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Abstract

1.

Sewage effluent is a major ongoing threat to water quality and biodiversity in
freshwater environments. It can cause outbreaks of sewage fungus (fungus-like
bacteria which form macroscopic masses) but, until now, these were only qualita-

tively recorded from visual inspection, ignoring microscopic forms.

. Here, we used an innovative method that combines machine learning, microscopy

and flow cytometry, to rapidly and efficiently quantify the presence and abun-
dance of sewage fungus in rivers. Our study involved 11 rivers with (n=6) and

without (n=5) sewage input in England over four sampling occasions.

. We were able to detect and enumerate the filaments before masses became

visible to the naked eye and, as expected, we found a higher number of fila-
ments downstream of sites where treated sewage was offloaded into the river.
Therefore, our detection method could be used as a ‘canary in the coal mine’ for
future outbreaks allowing early intervention.

Combining our quantitative data on filaments with data on the physical and chem-
ical parameters of the rivers, we found that high conductivity, sulphate, nitrates
and TDS were associated with the presence and proliferation of sewage fungus.
This information can be extremely useful for regulatory bodies and water compa-

nies to develop mitigating strategies and action to prevent future outbreaks.

KEYWORDS
automated technique, freshwater ecology, machine learning, river pollution, sewage fungus,
wastewater

1 | INTRODUCTION

Sewage effluent is one of the most important contributors to pol-
lution of aquatic ecosystems on a global scale (Turner et al., 2003;
Whelan et al., 2022). Rivers, in particular, are heavily affected by

sewage discharge, with potentially severe impacts on ecosystem

functioning and natural capital (Oliveira & Goulder, 2006). Rivers
are crucial parts of the global water cycle and essential for human
health, connecting inland watersheds to the marine environment
and providing drinking water for most of the global population
(Koelmans et al., 2016). Thus, investigating the effects of sewage ef-

fluent on river ecosystem processes and water quality is paramount
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not only for the environment, but also for local human populations
(e.g. Eregno et al., 2016).

Water companies in the UK are permitted to release treated
wastewater into rivers, and during heavy rainfall conditions, un-
treated wastewater is also released (Geatches et al., 2014). Although
treated sewage is diluted by river water, the discharge often in-
fluences the ecosystem by altering water quality, which has well-
recognised consequences for freshwater organisms (Hilario Garcia
et al., 2017; Riechel et al., 2016; Worrall et al., 2019). For instance,
the high nutrient load in sewage discharge favours algal growth
causing blooms. When the algae die, they boost microbial activity
resulting in oxygen depletion and mass fish mortality (Aubertheau
et al., 2017; Gonzalo & Camargo, 2013; Mor et al., 2019). Addition-
ally, sewage effluent is of public health significance, as it can contain
bacteria and dangerous pathogens. This poses a threat for human
well-being if water is then used for drinking, recreational or agricul-
tural purposes (Robertson et al., 2006; Zafar et al., 2017).

Sewage effluent is a complex mixture of inorganic nutrients, or-
ganic matter and microorganisms (Marti et al., 2004). These microor-
ganisms can be divided into two groups: those that convert organic
matter into inorganics and are a fundamental part of wastewater
treatment processes (Oliveira & Goulder, 2006), and those which
are informally and collectively called ‘sewage fungus’. Sewage fun-
gus comprises several species of bacteria (e.g. Sphaerotilus natans,

Beggiatoa alba, Carchesium polypinum, Flexibacter spp.), often with

a filamentous, ‘fungus-like’ shape in surface waters (Figure 1a,b,
Kator & Rhodes, 2003). Despite appearing like fungi, the filaments
are actually single rod-shaped cells that are mostly Gram-negative,
obligate aerobes that divide by binary fission and do not branch
(Kator & Rhodes, 2003; Oliveira & Goulder, 2006). These filamen-
tous bacteria form macroscopic masses when there are significant
amounts of organic nutrients, which not only cause unpleasant
smells but severely reduce oxygen levels in water that can adversely
affect all river biota (Curtis, 1969). For instance, Sphaerotilus sp, a
common genera of sewage fungus worldwide, smothers fish eggs,
stopping them from hatching (Gaufin & Tarzweu, 1955; Smith &
Kramer, 1963). Therefore, early detection of sewage fungus in rivers
is paramount to allow intervention and to avoid extensive outbreak
events (i.e. when massive growths of sewage fungus can completely
cover submerged surfaces, causing organic pollutions in rivers, Cur-
tis & Harrington, 1971).

