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Abstract

Municipal wastewater treatment remains a critical intervention for reducing phospho-
rus inputs to receiving waters and mitigating nutrient loadings to prevent eutrophica-
tion. However, treatment performance is still commonly evaluated using total phosphorus,
which provides limited insight into the environmental relevance of discharged phosphorus
because it does not distinguish between dissolved, particulate, reactive, and potentially
bioavailable forms. This limitation is particularly important for advanced treatment sys-
tems that reduce total phosphorus but may also alter the balance and relative distribution
of specific phosphorus fractions discharged to receiving waters. Under these conditions,
concentration-based assessment alone may obscure whether residual phosphorus is likely
to remain inert or become available after discharge.

The goal of this research was to advance the characterization and interpretation of phos-
phorus in municipal wastewater effluents by evaluating how treatment affects phosphorus
form, release behaviour, and contributions to receiving waters. Full-scale wastewater efflu-
ents were characterized across secondary and tertiary treatment configurations using solids
collection, phosphorus fractionation, and controlled desorption experiments. These mea-
surements were used to assess the composition and bioavailability of effluent particulate
phosphorus, quantify changes associated with tertiary cloth filtration, evaluate phosphorus
release behaviour from effluent solids in relation to established sediment-based concepts,
and apply a multi-form phosphorus evaluation approach with hydrologic regime analysis to
evaluate conditions under which WW'TP discharges may materially influence bioavailable
phosphorus concentrations post discharge.

Collectively, the findings demonstrated that wastewater phosphorus relevance depends
not only on how total phosphorus is removed, but on how remaining phosphorus is par-
titioned and transformed after discharge. Effluent particulate phosphorus was dominated
by reactive inorganic forms, indicating that residual solids can represent a bioavailable
phosphorus pool rather than an inert particulate fraction. Tertiary treatment reduced
total and particulate phosphorus and lowered the release potential of effluent solids, but
did not eliminate dissolved phosphorus inputs or the capacity of remaining solids to act
as phosphorus sources. Desorption behaviour was highly influenced by temperature, while
pH effects were most evident outside circumneutral conditions. When these experimen-
tally derived behaviours were evaluated under receiving water conditions, the contribution
of bioavailable phosphorus was controlled strongly by dilution, background phosphorus
concentration, and efluent flow.

This thesis demonstrates that total phosphorus removal alone is insufficient to char-
acterize eutrophication-relevant wastewater performance. A more complete assessment
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requires explicit consideration of phosphorus speciation, particulate phosphorus bioavail-
ability and post-discharge release, and receiving water context. By linking treatment
performance to phosphorus form and flow patterns, this work provides a stronger basis
for interpreting wastewater phosphorus controls in relation to downstream bioavailable
phosphorus exposure, without assuming that concentration changes alone directly predict
ecological response.
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Chapter 1

Introduction



1.1 Background

Phosphorus is an essential nutrient for aquatic productivity, but excessive phosphorus in-
puts remain one of the primary drivers of eutrophication in freshwater systems. Elevated
phosphorus availability can stimulate excessive algal and cyanobacterial growth, alter eco-
logical structure and function, reduce dissolved oxygen, impair aquatic habitat, and create
challenges for drinking water treatment and source water protection (Carpenter et al., 1998;
Correll, 1998; Paerl et al., 2016; Sadegh et al., 2021). Because many freshwater systems
are phosphorus-limited, phosphorus management has long been central to water quality
protection, wastewater regulation, and eutrophication control. Historically, this has led to
regulatory and monitoring frameworks that prioritize reductions in total phosphorus (TP)
loads from both diffuse sources, such as agricultural runoff and urban stormwater, and
point sources, including municipal wastewater treatment plant (WWTP) effluents (Litke,

1999; Dillon & Rigler, 1974).

Among phosphorus sources to surface waters, WW'TP effluents occupy a distinct posi-
tion because they are continuous, regulated, and relatively controllable point inputs (Car-
penter et al., 1998). Unlike diffuse landscape sources, wastewater discharges can often be
targeted through treatment upgrades, operational optimization, and efluent monitoring.
This makes WWTPs both an important focus of phosphorus reduction and a useful setting
for evaluating how treatment processes influence the forms of phosphorus entering receiv-
ing waters. However, conventional wastewater performance assessment has relied heavily
on TP as the primary indicator of phosphorus removal and compliance (Kardos et al.,

2025; Preisner et al., 2020). TP is useful as a regulatory and mass-loading metric, but it is



an aggregate measurement that combines chemically and biologically distinct phosphorus
forms (Comber et al., 2015; Li & Brett, 2013). As a result, two effluents with similar TP
concentrations may differ substantially in ecological significance if their phosphorus is dis-
tributed differently among dissolved, particulate, immediately bioavailable, and potentially
bioavailable fractions. Here, bioavailability refers to the capacity of phosphorus to become
available for biological uptake following environmental transformation and should not be

interpreted as direct evidence of biological utilization or ecological response.

This distinction is important because eutrophication responses are not governed by TP
alone. Rather, ecological response depends on the form, bioavailability, persistence, and
transformation of phosphorus after discharge, as well as the hydrologic and biogeochemical
conditions of the receiving water (Bostrom et al., 1988; Read et al., 2014; Reynolds &
Davies, 2001). Soluble reactive phosphorus (SRP) is generally considered the most imme-
diately bioavailable phosphorus fraction because it is largely composed of orthophosphate
that can be directly assimilated by microorganisms and algae (Reynolds & Davies, 2001).
Other dissolved fractions, including dissolved organic and acid-hydrolysable phosphorus,
may also become bioavailable through hydrolysis or microbial transformation depending on
environmental conditions (Qin et al., 2015). Particulate phosphorus (PP), although often
considered less immediately available than SRP, can function as a mobile phosphorus reser-
voir. When transported downstream, retained in depositional zones, or resuspended from
sediments, PP may release bioavailable phosphorus through desorption, dissolution, miner-
alization, or redox-mediated processes (Bostrém, 1984; Bostrom et al., 1988; Niirnberg et
al., 2012; Read et al., 2014; Reynolds & Davies, 2001; Stone & English, 1993). Therefore,

TP-based phosphorus control strategies may not fully represent the bioavailable phospho-



rus load delivered to receiving waters.

The role of PP is particularly relevant in riverine systems because fine suspended parti-
cles are important vectors for phosphorus transport. Fine particles have high surface area
and may contain iron, aluminum, manganese, calcium, and organic phases that bind phos-
phate and regulate exchange with the water column (Stone & English, 1993). In natural
systems, the mobility and bioavailability of PP have been studied extensively in agricul-
tural, forested, urban, stream sediment, reservoir sediment, and internal loading contexts
(Simpson et al., 2021). These studies have shown that phosphorus exchange between solids
and water is influenced by sediment mineralogy, redox conditions, pH, temperature, am-
bient phosphorus concentration, organic matter, and particle size (Holdren & Armstrong,
1980; House, 2003; Huang et al., 2021; Kim et al., 2003; Rydin et al., 2011; Simpson et
al., 2021; Watt et al., 2021; Zhang et al., 2022). This literature has led to widely used
interpretive concepts such as adsorption—desorption isotherms, equilibrium phosphate con-
centration (E'PCy), and phosphate exchange potential, which are used to evaluate whether
particulate material behaves as a sink or source of dissolved phosphorus under specific

environmental conditions (House, 2003; House & Denison, 2000; Simpson et al., 2021).

Although these sediment-based concepts are useful, their application to wastewater-
derived solids is not straightforward. Wastewater effluent solids are generated through
engineered treatment processes, including biological treatment, chemical coagulation, floc-
culation, clarification, filtration, and disinfection (Panda et al., 2025). Their composition
reflects wastewater influent chemistry, microbial biomass, coagulant addition, treatment
configuration, solids retention, and hydraulic operation. Consequently, wastewater-derived

particles may differ from geogenic, agricultural, or urban runoff-derived particles in par-
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ticle size, surface coatings, mineral associations, organic matter content, and phosphorus-
binding phases (Fan et al., 2008; Stone & Mudroch, 1989; Zhu et al., 2012). These differ-
ences matter because the environmental behaviour of PP depends not only on the amount
of particulate material discharged, but also on the chemical forms of phosphorus associated
with those particles and the conditions under which those forms are released (Bostrom,

1984; Nurnberg, 2009; Stone & English, 1993).

This creates a broader concern for wastewater phosphorus assessment: the question
is not only whether WWTPs reduce phosphorus, but whether current monitoring and
performance metrics adequately characterize the phosphorus forms that matter most for
bioavailability and receiving water response. In routine monitoring programs, TP is typi-
cally measured and SRP may also be included in some applications. In contrast, the com-
position of PP in final effluents is rarely characterized in a manner that directly informs
bioavailability, partly because the required samples are difficult to obtain. The importance
of characterization of efluent solids and associated phosphorus forms is highlighted be-
cause PP is not a uniform pool. Non-apatite inorganic phosphorus (NAIP), which is often
associated with metal oxides and hydroxides, is generally a more reactive and potentially
bioavailable form (DePinto et al., 1981; Kleeberg & Dudel, 1997; Rydin, 2000; Zhou et
al., 2001; Kaiserli et al., 2002). Without a proper method for fractionation-based charac-
terization, it is difficult to determine whether effluent PP should be interpreted primarily
as a residual solids issue or as a potentially important pool of bioavailable phosphorus

(Research Gap 1).

This uncertainty also affects how treatment performance is interpreted. Advanced ter-

tiary treatment technologies are increasingly implemented to improve effluent quality and



lower TP concentrations before discharge. However, treatment processes may affect phos-
phorus forms differently. A treatment process that removes particulate material may reduce
TP while shifting the distribution of dissolved and particulate phosphorus fractions in the
final efluent. Moreover, by reducing the abundance of fine solids, such treatment may also
decrease the amount of particulate phosphorus available for subsequent release in receiving
waters. Therefore, understanding treatment performance requires more than the determi-
nation of reductions in TP concentration; it also requires evaluation of treatment-induced
shifts in phosphorus speciation and the resulting implications for phosphorus bioavailabil-
ity. Limited information is available on the nuanced effluent phosphorus fractionation and
how it should be interpreted in relation to downstream eutrophication potential (Research

Gap 2).

Phosphorus fractionation provides important insights to determine the environmen-
tal relevance of each phosphorus form, but more is known about dissolved phosphorus
repercussions (Jarvie et al., 2006). The importance of effluent PP depends on whether
phosphorus associated with efluent-derived solids is released under receiving water condi-
tions. Natural sediment studies provide a strong basis for evaluating phosphorus exchange,
but wastewater efluent solids have different origins and conditioning histories than natural
sediments. They are typically freshly formed, chemically conditioned, biologically derived,
and enriched in reactive phosphorus-binding phases, which potentially makes their desorp-
tion behaviour difficult to infer from sediment studies alone. It remains unclear whether
wastewater-derived solids follow the same adsorption—desorption responses observed for
natural sediments, whether established concepts such as EPCy provide appropriate de-

scriptors of their behaviour, and how environmental variables such as ambient SRP, pH,



and temperature influence their release potential. This uncertainty limits the represen-
tation of wastewater-derived PP in bioavailable nutrient loading assessments (Research

Gap 3).

Resolving phosphorus forms and release behaviour, although crucial, is not sufficient
to determine receiving water relevance. The effect of WW'TP-derived phosphorus also de-
pends on the receiving stream conditions and flow regimes into which it is discharged. A
given effluent load may be strongly diluted during high-flow conditions but become more
influential during low-flow periods when effluent represents a larger fraction of total river
flow (Jarvie et al., 2006). Another caveat is that the significance of a given SRP input
is dynamic (Li & Brett, 2013) and should be interpreted with caution, as variations in
SRP concentration may not always correspond to negative ecological responses. Existing
water quality models can represent phosphorus transport in detail, but they often require
extensive data, calibration, and site-specific parameterization. Additionally, assessments
that rely on static metrics or fixed effluent loads may not adequately capture the rela-
tive contributions of bioavailable phosphorus forms or identify the conditions under which
WWTP discharges become consequential. Therefore, there is a need to evaluate whether
incorporating multiple wastewater phosphorus forms, including dissolved phosphorus and
particulate phosphorus release potential, together with receiving water conditions, provides
a more meaningful assessment of the true role of municipal WWTP effluents as contribu-

tions to downstream nutrient dynamics (Research Gap 4).



1.2 Objectives

The overall goal of this research was to improve the characterization and interpretation of
bioavailable phosphorus in municipal wastewater effluents by resolving the forms, treatment
effects, release behaviour, and receiving water conditions that determine when WWTP-
derived phosphorus becomes environmentally relevant. This goal was addressed through
four linked research objectives that move from effluent characterization to treatment as-
sessment, environmental behaviour, and potential for receiving water responses. This the-
sis is written in a manuscript-based format, where Chapters 2-5 consist of individual
manuscripts, each addressing one objective of the study. The specific research objectives

were to:

1. Develop and apply a method for collecting fine suspended solids from treated wastew-
ater effluents to support characterization of particulate phosphorus forms and bioavail-

ability;

2. Determine how wastewater treatment level influences effluent phosphorus speciation,

bioavailability, and particulate phosphorus release potential post discharge;

3. Evaluate phosphorus release behaviour from wastewater efluent solids under receiving-
water-relevant conditions and assess whether sediment-based exchange paradigms

provide an appropriate interpretive basis; and

4. Evaluate multi-form phosphorus accounting and integration to receiving water’s con-
ditions and flow regimes for interpretation of the significance of WWTP phosphorus

contributions post discharge.



These objectives were evaluated across municipal activated sludge wastewater treatment
plants utilizing iron-based coagulants for chemically assisted phosphorus removal. Given
that phosphorus removal mechanisms, speciation, and release dynamics depend heavily on

system configuration, the results presented herein should be contextualized accordingly.

1.3 Thesis Organization and Research Approach

This thesis is organized into six chapters. Following the Introduction in Chapter 1, Chap-
ters 25 address Research Objectives 14, respectively. Chapter 6 presents a synthesis of
the main findings, contributions of the research, and practical implications, as well as how
the advancements presented herein can be integrated to guide future investigations and
research opportunities in the field. Figure 1.1 provides an overview of the thesis structure
by showing how the chapters are connected through their respective objectives, knowledge

gaps, and transferable findings.



Objective 1 (Chapter 2)
Develop and apply a method for collecting fine
suspended solids from treated wastewater
effluents to support characterization of
particulate phosphorus forms and bioavailability

Gap1
Effluent PP bioavailability remains poorly
resolved because suspended solids occur at low
concentrations in effluents and approaches for
recovering sufficient material for P fractionation
are not well established for this matrix

solids sampling protocol and PP bioavailability basis

Objective 3 (Chapter 4)
Evaluate phosphorus release behaviour from
wastewater effluent solids under receiving-
water-relevant conditions and assess whether
sediment-based exchange paradigms provide an
P speciation and PP appropriate interpretive basis

Objective 2 (Chapter 3)
Determine how wastewater treatment level
influences effluent phosphorus speciation,
bioavailability, and particulate phosphorus
release potential post-discharge

release potential Gap 3
Gap 2 Wastewater-derived solids differ from natural
TP-based removal does not reveal effluent P sediments in origin, composition, and treatment
composition, treatment-driven  effects on history, making it uncertain whether established
bioavailable P, or release potential of residual PP controls on sediment-P release adequately

describe their behaviour

treatment inputs, bioavailable P, release potential and controls

Objective 4 (Chapter 5)
Evaluate multi-form phosphorus accounting and
integration to receiving waters conditions and
flow regimes for interpretation of WWTP-
phosphorus contributions significance post-
discharge
Gap4

Existing assessments often rely on static metrics
or fixed effluent loads, limiting their ability to
represent the dynamic conditions that govern
downstream bioavailable P contributions and P
utilization

Figure 1.1: Overview of objectives interconnectivity.

To address the overall goal of improving how WWTP-derived bioavailable phosphorus
is characterized and interpreted, the thesis follows a progression from effluent solids char-

acterization to treatment effects, to effluent PP release potential, and finally to potential
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repercussions assessment. This structure reflects the need to first understand what forms
of phosphorus are present in treated wastewater, their characteristics, and how they behave
after discharge to then anticipate conditions under which WWTP discharges can become

consequential to relevant receiving waters.

For interpreting particulate phosphorus in wastewater effluents, a method was required
to collect sufficient quantities of fine suspended solids. These solids are typically present
at low concentrations, making them difficult to recover in sufficient quantities for detailed
phosphorus fractionation. Chapter 2 focused on adapting a solids collection approach
for treated wastewater effluents and applying it to characterize particulate phosphorus
forms and bioavailability. This was performed at full-scale WWTPs, and phosphorus
fractionation followed a specific sequential extraction. This characterization served as the
basis for subsequent reporting and analysis of efluent phosphorus speciation forms and the

release potential study.

As treatment performance is often evaluated based on TP removal, Chapter 3 sought to
determine whether lower TP also reflects meaningful changes in phosphorus bioavailabil-
ity. This chapter investigates the influence of treatment level on phosphorus speciation,
bioavailability, and particulate phosphorus release potential in treated effluents. Secondary
and tertiary effluents from full-scale WW'TPs employing advanced tertiary cloth filtration
were compared using phosphorus fractionation and release-based characterization of resid-
ual solids to assess how treatment modifies the composition and potential availability of

phosphorus remaining in the final efluent.

Understanding phosphorus fractions does not fully indicate how effluent-derived solids
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will behave after discharge. Chapter 4 focused on phosphorus release behaviour from
wastewater efluent solids under receiving-water-relevant conditions and evaluates whether
sediment-based source-sink paradigms provide an appropriate interpretive framework. This
was accomplished through controlled desorption experiments using effluent solids exposed
to varying water chemistry conditions, allowing their release behaviour to be compared
with concepts commonly applied to freshwater sediments. These results provide the mech-
anistic basis for representing the less explored particulate-derived phosphorus fractions as

a potential bioavailable pathway in receiving water assessment.

Finally, Chapter 5 connects the experimentally characterized effluent phosphorus forms
and release behaviour to the hydrologic conditions that evaluate receiving water exposure
to phosphorus increases. Even when effluent phosphorus forms and release potential are
known, how they are expressed post discharge depends on dilution, background river SRP,
effluent fraction, and the relative contribution of dissolved and particulate-derived phospho-
rus to the mixed receiving water. This chapter, therefore, provides an evaluation method
that integrates wastewater phosphorus speciation, particulate phosphorus release, and flow
regimes to interpret the significance of discharge contributions and identify conditions un-
der which they may influence the receiving water bioavailable phosphorus pool. In doing
so, the thesis moves from characterization of wastewater phosphorus forms to a practical
structure for evaluating when discharges could be potential contributors to adverse nutrient

responses downstream.
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Chapter 2

Characterization of particulate
phosphorus forms and bioavailability
in wastewater efluent to benchmark
drivers of eutrophication

This Chapter was published in Water Research:

Citation: Vianini, K., Anderson, W. B., Stone, M., Celmer-Repin, D., & Emelko, M.
B. (2025). Characterization of particulate phosphorus forms and bioavailability in wastew-

ater effluent to benchmark drivers of eutrophication, Water Research, 124600.
https://doi.org/10.1016/J. WATRES.2025.124600

Additional methodological information regarding sections “2.2.3 Sequential extrac-
tion of particulate phosphorus forms” and “2.3.2 Method Validation” that was
not included in the publication is provided below:

2.2.3 Sequential extraction of particulate phosphorus forms

PP speciation in effluent solids was qualitatively assessed using a standard sequential
extraction protocol (Figure 2.1) (Pettersson & Istvanovics, 1988; Stone & English, 1993).

This validated methodology mitigates operational limitations, incomplete extraction effi-
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ciencies, and mineral readsorption through optimized reagent sequencing and mass-balance
controls. The operational fractions are interpreted as phosphorus pools with similar chem-

ical reactivity rather than discrete mineral phases.
2.3.2 Method Validation

Some particles were inevitably not recovered, but complete recovery of the suspended-
solid population was not expected. Consequently, recovered solids represent the recovered

suspended-solid fraction obtained using the developed methodology.
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Summary

Municipal wastewater treatment plants are commonly regulated based on total phospho-
rus concentrations, yet the environmental relevance of residual efluent phosphorus depends
strongly on its chemical form and bioavailability. Here, particulate phosphorus in treated
municipal wastewater efluents was characterized to determine whether effluent-derived
solids represent inert residual material or a potentially bioavailable phosphorus source.
Phosphorus fractionation of collected effluent solids showed that particulate phosphorus
was dominated by reactive and potentially bioavailable forms, particularly non-apatite
inorganic phosphorus. These results demonstrate that effluent solids can act as carri-
ers of bioavailable phosphorus and should not be interpreted solely as a residual compo-
nent of total phosphorus. By identifying the composition and potential bioavailability of
wastewater-derived particulate phosphorus, this work provides a mechanistic foundation
for evaluating how treatment processes alter phosphorus forms and how residual efluent

solids may influence downstream phosphorus availability.

2.1 Introduction

Phosphorus (P) inputs from diffuse sources such as agriculture and point sources such
as wastewater treatment plant (WWTP) discharges contribute to surface water eutroph-
ication because P is the limiting nutrient for primary productivity in freshwater systems
(Carpenter et al., 1998; Paerl et al., 2016). It is primarily transported in association with

fine solids that have a high surface area and are composed of positively charged mineral sur-
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faces (e.g., iron, aluminum, manganese) that bind or release negatively charged dissolved
P species (Stone and English, 1993; Withers and Jarvie, 2008). Landscape disturbances
(e.g., agriculture, development, climate shocks such as wildfires) often increase the mobility
and delivery of solids from terrestrial to aquatic systems (Paerl & Paul, 2012; Emelko et
al., 2016). For example, extreme precipitation can intensify erosion and runoff, increasing
solids loads to surface waters (Emelko et al., 2024). Associated increases in particulate
(i.e., particle-bound) P (PP) levels in receiving waters can lead to increased downstream
transport and deposition of these P-rich fine solids and subsequent release of bioavailable
P from the solids to the water column in lakes and reservoirs (Sgndergaard et al., 2003;
Niirnberg, 2009). This “internal loading” can result from redox-driven release (e.g., anoxic
iron dissolution) and physical resuspension, which exposes organic PP to phosphatases
and enhances bioavailability (Bostrom et al., 1988; Sgndergaard et al., 2003; Hupfer and
Lewandowski, 2008; Qin et al., 2018). PP loading can also impact nutrient spiralling via
the uptake, transformation, and release of nutrients by biotic and abiotic processes along
the river continuum (Newbold et al., 1982). This can make bioavailable P accessible to
aquatic organisms and fuel downstream eutrophication, ecological imbalances, and drink-
ing water treatability challenges by promoting proliferation of cyanobacteria and other
algae, which can increase chemical coagulant demand and/or clog filtration and membrane
processes. Cyanobacteria can also produce toxins of human health concern and cause ser-
vice disruptions or outages because most water treatment plants are not designed to treat

them (Emelko et al., 2011).

Although domestic wastewater is rich in P due to the breakdown of human and food

waste (Xiong et al., 2020), WWTPs can reduce total P (TP) concentrations to relatively
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low levels (Duenas et al., 2003). Likewise, nutrient inputs from urban runoff are managed
through stormwater controls, green infrastructure, and low-impact development (Yang &
Lusk, 2018). It is generally believed that nutrient—and particularly P—loading to surface
water supplies and associated eutrophication threats are sufficiently controlled at point
sources such as WWTPs and targeted stormwater retention systems (Ramasahayam et al.,
2014). However, treatment performance and compliance assessments typically only involve
TP and/or soluble reactive P (SRP) (Sedlak, 1991; Smith, 2016). Thus, they do not reflect
P dynamics because they do not account for internal loading of bioavailable PP forms when

SRP has been utilized.

Environmental factors such as water temperature, stream chemistry, and redox con-
ditions can change in receiving waters (e.g., due to periods of low flow) to favour the
release of bioavailable P from bed sediments and the proliferation of cyanobacteria and
algae more broadly that they can fuel (Withers and Jarvie, 2008). Although it has been
shown that WWTPs can become primary contributors to P loading in receiving streams
during low-flow periods (Jarvie et al., 2006), the removal of specific PP forms—including
NAIP, the most readily bioavailable PP form—Dby various wastewater treatment processes
has not been evaluated. While PP forms have been characterized in wastewater sludge
(Gonzélez Medeiros et al., 2005; Garcia-Albacete et al., 2012; Zhang et al., 2019), the
composition of biowastes formed from the settling of larger solids likely does not reflect
the composition of fine suspended solids discharged in WWTP efHuents. Notably, previous
studies have demonstrated that particle size is often inversely proportional to P binding to
freshwater suspended sediments (Stone & English, 1993). While contemporary WWTPs

have increasingly adopted advanced treatment technologies that target P removal (e.g.,
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tertiary treatment) to further reduce TP in effluent streams (Bunce et al., 2018), their
effectiveness at removing bioavailable PP forms typically associated with colloidal solids
remains uncertain. Addressing this gap is essential for understanding and mitigating risks
to downstream drinking water providers with raw water storage reservoirs, which are es-
pecially vulnerable to algal/cyanobacterial proliferation fueled by internal P loading (Rast

& Holland, 1988).

