes in phyto-
plankton and epilithon abundance were 66.3% and 53.9%, respectively.
p values are located at the top of each plot. Temperature and TDN:SRP
were nonsignificant (not presented). Turbidity was removed due to
covariation with Secchi depth.
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periphyton, but analysis revealed limited effects of commu-
nity composition in either habitat. Irradiance regime had
nonlinear global effects on assemblages (Fig. 6), with marked
increases in phytoplankton and declines in periphyton at
Secchi depths >90 cm, mainly due to siliceous algae and
chlorophytes. Overall, pH had minimal effects on phytoplank-
ton, other than a slight increase in siliceous algae in alkaline
conditions, whereas periphyton declined modestly with
increased pH due to more pronounced responses of
chlorophytes. Both specific conductance and temperature
exhibited complex, nonlinear relationships with phytoplank-
ton and periphyton, although in both cases global responses
of assemblages were significantly influenced by the presence
of chlorophytes and secondarily siliceous algae.

In general, phytoplankton and periphyton assemblages
exhibited contrasting relationships to concentrations of dissolved
nutrients (Fig. 6). Dissolved N species generally had their greatest
global effects on phytoplankton, and a diminished influence on
periphyton, at intermediate nutrient concentrations, with ele-
vated effects of chlorophytes or siliceous algae in both habitats.
Effects of SRP were indistinct, with pronounced differences in
response of siliceous algae and cyanobacteria in both habitats.
Global effects of TDN:SRP ratios on phytoplankton increased with
the nutrient ratio, whereas effects on epilithon declined, largely
reflecting responses of chlorophytes and siliceous algae.

Effects of effluent on phytoplankton and periphyton
Influx of effluent from biological nutrient removal pro-

cesses was correlated strongly to changes in abundance and
composition of phytoplankton and periphyton when ana-
lyzed using GAMs with stream-water δ15N, distance from
wastewater treatment plant, and day as predictors (Fig. 7).
Abundance of phytoplankton as both Chl a (51.6% deviance
explained) and global response of all biomarkers (67.1%)
declined markedly as δ15N increased from background (ca. 5–7
‰) values (Leavitt et al. 2006) to those characteristic of nearly
pure effluent (20–25 ‰) (Fig. 2). In contrast, total periphyton
abundance as either Chl a (21.5% deviance explained) or

Fig 6. The modeled marginal smooth effects of physico-chemical variables
on phytoplankton (a) and epilithon (b) biomarker pigments in response to
changes in physico-chemical parameters (rows) measured in Wascana
Creek and the Qu’Appelle River during May–September 2018 and 2019.
Deviance explained by GAMs using indicated physico-chemical parameters,
day of year, and distance to wastewater treatment plant as predictors of
changes in the phytoplankton and epilithon was 84.0% and 72.6%,
respectively. For the global pigment smooths (all pigments included), red
lines represent the mean effect and blue-shaded areas are 95% credible
intervals. The taxa-specific effects (how specific pigments vary over global
effect) are to the right of the global effect panels and shaded areas are
95% credible intervals. Groups include siliceous algae (fucoxanthin;
orange), cryptophytes (alloxanthin; yellow), chlorophytes (Chl b; green),
and cyanobacteria (echinenone; blue). p values are located at the top of
each plot. Turbidity was removed due to covariation with Secchi depth.
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global biomarkers (58.8%) increased with wastewater content
in Wascana Creek (Fig. 7). In both habitats, global responses
reflect the more pronounced effect of siliceous algae and
chlorophytes over cryptophytes and cyanobacteria (Fig. 7).

Discussion
Mechanisms affecting eutrophication of flowing waters can be

difficult to discern due to complex interactions between natural
and anthropogenic processes (Stevenson and White 1995; Reyn-
olds andDescy 1996; Dodds and Smith 2017), particularly in eutro-
phic systems (Waiser et al. 2011; Wu et al. 2011; Breuer et al. 2017)
or those receiving effluent from advanced wastewater treatment
(Carey and Migliaccio 2009; Hamdhani et al. 2020). Here we con-
trasted the reach-specific effects of effluent produced by biological
nutrient removal processes (NO3