Despite the potential impacts of sewage fungus in freshwa-
ters, current approaches to detect its presence and quantifying its
abundance in UK rivers only comprise a simple in situ visual, quali-
tative inspection by managers (Curtis & Harrington, 1971; Geatches
et al, 2014). In standard environmental monitoring protocols
(Geatches et al., 2014), only the sewage fungus surface coverage
and water turbidity are recorded for a random area of the river, em-
ploying four qualitative categories (“none”, “localised”, “widespread”

and “extensive” for surface coverage; “clear”, “slight”, “moderate”

FIGURE 1 (a)Sewage fungus mat found in the downstream area of one river sampled in this study. (b) Sewage fungus under a Zeiss
compound microscope (Zeiss Axioskop 2 Plus). (c) Locations of the sampling sites (red triangles) at the impact rivers: final effluent from the
treatment plant and upstream and downstream in the receiving river. The blue arrow indicates the flow of the river.
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and “high” for turbidity; Geatches et al., 2014). This is a substantial
limitation because visual assessment means that only large masses
at the inspection point and in the human field of view are recorded,
and small, less dense outbreaks are excluded. Sewage fungus out-
breaks are, therefore, only subjectively detected once they are large
enough to be having negative effects on the river community. Armed
with such innovative approach, we developed an effective and fast
method to detect and facilitate early prevention of sewage fungus in
freshwaters, a method that can be used to create crucial strategies
of intervention for monitoring and management of our rivers.

For successful intervention, there is also a need to better un-
derstand the physical and chemical variables which may promote
growth, such as temperature, pH, oxygen and nutrients (Hulsen
et al., 2016; Kaleli & Islam, 1997; Zhang et al., 2018). These fac-
tors might change in different areas of the river which are directly
(i.e. downstream of the outflow) or not (i.e. upstream of the out-
flow) affected by the discharge of sewage effluent into rivers (e.g.
Curtis & Harrington, 1971; Geatches et al., 2014). Understanding
which environmental variables influence sewage fungus growth
will inform practitioners of the most efficient sewage treatment
methods and their impacts on river health. Our objectives are,
therefore, to (i) efficiently quantify the abundance of sewage
fungus in rivers to allow early detection; (ii) investigate the en-
vironmental factors that increase the chance of a sewage fungus
outbreak; and (iii) recommend approaches to pre-empt future

sewage fungus outbreaks.

2 | MATERIALS AND METHODS
2.1 | Studyarea

Four sampling campaigns were undertaken at 11 rivers in England,
UK, in 2021 (June, August, October and November). Six rivers re-
ceived treated wastewater and had previously recorded outbreaks
of sewage fungus (replicated impact sites), whereas the remaining
five rivers did not have a sewage outlet (replicated control sites).
All rivers were surveyed to detect the presence and abundance
of sewage fungus and characterise the physical habitat and water
chemistry. For each of the impact river, we sampled at two sites:
5-10m upstream and 5-10m downstream of the sewage outflow.
Additional water samples were collected at the final effluent (FE)
point (Figure 1c) in the water treatment sites. Control rivers were
randomly sampled at one site only. Anonymity of the river locations
has been intentional to protect the identity of the wastewater treat-

ment company.
2.2 | Sewage fungus sampling and processing
Two water samples from each site in each sampling month were

collected randomly using 50mL tubes. The water samples were
preserved using three drops of 25% glutaraldehyde and kept