PP concentrations in treated wastewater efuents are typically too low to collect suffi-
cient mass to assess PP forms. While solid-liquid separation methods such as membrane
filtration and lab-scale centrifugation have been used to concentrate solids from wastewater
streams (Hasing et al., 2021; Fonseca et al., 2022), they are not practical for processing the
large volumes (e.g., thousands of litres) of wastewater effluents needed to concentrate PP
for characterization. As continuous-flow centrifugation approaches have been used to con-
centrate river sediments (Conn et al., 2016) and wastewater viruses (Hejkal et al., 1981),

they may be effective for this purpose.

Given the lack of wastewater efluent PP characterization information and methods for
sample collection to evaluate it, the goal of this research was to characterize PP forms
in treated wastewater and compare the effectiveness of secondary (2°) and tertiary (3°)
treatment in removing bioavailable PP. To our knowledge, this is the first study of its
kind to (1) characterize PP forms in wastewater effluents and (2) adapt a continuous-flow
centrifuge (CFC)-based river solids sampling method for the collection of suspended solids
from large volumes of WWTP effluents. Bioavailable PP in 2° and 3° treatment process
effluent streams from two large WW'TPs in Ontario, Canada was evaluated. Such infor-

mation is essential to modelling the effects of wastewater efluent discharges on receiving
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water P dynamics, especially during low-flow periods when dilution is reduced.

2.2 Materials and methods

2.2.1 Sampling sites

This research was conducted at two activated sludge WWTPs (referred to as Plant W and
Plant K) that discharge into the same river in southwestern Ontario, Canada. Both plants
include primary (1°) treatment (i.e., chemical coagulation and subsequent clarification), 2°
treatment with aeration tanks and clarifiers, and subsequent ultraviolet (UV) disinfection
prior to discharge. In Plant W, ferric sulphate coagulant (7-10 mg/L) is added prior
to 1° clarification and aeration (4-6 mg/L). In Plant K, ferric chloride coagulant (4-7
mg/L) is added immediately upstream of 1° clarification, and ferrous chloride coagulant
(10-13 mg/L) is added prior to aeration. Waste activated sludge solids from the 2° clarifier
are thickened using a rotary drum thickener (RDT). Solids from the 1° and 2° clarifiers
undergo anaerobic digestion and dewatering; the supernatant is returned to the aeration
tank. Water from the RDT is returned to the 1° clarifier. The key difference between the
plants is that Plant K incorporates a 3° cloth filtration system prior to UV disinfection to
further remove suspended solids and concurrently reduce TP concentrations in the final
efluent. In Plant W, suspended solids were collected from the efluent tank where UV
disinfection occurs prior to final effluent discharge. In Plant K, solids were collected at two
locations: at the outflow of the 2° clarifiers and the outflow of the 3° filters. Historically,

Plant W effluent TP concentrations average 250 pg/L, while in Plant K they average
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200 pg/L.

2.2.2 Suspended solids collection using continuous-flow centrifu-

gation

A continuous-flow centrifugation method developed for use in rivers was adapted for col-
lecting suspended solids from WWTP effluents. A portable centrifuge (CFC Express, Sci-
entific Methods Inc., Granger, Indiana) was connected to a peristaltic pump (Cole Parmer
Masterflex L./S, Vernon Hills, Illinois) that continuously pumped water into a disposable
rotating 300 mL plastic bowl (fixed at 10,000 rpm), enabling centrifugation of large vol-
umes of water. Solids capture is proportional to the intake flow velocity, which was set to

600 mL/min.

When adapting the CFC method for WW'TP application, the efluent was collected
directly from the tank after UV disinfection (30-45 mJ/cm?) in Plant W, prior to dis-
charge. It should be noted that UV application at these levels is generally understood to
be inconsequential for chemical water quality. As the focus was on evaluating fine solids
that do not easily settle, the pump tubing inlet was placed at a depth of approximately
1 m below the water surface to avoid collecting either settled sludge or floating material
at the surface. The required time to collect these fine solids (~60 and ~160 h for 2° and
3° effluents, respectively) was substantially longer than what was reported for river sedi-
ments (~8 h) by Conn et al. (2016). Original estimates were based on a minimum total
suspended solids (TSS) concentration of 20 mg/L in river water, assuming a recovery effi-

ciency of 90% and a requirement of 5 g of dry mass (Conn et al., 2016), but the 2° effluent
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averaged 5—6 mg TSS/L, and the 3° effluent averaged 1-2 mg TSS/L; thus, substantially
high volumes of effluent were needed to achieve the mass required for PP extractions (i.e.,
2 g dry weight [dw]; at least 0.25 g per analysis of NH,CI-RP, BD-RP, NaOH-RP, HCI-RP,
and refractory P extractions [Pettersson & Istvanovics, 1988; Stone & English, 1993] as
detailed in Section 2.2.3, and the remainder for characterization of P release potential by

equilibrium phosphate concentration analysis, which is described elsewhere).

To avoid potential P release, transformation, bacterial cell lysis, microbial activity,
and sample contamination, the contents of the centrifuge bowl (approximately 300 mL)
were immediately transported to the laboratory for processing after centrifugation. The
disposable bowls have an enclosed design that prevents the removal or opening of any parts.
To retrieve the solids, the bowls were shaken vigorously to dislodge any clumps or material
adhering to the walls, and the contents were swirled and poured onto an aluminum tray
via outlet channel. Rinsing was unnecessary. The wet solids were dried at 105 °C on the

day of collection and refrigerated until analysis (U.S. EPA, 2001).

Three sampling campaigns were conducted to provide a synoptic characterization (i.e., a
“snapshot”) of PP in treated wastewater effluent streams: Campaign 1 (September 2022),
Campaign 2 (December 2022), and Campaign 3 (April 2023). During each campaign,
suspended solids were collected daily from the secondary effluents (Plants W and K) and
the tertiary effluent (Plant K) streams over several (i.e., 5 to 10) consecutive days and
composited. In total, nine composited samples were collected over approximately three

months and analyzed.
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Continuous-flow centrifugation method validation

The recovery efficiency of the CFC wastewater efluent suspended solids sampling method
was evaluated on-site by measuring T'SS concentrations before and after centrifugation to
determine the change in T'SS concentration. For this test, three samples were collected from
the secondary effluent tank in Plant W prior to running the centrifuge. After the centrifuge
started, three additional samples were taken from the outlet tubing. TSS was determined
according to Standard Method 2540 D (APHA, 2017) using a 1.2 pm glass microfiber
filter (Whatman™) and a Sartorius MSE224S-000-DU analytical balance (reproducibility
of £0.07 mg). This approach is used to quantify solids retention in the CFC; however,
it may not necessarily represent the dry mass available to be recovered from the CFC for
analysis due to losses that may occur during sample retrieval from the one-piece disposable
centrifuge bowl. To address this, CFC performance was further evaluated in triplicate by
adding 10 g of kaolin powder (Sigma-Aldrich) to 10 L of ultra-pure water in a single
high-density polyethylene pail. Kaolin was chosen over previously collected solids to avoid
potential partial dissolution and associated losses of fine solids during the experiment. The
kaolin suspension was pumped into the centrifuge bowl at a fixed rate of 600 mL/min, which
is the same rate used in the field (Conn et al., 2016). During centrifugation, the kaolin
suspension was mixed on a stir plate with a magnetic stir bar over the entire duration of
the experiment to avoid settling. Additionally, a pump rate of 300 mL/min was tested
in duplicate to determine if a lower pump rate would improve recovery. The recovered
mass was determined by subtracting the initial weight of the aluminum tray from its final

weight. This method ensured that the final mass represents the dry mass available for
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analyses after accounting for any losses during centrifugation, as well as sample transfer
from the centrifuge bowl and drying tray. Reproducibility was assessed by calculating
the coefficient of variation, defined as the standard deviation divided by the mean and

expressed as a percentage. Method validation results are presented in Section 2.3.2.

2.2.3 Sequential extraction of particulate phosphorus forms

A sequential extraction method (Pettersson & Istvanovics, 1988; Stone & English, 1993)
was used to qualitatively assess the relative fractional composition of PP forms in effluent
solids (Figure 2.1). The three PP forms evaluated during this sequential extraction include
NAIP, apatite inorganic P (AIP), and organic P (OP) (Pettersson et al., 1988; Stone & En-
glish, 1993). NAIP is the sum of three fractions that can desorb from solids surfaces to the
water column and, thus, are considered readily bioavailable (DePinto et al., 1981; Kleeberg
& Dudel, 1997; Rydin, 2000; Zhou et al., 2001; Kaiserli et al., 2002). These are: (1) loosely
sorbed P, typically the first extraction as it readily desorbs and includes P compounds dis-
solved in solids interstitial water (extracted by 1 M NH4Cl); (2) reductant-soluble P, which
is considered a potentially mobile P pool and available for microorganisms (extracted by
0.11 M NaHCOj3- NayS20y4); and (3) metal-oxide-bound P, which is mainly associated with
Fe and Al and can be released under both anoxic and aerobic conditions (extracted by 1
M NaOH). The AIP form (extracted by 0.5 M HCI) is sensitive to low pH and comprises
natural and detrital P, carbonate-bound P, and traces of hydrolyzable organic P, making
it a very stable fraction and unlikely to become bioavailable (Kaiserli et al., 2002). Lastly,

OP (extracted by 1 M NaOH at 85 °C) includes P forms bound to organic compounds
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like nucleic acids, phospholipids, phosphomonoesters and diesters, phosphonates, and nu-
cleotides; this fraction is not considered readily bioavailable but can become bioavailable
after hydrolysis and mineralization in fresh waters (Worsfold et al., 2008). After extraction
and subsequent centrifugation, the P concentrations in supernatants were determined via
inductively coupled plasma mass spectrometry (Agilent 7900 ICP-MS, Agilent, California,
USA) and an unpaired, two-tailed t-test was conducted to assess whether the mean differ-
ence between measured P fractions was statistically significant; if variances were not equal,

Welch’s t-test was used.

1.0M NH,C1 0.11M NaHCO3.Na28,0, 1.0M NaOH 0.5M HC1 1.0M NaOH (85 °C)

\

NH4CI-RP BD-RP NaOH
| (Loosely sorbed P) | | (Reductant P) || (Metal-oxide-bound P) | HCI-RP | | Refractory-P |

\ )L )L J
T T T

Non-apatite inorganic P Apatite inorganic P Organic P

Figure 2.1: Sequential extraction method for evaluating PP forms, adapted from Stone &

English (1993).

2.3 Results and Discussion

2.3.1 Continuous-flow centrifugation for rapid wastewater solids

concentration

Higher TSS concentrations collected in 2° effluents led to faster solids accumulation using

CFC compared to 3° effluents (Figure 2.2). When collecting suspended solids from 2°
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effluents, the CFC could be operated for a maximum of ~17 hours, at which point the
centrifuge bowl was full and replaced with an empty bowl so that the collected solids
would neither impact CFC operation nor become compacted, making their retrieval more
difficult. In contrast, the lower TSS concentration in the 3° effluents required sample

collection over a period of 24 h.

Figure 2.2: CFC: (a) bowl after collecting solids from 2° effluent at Plant W for 17 h; (b)
bowl after collecting solids from 2° effluent at Plant K for 17 h; (c) bowl after collecting
solids from 3° effluent at Plant K for 17 h; (d) collected dried solids from 2° effluent at
Plant W; (e) collected dried solids from 2° effluent at Plant K; and (f) collected dried solids

from 3° eflluent at Plant K.

Access to the sampling sites was restricted to business hours (i.e., 8 hours per day).

Thus, samples were collected and composited over several days to collect sufficient mass of

25



suspended solids (i.e., 2 g [dw]) needed for PP characterization. It typically took one week
(i.e., five 8-hour days) to collect one composite suspended solids sample from 2° effluent.
In contrast, it took 2 to 3 weeks to collect one composite suspended solids sample from
3° effluent, which highlights that the method is feasible but substantially constrained by
the collection time. Based on an average TSS concentration of ~5 mg/L in 2° effluents,
approximately 2,000 L were centrifuged per composite sample. In the 3° effluent, TSS

averaged ~1 mg/L, and approximately 6,000 L were centrifuged per composite sample.

2.3.2 Method validation

To evaluate the wastewater efluent solids collection efficiency of the CFC, T'SS concentra-
tions were measured before and after centrifugation. They were 5.0 £ 0.3 mg/L (mean =+
standard deviation) prior to centrifugation and 1.3 + 0.5 mg/L after. Thus, ~74% recovery
of wastewater suspended solids was achieved using the CFC (n = 3). To further investigate
recovery efficiency, a controlled experiment was conducted. Kaolin powder was added to
deionized water, and 7.1 g of the initial 10 g were recovered when a CFC flow rate of
600 mL/min was used. Overall recovery was 71 £+ 2% (mean £ standard deviation). TSS
measurements obtained prior to centrifugation yielded a coefficient of variation of 3.85%; it
was 25% post-centrifugation. The higher uncertainty observed in post-centrifugation TSS
is likely attributable to suspended solids adhering to the internal surfaces of the disposable
centrifuge bowls, which can only be emptied and rinsed but not opened, and tubing, as well
as potential losses during sample handling and transfer. While the CFC-based method for

concentrating suspended wastewater efluent solids could be further refined, the primary
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objective here was to obtain a sufficient sample mass (i.e., ~2 g [dw]) within a practical

timeframe.

2.3.3 EfHluent particulate phosphorus characterization
Particulate phosphorus forms

The solids concentrations of PP forms (NAIP, OP, and AIP) in wastewater effluents from
the two study WWTPs are presented in Figure 2.3. The mean solids NAIP concentration
after 2° treatment in Plant W was ~33% higher than in Plant K (18,900 pg P/g solid vs.
12,600 pg P/g solid, respectively). NAIP concentrations in the 2° wastewater treatment
process effluents were marginally significant (p = 0.06), potentially reflecting variability
introduced by differences in treatment process trains, which are typically not tightly con-
trolled. Examination of the individual fractions composing NAIP is provided in Section

2.3.3.2 and can provide further mechanistic insight into these differences.
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Figure 2.3: The solids concentrations (ng P/g solid) of (A) NAIP, (B) OP, and (C) AIP in
2° and 3° wastewater effluents (n = 3). In each chart, the boxes represent the interquartile
range, with the lower boundary at the first quartile (Q1) where 25% of the data falls below,
and the upper boundary at the third quartile (Q3) where 75% of the data falls below. The
height of the box (Q3-Q1) covers the middle 50% of the data. The horizontal line inside
the box indicates the median, which reflects the central tendency of the data. The whiskers
extend from the minimum value to Q1 and from Q3 to the maximum value, representing

the overall data spread.
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NAIP removal by 3° treatment was investigated at Plant K. Approximately 56% of the
NAIP was removed by 3° treatment using cloth filtration. Here, NAIP solids concentrations
decreased from 12,600 pg P/g solid in 2° effluent to 5,500 pg P/g solid in 3° effluent. This

reduction was statistically significant (p = 0.03).

Unlike NAIP, solids concentrations of OP and AIP following 2° treatment in Plants
W and K were similar (Figures 2.3B and 2.3C), but substantially lower than the NAIP
concentrations. The mean solids OP concentrations were 644 and 626 ng P /g solid after 2°
treatment in Plants W and K, respectively, and were not significantly different (p = 0.93).
AIP concentrations in the suspended wastewater solids were slightly lower. Mean solids
AIP concentrations were 228 and 229 pg P/g solid after 2° treatment in Plants W and
K, respectively, and were not significantly different (p = 0.98). Approximately 63% of
the OP was removed by cloth filtration 3° treatment at Plant K, where mean solids OP
concentrations significantly decreased from 626 pg P/g solid in 2° effluent to 231 pg P/g
solid in 3° effluent (p = 0.01). Mean solids AIP concentrations decreased from 229 pg P/g
solid in 2° effluent to 119 pg P/g solid in 3° effluent, indicating that 48% of the AIP was
removed at Plant K. This removal was variable, however, and not statistically significant

(p =0.20).

NAIP composition

NAIP consists of three reactive P fractions: loosely sorbed, reductant-soluble, and metal-
oxide-bound P, which make NAIP readily bioavailable (Sonzogni et al., 1982). These

fractions are operationally defined according to the sequential extraction described in Fig-
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ure 2.1. In Table 2.1, the NAIP composition of the wastewater efluent solids is contrasted
with previous reports of NAIP fractions in river sediments. The prevalence of metal-oxide-
bound P in the effluent solids is noteworthy as it serves as an indicator for both short- and
long-term P availability, mainly representing P bound to iron and aluminum that can be
released at aerobic or, more readily, anoxic conditions (Ting & Appan, 1996; Kaiserli et
al., 2002). The metal-oxide-bound fraction is considered highly bioavailable, as it is easily
mobilized into SRP because Fe/Al-P associations are destabilized in response to common
aquatic system fluctuations such as pH shifts, fluctuations in competing ions and ligands
(i.e., dissolved organic matter, silicates, carbonate, and sulfate can displace phosphate
from oxide surfaces), and redox fluctuations, where anoxic conditions reduce Fe(III) oxides
to soluble Fe(II), releasing sorbed phosphate (House et al., 1998). This can fuel primary
production and eutrophication; as P is less tightly bound in this fraction, it is more easily
desorbed, making it a key indicator of algal-available P (Froelich, 1988; Manning, 1996;
Zhou et al., 2001). Variations in the concentrations of loosely sorbed P and reductant-
soluble P are not surprising and can be attributed to P release from decaying cells and

bacterial biomass activity (Pettersson, 2001; Wang et al., 2006).
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Table 2.1: NAIP fractions in WWTP effluent solids and river sediments.

Loosely sorbed P +
Metal-oxide-bound P

Reference Site Reductant-soluble P Ratio
(ng P g'solid)
(ng P g'solid)
Plant W 2° Effluent 8,937 13,095 2:1
Sampling campaign 1 Plant K 2° Effluent 866 9,010 10:1
Plant K 3° Effluent 188 3,110 16:1
Plant W 2° Effluent 1,569 16,600 11:1
Sampling campaign 2 Plant K 2° Effluent 1,523 10,900 7:1
Plant K 3° Effluent 1,076 4,360 4:1
Plant W 2° Effluent 2,100 14,400 7:1
Sampling campaign 3 | Plant K 2° Effluent 2,521 13,200 5:1
Plant K 3° Effluent 2,290 5,590 2:1
Crowsnest River 88 75 1:1
Emelko et al., 2016
(reference sites only) Castle River 56 71 1:1
1 106 306 3:1
Fogal, 1995 2 119 275 2:1
Nith River
Watershed - Spring
(partitioned by 3 135 203 2:1
stream order 1-4)
4 76 109 1:1
1 156 255 2:1
2 140 206 1:1
Fogal, 1995
Nith River
Watershed - Fall 3 147 227 2:1
(partitioned by
stream order 1-4)
4 130 166 1:1
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The concentration of the metal-oxide-bound P fraction in the effluents investigated was
the most pronounced (Table 2.1). Moreover, when comparing the composition of PP in
wastewater effluent to that in fine (i.e., <63 pm in size) riverine sediments in natural wa-
ters such as the Crowsnest and Castle Rivers in Alberta (Emelko et al., 2016) and the
Nith River in Ontario (Fogal, 1995), a striking difference in NAIP composition is evident.
The metal-oxide-bound P per gram of wastewater efHuent solids is one to two orders of
magnitude higher than in riverine sediments impacted by land disturbance (Table 2.1).
This dominant prevalence of the metal-oxide-bound P fraction of NAIP in the wastewater
treatment process effluents was expected because iron- or aluminum-based coagulants are
used in 1° and 2° treatment processes to improve the removal of suspended solids, organic
matter, and nutrients, particularly P, by destabilizing particles to enable efficient aggre-
gation and settling and, if relevant, removal by 3° treatment processes. Accordingly, most
of the remaining solids suspended in wastewater treatment process efluent streams and
discharges can be expected to contain either metal hydrolysis species or metal hydroxide
solids, which can bind P by forming metal-P complexes or precipitates. The basic reac-
tions for P precipitation with aluminum (Eq. 2.1) and iron (Eq. 2.2) are presented below

(Tchobanoglous et al., 2003):

AT+ POI™ — AIPO, (2.1)

Fe*™ + PO3™ — FePO, (2.2)
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Thus, while substantial suspended solids reductions, often >90%, are generally achieved
through these processes collectively, colloidal solids remain in suspension after 2° clarifi-
cation and are often visible as pin flocs or turbidity (i.e., “cloudiness”). Although well-
operated 3° treatment with cloth filtration can achieve 90 to 99% reductions in suspended
solids remaining after 2° treatment (Ramasahayam et al., 2014) and thus meet discharge
targets (Holeton et al., 2011), suspended solids are not eliminated, and PP forms within

them will likely be predominantly composed of metal-oxide-bound P.

Distribution of PP forms in WWTP effluent PP

The fractional composition of PP forms expressed as a percentage of PP in the 2° and
3° wastewater treatment process effluents is presented in Figure 2.4. Notably, NAIP ac-
counted for >90% of the total PP in the wastewater effluents regardless of treatment type.
Thus, while the PP concentration in suspended wastewater solids decreased after 2° and 3°
wastewater treatment (Figure 2.3), the composition of PP remained essentially unchanged,
indicating that the reduction in PP forms concentrations is primarily driven by solid-phase
removal rather than a change in the composition of PP forms. This suggests that almost
all PP discharged from the WWTPs to receiving waters may become bioavailable when en-
vironmental conditions favour P release from the solids. This helps to explain observations
of epiphyte proliferation observed downstream of WWTPs even when treatment achieves

substantial reductions in SRP concentrations (Jarvie et al., 2004).
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Figure 2.4: Percentage distribution of NAIP, OP, and AIP in 2° and 3° wastewater treat-

ment process effluents collected during three synoptic sampling campaigns.

Although wastewater treatment performance and compliance assessments typically only
involve TP and/or SRP (Sedlak, 1991; Smith, 2016), the observations presented herein un-
derscore that these metrics alone are insufficient for characterization of eutrophication
threats (Li & Brett, 2015; Wang et al., 2021) because they obscure critical differences
among PP fractions: some are stable and largely inert, while others (e.g., NAIP) are read-
ily bioavailable and can fuel eutrophication once discharged. TP includes non-bioavailable
fractions (e.g., stable calcium phosphate minerals such as hydroxyapatite that have low
solubility in natural waters), while SRP underestimates bioavailable P by excluding dy-
namic processes such as internal loading from PP. While PP has been evaluated as the
difference between TP and SRP (Duenas et al., 2003; Gu et al., 2011), it does not differen-
tiate between various PP forms and is thus less useful for informing eutrophication threats.

Critically, none of these metrics alone fully capture P dynamics, as they overlook both the

34



immediate availability of aqueous P (i.e., SRP) and the potential for internal loading from
bioavailable PP, particularly NAIP, once SRP is depleted. Accordingly, more comprehen-
sive assessment of wastewater treatment performance and downstream eutrophication risk

should explicitly include monitoring of NAIP alongside SRP.

2.3.4 Benchmarking WWTP effluent PP relative to other water-

shed sources

The presence of various PP forms in rivers, lakes, and reservoirs, particularly those situated
in areas with agricultural and urban development, has been extensively documented and
compared to the results of the present investigation in Figure 2.5. This comparison is not
quantitatively absolute because PP composition and mobility are not only governed by land
use; they are collectively governed by several factors, including flow regimes, suspended
solids size distributions, and sediment ages. High flows mobilize coarse, mineral-bound
particles, while finer and colloidal fractions dominate long-range transport and are often
enriched in more reactive forms. Sediment age further governs lability, with fresh particles
retaining bioavailable P and older sediments undergoing transformations that stabilize or
release P depending on redox conditions. Thus, while PP composition and mobility can
vary substantially even within a watershed, this comparison nonetheless highlights that
solids in discharged wastewater efuents are likely disproportionately enriched in NAIP

relative to solids originating from other land uses (e.g., agriculture, wildfire).
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Figure 2.5: Suspended sediment-associated phosphorus forms and their percentage occur-
rence, ranked from the highest NAIP concentrations to the lowest, in agricultural and
urbanized watersheds versus those found in efluent wastewater suspended solids in the
current study. WWTP W and K', Emelko et al. (2016)?, Gray & Kirkland (1986)3, De-
Pinto et al. (1981)%, Pacini & Géchter (1999)°, Kerr et al. (2011)%, Pettersson (1986)7,

Knezic (2021)%. Deposited sediments are included for perspective.

The implications of wastewater effluent enrichment with NAIP for receiving water qual-
ity are case-specific as they depend on the relative magnitude and timing of NAIP loading
from these and other watershed sources. For instance, solids loading from wastewater
discharges can be relatively minor in watersheds with limited or no de facto reuse while

they might be substantial during periods of low flow. Thus, these findings underscore the
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importance of rigorously benchmarking the relative contributions of WWTP discharges
and other drivers of nutrient—and particularly NAIP—enrichment to receiving waters and
further emphasize the need for comprehensive investigation of these relationships in the

future.

2.4 Conclusions

Key conclusions from this work and their associated implications are detailed below:

1. PP in 2° and 3° wastewater effluent suspended solids was predominantly (>90%)
composed of NAIP, most of which was bound to metal oxides, thereby suggesting
that these solids may contribute to eutrophication, especially if present in sufficiently

high concentrations in aquatic systems under conditions favourable for SRP release.

2. While the relative composition (i.e., per cent NAIP, OP, and AIP) of PP did not sub-
stantially differ between 2° and 3° treatment process efluents, NAIP concentrations
in effluents from cloth filtration 3° treatment were approximately 50% lower than
those in 2° treatment effluents. Thus, 3° wastewater treatment via cloth disc filtra-
tion can substantially reduce not only TP, but also PP and thus NAIP concentrations

in wastewater process effluent streams and discharges.