�-rich; low NH4
+, reduced SRP,

low turbidity) with landscape effects of natural physico-chemical
conditions as controls of phytoplankton and periphyton assem-
blages in small productive prairie streams. As seen in other eutro-
phic systems (Leland 2003; Andrus et al. 2015; Breuer et al. 2017;
Moorhouse et al. 2018), landscape patterns in abundance and com-
position of both phytoplankton (66.3%, 84.0% deviance
explained, respectively) and periphyton (53.9%, 72.0%) were
relatedmainly to spatial and temporal variation in discharge, water
transparency, and solute concentrations (Figs. 4, 6). Unexpectedly,

modern urban effluent sharply reduced phytoplankton abun-
dance, while increasing that of periphyton (Figs. 3, 5, 7) and favor-
ing diatoms and chlorophytes over harmful cyanobacteria (Fig. 7),
in contrast to responses to wastewater elsewhere (Murdock
et al. 2004; Solomon et al. 2019; Hamdhani et al. 2020). Further,
use of aqueous δ15N as a wastewater-specific marker revealed that
39.9–81.7% of landscape deviance in phototrophs could itself be
explained by changes in effluent content, mainly within a 60-km
reach below the wastewater treatment plant. Analysis with GAMs
also suggested that the strong reciprocal changes in phytoplankton
and epilithon arose from dilution of turbid stream water with
transparent effluent, changes in discharge, and influx of NO3

�

(Figs. 4, 6), the preferred N source for N-limited siliceous algae and
chlorophytes (Glibert et al. 2016; Swarbrick et al. 2019). Thus,
although natural environmental controls were overwhelmed by
wastewater discharge (similar to del Giorgio et al. 1991), influx of
urban effluent shifted prairie streams to a clear, biofilm-rich ecosys-
tem state more characteristic of forested (Dodds et al. 2006) or
restored habitats (Riley andDodds 2012).

Phototrophic assemblages in prairie streams
Elevated densities of diverse phytoplankton groups were

recorded in both first-order headwaters and larger downstream
reaches (Figs. 3, 5; Supporting Information Fig. S5). Similar to
other small eutrophic streams (Wu et al. 2011; Breuer

Fig 7. The modeled marginal smooth effects of urban effluent (as δ15Nwater) on phytoplankton (top row) and periphyton (bottom row) biomass (Chl a;
left column), global pigment biomarkers (middle column), and taxon-specific effects (right column) in the study area during 2018 and 2019 combined.
Red lines represent the mean effect, blue-shaded areas are 95% credible intervals. Generalized additive models using δ15N, distance to wastewater treat-
ment plant, and day of year as predictors were used to explain deviance in phytoplankton abundance (51.6% as Chl a) and composition (67.1% as
global biomarkers), as well as periphyton abundance (21.5%) and composition (58.8%). All models were highly significant (p < 0.0001). Taxon-specific
effects (how individual groups vary over the global effect) along with shaded 95% credible intervals are indicated for siliceous algae (fucoxanthin;
orange), cryptophytes (alloxanthin; yellow), chlorophytes (Chl b; green), and total cyanobacteria (echinenone; blue).
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et al. 2017), phytoplankton were abundant in low-order grass-
land streams, with elevated Chl a concentrations (up to
300 μg Chl a L�1) greater than those recorded in many large
eutrophic rivers (Moorhouse et al. 2018; Varol and Şen 2018).
Overall, suspended Chl a levels were comparable to values
observed previously in regional lakes and rivers (Davies 2006;
Waiser et al. 2011; Vogt et al. 2018) and were consistent with
measurements in other nutrient-rich and agriculturally
influenced temperate streams (Van Nieuwenhuyse and
Jones 1996; Wu et al. 2011; Breuer et al. 2017). However,
while regional eutrophic lakes that drain into the Qu’Appelle
River (Wascana, Buffalo Pound, Last Mountain; Fig. 1) exhibit
abundant cyanobacteria during summer (Leavitt et al. 2006;
Vogt et al. 2018), including N2-fixing forms (Donald
et al. 2011; Hayes et al. 2019), these small fluvial systems
mainly support diatoms and chlorophytes (Fig. 5; Supporting
Information Fig. S6) despite regional N limitation of stream
phytoplankton (Supporting Information Fig. S1).

