
An Investigation into Constructed Wetlands for Domestic Greywater 
Treatment and Reuse in Ontario 

 

 

by 

Carolyn Chan 

 

 

 

A Thesis 

presented to 

The University of Guelph 

 

 

 

In partial fulfilment of requirements  

for the degree of 

Master of Applied Science 

in  

Engineering 

 

 

 

Guelph, Ontario, Canada 

 

© Carolyn Chan, December, 2013 

  



 

 

ABSTRACT 
 
 
 

AN INVESTIGATION INTO CONSTRUCTED WETLANDS FOR DOMESTIC 
GREYWATER TREATMENT AND REUSE IN ONTARIO 

 
 
 

Carolyn Chan      Advisor: 
University of Guelph, 2013    Professor Khosrow Farahbakshsh 
 
 

 

The reuse of domestic greywater for toilet flushing has the potential to reduce both water 

consumption and wastewater production, but there is a need for low-cost, low-

maintenance greywater treatment systems that can meet reclaimed water quality 

standards. The purpose of this thesis is to develop a horizontal subsurface flow wetland 

design that can be sited in a greenhouse, to document the initial performance of the 

design treating real greywater, to determine the effect of plants, and to provide 

recommendations for design. 

 

Pilot wetlands (planted and unplanted replicates) were constructed in a passively heated 

greenhouse and fed real domestic greywater. Effluent quality was compared to national 

reclaimed water quality guidelines. After the first five months of the study, operational 

changes (reduced loading, aeration of influent, fill and drain) were tested to determine 

their effect on effluent quality. The results show that the original design basis, 7.5 gBOD 

m-2d-1, is not appropriate for greywater wetland design under the conditions of this study 

due to insufficient removal of BOD and turbidity (although suspended solids removal 

was acceptable). Anoxic conditions within the wetlands led to reduction of sulfate to 

hydrogen sulfide, which demands oxygen and leads to odour and turbidity problems. 

Plants did not affect treatment during the first five months. Aerating influent and 

operation in fill and drain mode may improve BOD removal at relatively high hydraulic 

loading rates, but effluent disinfection is required to completely remove E.coli. Design 

recommendations were developed, including tentative loading rates and plant species. 
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Population growth, urbanization, and climate change are creating worsening and related 

problems in the water and wastewater fields.  These include: water scarcity, especially at 

times of peak demand; increased loading on wastewater treatment plants, combined with 

increasingly stringent discharge regulations; increasing energy costs, coupled with 

concerns about carbon footprint of energy use; aging infrastructure requiring expensive 

replacement; and urban sprawl requiring expansion of linear infrastructure and increasing 

pumping costs (Daigger, 2009). 

 

Addressing these interrelated challenges will require an integrated approach, because 

proposed solutions to address one problem may serve to worsen another.  Solutions that 

require more energy, materials, and maintenance than conventional solutions, without 

adding value in some way, are not sustainable in the long term.  Furthermore, an 

integrated approach allows solutions with multiple benefits to be recognized.  Water 

reuse can address several problems at once (water scarcity, wastewater transportation and 

treatment).  

 

The government of Ontario has recognized the need for, and the economic opportunities 

present in water innovation. Through the 2010 Water Opportunities Act, for example, the 

government intends to support the development of water-efficient tools and technologies 

for Ontario municipalities and consumers, while creating jobs in the clean water 

technology sector (Water Opportunities Act, 2010). The Ontario Building Code (OBC) 

also enables certain water reuse technologies to some extent. Greywater and storm 

sewage (if free of solids) are permitted to be used to supply water closets, urinals, sub-

surface irrigation systems, and for the priming of traps (Ontario Building Code, 2012). 

Standards for non-potable water systems have also been codified and are referenced in 

the OBC. 
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Domestic greywater reuse has the potential to significantly reduce both water 

consumption and wastewater production. One study suggested that a household with 

dual-flush toilets could reduce wastewater flows by 26% by recycling treated light 

greywater (bath, shower and bathroom sink) for toilet flushing; 41% reductions could be 

achieved if excess greywater was allowed to flow outside for garden irrigation (Penn et 

al., 2012). 

;>A.B8(C&0,(8.D70'5,C.0$).:%,($,50'.2%8.8(7-(.

At the household scale, greywater (defined in the OBC as “sanitary sewage of domestic 

origin that is derived from fixtures other than sanitary units”) is considered a good 

candidate for reuse, as it is often assumed to have a lower pollutant load and lower health 

risk than domestic wastewater due to the exclusion of human toilet waste. However, 

greywater quality is highly variable, and in certain circumstances greywater streams can 

meet or exceed concentrations of certain pollutants compared to domestic wastewater. 

Thus, greywater streams and conditions must be carefully selected (Eriksson et al., 2002).  

Within a household, greywater quantity and quality varies by source (Edwin et al., 2013, 

Eriksson et al., 2002, Friedler, 2004). A study by Friedler (2004) showed that kitchen 

sink, dishwasher, and laundry greywater constituted a major fraction of the load of BOD, 

grease, and solids. Greywater excluding these streams (i.e. bathroom greywater) is 

considered “light” or low-load greywater, and since typically bathroom greywater 

production exceeds toilet flushing demand, Friedler (2004) considered it the best 

candidate for domestic reuse. 

 

However, even for a single stream of greywater, there is considerable variability in 

quality between and within households. Differences in the strength of greywater may be 

due to products used, user habits (amount of products used, lengths of shower), storage 

and pretreatment configuration (Eriksson et al., 2002). Jefferson et al. (2004) showed that 

even for a single source in a single household, greywater quality varies, as user practices 

likely vary from day to day. Table 1 shows the results of several greywater 

characterization studies.   
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Parameter Combined 
bathroom, UK 
(Jefferson et al., 
2004) (76% 
confidence 
interval) 

Raw shower 
greywater, 
Canada (De 
Luca, 2012) 

Low load 
greywater, 
review 
(Eriksson et al., 
2002, in Jokerst 
et al., 2011)  

Combined 
greywater, 
Brazil (Paulo 
et al., 2009) 
(standard 
error) 

BOD5 (mg/L) 146 (54.3) 78.6-317.3 28 – 240 435 (256) 
COD (mg/L) 451 (289) 171.8-670.3  646 (278) 
Turbidity 
(NTU) 

100.6 (109) 36.8-149.9 28-240 254 (204) 

SS (mg/L) 100 (145)  54-200 120 (83) 
Total 
Coliforms 
(cfu/100mL) 

7,387 (9,759)  70-2.4x107 5.4x108 (6.3 x 
108) 

Fecal 
Coliforms 
(cfu/100mL) 

2,022 (5,956) 
(E.coli) 

58-3,914  1-6x103 5.4x106 (4.5 x 
105) 

pH 7.47 (0.29)  6.4-8.1  
 

Greywater quality also changes as it is stored. Suspended solids settle, and dissolved 

oxygen is consumed during aerobic degradation of BOD. Indicator organisms have also 

been shown to multiply in the short term and persist for two weeks or more during 

storage (Dixon et al., 1999, Rose et al., 1991). Whether pathogenic organisms also 

multiply is not known. Although some pathogenic organisms do not reproduce in the 

absence of a host, concentrations of the opportunistic pathogen Pseudomonas aeruginosa 

were found to correlate well with total coliforms (Winward, Avery, Frazer-Williams, et 

al., 2008). 

 

In 2010 Health Canada published guidelines for water quality for reclaimed water for 

toilet and urinal flushing; these guidelines are a good deal stricter than the “free of solids” 

specification in the OBC (Health Canada, 2010). A comparison to various types of 

greywater shows that treatment would be required for greywater to comply with these 

guidelines. Although not currently enforceable (as of 2013), the guidelines reflect official 

concerns about the quality of reused wastewaters that may be shared by regulators.  

Design guidance is needed for builders and homeowners who would like to conserve 

water and reuse local resources. 
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Despite the potential benefits of greywater reuse in Ontario, the practice is not common. 

During a pilot project in Guelph, Ontario, De Luca (2012) evaluated two greywater reuse 

technologies against appropriate technology criteria, and identified key barriers to 

widespread uptake of greywater reuse. The two currently-available greywater reuse 

systems (GWRS), employing chlorine disinfection with either a filter sock or settling 

action for physical treatment, were not judged to be appropriate technologies.  The 

systems reduced household water consumption by 9-20%, but were prone to mechanical 

failure, did not reliably meet the Health Canada Guidelines (HCG), had long payback 

periods, and required extensive maintenance.  Due to these problems, only users who had 

an interest in water conservation and were able and willing to maintain the systems 

expressed satisfaction.  Other users were inclined to ignore the systems and were 

dissatisfied with the system malfunctions and aesthetic quality of reused water. 

Furthermore, a preliminary life cycle assessment by De Luca (2012) suggested that the 

GWRS would result in a net increase in greenhouse gas emissions, despite an offset in 

emissions due to a reduction in centralized water and wastewater services.  As major 

contributors to emissions were the fabrication of an HDPE storage tank and electricity 

use, the study suggested that recycled materials and technologies with lower electricity 

demand would benefit the environmental performance of the systems (De Luca, 2012). 

;>H I0--5J(.*8(C&0,(8.,8(0,+($,.

Previous work suggests that, in order for greywater reuse systems to be considered 

appropriate technology, they must be more reliable, more affordable, use less energy and 

new materials, and have a broader appeal (De Luca, 2012).  Furthermore, more extensive 

treatment is required to meet the HCG.  Passive approaches to greywater treatment, such 

as constructed wetlands, present a promising avenue.  Constructed wetlands have been 

used to treat domestic, farm, and industrial wastewater, often to secondary or tertiary 

effluent quality (Vymazal, 2011).  Greywater treatment systems designed after 

constructed wetlands may require less energy and chemicals than more complex systems 
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(e.g. membrane bioreactors), and may provide further benefits of aesthetic enjoyment and 

useful plant materials.   

 

Constructed wetlands are an established technology, and engineering design guidance 

does exist (e.g. Reed, Crites, & Middlebrooks, 1995; Crites & Tchobanoglous, 1998).  

However, design rules from different sources often conflict (Rousseau et al., 2004), and 

the usefulness of many common design approaches has been debated in recent years 

(Kadlec and Wallace, 2009).  Furthermore, sources suggest that constructed wetland 

performance is specific to the situation: characteristics such as the type and composition 

of wastewater, wastewater quantity, climate, and local constraints may all have an 

important impact on design (Kadlec and Wallace, 2009).  Thus, performance of this type 

of treatment system must be assessed using real greywater in real conditions. 

 

Meanwhile, passive greywater treatment approaches are described in popular literature 

(e.g. Ludwig, 2006; Del Porto and Steinfeld, 2000; Reynolds, 1993) aimed at “green” 

homeowners and builders.  However, public health officials and building inspectors may 

be sceptical of these sources since they were not developed within the existing regulatory 

framework, and no performance data are provided. Furthermore, guidance provided in 

these books may not be appropriate in Southern Ontario (e.g. cold climate).  In fact, 

popular literature on passive greywater treatment often includes recommendations to site 

systems in greenhouses or solariums for better climate control, as well as to enable 

enjoyment of the plants by residents year-round (Ludwig, 2006, Del Porto and Steinfeld, 

2000, Reynolds, 1993). 

;>K I8%1'(+.-,0,(+($,.

This thesis will focus on the potential for passive greywater treatment and reuse in 

Guelph, Ontario as a location typical of climate conditions in Ontario.  The purpose of 

the project is to document field performance of horizontal subsurface flow constructed 

wetlands sited in a passively heated greenhouse and to provide design recommendations 

to builders and users of this technology. 
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The goal of this project is to document the performance of small constructed wetland 

cells (planted and without plants), sited in a partially heated greenhouse, in treating 

“light” domestic greywater (from a shower source.)  Specific research questions include: 

! Can wetlands produce effluent that meets the Health Canada guidelines for 

Reclaimed Water for Toilet and Urinal flushing?  

! Is there a significant difference in effluent water quality between the planted and 

unplanted wetlands? 

! Which ornamental wetland plants can survive in a greywater wetland sited in a 

greenhouse in Guelph, ON? 

! How does mode of operation (e.g. hydraulic loading rate, influent aeration, fill-

and-drain mode) affect wetland performance? 

;>O @8*0$5E0,5%$.%2./9(-5-.

This thesis is organized into six chapters in manuscript style.  Chapter 2 (submitted to 

Environmental Science and Technology) reviews the relevant literature on greywater 

treatment wetland design, including the many conflicting general constructed wetland 

design approaches, the many inter-related variables that may affect performance, special 

considerations required for greywater wetlands, and trends identified from previous 

greywater wetland studies.  Chapter 3 documents the performance of two pilot wetlands 

(planted and unplanted) during the first five months of operation.  Chapter 4 describes an 

investigation into the turbidity increase phenomenon observed during the first five 

months of operation. Chapter 5 describes the results of modifications to the operating 

mode of the pilot wetlands in an attempt to improve treatment performance.  Chapter 6 

summarizes the conclusions from the previous chapters, and provides recommendations 

for future research, design, and policy. The design basis for the wetlands, results from the 

first prototype (not included in the main chapters), and other supporting information are 

included in the Appendices. 
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Greywater reuse is increasingly being considered an important component of sustainable 

water use for cities under increasing water and wastewater constraints.  Greywater 

recycling may reduce domestic water consumption and wastewater production by 26-

41%, depending on end uses (Penn et al., 2012).  However, in Canada and many other 

countries greywater must be treated before it meets water reuse guidelines such as the 

Health Canada Guidelines for Reclaimed Water for Toilet and Urinal Flushing (Health 

Canada, 2010).  Greywater reuse systems are commercially available in Canada, but a 

recent evaluation of the two most common systems in Guelph (employing chlorine 

disinfection with and without physical filtration) found that the systems were not capable 

of meeting the Health Canada Guidelines (HCG), particularly the BOD and turbidity 

criteria (De Luca, 2012).  Furthermore, these technologies were prone to mechanical 

failure, had long payback periods, required extensive maintenance, and would result 

increased greenhouse gas emissions according to a preliminary life cycle assessment, 

leading to the conclusion that they did not meet many of the “Appropriate Technologies” 

criteria (De Luca, 2012). 

 

Constructed wetlands may be a low-cost, low-maintenance, passive and aesthetically 

pleasing treatment alternative to the technologies tried earlier for greywater systems. 

Constructed wetlands are an established technology and have been used to treat domestic, 

farm, and industrial wastewater, often to secondary or tertiary effluent quality (Vymazal, 

2011).  Horizontal subsurface flow (HSSF) wetlands may be more space-efficient and 

have fewer odour and insect-breeding issues than surface-flow wetlands, and are simpler 

and more passive than vertical-flow wetlands (EPA, 2000), and will thus be the wetland 

type investigated in this review.   
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Figure 1 shows a typical HSSF wetland design.  HSSF wetlands are characterized by 

saturated flow through porous media such as gravel.  The media support emergent 

macrophytes such as reeds, cattails, and bulrushes, and provide surface area for biofilm 

growth.  Water levels are kept relatively constant, with the water depth somewhat lower 

than the media bed depth.  Coarser media are typically installed in the inlet zone to 

disperse influent flow and prevent premature inlet clogging, and in the outlet zone to 

prevent clogging of the outlet pipe with bed media. 
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Pidou et al. (2007) report constructed wetlands as a greywater treatment technology that 

has been applied to achieve high quality effluent; however, the large spatial footprint of a 

wetland was cited as one limiting factor in general application.  Regardless, several 

research teams worldwide have investigated greywater wetlands in the past decade, 

generally reporting favourable results, including applications in Brazil (Paulo et al., 

2009), Costa Rica (Dallas et al., 2004), Israel (Gross et al., 2007), Italy (Comino et al., 

2012), the UK (Kadewa et al., 2010, Winward, Avery, Frazer-Williams, et al., 2008), and 

the US (Jokerst et al., 2011).  

 

Still, the question of ‘how to design a passive, plant-based greywater treatment system 

for domestic reuse in Ontario’ does not have a clear answer. Some of the challenges are 

related to greywater and domestic water reuse: questions of end uses, required quality and 
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quantity, standards, risk, and user acceptability all present ongoing challenges.  As well, 

general design recommendations for constructed wetlands (often for domestic 

wastewater, industrial wastewater, farm wastewater and stormwater) may not be 

appropriate for on-site greywater recycling (Paulo et al., 2009).  However, results from 

the abovementioned greywater wetland studies are difficult to generalize.  One reason is 

that greywater is highly variable in quality (Eriksson et al., 2002, Jefferson et al., 2004).  

Another reason is that constructed wetland design and performance depends on many 

location-specific factors such as climate, local materials and vegetation, and land 

availability. 

 

Indeed, difficulties also stem from inherent challenges in constructed wetland research 

and design, due to the number of variables, and the complexity of the physical, chemical 

and biological processes.  After decades of constructed wetland research and thousands 

of installed systems worldwide, there is still a lack of consensus in the literature as to 

how they should be designed (for example, see Kadlec and Wallace 2009, p. 585-589.)   

 

This chapter will attempt to synthesize the current state of knowledge on HSSF 

constructed wetland design and the remaining issues that exist for both the researcher and 

designer by reviewing the literature with regards to two of the biggest challenges in this 

field.  First, the conflicts between design approaches will be explored.  Second, some of 

the many inter-related variables with unknown effects will be discussed. Finally, trends in 

wetland design and greywater wetland research will be identified and areas of future 

research will be suggested. 
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A major difficulty for the constructed wetland designer is not the lack of design guidance, 

but the plethora of design rules and approaches in the literature that are often in conflict 

with each other.  To illustrate this point, Rousseau et al. (2004) used several common 

design approaches from the literature to size a HSSF wetland for particular influent 

characteristics, effluent standards, and flow rate.  The design approaches specified 
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wetland surface areas that varied between 0.1 and 950 m2, spanning almost 4 orders of 

magnitude. 

 

Figure 2 shows the author’s interpretation of the major design conflicts in the literature.   

Major themes will be discussed in this section. Note that wetland design varies depending 

on the pollutant(s) of concern (Faulwetter et al., 2009).  Although there has been 

substantial research into the design of wetlands for removal of nutrients, metals, and 

emerging contaminants, these are not considered relevant to domestic greywater reuse for 

toilet flushing (not included in the HCG) and are not reviewed here; removal of organics 

will be the focus.  Pathogens and pathogen indicators are relevant and are briefly 

discussed in section 2.3.9. 
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The first major design conflict identified from published guidelines is between what are 

referred to as “scaling factors” (Kadlec and Wallace, 2009) or “rules of thumb” 

(Rousseau et al., 2004) and model-based design for the required performance.  An early 

example of this conflict can be seen by comparing the EPA’s first generation of 
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constructed wetland design guidelines (EPA, 1988, Reed and Brown, 1995) to the EPA’s 

updated guidelines in 2000 (EPA, 2000).   

 

The 1988 manual and 1995 performance evaluation document propose that a model-

based design is more “rational” than rules of thumb.  These documents recommend 

design based on a first-order plug flow model with a volumetric basis, as seen in the 

Equation 1: 

 !!
!!
! !!!!! (1)  

Where Ce is effluent BOD concentration (mg/L), Ci is influent BOD concentration 

(mg/L), KT is the temperature-corrected rate constant (d-1), and ! is the hydraulic 

retention time (d).  ! is defined in Equation 2: 

 ! ! !
! !

!!!!!
!  (2)  

Where Q is the average flow rate (m3/d), V is the pore water volume (m3), A is overhead 

surface area (m2), d is average water depth (m), and n is average media porosity 

(dimensionless). 

 

KT is adjusted with Equation 3: 

 !! ! !!"!!!!!"! (3)  

Where K20 is the rate constant at 20°C, T is the design temperature, and ! is the modified 

Arrhenius temperature adjustment constant. 

 

Note that the recommended K-values differ slightly between the two documents, with the 

values in the 1988 manual ranging from 0.86 d-1 for gravelly sand to 1.84 d-1 for medium 

sand, and the 1995 document recommending K20=1.104 d-1 for all subsurface flow 

systems.  Modified Arrhenius theta-values also differ from 1.1 (EPA, 1988) to 1.06 (Reed 

and Brown, 1995).  Temperature dependence is discussed in detail in Section 2.3.1. 

 

This model-based approach makes intuitive sense and was outlined in popular textbooks, 

with some modifications (Crites and Tchobanoglous, 1998, Reed et al., 1995).  However, 

by 1999, enough experience and evidence had been accumulated that the new EPA 
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design manual contained significant changes, including some cautions about overly 

optimistic design and skepticism as to the ability of common design equations to 

represent performance.  Instead of the model-based design equations, the manual 

recommended the use of “conservative” areal loading rates based on selected studies 

whose data quality were trusted by the institution (see Figure 3.)  For a wetland designed 

to meet effluent BOD standards of 30 mg/L, a maximum areal organic loading rate of 6 

g/m2d was recommended; for effluent BOD of less than 20 mg/L, the data suggest a 

maximum loading rate of only 1.6 g/m2d. 
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Within the “scaling factor” approach, there are further divisions, as seen in Figure 2.  

Scaling factors may be volume- or area- based, may be based on hydraulic load alone, on 

organic loading, or on person-equivalents or number of bedrooms, depending on 

jurisdiction (Kadlec and Wallace, 2009).  Organic loading rate (on a BOD or COD basis) 

is a scaling factor that makes intuitive sense, as it includes information about both 

influent quantity and quality that would affect the final effluent concentration.  The EPA 

(2000) found that organic loading on an areal basis gave more consistent data than 

volumetric organic loading. 

 

There are arguments for both model- and rule-based approaches to wetland sizing.  

Performance-based models that employ inappropriate parameters or contain untrue 
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assumptions may lead to overly optimistic (i.e. undersized) designs, which show poor 

performance.  Also, designers and inspectors with little technical background can easily 

apply rules of thumb and scaling factors.  However, in arguing against conservative 

scaling factors based on loading charts such as Figure 3, Kadlec and Wallace (2009) 

point out that the loading charts contain no information as to wetland design and 

wastewater compositional differences that lead to the considerable scatter typically 

found.  Furthermore, overly “conservative” design might lead to wetland oversizing.  Not 

only would the increased cost work against adoption of the technology, but oversized 

wetlands might not be the most conservative- for example, when evapotranspiration or 

freezing are concerns.  Furthermore, the organic loading rate rule-of-thumb assumes that 

hydraulic loading rate and influent concentration are tied in such a way that equal 

changes in one or the other has an equal effect, which has no theoretical basis; for 

example, first-order kinetic model formulations predict different organic loading-effluent 

concentration curves for different influent concentrations. 
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Among the proponents of model-based design, there exists further debate regarding the 

choice and use of black-box models, versus more complex mechanistic models.  

Black box models have the benefit of simplicity. However, within this design approach 

exist many divides and debates concerning which models and which parameters should 

be used for design. 

!"!"!"#$%&'()&*$+,-(./$

As detailed in Section 2.2.1 above, the earliest design models assumed first-order 

degradation kinetics and plug flow hydraulics.  Equation 1 can be easily rearranged to 

compute first-order k values using input-output concentration and flow data.  However, 

flaws in the model soon became apparent.  First, the model predicts an exponential decay 

of pollutant concentrations, approaching zero given enough contact time.  However, for 

many pollutants including BOD and COD, there appears to be a lower limit to treatment, 

what has been referred to as the “background concentration”, residual, or C*.  In an early 

survey of US wetlands, Reed and Brown (1995) found a lower limit of 2-7 mg/L 

regardless of hydraulic residence time, which was attributed to the decomposition of 
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organic materials such as plant detritus.  Second, first-order plug flow rate “constants” 

calculated from these early wetlands were not found to be constant at all, but to span a 

wide range of values and vary, almost linearly, with organic loading rate (Reed and 

Brown, 1995).  This fact did not seem to be considered by the authors to conflict with the 

appropriateness of the first-order plug flow approach; nevertheless, a model that used an 

average of the computed k values would poorly predict effluent concentrations for all but 

the “average” wetland. 

 

To address the first of these problems, two alternative kinetic models were proposed.  

One textbook (Kadlec and Knight, 1996) proposed the k-C* model, in which a 

background concentration is explicitly included, as shown in Equation 4: 

 !!!!! ! !
!

!! ! !!
! !!

!!!!
!  (4)  

Where C* is the apparent background concentration, q is the hydraulic loading rate (m d-

1), kA,T is the temperature-dependent areal first-order rate constant (m d-1). Note that 

Kadlec and Knight found that both k and C* values calculated from wetland data varied 

depending on water quality.  Other texts incorporated background concentrations by 

suggesting that the first-order equation be used to calculate the detention time necessary 

to bring the influent BOD down to an effluent concentration that was 2-3 mg/L below the 

true target effluent concentration to account for background BOD “from plant decay” 

(Crites and Tchobanoglous, 1998). 

 

The k-C* model has been used by many researchers to describe wetland performance, 

leading to a wide variety of literature values for k and C* for different designs, climates, 

and types of wastewater (e.g. Babatunde et al., 2011; Konnerup et al., 2009; Stein et al., 

2007; Tanner et al., 1998).  One recent greywater free-water surface wetland study 

determined values of k and C* for BOD5 removal of 15.9 m/yr and 6.4 mg/L in the 

summer, and 5.6 m/yr and 5 mg/L in the winter (Bergdolt et al., 2013). 