3. Wastewater solids appear to be among the most NAIP-rich compared to other PP
sources in a watershed. Their impact on receiving water quality is case-specific, as it
will depend on the relative magnitude and timing of NAIP loading from these and

other watershed sources.

37



4. Unlike traditional filtration methods for evaluating TSS, a CFC-based method en-
abled relatively rapid concentration of solids from large volumes of wastewater efflu-
ents, requiring approximately 5 days for 2° treatment process effluents and approxi-

mately 10 days for 3° effluents.

Additional evaluation of PP forms is needed at other WWTPs across a wide range
of operational conditions to assess the broader generalizability of these findings. Future
research also may expand the scope of this investigation to examine potential seasonality
effects on these types of water quality characterizations. In addition, quantitative evalua-
tions of particle size, flow regime, and sediment age impacts on PP composition are needed
to strengthen benchmarking, while refinement of the CFC sampling protocol can help to

improve recovery and reproducibility and facilitate broader method application.

38



References

APHA (2017). Standard Methods for the Examination of Water and Wastewater (23rd
ed.). Washington DC: American Public Health Association.

Bostrém, B., Andersen, J. M., Fleischer, S., & Jansson, M. (1988). Exchange of phosphorus
across the sediment—water interface. Hydrobiologia, 170(1), 229-244. https://
doi.org/10.1007/BF00024907

Bunce, J. T., Ndam, E., Ofiteru, I. D., Moore, A., & Graham, D. W. (2018). A review
of phosphorus removal technologies and their applicability to small-scale domestic
wastewater treatment systems. Frontiers in Environmental Science, 6, 8. https:
//doi.org/10.3389/fenvs.2018.00008.

DePinto, J. V., Young, T. C., & Martin, S. C. (1981). Algal-available phosphorus in
suspended sediments from lower Great Lakes tributaries. Journal of Great Lakes
Research, 7(3), 311-325. https://doi.org/10.1016/S0380-1330(81)72059-8

Duenas, J. F., Alonso, J. R., Rey, A. F., & Ferrer, A. S. (2003). Characterisation of
phosphorous forms in wastewater treatment plants. Journal of Hazardous Materials,
97(1-3), 193-205. https://doi.org/10.1016/S0304-3894(02)00260-1

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N.; & Smith,
V. H. (1998). Nonpoint pollution of surface waters with phosphorus and nitrogen.
Ecological Applications, 8(3), 559-568. https://doi.org/10.2307/2641247

Conn, K.E., Dinicola, R.S., Black, R.W., Cox, S.E., Sheibley, R.W., Foreman, J.R., Senter,
C.A. and Peterson, N.T., 2016. Continuous-flow centrifugation to collect suspended
sediment for chemical analysis (No. 1-D6). US Geological Survey. https://doi.
org/10.3133/tm1D6

Emelko, M.B., Chow, A., Amiri, F., Chen, H. and Stone, M. (2024). Climate Change
Implications for DBP Occurrence in Municipal Drinking Water. In: Chen, C.,
Andrews, S., Xie, Y. (eds) Disinfection By-Products in Water. The Handbook of
Environmental Chemistry, vol 135. Springer, Cham. https://doi.org/10.1007/
698_2024_1168

39


https://doi.org/10.1007/BF00024907
https://doi.org/10.1007/BF00024907
https://doi.org/10.3389/fenvs.2018.00008
https://doi.org/10.3389/fenvs.2018.00008
https://doi.org/10.1016/S0380-1330(81)72059-8
https://doi.org/10.1016/S0304-3894(02)00260-1
https://doi.org/10.2307/2641247
https://doi.org/10.3133/tm1D6
https://doi.org/10.3133/tm1D6
https://doi.org/10.1007/698_2024_1168
https://doi.org/10.1007/698_2024_1168

Emelko, M.B., Silins, U., Bladon, K.D. and Stone, M. (2011). Implications of land dis-
turbance on drinking water treatability in a changing climate: Demonstrating the
need for “source water supply and protection” strategies. Water Research, 22(2):
461-472. https://doi.org/10.1016/j.watres.2010.08.051

Emelko, M. B., M. Stone, U. Silins, D. Allin, A. L. Collins, C. HS Williams, A. M. Martens,
and K. D. Bladon (2016). Sediment-phosphorus dynamics can shift aquatic ecology
and cause downstream legacy effects after wildfire in large river systems. Global
Change Biology 22, 3: 1168-1184. https://doi.org/10.1111/gcb.13073

Fogal, R. (1995). Longitudinal and seasonal patterns of phosphorus in riverbed sediments.
Journal of Environmental Planning and Management, 38(2), 167-180. https://
doi.org/10.1080/09640569512995

Froelich, P. N. (1988). Kinetic control of dissolved phosphate in natural rivers and estu-
aries: a primer on the phosphate buffer mechanism Limnology and Oceanography,
33, 649-668. https://doi.org/10.4319/10.1988.33.4part2.0649

Fonseca, M. S., Machado, B. A. S., de Araujo Rolo, C., Hodel, K. V. S., dos Santos Almeida,
E., & de Andrade, J. B. (2022). Evaluation of SARS-CoV-2 concentrations in
wastewater and river water samples. Case Studies in Chemical and Environmental
Engineering, 6, 100214. https://doi.org/10.1016/j.cscee.2022.100214

Gray, C. B. J., & Kirkland, R. A. (1986). Suspended sediment phosphorus composition in
tributaries of the Okanagan Lakes, BC. Water Research, 20(9), 1193-1196. https:
//doi.org/10.1016/0043-1354(86)90066-7

Gonzélez Medeiros, J. J., Pérez Cid, B., & Fernandez Gémez, E. (2005). Analytical phos-
phorus fractionation in sewage sludge and sediment samples. Analytical and Bio-
analytical Chemistry, 381(4), 873-878.
https://doi.org/10.1007/s00216-004-2989-z

Gu, A. Z., Liu, L., Neethling, J. B., Stensel, H. D., & Murthy, S. (2011). Treatability and
fate of various phosphorus fractions in different wastewater treatment processes.
Water Science and Technology, 63(4), 804-810. https://doi.org/10.2166/ust.
2011.312

40


https://doi.org/10.1016/j.watres.2010.08.051
https://doi.org/10.1111/gcb.13073
https://doi.org/10.1080/09640569512995
https://doi.org/10.1080/09640569512995
https://doi.org/10.4319/lo.1988.33.4part2.0649
https://doi.org/10.1016/j.cscee.2022.100214
https://doi.org/10.1016/0043-1354(86)90066-7
https://doi.org/10.1016/0043-1354(86)90066-7
https://doi.org/10.1007/s00216-004-2989-z
https://doi.org/10.2166/wst.2011.312
https://doi.org/10.2166/wst.2011.312

Hasing, M., Yu, J., Qiu, Y., Maal-Bared, R., Bhavanam, S., Lee, B., ... & Pang, X.
(2021). Comparison of detecting and quantitating SARS-CoV-2 in wastewater using
moderate-speed centrifuged solids versus an ultrafiltration method. Water, 13(16),
2166. https://doi.org/10.3390/w13162166

Hejkal, T. W., Wellings, F. M., Lewis, A. L., & LaRock, P. A. (1981). Distribution of
viruses associated with particles in waste water. Applied and Environmental Mi-
crobiology, 41(3), 628-634. https://doi.org/10.1128/aem.41.3.628-634.1981

Holeton, C., Chambers, P. A., & Grace, L. (2011). Wastewater release and its impacts
on Canadian waters. Canadian Journal of Fisheries and Aquatic Sciences, 68(10),
1836-1859. https://doi.org/10.1139/£2011-096.

House, W.A. (2003). Geochemical cycling of phosphorus in rivers. Applied Geochemistry,
18(5), 739-748. https://doi.org/10.1016/30883-2927(02)00158-0.

Hupfer, M., & Lewandowski, J. (2008). Oxygen controls the phosphorus release from
lake sediments — a long-lasting paradigm in limnology. International Review of
Hydrobiology, 93(4-5), 415-432. https://doi.org/10.1002/iroh.200711054

Jarvie, H. P.,; Neal, C., & Williams, R. J. (2004). Assessing changes in phosphorus
concentrations in relation to in-stream plant ecology in lowland permeable catch-
ments: bringing ecosystem functioning into water quality monitoring (pp. 641-655).
Springer Netherlands. https://doi.org/10.1007/978-94-007-0952-2_44

Jarvie, H. P., Neal, C.; & Withers, P. J. (2006). Sewage-effluent phosphorus: a greater
risk to river eutrophication than agricultural phosphorus? Science of the Total
Environment, 360(1-3), 246-253. https://doi.org/10.1016/j.scitotenv.2005.
08.038

Kaiserli, A., Voutsa, D., & Samara, C. (2002). Phosphorus fractionation in lake sediments—
Lakes Volvi and Koronia, N. Greece. Chemosphere, 46(8), 1147-1155. https:
//doi.org/10.1016/50045-6535(01)00242-9

Kerr, J. G., Burford, M. A., Olley, J. M., Bunn, S. E., & Udy, J. (2011). Examining the link
between terrestrial and aquatic phosphorus speciation in a subtropical catchment:
the role of selective erosion and transport of fine sediments during storm events.
Water Research, 45(11), 3331-3340. https://doi.org/10.1016/j . watres.2011.
03.048

41


https://doi.org/10.3390/w13162166
https://doi.org/10.1128/aem.41.3.628-634.1981
https://doi.org/10.1139/f2011-096
https://doi.org/10.1016/S0883-2927(02)00158-0
https://doi.org/10.1002/iroh.200711054
https://doi.org/10.1007/978-94-007-0952-2_44
https://doi.org/10.1016/j.scitotenv.2005.08.038
https://doi.org/10.1016/j.scitotenv.2005.08.038
https://doi.org/10.1016/S0045-6535(01)00242-9
https://doi.org/10.1016/S0045-6535(01)00242-9
https://doi.org/10.1016/j.watres.2011.03.048
https://doi.org/10.1016/j.watres.2011.03.048

Kleeberg, A., & Dudel, G. E. (1997). Changes in extent of phosphorus release in a shallow
lake (Lake Groer Miiggelsee; Germany, Berlin) due to climatic factors and load.
Marine Geology, 139(1-4), 61-75. https://doi.org/10.1016/S0025-3227(96)
00099-0

Knezic, N. (2021). Coagulant addition for managing sediment-associated phosphorus
bioavailability to prevent cyanobacterial blooms in drinking water reservoirs (Mas-
ter’s thesis, University of Waterloo).

Li, B., & Brett, M. T. (2015). The relationship between operational and bioavailable
phosphorus fractions in efHuents from advanced nutrient removal systems. In-
ternational Journal of Environmental Science and Technology, 12(10), 3317-3328.
https://doi.org/10.1007/s13762-015-0760~-y

Garcia-Albacete, M., Martin, A., & Cartagena, M. C. (2012). Fractionation of phosphorus
biowastes: Characterisation and environmental risk. Waste Management, 32(6),
1061-1068. https://doi.org/10.1016/j.wasman.2012.02.003

Manning, P. G. (1996). Bioavailability of riverine, sewage plant, and sediment phosphorus
in the Bay of Quinte, Lake Ontario. The Canadian Mineralogist, 34(3), 667-675.

Newbold, J. D., O’Neill, R. V., Elwood, J. W., & Van Winkle, W. (1982). Nutrient
spiralling in streams: implications for nutrient limitation and invertebrate activity.
The American Naturalist, 120(5), 628-652. https://doi.org/10.1086/284017

Niirnberg, G. K. (2009). Assessing internal phosphorus load—problems to be solved. Lake
and Reservoir Management, 25(4), 419-432.
https://doi.org/10.1080/00357520903458848

Pacini, N., & Géchter, R. (1999). Speciation of riverine particulate phosphorus dur-
ing rain events. Biogeochemistry, 47(1), 87-109. https://doi.org/10.1023/A:
1006153302488

Paerl, H. W., & Paul, V. J. (2012). Climate change: links to global expansion of harmful
cyanobacteria. Water Research, 46(5), 1349-1363. https://doi.org/10.1016/].
watres.2011.08.002

Paerl, H. W., Gardner, W. S., Havens, K. E., Joyner, A. R., McCarthy, M. J., Newell, S.
E., Qin, B., & Scott, J. T. (2016). Mitigating cyanobacterial harmful algal blooms
in aquatic ecosystems impacted by climate change and anthropogenic nutrients.
Harmful Algae, 54, 213-222. https://doi.org/10.1016/j.hal.2015.09.009

42


https://doi.org/10.1016/S0025-3227(96)00099-0
https://doi.org/10.1016/S0025-3227(96)00099-0
https://doi.org/10.1007/s13762-015-0760-y
https://doi.org/10.1016/j.wasman.2012.02.003
https://doi.org/10.1086/284017
https://doi.org/10.1080/00357520903458848
https://doi.org/10.1023/A:1006153302488
https://doi.org/10.1023/A:1006153302488
https://doi.org/10.1016/j.watres.2011.08.002
https://doi.org/10.1016/j.watres.2011.08.002
https://doi.org/10.1016/j.hal.2015.09.009

Pettersson, K. (1986). The fractional composition of phosphorus in lake sediments of
different characteristics. In Sediments and Water Interactions: Proceedings of the
Third International Symposium on Interactions Between Sediments and Water, held
in Geneva, Switzerland, August 27-31, 1984 (pp. 149-155). New York, NY: Springer
New York. https://doi.org/10.1007/978-1-4612-4932-0_13

Pettersson, K. U. R. T., & Istvanovics, V. E. R. A. (1988). Sediment phosphorus in Lake
Balaton—forms and mobility. Arch. Hydrobiol. Beih. Ergebn. Limnol, 30, 25-41.

Pettersson, K., Bostrém, B., & Jacobsen, O. S. (1988). Phosphorus in sediments—
speciation and analysis. In Phosphorus in Freshwater Ecosystems: Proceedings
of a Symposium held in Uppsala, Sweden, 25-28 September 1985 (pp. 91-101).
Springer Netherlands. https://doi.org/10.1007/BF00024900

Pettersson, K. (2001). Phosphorus characteristics of settling and suspended particles in
Lake Erken. Science of the Total Environment, 266(1-3), 79-86. https://doi.org/
10.1016/S0048-9697 (00) 00737-3

Qin, B., Gao, G., Zhu, G., Zhang, Y., Song, Y., Tang, X., ... & Deng, J. (2013). Lake
eutrophication and its ecosystem response. Chinese Science Bulletin, 58(9), 961-
970. https://doi.org/10.1007/s11434-012-5560-x

Rast, W., & Holland, M. (1988). Eutrophication of lakes and reservoirs: A framework
for making management decisions. Ambio, 17(1), 2-12. http://www.jstor.org/
stable/4313411

Ramasahayam, S. K., Guzman, L., Gunawan, G., & Viswanathan, T. (2014). A compre-
hensive review of phosphorus removal technologies and processes. Journal of Macro-
molecular Science, Part A, 51(6), 538-545. https://doi.org/10.1080/10601325.
2014.906271

Rydin, E. (2000). Potentially mobile phosphorus in Lake Erken sediment. Water Research,
34(7), 2037-2042. https://doi.org/10.1016/50043-1354(99)00375-9

Sedlak, R. I. (1991). Phosphorus and Nitrogen Removal from Municipal Wastewater:
Principles and Practice, Second Edition (1st ed.). Routledge. https://doi.org/
10.1201/9780203743546

Smith, D. S. (2016). Phosphorus analysis in wastewater: Best practices. WERF Research
Report Series, IWA Publishing. https://doi.org/10.2166/9781780407807

43


https://doi.org/10.1007/978-1-4612-4932-0_13
https://doi.org/10.1007/BF00024900
https://doi.org/10.1016/S0048-9697(00)00737-3
https://doi.org/10.1016/S0048-9697(00)00737-3
https://doi.org/10.1007/s11434-012-5560-x
http://www.jstor.org/stable/4313411
http://www.jstor.org/stable/4313411
https://doi.org/10.1080/10601325.2014.906271
https://doi.org/10.1080/10601325.2014.906271
https://doi.org/10.1016/S0043-1354(99)00375-9
https://doi.org/10.1201/9780203743546
https://doi.org/10.1201/9780203743546
https://doi.org/10.2166/9781780407807

Sendergaard, M., Jensen, J. P., & Jeppesen, E. (2003). Role of sediment and internal
loading of phosphorus in shallow lakes. Hydrobiologia, 506, 135-145. https://
doi.org/10.1023/B:HYDR.0000008611.12704.dd

Sonzogni, W. C., Chapra, S. C., Armstrong, D. E., & Logan, T. J. (1982). Bioavailability
of phosphorus inputs to lakes. Journal of Environmental Quality, 11(4), 555-563.
https://doi.org/10.2134/jeq1982.00472425001100040001x

Stone, M., & English, M. C. (1993). Geochemical composition, phosphorus speciation and
mass transport of fine-grained sediment in two Lake Erie tributaries. In Proceedings
of the Third International Workshop on Phosphorus in Sediments (pp. 17-29).
Springer, Dordrecht. https://doi.org/10.1007/978-94-011-1598-8_2

Tammeorg, O., Nirnberg, G. K., Horppila, J., Tammeorg, P., Jilbert, T., & Noges, P.
(2024). Linking sediment geochemistry with catchment processes, internal phos-
phorus loading and lake water quality. Water Research, 263, 122157. https:
//doi.org/10.1016/j.watres.2024.122157

Tchobanoglus, G., Burton, F., & Stensel, H. D. (2003). Wastewater engineering: treatment
and reuse. American Water Works Association Journal, 95(5), 201.

Ting, D. S., & Appan, A. (1996). General characteristics and fractions of phosphorus in
aquatic sediments of two tropical reservoirs. Water Science and Technology, 34(7-8),
53-59. https://doi.org/10.1016/S0273-1223(96)00724-X

U.S. EPA. (2001). Methods for Collection, Storage and Manipulation of Sediments for
Chemical and Toxicological Analyses: Technical Manual. EPA 823-B-01-002. U.S.
Environmental Protection Agency, Office of Water, Washington, DC.

Wang, S., Jin, X., Zhao, H., & Wu, F. (2006). Phosphorus fractions and its release in the
sediments from the shallow lakes in the middle and lower reaches of Yangtze River
area in China. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
273(1-3), 109-116. https://doi.org/10.1016/j.colsurfa.2005.08.015

Wang, Y. T., Zhang, T. Q., Zhao, Y. C., Ciborowski, J. J., Zhao, Y. M., O’Halloran, I. P.,
Qi, Z.M., & Tan, C. S. (2021). Characterization of sedimentary phosphorus in Lake
Erie and on-site quantification of internal phosphorus loading. Water Research,
188, 116525.

44


https://doi.org/10.1023/B:HYDR.0000008611.12704.dd
https://doi.org/10.1023/B:HYDR.0000008611.12704.dd
https://doi.org/10.2134/jeq1982.00472425001100040001x
https://doi.org/10.1007/978-94-011-1598-8_2
https://doi.org/10.1016/j.watres.2024.122157
https://doi.org/10.1016/j.watres.2024.122157
https://doi.org/10.1016/S0273-1223(96)00724-X
https://doi.org/10.1016/j.colsurfa.2005.08.015

Withers, P. J. A.; & Jarvie, H. P. (2008). Delivery and cycling of phosphorus in rivers: a
review. Science of the Total Environment, 400(1-3), 379-395. https://doi.org/
10.1016/j.scitotenv.2008.08.002

Worsfold, P. J., Monbet, P., Tappin, A. D., Fitzsimons, M. F., Stiles, D. A., & McKelvie,
I. D. (2008). Characterisation and quantification of organic phosphorus and organic
nitrogen components in aquatic systems: a review. Analytica Chimica Acta, 624(1),
37-58. https://doi.org/10.1016/j.aca.2008.06.016

Xiong, C., Guo, Z., Chen, S. S., Gao, Q., Kishe, M. A., & Shen, Q. (2020). Understanding
the pathway of phosphorus metabolism in urban household consumption system: A
case study of Dar es Salaam, Tanzania. Journal of Cleaner Production, 274, 122874.
https://doi.org/10.1016/j.jclepro.2020.122874

Yang, Y. Y., & Lusk, M. G. (2018). Nutrients in urban stormwater runoff: Current state of
the science and potential mitigation options. Current Pollution Reports, 4, 112-127.
https://doi.org/10.1007/s40726-018-0087-7

Zhang, B., Wang, L., & Li, Y. (2019). Fractionation and identification of iron-phosphorus
compounds in sewage sludge. Chemosphere, 223, 250-256. https://doi.org/10.
1016/ j.chemosphere.2019.02.052

Zhou, Q., Gibson, C. E., & Zhu, Y. (2001). Evaluation of phosphorus bioavailability in
sediments of three contrasting lakes in China and the UK. Chemosphere, 42(2),
221-225. https://doi.org/10.1016/S0045-6535(00)00129-6

45


https://doi.org/10.1016/j.scitotenv.2008.08.002
https://doi.org/10.1016/j.scitotenv.2008.08.002
https://doi.org/10.1016/j.aca.2008.06.016
https://doi.org/10.1016/j.jclepro.2020.122874
https://doi.org/10.1007/s40726-018-0087-7
https://doi.org/10.1016/j.chemosphere.2019.02.052
https://doi.org/10.1016/j.chemosphere.2019.02.052
https://doi.org/10.1016/S0045-6535(00)00129-6

Chapter 3

Phosphorus Speciation Reveals
Dichotomy in Tertiary Cloth
Filtration Performance and Effluent
Assessment
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Summary

Phosphorus removal in municipal wastewater treatment is commonly evaluated using to-
tal phosphorus concentrations, although this aggregate metric does not distinguish among
phosphorus forms that differ in bioavailability and receiving water relevance. Here, phos-
phorus speciation and particulate phosphorus release potential in secondary and tertiary
effluents from full-scale wastewater treatment plants were examined to assess how tertiary
cloth filtration alters both bulk phosphorus removal and the composition of phosphorus
remaining in final effluents. Tertiary treatment consistently reduced total phosphorus and
particulate phosphorus fractions, but the residual effluent phosphorus pool became in-
creasingly dominated by dissolved and more readily bioavailable forms. In some cases,
soluble reactive phosphorus increased after tertiary filtration despite reductions in total
phosphorus. Effluent solids collected after secondary treatment exhibited greater phospho-
rus release potential than solids remaining after tertiary treatment, indicating that tertiary
filtration reduced the pool of particulate phosphorus capable of contributing to downstream
release. These findings demonstrate that total phosphorus removal and bioavailable phos-
phorus reduction are not equivalent outcomes. Phosphorus speciation therefore provides
a more meaningful basis for interpreting wastewater treatment performance and potential

downstream eutrophication relevance.
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3.1 Introduction

Phosphorus removal has long been a critical objective in municipal wastewater treatment,
driven by the need to limit nutrient enrichment of receiving waters and meet regulatory
discharge requirements. The establishment of phosphorus discharge limits in municipal
wastewater efHuents and the recognition of diffuse, non-point source pollution trace back
to large lake system eutrophication mitigation efforts in the 1960s and 1970s, including Lake
Erie phosphorus control initiatives (De Pinto et al., 1986). Early empirical models linking
phosphorus loading to algal biomass provided the foundation for regulating phosphorus
inputs to aquatic systems (Dillon & Rigler, 1974). Since then, phosphorus control has
remained central to wastewater management, water quality protection, and eutrophication

mitigation.

Total phosphorus (TP) is the dominant regulatory and operational metric used to eval-
uate phosphorus removal in municipal wastewater treatment. TP is valuable because it
provides a simple, aggregate measure of phosphorus discharged to receiving waters and
can be directly related to loading calculations. However, TP is an aggregate measure that
encompasses a range of particulate and dissolved phosphorus forms with differing chemical
characteristics and ecological implications; not all forms of phosphorus are bioavailable.
Particulate phosphorus (PP) is operationally defined as the material retained by a 0.45 pm
filter (APHA, 2023). Composed of several forms depending on the extraction scheme,
PP is generally less immediately bioavailable than dissolved phosphorus but can act as
a long-term nutrient source through desorption, dissolution, mineralization, or sediment-

associated transformations. Soluble reactive phosphorus (SRP), by contrast, is generally
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considered immediately bioavailable because it is dominated by orthophosphate. Dissolved
organic phosphorus and condensed phosphates may also become bioavailable through mi-
crobial or chemical transformation (Qin et al., 2015). Therefore, changes in TP do not

necessarily represent proportional changes in bioavailable phosphorus.

Wastewater treatment has evolved from conventional primary and secondary processes
aimed primarily at removing settleable solids and organic matter to further inclusion of
tertiary treatment designed to control nutrient discharges to receiving waters (Ashley et
al., 2011). Contemporary secondary treatment typically includes enhanced biological phos-
phorus removal, which relies on microbial uptake under alternating anaerobic and aerobic
conditions, and/or chemical precipitation with metal salts that remove phosphorus by
forming insoluble precipitates and particle-associated complexes. Tertiary treatment, in-
cluding cloth disc filtration, is increasingly applied to reduce residual suspended solids and
meet more stringent efluent TP limits. However, because tertiary cloth filtration primarily
removes particulate material, it may alter effluent phosphorus speciation in ways that are
not fully represented by TP alone. A reduction in TP may reflect removal of less imme-
diately bioavailable particulate fractions while dissolved and reactive fractions persist or

become proportionally more dominant.