Despite abundant phytoplankton, periphyton was well
developed in shallow marginal waters throughout the study
system (Figs. 3, 5; Supporting Information Fig. S5). These ben-
thic phototrophs respond rapidly to nutrient fertilization
(Dodds and Smith 2017) and indicate environmental degrada-
tion when Chl a exceeds 10–15 μg cm�2 (Welch et al. 1988)
and filamentous cyanobacteria are common (Peterson and
Grimm 1992; Murdock et al. 2004; McCall et al. 2017). Epi-
lithic communities in this study deviated from these expecta-
tions in two significant ways. First, while colonial and
diazotrophic cyanobacteria were present in attached commu-
nities in headwaters and the Qu’Appelle River reaches, particu-
larly during late summer (Supporting Information Fig. S5),
associated Chl a values rarely exceeded 10 μg Chl a cm�2 at
these locations (Fig. 3). Second, extremely high abundance of
epilithon (15–30 μg Chl a cm�2) in effluent-influenced reaches
were composed mainly of diatoms and secondarily
chlorophytes (Fig. 5) rather than cyanobacteria (Murdock
et al. 2004). This pattern is also common in urban eutrophic
streams where diatoms and Cladophora can be co-dominant
(Dodds 1991; Hamdhani et al. 2020). Taken together, these
observations show that effluent from biological nutrient removal
plants can reduce the symptoms of eutrophication by promoting
diatom-rich biofilms over colonial cyanobacteria, despite addi-
tion of growth-saturating concentrations of N and P.

Abundance and community composition of both phytoplank-
ton and periphyton exhibited complex, nonlinear relationships
with measured environmental parameters at the landscape scale
(Fig. 2), with particularly marked effects of regional variation in dis-
charge, transparency and some dissolved nutrients (see below), but
not temperature or pH (Figs. 4, 6). As seen elsewhere (Murdock
et al. 2004), periphyton abundance generally decreased with
increasing discharge, with particularly low epilithon abundance at
velocities (>1 m s�1) known to induce scouring of benthic habitats
(Biggs 1995).While phytoplankton densities may also decline with
discharge (Baker and Baker 1979), turbulence-adapted planktonic

taxa (diatoms, chlorophytes) actually benefitted from higher flow
(Fig. 5; Supporting Information Fig. S5) relative to positively buoy-
ant cyanobacteria (Reynolds and Descy 1996). Overall, the recipro-
cal relationships between Secchi depth and phytoplankton
abundance (Fig. 4), as well as turbidity (not shown), suggests that
high densities of suspended algae (see above) were an important
factor regulating water column transparency. Because periphyton
abundance declined with elevated phytoplankton densities (and
turbidity), we infer that shading by suspended algae may have
inhibited periphyton growth in headwaters and downstream
reaches where Secchi depth was <20 cm (Munn et al. 1989; Ros-
emond et al. 2000). Similarly, although periphyton abundance was
inversely related to Secchi depth (Figs. 4, 6), epilithon only
declined at extremely high transparency, possibly due to photo-
inhibition of diatoms (Schwaderer et al. 2011; Glibert et al. 2016).
Although speculative, the absence of substantial effects of tempera-
ture and pH (Munn et al. 2002; Wu et al. 2011; Breuer et al. 2017)
may reflect the pronounced seasonal increases in both parameters
(10�C, 1 pH unit) and the incorporation of associated variance into
the day parameter within GAMs. Thus, although experimental
research is needed to validate proposed mechanisms, the observa-
tion that 73–84% of deviance in both suspended and epilithic
communities was explained by measured variables (Fig. 6) suggests
that this study identifiedmost key processes regulating regional pri-
mary producers.

Effects of modern urban effluent on eutrophic streams
Comparison of the performance of GAMs parameterized with

either a comprehensive suite of physico-chemical predictors
(Figs. 4, 6) or effluent-specific δ15N (Fig. 7) demonstrated that up
to 80% of explained deviance in the inclusive landscape model
was itself attributable to variation in wastewater content of
Wascana Creek. Because urban wastewater represents the main
source of 15N-enriched dissolved N in the study area (Hayes
et al. 2019), elevated δ15N values in filtered water, phytoplankton,
and epilithon (Fig. 2; Supporting Information Fig. S8) can be used
to identify influx of effluent N to streams (Leavitt et al. 2006).
Whereas phytoplankton in upstream Wascana Creek and the
Qu’Appelle River exhibited growth limitation by N in microcosm
experiments (Supporting Information Fig. S1), and both
suspended and attached communities included N2-fixing cyano-
bacteria (Supporting Information Fig. S5), neither N limitation
nor N2 fixation was important in effluent-impacted reaches of
Wascana Creek. Instead, phototrophic growth appeared saturated
by influx of urban N and P, as seen in other fertilized streams
(Van Nieuwenhuyse and Jones 1996; Dodds et al. 2006). Allevia-
tion of N limitation also promoted growth of diatoms and
chlorophytes (Figs. 4, 6), as seen in other NO3