 

The second alternative kinetic model, proposed by Mitchell & McNevin (2001), was 

based on Monod kinetics as an alternate explanation for apparent background BOD and a 
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maximum pollutant removal rate.  Equation 5 shows the areal formulation of the main 

equation: 

 !!!!"!" ! ! !!!!!"
!

! ! ! (5)  

Where z (m) is distance down the bed, q (m d-1) is the hydraulic loading rate, Z(m) is the 

total length of the bed, K is the half-saturation constant (mg/L), and k0,A is the areal 

zeroth-order rate constant (g m-2d-1). The authors suggested that apparent background 

concentrations are the result of slow first-order kinetics after initial, more rapid, zero-

order removal at concentrations above half-saturation. However, the predicted 

concentration profile (along the length of a wetland) was not compared to real data. Few 

studies have employed this model to describe wetland performance; in one recent study, a 

half-saturation constant had to be assumed from the activated sludge literature, because 

no such constant could be found for constructed wetlands (Sun and Saeed, 2009). 

 

The time-dependent retardation model developed by Shepherd et al. (2001) employs the 

concept of a first-order rate “constant” k which varies over time, as readily-biodegradable 

components are removed in favour of recalcitrant compounds (Equation 6): 

 !!!! ! ! !!
!!" ! !! (6)  

Where K0 is the initial degradation rate constant (d-1) and b is the retardation coefficient 

(d-1). Shepherd et al. showed that the retardation model had more consistent parameters 

for different wastewater strengths than the k-C* model when fit to data collected across 

the longitudinal profile of a wetland treating winery wastewater.  This model has also not 

been frequently used in later studies. 

 

However, studies computing kinetic parameters or comparing kinetic model fits can be 

confounded by inappropriate assumptions regarding the hydraulic behavior of wetlands.  

Specifically, wetland models typically assume plug flow hydraulic conditions, while 

tracer tests of real wetlands always show considerable mixing and short-circuiting.  Using 

real and simulated wetland data, Kadlec (2000) showed that the strong correlation 

between first-order k “constants” and hydraulic loading rate was not simply the result of 

inter-system variability.  Such a correlation was the expected result of fitting inlet and 
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outlet concentrations and flow rates to a first-order, zero-background plug flow model 

when in fact the system was characterized by a non-zero background concentration and a 

distribution of residence times (allowing fractions of flow to pass with limited treatment.) 

 

Batch studies have the potential to investigate “true” kinetic behavior, because short-

circuiting and the impact of hydraulic behavior on effluent concentrations are eliminated.  

Stein et al. (2007) found an excellent fit between experimental data collected from batch-

loaded wetlands and the k-C* model.  However, the authors allowed not only k and C* to 

vary in their model fitting procedure, but C0, on the assumption that a significant portion 

of COD is immediately sorbed and removed from solution.  Also, kinetic parameters 

from batch studies may not apply to wetlands operated at a constant water level, as batch 

operation may alter microbial communities, redox conditions, and sorptive capacity of 

the system (Stein et al., 2003). 

!"!"!"!$01-234.&*$+,-(./$

Early assumptions of plug-flow hydraulic conditions were quickly disproved through 

tracer tests (Reed and Brown, 1995).  Instead of a single hydraulic retention time 

experienced by wetland influent (as predicted by the ideal plug flow model), wetlands are 

characterized by a distribution of retention times (Werner and Kadlec, 2000), with a 

portion of the effluent spending less than the nominal HRT in the wetland.  Mixing and 

dispersion also changes the concentration profile, and thus the rate of pollutant 

degradation where first-order kinetics are assumed.  Thus, wetlands with the same 

influent quality, flow rate, volume and/or surface area but different hydraulic 

characteristics would produce different effluent qualities, which might be represented as 

variability in first-order k-values or scatter on organic load-effluent concentration charts 

such as Figure 3. The typical wetland retention time distribution (RTD) curve also does 

not resemble an ideal completely-stirred tank reactor (CSTR), as there is typically a delay 

time before the tracer is detected in the effluent. 

 

Other proposed hydraulic models are tanks-in-series (TIS), TIS with delay, and plug flow 

with dispersion (PFD).  García et al. (2004) compared the fits of several tracer test data 

sets with two models: TIS with delay, and PFD.  Error from the TIS with delay 
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simulation was always lower than error from PFD, and TIS with delay was better able to 

replicate the characteristic asymmetry of wetland RTDs. For each of these models, extra 

parameters such as the number of tanks in series (N) or the dispersion number must be 

calculated from a tracer test, or estimated based on wetlands with similar characteristics.  

Hydraulic behavior (as measured by tracer tests) has also been observed to change over 

time, complicating parameter selection (Ascuntar Ríos et al., 2009, Suliman et al., 2006, 

Weber and Legge, 2011), as discussed in Section 2.3.2.   
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In light of these debates, some researchers have attempted to determine the combination 

of hydraulic and kinetic models that best represent wetland performance.  Sun and Saeed 

(2009) compared the fits of four model combinations to BOD removal data from 80 

wetlands: first-order plug flow, first-order CSTR, Monod plug flow, and Monod CSTR.  

Monod plug flow had the lowest relative root mean square error, highest R2, and highest 

model efficiency and thus was judged to be the best model.  However, the study draws 

from average annual input/output data from many wetlands with very different 

characteristics which might affect hydraulic behavior and kinetic parameters. 

Furthermore, the models that were selected are generally not considered to best represent 

wetland performance (see discussion above).   

 

More recently, Von Sperling & De Paoli (2013) tried fitting twelve first-order model 

variations to longitudinal data.  Three different hydraulic models (plug flow, dispersed-

flow, and TIS) were combined with first-order zero-background and first-order with 

background kinetic models, and all six variations were repeated with evapotranspiration 

losses accounted for.  Parameters for PFD and TIS were obtained through a tracer test.  

First order with background and losses accounted for had the best performance regardless 

of whether PFD or TIS hydraulic conditions were assumed, although all combinations 

had good fits to experimental data, with R2 values > 0.94.  However, what was not tested 

was to what extent the model could be used to predict performance in another condition 

(e.g. increased or decreased wastewater strength, increased or decreased hydraulic 

loading rate.) Without this type of testing, the designer does not know the limits of the 

model’s application, and in what circumstances can it be used for design. 
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In their recent text, Kadlec and Wallace (2009) propose a model which incorporates 

relaxed TIS hydraulic conditions as well as what they call k-value distribution.  They 

argue that although pollutants may degrade according to first-order kinetics, each 

component of a lumped parameter such as BOD likely has its own k-value.  Both the 

effects of detention time distribution and k-value distribution are lumped into one 

parameter, P, which is less than the number of tanks in series ‘N’ calculated in a tracer 

test.  The primary equation (areal formulation) is shown in Equation 6: 

 !! ! !!
!! ! !!

! !
!!! !

!"!!
 (7)  

Where Ce and Ci are effluent and influent concentrations, C* is the background BOD 

concentration, k is the apparent TIS rate constant (m/d), P is the apparent number of tanks 

in series for BOD reduction, and q is the hydraulic loading rate (m/d).  The authors show 

that this equation fits well with both long-term input-output data sets and longitudinal 

data sets (samples taken along the length of a wetland.)  However, now three parameters 

(P, k and C*) must be selected in design.  The authors make no claim to “universal” 

parameters, instead presenting a wide range of values from which to choose. 

 

Regardless of which model is selected, the design problem remains: Which parameter 

values should be chosen- the mean, median, first quantile?  Can parameter values be 

applied across wastewater type (e.g. use of values for combined domestic wastewater for 

greywater wetland design)?  Should kinetic parameters be adjusted for temperature (See 

Section 2.3.1.)?  If hydraulic parameters are included in the model, how should they be 

estimated?  How can a designer be appropriately, but not overly, conservative? 
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Regardless of these choices, black-box models in general are subject to criticism from 

proponents of mechanistic design models.   They have no real mechanistic basis, may not 

recognize fundamental limits, and do not answer questions about design details such as 

depth and media size (see Section 2.3.) 
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Mechanistic models, on the other hand, are built on mathematical formulations of known 

laws that are thought to govern many wetland processes, such as chemical reactions, 

mass transfer, microbial growth and activity, and hydraulics.  One of the first mechanistic 

models, described by Wynn and Liehr (2001), was judged by Rousseau et al. (2004) to 

have serious limitations due to inapplicable assumptions.  However, much research has 

been done in recent years to develop and test improved models. The 2D mechanistic 

model developed by Ojeda et al. (2008) adapted a complex hydraulic model to include 

wetland chemical reactions.  This model was designed to explore the relative importance 

of different organic matter removal mechanisms, and did not consider biofilm growth or 

dynamic behaviour.  The general Constructed Wetland Model 1 (CWM1) was designed 

to provide a biokinetic framework for wetland modeling similar to the Activated Sludge 

Models (ASMs) (Langergraber et al., 2009).  CWM1 incorporates eight soluble and eight 

particulate components (including populations of various microbial groups) defined in 

O2, COD, N and S concentrations, and 17 biochemical transformation and degradation 

processes. Samsó and Garcia (2013) recently implemented CWM1, with Darcy’s 

equation governing saturated flow, in their BIO PORE model.  This formulation includes 

realistic growth limits for biofilm, attachment and detachment of particulates, and oxygen 

transfer from the atmosphere and plant roots.  Dynamic long-term simulations showed 

reasonable fits to real performance data and demonstrated the spatial variability of 

various microbial populations.  However, hydrodynamic changes due to biofilm growth, 

plant roots, and solids deposition were not included. 

 

Although these models are useful for testing different theories of wetland functions and 

perhaps evaluating different detailed design choices, their use in the sizing of a new 

wetland is limited.  The models include many parameters that are extremely challenging 

to directly measure and must be fit to wetland performance during calibration.  If a model 

is calibrated to data from one wetland, in what situations can it be used to predict 

performance for another? 

A>A>F.!8(0'.J->.J%'7+(,85".0::8%0"9(-.

A final conflict in the literature, which applies to both scaling factors and black-box 

models, is the debate between designing on an areal or volumetric basis.  Hydraulic 
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loading rate (cm d-1), organic loading rate (g m-2d-1), or model-based design parameters 

with areal units specify the required overhead surface area for the given inputs (flow, 

concentration).  On the other hand, design approaches may specify the required pore 

volume: a minimum HRT may be used as a scaling factor, or model-based design may 

include a first-order k value with units of d-1.  These approaches are related by simple 

equations (based on the relationship between volume, area, depth and porosity) and can 

thus be easily converted one to the other.  However, the two approaches make different 

assumptions about the importance of depth and porosity on treatment.  If the volumetric 

approach is followed, greater depths will allow for smaller footprints, whereas greater 

depth confers no benefits using the areal approach. 

 

The volumetric approach makes intuitive sense, because theoretically the degree of 

treatment is a function of the pollutant’s contact time with the bacterial populations.  

However, other important processes are theoretically dependent on surface area: 

atmospheric gas exchange, precipitation/evapotranspiration, plant biomass and insolation.  

Kadlec and Wallace (2009) also note that plants preferentially root near the surface when 

influent water quality is poor and can enhance short-circuiting when the water depth 

exceeds rooting depth; therefore, deeper wetlands may not in fact create longer retention 

times for the same surface area.  These factors may explain the counter-intuitive results 

of depth experiments discussed in Section 2.3.4 below. 

 

A>F.=$,(8P8('0,().J08501'(-.&5,9.7$#$%&$.(22(",-.

Both constructed wetland design and research into appropriate design methods are 

complicated by the complexity of wetland processes and the large number of inter-related 

variables, the effects of many of which are not known. Figure 4 represents many of the 

wetland variables that may contribute to two target variables: effluent BOD (or COD) 

concentrations, and effluent sulfide concentrations.  The diagram is not meant to be 

comprehensive, but to simply illustrate the number of and uncertainty in the 

interconnections. 
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The influence of influent BOD concentration and hydraulic loading rate on effluent BOD 

concentration is the subject of section 2.2.  Although the intuitive positive relationships 

have been confirmed experimentally, their relative effects and the mathematical nature of 

the relationships (i.e. performance models) are not agreed upon, as was discussed, and the 

many inter-related factors shown in Figure 4 can complicate inter-wetland comparisons.  

The impacts of these parameters on effluent sulfide concentrations have been less 

studied.  Sulfide concentrations are generally not measured, but are considered highly 

relevant to the design of greywater wetlands for domestic reuse. 

 

Excessive sulfides are an aesthetic concern, both due to odour (detectable at extremely 

low concentrations, and critical to the acceptance of indoor water reuse technologies) and 

due to precipitates that may form upon re-oxygenation.  White elemental sulfur colloids 

were seen in the re-aeration pond following anaerobic treatment wetlands for metals 

removal, accompanied by white and purple sulfur-oxidizing bacteria (Gammons and 

Frandsen, 2001). Partial oxidation of sulfides to colloidal elemental sulfur under oxygen-

limited conditions is well documented and has been attributed to photoautotrophic and 

chemolithoautotrophic bacteria, as well as inorganic autoxidation (Chiu and Meehan, 

1977, Henshaw et al., 1998, Janssen et al., 1999). This phenomenon has also been 

reported in drinking water treatment facilities when source groundwater contains sulfides; 

chlorination oxidizes sulfides into colloidal sulfur creating turbidity issues, and 

biofouling of air-stripping treatment facilities due to sulfur oxidizing bacteria has 

occurred (Dell’Orco et al., 1998, Levine et al., 2004). Oxygen demand, toxicity and 

corrosion potential are the other main problems caused by sulfides.  In addition, sulfur 

dynamics in constructed wetlands have received increasing attention in recent years, as 

their effects on C-, N-, and P- transformations have been recognized (Sturman et al., 

2008, Wu et al., 2013). 

 

This section will attempt to briefly explore the relationships represented in Figure 4.  

Many studies have asked the question, “What is the effect of parameter X on wetland 

performance?” with the goal of greater understanding of wetland processes, and eventual 
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optimization of wetland design.  However, answers have proved elusive for many 

parameters in Figure 4. 

!"#"$%&'()'*+,-*'%

The theoretical positive relationships between temperature and rate of reaction as well as 

microbial activity lead to an expectation of strong seasonal dependence for wetland 

performance, with increased effluent BOD during the winter. As was discussed earlier in 

section 2.2, early first-order plug flow design models had straightforward Arrhenius 

relationships to correct k-values for the lowest expected temperature (e.g. Crites & 

Tchobanoglous, 1998).  However, observations from both laboratory scale and 

implemented wetlands call this assumption into question.  A review of organics removal 

performance data from over 400 HSSF wetlands in 30 countries revealed a variety of 

results ranging from a strong seasonal dependence to no effect (Vymazal & Kröpfelová, 

2009).  However, other changes in conditions and different ways of reporting 

performance can complicate comparisons.  In one case, effluent concentrations were 

higher (and percent removal lower) in the winter than in the summer, but similar loads 

were removed, indicating higher hydraulic loading in the winter (Vymazal & Kröpfelová, 

2009).  Comparing first-order k values at different temperatures for the same wetland 

might address these concerns.  Kadlec and Wallace (2009) fit varying-temperature data 

sets from several wetlands to their P-k-C* model to determine values of the modified 

Arrhenius temperature factor, !.  They found !-values ranging from 0.891 to 1.140, 

indicating that some wetlands had better performance at high temperatures, some at low 

temperatures, and others showed very little relationship.  Kadlec and Wallace also 

suggest that background (C*) concentrations might be temperature-dependent, with 

greater decomposition of accumulated solids or dead biomass in the summer; this might 

explain cases with higher effluent organics concentrations in the summer.  Plant presence 

and species seem to be another complicating factor in the temperature-performance 

relationship (Stein and Hook, 2005), as is discussed below. 

!"#"!%./+0,1%

The effect of plant presence, species, and activity on removal of various pollutants is 

another contested subject.  Early design guides assumed that wetland plants played a 
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major role in pollutant removal by releasing oxygen through their roots, a known 

adaptation of macrophytes to root zone flooding. However, it was later discovered that 

when oxygen demand of the wastewater is great enough, plants display physiological 

changes that limit root oxygen release for their own survival, and show decreased rooting 

depth compared to what would be found in relatively clean natural wetlands (Kadlec and 

Wallace, 2009), leading some later guides to ignore the role of plants (EPA, 2000). 

 

Plants do appear to play some role in treatment, however.  Despite a few studies showing 

little or no effect, in most side-by-side studies, planted wetlands do tend to outperform 

unplanted controls (Brisson and Chazarenc, 2009, Vymazal and Kropfelova, 2009).  Stein 

et al. (2006) found that planted wetlands had greater k-values and lower C* 

concentrations than unplanted controls, indicating better performance, but the degree of 

improvement varied between the three plant species tested.  These results may be due to 

the effect of plants on several other parameters. 

 

For example, plants increase evapotranspiration- a relationship dependent on species and 

weather conditions (Papaevangelou et al., 2012).  This affects both wetland hydraulics 

and treatment kinetics, and could result in increased or decreased effluent concentrations.  

Pollutants are concentrated as pure water is evapotranspired; however, pollutants spend a 

longer time in the wetland (von Sperling and de Paoli, 2013), and the rate of degradation 

reactions may increase.  Where evapotranspiration losses have not been taken into 

account, wetland performance on a load removal basis will be under-reported (Kadlec 

and Wallace, 2009). Evapotranspiration may be another explanation for higher 

background concentrations observed in the summer compared to winter. 

 

Plants appear to affect the wetland microbial community.  Gagnon et al. (2007) measured 

greater microbial density and activity in planted wetland microcosms than unplanted, 

with differences also observed between plant species.  Greater populations of aerobic and 

facultative organisms with planted wetlands and correlations between microbial 

abundance and root surface support the hypotheses that plants contribute to treatment by 

releasing (limited) oxygen and by increasing surface area for biofilm attachment. Weber 
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and Legge (2011) found no statistically significant differences (95% confidence) in 

microbial activity, community divergence, and substrate diversity between planted 

wetland mesocosms (Phragmites australis) compared to unplanted.  However, principal 

component analysis of community-level physiological profiling (CLPP) results showed 

that microbial communities in planted wetlands were distinct from unplanted wetlands 

after 74 days, regardless of original inoculum source.  The authors suggested root oxygen 

and carbohydrate release as mechanisms by which plants influence microbial 

communities. Plant presence has been found to increase redox potential in the root zone, 

although this has been found to vary between species and other conditions (Faulwetter et 

al., 2009).  Redox potential is a key factor in determining the microbial groups and 

processes that will dominate- for example, the proportion of aerobic BOD removal 

processes to anaerobic processes such as sulfate reduction (see Section 2.3.6). 

 

Plant roots affect porosity, whether by filling spaces between grains or by loosening 

tightly packed media, which in turn can affect hydraulic properties of the wetlands.  

Weber and Legge (2011) found that wetland mesocosms planted with Phragmites 

australis showed reduced porosity and increased dispersion coefficients over unplanted 

controls, while conversely, Seeger et al. (2013) reported an increase in porosity with a 

corresponding reduction in dispersion for a P. australis wetland over an unplanted 

control.  Seeger et al. suggested that gravel size might explain this difference, as their 

gravel was quite small (2-3.2 mm); Weber and Legge used 1 cm pea gravel.  Other 

reported plant functions are insulation in winter and nutrient uptake (Brix, 1997).  

However, dead plant biomass may contribute to increased background concentrations of 

BOD (Reed and Brown, 1995). 

 

Another complicating factor is that just as plants affect other wetland parameters, factors 

such as temperature, insolation, season, and water quality affect plant activity and health.  

For example, evapotranspiration effects vary seasonally and between regions based on 

temperature, sunlight, and other factors.  Also, although wetland plants are better able to 

withstand anoxic conditions than other types of plants, high concentrations of sulfide may 

cause root stunting or death, bud death, and blockages to gas transfer systems (Armstrong 



26 

 

et al., 1996). Salt tolerance also varies between species, and can lead to plant death 

(Klomjek and Nitisoravut, 2005). 

 

Finally, in temperate climates, plants may go dormant during the winter season; however, 

plant behavior during dormancy may vary between species. Allen et al. (2002) reported 

improved COD removal performance in winter (4°C) compared to summer (24°C) for 

Carex- and  Schoenoplectus- planted batch microcosms, while the Typha-planted and 

unplanted microcosms showed a decline in winter performance.  Corresponding 

measurements of redox potential showed that while redox potentials at depths below 5 

cm were uniformly low in the summer, the Carex and Schoenoplectus wetlands’ winter 

redox potentials did not drop as low and recovered to near-initial levels over the 20-day 

batch.  One explanation suggested by the authors was that these species continued to 

pump oxygen into their roots during the winter, but that less of this oxygen was 

consumed through root respiration. 

!"#"#%2'34+%,5)'%+03%146'%

Traditionally, subsurface wetlands have been designed using crushed rock, gravel or sand 

as a substrate (Reed and Brown, 1993).  Alternative media have also been proposed- 

whether to reduce costs, use waste materials, improve BOD removal or sequester specific 

pollutants such as phosphorus or metals.  Leaving aside phosphorus and metals, however, 

there is no consensus in the literature as to the effect of media type and size on BOD 

removal.  The early EPA design guide (1988) suggested the use of different k values for 

different media types; recommended values suggested that medium sand (which also had 

the highest suggested porosity) might be more efficient than coarse or gravelly sand.  

Crites & Tchobanoglous (1998) advocated the use of only one k value, but different 

porosities (n)- the suggested values of which implied that medium sand (lowest porosity) 

might be least efficient compared to coarser media. 

 

These contradicting assumptions may stem from the fact that media type and size 

embody other, assumed-relevant parameters which are more difficult to measure: 

porosity, surface area, dispersive properties, hydraulic conductivity, and chemical 

properties.  Porosity would affect nominal hydraulic retention time, greater surface area 
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might support more biofilm, hydraulic properties would affect the degree of short-

circuiting (as well as issues of clogging and ponding), and chemical properties might 

affect pollutant adsorption or pH.  Note that clogging is an important phenomenon in 

HSSF wetlands but is not discussed here; the reader is referred to (Nivala, Knowles, et 

al., 2012) for a thorough review. 

 

Because of these other parameters, results of side-by-side studies that have compared 

media types and sizes are difficult to generalize, and differences in pollutant removal are 

often attributed to different underlying causes. For example, Dallas and Ho (2005) found 

that reedbeds employing PET bottle segments (D=100-150 mm, n=94%) as growing 

media tended to outperform crushed rock reedbeds (D=20 mm, n=40%). Higher nominal 

HRT and greater root surface area were named as the likely causes.   Albuquerque et al. 

(2010) found that light-expanded clay aggregates (LECA) removed more COD than 

gravel, and suggested that LECA’s higher porosity and specific surface area could be 

contributing factors. Mean effluent BOD concentrations from identical wetlands with 

medium gravel of carbonate rock (D50=15mm, n=39%), fine gravel from igneous rock 

(D50=6mm, n=33%), and large cobbles from igneous rock (D50=90mm, n=29%) were 

53.9 mg/L, 38.8 mg/L, and 45.2 mg/L, for removal efficiencies of 84.6%, 89.0%, and 

87.0%, respectively (Akratos and Tsihrintzis, 2007).  No clear trend is indicated, and the 

absence of replicates or statistical testing leaves random variation as a possible cause of 

differences.  Finally, in side-by-side studies of hydraulic behaviour, finer gravel (D60=3.5 

mm, n=40%) beds were found to have reduced dispersion numbers, increased delay 

times, and increased Tanks-In-Series (TIS) numbers compared to coarser gravel (D60=10 

mm, n=39%), when aspect ratios were greater than 1:1 (García et al., 2004).  In other 

words, the fine gravel beds acted more like ideal plug flow reactors than the coarse gravel 

beds.  However, corresponding improvements in BOD and COD removal due to the fine 

gravel were minor and inconsistent (Aguirre et al., 2005). 

 

These results also make clear that if porosity is indeed an important parameter for BOD 

removal, its estimation based on particle size and type will likely lead to error.  In situ 

porosity measurements have also been shown to vary significantly over time due to 
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settling, solids accumulation, biofilm development and root growth (Akratos and 

Tsihrintzis, 2007, Dallas and Ho, 2005, Weber and Legge, 2011).  This may be true of the 

other parameters as well, which confuses the media selection and performance prediction 

processes. 