This creates an important interpretive challenge for wastewater phosphorus assessment.
If tertiary treatment reduces TP but leaves behind a larger relative fraction of dissolved or
reactive phosphorus, then treatment performance based solely on TP may overestimate the
reduction in eutrophication-relevant phosphorus. Conversely, if tertiary filtration removes
fine solids enriched in reactive particulate phosphorus, it may reduce the pool of phos-

phorus capable of downstream release even if dissolved phosphorus remains. Therefore,
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resolving phosphorus speciation is necessary to determine whether lower TP corresponds

to meaningful reductions in bioavailable phosphorus and receiving water relevance.

The objective of this chapter was to evaluate how tertiary cloth filtration influences
phosphorus speciation, bioavailability, and particulate phosphorus release potential in mu-
nicipal wastewater efluents. Specifically, this work compared phosphorus fractions in sec-
ondary and tertiary effluents from full-scale wastewater treatment plants and assessed
whether tertiary treatment changes the phosphorus release potential of residual efluent
solids. This chapter builds directly on Chapter 2 by extending the characterization of
particulate phosphorus forms into an assessment of how treatment level affects efHuent

phosphorus composition and post-discharge release potential.

3.2 Methodology

3.2.1 Study sites

This research was carried out at three full-scale municipal activated sludge WWTPs lo-
cated in southwestern Ontario, Canada. Most experiments and sampling campaigns were
conducted at Plants K and G, while additional samples were collected at Plant W. All
three facilities discharge to the same river, which has an average base flow of approxi-
mately 10-15 m?3 s~!. Despite improved water quality over the last decade due to upgrades
in wastewater treatment, the river can still present key issues such as high nutrient levels
and algal growth. Table 3.1 summarizes the treatment configurations and key processes

employed at each WW'TP.
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Table 3.1: Summary of treatment processes

plants.

Feature / Process
Treatment level

Screening & grit
removal
Primary
clarification
Primary
coagulant
Biological
treatment

Secondary
coagulant

Secondary
clarification

Tertiary filtration
Disinfection

Role in study

Plant W

Primary + Secondary
v
v

Fe2(S04)3

Activated sludge
(aeration tanks)

Fea(SO4)s
before secondary clarification

v

uv
Benchmark (2° vs 3° effluent
particulate phosphorus)

ol

at the investigated wastewater treatment

Plant K Plant G
Primary + Secondary =~ Primary + Secondary
+ Tertiary + Tertiary
v v
v v
FeC13 FeC13
Activated sludge Activated sludge
(aeration tanks) (aeration tanks)
FeClz FeCl3

after primary before secondary
clarification clarification
v v
Cloth disc filtration Cloth disc filtration
(5 pm) (5 pm)
uv uv

Primary study site

Primary study site



Plant W is a full-scale activated sludge WWTP that provides primary, secondary,
and disinfection treatment but does not employ tertiary filtration. After passing through
screening and grit removal, wastewater undergoes chemical coagulation with ferric sulfate
[Fea(S04)s5] followed by primary clarification. The clarified effluent is directed to aeration
tanks for biological treatment, after which Fey(SO,4)s is applied again before secondary

clarification. Final effluent is disinfected using ultraviolet irradiation before discharge.

Plant K is a full-scale activated sludge WW'TP that incorporates tertiary filtration.
Incoming wastewater passes through screening and grit removal, then primary clarification.
Ferric chloride (FeCl;) is dosed upstream of the primary clarifiers, and ferrous chloride
(FeCly) is added downstream as part of the plant’s chemical phosphorus removal strategy.
Primary effluent flows to aeration tanks, followed by secondary clarification. The secondary

effluent is further treated by cloth disc filtration before UV disinfection and final discharge.

Plant G is a full-scale activated sludge facility with a treatment train similar to Plant
K but with a distinct chemical dosing strategy. Wastewater undergoes screening, grit
removal, and primary clarification, with FeCly added upstream of the primary clarifiers.
Primary effluent is treated in aeration tanks, where FeCls is also dosed directly to the
effluent channels before secondary clarification. Secondary effluent is polished through the
same type of cloth disc filters used at Plant K, with a nominal pore size of 5 pm, prior to

UV disinfection and discharge.
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3.2.2 Sampling design

The experimental design enabled characterization of effluent phosphorus fractions and
assessment of the release potential of secondary and tertiary effluent solids. Aqueous
samples were collected from secondary and tertiary effluents of Plants K and G, while
solids samples were obtained from secondary and tertiary efluents of Plant K and secondary
effluent of Plant W. A total of 40 aqueous effluent samples were collected, comprising 10
samples each from the secondary and tertiary efluents of Plants K and G. These samples

were used to evaluate phosphorus speciation before and after tertiary treatment.

Suspended solids were collected to assess particulate phosphorus release potential. Sec-
ondary effluent solids from Plant W and secondary and tertiary effluent solids from Plant
K were collected using the continuous-flow centrifugation method described in Chapter
2. This approach enabled recovery of sufficient mass of fine suspended solids from large

volumes of effluent for laboratory release experiments.

3.2.3 Phosphorus fractionation

Several fractionation approaches exist for operationally defining dissolved and particulate
phosphorus fractions. Here, the phosphorus fractions measured directly included total
phosphorus (TP), total dissolved phosphorus (TDP), total reactive phosphorus (TRP),
and soluble reactive phosphorus (SRP), as a measurement of orthophosphate using HACH
Method 8048, adapted from APHA (APHA, 2023) and accepted by USEPA for wastewater

analyses. The remaining phosphorus fractions were determined by difference.
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The phosphorus fractionation scheme used in this study is shown in Figure 3.1. Dis-
solved organic phosphorus and condensed phosphates (DOCP) were calculated as the dif-
ference between TDP and SRP. Total particulate phosphorus (TPP) was calculated as the
difference between TP and TDP. Particulate reactive phosphorus (PRP) was calculated as
the difference between TRP and SRP. Particulate organic phosphorus and condensed phos-

phates (POCP) were calculated by difference from the remaining particulate phosphorus

pool.
Sample
| — 1
Without filtration Filtration through'0.45 um
membrane filter
| |
[ | [ ]
1. Digestion Direct 1. Digestion Direct
2. Colorimetry colorimetry 2. Colorimetry colorimetry
Total Total reactive Total dissolved Soluble reactive

A phosphorus B phosphorus c phosphorus D phosphorus

A - B =total organic phosphorus + total condensed phosphates (E)

C - D =dissolved organic phosphorus + dissolved condensed phosphates (DOCP) (F)
A - C =total particulate phosphorus

B - D = particulate reactive phosphorus (PRP)

E-F

= particulate organic phosphorus + particulate condensed phosphates (POCP)

Figure 3.1: Phosphorus fractionation scheme used in this study, showing measured pools
and derived fractions. Total phosphorus, total reactive phosphorus, soluble reactive phos-
phorus, and total dissolved phosphorus were directly measured, while dissolved organic
phosphorus and condensed phosphates, total particulate phosphorus, particulate reactive
phosphorus, and particulate organic phosphorus and condensed phosphates were obtained

from differences between measured pools.
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3.2.4 Evaluation of phosphorus release potential from wastewa-

ter solids

Wastewater solids contribute to bioavailable phosphorus in receiving waters because they
contain particulate phosphorus (Sgndergaard et al., 2003). Recent work has shown that the
particulate phosphorus contained in wastewater efluent solids is predominantly bioavail-
able (i.e., NAIP rich) (Vianini et al., 2025; Chapter 2). Commonly used to evaluate
phosphorus release potential for freshwater solids, the equilibrium phosphate concentra-
tion (EPCy) can also provide insight into phosphorus release potential for wastewater
solids. E PCj represents the aquatic system SRP concentration at which there is no net
phosphorus exchange between solids and the surrounding water. When ambient SRP is
lower than EPCj, solids tend to release phosphorus to the water column; when ambient

SRP is greater than EPCy, solids tend to adsorb phosphorus.
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Figure 3.2: Schematic of EPCj analysis for assessing phosphorus release potential from
solids in an aquatic system. Net phosphorus adsorption or release by solids is plotted
against aqueous SRP concentration. The x-intercept represents the EPCj, where no net
exchange occurs. When ambient SRP is below EPCj, solids release phosphorus to the
water column, acting as a source; when ambient SRP exceeds EPCy, solids act as a sink

and adsorb phosphorus.

To estimate phosphorus release potential from effluent suspended solids, a method
described by Emelko et al. (2016) for analysis of riverine sediments was used. Specifically,

0.25 g of effluent solids oven-dried at 105 °C for 18 h and ground with a ceramic mortar
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and pestle was mixed with 25 mL of the background water matrix in 50 mL centrifuge
tubes. Each phosphate treatment was prepared in triplicate and placed on an orbital
shaker at approximately 100 rpm for 18 h at room temperature, approximately 20 °C.
Samples were then centrifuged, and the supernatant was analyzed for SRP. The incubation
period is consistent with the duration commonly used for natural sediments. Because the
wastewater-derived solids examined in this study were dominated by the NAIP fraction,
equilibrium was expected relatively rapidly, as previous kinetic studies have shown that
phosphorus exchange in NAIP-rich materials occurs predominantly within the early stages
of incubation (Xu et al., 2015; Zeng et al., 2019). The experiments were designed to provide

mechanistic insights, not specific environmental conditions.

Preliminary tests using Milli-Q™ water established a baseline for phosphorus release
potential, with four levels of phosphate addition: 0, 50, 150, and 450 pg P L~! for secondary
effluent solids from Plants W and K, and 0, 50, 150, and 500 pg P L~ for tertiary solids from
Plant K. To assess release potential under environmentally relevant conditions, receiving
water was collected upstream of Plant W’s outfall, filtered through a 0.45 pm glass-fiber
membrane, and amended with phosphate (intended to represent environmentally relevant
receiving water conditions). The receiving water incubations compared secondary effluent

solids from Plant W with tertiary effluent solids from Plant K.

3.2.5 Data analysis

Concentrations of the various phosphorus fractions in the secondary and tertiary effluents

collected from Plants K and G were obtained using the fractionation scheme shown in
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Figure 3.1. Descriptive statistics, including means, standard deviations, and proportional
contributions to total phosphorus, were used to summarize the distribution of phosphorus
in each effluent type. Differences in phosphorus fraction concentrations between secondary
and tertiary effluents were assessed using two-tailed t-tests. Where variance assumptions

were not met, Welch’s t-test was used.

Phosphorus release potential was evaluated by plotting net phosphorus adsorption or
release against initial SRP concentration. Linear regression was used to estimate the rela-
tionship between SRP and net phosphorus exchange. Differences in slopes were evaluated
within an ANCOVA framework by testing the SRP X treatment interaction using ANOVA
on nested linear models in R. When slopes were not significantly different, differences in
intercepts were evaluated to compare baseline release potential among solids types. Statis-
tical interpretation emphasized consistency of observed patterns and effect sizes in addition

to p-values.

3.3 Results and Discussion

3.3.1 Assessing TP reduction and composition
TP removal in Plants K and G

While TP remains a central metric in wastewater treatment monitoring, assessing treat-
ment performance based solely on TP concentrations can be misleading. Figure 3.3 depicts

the concentrations of TP in secondary and tertiary efluents and the various phosphorus
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fractions composing it.
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Figure 3.3: Average concentrations of TP and fractions that compose it in 2° and 3° ef-
fluents: soluble reactive phosphorus (SRP), dissolved organic phosphorus and condensed
phosphates (DOCP), particulate reactive phosphorus (PRP), and particulate organic phos-
phorus and condensed phosphates (POCP).

Increasingly stringent phosphorus regulations have driven the adoption of treatment
technologies capable of achieving low TP concentrations, typically targeting <1 mg P L™!
(Alibardi et al., 2021; Murujew et al., 2025). In practice, chemically dosed secondary
treatment generally produces efluent TP concentrations in the range of 0.8-1.2 mg P L~}
(Comber et al., 2015), while tertiary processes such as cloth filtration can reliably reduce TP

to approximately 0.5 mg P L™ (Murujew et al., 2025). Consistent with this expectation,
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tertiary cloth filtration reduced TP concentrations at both Plants K and G.

At both plants, TP reduction was driven primarily by removal of particulate phosphorus
fractions, particularly POCP, whereas reductions in PRP were smaller, especially at Plant
G (Figure 3.3). Consequently, tertiary treatment reduced bulk phosphorus concentrations
more effectively than it reduced readily bioavailable phosphorus fractions. Accordingly, TP

reduction and bioavailable phosphorus reduction were not equivalent treatment outcomes.

TP composition and removal of TP fractions in Plants K and G

The concentrations of each phosphorus fraction analyzed in effluent samples from Plants
K and G are depicted in Figure 3.4. The box-and-whisker plots illustrate the distribution,
central tendency, and variability of each phosphorus fraction across the sampled datasets,
providing a visual comparison of concentration ranges and potential differences between
the two treatment plants. Negative calculated concentrations arise when analytical uncer-
tainty associated with independently measured variables is propagated through difference
calculations, particularly when the true concentration is near zero. These values are re-
tained in the statistical analysis to prevent artificially reducing—and thereby biasing—the

variance.
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Figure 3.4: Concentrations of phosphorus fractions in 2° and 3° effluents of Plants K and
G. Each box-and-whisker plot represents ten observations (n = 10). The boxes represent
the interquartile range, with the horizontal line inside the box indicating the median and

the whiskers showing the minimum and maximum values.

Phosphorus fraction concentrations varied between the two plants; this was expected be-
cause treatment conditions, including coagulant type, coagulant dose, and influent wastew-
ater quality, affect final effluent phosphorus characteristics. Notably, despite an overall
decrease in TP, SRP, the most readily bioavailable fraction, increased slightly in the ter-
tiary effluent at Plant G, with mean concentrations rising from 0.26 to 0.29 mg P L~}
(p = 0.007) and median concentrations from 0.26 to 0.28 mg P L=!. At Plant K, SRP

remained approximately 0.15 mg P L~! after tertiary treatment.

Although both plants employ activated sludge treatment, utilize tertiary cloth filtration,
and apply chemical dosing for phosphorus removal, albeit with different coagulant types

and dosing strategies, the phosphorus speciation observed in Plant K differed from that
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in Plant G. While Plant G showed a significant reduction in total PP following tertiary
filtration (POCP: p < 0.001; PRP: p = 0.013), the removal of these fractions was not
proportional; non-reactive PP, represented by POCP, was removed more effectively than
PRP. This indicates that tertiary cloth filtration preferentially removed some particulate

fractions while leaving a residual reactive phosphorus pool in the final efiuent.

The relative abundance of dissolved phosphorus fractions in tertiary efluent TP was
consistent across both plants, reinforcing the trend that treated effluents tend to become
predominantly composed of phosphorus forms that are more bioavailable, despite differ-
ences in treatment design and performance (Millier & Hooda, 2011). The concentrations
of DOCP increased slightly in Plant K, from approximately 0.21 mg P L™! in secondary
effluent to 0.24 mg P L~ following tertiary treatment, but this change was not statistically
significant (p = 0.146). At Plant G, DOCP remained approximately 0.24 mg P L~! across
secondary and tertiary effluents. These results indicate that tertiary filtration primarily

altered the particulate component of TP, while dissolved phosphorus fractions persisted.

3.3.2 Effect of tertiary treatment on phosphorus release poten-

tial from wastewater solids

The effect of tertiary treatment on phosphorus release potential from wastewater suspended
solids was first evaluated under standardized aqueous conditions using Milli-Q™ water
(Figure 3.5). This comparison provided a controlled and conservative basis for assessing
differences among solids collected from secondary and tertiary effluents by minimizing the

influence of background water chemistry. In this matrix, differences in release behaviour
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can be interpreted primarily as reflecting intrinsic differences in the solids rather than

receiving water chemistry.
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Figure 3.5: Phosphorus release potential from suspended solids collected from secondary
and tertiary effluents from Plants W and K as a function of initial SRP concentration.
Experiments were conducted in Milli-Q™ water. Negative values on the y-axis indicate

phosphorus release, or desorption, from solids to the water column.

In the Milli-Q™ experiments, regression slopes did not differ significantly among treat-
ments (SRP X treatment interaction, p = 0.125; pairwise comparisons p > 0.05), indicating

that the response of phosphorus release to increasing SRP was not statistically distinguish-
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able across solids types (Figure 3.5). In contrast, regression intercepts differed significantly
in all cases (p < 0.001). Secondary effluent solids exhibited substantially greater baseline
phosphorus release than tertiary effluent solids, indicating that tertiary treatment reduced

the releasable phosphorus pool associated with residual suspended solids.

The collected effluent solids were introduced into aqueous solutions spanning a broad
range of phosphate concentrations, up to 560 pg L~!. Evaluation of EPC| typically in-
volves the use of SRP concentrations that exceed EPCj so that fitted regressions exhibit
Langmuir-type sorption behaviour at non-saturating SRP conditions, where phosphorus
exchange is approximately linear and extrapolation of EPCy within the tested concentra-
tion range is enabled (Cyr et al., 2009). In the present study, SRP concentrations were
selected to span environmentally relevant ranges and provide insight into relative phospho-
rus release behaviour among solids types. Therefore, the results should be interpreted as

comparative release potential rather than absolute equilibrium descriptors.

To contextualize the standardized comparison under more environmentally realistic
conditions, phosphorus release from final secondary efuent solids from Plant W was also
compared with final tertiary effluent solids from Plant K in receiving waters amended
with phosphate (Figure 3.6). Because Plant K secondary solids were not available for the
receiving water incubations, this comparison should not be interpreted as a strictly paired
treatment-stage contrast. Instead, it provides receiving water context for comparing solids

from a secondary-only plant with residual solids after tertiary treatment.
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Figure 3.6: Phosphorus release potential from effluent solids collected at a WWTP with
secondary treatment only, Plant W, compared to a WWTP with tertiary treatment, Plant
K. Collected solids were added to receiving waters amended with phosphate so that SRP
concentrations ranged from approximately 275-560 pg L~! for the secondary effluent solids
and 75-375 pg L~! for the tertiary efluent solids. The different initial concentrations and

ranges reflect SRP at the time of receiving water collection and amendment.

The receiving water incubations showed a similar overall pattern to the standardized
Milli-Q™ experiments. Regression slopes were not significantly different between the

secondary and tertiary solids (SRP X treatment interaction, p = 0.813), suggesting similar
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desorption responses to increasing SRP across these solids types. However, regression
intercepts differed significantly (p < 0.001), with secondary effluent solids exhibiting a more
negative intercept than tertiary solids, -655.29 versus -243.07 ug P g~! solids, respectively.
This indicates that secondary solids had greater baseline phosphorus release potential than

tertiary solids under receiving water conditions.

These findings indicate that WWTPs can influence phosphorus dynamics not only
through dissolved phosphorus inputs, but also through the discharge of fine suspended
solids with measurable phosphorus release potential. This mechanism is distinct from, but
complementary to, the sediment buffering framework synthesized by Simpson et al. (2021),
which evaluated streambed sediment FPCj and stream-water SRP under baseflow condi-
tions using phosphate exchange potential. Their analysis emphasizes the role of streambed
sediments in regulating dissolved phosphorus availability. In contrast, the present results
show that wastewater-derived suspended solids can introduce a distinct, mobile, and re-
active particulate phosphorus pool that may contribute to bioavailable phosphorus after

discharge.

3.3.3 Limitations of inter-plant comparisons and the need for
site-specific assessment

The objective of this work was not to establish universal treatment behaviour across all

WWTPs, but rather to evaluate how phosphorus speciation and release potential can differ

before and after tertiary treatment with cloth filtration under full-scale operational con-

ditions. Inter-plant comparisons should therefore be interpreted cautiously. Differences in

66



coagulant type and dose, solids retention, biological phosphorus removal performance, in-
fluent composition, and hydraulic operation can still influence phosphorus speciation in the
final efluent. Accordingly, some of the differences observed between Plants K and G likely
reflect operational and treatment-specific variation within chemically assisted phosphorus

removal systems rather than fundamentally different phosphorus removal technologies.

3.3.4 Improving phosphorus management beyond TP removal

When effluent TP is treated as a single bulk parameter, important differences in phospho-
rus speciation may remain undetected, potentially leading to underestimation or overes-
timation of the ecological implications of WWTP discharges. In the present study, the
persistence of SRP and PRP in final efluents indicated limited removal of phosphorus
fractions with greater immediate bioavailability, despite substantial reductions in TP. In-
corporating phosphorus speciation into routine monitoring and treatment assessment would
improve the ability to distinguish between reductions in bulk phosphorus and reductions

in eutrophication-relevant phosphorus.

Tertiary treatment is increasingly adopted to achieve stringent TP discharge targets
that are often unattainable through conventional secondary treatment alone (Bashar et
al., 2018). However, different tertiary treatment technologies alter phosphorus speciation
differently and may therefore vary in their effectiveness at reducing eutrophication-relevant
phosphorus fractions (Bashar et al., 2018; Gu et al., 2011; Remy et al., 2014). Here, while
tertiary cloth media filtration effectively reduced TP and particulate phosphorus, it did

not necessarily reduce dissolved bioavailable phosphorus. Therefore, treatment evaluation
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based solely on TP may not fully capture the capacity of tertiary filtration to reduce

downstream eutrophication potential.

Improving phosphorus management requires moving beyond TP-based metrics toward
explicit consideration of phosphorus speciation and bioavailability. Optimizing upstream
processes such as coagulation, alongside tertiary treatment, is critical to reducing bioavail-
able phosphorus, including SRP and reactive particulate fractions such as NAIP, that more
directly governs ecological response. This distinction becomes particularly consequential
when considering the broader role of WWTPs in receiving water quality and its relation-
ship to human and ecosystem health. Cyanobacterial and algal responses depend not
only on phosphorus concentration but also on the form and timing of phosphorus delivery,

hydrology, residence time, background nutrient status, and biological demand.

It is important to note that, although the persistence of dissolved and reactive phospho-
rus fractions indicates that TP reductions alone may not fully represent eutrophication-
relevant treatment performance, ecological response cannot be inferred directly from phos-
phorus concentrations or release potential alone. Biological response is not governed by
a universal SRP threshold but by the interaction among phosphorus availability, hydrol-
ogy, residence time, background nutrient status, and biological demand (Dadi et al., 2023;
Dodds, 2003; Reynolds & Davies, 2001). Therefore, reductions or increases in bioavailable
phosphorus fractions here are interpreted as changes in eutrophication potential rather

than direct predictors of ecological response, as further addressed in Chapter 5.

68



3.4 Conclusions

This study demonstrated that evaluating phosphorus removal based solely on TP can
obscure critical changes in efluent composition that govern eutrophication potential. While
tertiary cloth filtration consistently reduced TP and particulate phosphorus fractions, it
also altered phosphorus speciation, resulting in efluents dominated by dissolved, more
readily bioavailable forms. As such, reductions in TP do not necessarily translate into
proportional reductions in eutrophication-relevant phosphorus fractions. When treatment
processes preferentially remove less immediately bioavailable fractions while dissolved and
reactive fractions persist, TP-based assessment can overestimate the ecological benefit of

treatment.

Differences between secondary and tertiary effluents were primarily driven by changes
in particulate phosphorus composition and behaviour. Secondary effluent solids exhib-
ited greater phosphorus release potential, whereas tertiary treatment reduced this pool by
removing particulate fractions, including some potentially bioavailable and transformable
phosphorus. However, the residual phosphorus in tertiary effluent remained largely bioavail-
able, and in some cases, treatment coincided with increases in SRP. Although several
mechanisms could contribute to the observed SRP increase—including transformation of
particulate phosphorus, operational variability, or analytical variability—the present study
was not designed to distinguish among these processes. The underlying mechanism remains
uncertain and warrants further investigation, as even modest changes in SRP warrant con-
sideration when concentrations are already environmentally relevant. Collectively, these

findings indicate that tertiary cloth filtration may primarily alter phosphorus partitioning
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between particulate and dissolved phases, while exerting limited, if any, reduction in overall

effluent bioavailable phosphorus fractions.

This work emphasizes that phosphorus speciation provides a more meaningful basis for
assessing WWTP treatment performance and downstream risk. Incorporating measures of
bioavailable phosphorus, including SRP and reactive particulate fractions such as NAIP,
into monitoring, performance demonstration, and regulatory frameworks is therefore es-
sential to ensure that measured reductions in phosphorus discharged correspond to actual

reductions in eutrophication potential.
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Assessing the Conformity of
Wastewater Effluent Solids to
Established Paradigms of Phosphorus
Desorption in Aquatic Systems
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Summary

Effluent-derived particulate phosphorus can contain reactive and potentially bioavailable
fractions, and previous results showed that tertiary filtration can reduce particulate phos-
phorus and lower the release potential of wastewater solids while leaving dissolved bioavail-
able phosphorus forms in the final efluent. Building on this evidence, phosphorus release
from effluent-derived solids was evaluated under receiving water conditions to determine
whether their behaviour follows assumptions commonly derived from sediment phospho-
rus paradigms. Batch experiments evaluated phosphorus desorption across gradients in
initial soluble reactive phosphorus, pH, temperature, and receiving water matrix. FEf-
fluent solids released phosphorus under environmentally relevant conditions, with release
behaviour influenced by ambient phosphorus concentration and environmental controls,
particularly lower pH and higher temperature. Although some responses were consis-
tent with sediment-based expectations, wastewater-derived solids exhibited distinct release
behaviour that reflected their treatment-derived composition and phosphorus speciation.
These findings indicate that efluent solids should not be treated as interchangeable with
natural sediments in receiving water assessments, and that their phosphorus release po-
tential should be independently quantified when evaluating wastewater contributions to

downstream bioavailable phosphorus.
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4.1 Introduction

Phosphorus enrichment remains a central driver of freshwater eutrophication and its re-
sulting harmful algal and cyanobacterial blooms, ecosystem degradation, and drinking-
water treatment challenges (Correll, 1998; Elser et al., 2007; Sadegh et al., 2021). Man-
agement strategies have therefore focused primarily on reducing total phosphorus (TP)
loads to receiving waters. However, ecological response is not controlled by TP alone,
but by the chemical form, mobility, persistence, and bioavailability of phosphorus af-
ter discharge (Chapter 3) (Bostrom et al., 1988; Read et al., 2014; Reynolds & Davies,
2001; Vianini et al., 2025). Particulate phosphorus (PP) is especially important because
fine solids can transport phosphorus downstream, deposit in receiving environments, and
release dissolved bioavailable phosphorus under favourable physicochemical conditions, a
phenomenon known as internal phosphorus loading (Bostrém, 1984; Nurnberg, 2009; Stone

& English, 1993).