refrigerated until processed in the Aquatic Laboratory at the Uni-
versity of Oxford. Here, subsamples of 10mL of water were visu-
ally analysed under a compound microscope (Zeiss Axioskop 2) to
identify the sewage fungus. For the enumeration of sewage fungus
filaments, we used 20mL subsamples and a Bench Top FlowCAM®
8000 (Fluid Imaging Technologies, Inc.) and its particle analysis
software (VisualSpreadsheet®©, version 4). FlowCAM® 8000 is an
imaging flow cytometer developed for rapid particle detection and
enumeration. It uses a combination of imaging and laser light to de-
tect particles within a fluid sample, enabling the capture of particle
images for image analysis. The FlowCAM settings were: 4x objec-
tive lens, 0.16 cm inner diameter tubing, field of view 300 flow cell
(300 pum depth, 3000 um width), an imaging rate of 21 frames/s and
a flow rate of 0.15mL/min. Autolmage mode was used to process
the images captured (Fluid Imaging Technologies Inc., 2011; Poulton,
2016). Image libraries of sewage fungus were created prior to the
experiment, adding to the machine a known sample with sewage
fungus and identifying the filaments based on their shapes and
forms. Libraries used as a reference for identification. In this way,
once the sample was photographed, images were auto identified by
the VisualSpreadsheet© software. Manual post-processing control
was performed to ensure the accuracy of the software. Once images
were correctly sorted, the total number of images (i.e. density of the
filaments) was recorded.

2.3 | Physio-chemical measurements and
water sampling

Physical parameters of the rivers were recorded for all 4months of
sampling, while the chemical parameters were tested in August, Oc-
tober and November 2021. At each sampling site in each of the 11
rivers the water temperature, pH, total dissolved solids (TDS), total
dissolved oxygen (DO) and electrical conductivity were measured
using a hand-held Combo pH and EC Hanna probe or a LT Lutron
probe. Additionally, three replicates of 100mL of water were col-
lected to analyse fluoride, chloride, bromide, nitrite (NOZ'), nitrate
(NO,"), phosphate (PO,%), sulphate (50,%7) and total organic carbon
(TOC). Water samples were kept refrigerated and analyses were un-
dertaken in the laboratory of the School of Geography and the Envi-
ronment at the University of Oxford (Table S1).

2.4 | Data analysis

We first tested if filament presence was significantly different in
our control rivers and the upstream sites of our impact rivers using
a binomial generalised linear model. No differences were detected
(Table S2, Figure S1) and, therefore, we considered the upstream
sites as controls in further analyses. To test for differences in fila-
ment numbers between upstream, downstream and final efflu-
ent, we used a linear mixed effect model (the Imer function in the
package “Ime4” in R, which was used for all analysis; R Core Team
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TABLE 1 (a)Result of the linear mixed effect model to test the difference in sewage fungus filaments between different sampling sites
and months. (b) Post-hoc analysis to test the difference in the presence of fungus filaments between location pairs.

(a) Sum of square Mean df F Pr (>F)
Sampling month 13.68 4,562 3 8.958 <0.05
Area 532.35 266.175 2 522.716 <0.05
Sampling month: Area 8.61 1.435 [¢) 2.817 <0.05
(b) Estimate SE Z value Pr (>2)
FE—Downstream 0.805 0.206 3.908 <0.05
Upstream—Downstream =533 0.206 -25.842 <0.05
Upstream—FE -6.128 0.206 -29.750 <0.05
June August
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FIGURE 2 (a) Sewage fungus abundance for all river sites (filaments in 20mL) in each sampling area (upstream, downstream and final
effluent) and for four sampling months. (b) Sewage fungus abundance (filaments in 20mL) in upstream and downstream sampling areas, for
all river sites, for four sampling months. Pink dots denote the samples with sewage fungus detected both with a visual qualitative inspection
of the river and with the FlowCam analysis. Turquoise dots are the samples with sewage fungus detected only with the FlowCam but not

visible in the river.
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version 1.4.17, Bates et al., 2015), with log+1 data transformed to
meet the assumption of the model. Sampling month and site were
set as explanatory variables, and the river was considered as a ran-
dom effect. We performed a post-hoc test using the glht function
in the “multcomp” package. We also determined if filament counts
were a good predictor of visible sewage fungus presence and out-
breaks. We obtained data on outbreaks reported to the Environ-
ment Agency (EA) by the water company during 2021, in addition
to our own visual records of sewage fungus growing in the sample
rivers.