!"#"7%8'),9%

Bed depths are often assigned typical values corresponding to the maximum rooting 

depth expected by typical macrophyte species (0.6-0.8 m is common for Phragmites 

australis) (Vymazal, 2005a), although field reports of plants preferentially rooting near 

the surface may change these recommendations (e.g. Reed & Brown, 1995).   When 

volumetric models or rules of thumb are used to size wetlands, the implication is that 

deeper beds will provide more volume (and thus greater residence time and treatment) 

per surface area.  However, Aguirre et al. (2005) compared performance of gravel 

wetlands of two depths, 0.27m and 0.5m, receiving 4.5 cm/d of urban wastewater, both 

planted with Phragmites australis.  They found that the shallow bed removed a greater 

percentage of BOD and COD than the deep bed, despite the fact that the nominal HRT of 

the shallow bed was 2.5d, while HRT of the deeper bed was 4.5d.  This result has been 

confirmed for at least one other side-by-side study in which the areal and volumetric k 

values were calculated, with deep/shallow depths of 46/30 cm, and influent BOD 

concentrations of 40-60 mg/L. Both areal and volumetric k values were lower for the 

deeper bed (Kadlec and Wallace, 2009).  Short-circuiting below plant root depths and 

oxygen transfer limitations promoting anaerobic conditions at higher depth are two 

reasons that have been proposed to explain this phenomenon. 

!"#":%24;*<=4+/%;<((-04,5%

As microbes mediate much of the treatment that occurs in constructed wetlands, 

parameters such as microbial populations, activity, community composition, and the 

combination and relative contribution of various microbial processes are important 

factors affecting effluent water quality.  However, these parameters are difficult to assess.  

Microbial density (total or related to a specific type of microbe) has traditionally been 

assessed using plate counts; however, this approach was limited because most 

microorganisms are not culturable (Faulwetter et al., 2009).  Recent advances in 
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microbiology include promising techniques for rapidly enumerating and/or characterizing 

microbial communities- for example, measuring DNA or proteins, estimating diversity or 

functionality based on genetic analysis using PCR-DGGE, or characterizing the 

functional potential of communities based on carbon source utilization using CLPP 

(Faulwetter et al., 2009).  Weber and Legge (2011) assessed microbiological activity by 

measuring the rate at which fluorescein-diacetate was catalyzed by the presence of 

microbial enzymes in wetland mesocosms, and calculated several community 

characterization parameters (principle component analysis, community divergence 

measure, substrate diversity and substrate richness) from CLPP data.  These techniques 

may provide great insights in the future, but may be difficult for engineers to interpret.   

 

Another way to investigate microbial community dynamics is by building models and 

testing hypotheses by comparing simulations to real wetland data.  Heterotrophic, 

fermenting and acetotrophic sulfate reducing bacteria were found to be dominant 

compared to nitrifying, methanogenic and sulfide oxidizing bacteria in one long-term 

(one-year) simulation study using the BIO-PORE model based on CWM1 (Samsó and 

García, 2013).  However, the complex plant species-season-oxygen interactions discussed 

in Section 2.3.2, which would likely impact the microbial community, are not well 

understood and are not represented in the current simple plants submodel of BIO-PORE. 
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Although DO and ORP are theoretically straightforward to measure (for example, via 

portable probes and meters), taking accurate in-situ measurements can be difficult due to 

the media presence, and both parameters may have significant variations over very small 

spatial and temporal scales (García et al., 2010).  These parameters are critical to the rate 

and relative dominance of BOD removal processes: aerobic degradation, denitrification 

(and nitrification to facilitate denitrification where influent N is in the form of ammonia), 

fermentation, methanogenesis, and sulfate reduction (García et al., 2010), as shown in 

Table 2.  High redox potential (and associated dissolved oxygen concentrations) enables 

aerobic organic matter removal, while low redox potential promotes less efficient 

anaerobic processes such as sulfate reduction (creating hydrogen sulfide) and 

methanogenesis. 
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Process Electron 
acceptor (EA) 

End 
products 

Moles of e- per 
mole of EA 

!G ° (kJ/mole 
of electron) 

Redox 
potential (mV) 

Aerobic 
respiration 

O2 H2O, CO2 4 -125.1 300 to 700 

Nitrate reduction NO3
- N2, NOx 5 -118.8 100 to 350 

Manganese 
reduction 

Mn4+ Mn2+ 2 -94.5 -100 to 300 

Iron reduction Fe3+ Fe2+ 1 -24.3 -100 to 200 
Sulfate reduction SO4

2- S2- 8 -25.3 -200 to -100 
Methanogenesis CO2 CH4, CO2 8 -23.2 -350 to -100 
 

HSSF wetlands are generally considered anoxic.  Dissolved oxygen initially present in 

the influent is quickly used up in aerobic respiration, and can only be replaced at the rate 

of oxygen transfer into the wetland, either via atmospheric diffusion or plant root oxygen 

release. To facilitate aerobic BOD removal and nitrification, designers might seek to limit 

oxygen demand loading to the rate of oxygen transfer into the wetland.  Nivala et al., 

(2012) reviewed the literature regarding estimated rates of oxygen transfer or 

consumption in HSSF constructed wetlands and found extreme variations in estimates, 

from 0.3-11.6 g/m2d.  Assumptions of 100% aerobic organic matter removal led some 

investigators to estimate oxygen transfer rates by simply subtracting mass loadings of 

effluent oxygen demand from influent, sometimes adjusting for denitrification. This 

approach is very likely inaccurate, as measurements of HSSF wetland DO and ORP have 

often been outside of the aerobic removal range (e.g. Allen et al., 2002; Ojeda et al., 

2008).  In a simulation study, Ojeda et al. (2008) predicted 60-70% organic matter 

degradation via anaerobic processes based on data from an operational wetland.   

 

However, wetland redox conditions vary depending on wetland design and operation.  

Aguirre et al. (2005) measured sulfate concentrations along the profiles of a deep (0.5 m) 

and a shallow (0.27 m) wetland with influent sulfate concentrations of 80 mg/L, and 

found that sulfate concentrations had dropped to zero by the midpoint of the deep 

wetland, while concentrations in the shallow wetland were near constant.  Long hydraulic 

retention times (i.e. lower hydraulic loading rates) are associated with higher redox 
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potentials (Faulwetter et al., 2009), likely because BOD loading is small and in keeping 

with rates of reoxygenation.  Complicating matters, processes requiring diverse redox 

conditions such as nitrification, sulphide oxidation, denitrification, and sulphate reduction 

have been observed to occur simultaneously in the wetland rhizosphere, indicating steep 

gradients and dynamic changes in redox conditions near plant roots (Gonzalias et al., 

2007). 

!"#"O%2<3'%<G%<)'*+,4<0%

As summarized by Faulwetter et al. (2009), the mode of operation of HSSF wetlands 

affects their redox condition, with continuously-fed systems generally having the lowest 

redox potential, intermittently-fed systems having somewhat higher redox potential, and 

batch-operated systems often showing the highest redox potential.  As well, when the 

system is drained between batches, wetland biofilms are exposed to oxygen; this 

theoretically affects the microbial community by selecting for facultative microorganisms 

which can accommodate changes in redox potential and organic matter concentrations 

(Stein et al., 2003).  However, a three-year trial attempting to determine whether batch 

operation enhanced COD removal performance showed results that were mixed, with 

percent removal for batch operated wetland columns sometimes greater, and sometimes 

lower, than for continuously-fed wetland cells (Stein et al., 2003).  Relative performance 

varied based on plant presence and species, type of wastewater, and temperature.  This 

type of study illuminates how the many variables and their interactions in constructed 

wetlands present challenges for researchers and designers. 

!"#"P%Q+1,'L+,'*%;<()<14,4<0%

True wastewater composition is another factor that affects effluent BOD and sulfide 

concentrations in a complex way.  For example, the dynamics of BOD degradation (as 

might be represented by a first-order k value) are complicated by the fact that the 

aggregate parameters of BOD and COD comprise of a wide variety of compounds with 

different degradation rates (Kadlec, 2003). Wastewater may also contain inhibitory 

compounds that affect the rate of degradation of organic compounds as well as 

microorganism and plant health. In the context of greywater treatment, surfactants have 

been shown to degrade relatively slowly (Sharvelle et al., 2007) and inhibited the growth 
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of wheat in a hydroponic plant bed (Garland et al., 2004).  Salt, which may be elevated in 

households with water softeners, was shown to have an inhibitory effect on BOD removal 

in wetlands (Nitisoravut and Klomjek, 2005). The lack of other compounds can limit 

treatment; Jefferson et al. found that the ratios of P, N, and various micronutrients to 

COD were deficient for the biological treatment of greywater (Jefferson et al., 2004). 

These factors may partially explain the differences in k-values reported for different 

wastewater types (Bergdolt et al., 2013).  

 

Finally, the relative concentrations of BOD and sulfate are not often reported or 

discussed, but may be key to wetland performance.  Sulfates in greywater may originate 

from personal care products, or from ground-sourced tap water; domestic wastewater 

may have 20-500 mg/L SO4
2-, which could theoretically result in 7-167 mg/L H2S if 

100% reduced (Wiessner et al., 2007). The rate at which sulfate is reduced to sulfide has 

been shown to depend on the ratio of organic carbon to sulfate, with a doubling of BOD 

from 200 to 400 mg/L resulting in a sulfate removal efficiency increase from an average 

of 28% to nearly 100% (150 mg/L sulfate) (Wiessner et al., 2005).  This increase in 

sulfate reduction correlated to reduced removal efficiencies for ammonia, and to a lesser 

extent, BOD and COD (Wiessner et al., 2005, 2007).  Wu et al. reported a decrease in 

dissolved organic carbon removal from 94% to 68% when influent sulfate concentrations 

increased from 10 mg/L to 30 mg/L (Wu et al., 2012). A corresponding increase in 

effluent sulfide concentrations (2-3.5 mg/L to 8-10 mg/L) and reduction in number of 

healthy stalks of Juncus effusus and evapotranspiration were also observed. Sulfate 

reduction is a mechanism of organic carbon removal, but sulfide itself exerts an oxygen 

demand, is toxic to plants and some microorganisms, and may reduce organic carbon 

removal associated with heterotrophic denitrification by facilitating sulfur-driven 

autotrophic denitrification (Wu et al., 2013).  Sulfide removal mechanisms such as 

atmospheric gas exchange (pH-dependent), microbial sulfide oxidation and precipitation 

as elemental sulfur or metal sulfides were omitted from Figure 4 but also play crucial 

roles in the wetland sulfur cycle (Wu et al., 2013). 
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Constructed wetlands have been found to reduce concentrations of pathogen indicators 

such as E.coli or fecal coliforms by 1 log or more (Reed and Brown, 1995).  Indicator 

bacteria removal has been found to depend on hydraulic retention time, and plants appear 

to positively affect removal (Vymazal, 2005).  However, removal to non-detect levels (or 

a median of <1 CFU/100 mL as is required by the HCG) has generally not been achieved 

by greywater treatment wetlands (Dallas and Ho, 2005, Jokerst et al., 2011), suggesting 

that a final disinfection step is required.  Removal of solids, turbidity, and organic 

pollution are important for the two most common greywater disinfection systems, UV 

and chlorine disinfection. Particles may shield microorganisms from disinfection agents, 

and organic pollution may absorb UV light or consume chlorine and create disinfection 

byproducts (Winward et al., 2008a, 2008b).  Sulfides are also relevant, as they consume 

chlorine and produce turbidity upon chlorination (Levine et al., 2004) and may corrode a 

UV system, and sulfur-oxidizing bacteria may cause fouling (Dell’Orco et al., 1998) and 

formation of colloidal sulfur that blocks UV light (Gammons and Frandsen, 2001).   

!"7%I-((+*5B%,*'031B%+03%+*'+1%G<*%G-,-*'%*'1'+*;9%

As constructed wetland research has evolved, old assumptions have been overturned and 

old practices questioned, but some vestigial characteristics remain.  Many studies fit data 

to various models, whether simple or complex, but do not discuss the limits of models, or 

how the models can best be used in design.  The use of model parameters and scaling 

factors from the literature to design a new wetland is complicated by the many inter-

connected variables that affect wetland performance.  As Figure 4 shows, factors 

influencing effluent BOD and sulfide concentrations include: organic and hydraulic 

loading rates, short circuiting, influent composition, mode of operation, depth, rates of 

oxygen transfer, dissolved oxygen and redox potential, temperature, plant presence and 

species, dead organic matter, evapotranspiration, and the presence, concentration and 

activity rates of competing functional groups of microorganisms. However, many of 

these factors are interrelated in such a way that the exact effects of each are unknown. 
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Although many design approaches and performance models have been proposed and 

found to fit well with observations, the designer does not know whether they will be able 

to predict performance in a new situation.  What are the limits of each model’s 

application?  Under what conditions can each be used?  For this reason, design 

approaches should be evaluated in new circumstances. Perhaps mechanistic models, once 

validated by corroboration with real wetland stress tests, could be used to simulate the 

effects of design changes and the limits of various designs in a more rapid and 

inexpensive way.  Although more recent literature and design manuals cite system 

failures and inappropriate design as reasons to rethink old design conventions, few 

published papers could be found that detailed the circumstances leading to and 

observations during a wetland “failure.”  This is an oversight, as failures reveal 

fundamental limits. 

 

Design recommendations may incorporate both the use of relatively simple models 

(though likely more complex than first-order plug flow, and with parameters carefully 

chosen from data produced with similar wastewater and context) and checks against 

fundamental limitations.  The design process recommended by Kadlec and Wallace 

(2009) is a multi-stage iterative process that incorporates both of these elements.  After 

selection of k, P and C* values based on previous studies, designs are checked against 

loading charts showing performance of other wetlands, and biogeochemical constraints 

such as hydraulics and clogging, oxygen transfer, evapotranspiration and freezing.  Since 

greywater wetlands may require different design parameters, systematic compilation of 

greywater wetland performance and comparison to other wastewater types will be 

necessary.  Interactions between sulfur, inorganic carbon, nitrogen and phosphorus are 

not mentioned in the design process; charts documenting performance at various sulfate 

loading conditions or C:S ratios may be useful going forward. 

 

The limits of oxygen transfer have been found to be a key limiting factor in HSSF 

wetland performance (Nivala, Wallace, et al., 2012).  Thus, alternative designs that seek 

to increase oxygen transfer have received greater attention in the last decade. Proposed 

alterations include: shallow bed depths, effluent recirculation, fluctuating water levels 
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(including “fill-and-drain”, and “tidal flow” operation), active aeration of beds, and 

vertical flow systems (Nivala et al., 2013).  With the exception of shallow depths, these 

alterations change the passive nature of the technology to a more actively controlled and 

energy-intensive one.  However, lower effluent CBOD5 concentrations have been 

achieved under tidal flow, actively aerated, and vertical flow conditions compared to 

passive horizontal flow conditions even at double or higher loading rates (Nivala, 

Wallace, et al., 2012). Note that clogging and solids management must be considered 

when high-rate pollutant removal is promoted (Behrends et al., 2007).  

 

Some of the recent work on greywater treatment wetlands reflects these developments.  

Designs include: shallow cascading sand filters (Kadewa et al., 2010), vertical flow (VF) 

wetlands with high recirculation rates (Gross et al., 2007), a horizontal SSF wetland 

followed by VF (Paulo et al., 2009), and two VF wetlands in parallel followed by an 

HSSF wetland (Comino et al., 2012).  More conventional, passive wetland designs have 

also been tested, with results generally reported as promising (e.g. most effluent 

standards met except at most extreme condition tested or during most unfavourable 

season.)  However, in these cases, organic loading rates were kept quite low, whether due 

to low strength influent (e.g. Winward et al., 2008) or low hydraulic loading rates/ long 

HRTs (Dallas and Ho, 2005, Jokerst et al., 2011).  For medium to high strength 

greywater, such a low organic loading rate would require a very large footprint, likely 

precluding uptake in urban residential areas.  

 

The effects of other important parameters have been less studied.  Sulfate loading, C:S 

ratios, and effluent sulfide concentrations may also be critical parameters in greywater 

wetland design, but have yet to be reported in greywater wetland studies.  This review 

also suggests that plant species, media type, and temperature effects may all be important, 

but optimal choices are not clear. Testing with real greywater must continue, and failures 

must be reported, to explore the limits and true potential of this technology. 
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Recycling of “light” greywater for non-potable reuse is a promising method of water 

conservation in urban areas, as it is generated and required year-round, and typically 

contains a lower pollutant load than combined wastewater.  A recent simulation study 

predicted that reuse of bathroom greywater for toilet flushing only could reduce potable 

water consumption and wastewater production by 25% (Penn et al., 2012).  However, as 

Table 3 shows, greywater still requires treatment before it can meet the Health Canada 

Guidelines (HCG) for toilet and urinal flushing (Health Canada, 2010). 

 
&+=/'%#H%E+L%19<L'*%A*'5L+,'*%U-+/4,5%;<()+*'3%,<%S+0+34+0%*'-1'%A-43'/40'1%

Parameter Raw shower greywater, 
Canada (De Luca, 
2012)a 

Health Canada Guidelines for Reclaimed Water for 
Toilet and Urinal Flushing (Health Canada, 2010) 
Median (of at least 5 
samples collected over a 
30-d period) 

Maximum 

BOD5 (mg/L) 78.6-317.3 <10 "20 
SS (mg/L) Not measured <10b "20b 

Turbidity (NTU) 36.8-149.9 "2b "5b 

Fecal Coliforms 
(CFU/100mL) 

58-3,914  Not detectedc "200c 

Total Chlorine Residual 
(mg/L) 

Not measured #0.5 N/A 

a  Range of means from 5 sites 
b  Measured prior to disinfection point. Only one of SS and Turbidity need to be monitored. 
c  Standards specify thermotolerant (fecal) coliforms or E.coli (only one needs to be monitored)   

 

Many greywater treatment system designs have been developed and are commercially 

available, including: coarse filtration; biological reactors such as rotating biological 

reactors, biological aerated filters, aerated bioreactors, and membrane bioreactors; 

chemical treatments such as electro-coagulation, photocatalysis and conventional 

coagulation; and extensive systems such as constructed wetlands (Pidou et al., 2007).  

However, reported performance has been mixed (Pidou et al., 2007), with common 
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physical removal systems displaying insufficient treatment, a lack of operational 

robustness, and no net economic or environmental benefit (De Luca, 2012). 

 

Constructed wetland systems (CWs) attempt to recreate natural wetlands’ capacity to 

filter water, employing a complex ecosystem to perform many functions.  However, this 

complexity makes modeling and design difficult.  Many constructed wetland design 

guidelines exist, but may be contradictory (Rousseau et al., 2004).  Furthermore, existing 

guidelines were developed for municipal wastewater, blackwater, and industrial or 

agricultural wastewater and may not be appropriate for greywater wetland design 

(Bergdolt et al., 2013, Paulo et al., 2009).  Climate, design details (media, depth, aspect 

ratio, plant species etc.), and wastewater strength and composition, are all factors that are 

known to affect wetland performance, as was discussed in Chapter 2.  Therefore, 

performance demonstration and development of design guidelines using real local 

greywater may be necessary for new greywater wetland systems in different regions. 

 

The goal of this project was to develop and test a greywater treatment wetland design that 

had minimal energy and maintenance needs, and could be sited in a greenhouse or 

solarium. As well, the effect of plants is a matter of debate in the literature, and 

appropriate plants for indoor greywater wetlands are not known.  Monocultures of 

standard constructed wetland plants such as Phragmites australis (that have been shown 

to survive in many types of wastewater) may not be desired by homeowners and may be 

too tall for indoor CWs.  Thus, the objectives of this study were:  

1) to observe the performance of planted and unplanted wetlands, sited in 

a partially heated greenhouse, treating real greywater during the first 

few months of operation (February – June 2013);  

2) to compare the performance to the HCG;  

3) to document the survival of several locally-available ornamental plants 

in greywater wetlands;  and 

4) to provide recommendations for future wetland research and design 

based on results. 
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Details of the design and rationale are presented in Appendix A, including details and 

results from the first design iteration, operated from October-December, 2012. The goal 

was to develop a low-cost, flexible design that could be constructed by non-expert 

homeowners. Figure 5 and Figure 6 show a schematic and photos of the second design 

iteration, installed in January 2013; wetland cells made from recycled 200-L plastic 

barrels cut in half were connected in series using standard hoses and connections. Interior 

piping and coarse gravel zones in the inlet and outlet of each cell were intended to reduce 

short-circuiting. Cells were filled to a depth of 33 cm with pea gravel (< 1cm) as the main 

bed media and crushed rock (nominal size 19 mm) in inlet and outlet zones (10.5 cm at 

widest.) One wetland, consisting of three cells in series, was planted with a variety of 

macrophyte species while the other was left unplanted. Each cell was roughly cylindrical 

with a diameter of 0.585 m, resulting in a total surface area of 0.806 m2 for each three-

cell wetland. Three cells were chosen due to space constraints in the greenhouse. 
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Water level was kept constant at approximately 30 cm, although this was periodically 

adjusted (+1 cm) and occasionally lowered due to accidental disruption of the water-

level-setting mechanisms. Estimated pore volume was 92 L per wetland based on an 

average measured clean bed porosity of 0.38.  After April 3, 2013 (2 months of 

operation), water level was kept constant at 28 cm, because media settling had lowered 

the media level to 30 cm and algae growth was detected in surfacing water.  Based on 

these measurements, porosity had likely declined to 0.32 or lower (particularly for the 

planted wetland due to root growth), and pore volume similarly may have been reduced 

to 72 L or less. 

 

Plant species were selected to satisfy the following constraints: 1) perennial; 2) adapted 

to wet soil/shallow water conditions; 3) not exceeding 1 m tall; 4) locally available; 5) 

Compositing barrel 

Planted wetland 

Unplanted wetland 
(background) 
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non-toxic to humans and pets. Perennial plants were considered preferable to annual 

plants due to their reduced maintenance needs, and local availability was preferred for the 

convenience of the researchers as well as future builders in the region. Plant adaptation to 

wet conditions was required for survival in the saturated HSSF wetlands, while the height 

constraint was based on available space in the greenhouse. Non-toxicity was required due 

to safety concerns for households with children and pets. Aesthetics, light needs, and 

prior use in stormwater/wastewater treatment literature were also considered.  Final 

selection is shown in Table 4; further details are found in Appendix B.  An initial 

selection was planted in October 2012 (in the first design iteration); replacement plants 

(for individuals that did not survive the winter) were added in April 2013 to make up 

approximately 9 plants per cell. 

 
&+=/'%7H%I'/';,'3%(+;*<)95,'%1)';4'1%

Tropical species Temperate species 
Canna 
Colocasia esculenta 
Cyperus alternifolius gracilis 

Anemone Canadensis  
Caltha palustris 
Carex vulpinoidea 
Hierochole odorata  
Iris versicolor  
Iris pseudacorus  
Juncus effusus (regular and ‘spiralis’) 
Mentha aquatica 
Sagittaria latifolia 

 

#"!"!%8<140A%+03%G/<L%(<04,<*40A%

The system configuration is shown in Figure 7. The wetlands were dosed greywater from 

a shower source, which was pretreated with a septic tank effluent filter (Tuf-Tite EF-4, 

1.6-mm screen size) (1) and pumped from a surge tank (2) into an elevated compositing 

barrel (4) in a passively heated greenhouse (3). The compositing barrel was connected by 

garden hose (15.9-mm diameter) to the planted and unplanted wetlands (6 and 7); gravity 

dosing was controlled by a normally-closed solenoid valve (5) plugged into an irrigation 

timer. Effluent grab samples were taken from sample ports (8) between the final wetland 

cells and tipping bucket flow meters (9). 
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These tipping bucket flow meters (KIPP100, UMS GmbH), connected to event data 

loggers (HOBO UA-003-64, Onset) recorded daily outflows from each wetland; 

resolution and accuracy specifications for all instruments are given in Appendix C. The 

target hydraulic loading rate of 3.72 cm/d (30 L/d per wetland) was selected to meet the 

target organic loading rate of 7.5 g BOD m-2d-1 (Rousseau et al., 2004) and checked 

against the design method suggested by Crites and Tchobanoglous (1998). For most of 

the study, the solenoid valve was programmed to open for one minute ten times per day, 

as measurements during installation showed that approximately 3 L/min would enter each 

wetland when the valve was open.  

 

However, the gravity-based dosing and flow splitting system was flawed in that it 

provided insufficient control over the relative loading rates to the two wetlands. Small 

differences in water level between the two wetlands resulted in different daily outflows, 

in part because the two wetlands were hydraulically connected even when the valve was 

closed, so water could travel between the first cells of the two wetlands between dosing 

events. Equalizing water levels (by slightly changing the position of the effluent piping) 

proved difficult due to the greenhouse’s layout and uneven floors. As well, accidental 

water level disruptions occurred on several occasions. Thus, the two wetlands were not 

loaded equally (see Section 3.3.1), with alternately the planted and then the unplanted 

wetland receiving higher doses depending on their relative levels, sometimes well above 

the target loading rate.  Two separately-controlled solenoid valves, which opened 1 

minute apart in alternating order, were required to provide equal dosing; this was only 

accomplished during the final four weeks of the 5-month study. During the final two 
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weeks, dosing was reduced to determine the upper limit of performance (results also 

presented and discussed in Chapter 5.) 

 

Although effluent flow rates were monitored throughout the study, influent flow rates 

were not recorded.  Potential error due to evapotranspiration was investigated during a 

one-week study toward the end of the study period (June 10-14, 2013).  Each day at the 

same time, both the unplanted and planted wetlands were manually dosed with 10 L of 

greywater (measured with a 1 L graduated cylinder.)  Outflows were recorded with the 

tipping bucket flow meters and water losses were calculated by a simple water balance. 