Phosphorus exchange between particulate material and the water column has been
studied extensively for freshwater sediments and suspended solids derived from agricul-
tural, forested, and urban landscapes (Simpson et al., 2021). Sediment phosphorus ex-
change is influenced by interacting controls, including ambient soluble reactive phosphorus
(SRP), pH, temperature, redox conditions, mineralogy, and particle composition (Holdren
& Armstrong, 1980; House, 2003; Huang et al., 2021; Kim et al., 2003; Rydin et al., 2011;
Simpson et al., 2021; Torrent et al., 2007; Watt et al., 2021; H. Zhang et al., 2022). Con-
cepts such as the equilibrium phosphorus concentration (EPCj) are commonly used to

describe the SRP concentration at which net phosphorus exchange approaches zero and to
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infer whether sediments are likely to behave as phosphorus sources or sinks under given

water column conditions (Simpson et al., 2021).

The transferability of these sediment-based phosphorus exchange concepts to wastew-
ater efluent solids is not self-evident. Unlike many natural sediments, wastewater-derived
particulates are recently formed, biologically and chemically conditioned during treatment,
and may contain elevated proportions of reactive iron- or aluminum-associated phosphorus
and non-apatite inorganic phosphorus (NAIP), a readily bioavailable phosphorus fraction
(Emelko et al., 2016; Vianini et al., 2025). Treatment processes such as coagulation, sec-
ondary clarification, and tertiary treatment can further alter the amount and composition
of bioavailable phosphorus associated with suspended solids discharged to receiving waters
(Vianini et al., 2025). Consequently, wastewater effluent solids may share some qualita-
tive behaviours with natural sediments while differing substantially in release magnitude,

apparent exchange thresholds, and sensitivity to receiving water chemistry.

Despite growing recognition that treated wastewater effluents can contribute bioavail-
able phosphorus to rivers (Carey & Migliaccio, 2009; Jarvie et al., 2006), the environmental
controls on phosphorus release from effluent-derived solids remain insufficiently character-
ized. In particular, it remains unclear whether common sediment phosphorus exchange
behaviours, that is, responses to ambient SRP, pH, and temperature, adequately describe
wastewater particulates following discharge. This study addresses that gap by evaluating
phosphorus release from secondary and tertiary wastewater efluent solids under controlled
receiving water conditions. The objectives were to: (1) determine whether effluent solids
behave as phosphorus sources or sinks across environmentally relevant SRP gradients; (2)

compare extrapolated FPCj behaviour between secondary and tertiary effluent solids; (3)
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evaluate short-term phosphorus release responses to pH and temperature; and (4) assess
where sediment-based exchange concepts are qualitatively useful or quantitatively limited

for interpreting wastewater-derived particulate phosphorus.

4.2 Methodology

This study evaluated whether phosphorus exchange behaviours commonly reported for
freshwater sediments adequately describe wastewater efluent solids under environmentally
relevant conditions. Bench-scale batch experiments were conducted using secondary and
tertiary efluent solids to evaluate phosphorus exchange responses across gradients of ambi-
ent SRP, pH, and temperature. The experimental design was informed by commonly used
sediment phosphorus exchange methodologies (Emelko et al., 2016) to evaluate apparent

EPCy behaviour and sediment—water phosphorus interactions.

4.2.1 Study Sites and Effluent Solids Sampling

Effluent solids were collected from two full-scale WWTPs in southern Ontario, Canada,
referred to as Plant W and Plant K. Both facilities employ primary clarification, activated
sludge biological treatment, secondary clarification, chemical coagulation, and ultravio-
let disinfection. Plant K additionally incorporates tertiary cloth-disc filtration prior to

disinfection. Treatment configurations are summarized in Table 4.1.
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Table 4.1: Summary of treatment processes at the sampling sites.

Feature / Process
Treatment level
Screening & grit
removal
Primary
clarification
Primary coagulant
dosing
Biological
treatment
Secondary
coagulant dosing
Secondary
clarification

Tertiary filtration

Effluent suspended
solids
concentration
Disinfection

Role in study

Plant W
Primary + Secondary

v
v

Ferric sulphate

Activated sludge (aeration
tanks)

Ferric sulphate

v

~5-6 mg/L
uv

Primary study site

82

Plant K
Primary + Secondary + Tertiary

v
v
Ferric chloride
Activated sludge (aeration tanks)

Ferrous chloride

v

Cloth disc filtration
(5 pm)

~1-2 mg/L

uv
Additional sampling location to
evaluate the effects of level of
treatment



Effluent suspended solids were collected during winter 2024 using continuous-flow cen-
trifugation as described by Vianini et al. (2025). Samples were collected from the final
effluent at Plant W and from the tertiary filter outflow at Plant K. Wet solids were oven-
dried at 105 °C for 24 h and composited across multiple sampling days to obtain sufficient
dry mass for experimentation. Although drying may alter some redox-sensitive phosphorus
associations, this approach has commonly been used for standardized inter-sample com-

parison and F PCy-style analyses with other particulate sources and water matrices (House

& Denison, 2000; Jensen et al., 1992).

River water was collected upstream of discharge locations and used as the experimental
matrix to approximate receiving water conditions following effluent discharge. Samples
were filtered through 0.45 pm glass fibre filters (Whatman®, USA) prior to use to minimize

interference from ambient suspended solids (APHA, 2023).

4.2.2 Batch Desorption Experiments

Batch desorption experiments were conducted using river water and oven-dried efHluent
solids to evaluate phosphorus exchange responses under controlled SRP, pH, and temper-
ature conditions. For SRP gradient experiments, initial SRP concentrations ranged from
275 to 560 pg P L~! for secondary effluent solids and from 75 to 380 pg P L~ for tertiary
effluent solids. Differences in concentration range reflected differences in initial river-water
SRP concentrations between collection events. The temperature was maintained at 20 °C,

and the initial pH was approximately 7.

For pH experiments, initial solution pH was adjusted to 5, 6, 7, 8, 9, or 10 using
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sulfuric acid or potassium hydroxide. Temperature was maintained at 20 °C and SRP at
approximately 100 png P L~!. For temperature experiments, incubation was conducted at

5, 15, 20, and 35 °C with initial SRP maintained near 70 pg P L=! and pH near 7.

Batch tests were performed in 50 mL centrifuge tubes containing 0.25 g of dry solids
and 25 mL of solution, corresponding to a solids-to-solution ratio of 1:100. Tubes were
incubated for 18 h in a temperature-controlled orbital shaker at 100 rpm (Emelko et al.,

2016). Each treatment condition was evaluated in triplicate.

4.2.3 Analytical Methods

Following incubation, samples were filtered through 0.45 pm polyethersulfone syringe filters
(Pall Corporation, USA). Filtrates were diluted approximately 20-fold prior to analysis to
ensure concentrations remained within the analytical range. SRP concentrations were mea-
sured using a SEAL AutoAnalyzer (SEAL Analytical, USA) following Standard Method
4500-P-E (APHA, 2023). Calibration standards and analytical blanks were included with
each run. Calibration curves yielded correlation coefficients >0.999. Net phosphorus ex-
change was calculated as the difference between final and initial SRP concentrations, nor-
malized to dry solids mass (ng P g~! solids). Negative values indicate net phosphorus

release from solids to solution.

4.2.4 Data Analysis

Linear regression was used to evaluate the relationship between initial SRP concentra-

tion and net phosphorus exchange. The 95% confidence intervals were calculated for the
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fitted mean response. Although phosphorus sorption can exhibit nonlinear, concentration-
dependent behaviour depending on sediment properties (Appan & Wang, 2000), linear
regression is commonly applied as a simplified method for estimating the net zero-sorption
point. Values derived from this approach should therefore be interpreted as approximate,
model-dependent indicators of equilibrium behaviour rather than fixed mechanistic con-

stants (Froelich, 1988; House & Denison, 1998; McDowell et al., 2001).

EPCy values were estimated by extrapolating fitted regressions to the x-intercept, con-
sistent with sediment phosphorus exchange methodologies commonly used for comparative
interpretation of apparent source—sink behaviour (House & Denison, 2000; Tellinghuisen &
Bolster, 2010). Because zero net exchange was not reached experimentally, extrapolated
EPCy values were interpreted as conceptual indicators of apparent exchange behaviour
rather than definitive equilibrium concentrations. Regression analyses were therefore used

to support comparative interpretation rather than predictive parameterization.

Differences in phosphorus release among circumneutral pH treatments, pH 6-8, were
evaluated using Welch’s one-way ANOVA (Delacre et al., 2020). Because each treatment
condition was only evaluated in triplicate, statistical outcomes were interpreted conserva-
tively and primarily used to assess directional differences among treatments. Differences
in regression slopes between treatments were evaluated within an ANCOVA framework by
testing the SRP x treatment interaction term through ANOVA comparisons of nested lin-
car models (Barrett, 2011). A significance level of p < 0.05 was adopted for all statistical
tests (DiCarlo et al., 2020; Zar, 2010). Residuals from inferential and regression analyses
were assessed for approximate normality and homoscedasticity to evaluate whether as-

sumptions were reasonably met. Because the experimental design involved relatively small
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sample sizes, and environmental datasets commonly deviate from ideal distributional as-
sumptions (Reimann & Filzmoser, 2000), statistical results were interpreted cautiously and
considered alongside the magnitude and directional consistency of observed desorption re-

sponses.

4.3 Results and Discussion

4.3.1 Effect of Initial SRP Concentration and EPC, Estimation
Phosphorus Release from Secondary and Tertiary Effluent Solids

Phosphorus release from secondary and tertiary efluent solids was evaluated across gradi-
ents of initial SRP concentration to assess wastewater-derived PP desorption response to
ambient SRP (Figure 4.1). The data presented here were previously reported in the con-
text of tertiary treatment performance and solids-associated phosphorus release potential
(Chapter 3). Here, the same dataset is re-examined with a different objective: to evaluate
how initial SRP concentration regulates net phosphorus exchange from effluent-derived
solids and whether this behaviour is consistent with EPCy-based source—sink concepts

commonly applied to natural freshwater sediments.
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Figure 4.1: Phosphorus release from secondary and tertiary efluent solids under varying
initial SRP concentrations in receiving waters. Negative values indicate net phosphorus
release from solids to solution. Secondary effluent solids from Plant W were tested across
an SRP range of approximately 275-560 pg P L™, while tertiary efluent solids from Plant

K were tested across an SRP range of approximately 75-375 ng P L™

Both secondary and tertiary efluent solids released phosphorus across all tested SRP
concentrations, and no treatment condition approached net adsorption within the experi-
mental range. Secondary effluent solids from Plant W exhibited the greatest release mag-
nitude, with an average release of approximately 600 pg P g~! solids. The fitted regression

between initial SRP and net phosphorus exchange had a positive but non-significant slope
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of 0.162 pg P g~! solids per ng P L™ (p = 0.255; R? = 0.127), indicating that variation in
initial SRP explained little of the observed release response over the tested concentration
range. Thus, secondary effluent solids remained persistent net phosphorus sources even at

initial SRP concentrations approaching 560 pg P L.

Tertiary effluent solids from Plant K also released phosphorus across all tested SRP
concentrations, but release magnitudes were substantially lower than those observed for
the secondary solids. The fitted regression slope for tertiary solids was 0.131 pg P ¢!
solids per pg P L™! and was statistically significant (p = 0.008; R? = 0.517), indicating a
more constrained relationship between initial SRP and net phosphorus exchange. Although
tertiary treatment reduced the baseline release potential of residual solids, the remaining
particulate material continued to function as a net phosphorus source throughout the tested

SRP range.

Apparent EPC, Estimates and Treatment-level Differences

Because zero net exchange was not reached experimentally, FPC\, values were estimated by
extrapolating the fitted SRP—exchange relationships and should therefore be interpreted as
conceptual indicators of relative phosphorus source strength rather than realized equilib-
rium thresholds. The secondary effluent solids produced an intercept of —655.29 pg P ¢!
and an extrapolated EPC| of approximately 4045 ng P L~!, although the weak regression
fit limits quantitative interpretation. Tertiary effluent solids produced a smaller negative
intercept of —243.07 ug P g~! and an extrapolated EPCy of approximately 1856 ng P L1,

consistent with reduced baseline phosphorus release following tertiary treatment. This es-
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timate is better supported statistically than the secondary effluent estimate, but it also
lies well beyond the measured SRP range. Thus, even for tertiary solids, the E'PCj should
be treated as a conceptual indicator of source strength rather than a realized equilibrium

concentration under typical receiving water conditions.

Comparison of regression parameters provides the clearest secondary versus tertiary
treatment interpretation. The slopes for secondary and tertiary solids were not signifi-
cantly different (p = 0.83), suggesting that background SRP exerted a similar directional
influence on phosphorus exchange for both solids types. Although the regression for sec-
ondary solids was not statistically significant, comparing slope estimates remains useful
for evaluating whether treatment level can fundamentally alter the response to increasing
SRP. In contrast, the intercepts differed substantially (p = 3.8 x 1077), indicating that
treatment level primarily affected baseline release potential rather than SRP sensitivity.
At equivalent SRP concentrations, the secondary effluent solids released approximately

412 pg P g~! more phosphorus than the tertiary effluent solids.

Comparison with Freshwater Sediment EPC, Values

The apparent EPC, values estimated for wastewater effluent solids were substantially
higher than values commonly reported for freshwater sediments (Table 4.2). Many fresh-
water sediment E'PCj values occur within or near ambient riverine SRP ranges, meaning
that sediments can shift between source and sink behaviour depending on water-column
chemistry. In contrast, the efluent solids tested here remained net sources across the ex-

perimental SRP range, and their extrapolated exchange thresholds were far above typical
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receiving water SRP concentrations.

Table 4.2: Compilation of reported EPC\ values for freshwater sediments.

Water matrix for

-1
Study EPC test EPCo(ng L") Notes
R. W. McDowell et al. Synthetic river .
(2018) e lition 16 Upstream site samples
R. W. McDowell et al. Synthetic river .
. 33 Downstream site samples
(2018) water solution
Peryer-Fursdon et al. .
@014) CaCl; solution 25 Stream 1
Peryer-Fursdon et al. .
014) CaClz solution 22 Stream 9
Peryer-Fursdon et al. . :
@014) CaCl; solution 10 Pastoral site
Son et al. )
Stream Water 126 Mean value pre-fire disturbance
(2015)
Son et al. .
Stream Water 782 Mean value post-fire disturbance
(2015)
Palmer-Felgate et al. Mean value from Welland site,
(2009) Stream Water 2.35 shallow, rapid flow.
Palmer-Felgate et al. Mean value from Avon site,
(2009) S 195 shallow, rapid flow.
Palmer-Felgate et al. Mean value from Wye site,
(2009) Stream Water 14 shallow, rapid flow.
Haggard et al.
2007) Stream Water 140 Mean value
Pailles & Moody .
(1992) CaClz solution 20.55 Mean value
Klotz . .
(1991) Ca solution 1.95 Mean value site 4A
Klotz . .
(1991) Ca solution 11.3 Mean value site 4F
Klotz .
(1985) CaCl; solution 1.1 Mean value
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This contrast indicates that sediment-based EPCj concepts are useful for interpret-
ing the direction of phosphorus exchange, but their direct quantitative application to
wastewater-derived particulates requires caution owing to the elevated proportions of reac-
tive particulate phosphorus fractions, including NAIP, in wastewater effluent solids (Vianini

et al., 2025).

Treatment Implications

Tertiary phosphorus removal is increasingly implemented because conventional primary
and secondary treatment alone often cannot consistently achieve compliance with increas-
ingly stringent effluent phosphorus limits (Bashar et al., 2018). However, tertiary treatment
technologies differ substantially in their mechanisms of phosphorus removal and therefore
in the composition and bioavailability of residual effluent phosphorus (Bashar et al., 2018;
Gu et al., 2011; Remy et al., 2014). Tertiary cloth filtration may substantially reduce TP
and suspended solids (Chapter 3) and, under the conditions evaluated here, it reduced the
baseline phosphorus release potential of effluent solids; however, it did not eliminate the
persistence of highly exchangeable phosphorus fractions or elevated EPC| values, poten-

tially hindering desired outcomes.

4.3.2 Effect of pH on Phosphorus Release from Secondary Efflu-

ent Solids

Phosphorus release from secondary effluent solids differed across the tested pH gradient,

with the strongest response observed under acidic conditions (Figure 4.2). Release was
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greatest at pH 5, reaching approximately 1000 pg P g=! solids. At pH 6 it was less
pronounced and then varied within a narrower range across circumneutral to alkaline con-
ditions. Within the pH range most representative of many receiving waters, pH 6-8, phos-
phorus release did not differ significantly based on Welch’s ANOVA (p = 0.160). These
results indicate that short-term phosphorus release from secondary effluent solids was en-
hanced under acidic conditions but comparatively insensitive to modest pH variation near

neutrality.
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Figure 4.2: Average phosphate released by secondary effluent solids in receiving waters
under varying pH. Solution SRP was approximately 100 pg P L=! and temperature was
20 °C. Phosphorus release exhibited a condition-dependent response to pH, with enhanced

desorption under acidic conditions and limited variation near circumneutral pH.

This response should not be interpreted as contradicting sediment phosphorus exchange

theory. Although phosphate release is often expected to increase at higher pH because hy-

93



droxyl ions can compete with phosphate for sorption sites on Fe- and Al-associated surfaces,
sediment studies also report non-monotonic, matrix-specific, and plateau-like pH responses
(Cheng et al., 2020; L. Zhang et al., 2016). This indicates that the pH effect depends on
solid-phase composition, mineral stability, redox-sensitive phases, organic coatings, and the
relative contribution of rapidly exchangeable phosphorus pools (Froelich, 1988; L. Zhang
et al., 2016). The response observed here is therefore better interpreted as evidence that
wastewater-derived solids exhibit conditional pH behaviour, similar to natural sediments,

rather than a universal monotonic response.

The observed increase in dissolved phosphorus at pH 5 may be more appropriately
interpreted as a pH-dependent shift in phosphorus partitioning between particulate and
dissolved phases rather than evidence of desorption alone (Zhao et al., 2022). Changes
in pH influence the chemical equilibrium governing phosphorus retention by wastewater
solids through multiple processes, including alterations in surface charge, mineral stability,
and adsorption-desorption equilibria associated with metal-bound phosphorus phases (Li
et al., 2021). Consequently, the measured increase in dissolved phosphorus represents the
net result of these interacting geochemical processes rather than a direct measurement of
a single release mechanism. Given the predominance of the NAIP fraction in the recovered
solids (Vianini et al., 2026), the observed response is consistent with changes in the reac-
tivity of metal-associated phosphorus under acidic conditions, although the present study
was not designed to distinguish among the individual processes governing phosphorus re-

distribution.

The short incubation period is also relevant. The 18 h batch tests primarily capture

rapid exchange from readily mobilizable phosphorus pools and may not fully resolve slower
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transformations involving mineral dissolution, surface restructuring, or redox-mediated re-
actions. Under this experimental timescale, acidic conditions appeared to enhance the re-
lease of labile phosphorus, whereas circumneutral pH changes produced limited differences
in net release. Thus, the pH results indicate that phosphorus release from wastewater-

derived solids is strongly condition- and solids-dependent.

4.3.3 Particulate Phosphorus Desorption at Different Tempera-

tures

The phosphorus release potential of secondary effluent solids increased consistently with
temperature (Figure 4.3). Across the tested range, 5-35 °C, increasing temperature pro-
duced progressively greater phosphorus release (p < 0.0001; R? = 0.81), indicating a strong
positive relationship between temperature and net phosphorus desorption under the tested

conditions.
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Figure 4.3: Average phosphate release from secondary effluent solids in receiving waters
under varying temperatures. Solution SRP was 70 pg P L' and pH was approximately 7,

with increasing temperature consistently enhancing phosphorus release.

This behaviour is directionally consistent with trends commonly reported for fresh-
water sediments, where elevated temperatures are frequently associated with enhanced

phosphorus mobilization. Sediment studies have attributed these responses to interacting
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physical, chemical, and biological processes, including increased microbial activity, acceler-
ated diffusion, oxygen depletion, and destabilization of redox-sensitive phosphorus phases
(Cheng et al., 2020; Holdren & Armstrong, 1980; Jiang et al., 2008; Kosten et al., 2012).
However, the present study was designed to evaluate comparative phosphorus exchange
behaviour rather than resolve the specific mechanisms controlling temperature-dependent

release from wastewater-derived solids.

Despite this limitation, the observed temperature response suggests that wastewater ef-
fluent solids may behave similarly to freshwater sediments with respect to warming-driven
increases in phosphorus release. At the same time, the magnitude of release observed
here remained substantially greater than values typically reported for many natural sedi-
ment systems, consistent with the elevated apparent phosphorus release potential observed
throughout this study (Holdren & Armstrong, 1980). These findings indicate that tempera-
ture may be an important control on phosphorus mobility from effluent-derived particulates

following discharge, particularly during warm, low-flow receiving water conditions.

4.4 Comparative Synthesis with Sediment Phospho-

rus Exchange Behaviour

Wastewater effluent solids exhibited several phosphorus exchange behaviours qualitatively
consistent with freshwater sediments, including condition-dependent responses to pH and
increased phosphorus release with temperature. However, the magnitude of phosphorus

release and the apparent K PC values observed here were substantially greater than values
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commonly reported for natural sediments. Table 4.3 summarizes representative sediment
phosphorus exchange behaviours reported under varying pH and temperature conditions
and provides context for interpreting similarities and divergences observed for wastewater-

derived particulates.
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Study

Holdren & Armstrong
(1980)

Bostrom (1984)

House & Denison
(2000)

House (2003)

Christophoridis &
Fytianos (2006)

Jiang et al. (2008)
Cheng et al. (2020)
He et al. (2023)
Kosten et al. (2012)
Seitzinger (1991)

Temporetti et al. (2019)

Wu et al. (2014)

Xia et al. (2023)
L. Zhang et al. (2016)

Zhao et al. (2022)

Zhou et al. (2005)

Simpson et al. (2021)

Sample Type

Lake sediments

Lake sediments

River sediments
(hardwater systems)

Conceptual + field
synthesis

Lake sediments

Shallow lake
sediments

River sediments

Wetlands sediments
Global shallow lakes
Estuarine sediments

River sediments

Lake sediments

River sediments
Riparian sediments

Lake sediments

Lake sediments

River sediments

exchange behaviour in aquatic sediments.

pH effect

Not studied

Condition-
dependent

Sediment-specific

Context-dependent

Non-linear

Not studied

No effect

Condition-
dependent

Context-dependent
T P release

T P release

Non-linear

I P release

Non-linear

Condition-
dependent

No consistent trend

Context-dependent
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Temperature (T)
effect

1 P release

Not Studied

Not studied

T acts indirectly

Not Studied

1 P release
1 P release
1 P release
1 P release
Not studied

Not studied

T P release

Not studied
Not studied

Not studied

Not studied

1 P release

Table 4.3: Comparative synthesis of reported pH- and temperature-dependent phosphorus

Overall trend
summary

T links to microbial
activity, oxygen
depletion, and
reduction of Fe(III) to
Fe(II)
P release typically
redox sensitive and
favoured by 1 pH
pH altered EPCo;
direction is sediment-
specific
Context-dependent
(e.g., bio-geo-chemical
cycling)
U-shaped response:
lowest release near
neutral pH

T-driven

No pH effect around
neutrality

P concentration with
1 pH

High pH T P release in
certain conditions
Recognize multi-factor
control
Sediment-specific
control

{ P release at neutral
pH; T at acidic &
alkaline; dissolved
oxygen > T >pH
Less pH effect when
Fe-rich; redox
dominated
Non-linear response
Acidic & alkaline
conditions favoured
release; alkaline more
Direct pH effect is
unclear and cannot be
generalized

pH effects strongly
context-dependent;
surface chemistry
supports conditional
behaviour



The strongest divergence from conventional sediment behaviour was observed in the
SRP gradient experiments. Natural sediments commonly exhibit EPCj values within or
near environmentally relevant SRP ranges, allowing sediment particles to function as either
sources or sinks depending on water-column chemistry. In contrast, both secondary and
tertiary efuent solids remained net phosphorus sources across all tested SRP concentra-
tions, and extrapolated FPC\ values were far above typical riverine SRP concentrations.
These results indicate that the effluent solids tested here were not approaching zero net

exchange under conditions normally encountered in receiving waters.