�-rich systems
(Breuer et al. 2017; Varol and Şen 2018; Solomon et al. 2019) but
in contrast to elevated cyanobacteria seen downstream of N-rich
tertiary wastewater treatment plants (Kim et al. 2020). Diatoms
prefer NO3

� because of their high nitrate reductase activity
(Glibert et al. 2016), abundant NO3

� transporters, and large intra-
cellular NO3

�-storage vacuoles (Glibert et al. 2016), whereas
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chlorophytes tolerate and can be stimulated by high levels of
both NO3

� and NH4
+ (Glibert et al. 2016; Bogard et al. 2020). In

contrast, heterocyteous cyanobacteria are often outcompeted in
N-replete waters (Bogard et al. 2020), while nondiazotrophic cya-
nobacteria prefer chemically reduced N (NH4

+, urea) over NO3
�

(Glibert et al. 2016; Swarbrick et al. 2019) (Fig. 5). Consistent with
prior studies of regional eutrophic lakes, including Wascana Lake
(Swarbrick et al. 2020), addition of dissolved P to already P-rich
reaches (>50 μg SRP L�1; Fig. 2) had little effect on phototrophic
communities beyond a negative association with phytoplankton
abundance as Chl a (Fig. 4).

Declines in suspended diatoms and chlorophytes with
increased δ15Nwater values (Fig. 7) and Secchi depth (Fig. 6) suggest
that clear urban effluent (~4.5 NTU) diluted turbid (~25 NTU),
phytoplankton-rich headwaters, increased water-column transpar-
ency (Fig. 2), and expanded epilithic communities, resulting in
elevated periphyton:phytoplankton ratios for 40–60 km down-
stream of the wastewater treatment plant (Figs. 3, 5; Supporting
Information Fig. S5). This dilution effect was most pronounced
during the latter half of 2018 and early summer of 2019 (Figs. 3,
5), periods when Wascana Creek discharge was composed mainly
of urban effluent (Supporting Information Fig. S6). Because
periphyton abundance was inversely and significantly related to
phytoplankton (and turbidity), we infer that shading by
suspended particles may have inhibited periphyton growth in
headwaters and downstream reaches (Munn et al. 1989; Ros-
emond et al. 2000), but that effluent may have alleviated light
limitation (Fig. 2). Taken together, our findings show that influx
of effluent from wastewater plants using biological nutrient
removal altered periphyton:phytoplankton ratios by both reduc-
ing densities of suspended phototrophs through dilution and
stimulating growth of epilithic diatoms and chlorophytes through
provision of light and NO3

�. However, while wastewater influx
suppressed natural mechanisms regulating primary producers as
seen with pollution effects elsewhere (del Giorgio et al. 1991; Ste-
venson and White 1995; Solomon et al. 2019), effects of effluent
were themselves transitory, and eutrophic phytoplankton-rich
conditions were re-established downstream of the Wascana
Creek-Qu’Appelle River confluence because of regional controls
(Munn et al. 2002; Black et al. 2010; Andrus et al. 2015).

Conclusions
In this study, influx of urban effluent resulted in an unex-

pected shift from phytoplankton to periphyton, due to
increased water clarity and NO3

� fertilization. In particular,
urban effluent reduced colonial cyanobacteria in both habitats
and favored development of siliceous algae and chlorophytes
due to multiple mechanisms (Glibert et al. 2016; Solomon
et al. 2019; Swarbrick et al. 2019). While influx of effluent
overwhelmed natural river flow, irradiance and solute concen-
trations as controls of primary production in suspended and
benthic habitats, landscape analysis also suggested that effects
of modern wastewater were limited to a ~60 km interval below

the treatment plant outfall and that more typical conditions
(Fig. 2) and assemblages (Figs. 3, 5; Supporting Information
Fig. S5) were re-established after confluence with the larger
Qu’Appelle River (Munn et al. 2002; Black et al. 2010; Andrus
et al. 2015). We conclude that wastewater treatment using bio-
logical nutrient removal processes is a useful management
strategy with clear environmental benefits (Carey and
Migliaccio 2009; Holeton et al. 2011), as a turbid, eutrophic
stream was transformed into a clearwater ecosystem with rich
biofilms of diatoms and chlorophytes, and few harmful cyano-
bacteria. Such state changes in well documented in shallow
lakes (Vadeboncoeur et al. 2003), but rarely observed in small
river systems. Further research will be needed in other lotic
and lentic systems to evaluation how the importance of efflu-
ent from biological nutrient removal processes may vary with
the size, productivity, stoichiometry, and catchment charac-
teristics of the receiving water bodies.
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