Wetland temperatures (at 15 cm depth) and interior air temperatures at three locations 

were recorded hourly in each cell using Type J thermocouples and data loggers (DaqPRO 

5300, Fourier Systems). For comparison, average daily outdoor temperatures at a nearby 

climate station were obtained from Environment Canada. The small greenhouse was not 

actively vented (the door and small windows were left open when interior air 

temperatures exceeded about 25°C.) 

#"!"#%&*+;'*%,'1,%(',9<3</<A5%

A sodium bromide tracer test was performed soon after wetland construction (February 

2013) to characterize the hydraulic behaviour of the wetlands. A 6-L slug of 0.025 M 

NaBr was introduced into each of the two wetlands separately by disconnecting the 

wetlands from the compositing barrel and pouring the slug into each inlet hose using a 

funnel. The wetlands were then reconnected to the compositing barrel and operated 

normally. The tracer concentration and volume were selected according to 

recommendations that the density difference between the tracer and the wetland pore 

water be well below 1%, but that the benchmark tracer concentration be 10-20 times the 

background concentration (Kadlec and Wallace, 2009). Water samples (500 mL) were 

taken during every dosing event for five days. Bromide was measured in 50 mL 

subsamples using a bromide solid state half-cell ion selective electrode and reference 

electrode (9435SC and 900200, Thermo Scientific Orion). Samples were first brought to 

room temperature and acidified to pH<4 using concentrated sulfuric acid to eliminate 

sulfide interference (EPA Method 9211). All samples and standards had ionic strength 

adjustment solution (5 M KNO3) added at a 1:50 ratio prior to electrode reading. 
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Grab samples of influent (from compositing tank) and effluent (from effluent sampling 

ports) of the planted and unplanted wetlands were collected weekly in sterile 1-L Nalgene 

bottles. Samples were immediately analyzed for turbidity (Hach 2100Q), then split into 

subsample bottles for different analyses.  E.coli sample bottles (100 mL) contained 200 

uL of 3% sodium thiosulfate for dechlorination, while BOD5/COD sample bottles (100 

mL) contained sterile stir bars.  The remainder (used for all other analyses) was kept in 

the original Nalgene bottles.  Samples were transported to the lab in a cooler with ice 

packs.   

 

BOD5, COD, TS and TSS were measured according to Standard Methods (AHPA, 2001).  

E.coli bacteria were enumerated by membrane filtration onto modified mTEC media 

(EPA Method 1603).  pH was measured using an Oakton hand-held pH meter (pH 110), 

and UV transmittance at 254 nm (UVT) was measured using a Genesys 10 UV-Vis 

Scanning Spectrophotometer. Turbidity at the time of UVT measurement was also 

recorded (Hach 2100P). Due to quality control issues, samples after April 10 were sent to 

an accredited lab (ALS, Waterloo) for BOD5 analysis.   

 

Treatment efficiency of the wetland was assessed by 1) comparing effluent parameters to 

the HCG, and 2) computing removal efficiencies by concentration.  Pollutant mass 

removal efficiency (comparing influent and effluent pollutant loads instead of 

concentrations) could not be computed because exact inflow rates were unknown. As the 

wetlands were located in a greenhouse and protected from precipitation, only water losses 

due to evapotranspiration would create differences between inflow and outflow. 

#"!":%I,+,41,4;1%+03%(<3'/JG4,,40A%

The student’s t-test was used to compare results between unplanted and planted wetlands.  

The Spearman’s rho correlation coefficient and test for significance were used to detect 

correlations between variables, as it does not assume linear relationships, normality or 

homogeneity of variances.  
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Table 5 and Figure 8 show daily loading rates and temperatures (wetland, air 

temperatures in the greenhouse, and outdoor air temperatures) during the five-month data 

collection period. The greenhouse prevented the wetlands from experiencing freezing 

temperatures. As can be seen in Figure 8, the flow splitting system resulted in short 

periods of extremely low and high doses to each wetland. On average, the Plants wetland 

tended to be loaded more, which prevents a truly fair comparison as to the effect of 

plants. Mean temperatures for the two treatment trains were within 0.01°C of each other 

and the extremes were within 0.5°C over the course of the experiment.  

 
&+=/'%:H%S<034,4<01%G<*%'+;9%L',/+03B%+4*%+03%<-,3<<*"%%Q',/+03%,'()'*+,-*'1%+*'%G*<(%$:%;(%3'),9X%
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Parameter No plants Plants 
Mean (SD) Range Mean (SD) Range 

Daily Outflow Hydraulic Loading 
Rate (cm/d) 

3.15 (1.70) 0 - 8.30 3.56 (1.37) 0.16 - 7.16 

Daily Average Wetland Temperature 
(°C) 

15.74 (5.45) 5.86 - 26.64 15.73 (5.72) 5.76 - 27.15 

Daily Average Air Temperature in 
Greenhouse (°C) 

15.26 (5.54) 5.06 - 26.31 -- -- 

Daily Average Outdoor Air 
Temperature (°C) 

5.22 (8.99) -17.8 - 22.9 -- -- 
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Water losses due to evaporation and/or plant transpiration averaged 0.6 L/d (0.8 mm/d) 

for the unplanted wetland and 3.4 L/d (4.3 mm/d) for the planted wetland during the 

week of measurement.  Average daily wetland temperatures during evapotranspiration 

testing ranged from 20.0-21.7°C, with both sunny and cloudy periods each day, so losses 

were likely greater during periods of higher temperature and insolation. 

#"#"!%&*+;'*%,'1,%*'1-/,1%

Tracer test results (Figure 9) show that the systems experienced breakthrough after 1 day, 

but that the bulk of the tracer exited between 2 and 4 days after its introduction at 7 AM.  

!"#$
!%&$
!%#$
!&$
#$
&$
%#$
%&$
"#$
"&$
'#$

()
*+
,-
*$
.,

/01
$2
*3

4*
+,
56
+*
$78

*-
$9
:$

.,5*$

;<$40,=5>$ ?0,=5>$
@+**=A<6>*$,/+$5*34$ B658<<+$,/+$5*34$

#C#$
%C#$
"C#$
'C#$
DC#$
&C#$
EC#$
FC#$
GC#$
HC#$

[
53
*+
-/
4;
%\
<+

34
0A
%E
+,
'%
C;
(
]3
F%

8+,'%

;<$40,=5>$ ?0,=5>$

!"
!"



46 

 

Average flow rates during this period were 26.0 and 24.3 L/d for the unplanted and 

planted wetlands, respectively, with flows from the two wetland ranging from 19-30.1 

L/d and 16.2-27.5 L/d.  Converting from the time to volume domain does not completely 

eliminate irregularities in the curves, indicating that changes in concentration occurred 

overnight when wetlands were not being dosed (likely due to dispersion). 

 

Sampling ended too soon to capture the entire tail of the data and compute hydraulic 

residence time and useable volume (centroids of area under curves). They were likely less 

than the initial nominal HRT and pore volume of 3 days and 90 L, based on visual 

estimations of the centroids of the incomplete curves.  For future tests, a higher dosing 

rate and/or longer test duration are recommended. 
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Table 6 reports the survival of the different plant species.  Several plants died during the 

fall, winter and spring and were removed and/or replaced. The best-performing plant 

species of those planted in October 2012, with all individuals surviving, were Cyperus 

alternifolius gracilis and Sagittaria latifolia (shown in Figure 10). Cyperus, despite its 

‘tropical’ designation, remained full and produced new shoots throughout the winter. 

Sagittaria died back considerably during the winter but grew vigorously during the 

summer. Several species appeared to be intolerant of conditions in the wetlands, 

especially the first cell (where redox conditions were likely the lowest). Replacement 

species Iris pseudacorus, Mentha aquatica and Juncus effusus (non-spiral variety) did 

well in all cells during the summer, but winter performance is unknown. Detailed 

observations and photographs of each species are found in Appendix B. 

 
&+=/'%>H%./+0,%1-*?4?+/%

Species Planting Date Survival 
Anemone Canadensis October 2012 0/3 
Caltha palustris October 2012 0/3 
Canna October 2012 (2), April 

2013 (2) 
1/2 (winter death), 1/2 
(summer death) 

Carex vulpinoidea October 2012 2/3 
Colocasia esculenta October 2012 0/1 (winter death) 
Cyperus alternifolius 
gracilis 

October 2012 3/3 

Hierochole odorata October 2012 2/3 (summer death) 
Iris pseudacorus April 2013 3/3 
Iris versicolor October 2012 1/3 
Juncus effusus April 2013 2/2 
Juncus effusus ‘spiralis’ October 2012 1/1 
Mentha aquatica April 2013 3/3 
Sagittaria latifolia October 2012 3/3 
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Water quality results from the entire data collection period are summarized in%
Table 7.  Differences between the unplanted and planted wetlands were not significant at 

the 95% confidence level for any parameter (see Appendix D.)  Time series graphs for 

COD, BOD5, E.coli, turbidity and TSS, comparisons to the HCG, and performance 

variability are discussed in Sections 3.3.3.2-3.3.3.4.  
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Parameter  n Influent  
Mean + S.D.  

Effluent-No plants  
Mean + S.D. (Removal) 

Effluent- Plants  
Mean + S.D. 
(Removal) 

COD (mg/L)  21 286 + 55  88 + 27 
(69.1%) 

93 + 32 
(67.4%) 

BOD5 (mg/L) a 6 114 + 37 30.6 + 17.6 
(73.2%) 

34.0 + 22.7 
(70.3%) 

E.coli b (CFU/100mL)  17 20,300 + 7.7  271 + 11 
(98.6%)  

344 + 12 
(98.3%) 

Turbidity c (NTU)  22 103 + 35  
 

5.60 + 2.73  
(94.6%) 

7.55 + 5.39 
(92.7%) 

TSS (mg/L)  11 49.1 + 21.0  3.8 + 3.4 
(92.2%) 

4.0 + 3.1  
(91.8%) 

TS (mg/L)  11 828 + 121   739 + 95  
(10.8%) 

751 + 105 
(9.4%) 

pH  10 7.73 + 0.20  7.53 + 0.32 7.35 + 0.24 
UVT (%) 13 15.9 + 4.4 42.9 + 15.4 39.6 + 4.1 
a BOD results only after April 10 
b Geometric mean and standard deviation 
c Turbidity taken immediately after sample collection 
 

!"!"#",%-./0%)12%3./%

BOD5 and COD results are shown in Figure 11.  Both influent and effluent 

concentrations were variable without a clear decline in effluent concentrations. The spike 

in COD for Plants effluent on March 13 was observed to coincide with the appearance of 

red flecks in the effluent matching the colour of red film forming on submerged media 

where media level had sunk below the water level.  On suspicion that the film was algae 

or photosynthetic bacteria, the water level was adjusted to below the media level two 

weeks later and the red flecks had disappeared from effluent samples by April 10.  Note 

that due to multiple quality control issues for the BOD5 analysis (discussed below), only 

the results for samples analyzed by an outside, accredited laboratory are reported (n=6). 
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For both wetlands, 4 of 6 samples exceeded the HCG maximum of 20 mg/L BOD5, with 

0/6 and 1/6 samples falling below the HCG median value of 10 mg/L BOD5 for the 

unplanted and planted wetlands, respectively. Overall BOD5 removal as a proportion of 

input concentrations were 73.2% and 70.3% for the unplanted and planted wetlands, 

respectively, while COD removals were 69.1% and 67.4%. For comparison, Vymazal and 

Kröpfelová (2009) reported an average BOD5 removal efficiency of 80.7% for 261 HSSF 

wetlands, and an average COD removal efficiency of 63.7% for 244 wetlands, treating 

municipal secondary wastewater (> 40 mg/L.) Relatively few greywater wetlands have 

been studied, and of these, only two have been horizontal subsurface flow. The wetland 

in this study did not reach the performance attained by the HSSF greywater treatment 
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wetlands in Costa Rica studied by Dallas and Ho (2006), which achieved 90-97% 

removal of BOD for rock and plastic media wetlands planted with Coix jojobi and 

operated at organic loading rates of 3.4-5.9 gm-2d-1 (HLR=1.3-2.7 cm/d). In a UK study, 

Winward et al. (2008) reported 90% removal of BOD5 for low strength greywater (20 

mg/L BOD5) but only 65% removal of higher strength greywater (164 mg/L) by HSSF 

reed beds (Phragmites australis) with a sand, soil and compost mix for bed media, 

operated at an HLR of 8 cm/d. The wetlands in the Costa Rican and UK studies had been 

operating for longer periods of time than the wetlands in the present study, which may 

have contributed to their improved performance. 

 

COD is not mentioned in the HCG, but was measured because it is relatively rapid and 

simple test. If a consistent BOD5:COD ratio was found, COD could be used as a 

surrogate for BOD5.  However, BOD5:COD ratios for influent and effluents were not 

consistent, ranging from 0.38-0.54, 0.19-0.53, and 0.08-0.55 for influent, unplanted 

effluent and planted effluent, respectively.  Therefore, COD cannot be used to predict 

BOD5 with accuracy.  Previous work in Guelph had reported consistent BOD5:COD 

ratios ranging from 0.48 to 0.50 for raw shower greywater (De Luca, 2012).  The same 

study reported increased BOD5:COD ratios (0.58-0.69) after physical treatment 

(filtration/sedimentation and chlorination.)  However, Kadewa, Le Corre, Pidou, Jeffrey, 

and Jefferson (2010) reported BOD5:COD ratios of low strength shower greywater to 

vary from 0.29-0.45, with wetland effluent BOD5:COD ratios decreasing below 0.1. 

Increasing BOD5:COD ratios indicate either the removal of non-biodegradable or slowly-

biodegradable oxygen demand (e.g. through filtration of particulates), or the conversion 

of slowly-biodegradable components to readily-biodegradable components.  Decreasing 

BOD5:COD ratios indicate that readily biodegradable components are being removed, 

while recalcitrant reduced substances remain. Settling and degradation during storage 

may explain the wider variability in BOD5:COD ratios for influent greywater compared 

to that reported by De Luca (2012). Low BOD5:COD ratios indicate the limit to 

biological treatment for removal of BOD and COD, as a portion of the material is slowly 

degradable or not biodegradable. 
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In-house laboratory BOD5 tests yielded vastly different results from those obtained by the 

outside laboratory (ALS Waterloo).  In-house BOD5 results were always higher than 

those from ALS, and a toxicity pattern (increasing BOD5 for increasingly diluted bottles) 

was consistently found for the Guelph lab but not the ALS lab. However, the in-house 

tests failed quality control measures (blanks and glucose-glutamic acid checks were out 

of acceptable ranges), and yielded improbable results (BOD5>COD for some effluent 

samples), so in-house results were discarded in favour of the outside accredited 

laboratory’s results.  The cause(s) of the discrepancies were never identified (seed and 

type of dilution water were the same for both labs). BOD5 is a difficult parameter as the 

seed might not be adapted to greywater, and substances such as surfactants, salts and 

sulfides might inhibit biological action or be toxic to seed microorganisms. 

 

Interpretation of the results is complicated by the many inter-related factors affecting 

effluent BOD5 and COD concentrations (see Chapter 2.) Some performance irregularities 

are inherent in natural treatment systems; however, the ranges of effluent BOD5 and COD 

concentrations were quite wide. Performance improvement due to plant and microbial 

development, approaching some sort of steady state, was initially expected but not clearly 

observed (as can be seen from Figure 11). Influent concentrations and hydraulic loading 

rates, which varied considerably over the study period, were investigated for their effects 

on effluent concentrations. Figure 12 below shows effluent COD and BOD5 

concentrations plotted against influent concentrations, hydraulic loading rate, and organic 

(COD or BOD5) loading rate; Spearman’s correlation coefficients ($) for each 

relationship are shown, with significant correlations indicated.  Only results taken after 

April 10 were included to eliminate potential interferences due to algae and reduce 

temperature and maturation effects. The HLR and OLR plots for both COD and BOD5 

show significant correlations. Note that the plots are based on outflow values; in the case 

of the planted wetland, inflow hydraulic loading rates may have been approximately 0.5 

cm/d greater than the rates plotted due to evapotranspirative losses (see discussion 

below.) 
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The BOD5 plots also suggest that the design HLR was exceeded for the majority of BOD5 

sampling events, while the design OLR (7.5 g/m2d) was never exceeded. Despite this, 

effluent BOD5 concentrations exceeded the HCG median. Preliminary data suggest that 

BOD5 loading rates as low as 1.5 g/m2d and/or hydraulic loading rates as low as 2 cm/d 

may be required (represented by the dashed vertical lines in Figure 12). However, 

providing updated design recommendations is difficult due to the scatter in the plots and 

the small number of data points. 

 

One potential source of error in the OLR plots in Figure 12 is the fact that influent and 

effluent samples taken simultaneously were paired, despite the fact that influent 

concentrations were demonstrated to vary widely over very short time periods. Figure 13 

shows the results of a focused sampling study in which nine influent samples were taken 

over a 7-day period and measured for COD. COD doubled from just under 150 mg/L to 

over 300 mg/L over a two-day period. This issue may explain the fact that BOD5 loading 

rate (including both hydraulic load and influent BOD5 information) showed a weaker 

correlation to effluent BOD5 that hydraulic loading rate alone; however, the reverse was 

true for the COD charts.  
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The hydraulic loading rates presented in Figure 12 also may reflect experimental error. A 

source of systemic error is the fact that the hydraulic loading rates are based on outflows, 

not inflows. As presented in Section 3.3.1 above, evapotranspirative losses of 0.6 L/d (0.8 

mm/d) for the unplanted wetland and 3.4 L/d (4.3 mm/d) for the planted wetland were 

recorded during a one-week period, indicating that the difference between inflow and 

outflow HLR differed for the two wetlands and may have been 0.4 cm/d or more for the 

planted wetland, significant at low loading rates. As well, due to variability in greywater 

production and the water level issues discussed above, hydraulic loading varied from day 

to day to the extent that the averaging method chosen affected the final results. The 

method used to produce the charts in Figure 12 (averaging daily loads over the previous 5 

days) produced the strongest correlations for both BOD5 and COD, but other methods 

were considered, such as averaging over the time period during which one nominal pore 

volume exited the wetlands.  Using the latter method, neither HLR nor OLR show 

significant correlations with effluent BOD5 concentrations (see Appendix D.) 

 

Two other variables that may have affected results were temperature and the presence of 

other constituents such as salts and sulfur compounds. The effect of temperature on HSSF 

wetland performance is a contested subject. For example, one greywater wetland study 

reported improved organics removal in summer (mean water temperature 18.9°C) 

compared to winter (5.2°C) (Jokerst et al., 2011), while a laboratory mesocosm study 

comparing temperatures of 4-24°C reported improved COD removal at lower 

temperatures for certain plant species (Allen et al., 2002). Figure 14 shows the COD 

loading chart for April 10 – June 20 with temperature (averaged over 1 HRT for each 

sampling event) indicated by marker size. There is no clear pattern (e.g. lower 

temperature markers generally above higher temperature markers for the same loading 

rate.) 
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Salts and sulfur compounds have also been shown to reduce BOD removal rates in some 

cases (Nitisoravut and Klomjek, 2005, Wu et al., 2013). Sodium, chloride, sulfate, and 

sulfide were all found in grab samples of wetland effluent (see Section 3.3.3.4); if their 

concentrations varied significantly over the course of the study, this may have 

contributed to variations in treatment performance (and scatter on the loading charts in 

Figure 12.)  Some studies have attempted to control these factors by using artificial 

wastewater and controlled-temperature environments (e.g. Allen et al., 2002). However, 

controlling these factors can raise questions over whether the results would be applicable 

to real greywater under real environmental conditions. 

 

This study provided the range of results that might be observed with an actual system 

under similar loading conditions during the first 5 months of operation.  The results 

indicate that reduced loading rates (larger wetlands or lower strength greywater required 

to treat the same volume of water) or design alterations may be required for wetland 

effluent to meet the HCG during this period with regard to BOD5. The target organic and 

hydraulic loading rates of 7.5 g BOD/m2d and 3.73 cm/d may not be appropriate for 

greywater wetland design. For the greywater and wetland design under study, BOD 

loading rates as low as 1.5 g/m2d and/or hydraulic loading rates as low as 2 cm/d may be 
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required during the first 5 months, based on Figure 12. However, more data are 

necessary. 

 

It is possible that performance may improve with greater wetland maturity, and the 

original design parameters may prove to be sufficient; wetland monitoring during the 

second year of operation would be required to determine if this is the case. If so, wetland 

effluent may need to be directed to the sewer during system maturation. However, start-

up considerations are not included in the HCG guidelines; physical/chemical treatment 

systems without extensive start-up times may be favoured. 

 

!"!"#"!%5"6789%*:(7;)8%

Figure 15 shows influent and effluent E.coli concentrations over the entire study period. 

E.coli levels in both influent and effluent showed high variability; apparent declines from 

March 13-April 3 and May 1- June 1 have no known cause. Influent E.coli levels may 

have been affected by the activities and cleaning habits of the residents, variable storage 

time in the surge tanks, variable storage temperature, microbial communities in the surge 

tanks and pretreatment filter, or products used by the residents. 
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Neither wetland ever met the HCG for E.coli, which required a median value of <1 

CFU/100 mL for five consecutive samples, as E.coli was detected in every sample.  
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Furthermore, 59 and 65 % of samples from the unplanted and planted wetlands, 

respectively, exceeded the maximum value of 200 CFU/100 mL. A final disinfection step 

would be required to meet the HCG for these wetlands.  However, turbidity and UVT 

values (particularly after storage, see 3.3.3.4) indicate that UV disinfection may not be 

efficient. A local UV disinfection system manufacturer recommends turbidity < 1 NTU 

and UVT > 75% (VIQUA, n.d.), compared to averages of 5.6 and 7.55 NTU, and 42.9 

and 39.6%, for the unplanted and planted wetlands, respectively. Chlorine demand may 

also be high due to relatively high effluent COD values. 

 

Performance of both unplanted and planted wetlands was comparable to other studies. 

Average log removals of E.coli were 1.7 log (CFU/100mL) for both wetlands, with 

ranges of 0.98-2.95 and 0.98-2.75 for the unplanted and planted wetlands, respectively.  

Jokerst et al. (2011) reported 1.0-2.2 log removal of E.coli in a hybrid surface flow-

subsurface flow wetland treating greywater, with the highest effluent concentrations and 

lowest log removals reported in winter months.  Dallas and Ho (2005) did not directly 

report log removals of fecal coliforms, but averages suggested removals ranging from 0.5 

to 4.8 across experimental conditions; however, influent fecal coliform levels were high 

(106-108), so effluent fecal coliform concentrations did not drop below 1,500 CFU/100 

mL. 

 

A review of wetland performance for enteric pathogen removal found that pathogen 

indicator removal was affected by two main factors: 1) hydraulic loading rate, following 

an approximately first-order relationship when influent concentrations are sufficiently 

high, and 2) the presence of macrophytes (Vymazal, 2005). Figure 16 shows a significant 

negative correlation between average flow rate and log removal of E.coli, with a 

Spearman’s rho correlation coefficient of -0.459 (p<0.01, two-tailed); as expected, 

reduced log removals were generally observed at higher loading rates. There were no 

significant differences between log removals or effluent concentrations for unplanted and 

planted wetlands.  However, this may have been due to plant immaturity in terms of root 

and stem density; further testing during the second year of operation would be required to 

test this effect. 
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As shown in %
Table 7, total solids were only slightly reduced, with average percent reductions of 10.8% 

and 9.4% for the unplanted and planted wetlands, respectively. Many dissolved 

substances were present in the greywater, originating from the ground-sourced, partially 

softened tap water, personal care products and the residents.  Table 8 presents the results 

of analyses of effluent samples for various dissolved solids.  The house’s hot water line 

was softened using an ion exchange softener, elevating sodium and chloride 

concentrations of shower water and reducing hardness minerals calcium and magnesium.  

Salts are generally not removed significantly by constructed wetlands (Kadlec and 

Wallace, 2009).  Some plant species are sensitive to salt concentrations (Klomjek and 

Nitisoravut, 2005), so this may have been a factor in plant mortality.   
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Parameter No plants Plants 
Sulfide-S (mg/L) 33.5, 48.9 31.1, 35.6 
Sulfate-S (mg/L) 9.5 15.1 
Total Iron (mg/L) <0.050 <0.050 
Chloride (mg/L) 124 117 
Nitrate-N (mg/L) <0.10 <0.10 
Total Ammonia-N (mg/L) 8.79 8.23 
Total Calcium (mg/L) 24.6 26.8 
Total Magnesium (mg/L) 8.25 8.36 
Total Potassium (mg/L) 4.3 4.2 
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Total Sodium (mg/L) 206 214 
Table 8 also provides an indication of the redox conditions present in the wetland, which 

also may have played a role in lower BOD and COD removal rates than expected as well 

as plant mortality.  Sulfide concentrations in effluent grab samples exceeded 30 mg/L, 

similar to the highest sulfide concentrations measured by Gammons and Frandsen (2001) 

in the effluent of their wetland, which was designed to promote sulfide formation to 

precipitate metals.  Sulfides form when influent sulfates are reduced by sulfate reducing 

bacteria in anaerobic conditions.  Nitrate, on the other hand, was not detected in wetland 

effluent, indicating either that nitrification of influent ammonia (a process which requires 

oxygen) had been completely inhibited, or that denitrification of any nitrate (requiring the 

absence of oxygen) had been complete.  It is noted that reported effluent sulfate 

concentrations may be artificially high, as these samples were not preserved, and sulfide 

will autooxidize to sulfate in the presence of oxygen.  This evidence indicates that on the 

sampling day in question, the wetland was highly anaerobic (low redox conditions), 

which is associated with less efficient organic carbon removal and the formation of 

methane and sulfides (Faulwetter et al., 2009).  Despite the fact that sulfate reduction is a 

mechanism of organic carbon removal, negative correlations between organic carbon 

removal efficiency and sulfate reduction have been demonstrated in several experiments, 

indicating that sulfides may interfere with other organic carbon removal pathways (Wu et 

al., 2013).  