This comparison suggests that sediment phosphorus exchange frameworks are con-
ceptually useful but quantitatively incomplete for wastewater-derived particulates. They
correctly anticipate that phosphorus exchange is affected by ambient chemistry and tem-
perature, but they may underestimate the mass-normalized release potential of solids pro-
duced by wastewater treatment processes. The difference likely reflects the distinct origin
and treatment history of efHuent solids, including chemical conditioning, biological floc
formation, and enrichment in reactive particulate phosphorus fractions (Fan et al., 2008;
Stone & Mudroch, 1989; Zhu et al., 2012). Therefore, wastewater effluent solids should
not be treated simply as equivalent to natural sediments in nutrient models or receiving
water assessments. Instead, sediment frameworks should be used as interpretive reference
points, while phosphorus release from effluent solids should be independently quantified
and integrated with dissolved phosphorus inputs, efluent solids loading, and receiving

water hydrology (Chapter 5).
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4.5 Conclusions

This study evaluated whether sediment-based phosphorus exchange behaviours adequately
describe phosphorus release from wastewater efluent solids. Across the tested SRP gra-
dients, both secondary and tertiary efHuent solids remained net phosphorus sources, with
apparent FPC\ values substantially exceeding those commonly reported for freshwater

sediments.

Wastewater-derived particulates exhibited several behaviours qualitatively consistent
with natural sediments, including condition-dependent responses to pH and enhanced
phosphorus release at higher temperatures. However, the magnitude of phosphorus re-
lease observed here indicates that direct quantitative application of sediment phosphorus

exchange frameworks may underestimate the release potential of efHuent-derived solids.

Collectively, these findings indicate that wastewater effluent solids occupy a distinct
phosphorus exchange domain relative to many natural sediments and should therefore be
evaluated independently in receiving water assessments and nutrient management frame-

works.

101



References

APHA. (2023). Standard Methods for the Examination of Water and Wastewater (23rd
ed). American Public Health Association.

Appan, A., & Wang, H. (2000). Sorption Isotherms and Kinetics of Sediment Phosphorus
in a Tropical Reservoir. Journal of Environmental Engineering, 126(11), 993-998.
https://doi.org/10.1061/(ASCE)0733-9372(2000)126:11(993)

Barrett, T. J. (2011). Computations using analysis of covariance. Wiley Interdisciplinary
Reviews: Computational Statistics, 3(3), 260-268. https://doi.org/10.1002/
WICS.165

Bashar, R., Gungor, K., Karthikeyan, K. G., & Barak, P. (2018). Cost effectiveness of
phosphorus removal processes in municipal wastewater treatment. Chemosphere,
197, 280-290. https://doi.org/10.1016/J.CHEMOSPHERE.2017.12.169

Bostrom, B. (1984). Potential Mobility of Phosphorus in Different Types of Lake Sediment.
Internationale Revue Der Gesamten Hydrobiologie Und Hydrographie, 69(4), 457
474. https://doi.org/10.1002/IR0H. 19840690402

Bostrom, B., Persson, G., & Broberg, B. (1988). Bioavailability of different phosphorus
forms in freshwater systems. Hydrobiologia, 170(1), 133-155. https://doi.org/
10.1007/BF00024902/METRICS

Carey, R. O., & Migliaccio, K. W. (2009). Contribution of Wastewater Treatment Plant Ef-
fluents to Nutrient Dynamics in Aquatic Systems: A Review. Environmental Man-
agement 2009 44:2, 44(2), 205-217. https://doi.org/10.1007/s00267-009-9309-5

Cheng, X., Huang, Y., Li, R., Pu, X., Huang, W., & Yuan, X. (2020). Impacts of wa-
ter temperature on phosphorus release of sediments under flowing overlying water.
Journal of Contaminant Hydrology, 235, 103717. https://doi.org/10.1016/7J.
JCONHYD.2020.103717

Christophoridis, C., & Fytianos, K. (2006). Conditions Affecting the Release of Phosphorus
from Surface Lake Sediments. Journal of Environmental Quality, 35(4), 1181-1192.
https://doi.org/10.2134/JEQ2005.0213

Correll, D. L. (1998). The Role of Phosphorus in the Eutrophication of Receiving Waters:
A Review. Journal of Environmental Quality, 27(2), 261-266. https://doi.org/
10.2134/JEQ1998.00472425002700020004X

102


https://doi.org/10.1061/(ASCE)0733-9372(2000)126:11(993)
https://doi.org/10.1002/WICS.165
https://doi.org/10.1002/WICS.165
https://doi.org/10.1016/J.CHEMOSPHERE.2017.12.169
https://doi.org/10.1002/IROH.19840690402
https://doi.org/10.1007/BF00024902/METRICS
https://doi.org/10.1007/BF00024902/METRICS
https://doi.org/10.1007/s00267-009-9309-5
https://doi.org/10.1016/J.JCONHYD.2020.103717
https://doi.org/10.1016/J.JCONHYD.2020.103717
https://doi.org/10.2134/JEQ2005.0213
https://doi.org/10.2134/JEQ1998.00472425002700020004X
https://doi.org/10.2134/JEQ1998.00472425002700020004X

Delacre, M., Leys, C., Mora, Y. L., & Lakens, D. (2020). Taking parametric assumptions
seriously: Arguments for the use of welch’s f-test instead of the classical f-test
in one-way ANOVA. International Review of Social Psychology, 32(1). https:
//doi.org/10.5334/IRSP.198

DiCarlo, A. M., Weisener, C. G., & Drouillard, K. G. (2020). Evidence for Microbial
Community Effect on Sediment Equilibrium Phosphorus Concentration (EPCO).
Bulletin of Environmental Contamination and Toxicology, 105(5), 736-741. https:
//doi.org/10.1007/S00128-020-03019-0/FIGURES/2

Elser, J. J., Bracken, M. E. S.; Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand,
H., Ngai, J. T., Seabloom, E. W., Shurin, J. B., & Smith, J. E. (2007). Global
analysis of nitrogen and phosphorus limitation of primary producers in freshwater,
marine and terrestrial ecosystems. Ecology Letters, 10(12), 1135-1142. https:
//doi.org/10.1111/J.1461-0248.2007.01113.X

Emelko, M. B., Stone, M., Silins, U., Allin, D., Collins, A. L., Williams, C. H. S.,
Martens, A. M., & Bladon, K. D. (2016). Sediment-phosphorus dynamics can shift
aquatic ecology and cause downstream legacy effects after wildfire in large river
systems. Global Change Biology, 22(3), 1168-1184. https://doi.org/10.1111/
GCB.13073;PAGE:STRING: ARTICLE/CHAPTER

Fan, L., Nguyen, T., Roddick, F. A., & Harris, J. L. (2008). Low-pressure membrane
filtration of secondary effluent in water reuse: Pre-treatment for fouling reduction.
Journal of Membrane Science, 320(1-2), 135-142. https://doi.org/10.1016/J.
MEMSCI.2008.03.058

Froelich, P. N. (1988). Kinetic control of dissolved phosphate in natural rivers and estuar-
ies: A primer on the phosphate buffer mechanisml. Limnology and Oceanography,
33(4part2), 649-668. https://doi.org/10.4319/10.1988.33.4part2.0649

Gu, A. Z., Liu, L., Neethling, J. B., Stensel, H. D., & Murthy, S. (2011). Treatability and
fate of various phosphorus fractions in different wastewater treatment processes.
Water Science and Technology, 63(4), 804-810. https://doi.org/10.2166/WST.
2011.312

Haggard, B. E., Smith, D. R., & Brye, K. R. (2007). Variations in Stream Water and
Sediment Phosphorus among Select Ozark Catchments. Journal of Environmental
Quality, 36(6), 1725-1734. https://doi.org/10.2134/7eq2006.0517

103


https://doi.org/10.5334/IRSP.198
https://doi.org/10.5334/IRSP.198
https://doi.org/10.1007/S00128-020-03019-0/FIGURES/2
https://doi.org/10.1007/S00128-020-03019-0/FIGURES/2
https://doi.org/10.1111/J.1461-0248.2007.01113.X
https://doi.org/10.1111/J.1461-0248.2007.01113.X
https://doi.org/10.1111/GCB.13073;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1111/GCB.13073;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1016/J.MEMSCI.2008.03.058
https://doi.org/10.1016/J.MEMSCI.2008.03.058
https://doi.org/10.4319/lo.1988.33.4part2.0649
https://doi.org/10.2166/WST.2011.312
https://doi.org/10.2166/WST.2011.312
https://doi.org/10.2134/jeq2006.0517

He, J., Feng, H., Diao, Z., & Su, D. (2023). Effect of temperature variation on phos-
phorus flux at the sediment—water interface of the steppe wetlands. Environmental
Science and Pollution Research, 30(5), 12441-12452. https://doi.org/10.1007/
S11356-022-23015-7/FIGURES/7

Holdren, G. C., & Armstrong, D. E. (1980). Factors Affecting Phosphorus Release From
Intact Lake Sediment Cores. Environmental Science and Technology, 14(1), 79-87.
https://doi.org/10.1021/ES60161A014/ASSET/ES60161A014.FP.PNG_V03

House, W. A. (2003). Geochemical cycling of phosphorus in rivers. Applied Geochemistry,
18(5), 739-748. https://doi.org/10.1016/30883-2927(02)00158-0

House, W. A.; & Denison, F. H. (1998). Phosphorus dynamics in a lowland river. Water
Research, 32(6), 1819-1830. https://doi.org/10.1016/S0043-1354(97)00407-7

House, W. A., & Denison, F. H. (2000). Factors influencing the measurement of equilibrium
phosphate concentrations in river sediments. Water Research, 34(4), 1187-1200.
https://doi.org/10.1016/50043-1354(99)00249-3

Huang, S., Xu, H., Shang, D., Liu, J., Tang, Q., & Liu, R. (2021). Phosphorus Fractions
and Release Factors in Surface Sediments of a Tailwater River in Xinmi City, a Case
Study. Sustainability 2021, Vol. 13, Page 5417, 13(10), 5417. https://doi.org/
10.3390/SU13105417

Jarvie, H. P., Neal, C., & Withers, P. J. A. (2006). Sewage-effluent phosphorus: A greater
risk to river eutrophication than agricultural phosphorus? Science of The Total En-
vironment, 360(1-3), 246-253. https://doi.org/10.1016/J.SCITOTENV.2005.
08.038

Jensen, H. S., Kristensen, P., Jeppesen, E., & Skytthe, A. (1992). Iron:phosphorus ratio
in surface sediment as an indicator of phosphate release from aerobic sediments in
shallow lakes. Hydrobiologia, 235-236(1), 731-743. https://doi.org/10.1007/
BF00026261/METRICS

Jiang, X., Jin, X., Yao, Y., Li, L., & Wu, F. (2008). Effects of biological activity, light,
temperature and oxygen on phosphorus release processes at the sediment and water
interface of Taihu Lake, China. Water Research, 42(8-9), 2251-2259. https://
doi.org/10.1016/J.WATRES.2007.12.003

104


https://doi.org/10.1007/S11356-022-23015-7/FIGURES/7
https://doi.org/10.1007/S11356-022-23015-7/FIGURES/7
https://doi.org/10.1021/ES60161A014/ASSET/ES60161A014.FP.PNG_V03
https://doi.org/10.1016/S0883-2927(02)00158-0
https://doi.org/10.1016/S0043-1354(97)00407-7
https://doi.org/10.1016/S0043-1354(99)00249-3
https://doi.org/10.3390/SU13105417
https://doi.org/10.3390/SU13105417
https://doi.org/10.1016/J.SCITOTENV.2005.08.038
https://doi.org/10.1016/J.SCITOTENV.2005.08.038
https://doi.org/10.1007/BF00026261/METRICS
https://doi.org/10.1007/BF00026261/METRICS
https://doi.org/10.1016/J.WATRES.2007.12.003
https://doi.org/10.1016/J.WATRES.2007.12.003

Kim, L. H., Choi, E., & Stenstrom, M. K. (2003). Sediment characteristics, phosphorus
types and phosphorus release rates between river and lake sediments. Chemosphere,
50(1), 53-61. https://doi.org/10.1016/S0045-6535(02)00310-7

Klotz, R. L. (1985). Factors controlling phosphorus limitation in stream sediments. Lim-
nology and Oceanography, 30(3), 543-553. https://doi.org/10.4319/10.1985.
30.3.0543

Klotz, R. L. (1991). Temporal relation between soluble reactive phosphorus and factors in
stream water and sediments in Hoxie Gorge Creek, New York. Canadian Journal of
Fisheries and Aquatic Sciences, 48(1), 84-90. https://doi.org/10.1139/£91-012

Kosten, S., Huszar, V. L. M., Bécares, E., Costa, L. S., van Donk, E., Hansson, L.
A., Jeppesen, E., Kruk, C., Lacerot, G., Mazzeo, N., De Meester, L., Moss, B.,
Liirling, M., Noges, T., Romo, S., & Scheffer, M. (2012). Warmer climates boost
cyanobacterial dominance in shallow lakes. Global Change Biology, 18(1), 118-126.
https://doi.org/10.1111/J.1365-2486.2011.02488.X

Li, X., Huang, L., Fang, H., Chen, M., Cui, Z., Sun, Z., & Reible, D. (2021). Phosphorus
adsorption by sediment considering mineral composition and environmental factors.
Environmental Science and Pollution Research 28, 17495-17505. https://doi.
org/10.1007/s11356-020-12206-9

McDowell, R., Sharpley, A., & Folmar, G. (2001). Phosphorus Export from an Agricultural
Watershed: Linking Source and Transport Mechanisms. Journal of Environmental
Quality, 30(5), 1587-1595. https://doi.org/10.2134/JEQ2001.3051587X

McDowell, R. W., Simpson, Z. P., Stenger, R., & Depree, C. (2018). The influence of a
flood event on the potential sediment control of baseflow phosphorus concentrations
in an intensive agricultural catchment. Journal of Soils and Sediments 2018 19:1,
19(1), 429-438. https://doi.org/10.1007/s11368-018-2063-7

Nurnberg, G. K. (2009). Assessing internal phosphorus load - Problems to be solved.
Lake and Reservoir Management, 25(4), 419-432. https://doi.org/10.1080/
00357520903458848

Pailles, C., & Moody, P. W. (1992). Phosphorus sorption-desorption by some sediments
of the Johnstone Rivers catchment, northern Queensland. Australian Journal of
Marine and Freshwater Research, 43(6), 1535-1545. https://doi.org/10.1071/
MF9921535

105


https://doi.org/10.1016/S0045-6535(02)00310-7
https://doi.org/10.4319/lo.1985.30.3.0543
https://doi.org/10.4319/lo.1985.30.3.0543
https://doi.org/10.1139/f91-012
https://doi.org/10.1111/J.1365-2486.2011.02488.X
https://doi.org/10.1007/s11356-020-12206-9
https://doi.org/10.1007/s11356-020-12206-9
https://doi.org/10.2134/JEQ2001.3051587X
https://doi.org/10.1007/s11368-018-2063-7
https://doi.org/10.1080/00357520903458848
https://doi.org/10.1080/00357520903458848
https://doi.org/10.1071/MF9921535
https://doi.org/10.1071/MF9921535

Palmer-Felgate, E. J., Jarvie, H. P., Withers, P. J. A.; Mortimer, R. J. G., & Krom,
M. D. (2009). Stream-bed phosphorus in paired catchments with different agricul-
tural land use intensity. Agriculture, Ecosystems & Environment, 134(1-2), 53-66.
https://doi.org/10.1016/j.agee.2009.05.014

Peryer-Fursdon, J., Abell, J. M., Clarke, D., Ozkundakei, D., Hamilton, D. P., & Pearson,
L. (2014). Spatial variability in sediment phosphorus characteristics along a hydro-
logical gradient upstream of Lake Rotorua, New Zealand. Environmental Earth Sci-
ences 2014 73:4, 73(4), 1573-1585. https://doi.org/10.1007/s12665-014-3508~y

Read, E. K., Ivancic, M., Hanson, P., Cade-Menun, B. J., & McMahon, K. D. (2014). Phos-
phorus speciation in a eutrophic lake by 31P NMR spectroscopy. Water Research,
62(4), 229-240. https://doi.org/10.1016/j.watres.2014.06.005

Reimann, C., & Filzmoser, P. (2000). Normal and lognormal data distribution in geochem-
istry: Death of a myth. Consequences for the statistical treatment of geochem-
ical and environmental data. Environmental Geology, 39(9), 1001-1014. https:
//doi.org/10.1007/5002549900081/METRICS

Remy, C., Miehe, U., Lesjean, B., & Bartholoméus, C. (2014). Comparing environmental
impacts of tertiary wastewater treatment technologies for advanced phosphorus re-
moval and disinfection with life cycle assessment. Water Science and Technology,
69(8), 1742-1750. https://doi.org/10.2166/WST.2014.087

Reynolds, C. S., & Davies, P. S. (2001). Sources and bioavailability of phosphorus fractions
in freshwaters: a British perspective. Biological Reviews, 76(1), 27-64. https:
//doi.org/10.1017/s1464793100005625

Rydin, E., Malmaeus, J. M., Karlsson, O. M., & Jonsson, P. (2011). Phosphorus release
from coastal Baltic Sea sediments as estimated from sediment profiles. Estuarine,
Coastal and Shelf Science, 92(1), 111-117. https://doi.org/10.1016/J.ECSS.
2010.12.020

Sadegh, A. S., Sidoumou, Z., Dia, M., Pinchetti, J. L. G., & Bouaicha, N. (2021). Impacts
of phosphorus loads on the water quality and the proliferation of harmful cyanobac-
teria in Foum-Gleita Reservoir (Mauritania). Annales de Limnologie - International
Journal of Limnology, 57, 1. https://doi.org/10.1051/LINMN/2020029

106


https://doi.org/10.1016/j.agee.2009.05.014
https://doi.org/10.1007/s12665-014-3508-y
https://doi.org/10.1016/j.watres.2014.06.005
https://doi.org/10.1007/S002549900081/METRICS
https://doi.org/10.1007/S002549900081/METRICS
https://doi.org/10.2166/WST.2014.087
https://doi.org/10.1017/s1464793100005625
https://doi.org/10.1017/s1464793100005625
https://doi.org/10.1016/J.ECSS.2010.12.020
https://doi.org/10.1016/J.ECSS.2010.12.020
https://doi.org/10.1051/LIMN/2020029

Seitzinger, S. P. (1991). The effect of pH on the release of phosphorus from Potomac estuary
sediments: Implications for blue-green algal blooms. Estuarine, Coastal and Shelf
Science, 33(4), 409-418. https://doi.org/10.1016/0272-7714(91)90065-1]

Simpson, Z. P., McDowell, R. W., Condron, L. M., McDaniel, M. D., Jarvie, H. P., &
Abell, J. M. (2021). Sediment phosphorus buffering in streams at baseflow: A
meta-analysis. Journal of Environmental Quality, 50(2), 287-311. https://doi.
org/10.1002/jeq2.20202

Son, J. H., Kim, S., & Carlson, K. H. (2015). Effects of Wildfire on River Water Quality and
Riverbed Sediment Phosphorus. Water, Air, & Soil Pollution 2015 226:3, 226(3),
26-. https://doi.org/10.1007/s11270-014-2269-2

Stone, M., & English, M. C. (1993). Geochemical composition, phosphorus speciation and
mass transport of fine-grained sediment in two Lake Erie tributaries. Hydrobiologia,
253(1-3), 17-29. https://doi.org/10.1007/BF00050719/METRICS

Stone, M., & Mudroch, A. (1989). The effect of particle size, chemistry and mineralogy
of river sediments on phosphate adsorption. Environmental Technology Letters,
10(5% 501-510. https://doi.org/10.1080/09593338909384766;PAGE:STRING:
ARTICLE/CHAPTER

Tellinghuisen, J., & Bolster, C. H. (2010). Least-Squares Analysis of Phosphorus Soil
Sorption Data with Weighting from Variance Function Estimation: A Statistical
Case for the Freundlich Isotherm. Environmental Science and Technology, 44(13),
5029-5034. https://doi.org/10.1021/es100535b

Temporetti, P., Beamud, G., Nichela, D., Baffico, G., & Pedrozo, F. (2019). The effect
of pH on phosphorus sorbed from sediments in a river with a natural pH gradient.
Chemosphere, 228, 287-299. https://doi.org/10.1016/J.CHEMOSPHERE.2019.
04.134

Torrent, J., Barberis, E., & Gil-Sotres, F. (2007). Agriculture as a source of phosphorus for
eutrophication in southern Europe. Soil Use and Management, 23(SUPPL. 1), 25—
35. https://doi.org/10.1111/J.1475-2743.2007.00122.X;WEBSITE: WEBSITE:
BSSSJOURNALS ; JOURNAL: JOURNAL: 14752743 ; PAGEGROUP : STRING : PUBLICATION

107


https://doi.org/10.1016/0272-7714(91)90065-J
https://doi.org/10.1002/jeq2.20202
https://doi.org/10.1002/jeq2.20202
https://doi.org/10.1007/s11270-014-2269-2
https://doi.org/10.1007/BF00050719/METRICS
https://doi.org/10.1080/09593338909384766;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1080/09593338909384766;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1021/es100535b
https://doi.org/10.1016/J.CHEMOSPHERE.2019.04.134
https://doi.org/10.1016/J.CHEMOSPHERE.2019.04.134
https://doi.org/10.1111/J.1475-2743.2007.00122.X;WEBSITE:WEBSITE:BSSSJOURNALS;JOURNAL:JOURNAL:14752743;PAGEGROUP:STRING:PUBLICATION
https://doi.org/10.1111/J.1475-2743.2007.00122.X;WEBSITE:WEBSITE:BSSSJOURNALS;JOURNAL:JOURNAL:14752743;PAGEGROUP:STRING:PUBLICATION

Vianini, K., Anderson, W. B., Stone, M., Celmer-Repin, D., & Emelko, M. B. (2025).
Characterization of particulate phosphorus forms and bioavailability in wastewater
efluent to benchmark drivers of eutrophication. Water Research, 288, 124600.
https://doi.org/10.1016/J.WATRES.2025.124600

Watt, C., Emelko, M. B., Silins, U., Collins, A. L., & Stone, M. (2021). Anthropogenic and
climate-exacerbated landscape disturbances converge to alter phosphorus bioavail-
ability in an oligotrophic river. Water (Switzerland), 13(22), 3151. https://doi.
org/10.3390/W13223151/51

Wu, Y., Wen, Y., Zhou, J., & Wu, Y. (2014). Phosphorus release from lake sediments: Ef-
fects of pH, temperature and dissolved oxygen. KSCE Journal of Civil Engineering,
18(1), 323-329. https://doi.org/10.1007/812205-014-0192-0/METRICS

Xia, L., van Dael, T., Bergen, B., & Smolders, E. (2023). Phosphorus immobilisation
in sediment by using iron rich by-product as affected by water pH and sulphate
concentrations. Science of The Total Environment, 864, 160820. https://doi.
org/10.1016/J.SCITOTENV.2022.160820

Zar, J. H. . (2010). Biostatistical analysis (5th ed). Pearson Education Limited.

Zhang, H., Xin, M., Lin, C., Wang, B., Ouyang, W., Liu, X., & He, M. (2022). Phosphorus
distribution in the water and sediment of Laizhou Bay and sediment phosphorus
release potential. Science of The Total Environment, 846, 157483. https://doi.
org/10.1016/J.SCITOTENV.2022.157483

Zhang, L., Du, Y., Du, C., Xu, M., & Lodiciga, H. A. (2016). The adsorption/desorption
of phosphorus in freshwater sediments from buffer zones: the effects of sediment
concentration and pH. Environmental Monitoring and Assessment, 188(1), 1-11.
https://doi.org/10.1007/S10661-015-5018-0/FIGURES/6

Zhao, S., Shi, X., Sun, B., Liu, Y., Tian, Z., & Huotari, J. (2022). Effects of pH on
phosphorus form transformation in lake sediments. Water Supply, 22(2), 1231—
1243. https://doi.org/10.2166/WS.2021.356

Zhou, A., Tang, H., & Wang, D. (2005). Phosphorus adsorption on natural sediments:
Modeling and effects of pH and sediment composition. Water Research, 39(7),
1245-1254. https://doi.org/10.1016/J.WATRES.2005.01.026

108


https://doi.org/10.1016/J.WATRES.2025.124600
https://doi.org/10.3390/W13223151/S1
https://doi.org/10.3390/W13223151/S1
https://doi.org/10.1007/S12205-014-0192-0/METRICS
https://doi.org/10.1016/J.SCITOTENV.2022.160820
https://doi.org/10.1016/J.SCITOTENV.2022.160820
https://doi.org/10.1016/J.SCITOTENV.2022.157483
https://doi.org/10.1016/J.SCITOTENV.2022.157483
https://doi.org/10.1007/S10661-015-5018-0/FIGURES/6
https://doi.org/10.2166/WS.2021.356
https://doi.org/10.1016/J.WATRES.2005.01.026

Zhu, H., Wen, X., & Huang, X. (2012). Characterization of membrane fouling in a micro-
filtration ceramic membrane system treating secondary effluent. Desalination, 284,
324-331. https://doi.org/10.1016/J.DESAL.2011.09.019

109


https://doi.org/10.1016/J.DESAL.2011.09.019

Chapter 5

Toward Multi-Form Phosphorus
Accounting of Wastewater
Contributions for Describing
Dynamic Utilization and
Eutrophication

110



Summary

Building on evidence that wastewater-derived solids contain bioavailable particulate phos-
phorus and can release phosphorus under environmentally relevant receiving water con-
ditions, the relative influence of dissolved phosphorus and particulate phosphorus release
to near-field bioavailable phosphorus availability following discharge was investigated. Ex-
perimentally constrained phosphorus speciation and desorption behaviour were integrated
with efluent flow, river flow, and background soluble reactive phosphorus conditions to de-
termine when wastewater inputs can materially alter downstream phosphorus availability.
The analysis showed that wastewater influence depends strongly on hydrologic context,
with the greatest relative contribution occurring under low-flow conditions and in receiv-
ing waters with lower background phosphorus concentrations. Direct discharge of soluble
reactive phosphorus was the dominant contributor to near-field bioavailable phosphorus
availability, while desorption from effluent-derived solids provided an additional bioavail-
able phosphorus contribution that linked residual particulate phosphorus to downstream
exposure. However, concentration increases alone are insufficient to infer eutrophication
response because ecological effects depend on site-specific nutrient limitation, hydrology,
residence time, biological uptake, light availability, and physical habitat. By connecting
wastewater phosphorus speciation with receiving water dilution and the broader condi-
tions that regulate eutrophication, this chapter provides a more context-dependent basis
for interpreting the significance of wastewater phosphorus inputs beyond total phosphorus

concentrations.
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5.1 Introduction

Management of eutrophication in inland waters has largely been focused on controlling
nutrient inputs, particularly phosphorus because it commonly limits primary productivity
and can stimulate harmful algal and cyanobacterial blooms with consequences for drinking
water quality, ecosystem function, and economic activities (Carpenter et al., 1998; Emelko
et al., 2011; Paerl et al., 2016). Despite decades of management efforts, a fundamental
question remains unresolved: what maximum concentration of total phosphorus (TP) is
sufficiently protective of receiving waters? Although guidelines and reference values exist
(Chambers et al., 2012), no universally accepted threshold distinguishes acceptable from
harmful phosphorus concentrations. This reflects the complex and system-specific nature of
eutrophication responses (Zeng et al., 2016). A major limitation of TP is that it aggregates
phosphorus fractions with fundamentally different bioavailability and ecological relevance

(Vianini et al., 2026b; Chapter 3).