For each sampling month, we used multivariate analysis of vari-
ance based on permutations (PERMANOVA, Anderson, 2017) to test
for chemical and physical differences between upstream, down-
stream and final effluent areas. PERMANOVAs were performed
using the “adonis” function in the “vegan” package (Oksanen, 2020),
with a Bray-Curtis distance matrix and a a-level of 0.05 and setting
999 permutations for the test (due to a technical limitation in pro-
cessing, we removed two impact sites downstream and two impact
sites upstream from the dataset). Further, similarity percentage anal-
ysis (SIMPER) was used for identifying which environmental param-
eters contributed the most to differences between sampling sites.
We then performed a regression analysis with the most influential
physical and chemical parameters identified by the SIMPER analysis
to test if they had a significant effect on the abundance of sewage
fungus filaments who were present in the downstream river areas.
Data were log transformed to achieve the normality of the residuals.

Physical and chemical dissimilarity between upstream and
downstream areas was visualised with a non-metric multidi-
mensional scaling (NMDS) ordination on a Bray-Curtis distance
matrix, using the function metaMDS in the “vegan” package (Ok-
sanen, 2020). The stress of each model was obtained by the dis-
tance matrix and provided assessments of the model fit (i.e. if the
2-axis created by the NMDS are sufficient to explain the data). We
considered the reduced-dimension representations of our data to
be acceptable if NMDS stress scores were <0.2 (Fetzner & Tay-
lor, 2018). Here, we omitted FE since physical measures were not
recorded. NMDS of chemical variables only, which includes FE, are
included in the SI. All plots were made using the “ggplot2” package
(Wickham, 2016).

3 | RESULTS

We found that sewage fungus was significantly higher in water sam-
ples downstream of final effluent input, and that filament numbers
were an appropriate predictor of pollution events. Filament numbers
were associated with conductivity, sulphate, nitrates and TDS.

3.1 | AQuantification of sewage fungus

Upstream sites had significantly lower numbers of filaments com-
pared to downstream sites (e.g. mean filaments per 20mL sample

per sites: 0.5+ 0.4 SE), which in turn had fewer filaments than the FE
(Table 1a,b, Figure 2a). Sites where we visibly saw the presence of
fungus mats had a higher number of filaments than those where we

did not see outbreaks (Figure 2b).

3.2 | Environmental drivers of sewage fungus
filament numbers

Environmental variables were statistically different between up-
stream, downstream and final effluent sites in all sampling months
(Table 2; Figure S2). Furthermore, there was clear clustering be-
tween upstream and downstream sites in the ordination, with the
former having higher oxygen levels and pH, and lower nutrient pol-
lution (Figure 3). SIMPER analysis revealed that conductivity, TDS,
nitrates and sulphates were the primary drivers of environmental
variability (Table S3; Figure S3). All the environmental variables we
tested (TDS, conductivity, pH, total dissolved oxygen, nitrates and
sulphates) had a significant effect on the sewage fungus abundance
(Table 3). The best fit model was conductivity, suggesting that this

variable is most closely associated with sewage fungus outbreaks.

4 | DISCUSSION

In this study, we demonstrate that a novel method which combines
machine learning, microscopy and flow cytometry, is a fast and effec-
tive approach to quantitatively detect sewage fungus in rivers. Overall,
the abundance of sewage fungus filaments was high when outbreaks

TABLE 2 Results of the PERMANQOVA analysis on the difference
between environmental parameters for upstream, downstream,
and final effluent areas.

Sum of

df  square  R? Pseudo-F  Pr(>F)

June
Area 1 0.032 0.122 4.7333 <0.05
Residuals 34 0.233 0.877
Total 35 0.266 1.000

August
Area 2 1.971 0.734 66.415 <0.05
Residuals 48 0.712 0.265
Total 50 2.683 1.000

October
Area 2 1.462 0.747 48.836 <0.05
Residuals 33 0494 0.252
Total 35 1957 1.000