 

High effluent sulfide concentrations are problematic for additional reasons. First, sulfides 

are toxic to many plants.  Although wetland plants are adapted to tolerate some degree of 

anaerobic conditions, sulfides in the range of 30-50 mg/L produced negative effects on 

species such as Phragmites australis, Panicum hemitomon and Spartina alterniflora , and 

sulfide toxicity was the suspected cause of the death of all vegetation in a Scirpus 

wetland in Arizona (Kadlec and Wallace, 2009).  Second, the wetland effluent in this 

study had a strong sulfurous odour that would likely prevent its acceptance for indoor 

reuse.  Indeed, in certain conditions (low ventilation, high concentration and low pH in 

water), reuse of water with high sulfides would pose a serious health risk. 
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As reviewed in Chapter 2, effluent sulfide concentrations depend on many factors such as 

influent sulfate concentration, influent BOD concentration and loading rate, 

decomposition of dead plant material, and the rate of oxygen transfer to the wetland.  

Greater plant maturity or alternate species selection may improve performance (increase 

BOD removal and reduce sulfide formation), but design alterations to promote oxygen 

transfer may also be required. For example, forced aeration of wetland beds, fill and drain 

or tidal-flow operation, and vertical-flow wetlands were shown to improve CBOD5 

removal and nitrification compared to passive HSSF wetlands at a German research 

facility due to their improved oxygen-transfer capacity (Nivala, Wallace, et al., 2012). 

 

Turbidity and TSS results are shown in Figure 17.  Comparison to the HCG shows that 

both the unplanted and planted wetlands met the TSS criterion, with 100% of measured 

values falling below the required median value of 10 mg/L.  However, suspended solids 

of influent greywater were generally low (all less than 100 mg/L), perhaps in part due to 

pretreatment by a septic tank filter and some settling in the pumping and compositing 

tanks. Average reductions were 92.2% and 91.8% for the unplanted and planted wetlands, 

respectively. 

 

However, the wetlands did not meet the HCG for turbidity, despite the fact that the 

turbidity and TSS parameters are considered interchangeable in the guidelines (only one 

must be measured).  If effluent measurements taken immediately after sampling are 

considered, the HCG maximum of 5 NTU was exceeded for 50% and 59% of unplanted 

and planted effluent samples, respectively, and the HCG median of 2 NTU was exceeded 

for 95% and 100% of samples.  
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K4A-*'%$OH%&4('%1'*4'1%<G%*'1-/,1%G<*%&II%C,<)F%+03%,-*=434,5%C=<,,<(F"%%

However, the turbidity of each sample was shown to increase rapidly and significantly as 

it was stored and transported to the lab.  Averaged results for turbidity after storage 

(mean storage time 2.25 hours) are shown in Table 9, while Figure 18 shows a curve 

constructed from averages of several repeated measurements divided into time categories. 

Average turbidity after storage was 37 times the average initial turbidity for both No 

Plants and Plants effluent samples; influent samples experienced a more modest turbidity 

increase, and three of 12 influent samples experienced only slight increase or a slight 

decrease. Although TSS was never measured immediately after sampling (generally 

measured within 2-3 hours of sampling), it is not likely to have similarly experienced a 

thirty-sevenfold increase between sampling and measurement. Firstly, the concentrations 
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after storage were low (<10 mg/L), and secondly, the filtrate from the TSS filtration step 

remained turbid (see Chapter 4). 

 
&+=/'%NH%&-*=434,5%40;*'+1'%L4,9%1,<*+A'%C0i$!F%

Sample Initial Turbidity 
(NTU) 
Mean (Std Dev) 

Turbidity After Storage 
(NTU) 
Mean (Std Dev) 

Storage Time (h) 
 
Mean (Std Dev) 

No plants 4.59 (1.78) 170 (68.6) 2.25 (0.89) 
Plants 6.30 (3.35) 233 (65.9) 2.25 (0.89) 
Influent 77.9 (21.7) 146 (65.5) 2.25 (0.89) 
 

 
K4A-*'%$PH%Y?'*+A'%,-*=434,5%+G,'*%34GG'*'0,%1,<*+A'%,4('1"%%R**<*%=+*1%19<L%<0'%1,+03+*3%3'?4+,4<0"%

This phenomenon does not appear to have been reported in any greywater or constructed 

wetland literature.  However, as can be seen in Figure 19, the stored samples resembled 

descriptions of an aerobic polishing pond following an anaerobic wetland, in which the 

water was said to “take on the appearance of dilute skim milk” (Gammons and Frandsen, 

2001).  The authors attributed the phenomenon to the incomplete oxidation of hydrogen 

sulfide to elemental sulfur by sulfur-oxidizing bacteria, a phenomenon that has been well 

documented and investigated for its potential to recover sulfur from industrial waste 

streams (Henshaw et al., 1998, Janssen et al., 1999).  This phenomenon requires further 
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investigation, but may indicate a limitation to this type of treatment, at least during the 

start-up phase. 

 

 

K4A-*'%$NH%T0G/-'0,%+03%,L<%'GG/-'0,%1+()/'1%j-1,%+G,'*%1+()/40A%C/'G,F%+03%+G,'*%:%9%1,<*+A'%C*4A9,F%%%

%

#"7%S<0;/-14<01%

An indoor gravel wetland system was constructed in a passively heated greenhouse and 

operated for 5 months with real domestic greywater.  Plant survival and water quality 

performance of the planted wetland and unplanted control were documented during this 

period.  Of the thirteen plant varieties tested, Cyperus alternifolius gracilis was identified 

as a good candidate for indoor greywater wetlands.  Iris pseudacorus, Mentha aquatica 

and Sagittaria latifolia also performed well in all wetland cells. Sulfides, salts, and low 

temperatures were three observed stressors that may have led to plant mortality. 

 

Removal efficiencies for the unplanted and planted wetlands were 73.2% and 70.3% for 

BOD, 69.1% and 67.4% for COD, 97.5% and 96.0% for E.coli, and 92.2% and 91.8% for 

TSS.  Turbidity removal efficiencies were 94.6% and 92.7% if calculated based on 

turbidity readings taken immediately after sampling, but sample turbidities were observed 

to increase dramatically during storage, eventually exceeding influent turbidity values.  

This result warrants further investigation (Chapter 4.) 
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Effluent from unplanted and planted indoor constructed wetlands did not meet the HCG 

during the first 5 months of operation, except for the TSS criterion.  Variability in loading 

rates, influent quality, and other conditions prevented the identification of any temporal 

trends (i.e. improvement of performance to a steady state condition), and complicated 

performance comparisons between unplanted and planted wetlands.  No significant 

differences in effluent concentrations were observed between the planted wetland and 

unplanted control for any parameter.  The evidence suggests that the wetlands were 

highly anaerobic and produced hydrogen sulfide, which is undesirable for indoor water 

reuse.   

 

Reducing loading rates or increasing oxygen transfer during the start-up period may be 

necessary to meet the HCG with these designs. The design BOD loading rate of 7.5 

g/m2d and HLR of 3.73 cm/d were not sufficient to meet the HCG during this period. 

Preliminary results suggest that restricting BOD loading rates to 1.5 g/m2d, or restricting 

hydraulic loading rates to 2 cm/d, may be required to obtain acceptable performance, 

although further experiments at these loading rates would be required to confirm this. 

Alternately, operational changes such as aeration of influent, forced aeration of the 

wetland bed, or fill and drain mode should be explored for their potential to improve 

performance without increasing the wetland size. 
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S9+),'*%7H%T0?'1,4A+,4<0%40,<%,-*=434,5%40;*'+1'1%40%A*'5L+,'*%

L',/+03%'GG/-'0,%

7"$%T0,*<3-;,4<0%

Turbidity is an important parameter in the treatment of greywater for indoor reuse.  In a 

UK survey, turbidity was found to be more critical to acceptance of reclaimed water than 

colour or suspended solids, with around 30% of respondents unwilling to accept slightly 

turbid water (15 NTU) for toilet flushing, up to around 50% for car washing or garden 

irrigation, and 96% for drinking (Jefferson et al., 2004). The Health Canada Guidelines 

for Reclaimed Water for Toilet and Urinal Flushing (HCG) specify that for five samples, 

a median of less than 2 NTU and a maximum of 5 NTU for any one sample is required 

prior to disinfection (Health Canada, 2010). 

 

Constructed wetlands have been used to treat many types of wastewater, including 

domestic, municipal, food processing, mining, and farm wastewater.  There exist design 

guidelines for sizing wetlands based on organics (BOD), solids, nutrients, and metals (see 

Kadlec and Wallace 2009), but turbidity is generally not emphasized.  This may be 

because for many types of wastewater, there exists a consistent relationship between 

turbidity and suspended solids, so designs that remove suspended solids may be assumed 

to have acceptable effluent turbidity.  The HCG appears to follow this assumption, as 

measurement of only one of turbidity and suspended solids is required, implying that the 

two are in some way interchangeable. 

 

However, water quality monitoring of the first design iteration of indoor greywater 

treatment wetlands yielded a surprising result (see Appendix A).  Despite the clear 

appearance of effluent samples immediately after sampling, and suspended solids levels 

consistently meeting the HCG limits, turbidities of 50-185 NTU were recorded following 

modest storage times. By the time of measurement, samples were visibly much cloudier 

than they had been initially. The time periods between sampling and turbidity 

measurement were not recorded or controlled, but were estimated to vary from 0.5 to 2 

hours.  During this time, some type of change occurred.  
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The objectives of this work were to document and determine the cause of turbidity 

increases in wetland effluent and to discuss their potential implications with regard to the 

regulation of wetlands used to treat greywater. 

7"!%2',9<3</<A5%

7"!"$%8'14A0%+03%<)'*+,4<0%

The first design iteration of HSSF wetland cells (Design 1) were constructed in 

September 2012, and operated until early January 2013. Design details and results from 

Design 1 are presented in Appendix A. Due to concerns about media compression, 

degradation and short-circuiting, the cells were taken apart and rebuilt with an altered 

design (Design 2), and operated from February to August 2013. Figure 20 shows the 

basic features of the two designs; both designs employ two sets of three plastic containers 

connected in series, with one three-cell wetland left unplanted (No plants or ‘N’) and the 

other planted with a variety of ornamental wetland plants (Plants or ‘P’). The wetlands 

were fed real domestic greywater (shower origin); details can be found in Chapter 3.  

Hydraulic and organic loading rates varied over the testing period. 

K4A-*'%!MH%I;9'(+,4;%<G%8'14A0%$%C,<)F%+03%8'14A0%!%C=<,,<(F%
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7"!"!%I,+A'%$H%&-*=434,5%?'*1-1%,4('%;-*?'1%-03'*%?+*4<-1%;<034,4<01%

The turbidity increase phenomenon was first investigated by taking multiple turbidity 

readings over time for samples under various conditions.  For every trial except T1 

(where samples were transported to the laboratory for measurements- see Table 10), 

effluent grab samples were taken from the wetland and turbidity was immediately 

recorded in the field using a portable turbidimeter (Hach 2100-P).  Subsequent readings 

were taken periodically; the samples were mixed prior to reading by gentle shaking or 

swirling (air bubbles were avoided or removed by tapping).  Details of each experiment 

are summarized in the table below.  Variables were chosen based on the question “what 

changes when effluent is removed from the wetland?” as well as observations during 

previous tests, and literature readings.  Initial hypotheses were that the turbidity increase 

was caused by gas bubbles, chemical precipitates, or biological growth, and was initiated 

by temperature increase, oxygen exposure, or light exposure. 

 
&+=/'%$MH%I-((+*5%<G%'@)'*4('0,+/%,*4+/1"%W%k%.%*'G'*%,<%-0)/+0,'3%CWF%+03%)/+0,'3%C.F%L',/+03%

'GG/-'0,"%

Trial Design, 
Samples, 
Location 

Variable(s) 
tested 

Volume, container Duration Other 
variables 
measured 

T1 1, N & P, 
Lab 

Sample, 
temperature 
increase 

Not recorded, Split into 100 
mL glass bottles. 

250 min  

C1 2, P, Field Chlorination 80 mL in 100 mL broth 
bottle 

100 min  

O1 1, P, Field O2 exposure 500 mL in 1 L Nalgene 
bottle, and 100 mL in 100 
mL broth bottle 

150 min pH, temp. 

O2 1, P, Field O2 exposure 6-10 mL in 10 mL turbidity 
tubes (duplicates) 

200 min Temp 
(constant) 

V1 2, P & N, 
Field 

Volume/container 60 mL in 100 mL broth 
bottle, 600 mL in 1 L 
Nalgene bottle 

370 min  

M1 2, P, Field None (monitoring 
of DO and ORP) 

500 mL in 1L Nalgene bottle 
(kept open) 

350 min pH, DO, 
ORP, temp 
(constant) 

A1 2, P, Field Aeration 500 mL in 1L Nalgene bottle 220 min DO, ORP, 
temp 
(constant) 

L1 2, P, Field Light exposure 500 mL in 1L Nalgene bottle 475 min  
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The effect of temperature increase was tested first (T1) by refrigerating half of a split 

sample upon arrival at the lab (approximately 20 minutes after taking the sample.) Water 

temperatures in the wetland were low at the time (5-10°C), and samples were kept cool 

during transportation. Sample temperatures increased as they were brought to room 

temperature, leading to the hypothesis that temperature changes were causing dissolved 

gases (or solids) to come out of solution and scatter light.  The unrefrigerated sample was 

left on the benchtop to reach room temperature (22°C), while the cooled sample was kept 

in a 4°C refrigerator until about 100 min, after which it was also removed to the bench 

top and allowed to warm. Turbidity and temperature measurements were taken 

periodically as the temperature changes occurred. 

 

The effect of oxygen exposure was tested on two occasions (O1 and O2) using slightly 

different methodologies. During O1, oxygen was limited by keeping the sample in a 

completely full 100 mL broth bottle, kept tightly closed between readings, and taking 

fewer readings. During O2, samples were kept in four different turbidity tubes (duplicates 

of O2-limited and mixed conditions.) ‘Mixed’ tubes were only 2/3 full, were left with lids 

off between readings; ‘O2-limited’ tubes were completely full and lids were left on.  All 

tubes were gently inverted several times to mix prior to reading. pH was not controlled 

but was monitored on two occasions using a portable meter (Hach HQ30d.) 

 

No variables were tested during M1; DO, ORP and pH were monitored over time during 

turbidity development. During the chlorination and aeration trials (C1 and A1), samples 

were split into a control bottle and a treatment bottle.  For C1, the 100 mL treatment 

bottle contained 1 mL of 6% NaOCl (readily available source).  For A1, two hoses 

attached to a fish tank air pump (Fluvial Q1, Hagen) introduced air into the bottom of the 

aerated sample bottle from the time of sampling until the end of the trial. During M1 and 

A1, DO and ORP were measured using a portable meter, calibrated daily (Hach HQd.) 

 

For the L1 trial, the “dark” samples were kept in bottles completely covered in aluminum 

foil from the time of sampling until the end of trial, and protected from light during 

subsampling using a plastic shading box. 
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7"!"#%I,+A'%!H%K4/,*+,4<0B%;9+*+;,'*46+,4<0B%L+,'*%U-+/4,5%+0+/51'1%

The nature of the turbidity-causing particles was investigated in this stage using filtration 

and SEM-EDX analyses, and the results were compared to the results of additional water 

quality analyses.  Observation of turbidity removal by filtration using filters with two 

different pore sizes was used to estimate the size range of the turbidity-causing particles. 

First, influent and effluent samples were stored for 1 hour and 50 mL samples were 

filtered using suspended solids filters (Whatman 934-AH, nominal particle retention 1.2 

%m), and the turbidity of the raw sample and filtrate were measured. On a second 

occasion, 50 mL of 1-h and 3-h stored influent and effluent samples were filtered using 

membrane filters (pore size 0.45 %m), and turbidity of the raw sample and filtrates were 

measured.  On this second occasion, turbidity readings of raw sample and filtrates were 

taken every 30-60 minutes over a 370-min period when further turbidity increases of 

filtrates were observed.  

 

Elemental composition of the material retained on the 0.45 %m filters was determined on 

three occasions using energy-dispersive X-ray spectroscopy (EDX) analyses. On the first 

occasion, 25 mL of 1-h stored effluent samples (turbidity of 206 and 224 NTU for 

planted and unplanted, respectively) were filtered through a membrane filter (0.45 %m) 

and allowed to air dry before analysis at 12 kV (Quartz Imaging Xone). EDX was 

performed on new filters for comparison.  On the second occasion, 80 mL of 1-h stored 

planted and unplanted effluent samples (267 and 183 NTU, respectively) were filtered.  

The intention in selecting 80 mL was to gain better coverage of the filter without 

clogging the filter and retaining smaller particles; however, it is unknown whether the 

approach was successful. The third analysis (80 mL of 1-h stored sample, 92 NTU) 

coincided with the electron micrograph images described in Section 4.2.4. More details 

are found in Appendix E. 

 

Grab effluent samples were analyzed for various inorganic constituents by a local 

accredited laboratory (ALS Laboratories).  Methods are summarized in Table 11. 
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&+=/'%$$H%2',9<31%G<*%+334,4<0+/%+0+/51'1%

Method Constituents Number of samples 
EPA 300.0 - Ion Chromatography Cl-, NO3-N, SO4 1 
EPA 200.8 – ICP-MS (total metals) Ca, Fe, Mg, K, Na 1 
EPA 350.1 – Colorimetric method Ammonia-N 1 
APHA 4500S2D – Methylene Blue 
Method 

Sulfide 2 

 

7"!"7%I,+A'%#H%\4,'*+,-*'%1'+*;9%

Ongoing literature searches employing such search terms as “wetland”, “turbidity 

increase”, “anaerobic”, etc., were conducted in an attempt to find if similar results had 

been obtained elsewhere; however, results were limited.  Water quality analysis and EDX 

results were used to target the search.  The most recent text by Kadlec and Wallace 

(2009) in particular was consulted for discussions of the constituents detected in the 

wetland effluent and retained material, and references from that text were used to expand 

search terms.  Papers describing cloudiness or particles of similar size and characteristics, 

forming under similar circumstances, were compiled and synthesized. 

 

7"!":%I,+A'%7H%R/';,*<0%(4;*<A*+)91%

Exploratory electron micrographs were taken in an attempt to visualize light-scattering 

particles and/or microorganisms.  Micrographs of unfiltered samples were taken using an  

Energy Filtered Transmission Electron Microscope (TEM) (LEO 912ab) on two 

occasions.  First, a 1-h stored effluent sample that did not achieve a high peak turbidity 

was viewed.  Second, a 3-h stored effluent sample that achieved a moderate peak 

turbidity (90 NTU) was viewed.  One drop of sample was placed on a copper grid and 

allowed to settle for 1 minute before excess sample was wicked away.  Scanning Electron 

Microscope (SEM) (Hitachi S-570) images were taken of a fixed 2-h stored effluent 

sample (92 NTU).  In this case, 80 mL of sample was filtered through a 0.45 %m 

membrane filter, which was kept wet.  The filter was fixed for 30 minutes with 2.5% 

glutaraldehyde in 0.07 M phosphate buffer, rinsed three times with phosphate buffer, 

fixed in osmium tetroxide for 2 hours, rinsed again with phosphate buffer, dehydrated 

using an ethanol series, and critical-point dried.  The filter was then sputter-coated with 
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approximately 17.5 nm gold/palladium (Emitech K550) and viewed at 10 kV.  An 

unfixed (air-dried), coated section of filter was also viewed for comparison. 

 

7"#%E'1-/,1%+03%841;-114<0%

7"#"$%I,+A'%$H%&-*=434,5%?'*1-1%,4('%;-*?'1%-03'*%?+*4<-1%;<034,4<01%

Figure 21 shows turbidity-time curves for the first five trials (T1, O1, O2, C1 and V1.) 

Cooling (keeping temperature near initially low level) did not appear to significantly 

affect the rate of turbidity development (T1), while limiting exposure to oxygen appeared 

to delay the development of turbidity (O1 and O2).  Although temperature of both 

samples naturally increased over the O1 trial, temperatures were constant during O2, 

ruling out temperature increase as the initiating factor in turbidity increase. O1 results 

also indicate a pattern of pH increase preceding and accompanying turbidity increase, 

indicating that the turbidity formation was associated with or occurred simultaneously 

with acid-base or redox reactions. Depending on the surrounding water chemistry and 

specific reactants, redox reactions may correspond with pH changes as H+, OH-, H2O, 

and electrons are required to balance reactions. The method of reducing oxygen exposure 

used in O2 appeared to have a greater effect than in O1.   

 

Chlorination caused an immediate increase in turbidity from 4.72 to 29 NTU, but no 

further increase was observed; the unchlorinated sample increased to 259 NTU or greater 

(C1).  This result is consistent with both biological and chemical turbidity formation, as 

this high dose of sodium hypochlorite would both inactivate bacteria and change water 

chemistry through oxidation of effluent constituents.   
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K4A-*'%!$H%E'1-/,1%G*<(%&*4+/1%&$J`$"%R**<*%=+*1%G<*%D!%*')*'1'0,%*+0A'%C0i!F%

 

Results from V1 were consistent with previous observations of two types.  First, the delay 

in turbidity development for the ‘No plants’ sample had been observed on previous 

occasions and was accompanied by development of a yellow colour (Figure 22).  Second, 

72%:$ 79%:$

7B%:$ 7B":$

7V%:$
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V1 showed that even for a single sample, the sample volume and/or container in which it 

was stored appeared to influence the rate of turbidity development and the peak turbidity 

attained.  During V1, the 600 mL sample bottles were not opened for about 150 minutes, 

while the 60 mL samples’ turbidities were measured four times during this period, so 

oxygen exposure may have been a factor in this trial as well. 

 

 
K4A-*'%!!H%8'/+5%40%,-*=434,5%3'?'/<)('0,%+03%5'//<L%;</<-*%G<*%lW<%)/+0,1l%CWF%3-*40A%,*4+/%`$%

 

During Trial M1, changes in DO, ORP, and pH were monitored alongside turbidity.  As 

Figure 23 shows, the pattern of pH increase preceding turbidity increase observed in trial 

O1 was replicated here.  DO and ORP measurements show initial declines and then 

random fluctuations and indications of recovery in the case of ORP. 
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K4A-*'%!#H%E'1-/,1%<G%,*4+/%2$H%&-*=434,5%+03%)[%C,<)FB%8D%+03%DE.%C=<,,<(F$

 

Peak turbidity occurred much later in M1 than in previous trials.  Aside from water 

quality differences that undoubtedly occurred between all trials, the sample bottle was 

left open (pH, DO and ORP probes were inside for the duration of the experiment).  

However, other differences between this and other trials that may have delayed the peak 

turbidity may not have been observed. 

 

As Figure 24 shows, aeration of the effluent sample seemed to reduce peak turbidity and 

time to peak.  Measurements were stopped after peak turbidity had been observed.  DO 

and ORP were much higher in the aerated sample than the non-aerated sample. 
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K4A-*'%!7H%E'1-/,1%<G%&*4+/%Y$H%&-*=434,5%C,<)FB%8D%+03%DE.%C=<,,<(F%

 

Protection from light did not appear to influence turbidity increase significantly (Figure 

25) turbidity for the two “dark” bottles were at times lower than the two “light” bottles, 

but the difference was small (maximum 20%) and had disappeared by the end of the trial. 

Again, the curve shapes for A1 and L1 were different than the first few trials. As well, the 

L1 trial was interrupted after 320 minutes; Nalgene bottles were closed and transported 

(with the turbidimeter) to another location and another experimenter before the next 

measurement, at 350 minutes. The spike in turbidity over this period could have been due 

to any of these factors.   
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K4A-*'%!:H%E'1-/,1%G*<(%&*4+/%\$%

In summary, sample source (planted or unplanted wetland, likely representing idfferences 

in water quality), oxygen exposure, and sample volume (which may also be related to 

oxygen exposure) were shown to impact the rate and extent of turbidity increase. 