Among the phosphorus sources contributing to surface waters, municipal wastewater
treatment plant (WWTP) effluents represent one of the most consistent and controllable
point inputs (Carpenter et al., 1998) and can dominate nutrient loading under conditions of
limited dilution (Jarvie et al., 2006). Consequently, WWTP discharges are a central focus
of nutrient management and regulatory control. However, these controls typically rely
heavily on TP and do not explicitly account for bioavailable phosphorus (BAP) fractions

(Comber et al., 2015; Kardos et al., 2025; Preisner et al., 2020).

Backed by decades of monitoring data and rigorous regulatory standardization, TP

remains a vital and widely accepted metric that owes its universal comparability to its
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operational simplicity (Carey & Migliaccio, 2009; Hendriks & Langeveld, 2017; Nair et al.,
2022). Effluent TP comprises both dissolved and particulate phosphorus (PP) forms with
differing bioavailability (Chapter 3). Particular attention has been given to soluble reactive
phosphorus (SRP), which is immediately bioavailable, and non-apatite inorganic phospho-
rus (NAIP), a particulate form that is often predominant in effluent solids and can act as a
secondary source of dissolved phosphorus because it can readily desorb following discharge
(Vianini et al., 2025; Chapters 2 and 3). Owing to its nuanced composition, equivalent
TP concentrations may produce substantially different ecological responses; thus, TP alone
cannot distinguish among immediately bioavailable, potentially bioavailable, and relatively

inert phosphorus pools (Comber et al., 2015; Li & Brett, 2013).

The influence of WWTP phosphorus discharges on receiving waters is therefore not
solely a function of bulk phosphorus loads. Following discharge, efluent-derived phospho-
rus is diluted, transported, and transformed through processes that determine its resulting
concentration and bioavailability (Carey & Migliaccio, 2009). Under low-flow conditions,
effluent represents a larger fraction of total flow and has increased relative influence on
downstream phosphorus concentrations, whereas other diffuse phosphorus sources typi-
cally dominate at higher flows (Bowes et al., 2008). An additional complexity is that SRP,
although considered immediately bioavailable, does not correspond to a single ecological
response at a given concentration (Li & Brett, 2013). Its uptake and utilization depend
on environmental conditions and biological demand, making its ecological significance in-

herently dynamic.

These phosphorus dynamics may become increasingly important under climate-driven

hydrologic shifts associated with more frequent and prolonged low-flow conditions (Paerl
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& Paul, 2012), particularly under conditions where treated wastewater comprises an in-
creasingly large fraction of downstream flow, and the implications of them go beyond
eutrophication threats. In many water systems, treated wastewater can comprise a sub-
stantial fraction of downstream flow, creating conditions associated with de facto water
reuse (National Research Council et al., 2012). Under these circumstances, wastewater-
derived nutrients may exert greater influence on downstream water quality and can affect
systems used for drinking water supply, recreation, and ecological protection (Westerhoff
et al., 2025). These conditions reinforce the need for integrated “One Water” perspectives,
where wastewater discharges, receiving water quality, ecosystem protection, and down-
stream water use are increasingly interconnected (Pokhrel et al., 2022). Consequently,
there is a growing need for decision support methods capable of identifying when wastew-

ater effluent exerts a meaningful influence on downstream water quality.

Although detailed water quality models such as QUAL2K and WASP simulate nutri-
ent dynamics through representations of hydrodynamic and biogeochemical processes, they
require extensive data inputs and calibration and are typically applied to site-specific anal-
yses (Mbuh et al., 2019; Zehra et al., 2023). Existing simplified approaches, in contrast,
often focus primarily on TP loading (Bowes et al., 2008) and do not explicitly distinguish
between the different pathways through which dissolved and particulate phosphorus, par-
ticularly BAP, can contribute to phosphorus loading. As a result, there is currently no
simple and transferable (i.e., able to be applied across systems using site-specific inputs)
assessment method for identifying the conditions under which WWTP discharges can ma-

terially influence downstream bioavailable phosphorus across systems.

Recent work has demonstrated that wastewater PP differs substantially from conven-
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tional representations of natural suspended sediments and may contain a large proportion of
readily bioavailable NAIP fractions (Vianini et al., 2025; Chapter 2). Additional investiga-
tions showed that tertiary treatment can substantially alter phosphorus partitioning with-
out necessarily proportionally reducing bioavailable phosphorus contributions (Chapter 3),
while phosphorus desorption experiments demonstrated that efluent-derived solids can
exhibit release behaviour distinct from established freshwater sediment paradigms (Chap-
ter 4). Collectively, these findings highlight the need to integrate phosphorus speciation,
bioavailability, and dynamics of the receiving environment when evaluating WWTP im-

pacts on receiving waters.

The objective of this study was to apply a multi-form phosphorus accounting approach
that integrates experimentally constrained wastewater phosphorus speciation and desorp-
tion behaviour with flow regime analysis to identify conditions under which WWTP dis-
charges may materially influence BAP concentrations. It also considered the extent to
which these concentration-based estimates can be used to infer eutrophication relevance
within receiving waters. By integrating dissolved phosphorus inputs with desorbable par-
ticulate phosphorus contributions, this approach links treatment performance, phosphorus
speciation, and hydrologic regimes within a unified basis for interpreting receiving water
phosphorus exposure. Receiving water exposure is defined here as the magnitude and
significance of wastewater-derived BAP inputs to which a receiving water is subjected.
Rather than directly predicting algal proliferation or eutrophication responses, this study
focuses on quantifying how wastewater-derived bioavailable phosphorus is expressed post
discharge, thereby serving as a mechanistic input layer for more complex ecological or

watershed assessments.
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5.2 Methodology

This section presents the development of the proposed assessment methodology for evalu-
ating the exposure of receiving waters to wastewater-derived bioavailable phosphorus. The
conceptual basis and governing equations are first introduced, followed by the assump-
tions underlying the near-field mixing representation within the initial mixing zone. The
methodology then describes the scenario-based parameterization approach, dimensionless

relationships, and threshold metrics used to characterize system response.

5.2.1 Structural Design and Approach

The methodology herein was developed to evaluate how WWTP effluent influences down-
stream BAP under varying hydrologic conditions. It represents a near-field, fully mixed
control volume immediately downstream of discharge and integrates two pathways of
phosphorus contribution: (i) directly discharged SRP, and (ii) phosphorus released from
effluent-derived suspended solids following discharge. The released phosphorus is assumed
to be fully bioavailable and is accounted for as SRP; it reflects experimentally observed
desorption behaviour associated with NAIP-rich wastewater solids identified in previous
studies (Vianini et al., 2025; Chapters 2-4). Downstream BAP was represented as the final

SRP concentration following mixing and particulate phosphorus release:

QwSRPw + QTSRPT + QwSSwRd
Qu + Qr

SRPfinal = (51)

where ), and @), are the wastewater effluent and river flow rates, SRP,, and SRP, are
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the corresponding SRP concentrations, S5, is the efluent suspended solids concentration,
and R, is the phosphorus rate of desorption, or release potential, which represents the
contribution of phosphorus released from effluent-derived solids. This formulation requires
a limited set of inputs describing effluent quality and receiving water conditions, enabling
direct evaluation of the relative importance of dissolved and particulate-derived phosphorus

contributions across hydrologic regimes.

The total effluent-derived bioavailable phosphorus concentration (P,) was defined as
the sum of dissolved SRP and phosphorus released from effluent solids. The term SS,, Ry
converts the suspended solids concentration (mg solids L™!) into an equivalent phosphorus
concentration (ng P L™1), accounting for the short-term phosphorus release potential per

unit of solids mass (mg P g~! solids).

P, = SRP, + SS,Rq (5.2)

To provide a dimensionless representation of hydrologic influence, the efluent fraction

(E'F) was calculated as the ratio of effluent flow to total flow:

Qu

EF = %% _
Qu + Qr

(5.3)

The wastewater discharge contribution to BAP, expressed as a percentage, and the

contribution from solids only were estimated using Equations 5.4 and 5.5, respectively:

?U‘Pe
Contributionyig = prfj_ O.5RE. x 100 (5.4)
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QwSSwRd
QwPe + QTSRPT’

x 100 (5.5)

Contributionseigs =

5.2.2 Output Application and Evaluation

Outcomes were evaluated using two main complementary metrics: (i) the relative contri-
bution of effluent-derived phosphorus to downstream SRP, based on Equation 5.4, and (ii)
a dimensionless responsiveness metric referred to as the SRP augmentation factor (Equa-
tion 5.6). These metrics enable assessment of both relative system influence potential
and absolute changes in bioavailable phosphorus concentrations. Results were visualized
using flow-response curves, augmentation factor—effluent fraction relationships, and two-
dimensional heatmaps depicting downstream response across combinations of efluent flow
(Qw) and river flow (Q,). The SRP augmentation factor (AF') was introduced to facilitate
comparison across scenarios and aid interpretation of exposure to BAP loads. The AF was

defined as:

_ SRPjina — SRP,

AF
SRP,

(5.6)

The AF informs the relative increase in BAP attributable to WWTP discharge, nor-
malized to background river conditions. Values approaching zero indicate minimal impact,
whereas increasing values indicate greater contribution potential of effluent inputs to re-
ceiving water. Because the AF' is normalized to background SRP, it provides a transferable

metric that enables comparison across systems with different baseline nutrient conditions
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and hydrologic regimes. An AF value of 0.10 corresponds to a 10% increase in downstream

SRP relative to background conditions.

5.2.3 Threshold Analysis

Threshold conditions were defined as the river flow (Q,) at which wastewater effluent
contributes a specified fraction to downstream BAP. These thresholds were expressed in
terms of the percentage contribution of effluent-derived phosphorus to the total downstream
SRP concentration. Equation 5.7 was obtained by rearranging Equation 5.4 to solve for

the river flow required to produce a specified contribution level.

- QwPe(l - Qb)

@ = o x SRP, (57)

where ¢ represents the selected fractional contribution threshold (e.g., 0.1 = 10% contri-
bution of effluent-derived phosphorus to downstream BAP). Threshold levels of 10%, 25%,
and 50% were selected to represent increasing degrees of effluent influence on downstream
conditions. For each threshold level, combinations of effluent flow (Q,,) and river flow (Q,)
corresponding to that threshold were identified and plotted. These thresholds represent the
hydrologic conditions under which wastewater-derived phosphorus reaches a defined frac-
tion of downstream BAP, providing a quantitative basis for identifying transitions between

low- and high-influence regimes.
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5.2.4 Assumptions and Scope

This assessment approach is intentionally streamlined to isolate the dominant hydrologic
and phosphorus-speciation controls governing near-field receiving water response. It repre-
sents conditions immediately downstream of discharge where dilution and initial phospho-
rus exchange processes dominate. Complete and instantaneous mixing between effluent
and upstream river water is assumed. Background river SRP concentrations are treated
as quasi-equilibrium conditions such that additional sorption or desorption from ambient
sediments is negligible over the spatial and temporal scale considered. These assumptions
are consistent with a near-field control volume representation commonly used in initial
dilution modelling, where physical mixing dominates over biogeochemical transformations

at short spatial and temporal scales (Hetland, 2010).

In-stream processes such as biological uptake, sediment—water exchange, settling, or
long-term transformation of phosphorus species are not explicitly accounted for. Al-
though these processes govern phosphorus dynamics over longer spatiotemporal scales, this
methodology focuses on the critical initial mixing phase, offering a refined BAP loading

foundation that enhances the accuracy of broader, system-specific assessments.

5.2.5 Scenario Design and Parameter Selection

Input parameters (Q., Q., SRP,,, SRFP,, SS,, R;) were defined using a scenario-based
approach spanning low, intermediate, and high values representative of realistic wastewater
and receiving water conditions. Where available, parameter values were obtained from the

experimental findings of Chapters 2-4, including measurements of phosphorus speciation,
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bioavailability, and particulate phosphorus release potential (Vianini et al., 2025). These
results supplied the mechanistic information required to evaluate dissolved and particulate-
derived phosphorus contributions within a common receiving water accounting approach.
Additional values were selected to bracket plausible system behaviour. This bracketing
approach was useful because phosphorus fate and transformation dynamics can be depen-
dent on solids composition and receiving water chemistry, including ambient SRP, pH,
and temperature that can directly influence PP release potential (Chapter 4). Therefore,
these inputs are treated here as operational scenario parameters used to evaluate receiving
water exposure and identify threshold-like transitions in the relative influence of efluent-
derived phosphorus on downstream BAP concentrations, as well as to evaluate treatment

performance effects.

The scenarios were designed to isolate the influence of hydrologic dilution capacity
and background nutrient conditions on downstream response. Scenarios 2-5 represent
directional contrasts around the central condition (Scenario 1), enabling independent eval-
uation of low versus high effluent flow and low versus high background SRP conditions.
The scenario matrix consisted of a 6 x 5 x 5 factorial design, comprising six WWTP
configurations, five river flow conditions, and five combined effluent-flow /background-SRP
scenarios. The latter corresponded to the four corner points and centre point of a 3 x 3
factorial space defined by effluent flow and background SRP. The scenario structure and

input values are summarized in Table 5.1.
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Table 5.1: Scenario input matrix and representative WW'TP configurations.

Effluent characteristics

SRPy SSw PP Rq
WWTP (ug LY (mg L) (mg P g! solids) Notes
Plant 1 400 8 0.8 Conservative, upper-end case

Final effluent representing
Plant 2 300 7 0.7 moderate SRP reduction and
limited solids removal

Secondary effluent with
Plant 3 200 6 06 improved SRP removal
Tertiary effluent with improved
Plant 4 200 2 0.2 SRP reduction and solids
removal
Plant 5 100 | 0.1 We%l-perfonmng low-P, low-TSS
tertiary effluent
Plant 6 50 0.8 0.1 Best, lower-bound case

Hydrologic and receiving water conditions

Parameter Values

Effluent flow
0.05,0.5,2
(Qw, m*s™)
River flow
1, 3,10, 30, 100

(Qr m's) S
Background
SRP 10, 50, 150

(SRPr, pg L)

Scenario definitions

Scenario Description

1 Central/baseline conditions
2 Low Qw / High SRP;

3 High Qw / Low SRP:

4 High Q. / High SRP:

5 Low Qw / Low SRP;
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5.2.6 Method Development and Scientific Basis

The scenario-based analysis was designed to characterize the primary hydrologic and chem-
ical factors driving near-field bioavailable phosphorus behaviour. Rather than serving as
a site-specific predictive ecosystem model, it provides a mathematically constrained struc-
ture to identify the specific hydrologic and effluent quality thresholds under which WWTP

effluents become environmentally influential.

The parameters used are grounded in experimentally constrained phosphorus charac-
teristics and behaviours (Vianini et al., 2025; Chapters 2-4). Specifically, these studies
newly demonstrated that effluent-derived solids are enriched in readily desorbable NAIP,
establishing a dynamic bioavailable phosphorus source rather than an inert particulate
fraction. Additionally, they provide phosphorus fraction characterization across treatment
systems and phosphorus release behaviour from effluent-derived solids under varying re-
ceiving water conditions. These empirical relationships dictate the dissolved (SRP,) and

particulate phosphorus desorption (R;) terms used herein.

5.3 Results

5.3.1 Effluent Contribution as a Function of Hydrologic Condi-

tions

Effluent contribution to downstream bioavailable phosphorus (computed using Equations 5.4

and 5.5) exhibited a consistent nonlinear dependence on river flow across all scenarios (Fig-
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ure 5.1). This behaviour provides a mechanistic basis for identifying low-dilution conditions
under which effluent-derived BAP contributions become more pronounced. Although six
representative plants were evaluated, four are shown here to capture the full envelope of
system behaviour without redundancy. The remaining plants fall within these bounds and

do not introduce additional response patterns.
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Figure 5.1: Percentage contribution of wastewater efluent to BAP post discharge as a
function of river flow (Q,) across generated scenarios. Solid lines represent total effluent
contributions, dissolved plus desorption from solids, while dashed lines represent contribu-
tions from efHluent solids only. The nonlinear decline reflects a dilution-driven response,
in which efluent contributions scale with the ratio of @, to ), rather than absolute flow

values.

Although Equation 5.5 reports the relative contribution of particulate-derived phospho-
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rus, the same particulate-release term was also expressed as an absolute downstream SRP
concentration increase (ng L), Because this calculation does not depend on background
river SRP concentration (SRP,), scenarios differing only in SRP, produced identical re-
sults and are therefore represented by overlapping curves in Figure 5.2. The resulting
SRP increases remained comparatively low across all conditions, with values confined to
a narrow range and declining rapidly with increasing flow. Minimal separation between
plants at moderate to high flows indicates limited influence of particulate phosphorus on

short-term downstream SRP under the conditions evaluated.
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Figure 5.2: Absolute increase in downstream SRP attributable solely to phosphorus desorp-
tion from effluent-derived solids. The limited magnitude of the solids contribution reflects
its dependence on both suspended solids concentration and release rate, which together
form a secondary source term relative to direct dissolved inputs. As a result, PP desorption
is a secondary, less pronounced source of short-term increases in downstream SRP under

the conditions evaluated.

Plants 3 and 4 produced nearly identical total contribution curves (Figure 5.1). Because
these effluents were intentionally similar except for the improved suspended solids and
particulate phosphorus removal achieved in Plant 4, this comparison effectively isolates
the influence of solids-associated phosphorus. Differences between the plants emerged only

when particulate-derived contributions were examined separately (Figure 5.2), where Plant
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4 consistently exhibited lower solids-associated SRP increases.

5.3.2 Effluent Fraction and SRP Augmentation Factor

To evaluate whether receiving water response could be described independently of abso-
lute flow magnitudes, downstream exposure was expressed as a function of efHuent fraction
(E'F), defined as the proportion of total post-discharge flow composed of wastewater ef-
fluent. Under the mixing assumptions of the model, the SRP augmentation factor is
determined entirely by EF and the relative phosphorus concentrations of the effluent and
receiving water. As a result, disparate flow scenarios converge onto a common relationship

between EF and downstream response (Figure 5.3).
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Figure 5.3: SRP augmentation factor (Equation 5.6) plotted against effluent fraction (E'F)
across all scenarios. Axes were adapted for improved visual interpretation. Points represent
individual scenario combinations of efluent and river flow conditions, while connecting
curves illustrate the continuous flow-conditioned relationship between increasing effluent
fraction and downstream response. Increasing AF values indicate progressively greater

downstream susceptibility to WWTP discharge relative to background SRP conditions.

Despite differences in magnitude among scenarios, the overall relationship between AF
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and effluent fraction remained highly consistent, demonstrating that efluent fraction pro-
vides a practical and transferable descriptor of receiving water exposure to BAP increases.
Rather than evaluating wastewater impacts solely through absolute discharge concentra-
tions or loads, this protocol identifies how the relative hydrologic influence of effluent

governs downstream effects across systems.

5.3.3 Threshold Flow Conditions for Downstream BAP Responses

To mechanistically map the hydrologic conditions under which WWTP discharges domi-
nate receiving water chemistry, system responses were projected across a continuous matrix
of effluent flow (Q,,) and river flow (Q,). The resulting response surfaces (Equation 5.4)
and threshold curves (Equation 5.7) depicted in Figure 5.4 reveal that effluent influence is
not merely a function of hydrologic dilution but is deeply coupled with background river
chemistry (SRP,). To illustrate system behaviour, Plant 4 was selected as a representative

case, which fixes P, from Equation 5.7 at 200.4 pg/L.
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Figure 5.4: Response surfaces illustrating downstream bioavailable phosphorus influence
potential across combinations of efluent discharge and river flow under different back-
ground SRP conditions for Plant 4. Threshold curves, 10%, 25%, and 50%, identify com-
binations of wastewater discharge and receiving water flow associated with progressively

increasing effluent influence on downstream bioavailable phosphorus.

Across all scenarios, the expected gradient of increasing effluent contribution is observed
as the system shifts toward low river flow and high effluent influence. However, the spatial

extent of these exposure potential zones exhibits a pronounced compression effect as back-
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ground river concentrations rise from 10 pg L™! to 150 pg L~!. In environments with low
background SRP (SRP, = 10 pg L™1), the receiving water is highly influenced by effluent
inputs. Under these conditions, the 10% contribution threshold extends broadly across the
hydrologic spectrum. Conversely, at higher background SRP conditions (SRP, = 150 pg
L~1), the ambient river loading effectively masks the effluent signature. This suppresses
the effluent’s relative impact, compressing the 10% threshold curve toward near-field zones

where river flow is low.

5.3.4 Generalized Threshold Envelopes

To evaluate whether threshold behaviour depended strongly on plant-specific effluent char-
acteristics, threshold relationships were compared across all representative WWTP con-
figurations. Threshold curves from all evaluated plants converged into relatively narrow
envelopes (Figure 5.5). With SRP, fixed at 50 pg L1, differences among plants are rep-
resented primarily through variation in P, (Equation 5.7). Consequently, plant-specific
phosphorus concentrations shift the absolute location of the threshold curves while pre-

serving their overall geometric form.
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Figure 5.5: Generalized threshold envelopes across plants at SRP, = 50 pg L™!. Variation
among plants, represented through differences in P, (Equation 5.7), shifts the absolute

position of the threshold curves but has little effect on their overall geometry.

These results indicate that threshold behaviour is controlled principally by the inter-

action between dilution capacity and background nutrient conditions, with efluent BAP
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concentrations acting primarily as a scaling factor on threshold magnitude. Importantly,
BAP increases can be estimated using a unified approach despite substantial differences in

treatment performance and effluent composition.

5.4 Discussion

5.4.1 System-level Controls and Emergent Behaviour

Downstream bioavailable phosphorus exhibited consistent flow-conditioned behaviour across
all scenarios, with system response organized by the interaction between effluent discharge,
receiving water flow, and background SRP (Figures 5.1, 5.2, and 5.3). Differences among
scenarios and plants were expressed primarily as shifts in response magnitude rather than
changes in functional behaviour. Despite substantial variation in efluent characteristics, all
scenarios converged toward similar response structures (Figure 5.3). Within the parameter
space evaluated here, hydrologic mixing conditions exerted stronger control on short-term

downstream response structure than variation in plant-specific effluent composition alone.

5.4.2 Mechanistic Drivers of Assessment Response
SRP Augmentation Factor and Effluent Fraction

Expressing system response through effluent fraction provides a mechanistically inter-
pretable basis for comparing systems that would otherwise appear dissimilar when eval-

uated solely using conventional concentration-based metrics. Under this representation,
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the receiving water is conceptualized not simply as a dilution medium, but as a dynamic
mixing environment in which the relative contribution of wastewater-derived phosphorus
determines the extent to which efuent characteristics are manifested downstream. Con-
sequently, the augmentation factor provides a transferable basis for evaluating receiving
water exposure potential across systems with differing baseline nutrient conditions and

treatment performance, even without requiring site-specific calibration.

Dissolved vs. Particulate Phosphorus Contributions

The separation of dissolved and particulate phosphorus contributions reveals that direct
SRP inputs dominate short-term downstream bioavailable phosphorus. While effluent-
derived solids contribute measurable phosphorus through desorption, their contribution to
short-term downstream SRP remained comparatively limited within the near-field condi-
tions and parameter ranges evaluated here (Figures 5.1 and 5.2). This reflects the relative
magnitudes of the two mechanisms: dissolved SRP is immediately available and scales
directly with efHuent loading, whereas particulate-derived phosphorus is constrained by

solids concentration and release rates.