November
Area 1 0.095 0.241 10.8 <0.05
Residuals 34  0.302 0.758
Total 35 0.397 1.000
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FIGURE 3 Non-metric multidimensional scaling (NMDS) graph on the axes of a two-dimensional solution based on Bray-Curtis
dissimilarities of environmental parameters in the upstream (green) and downstream (orange) sampling area. Different panels show

the different sampling months (June, August, October and November). Vectors represent strength and direction of correlation of each
parameter relative to the two NMDS axes. All the NMDS converged on a two-dimensional solution with an acceptable stress level (<0.2).

were visible (Figure 2b), suggesting that regular monitoring of their
abundance will allow for early detection in, and efficient management
of, wastewater treatment plants to pre-empt the visible mats that are
considered a pollution event and can have negative effects on fish and
in-stream ecosystems (Willoughby & Roberts, 1991).

For the first time, we were able to detect and enumerate sewage
fungus filaments even when not visible to the naked human eye. Tra-
ditional sampling methods and visual inspection are not able to fore-
cast future outbreaks or to determine which filaments are viable for
proliferation. Our novel approach is an effective and efficient solu-
tion to pre-empt and intervene before a sewage fungus outbreak
occurs, although it is important to note that the detected filaments
might not always be viable. Despite this, the advantages of swiftly
identifying and quantifying filaments outweigh the slight potential

for overestimation. This new technique, therefore, has the potential
to be used in regular sampling by water companies and other regu-
latory organisations (such as the Environmental Agency) to monitor
rivers and inland waters.

Sewage fungus densities varied with the sites sampled, with
higher concentrations of filaments in final effluent samples. A rea-
sonable explanation of this is that river water dilutes the highly
concentrated FE. Variation between downstream sites might
be explained by other sources of pollution such as agricultural
discharge and other forms of chemical and physical contamina-
tion (e.g. pharmaceuticals and microplastics, Fan et al.,, 2022;
Gray, 1985; Luo et al., 2014; Whelan et al., 2022). However, we
found a clear clustering between upstream and downstream sites
in the ordination suggesting that the major physical and chemical
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TABLE 3 Linear model analysis showing the effects of relevant
environmental parameters on sewage fungus abundance (log
transformed +1), for the different sampling months.

Sumof Mean Pr
df square square Fvalue (>F)

Conductivity
Conductivity 1 47421 47421  98.215 <0.05
Sampling month 2 7.787 3.894 8.064 <0.05
Conductivity: 2 8.017 4.009 8.302 <0.05
Sampling
month
TDS
TDS 1 37.264 37.264 50.223 <0.05

Sampling month 2 15.288 7.644  10.302 <0.05
TDS: Sampling 2 0.2566 0.283 0.381 0.685

month
pH
pH 1 11.659  11.658 18.5211 <0.05
Sampling month 2 40.341 20.170  32.042 <0.05
pH: Sampling 2 5.505 2.752 4.372 <0.05
month
02
o, 1 16.440 16.440 35.272 <0.05
Sampling month 2 40.437 20.218 43.379 <0.05
O,: Sampling 2 18.177 3.500 7.509 <0.05
month
Nitrates
Nitrates 1 45313  45.313 79.802 <0.05
Sampling month 2 9.890 4.945 8.708 <0.05
Nitrates: 2 4.707 2.354 4.145 <0.05
Sampling
month
Sulphates
Sulphates 1 27.249 27.249 69.107 <0.05
Sampling month 2 32.740 16.370  41.517 <0.05
Sulphates: 2 6.688 3.343 8.480 <0.05
Sampling
month

differences are caused by the input to rivers of treated sewage.
Sewage fungus was present in areas of the rivers that were char-
acterised by low oxygen and pH, and high temperature, nutrient
loadings, TDS and conductivity. This is in line with established
findings in previous studies (e.g. Curtis, 1969; Curtis & Har-
rington, 1971; Passell et al., 2007). These environmental variables
are closely related to each other; for instance, TDS combines the
sum of all ion particles including organic nutrients (such as hydro-
carbons and urea) and salt ions (Carey & Migliaccio, 2009). In ad-
dition, conductivity is a measure of the capacity of water to pass
electrical flow which is directly related to the concentration of ions