Limiting oxygen exposure delayed turbidity increase, while increasing oxygen exposure 

through active aeration caused an immediate but minor turbidity increase compared to 

allowing for slow oxygen exposure controlled by diffusion and infrequent shaking. Other 

types of experimental conditions which were not consistently controlled due to the 

exploratory nature of this research and thus could potentially have affected the results 

include: sampling frequency, mixing procedure, mixing frequency, duration of time with 

lid on or off.  Water quality, including ionic constituents, organics, microbial species and 

populations, and initial pH, almost certainly varied between trials as well. 

7"#"!%I,+A'%!H%K4/,*+,4<0B%;9+*+;,'*46+,4<0B%L+,'*%U-+/4,5%+0+/51'1%

Turbidity was only slightly affected by filtration with glass microfiber filters (1.2 %m 

particle retention), but was almost completely removed using membrane filters (0.45 %m 

pore size), indicating that the turbidity-causing particles after 1 hour of storage may have 

been in the range of 0.45-1.2 %m (Table 12).  The reported 0.45 %m filtrate turbidity of 

the stored ‘No plants’ effluent is likely higher than the true value, as a few minutes 

passed between filtration and turbidity reading, and filtrate turbidity itself rapidly 

increased (Figure 26.)  This rapid increase in filtrate turbidity suggests that if microbial 
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growth or reactions caused the turbidity increase, the microbes were able to pass through 

a 0.45 %m filter and could grow or mediate reactions very quickly. 

 
&+=/'%$!H%&-*=434,5%E'(<?+/%L4,9%84GG'*'0,%K4/,'*1%

 1-h Turbidity (NTU) -1.2 "m 
filter 

1-h Turbidity (NTU) -0.45 "m 
filter 

Sample Raw Filtrate Raw Filtrate 
Plants 114 113 214 4.01 

No plants 108 99.5 112 29.6 
 

 
K4A-*'%!>H%S9+0A'%40%,-*=434,5%G<*%*+L%1+()/'1%+03%G4/,*+,'%

 

EDX analysis of filters (Figure 27) showed major peaks for carbon and oxygen, and 

sulfur on the first two occasions (with sample turbidities > 200 NTU) with higher sulfur 

peaks relative to carbon and oxygen from the second event (in which 80 mL of sample 

was filtered) compared to the first (when 25 mL of sample was filtered.)  Carbon and 

oxygen were the two visible peaks for a clean cellulose filter, so their presence is 

inconclusive. The third EDX analysis (with sample turbidity < 100 NTU) had reduced 

sulfur peaks relative to carbon and oxygen. Complete EDX results are found in Appendix 

E. 
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Water quality analyses, presented in Table 13, show that sulfur species (reduced and 

oxidized forms) were present at relatively high concentrations in wetland effluent.  As 

mentioned in Chapter 3, sulfate concentrations may be overestimated, as these samples 

were not preserved (aside from refrigeration), and the sulfate may be the result of sulfide 

autoxidation during storage.  Nitrogen in the form of ammonia, and none in the form of 

nitrate, combined with high sulfide concentrations, indicate anaerobic conditions in the 

wetland. The planted wetland may have been more oxic than the unplanted wetland at the 

time of sampling, which may be related to root oxygen release or the differential loading 

between the two wetlands prior to the sampling events. 

 
&+=/'%$#H%Q+,'*%U-+/4,5%+0+/5141%*'1-/,1%C0i$%G<*%+//%+0+/51'1%'@;'),%G<*%I-/G43'JIB%L9'*'%0i!F%

Parameter No plants Plants 
Sulfide-S (mg/L) 33.5, 48.9 31.1, 35.6 
Sulfate-S (mg/L) 9.5 15.1 
Total Iron (mg/L) <0.050 <0.050 
Chloride (mg/L) 124 117 
Nitrate-N (mg/L) <0.10 <0.10 
Total Ammonia-N (mg/L) 8.79 8.23 
Total Calcium (mg/L) 24.6 26.8 
Total Magnesium (mg/L) 8.25 8.36 
Total Potassium (mg/L) 4.3 4.2 
Total Sodium (mg/L) 206 214 
 

7"#"#%I,+A'%#H%\4,'*+,-*'%1'+*;9%

To target the literature search, the water quality and EDX results were compared.   

Chloride, calcium, magnesium, sodium and potassium were not detected on most of the 

filters, and peaks (when present) were not readily distinguishable from noise.  Sulfur, on 

the other hand, was detected in high levels on all EDX readings.  Iron, which forms 

common insoluble metal sulfides in reaction with sulfides, was not found in the water or 

on the filters. Sulfate, thiosulfate, and sulfide are soluble (although sulfide in H2S form is 

volatile), while elemental sulfur is insoluble.  Thus, wetland sulfur chemistry was 

investigated to determine the likelihood that the turbidity increases were caused by 

elemental sulfur formation from hydrogen sulfides upon exposure to oxygen. 
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As Kadlec and Wallace (2009) summarize, wetlands can produce significant 

concentrations of hydrogen sulfide when anaerobic conditions, high influent sulfate 

concentrations, and sufficient organic matter exist to enable sulfate-reducing bacteria to 

reduce sulfate to sulfide according to Equation 8 or 9, depending on pH:  

 

 !!!!! ! !!!!! ! !!! ! !!!! !!!!! !!!! (8)  

 !!!!! ! !!!!! ! !!! ! !! ! !!"!!! (9)  

Where CH2O represents organic matter (BOD). 

 

Then, when sulfide-containing waters are exposed to oxygen, the hydrogen sulfide can be 

oxidized, either completely (back to sulfate) or partially (to elemental sulfur)- reactions 

that Kadlec and Wallace suggest are microbially mediated and can follow two different 

pathways (discussed below.)  Kadlec and Wallace write of four wetland systems at which 

elemental sulfur has been anecdotally reported; a “whitish colloid or adhering whitish 

precipitate” was reported in wetland effluent in “extreme cases,” and visible presence of 

sulfur-oxidizing bacteria (SOB) have also been reported.   

 

This phenomenon was documented in the wetland literature by two other sources. First, 

Gammons and Frandsen (2001) reported that re-aeration ponds following their anaerobic 

wetland cells “had the appearance of dilute skim milk” due to elemental sulfur particles 

in the colloid size range.  The wetlands studied by this group were designed to precipitate 

out metals as metal sulfides, and had effluent sulfide concentrations ranging from 1 to 

>30 mg/L. Purple and white sulfur bacteria were found near the anaerobic wetlands’ 

outlet pipe. Second, Sturman et al. (2008) reported elemental sulfur deposits in four 

HSSF wetlands in the Czech Republic. Although turbidity and colloid size particles were 

not specifically mentioned, a photograph of one of the outfalls (a shallow, rocky stream 

discharging into slightly deeper waters) showed cloudy effluent in addition to some 

opaque, yellow-white patches in the shallow areas. Vymazal and Kropfelova (2005) had 

previously attributed the white colour at two of the wetlands to films of the filamentous 

white sulfur bacteria Beggiatoa; however, the patches were apparently later proved to be 

elemental sulfur deposits, and no visual evidence of photosynthetic SOB was found 



82 

 

(Sturman et al., 2008).  The initial hypothesis, that sulfur deposit formation was 

correlated with effluent sulfide concentrations, was questioned based on a comparison of 

water quality parameters between wetlands with and without sulfur deposits.  A few 

wetlands without sulfur deposits had relatively high sulfate removal, while a few 

wetlands with relatively low sulfate removal had massive sulfur deposits.  However, 

effluent sulfide concentrations were not measured directly, and initial and final sulfate 

concentrations were not reported or commented upon. 

 

Although microbially-mediated reactions to create sulfur colloids are emphasized in 

wetland literature and studies of biological sulfide removal technologies (Gammons and 

Frandsen, 2001, Henshaw and Zhu, 2001, Janssen et al., 1999, Kadlec and Wallace, 2009, 

Sturman et al., 2008), colloidal sulfur may be formed from sulfide by abiotic or biotic 

reactions (Steudel, 2003).  Major categories of these processes are summarized in Table 

14 and discussed below.  

 
&+=/'%$7H%&5)'1%<G%1-/G43'J<@434640A%)*<;'11'1%,9+,%(+5%*'1-/,%40%;<//<43+/%'/'('0,+/%1-/G-*%

Type Energy source Conditions Role of sulfide Equation 
Phototrophic 
sulfur bacteria 

Light Anaerobic Electron donor in 
carbon fixation 

10 

Chemotrophic 
sulfur bacteria 

None needed Oxygen-
limited 

Reaction with oxygen 
is energy source 

12 

Abiotic 
reaction 

None needed Oxygen-
limited 

Reacts with oxygen 14 

 

Two distinct physiological groups of bacteria produce water-insoluble globules of 

elemental sulfur: phototrophic and chemotrophic sulfur-oxidizing bacteria (Dahl and 

Prange, 2006).  Phototrophic bacteria (purple or green) use light energy to grow by 

reducing carbon dioxide to carbohydrates; reduced sulfur species serve as electron donors 

in these reactions, shown in Equations 10 and 11 (Kleinjan et al., 2003): 

  

 !"!!! !!!
!"#!! !!!!!!! !!!! !!! (10)  

 !!!! !!!! ! !!!!
!"#!! !!!!!!!! !!!!! (11)  
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These reactions take place under anaerobic conditions, and sulfur may be stored 

internally or externally, depending on the species. Results from Trials L1, O1 & O2 

suggest that this pathway was unimportant in this study, since light exposure had no 

effect on turbidity increase, while limiting oxygen exposure delayed turbidity increase. 

Also, although purple and green films were found on clear effluent piping (past the 

sampling point), the samples themselves had no purple or green colour.  

 

Bacteria from the second group, chemotrophic sulfur-oxidizing bacteria, are colourless.  

These bacteria obtain energy from the aerobic oxidation of reduced sulfur species 

(Equations 12 and 13), which they use to fix carbon dioxide.  Complete oxidation of 

sulfide to sulfate (Equation 13) releases the most energy, and so is generally favoured 

when there is an excess of oxygen (Kleinjan et al., 2003).  However, incomplete 

oxidation to elemental sulfur can take place when oxygen is limited, or as the first step of 

a two-step process where elemental sulfur is stored until needed. 

 

 !"!!! !! ! !!! ! !"!! (12)  

 !!!! !!! ! !!!!!! (13)  

 

Again, sulfur globules may be stored intracellularly or extracellularly.  Biologically 

produced sulfur globules are highly refractile; Dahl and Prange (2006) report that cell 

cultures of Allochromatium vinosum, which produce intracellular globules, appear milky.  

However, whether this is due to globule release (e.g. upon cell lysis) or whether light 

penetrates bacterial membranes is not clear.  Excreted sulfur globules are hydrophilic, 

stable colloids, with sizes up to 1 %m observed. Exact sulfur species and globule 

structures are not well understood and appear to vary based on bacterial species (Kleinjan 

et al., 2003).  Internal elemental sulfur rings (S8) surrounded by layers of long-chain 

polythionates or long-chain organic polymers have been proposed to explain the 

hydrophilic nature of the globules. 

 

Finally, hydrophilic sulfur “sols” can form from abiotic oxidation of sulfide under certain 

conditions (Steudel, 2003). Unfortunately, colloidal sulfur of this type does not appear to 
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have been as well studied as colloidal sulfur formed by other chemical pathways (e.g. the 

reaction of thiosulfate with sulfuric acid) or the sulfur globules formed by various species 

of SOB; a 2003 review of the literature regarding sulfur sols contained only one reference 

to hydrogen sulfide oxidation (Steudel, 2003). This study by Chiu and Meehan (1977) 

documented the growth of sulfur particles from saturated hydrogen sulfide solutions 

using dissymmetry and the higher-order Tyndall Spectra (HOTS) method and found that 

the sols were monodisperse and grew, after an initial induction period, to sizes greater 

than 1 %m.  Growth curves could not be reproduced exactly between replicates, but the 

linearity of plots of the square of radius vs. time indicated that growth was diffusion 

controlled.  The simplified reaction suggested by Chiu and Meehan, shown in Equation 

14, was also consistent with the observation of pH increase during sulfide oxidation: 

 

 !!!! ! !! ! !!! ! !!!! (14)  

 

Other aspects of Chiu and Meehan’s study were not consistent with the observations of 

this study.  For pure solutions without pH adjustment, sols became less visible as initial 

concentrations decreased to 5 x 10-3 M (170 mg/L H2S)- well above the initial sulfide 

concentrations measured in this study (~35 mg/L). Also, for saturated solutions, sulfur 

sols formed only at pH<7, with the shortest induction period and highest growth rate 

around pH 6. The authors reported that the solution developed a yellow colour between 

pH 7 and 8 due to the formation of polysulfide ions, and that no sulfur was formed for 

pH>8. Morse et al. (1987) stated that H2S solutions with oxygen present, with pH 

between 6 and 9, developed a “straw or greenish” colour, and that a “whitish colloidal 

suspension” formed when the solution was acidified. Although the two studies differ in 

their threshold pH for sulfur sol formation, both cite values below the initial pH’s 

recorded in O1 and M1, ~7.4-7.5.  However, sulfur chemistry is complex, and the 

mechanism of hydrogen sulfide oxidation in natural waters involves a complex sequence 

of reactions and intermediate species that are not agreed upon (Morse et al., 1987, 

Steudel, 1996, Sukyte et al., 2002). Salinity, concentration of higher-order anions, pH, 

temperature, oxygen availability, and sulfide concentrations all affect the rate of 
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oxidation and the particular species formed.  Biological or metal catalysts may also aid 

the reaction (Steudel, 1996).  

 

7"#"7%I,+A'%7H%R/';,*<0%(4;*<A*+)91%

Electron micrographs (TEM and SEM) from the three sessions showed some avenues for 

further investigation. TEM images from the low-turbidity sample from Session 1 and the 

medium-turbidity sample from Session 2 both contained rod-shaped bacteria (>1%m 

long) with flagella and dark objects within the cell, outside the cell, or both (Figures 28 

and 29).  However, the extracellular particles seen in Session 2 were larger, and some 

particles and aggregates were not in the immediate vicinity of a bacterium (Figure 30). 

One spiral-shaped bacterium was also detected during Session 2 (Figure 29.) 
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86 

 

 

K4A-*'%!NH%&R2%4(+A'1%G*<(%I'114<0%!%C2'34-(%,-*=434,5FJ%_+;,'*4+%
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The extracellular particles were generally smaller than the 0.45-1.2 %m size range 

expected from the filtration studies; however, the particles during the TEM session may 

indeed have been smaller than the particles during the filtration study. Sample turbidity 

during TEM Session 2 was lower than the turbidity measured during the filtration study. 

Also, sulfur concentration of the material retained on a 0.45 %m filter was lower for this 

sample (Figure 27, bottom) than had been measured for high-turbidity samples (Figure 

27, top and middle), which would be expected with fewer or smaller sulfur particles (see 

Section 4.3.2.)  Some aggregations of particles (Figure 30) were within the 0.45- 1.2 %m 

size range, but may also have been an artifact of the drying process; other images from 

the TEM session showed cloudiness or fractal patterns surrounding bacteria that were 

also likely artifacts (see Appendix F). 

 

SEM images of fixed filters showed a myriad of structures, including rod-shaped 

bacteria, spiral bacteria, larger, near-spherical structures, and long, narrow cylindrical 

structures (Figure 31). The latter two types of structures were not seen in the TEM 

images.  Some surface roughness was visible on some of the rod-shaped bacteria, but 

generally the bacteria appeared smooth, in contrast to the images presented by Janssen et 

al. (1996), wherein sulfur globules bulged from the surface of a Thiobacillus-like 

bacterium.  SEM images of unfixed filters showed that any structures visible on the fixed 

filters had been completely destroyed during drying, leaving some sort of dried matrix 

behind (see Appendix F).   Small particles and aggregates visible in the TEM images 

cannot be clearly seen in the SEM images, possibly because these particles were not 

retained on the filters. However, some rod-shaped objects do appear to be smaller than 

the bacteria shown in the TEM images, and may have been able to pass through an 

unclogged 0.45 %m filter. 
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Bacteria that oxidize sulfide to form sulfur globules include species of many different 

shapes, including rod-shaped bacteria such as Thiobacillus and multicellular, gliding 

Beggiatoa (Kleinjan et al., 2003). Even E.coli and other heterotrophic bacteria have been 

observed to produce and store sulfur for detoxification (Dahl and Prange, 2006). Sulfur 

globules produced by bacteria have apparently been difficult to visualize on electron 

micrographs.  Dahl and Prange (2006) noted that the sulfur globules were soluble in 

alcohol (used in the dehydration step of fixation) to the point that intracellular globule 

presence is inferred from empty spaces in thin-section electron micrographs. The clear 

SEM images of globules on Thiobacillus presented in Janssen et al. (1996) were obtained 

using cryofixation instead of traditional chemical fixation for this reason. Globules in our 

study may also have been dislodged during cleaning or critical-point drying. 

 

Clearly, the images were inconclusive as to the cause of turbidity increase. In general, 

evidence obtained in this study is not strong enough to definitively prove any one 

hypothesis. The hypotheses of microbial growth and/or EPS secretion causing the 

turbidity increase could not be completely disproven, due to the vast array of microbes 

with different properties that may have been involved. For more definitive proof of sulfur 

globule formation, and insight into whether the globules are biologically or abiotically 

produced, time series of chemical analyses and images are recommended. As bacteria and 

K4A-*'%#$H%IR2%T(+A'1%<G%K4/,'*%C2'34-(%,-*=434,5B%PM%(\F%
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biological sulfur globules are apparently visible in a light microscope, a time series of 

LM images might serve as a first step. Comparisons between initial (time zero) samples 

and samples stored for various lengths of time might be performed for elemental analysis 

of filtered samples. This would require the ability to filter samples at time zero.  Sulfur 

balances (e.g. Wiessner et al., 2007), performed at several points over the duration of the 

storage period, would also provide strong evidence for the hypothesis; however, the 

inherent instability of the samples would have to be planned for carefully. Time series of 

bacterial counts (LM, EM, or other instrumentation), and indirect measures of bacterial 

metabolism (e.g. nitrogen concentration) could provide evidence as to the biological role 

in turbidity increase, but obtaining accurate counts is challenging. Finally, elemental 

analysis of putative sulfur globules could be made with TEM-EDX. 

 

7"#":%T()/4;+,4<01%G<*%L',/+03%)'*G<*(+0;'%

If the turbidity increases are indeed caused by the oxidation of hydrogen sulfide upon 

exposure to air, there are several possible implications for wetland performance. First, as 

was reviewed in Chapter 2, sulfate reduction to sulfide in HSSF wetlands interacts with 

BOD removal in a complex way.  Sulfate reduction was found to be an important 

mechanism of organic carbon removal in highly loaded, anaerobic HSSF wetlands with 

sufficient influent sulfate (Ojeda et al., 2008).  However, the resulting sulfide is itself a 

source of oxygen demand, may have toxic effects on plants and certain microorganisms, 

and may compete with organic carbon as an electron donor for denitrification (Wu et al., 

2013).  These factors may explain results reported by Wu et al. (2012), wherein 

increasing influent sulfate concentrations from 10 mg/L to 30 mg/L (thus increasing 

effluent sulfide concentrations from 2-3.5 mg/L to 8-10 mg/L) resulted in a decrease in 

dissolved organic carbon removal from 94% to 68%. 

 

Second, regardless of its effect on BOD removal, sulfide is an undesirable compound in 

wetland effluent for indoor water reuse applications. In H2S form, sulfide is volatile and 

produces an unpleasant, rotten-egg odour at extremely low concentrations; at higher 

concentrations, serious health risks are posed. Also, sulfide and elemental sulfur exposed 

to air will eventually be oxidized to sulfate in a reaction that releases protons, increasing 
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acidity (Gammons et al., 2000). The turbidity increase documented in this study is also a 

barrier to the acceptance of wetland effluent. 

 

Thus, prevention of excessive sulfide formation is desired.  The literature suggests that 

several factors may govern effluent sulfide concentrations (see Chapter 2).  As Equation 

8 suggests, influent sulfate and BOD concentrations and loadings, as well as their relative 

values, are important. Relatively high influent BOD concentrations or loadings may not 

result in high effluent sulfide concentrations if influent sulfate is limited (Wu et al., 

2012).  Similarly, high-sulfate influent may not result in high-sulfide effluent if influent 

BOD is low (Wiessner et al., 2005).  The relative importance of the major organic carbon 

removal processes (aerobic respiration, fermentation, denitrification, sulfate reduction 

and methanogenesis) depends on wetland redox potential and substrate availability 

(García et al., 2010). As sulfate reduction is an anaerobic process, low dissolved oxygen 

and redox potential are required; these parameters are affected by organic loading rate, 

depth, temperature, plant presence and species and even light cycles, which affect the rate 

of oxygen release by wetland plants (Allen et al., 2002, Wu et al., 2013).  

 

More research is needed to explore these interactions, and provide quantitative 

relationships that can be used in design.  For example, critical BOD and SO4 loading 

rates, and critical carbon:sulfate ratios may be found.  These may be used to guide design 

by specifying minimum wetland areas for a given wastewater, identifying conditions 

under which passive HSSF wetlands are inappropriate (e.g. areas with high SO4 in 

groundwater or household products), and suggesting potential design alterations. 

Pretreatment units could reduce influent BOD, which would allow the BOD loading rate 

to be reduced for the same wetland area.  Alternately, design or operational changes 

could promote oxygen transfer, such as shallow beds, mechanical aeration, and fill and 

drain or reciprocating wetlands (Nivala, Wallace, et al., 2012).  Vertical-flow wetlands or 

hybrid wetlands (VF and HF in series) also improve oxygen transfer. However, designs 

for increased oxygen transfer may increase the mechanical complexity, energy 

consumption, and cost of wetland systems, partly negating some of their benefits over 

other treatment methods.  
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Alternately, methods of sulfide removal could be tested.  Biological sulfide oxidation to 

elemental sulfur has been studied as a method to remove sulfides and recover valuable 

elemental sulfur from industrial waste streams (Henshaw et al., 1998; Janssen et al., 

1999).  Oxidation to elemental sulfur is likely already occurring, and sulfur-oxidizing 

bacteria may already be present. In addition to the bacteria in the effluent that may be 

oxidizing sulfide, red films have been observed to spontaneously develop in clear or 

white vinyl tubing and connections whenever greywater is stored for long periods of time 

(multiple weeks.) 16/18S rRNA analysis of one film sample (see Appendix G) identified 

Pseudomonas aeruginosa among other bacteria, yeast and mold in the film, a species 

with sulfur-oxidizing capabilities (Schook and Berk, 1978).  Optimization of the process 

such that the elemental sulfur is fixed in biofilm or incorporated into larger, easily-settled 

globules could be explored. Aeration and chlorination are common methods of sulfide 

removal and were shown to limit the extent of turbidity formation in this study; however, 

residual sulfur particles would have to be removed for effluent to meet the HCG for 

turbidity. 

 

Finally, turbidity increase may be an easy and inexpensive method of assessing wetland 

effluent quality with regards to sulfides and potentially BOD removal. However, as it was 

shown that turbidity development varies with sample volume/container size, exposure to 

oxygen (degree of mixing, time with lid on/off), and potentially other factors, a 

standardized method would have to be developed and tested for correlation with desired 

parameters.  The method might include a standardized volume and container size, mixing 

method (e.g. shaking or stirring at a specific speed with lid on or off, or even aeration), 

sampling time(s), and value reported (e.g. peak, 2-hour). Regardless, the development of 

turbidity after at least 1h storage with some oxygen exposure may be a good qualitative 

measure of “excessive” sulfide formation (as even small concentrations of sulfide are 

undesirable for indoor water reuse.) Kadlec and Wallace (2009) reported that one New 

York wetland used the presence of effluent sulfur particles as an indication that the 

wetland should be drained to temporarily improve oxygen transfer.   
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Turbidity formation observed during storage of greywater wetland effluent was 

investigated for likely causes and implications.  Evidence appears to be consistent with 

the theory of incomplete sulfide oxidation to elemental sulfur upon exposure to oxygen. 

This process may or may not be mediated by sulfur-oxidizing bacteria; the role played by 

anaerobic photosynthetic bacteria, if any, is small.  However, other potential causes of the 

rapid turbidity increase, including microbiological proliferation and/or EPS formation 

(with bacteria able to pass through 0.45 %m filter), precipitation of elements outside of 

the range of EDX, or other unknown processes, were not disproven and may also have 

contributed.  Further work in light and electron microscopy, X-ray analysis, and water 

quality testing, with an emphasis on creating time series, would provide stronger 

evidence for or against the hypothesis of sulfide oxidation to elemental sulfur. 

 

Operating parameters contributing to sulfide formation and/or effluent turbidity increase 

should be investigated.  BOD loading rate, sulfate loading rate, plant presence, water 

depth, and wetland maturity are factors suggested by the literature.  Threshold values 

could be used to determine where HSSF wetlands are not appropriate.  Also, design and 

operational alterations to promote oxygen transfer should be investigated. Sulfide 

removal methods may also be considered, including the promotion of sulfate formation or 

the promotion of larger sulfur particles which can be filtered out or as fixed sulfur in 

biofilms. 
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Constructed wetlands are a promising technology for the treatment of greywater for 

domestic reuse. Horizontal subsurface flow (HSSF) wetlands are largely passive in 

nature, with few electrical, chemical, or maintenance needs, and the use of wetland plants 

add aesthetic appeal. However, monitoring the start-up performance of HSSF wetlands 

treating greywater showed insufficient BOD removal and production of hydrogen 

sulfides, creating turbidity and odour problems (Chapters 3 and 4). These issues indicated 

that anoxic conditions prevailed within the wetland, and suggested that operational or 

design changes may be necessary due to oxygen transfer limitations.   