The contribution of particulate-derived phosphorus represents an additional BAP source
that, while smaller in magnitude than direct SRP in the near-field, is not captured when
wastewater phosphorus is represented solely as dissolved phosphorus. Importantly, the
comparatively limited short-term contribution observed for particulate-derived phospho-
rus should not be interpreted as inconsequential. Rather, the results demonstrate that

quantifying phosphorus speciation and desorption behaviour is necessary to determine
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when particulate phosphorus release becomes environmentally relevant and when dissolved
phosphorus governs receiving water response. The ability to make these distinctions de-
pends on the collection and characterization of efHuent-derived suspended solids, as enabled
by the sampling approach developed in Chapter 2. Even comparatively small changes in
bioavailable phosphorus loading may remain ecologically relevant where receiving waters
are already nutrient-sensitive, approaching trophic thresholds, or subject to cumulative
downstream loading effects (Jarvie et al., 2004). Consequently, quantifying short-term
phosphorus contribution should not be interpreted as equivalent to directly quantifying

ecosystem-scale impact.

5.4.3 Threshold Behaviour and Response

Threshold-like response regions are most clearly illustrated by plotting downstream re-
sponse across combinations of effluent flow and river flow (Figures 5.4 and 5.5). Although
downstream response varies continuously across the flow domain, the curves representing
fixed contribution levels (e.g., 10%, 25%, and 50%) delineate combinations of effluent and

river flow associated with equivalent receiving water exposure.

The similar shape and alignment of the threshold contours across plants and background
SRP conditions indicate that threshold behaviour is primarily governed by the underlying
mixing relationships, while phosphorus concentrations influence the absolute location of
the curves. Importantly, these thresholds should not be interpreted as ecological tipping
points. Rather, they represent hydrologic and phosphorus-loading conditions under which

wastewater-derived bioavailable phosphorus becomes increasingly capable of influencing
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downstream water quality and ecosystem response.

5.4.4 Treatment Effects and Dissolved vs Particulate BAP Con-

tributions

Under the near-field hydrologic and phosphorus conditions evaluated here, reductions in
particulate-associated phosphorus reduced the solids-derived contribution, but did not nec-
essarily reduce total near-field BAP exposure proportionally when dissolved SRP remained
the dominant effluent contribution. This behaviour is particularly evident when compar-
ing Plants 3 and 4, which produced nearly identical total contribution patterns despite
substantial reductions in suspended solids concentration and phosphorus release potential
associated with tertiary treatment via filtration. The primary distinction between these
plants emerged only when isolating solids-derived contributions to absolute SRP increases,
where tertiary treatment reduced particulate-derived impacts without substantially alter-
ing overall short-term downstream response. This does not suggest tertiary treatment is
ineffective but rather highlights that for systems specifically targeting immediate reduc-
tion in BAP loads, phosphorus removal strategies may need to prioritize dissolved-phase

removal alongside solids separation.
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5.4.5 Interpreting BAP Exposure: Why SRP Matters but Does

Not Equate Eutrophication Response

The analysis could stop at estimating post-dilution concentration increases; however, defin-
ing eutrophication strictly by nutrient levels and excess availability is scientifically flawed
because it ignores the physical characteristics of the water body and confuses the cause
of the problem with the actual ecological repercussions (van Beusekom, 2018). Thus,
the estimations for downstream SRP concentrations should be interpreted as indicators
of near-field bioavailable phosphorus exposure and not direct indicators of eutrophication
response. In this context, SRP represents the immediately bioavailable dissolved phos-
phorus fraction and therefore provides a practical operational metric for evaluating the
direct contribution of WWTP effluent to receiving waters. The inclusion of phosphorus
released from effluent-derived suspended solids extends this estimate by incorporating an
additional short-term particulate-derived phosphorus source that would not be captured

by conventional methods.

Ambient SRP concentration, however, is not equivalent to total bioavailable phospho-
rus, nor is it a fixed ecological endpoint (Li & Brett, 2013; Reynolds & Davies, 2001).
In aquatic systems, SRP reflects a transient balance among external loading, biological
uptake, sediment exchange, internal loading, hydrologic variability, and transformations
among phosphorus pools that can fluctuate on daily and seasonal scales, driven by ever-
changing biological and chemical processes (Dadi et al., 2023; Reynolds & Davies, 2001).
Rapid biological assimilation can maintain low ambient SRP concentrations even in en-

riched systems, while elevated SRP does not necessarily produce the same ecological re-
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sponse across different water bodies. Therefore, a single water quality snapshot fails to
inform eutrophication dynamics because it provides a static measurement of highly dy-
namic variables. Thus, fluctuations in SRP should be interpreted as changes in exposure
potential, not as universal predictors of algal response or ecosystem impairment (Dodds,

2003).

To contextualize the limitations of interpreting SRP concentration as a direct indica-
tor of eutrophication risk, reported SRP concentrations associated with eutrophication-
related responses were compiled across diverse aquatic systems (Table 5.2). This synthesis
demonstrates that eutrophication responses are not associated with a single universal SRP
threshold, but instead reflect system-specific interactions among phosphorus availability,

biological uptake, hydrology, internal loading, and ecological sensitivity.
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Table 5.2: Reported SRP/BAP concentrations associated with eutrophication indicators

and context-dependent threshold interpretations across freshwater systems.

SRP/B:?P Study Site(s) Evidence of Eutrophication Significance of observations Reference
(ng L) Response
Reported SRP across lakes.
Surprisingly, SRP was negatively
Chlorophyll a, algal biomass, correlated with eutrophication
. TP, trophic state index, SRP,  indicators. Notes that low SRP can be
11 water bodies . Wang et al.
3-123 . sediment EPCy, phosphorus both a cause and consequence of
(China) . . . (2023)
adsorption parameters, and cyanobacterial dominance because
cyanobacterial organic matter cyanobacteria rapidly deplete SRP
while sediment processes replenish it at
low concentrations.
Trophic-state boundaries established
based on phytoplankton physiology:
oligotrophic: 0.5-1.2
-1 [ =
Regions with phytoplankton he SR?I L% meS(.)tmphlc' 1.2-8.0 ulg
. SRP L-!, eutrophic: >8.0 pg SRP L.
Green Bay growth saturation and Auer et al.
>8 - N .. “Thresholds” can represent
(Lake Michigan) insensitive to further . . A . (1986)
hosphorus increases physiological saturation points, not
Phosp ecological tipping points. Once SRP
exceeds ~8 pg L' in this framework,
further SRP increases may not produce
proportional algal-growth responses.
Direct threshold study, in which
" ChuotuLake s ool arpoe Soved e, o Vineal
(China) chlorophyll a SRP L-1, interpreted as the growth (1992)
threshold.
ihl(:(l;os ::y” z]z‘;;)hytop?nkton 30 pg SRP L-! saturated growth, but
. icroscopy, Microcystis bloom control required translating
Taihu Lake dominance, nutrient . . .
30 . P . dissolved nutrient responses into TP Xu et al. (2015)
(China) dilution/enrichment N
. and total nitrogen targets, and
bioassays, and field .
. chlorophyll a endpoints.
observations
Phosphorus limitation became apparent
at 83 pg SRP L', and change in algal
community occurred at 30 pg SRP L.
Points out that lowering SRP does not
River Thames . automatically reduce algal biomass Bowes et al.
30-83 (UK) Periphyton growth unless concentrations cross the system- (2012)
specific phosphorus-limiting
concentration. Hydrology, residence
time, light, and habitat structure can
mediate the biological response.
Nitrogen thresholds also reported.
. s Phosphorus thresholds can interact with
Miyun Drinking . .
: Measured nitrogen form. Ammonium + P Zeng et al.
<40 Water Reservoir . .
(China) chlorophyll a produced stronger stimulation than (2016)
! nitrate + P, so SRP alone may not
fully predict bloom response.
100 River Thames Measured Annual average; indicative, not a strict  Kinniburgh et
(UK) chlorophyll a pr /ab threshold. al. (1997)
After P-removal investments at
100 River Thames Measured :t\;l‘:g‘l::;g:;e:;/:fel::;:::;:l::)ounsh ¢ Kinniburgh &
(UK) chlorophyll a g Barnett (2010)
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Table 5.2 continued.

S(l:fg’/ff?)l’ Study Site(s) Evndencelgzsl;:)l;:‘sc;phlcatlon Significance of observations Reference
Eutrophication inferred from Refer to common 20 pg TP L' and TP
Maniniau Lake phosphorus concentrations range was 265-603 pug L. Points out Komala et al
182-570 (In d(i nesia) exceedance, greenish lake that how eutrophication is expressed (2020) .
colour, and historic depends on depth, dissolved oxygen,
chlorophyll a values pH, and temperature, for instance.
Surface-water SRP ranged by lake
Chaohu Lake region. Eutrophication status was
210-840 (China) Algal bloom occurrences site-based; algal blooms occurred more  Jin et al. (2019)
frequently and intensely in the western
lake.
Dianchi Lake (China) Reported BAP is post sediment release.
*simulated lake Measured Notes that BAP can be regenerated .
280-330 microcosm with M. aeruginosa growth internally from sediments and Liu etal. (2016)
Dianchi sediment sustain cyanobacterial growth.
In the algal-dominated basin, SRP in
surface and interstitial water was the
highest among all studied sites and
. Chlorophyll a, trophic state supported algal blooms. In transitional
Specific . index, algal/macrophyte basins, blooms could occur even where
concentration Lakes Qingling & regime classification, surface SRP was limited because P
linked to Yand ogn & surface/interstitial SRP, regeneration pathways differed. Bloom H. Lietal.
eutrophication (China)g sediment P fractions, EPCo, response depends not only on SRP (2021)
enzymatic activities, an concentration, but on system regime
response not ymatic activiti d ion, b y gi
specified phosphorus-solubilizing and dominant phosphorus supply
bacteria. pathway: exogenous input, Fe-bound P
desorption, organic P hydrolysis, or
macrophyte blocking of sediment-water
P transfer.
BAP increase from 101 to 633 pg L',
Specific Dianchi Lake accounting for 96.7% of the TP
concentration (China) increase in water and 67.8% of TP
linked to *in situ enclosure ~ Measured reduction from algae. Points out that Zhang et al
. . . . BAP can increase after bloom 2018) ’
eutrophication ¢ e:: ;;ZZ;Z;“;;Zim chlorophyll a collapse, be adsorbed by sediment, (
response not 24 decli and later support new cyanobacterial
specified ectine growth, creating an internal

phosphorus feedback loop.
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5.4.6 Interpretive Scope and Ecological Relevance

Within this scope, SRP is used as the operational proxy for the immediately bioavailable
dissolved phosphorus fraction because it represents the most direct and rapidly available
source by which WWTP effluent can influence receiving water phosphorus conditions. The
inclusion of phosphorus released from effluent-derived suspended solids extends this expo-
sure estimate beyond dissolved inputs alone by accounting for an additional particulate-
derived contribution. However, computed downstream SRP concentrations should be inter-
preted as approximate near-field concentration estimates. Owing to the dynamic nature of
phosphorus cycling, observable SRP concentrations may not scale linearly with eutrophica-
tion response, and low ambient SRP does not necessarily indicate low phosphorus pressure
if rapid assimilation or internal cycling is occurring (Dodds, 2003); thus, elevated SRP
does not translate into a universal ecological response threshold because system sensitivity

varies according to specific conditions across rivers, lakes, reservoirs, and estuarine systems.

This distinction is important for interpreting the outputs herein as initial exposure
conditions created when WW'TP-derived SRP and desorbable particulate phosphorus en-
ter a receiving water are isolated. This allows for estimation of when efuent-derived BAP
is likely to become proportionally important before subsequent biological or sediment-
mediated processes modify the signal (i.e., when WWTP inputs create a potentially im-
portant near-field BAP exposure and loading, not how that contribution will propagate

throughout the aquatic ecosystem).

The simplified structure also supports transferability across treatment and receiving

water scenarios. Because this assessment is based on quantifiable parameters such as ef-
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fluent flow, river flow, upstream SRP, efHuent SRP, suspended solids concentration, and
particulate phosphorus release potential, it can be parameterized for different WW'TPs and
receiving waters. The use of efluent fraction and relative contribution metrics further al-
lows comparison among systems with different absolute flow magnitudes. This streamlined
approach, therefore, defines this protocol’s appropriate use: exposure potential, scenario
comparison, and identifying conditions where more detailed site-specific assessment is war-

ranted.

5.4.7 Management Implications and Future Development

The analyses indicate that wastewater phosphorus impacts should not be evaluated from
efluent concentration, treatment type, or annual loading alone. The same effluent com-
position can produce substantially different near-field BAP exposure depending on river
flow, upstream SRP concentration, and the resulting effluent fraction of the mixed flow.
Management approaches based only on average effluent quality may therefore overlook pe-
riods when WWTP influence becomes proportionally more important, particularly during

low-flow conditions or in nutrient-sensitive receiving waters with limited dilution capacity.

From a treatment-evaluation perspective, the outputs here highlight the importance
of distinguishing between dissolved and particulate-associated phosphorus contributions.
Treatment strategies aimed specifically at reducing immediate bioavailable phosphorus
exposure should consider whether performance improvements arise from reductions in dis-

solved phosphorus, particulate phosphorus release, or both.

The results can also support broader water quality assessment by providing hydro-
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logically conditioned estimates of WWTP-derived BAP loading. Process-based models
such as CE-QUAL-W2, WASP, SWAT, MIKE, and AQUATOX can represent downstream
hydrodynamic, biogeochemical, and ecological processes, including sediment interactions,
biological uptake, trophic response, and watershed-scale transport. However, these models
often require extensive site-specific calibration and may rely on phosphorus inputs that
do not resolve WWTP-specific bioavailable fractions, particulate reactivity, or short-term
desorption behaviour (Gil et al., 2026). The work presented here can help bridge this
gap by translating effluent speciation and release potential (Vianini et al., 2025; Chap-
ters 2-4) into flow-dependent BAP inputs that can be used for contribution conditions or

incorporated into more detailed downstream assessments.

Future development should extend this approach beyond single-discharge applications
by incorporating multiple WWTPs within a watershed, flow-duration data, seasonal vari-
ation in upstream SRP, and site-specific effluent speciation datasets. This would allow
cumulative point-source effects to be evaluated under realistic hydrologic conditions rather
than treating each discharge in isolation. Coupling this approach with downstream water
quality or ecological response models would provide a stronger basis for evaluating how
WWTP-derived BAP inputs translate into biological uptake, algal response, and longer-

term ecological outcomes.

5.5 Conclusion

This study developed a multi-form phosphorus accounting approach to identify WWTP-

derived bioavailable phosphorus contribution potential to receiving waters. By integrating
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experimentally constrained wastewater phosphorus speciation and particulate phosphorus
desorption behaviour with hydrologic mixing, this protocol provides a method for evaluat-

ing wastewater contributions beyond traditional TP metrics.

The results show that near-field BAP response is governed primarily by hydrologic
mixing, particularly the effluent fraction of the receiving water. Dissolved phosphorus
dominated short-term downstream BAP exposure, whereas particulate-derived phospho-
rus made a smaller contribution whose importance depended primarily on treatment per-
formance and phosphorus release potential. The analysis also highlighted threshold-like
transitions between low- and high-influence conditions, illustrating that WWTP impacts
are not fixed properties of effluent quality alone but emerge from how phosphorus is ex-

pressed under specific receiving water conditions.

These findings support a more contextualized interpretation of quantified WW'TP phos-
phorus loads. Small predicted increases in downstream SRP should not be interpreted as
evidence of negligible ecological relevance, because SRP is a dynamic concentration shaped
by biological uptake, sediment exchange, recycling, and site-specific sensitivity. Rather
than directly predicting eutrophication response, this approach complements existing water
quality and ecological assessment models by providing mechanistically constrained, hydro-
logically conditioned wastewater phosphorus inputs. More broadly, it advances multi-form
phosphorus accounting as a practical basis for describing dynamic phosphorus utilization,
receiving water exposure, and the conditions under which WWTP discharges can have

greater potential for eutrophication threats.
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6.1 Conclusions

The key conclusions from this thesis research are presented below.

1. Wastewater effluent solids are not inert residual particles; they can contain measur-

able reactive and bioavailable phosphorus forms.

2. Continuous-flow centrifugation provided a practical method for collecting and char-

acterizing low-concentration effluent solids.

3. Although tertiary cloth filtration substantially reduced particulate phosphorus and
its reactive fraction, it had little effect on immediately bioavailable phosphorus, which

remained dominated by SRP in the final efHuent.

4. TP reduction alone does not fully describe changes in eutrophication-relevant phos-

phorus.

5. Effluent-derived solids showed phosphorus release behaviour that was related to, but
distinct from, established sediment phosphorus paradigms. Release potential is not

fixed but depends on the conditions into which the solids are discharged.

6. The desorption experiments showed that wastewater-derived solids can act as net
phosphorus sources across the tested receiving water SRP conditions. Benchmarking
these responses against established sediment paradigms demonstrated both the utility
and limitations of applying sediment-derived concepts to wastewater solids, whose
phosphorus composition and treatment history differ fundamentally from those of

natural sediments.
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10.

Scenario analysis suggested that dissolved phosphorus would generally dominate the
short-term pathway for near-field bioavailable phosphorus exposure, while particulate-
derived phosphorus represented a smaller but mechanistically important secondary

pathway.

Receiving water hydrology primarily governs dilution, transport, residence time, and
therefore the magnitude and duration of modelled downstream BAP exposure. The
ecological consequences of that exposure subsequently depend on phosphorus trans-

formation, biological utilization, and ecosystem-specific responses.

. Threshold-like transitions were identified where WWTP eflluent shifts from a minor

to a more prominent contributor to downstream bioavailable phosphorus.

A multi-form phosphorus accounting approach provides a more mechanistic basis for

interpreting WW'TP impacts than TP-based assessment alone.

Taken together, these conclusions demonstrate that wastewater-derived phosphorus

is best understood as a mixture of phosphorus forms whose receiving water significance

depends on both effluent characteristics and receiving water conditions. Although TP

remains an important metric for regulatory and operational assessment, it does not dis-

tinguish among phosphorus forms that differ in bioavailability, release potential, or down-

stream behaviour. Consequently, improvements in treatment performance, as measured

by TP removal, do not necessarily translate proportionally into reductions in downstream

bioavailable phosphorus concentrations. Tertiary filtration can reduce TP and reactive par-

ticulate phosphorus, yet dissolved bioavailable forms may remain the dominant short-term
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source after discharge. Effluent solids also represent a distinct secondary source because
they can release phosphorus under receiving water conditions and should not be assumed

to behave like natural sediments.

More broadly, this thesis provides a mechanistic basis for interpreting WW'TP phospho-
rus contributions. It shows that the relevance of wastewater phosphorus depends on what
forms are discharged, how those forms behave after discharge, and the hydrologic condi-
tions that control the magnitude of their contributions. These findings demonstrate that
no single phosphorus metric is sufficient for all engineering and environmental decisions.
In addition to TP assessments, phosphorus composition provides complementary informa-
tion regarding phosphorus release behaviour, potential bioavailability, and post-discharge
fate. Consequently, phosphorus management should be guided by the management objec-
tive, treatment configuration, phosphorus composition, receiving-water hydrology, and the

environmental processes governing phosphorus transformation and biological utilization.

6.2 Implications

The findings of this research have important implications for wastewater treatment assess-
ment, receiving water protection, and phosphorus management. First, this work demon-
strates that while TP provides an appropriate basis for compliance monitoring and phos-
phorus loading assessment, it does not fully capture the environmental behaviour of wastew-
ater efluent phosphorus under all management objectives. TP is operationally useful be-
cause it is simple, measurable, and embedded in regulatory frameworks. However, the

results further confirm that TP can obscure major differences in phosphorus composition.
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Two effluents with similar TP concentrations may differ substantially in the distribution
of dissolved and particulate phosphorus forms, and therefore in their bioavailability and
release potential; thus, a treatment process may reduce TP while leaving a larger pro-
portion of the remaining phosphorus in dissolved or readily bioavailable forms. This does
not mean that TP limits are unimportant; rather, it means that the choice of phosphorus

metric ultimately depends on the management objective being addressed.

TP remains appropriate for compliance monitoring and loading assessments, whereas
phosphorus composition provides additional insight when evaluating treatment perfor-
mance, downstream exposure, release behaviour, and potential ecological significance. Mu-
nicipal wastewater phosphorus regulation is fundamentally intended to protect receiving
water quality rather than simply evaluate treatment performance. Consequently, permit
limits for total phosphorus are commonly established using receiving-water objectives that
consider assimilative capacity, expected dilution, designated water uses, and other site-
specific characteristics, resulting in different phosphorus limits among wastewater treat-
ment plants. The framework developed in this thesis is therefore intended to complement,
rather than replace, this existing regulatory approach. By incorporating phosphorus speci-
ation, treatment configuration, receiving-water hydrology, and post-discharge phosphorus
transformation, it provides additional mechanistic information for interpreting downstream
phosphorus exposure under conditions where phosphorus composition may influence envi-
ronmental behaviour. Such information may be particularly valuable where assimilative

capacity is limited or environmentally sensitive receiving waters are present.

Treatment performance should increasingly be evaluated using phosphorus speciation

alongside conventional concentration-based metrics. Tertiary cloth filtration clearly re-
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duced particulate phosphorus including the associated reactive particulate pool, which is
an important treatment benefit. However, because dissolved forms persisted, the net effect
of treatment on bioavailable phosphorus was more nuanced than TP reductions alone would
suggest. If the management objective is to reduce receiving water bioavailable phospho-
rus, then treatment evaluation should consider whether a physical solid-liquid separation
process is enough for bioavailable phosphorus removal. This distinction is particularly im-
portant in systems where receiving waters are sensitive to small changes in bioavailable

phosphorus or where effluent comprises a substantial fraction of the flow.

Wastewater-derived suspended solids are a distinct source of reactive particulate phos-
phorus and should be evaluated accordingly. The results demonstrate that characterizing
the composition and release behaviour of effluent-derived solids can provide information
that is not captured by TP measurements or by treating wastewater particulates as equiv-
alent to natural suspended sediments. Importantly, obtaining this information depends on
the ability to collect sufficient quantities of representative efluent solids for direct anal-
ysis. The sampling and solids-concentration approach developed in this thesis enabled
such characterization and revealed substantial differences in phosphorus composition and
release behaviour that would not have been apparent from conventional monitoring alone.
These distinctions have implications for nutrient models, monitoring programs, and man-
agement decisions that seek to represent particulate phosphorus contributions and down-

stream phosphorus availability.

A pathway for improving how WWTP phosphorus inputs are represented in receiving
water models was provided. A mechanistically constrained phosphorus input evaluation

can support model parameterization, scenario development, and interpretation. By sepa-
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rating dissolved inputs from particulate phosphorus release, it is possible to identify which
effluent characteristics are likely to matter most under specific hydrologic regimes. This is
especially useful where managers need to prioritize monitoring, evaluate treatment scenar-

ios, or determine whether more complex modelling is warranted.

Finally, this thesis has broader implications for nutrient management under changing
environmental conditions. Low-flow periods, warming temperatures, altered hydrologic
regimes, population growth, and increasing pressure on wastewater infrastructure may all
affect how effluent phosphorus loading is expressed in receiving waters. As wastewater
contributions can represent an increasing proportion of river flow, receiving waters may
become progressively more influenced by treated efuent, even where efluent quality re-
mains unchanged. Because the environmental relevance of phosphorus depends not only on
load but also on form, transformation, and dilution, nutrient management will require more
accurate assessment tools. This thesis supports a shift from static phosphorus account-
ing toward multi-form phosphorus assessment that better reflects how wastewater-derived

phosphorus behaves after discharge.

6.3 Recommendations and Future Directions

The findings of this study are directly applicable to WWTPs that employ chemically as-
sisted phosphorus removal. Future work should extend the methodological and mechanistic
basis developed in this thesis by applying phosphorus speciation across a wider range of
wastewater treatment configurations and receiving water settings. Effluent monitoring in-

tended to inform receiving water assessment should distinguish, at minimum, TP, SRP, and
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reactive particulate phosphorus fractions such as NAIP. This would allow treatment per-
formance to be evaluated not only as bulk phosphorus removal, but also as changes in the
forms most relevant to short-term bioavailability. A broader application across biological
phosphorus removal systems, chemical dosing regimes, filtration technologies, and seasonal

operating conditions is needed to determine the consistency of the patterns observed here.

Further research should also evaluate how the phosphorus release behaviour measured
under controlled conditions is expressed under more complex receiving water conditions.
The desorption experiments in this thesis quantified release potential across SRP, pH,
and temperature gradients, but field-scale expression will also depend on residence time,
flow conditions, particle transport, settling, resuspension, and interactions with natural
suspended and bed sediments. Longer-term evaluations should also consider repeated
sorption—desorption cycles, aging of efluent-derived solids, and transformation of dissolved

organic and condensed phosphorus forms.

Finally, the multi-form phosphorus evaluation approach should be tested using paired
effluent and receiving water datasets across contrasting flow regimes. Combining effluent
speciation with upstream and downstream monitoring would allow predicted SRP and
bioavailable phosphorus contributions to be compared with measured near-field patterns.
This would improve integration with more detailed water-quality models and help define
management-relevant thresholds based on site-specific receiving water objectives rather

than generalized phosphorus concentration targets.
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