(e.g. chlorides, sulphides and carbonate compounds) in the water

(Carey & Migliaccio, 2009; Ekka et al., 2006; Haggard et al., 2005).
In this study, we found that sites where sewage fungus occurred in
significant abundance were associated with waters with high con-
ductivities (e.g. 900 ps/cm). We also found that high levels of sul-
phates and nitrates, typical products of waste water treatments,
were associated with presence of sewage fungus. This could have
negative implications for primary production, as stream cycling
of N can affect the nutrient supply available for phytoplankton
and aquatic plants (Palmer-Felgate et al., 2010). Moreover, high
sulphate concentrations can imbalance the natural sulphur cycle
(Hulshoff Pol et al., 1998; Silva et al., 2002), causing acidification
of surface waters and substrates, and resulting in a decrease of the
species diversity and the vitality of many freshwater ecosystems
(Silva et al., 2002).

Anthropogenic stressors of water quality threaten biodiversity
globally, a growing crisis that is particularly acute in freshwater
ecosystems (Tickner et al., 2020). In the context of global change,
this study is a key baseline to mitigating river ecosystem degrada-
tion. By creating a quantitative method which can be developed
and used to predict and prevent future outbreaks, together with
future research to identify ‘tipping point’ densities of sewage fun-
gus, it will be possible to efficiently monitor and regulate sewage
fungus.

5 | CONCLUSIONS

In summary, we developed a promising quantitative and forecasting
approach for the detection and enumeration of sewage fungus using
a FlowCAM, which combines innovative (machine learning) and
more traditional (microscopy and flow cytometry) techniques. This
approach (a) performs better than the qualitative visual inspections
currently adopted by regulators and the water industry, (b) robustly
and rapidly quantifies sewage fungus presence even when sewage
fungus is not visible to the naked eye, and (c) can be used as a pow-
erful prediction tool by regulatory bodies such as the Environment
Agency and by water companies aiming to identify possible thresh-
olds of sewage fungus abundance which can lead to an outbreak. A
further outcome of the research was to identify key environmental
variables (such as conductivity, nitrates and sulphates) associated
with the presence and proliferation of sewage fungus in rivers in the
south-west of the UK.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Methods used to analyse water chemistry samples.

Table S2. Results of the generalised linear model: presence or
absence of fungus between control and upstream area, divided by
sampling months.

Table S3. Results of the SIMPER analysis to test which environmental
parameter has more influence on the presence of fungus. The
analysis is divided by month.

Figure S1. Sewage fungus abundance in upstream and control rivers.
Figure S2. NMDS divided by chemical and physical parameters, for
the different sampling sites and months. Upstream samples are in
blue, downstream in yellow and final effluent in green. Stress values
are indicated to show the good fit of the model.

Figure S3. Relationship between the most influential physical and
chemical parameters identified by the SIMPER analysis, on the
abundance of sewage fungus filaments.

How to cite this article: Albini, D., Lester, L., Sanders, P.,
Hughes, J. M. R., & Jackson, M. C. (2023). Early detection
and environmental drivers of sewage fungus outbreaks in
rivers. Ecological Solutions and Evidence, 4, e12277. https://
doi.org/10.1002/2688-8319.12277

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob afe Safe YO 8SN JO SajnJ 0} ARIq1T 8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d U UO//:SdNL) SUONIPUOD pue SWiB | 8U1 89S *[1202/20/0z] Uo Akeiqiauliuo A8|iM ‘B9 1 Aq 2/ZZT 6TE8-8892/200T OT/I0P/L0d A8 | IM Aleq1jpulU0S feuINo fsag/sdny woly pepeojumod ‘€ ‘€202 ‘6TE8889Z


https://doi.org/10.1007/978-1-4939-3302-0_17
https://doi.org/10.1002/2688-8319.12277
https://doi.org/10.1002/2688-8319.12277

	Early detection and environmental drivers of sewage fungus outbreaks in rivers
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Sewage fungus sampling and processing
	2.3|Physio-­chemical measurements and water sampling
	2.4|Data analysis

	3|RESULTS
	3.1|Quantification of sewage fungus
	3.2|Environmental drivers of sewage fungus filament numbers

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