 

Traditional HSSF wetlands receive oxygen through three pathways: dissolved in influent 

wastewater, atmospheric diffusion at the air-water interface, and oxygen leakage from the 

roots of macrophytes (Kadlec and Wallace, 2009). Where the oxygen demand (BOD) 

exceeds the rate of oxygen transfer, removal of organic pollution will proceed along less-

efficient anaerobic pathways: fermentation, nitrate reduction, sulfate reduction, and 

methanogenesis (García et al., 2010).  

 

This suggests that performance may be improved by reducing the loading rate, such that 

the rate of oxygen demand loading is similar to the rate of oxygen transfer. However, 

estimates of oxygen transfer rates vary widely, as direct measurement is difficult, scaling 

issues are common, and root oxygen release varies based on plant species, water quality, 

and other factors (Faulwetter et al., 2009, Nivala, Wallace, et al., 2012). Atmospheric 

diffusion into HSSF wetlands has been estimated at 0.11 g/m2d, while many 

measurements of root oxygen release report rates of < 1 g/m2d (Nivala, Wallace, et al., 

2012). Based on these estimates, organic loading rates ~ 1 g BOD/m2d might minimize 

anaerobic degradation by allowing reoxygenation at the same rate as oxygen 

consumption. However, for medium-strength wastewater (such as the greywater in this 
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study, with BOD ~ 75-165 mg/L), these reduced loading rates may require wetlands that 

are too large to be appropriate for residential areas. 

 

To address this issue, much attention in the past decade has been given to design 

alterations that increase oxygen transfer (Nivala et al., 2013). “Fill and drain” or 

fluctuating-level wetlands periodically oxygenate biofilms by drawing air down during 

draining. In extreme cases, wastewater is drained frequently and pumped between 

wetland beds. Mechanical aeration of wetland beds and pulse-loaded vertical-flow 

wetlands are two other designs that have been shown to increase oxygen transfer (Nivala 

et al., 2013).  However, these alterations generally change the passive nature of the 

technology to a more actively controlled and energy-intensive one, negating some of the 

benefits of HSSF wetlands. 

 

The purpose of this study was to determine whether relatively minor operational changes 

(altered loading rate, aeration of influent tank, and use of a fill and drain mode) would 

improve performance of the planted indoor HSSF wetlands. 

 

:"!%2',9<3</<A5%

:"!"$%8'14A0%

The wetland design in this study is described in detail in Chapter 3.  Briefly, 200-L 

plastic barrels were sawed in half and three half-barrels were connected in series using 

off-the-shelf hose and connections, with interior PVC piping to reduce short-circuiting 

and distribute water evenly over the width of the cell. The cells were filled to 32 cm with 

19-mm crushed stone (inlet and outlet zone) and 5-10 mm pea gravel (main bed 

medium), and planted with a variety of locally-available, ornamental wetland plants. 

During normal (N) and aerated influent (A) conditions, pre-screened and partially settled 

shower greywater, pumped into an elevated compositing barrel in a greenhouse, was 

gravity dosed to the first cell of the wetland using a solenoid valve (ASCO & in NC) 

controlled by an irrigation timer.  The interior piping prevented the 3-cell wetland from 

being operated in fill-and-drain (F) mode, as the first two cells could only drain to the 
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depth of the distribution tee of the third cell.  During the fill-and-drain mode, the cells 

were disconnected from each other and two replicate cells were dosed separately. The 

two wetland setups are shown in Figure 32 below. 

:"!"!%R@)'*4('0,+/%;<034,4<01%

Three conditions were tested during this experiment: normal operation, aerated influent, 

and fill-and-drain mode.  “Normal” operation (N) was described in Chapter 3: the 

wetland was operated at a relatively constant water depth of 28 cm, and was dosed 

intermittently at regularly spaced intervals from a non-aerated elevated compositing 

barrel.  “Aerated influent” operation (A) was identical to “Normal” operation, but a small 

air pump with a maximum flow rate of 252 L/h (Fluvial Q1, Rolf C. Hagen, Inc., 

Montreal QC) constantly introduced air into the compositing barrel via two diffusers.  In 

“fill-and-drain” mode (F), the cells were disconnected so that each could be drained to a 

minimum depth of 7.5 cm.  Two replicate cells were drained to a depth of 14 cm daily, 

allowed to rest for ~30 min, then refilled to a depth of 28.5 cm.  Influent was not aerated 

during the F condition. Only the planted wetland was monitored during these trials. 

 

K4A-*'%#!H%I;9'(+,4;%<G%L',/+03%3-*40A%W%+03%Y%;<034,4<01%C,<)F%+03%K%;<034,4<0%C=<,,<(F%
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The wetland was operated at a low, medium and high hydraulic loading rate (HLR) for 

each mode of operation except fill-and-drain, which was only operated at a high rate due 

to time restrictions. Loading rates were controlled by altering the number and duration of 

solenoid valve openings, as well as the height of the overflow pipe for the influent tank. 

Target loading rates are shown in Table 15. 

 
&+=/'%$:H%&+*A',%/<+340A%*+,'1%+03%,4('%<)'0%G<*%1</'0<43%?+/?'1%

Type Target HLR 
(cm/d) 

Target Q 
(L/d)- N, A 

Target Q 
per cell 
(L/d)- F 

Time open 
(min/d) – 
N, A 

Time open 
(min/d) - F 

High rate 5 40 13.5 8 2-2.5 
Medium rate 3 25 - 5 - 
Low rate 1.25 10 - 2 - 
 

Outflows for the N and A conditions were measured by a tipping bucket flow meter (100 

mL resolution); daily flows over the length of the trial were averaged and converted to 

cm/d.  Inflows for the N and A conditions were estimated by running an unplanted 

control under the same dosing conditions and measuring its outflow using a tipping 

bucket flow meter.  The two wetlands were dosed using two separate solenoid valves that 

opened one minute apart; dosing order alternated between wetlands.  Night doses during 

high and medium rate were used to check that outflows were approximately equal when 

there was no evapotranspiration.  For the F condition, outflows were manually measured 

using a 1L graduated cylinder. To estimate inflows and evapotranspiration rates, 

piezometers were installed beside each cell.  Relationships between water depth and 

volume were established by manually dosing wetlands using a 1L graduated cylinder and 

recording water depths. Water depths immediately after filling, immediately before 

draining, and immediately before filling were recorded daily. 

 

Table 16 summarizes the influent quality, loading rate, operating mode, and temperature 

during each trial.  As can be seen, several of the uncontrolled variables (temperature, 

influent quality, exact loading rate) varied between trials.  Although the air pump was 

running continuously during the ‘AM’ trial, DO levels in the compositing barrel were as 
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low as during the non-aerated trials.  It is possible that diffuser clogging, hose kinks, or 

other issues lowered the rate of air delivery to the compositing barrel during the AM trial 

(discussed in section 5.3.1 below).  

 
&+=/'%$>H%Y?'*+A'%;<034,4<01%3-*40A%,*4+/1%Cn$%I"8"F%

Trial Condition Trial 
Order 

HLRin 
(cm/d)a 

HLRout 
(cm/d) 

CODin 
(mg/L) 

BODin
 

(mg/L) 
DOin 
(mg/L) 

Sulfide 
(mg/L) 

Temp. 
(°C) 

NH Normal 1 5.1 4.6 292+85 129 0.33 10.8+0.9 21.6 
NM Normal 5 3.4 2.6 392+178 107 0.22 18.0+6.5 24.6 
NL Normal 2 1.2 0.8 283+85 145 0.11 7.99+6.78 21.7 
AH Aerated 

influent 
4 4.8 3.9 170+61 59 5.67 3.45+3.06 24.2 

AM Aerated 
influent 

6 3.0 2.5 315+74 173 0.28 5.76+8.00 21.9 

AL Aerated 
influent 

3 1.3 0.7 181+73 32 1.80 0.41+0.40 24.2 

FH Fill and 
drain 

7 5.0 4.4 282+103 185+10 0.17 6.58+10.3 22.7 

a Estimated (see text) 

:"!"7%I+()/40A%+03%L+,'*%U-+/4,5%,'1,40A%

At least 1 HRT was allowed to pass through the wetland before water quality tests on 

wetland effluent commenced for each trial, as in similar studies (e.g. Konnerup et al., 

2009). Influent and effluent samples were taken on a minimum of three sample days per 

trial. At least three samples per trial were analyzed for COD (Standard Methods). At least 

two samples per trial were analyzed for turbidity (field measurement, Nephelometric 

method, Hach 2100-Q), sulfides (Methylene blue method) and UVT at 254 nm (GeneSys 

Spectrophotometer); turbidity at the time of UVT measurement was also recorded.  One 

sample per trial was tested for BOD (Standard Methods) and E.coli (EPA Method 1603). 

Further details including preservatives and holding times are shown in Appendix C. 

:"!":%I,+,41,4;+/%+0+/51'1%

Statistical analyses were performed using SPSS (SPSS Inc., Chicago, IL, USA).  The 

one-way ANOVA was used to test for significant differences between influent COD, DO 

and sulfides among the seven trials. The two-way ANOVA was used to screen for 

significant effects for combinations of Condition and Hydraulic Loading Rate on effluent 

COD, sulfide, and turbidity.  Homogeneity of variances was tested using Levene’s 
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statistic; Tukey’s test was used to identify significantly different groups where 

homogeneity of variances was satisfied, while Welch’s ANOVA and the Games-Howell 

post-hoc test were used where heterogeneity of variances was detected.  Where 

significant interactions occurred, one-way analyses were conducted for each condition 

and hydraulic loading rate. The Bonferroni correction was applied, such that a 

significance level of 98.3% (p = 0.17) was required for an overall confidence level of 

95% because each test was repeated for the three dependent variables. 

 

:"#%E'1-/,1%+03%841;-114<0%

:"#"$%RGG';,%<G%+'*+,4<0%<0%40G/-'0,%U-+/4,5%

As was shown in Table 16, influent quality varied widely both within and among trials. 

Influent COD, DO and sulfide concentrations for aerated and non-aerated trials are 

shown in Figure 33. As was mentioned, data from the AM trial do not follow the same 

trends as the AH and AL trials. Most notably, DO concentrations during AM were similar 

to the non-aerated trials, suggesting that the aeration system was not working properly 

during this trial. Disregarding the AM trial, Figure 33 suggests a trend of reduced COD, 

increased DO, and reduced sulfide concentrations for aerated influent compared to non-

aerated, especially when comparing at the same loading rate. This apparent trend is 

consistent with previous work and guidelines, which suggest that both storage time and 

aeration affect COD, DO, and sulfide concentrations of stored greywater. 

 

Dixon et al. (1999) monitored fluctuations in greywater quality during storage and found 

that DO rapidly declined over the first 24 hours, dropping from near-saturation to 

<1mg/L in all but one trial. Sulfide was not measured, but unpleasant odours developed 

in all but one trial. In contrast, the one aerated greywater sample experienced a much 

smaller reduction in DO, with levels fluctuating from 4.8-8.9 mg/L (as temperatures 

fluctuated from 20.7-27.2°C); odours were milder and less unpleasant. The relationship 

between COD and storage time was more complex. Samples were taken from the top five 

cm of the water column, so while settling and degradation (aerobic and anaerobic) served 

to reduce COD concentrations, release of soluble COD from settled particulates increased 
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COD concentrations, leading to random-seeming fluctuations and generally low net 

reductions. The aerated sample, on the other hand, appeared to stabilize over the 22-day 

experiment to a concentration 85% lower than the initial COD. Data presented by 

Jefferson et al. (1999) showed a reduction in BOD5 from ~80 to ~70 mg/L for a stagnant 

20 L greywater sample over the first day of storage, which would have consumed most or 

all available oxygen in the sample. Because of this, as well as the growth of coliform 

bacteria, recommended maximum storage times for (non-aerated) greywater are generally 

24 or 48 hours (Liu et al., 2010; Tal et al., 2011).  

 

However, the small number of samples taken as part of this work, wide variations 

experienced, and non-normality of the influent sulfide and DO data prevented statistical 

validation of the hypotheses that the quality (COD, sulfides, and DO) of aerated influent 

was significantly different than non-aerated influent (see Appendix D). Sulfide 

concentrations, in particular, were highly variable within both aerated and non-aerated 

trials; sulfide concentrations of 0.4-6.5 mg/L measured during the AH trial suggest that 

anaerobic zones existed in the aerated barrel. Daily household greywater production, raw 

greywater quality, storage temperature, and relative timing of showering and 

sampling/measurement fluctuated throughout the trial. More data points and/or greater 

control over measurement of some of the random variables would be required to gain 

firm conclusions as to the effect of aeration on influent quality.  
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:"#"!%.'*G<*(+0;'%-03'*%34GG'*'0,%<)'*+,40A%;<034,4<01%+03%/<+340A%*+,'1%

Effluent water quality and removal rates are summarized in Table 17. In general, the 

wetland performed very well, with average removal of COD and BOD exceeding those 

recorded in Chapter 3. Samples were 24-hour composites, where the effluent was kept at 

~5-10°C during compositing; turbidity increase could freely occur. 

 
&+=/'%$OH%RGG/-'0,%L+,'*%U-+/4,5%*'1-/,1%+%

Trial COD 
(mg/L) 

BOD 
(mg/L) 

Sulfide 
(mg/L) 

Turbidity 
(NTU) 

UVT 
(%T at 
254 nm) 

E.coli 
(CFU/100 
mL) 

NH 73.5+5.6 
74.8% (4) 

30.4 
76.4% (1) 

13.9+0.7 
+28.1% (2) 

112.3+13.5 
15.2% (3) 

50.1+5.9 
+40.8 (2) 

17.5 
97.5% (1) 

AH 24.3+5.3 
85.7% (3) 

7.6 
87.1% (1) 

0.174+0.14 
95.0% (3) 

9.65+2.05 
97.1% (2) 

60.1+0.9 
+46.4 (3) 

100 
97.3% (1) 

FH 36.5+8.9 
87.1% (6) 

7.65+0.74 
95.9% (4) 

1.42+2.29 
78.3% (5) 

12.38+6.83 
90.1% (6) 

58.6+3.4 
+48.1 (6) 

150 
87.5% (1) 

NM 25+1.2 
93.6% (3) 

3.7 
96.5% (1) 

0.038+0.049 
99.6% (3) 

12.83+7.37 
91.0% (2) 

62.0+0.8 
+52.0 (3) 

130 
97.4% (1) 

AM 33.3+5.9 
89.4% (3) 

18 
89.6% (1) 

0.112+0.033 
98.0% (3) 

39.78+28.66 
81.0% (4) 

64.8+2.4 
+53.5 (3) 

23,000 
+540% (1) 

NL 52.7+1.4 
81.4% (3) 

4.6 
96.8% (1) 

0.184+0.001 
97.1% (2) 

4.72+0.34 
94.8% (3) 

62.0+0.1 
+52.0 (2) 

3.75 
99.8% (1) 

AL 17.5+1.9 
90.3% (3) 

2.6 
91.9% (1) 

0.085+0.039 
79.4% (3) 

4.80+2.62 
95.6% (3) 

62.8+0.6 
+39.3 (3) 

3.75 
99.9% (1) 

a Means + S.D., with removal efficiency in italics (except for UVT, where the absolute differences is reported) and number of samples 
in parentheses. + indicates an increase from influent values 

 

Significant interactions (p<0.001) between operational condition (N, A, F) and loading 

rate (H, M, L) were detected for COD, sulfides and turbidity. When the AM trial was 

excluded from analysis, interactions were not significant for COD (p=0.076), while both 

main effects were significant (p<0.001). Interactions remained significant (p<0.001) for 

sulfides and turbidity. The effect of operating condition was tested separately at each 

loading rate, and vice versa. 

0"!","$%5??:6=%7?%7@:*)=91A%67129=971%
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At the highest loading rate, effluent COD, sulfides and turbidity were significantly lower 

at the aerated influent and fill/drain conditions than at the normal operating condition 

(Figure 34, see Appendix D for detailed statistical results). Removal of COD increased 

from 74.8% at normal operation, to 85.7% and 87.1% with aeration and fill and drain, 
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respectively. No significant differences were found for the three parameters between 

aerated influent and fill and drain conditions.  

 

Similarly, at the lowest loading rate, effluent COD was significantly lower for aerated 

influent than normal operation (F(1,5)=445.21, p<0.001), and average COD removal 

increased from 81.4% at normal operation to 90.3% with aeration. However, there were 

no significant differences at the 95% level between the two conditions for effluent 

sulfides (F(1,4)=16.58, p=0.027>0.017) nor turbidity (F(1,5)=0.002, p=0.969).  

 

One potential source of error was the sequence of the trials. AL and AH were performed 

two and five weeks after NL and NH, respectively, and FH, the high-rate trial with the 

greatest average BOD and COD removal, was performed two months after the NH trial. 

Plant growth and wetland maturity (see Figure 35) may have contributed to the improved 

performance observed during the A and F operating conditions, as root oxygen release 

may have been greater (affecting both COD removal and sulfide formation), and 

microbial populations larger and better-adapted to greywater treatment.  

 
K4A-*'%#:H%Q',/+03%)/+0,1%40%a-0'%C/'G,F%+03%Y-A-1,%C*4A9,F"%Y//%1)';4'1%L'*'%<=1'*?'3%,<%9+?'%40;*'+1'3%

40%146'%<?'*%,9'%;<-*1'%<G%,9'%1-(('*%

 

Temperature also varied between trials; AL and AH were 3 and 2.5°C warmer on average 

than NL and NH, and FH was 1.1°C warmer than NH. These differences were small on 

average, but represented larger short-term temperature variations that may have affected 

performance. However, the literature does not agree on effect of temperature on BOD 
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removal kinetics; higher temperatures may result in an increased rate of BOD degradation 

by heterotrophic bacteria, but may also cause an increase in the rate of soluble BOD 

release from stored solids or dead plant matter (Kadlec and Wallace, 2009). Finally, it is 

possible that more than one nominal HRT was required to allow the wetlands to 

restabilize under the new conditions. 

 

Fill and drain results were consistent with previous work. Vymazal and Masa (2003) 

measured effluent BOD from two identical HSSF wetlands, one of which was operated 

with a fluctuating water level (8- and 15-cm fluctuations). Effluent BOD concentrations 

were 53% lower on average for the fluctuating-level wetland, and COD concentrations 

were 30% lower; results were most significant during higher-temperature months, when 

effluent concentrations were generally higher. These results suggest that fill and drain 

HSSF wetlands may allow for increased COD and BOD removal and reduced sulfide 

formation without increasing wetland area. However, sulfide concentrations > 1 mg/L 

were measured on one occasion during the FH trial, indicating that unacceptable sulfide 

concentrations may still form under certain conditions. Process optimization may require 

reduced loading rates, aerated influent, or a different fill and drain methodology (depth, 

schedule). 

 

Aeration of HSSF wetland beds has also been studied in recent years as a method of 

increasing oxygen transfer for BOD removal and nitrification enhancement.  For 

example, Ouellet-Plamondon et al. (2006) tested the effect of partial bed aeration (2 

L/min for each 0.98 m2 bed, introduced into the front section only) on the performance of 

cold climate wetland mesocosms loaded at 3 cm/d (16.2 g COD/m2d). COD removal was 

significantly higher in aerated wetlands than non-aerated wetlands in the winter, but the 

difference was not significant in the summer. Zhang et al. (2010) investigated the effect 

of limited bed aeration on highly loaded wetlands, wherein aeration would initiate when 

DO fell below 0.2 mg/L but cease when DO reached the relatively low level of 0.6 mg/L.  

BOD removal for the aerated, planted wetland (94.4% + 0.9%) was higher and more 

stable than for the non-aerated, planted wetland (87.2% + 4.4%), with the greatest 

improvements experienced in the winter. 
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However, in this study, only the influent tank was aerated.  Kadlec and Wallace (2009) 

expressed doubt that influent aeration would significantly improve HSSF wetland 

performance. They pointed out that even if influent DO was increased to saturation (~7-

10 mg/L), this could not provide sufficient oxygen to aerobically oxidize wastewater with 

BOD ~100-200 mg/L. The results from this study suggest that in addition to oxygenation, 

influent aeration may have served to pretreat the greywater, and may have reduced the 

inhibitory effects of sulfides. However, side-by-side wetland studies or studies with a 

more mature wetland under controlled temperature conditions would provide stronger 

evidence for the benefit of influent aeration. A significant reduction in odour was 

observed during the AH and AL trials, which was an additional benefit. 

 

At the medium loading rate, comparisons of COD, sulfides and turbidity between normal 

and nominally aerated influent conditions showed no significant differences. However, as 

discussed in section 5.3.1, aerator malfunction during this trial was likely. For this reason, 

data from the AM trial were considered part of the NM trial for the analyses in 5.3.3. 

 

0"!",",%5??:6=%7?%87)291A%*)=:%

Comparisons between loading rates for the normal operating condition yielded 

unexpected results. Differences in effluent COD concentrations between the three loading 

rates were significant (F(2,10)=69.3, p<0.001). However, while effluent COD for the 

“low rate” trial was significantly lower than the high rate trial, effluent COD for the 

medium rate trial was significantly lower than both the high and low rate trials (p<0.001 

for both comparisons). This can be seen on the loading graphs in Figure 36; the 

correlations between HLR and effluent COD, and COD loading rate and effluent COD 

seen in Chapter 3 were not reproduced. 
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The NM trial was performed 7 and 5 weeks later than the NH and NL trials, respectively, 

so greater plant biomass and wetland maturity may have played a role in the improved 

treatment. The average temperatures for NM and AM were also greater than for NH and 

NL (although only slightly in the case of AM). Influent COD concentrations were also 

extremely variable from day to day. Sampling from the large compositing tank on three 

consecutive days was intended to reduce the simultaneous sampling problem discussed in 

Chapter 3, but this strategy may not have been sufficient given the greater-than-expected 

influent variability, especially at low hydraulic loading rates. It is also possible that the 
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one nominal pore volume, which was allowed to pass through the wetlands between 

trials, may not have been sufficient for the wetland to reflect the change in operation, as 

no tests were done to demonstrate the time required to reach a new steady state. Thus, the 

wetland performance during the NM trial may have been reflecting some residual effect 

of the aeration in the previous weeks. 

 

For the aerated influent trials (medium rate omitted), there were no significant differences 

(p<0.017) between the high and low rates for any of the three parameters. This may, in 

part, be due to the excellent performance of the wetland during the ‘AH’ trial; 

improvements may have become marginal near the limit to treatment. 

 

Theoretically, reducing organic loading rate should result in improved treatment. 

Konnerup et al. (2009) reported mass removal efficiencies increasing monotonically from 

42% to 83% and 42% to 79% for tropical wetlands planted with Canna and Heliconia 

species, as hydraulic loading rates decreased from 44 to 5.5 cm/d. Akratos and Tsihrintzis 

(2007) found significantly higher removals of BOD and COD at a hydraulic residence 

time of 8 days than 6 days (decrease in loading rate from 2.4 to 1.8 cm/d, or 8.8 to 6.6 g 

BOD/ m2d), with average removals increasing from to 76.5% and 81.9% to 91.9% and 

90.1%. No significant organics removal improvements were found for further reductions 

in hydraulic loading rate, leading the authors to suggest that 8 days was an optimal 

hydraulic retention time. Individual data points presented in loading charts showed 

considerable scatter, not dissimilar to Figure 36. As in this study, temperature and 

wetland maturity varied across trials; unlike this study, artificial wastewater was used, so 

the potential influence of variable influent strength and other wastewater constituents was 

reduced. This suggests that more data are needed to characterize performance and 

determine trends. Side-by-side wetland replicates operating at different rates and 

conditions would likely produce stronger results than the method used in this study. 

 

:"#"#%S<()+*41<0%,<%A-43'/40'1%

As only one data point was taken per trial for BOD and E.coli, no statistically valid 

conclusions can be made regarding the effect of either loading rate or operating 
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condition.  However, comparing the entire series of results to those obtained during the 

first five months of operation reveals a marked performance improvement. Effluent BOD 

concentrations fell below the HCG-maximum of 20 mg/L for every trial except ‘NH’, and 

fell below the HCG-median of 10 mg/L for every trial except ‘NH’ and ‘AM’. This 

suggests that reducing HLR to 3 cm/d or operating wetlands at 5 cm/d with influent 

aeration or fill and drain mode can produce effluent that is acceptable under the BOD 

criterion in conditions similar to those experienced in this study. However, water quality 

monitoring in the winter would also be required to test the appropriateness of these 

loading rates for installations in unheated or passively heated outbuildings. 

 

E.coli results met the HCG-maximum of 200 CFU/100 mL for every trial except ‘AM’, 

when there was an unexpected spike to 23,000 CFU/100 mL (influent E.coli was only 

3600 CFU/100 mL for this sampling event.) Unfortunately, conditions were changed 

before resampling and retesting could occur to confirm the result and rule out 

experimental error (e.g. contamination of sampling bottle). Regardless, as none of the 

trials had E.coli < 1 CFU/100 mL, effluent disinfection would be required to meet the 

HCG for all conditions and flow rates.  

 

UVT results did not reach the proposed minimum of 75% for efficient UV disinfection by 

a commonly-used residential product (VIQUA, n.d.). UV disinfection systems may need 

to be designed for UVTs of 60%, which would necessitate a larger disinfection unit than 

normally specified. However, the UVT of wetland effluent was greatly improved 

compared to the influent.  

 

Turbidity-time curves, similar to those shown in Chapter 4, were obtained for every trial 

except for AH (when the experiment was disrupted). Results are summarized in Table 18. 
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Trial Initial 
Turbidity 
(NTU) 

Peak 
Turbidity 
(NTU) 

Time of 
peak 
(min) 

DO 
Range 
(mg/L) 

ORP 
Range 
(mV) 

pH Range 

NH 5.81 300 330 0.11-2.14 -314.6 –  
-208.2 

7.6-8.5 

FH 4.75 82.1 140 0.35-2.0 -285.7 –  
-141.5 

7.03-7.42 

NL 2.73 4.11 60 2.62-4.35 -53.8 – 
108.8 

7.16-7.6 

AL 1.9 3.28 105 2.27-4.63 -88.3 – 
61.2 

7.06-7.27 

NM 3.11 41.0 120 1.06-2.64 -217.9 –  
-52.3 

Not 
measured 

AM 3.71 60.9 188 1.15-3.48 -272.7 –  
-68.2 

Not 
measured 

 

Results appear to follow a similar pattern as the 24-h composite turbidity measurements 

shown in Table 17 and Figure 34; peak turbidity was reduced for all trials compared to 

NH, and NL and AL had almost no turbidity increase. However, these results show that 

despite improved BOD removal and low sulfide concentrations in the composite samples 

for all trials compared to NH, turbidity increase still occurred for all medium and high 

rate trials for which data were collected, regardless of operating condition. This was 

reflected in average composite turbidity measurements, which exceeded the HCG 

maximum of 5 NTU for all trials except NL and AL; only one sample fell below the 

HCG median of 2 NTU. This suggests that constructed wetlands of this type may not be 

able to meet the stringent HCG turbidity criterion. However, results from Chapter 3 

suggest that the samples likely all met the TSS criterion, which the HCG presents as 

equivalent. Thus, a more appropriate turbidity guideline for wetland effluent may be 

needed. This limit should be based on real, research-based concerns, such as sulfide 

concentrations, UV disinfection efficiency and potential for breakthrough due to bacteria 

shielding (Winward, Avery, Stephenson, et al., 2008b), and aesthetic preferences of 

potential end users.  

 

Interestingly, the composite samples for the NM and AM trials had extremely low sulfide 

concentrations, similar to the NL and AL trials, yet they still experienced an increase in 
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turbidity (although modest compared to NH). Based on the theory that the turbidity 

increase phenomenon was caused by sulfide oxidation, some type of positive relationship 

was originally expected; however, it is possible that sulfides were almost completely 

oxidized to sulfur in the NM and AM composite samples. Grab samples of wetland 

effluent not yet exposed to oxygen would have been required to test this hypothesis. 

 

:"7%S<0;/-14<01%

During the first summer of operation, three operational conditions (normal operation and 

two minor interventions) and three loading rates were tested to determine their effect on 

constructed wetland performance. Reduced loading rates during normal operation, 

aeration of influent, and fill and drain operation all appeared to improve effluent quality. 

 

Influent aeration appeared to improve BOD and COD removal performance at high and 

low loading rates.  Effluent sulfide concentrations and turbidity were also reduced. In 

addition to supplying oxygen, aeration may have affected performance by improving 

influent quality, although this trend could not be statistically validated. However, the 

aeration system did not increase DO concentrations during the medium-rate trial, likely 

due to system malfunction, and thus was removed from later analyses. Regular aerator 

inspections (e.g. for kinked hose) and diffuser cleaning are required for aeration systems. 

 

Fill and drain mode appeared to improve BOD and COD removal performance and 

reduce effluent sulfides and turbidity at the high loading rate compared to normal 

operation.  However, effluent sulfide concentrations were > 1mg/L for one of five 

samples; further optimization of this system may be required. 

 

Low hydraulic loading rates (1.25 cm/d) produced better quality effluent than high 

hydraulic loading rates (5 cm/d). However, COD removal performance at the medium 

hydraulic loading rate (3 cm/d) during normal operation was unexpectedly better than 

performance at the low rate. This result may be explained by wetland maturation, 

insufficient time between trials (such that performance during ‘NM’ reflected the 

improvement due to aeration during the previous trial), or temperature variation. 
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Alternately, the results may represent natural variability.  Repetition of these trials, using 

more data points as well as replicate wetlands and/or mature wetlands to reduce temporal 

variation, would be required to confirm the effect of aeration and loading rate on wetland 

performance.  

 

Finally, although effluent BOD concentrations met the HCG for all but one trial, effluent 

turbidity of the 24-hour composite samples did not meet the stringent HCG, which 

mandate a median turbidity of 2 NTU.  However, previous work (Chapter 3) suggested 

that the effluent would likely have consistently met the “alternative” guideline for TSS.  

This suggests that the turbidity guidelines may not be appropriate for wetland technology. 

Future studies should investigate better turbidity guidelines; suggested limits could be 

based on: 1) sulfide concentrations, 2) UV disinfection efficiency and breakthrough due 

to bacteria shielding, and 3) aesthetic preferences of potential end users. 

 

Testing during the winter and during the second year of operation is recommended for a 

more complete picture of wetland performance with and without these operational 

changes. Initial results are promising, but more intensive changes (e.g. bed aeration, 

reciprocating wetlands, or vertical-flow/hybrid wetlands) may also be necessary for 

compact greywater treatment. 
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The objectives of this project were to assess the performance of horizontal subsurface 

flow (HSSF) wetlands sited in a greenhouse treating greywater, and to provide design 

recommendations for builders and homeowners wishing to employ constructed wetlands 

to treat greywater to reuse for toilet flushing. Many conflicting design approaches for 

HSSF wetlands had been suggested by various sources, which could lead to vastly 

different wetland design sizes, and may not be appropriate for greywater wetlands in the 

Ontario climate. Pilot wetlands were constructed and operated for seven months under 

variable loading rates using real domestic greywater. Effluent water quality parameters 

from the first seven months of operation were measured and compared to the Health 

Canada Guidelines (HCG) for Reclaimed Water for Toilet and Urinal Flushing (Health 

Canada, 2010) to assess compliance. This section will summarize key findings, make 

recommendations for future research, and comment on the practical implications of these 

findings for design and policy. 

 

>"$%p'5%G40340A1%

The major conclusions of this study were as follows: 

 

- The study successfully recorded the initial performance of a low-cost passive 

greywater treatment design and identified several factors that affected 

performance. 

 

- The chosen design basis (loading based on an organic loading rate of 7.5 g 

BOD/(m2-d)) did not provide sufficient treatment to meet the HCG BOD criterion 

during the first 5 months of operation. Extreme variability in influent quality 

could make design based on organic loading rate alone insufficient.  

 



113 

 

- The design basis was also not sufficient to meet the HCG turbidity and E.coli 

guidelines. However, the wetlands consistently produced effluent that met the 

TSS criterion, which is considered an alternative to turbidity in the HCG. 

 

- For the conditions considered (first 5 months of operation), the presence of plants 

did not affect the performance of the wetlands for any measured parameter.  

 

- The effect of hydraulic loading rate (HLR) and organic loading rate (OLR, BOD 

and COD basis) on effluent BOD and COD concentrations were confirmed based 

on data from the first five months of operation. Based on the limited data, BOD 

loading rates of 1.5 g BOD/m2d or hydraulic loading rates of 2 cm/d are more 

likely required to produce acceptable BOD concentrations (according the HCG) 

during the first five months of operation for a system under similar conditions to 

this study. 

 

- Sulfides may be present in stored greywater influent and wetland effluent. 

Acceptable sulfide levels should be specified in the HCG due to practical 

concerns such as odours, corrosion and air quality that would likely prevent the 

acceptance of high-sulfide water for indoor reuse.  

 

- Turbidity of wetland effluent may increase during storage under certain 

conditions, consistent with the hypothesis of incomplete oxidation of hydrogen 

sulfide to insoluble elemental sulfur colloids. 

 

- During the 5th to 7th months of operation (summer season), operational changes 

likely contributed to improved effluent quality at a high hydraulic loading rate (5 

cm/d), as effluent COD, sulfides and turbidity for both aerated influent and fill 

and drain operation were significantly reduced compared to normal operation 

(constant water level, no influent aeration). Acceptable BOD concentrations 

according to the HCG were also achieved under the aerated influent and fill and 
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drain operating conditions. However, wetland maturation and temperature may 

also have contributed to improvement. 

 

- Variability of performance can be expected with wetland systems under 

conditions similar to this study, since hydraulic loading rate, temperature, influent 

quality, and wetland maturity affect wetland performance and vary with time. 

This was seen during the 5th to 7th months of operation, when contrary to theory 

and results from the first 5 months, effluent COD concentrations from the 

medium loading rate (3 cm/d) were lower than for the lowest loading rate (1.5 

cm/d) under normal operating conditions. However, acceptable BOD 

concentrations were measured at both loading rates. 

 

- Cyperus alternifolius gracilis was identified as a good candidate for greywater 

wetlands sited in a passively heated greenhouse in Ontario. Iris pseudacorus, 

Mentha aquatica, Juncus effusus, and Sagittaria latifolia also performed well in 

all wetland cells. 

>"!%E';<(('03+,4<01%G<*%G-,-*'%*'1'+*;9%

This study had several limitations, including time and space constraints. Future research 

is recommended to address the following questions: 

 

! Winter (low temperature) performance of the mature wetland needs to be 

documented to determine whether this technology is appropriate for cold climates, 

or whether greenhouse heating is needed. Studies in temperature-controlled 

environments could determine the effect of temperature on treatment for these 

systems, and identify if there is a critical temperature to be maintained. If system 

performance is maintained even at freezing air temperatures, the greenhouse may 

not be needed. 

 

! Performance of the planted and unplanted wetlands during the second year, when 

wetland plants are well-established, should be monitored to determine the effect 
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of mature plants on treatment, as well as the capacity of mature wetlands to treat 

greywater. Longer-term monitoring would also be required to determine the 

design life of the systems and their maintenance needs. 

 

! Proposed design approaches should be evaluated, using pilot wetlands at multiple 

households. Wetland operation at multiple loading rates could determine whether 

target hydraulic loading rates, organic loading rates, sulfate loading rates, or 

models such as P-k-C* produced consistent results. A major challenge is the long 

start-up times of wetland systems; however, spring or summer installation may 

shorten start-up times. 

 

! Future research should compare both the environmental impact and cost of the 

system over its life cycle to 1) other greywater reuse technologies, and 2) the base 

case of no greywater reuse. The potential impact on sewers and the WWTP with 

increased uptake of these systems should also be evaluated during the planning of 

incentive programs to reduce unanticipated negative impacts. 

 

! This study suggested that sulfur chemistry was extremely important in wetland 

treatment systems. However, the exact sulfur species and reactions were not 

determined, and their effect on wetland performance (e.g. BOD removal) was not 

conclusively demonstrated. Future studies could use sulfur balances and 

sulfate:carbon ratios to more clearly determine the role of sulfur in greywater 

treatment wetland functions. Sulfate sources in raw greywater should also be 

identified. 

 

! This study focused on greywater reuse for toilet flushing, as national water quality 

guidelines have been provided for this use. However, greywater is also often 

considered for reuse in irrigation, whether subsurface or through a regular garden 

hose, on both non-food and food plants. Subsurface irrigation is currently allowed 

under the Ontario Building Code (OBC), but no guidelines for the design of such 

a system are given, nor recommendations for plant selection. The impact of 
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greywater (whether untreated or treated) on soil, various plants, and health should 

be assessed in the Canadian context. Surfactants and salts are two common 

constituents of concern for soil and plant health, while fecal contamination and 

the many components of personal care and cleaning products are of concern for 

human (and animal) health, especially for surface irrigation and use on food 

plants. 

 

>"#%.*+;,4;+/%4()/4;+,4<01%G<*%A*'5L+,'*%*'-1'%
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These findings have several implications for the design of greywater treatment systems as 

well as the policy governing their use. Compared to other extensive treatment 

technologies such as membrane bioreactors, wetlands have several advantages for 

domestic greywater treatment. They may have lower capital and operating costs (Pidou et 

al., 2007), reduced energy and chemical needs (Memon et al., 2007), operational 

simplicity, and additional aesthetic appeal that may add value for the consumer beyond 

water savings. However, wetlands require light and sufficient space, limiting where they 

can be installed. Start-up times may also be excessive. This study suggests that 

operational changes (fill/drain or aeration) may be necessary to reduce the spatial 

footprint of the technology. 

 

Table 19 shows the wetland surface area required to treat 90 L/d of greywater at two 

different initial BOD5 concentrations based on the various potential guidelines suggested. 

This flow represents the typical daily toilet flushing needs of a three-person residence 

(estimated 5 flushes/day with 6 L/flush toilet) (City of Guelph, 2012). If low loading rates 

of 1.25 cm/d are in fact required for adequate greywater treatment, wetland sizes likely 

exceed practical space constraints in a backyard greenhouse or solarium. The table also 

shows the number of cylindrical cells (d = 0.58 m) used in this study required to supply 

the specified area. These cells are less space-efficient than rectangular designs. 
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Design Guideline Area required, m2 (# cells required, d = 0.58 m) 
BODin = 50 mg/L BODin = 200 mg/L 

HLR 1.25 cm/d 7.2 (28) 7.2 (28) 
HLR 3 cm/d 3.0 (12) 3.0 (12) 
HLR 5 cm/d 1.8 (7) 1.8 (7) 
OLR 1.5 g/m2d 3 (11) 12 (45) 
OLR 7.5 g/m2d 0.6 (3) 2.4 (9) 
 

This study also had other implications for greywater system design. Influent water quality 

monitoring revealed that dissolved oxygen consumption and sulfate reduction was 

occurring in the surge tank and/or compositing tank prior to its introduction into the 

wetland. This situation produced odours and may have affected wetland performance. 

Surge tanks may need to be aerated, or have shorter HRTs (<24 or 48 hours), and perhaps 

to drain completely and/or have solids flushed out on a regular basis to control odours.  

>"#"!%T()/4;+,4<01%G<*%A*'5L+,'*%*'-1'%)</4;5%

There is currently a lack of clarity in greywater reuse policy, particularly regarding the 

application of HCG. First, this study suggests that the guidelines themselves warrant 

revision and clarification. The guidelines were purportedly selected using a risk-based 

approach, with the primary purpose of protecting public health from pathogenic 

microorganisms (Health Canada, 2010). However, scientific justification for the selection 

of particular guidance values and limits was not given. 

 

This study showed that, although turbidity and TSS are given as alternative 

measurements, they may be unrelated for certain types of wastewater. If the guidelines 

are based on the potential for microbial shielding during UV or chlorine disinfection, 

other factors (particle size distribution, organic matter) may be more appropriate than 

either criterion (Winward, Avery, Stephenson, et al., 2008a, b). Also, although organic 

matter does reduce disinfection efficiency, Health Canada (2010) emphasized odour and 

colour problems as the major rationale for selection of the BOD guidelines. However, 

other interventions may prevent odours for greywater with moderate BOD 

concentrations- for example, designs may limit storage times, may apply disinfection to 

control heterotrophic and sulfate reducing bacteria, or may employ aeration. Finally, De 
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Luca (2012) found that samples taken from two toilets fed with potable water had similar 

fecal coliform concentrations (with several samples exceeding the HCG maximum of 200 

CFU/100mL) to samples taken from toilets fed with chlorinated greywater. Risks from 

fecal coliform exposure due to aerosols formed upon toilet flushing with reclaimed water 

should be fairly compared to risks currently tolerated in the base case. 

 

Too-stringent guidelines inhibit greywater reuse uptake and benefits by mandating 

treatment technologies that may be too expensive, too complex, and may increase the 

environmental footprint overall. Water quality guidelines should be research-based to 

ensure that the public health is protected without hampering innovation in sustainable 

water resource management. 

 

Lastly, the application of the Health Canada Guidelines is not clear. The 2012 edition of 

the Ontario Building Code (which comes into effect in 2014) does not reference the 

HCG. Non-potable systems such as treated greywater systems are only required to 

comply with the ASHRAE Handbooks, ASPE Data Books, or CSA B128.1, the latter of 

which explicitly does not address non-potable water quality or treatment considerations 

(Ontario Building Code, 2012). A new standard, CSA B128.3, gives much more detail as 

to the treatment requirements (adopting the HCG) and testing protocols required for 

package water reclamation systems including greywater reuse systems. However, it is not 

yet referenced in the OBC, and does not provide guidance for the assessment of custom-

engineered systems. 
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The goal was to develop a low-cost, flexible, accessible passive greywater treatment 
design. The constraints and criteria originally considered are shown in Table 20 below. 
These constraints and criteria were developed by the author based on specific project 
constraints (limited to allotted space in pre-existing greenhouse shared with residents, 
local availability required for convenience of researcher) as well as results from Matthew 
De Luca’s 2012 thesis in which existing greywater reuse systems were evaluated. The 
greywater reuse systems under consideration were not considered to be “Appropriate 
Technology” due to their relatively high greenhouse gas emissions, long payback periods, 
and operational issues (e.g. maintenance needs surpassed the capacity and wishes of 
many users). Low energy input and no chemical input were desired to reduce greenhouse 
gas emissions and operational costs. The use of waste products was prioritized because 
De Luca suggested that the inclusion of new plastic tanks also contributed heavily to the 
evaluated systems’ greenhouse gas emissions. Use of waste products also had the 
potential to reduce costs and appeal to “green” homeowners. Accessibility, flexibility and 
consumer appeal were intended to address the operational issues (any maintenance might 
be easier and possibly more acceptable to users if the technology was valued beyond 
water savings) and to facilitate adoption of the technology by non-experts. The author 
acknowledges the subjectivity involved in judging aesthetics and user appeal. 
 

&+=/'%!MH%8'14A0%;<01,*+40,1%+03%;*4,'*4+%

Design Constraints Design Criteria 
Locally available materials 
Low energy input, no chemical 
input 
Size: fit inside small greenhouse 

Use of waste products 
Accessibility (use of off-the-shelf components, 
simplicity of construction) 
Cost 
Flexibility 
Aesthetics/ consumer appeal 

 
Reclaimed plastic barrels (approximately 200 L in volume) were chosen for containers; 
barrels were sawn in half to create two cylindrical containers each. The openings on the 
“top” side of each barrel were glued shut and caulking was placed around the plugs; 
however, one of the “top” barrels leaked and was replaced. 
 
For the first design iteration, reclaimed packing peanuts were used as the main bed 
medium. Packing peanuts were placed in the cells up to a depth of 25 cm, covered with 
two layers of plastic netting, then a thin layer of coarse gravel (19-mm crushed rock, 
washed) and a thicker layer of pea gravel (5-10 mm, washed) to a total depth of 35 cm. 
The ratio of gravel to packing peanuts was based on a quick buoyancy test prior to 
installation but may not have been optimal. The media level sank considerably over the 
following weeks (final depth ~30 cm). 
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The first design was operated from October 1 to December 4, 2012; results are shown in 
Table 21. Sub-optimal performance was noted in the first few weeks of operation (e.g. 
poor BOD and COD removal, turbidity increase of effluent samples), although in-house 
BOD measurements failed quality control tests and should not be considered true values. 
Exact loading rates and temperatures were not known at the time (flow and temperature 
monitoring had yet to be installed, and dosing was done by manually opening and closing 
valves once per day.) 
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* BOD results are likely overestimates based on later comparisons between in-house and external 
laboratory results; failed quality control measures 
 
The design likely facilitated short-circuiting from the inlet to the outlet of each cell. Also, 
considerable compression of the packing peanuts occurred, and there were concerns that 
the buoyancy force on the packing peanuts could have caused compression in the other 
direction, creating a clear space at the bottom of the cells that could further facilitate 
short-circuiting. Concerns that the packing peanuts were degrading (physically crushing 
or even biodegrading, although polystyrene theoretically would not biodegrade in this 
period of time) were also considered. The wetlands were disassembled in early Jan. 2013. 
 

 
K4A-*'%#NH%.9<,<1%,+V'0%3-*40A%341+11'(=/5%<G%G4*1,%3'14A0%

During disassembly (Figure 39) it was observed that both pea gravel and coarse gravel 
more than 2-3 cm below media surface (saturated zone) had turned black. Packing 
peanuts showed no obvious degradation, and unidentified red films were observed in 
several locations (right). 
 
The second design used the two gravel sizes as well as a distribution tee near the media 
surface to improve hydraulic performance. Temperature and flow monitoring equipment 
was also installed at that time. Flow was controlled by a solenoid valve plugged into an 
irrigation timer. 
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Pretreatment consisted of a septic tank effluent filter (Tuf-Tite EF-4, 1.6-mm screen size) 
on the inlet to the surge tank indoors, as well as some settling and storage in the surge 
and compositing tanks. The screen filter was first cleaned after 8 months operation; more 
frequent cleaning is recommended. The mat of hair that accumulated may have 
significantly reduced the effective screen size of the filter. 
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Design loading rate: 
 
The overall system size was constrained by the greenhouse layout.  Dosing was designed 
based a suggested maximum organic loading rate, and checked against other criteria 
(HLR, theoretical HRT) as well as compared to similar greywater wetland designs in the 
literature. 
 
Using available barrels, each with 0.54 m (23 in.) diameter 
Surface area per barrel = 0.268 m2 

Surface area per three-barrel filter train = 0.806 m2 

Depth = 0.3 m 
 
Target Organic Loading Rate = 7.5 g BOD/(m2d)  (Rousseau et al., 2004) 
Assume: Influent BOD = 200 mg/L 
Calculated Q = 30.2 L/d 
 
Check HLR:  HLR = 3.75 cm/d (compare to Dallas and Ho, 2008: 1.3-2.67 cm/d, 
Winward et al., 2008: 8 cm/d) 
 
Check theoretical HRT: 
Total Volume = 0.806 * 0.3 * 1000 = 237.6 L 
Estimated porosity = 0.38 
Pore Volume = 92 L 
Theoretical HRT = 3 days 

! recommended HRTs can be 2-7 d (Rousseau et al., 2004) 

Check against method in Crites and Tchobanoglous (1998), p.603 

! Assume average BOD from plant decay is 3 mg/L. 

!"#!"# ! !"#!"# ! !"#!" ! !"!"! ! !!"! ! !!!"!! 

!! ! !!"!!!!" !!!" ! !!!!!!!!!!" !!!"  
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! ! ! !"!!!!!!!!!
!! ! !"!!"#!"#!!!!!!

 

Temperature (°C) kT (d-1) HRT (d) 
5 0.46 7.3 
10 0.61 5.5 
20 1.1 3.0 

! This method suggests that the wetlands are undersized for winter performance but 
will perform well at temperatures of 20°C and above. 
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Y))'034@%_H%./+0,%1'/';,4<0B%<=1'*?+,4<01%+03%)9<,<1%

Plants available from three Ontario plant suppliers were screened against the following 
constraints: 1) perennial, 2) adapted to wet soil/shallow water conditions, 3) not 
exceeding 3 feet tall. Remaining species were evaluated based on aesthetic appeal (visual 
and/or olfactory) and prior use in stormwater/wastewater treatment literature (in some 
cases, prior use of plants in the same genus where the referenced species or variety was 
not locally available or too tall.) Final selection was made to produce a diverse-looking 
group of both tropical and hardy temperate species with differing light needs. 

&+=/'%!!%./+0,1%1'/';,'3%G<*%A*'5L+,'*%L',/+031%Cc*+03%2<*+40'%c*<L'*1B%!M$!X%2<<*'%Q+,'*%c+*3'01B%

!M$!F%

Scientific 
Name 

Common 
Name 

Description Comments 

Iris 
versicolor 
! Iris 
pseudacorus 
added April 
2013 

Blueflag iris Hardy native perennial 
(Zone 3), 2-3 ft., with 
sword-like foliage and 
elegant blue-violet 
flowers in early spring.  
Depth 0-6”, sun to light 
shade.   

Common for wetland 
restoration projects, used 
alongside other species in a 
greywater green roof 
(Winward et al., 2008).  Iris 
pseudacorus (invasive relative 
Yellowflag iris, native to UK) 
has more demonstrated 
performance 

Cyperus 
alternifolius 
gracilis 

Dwarf 
umbrella 
palm 

Tropical ornamental 
(Zone 9), 18-24”, Depth 
0-2”, Full sun to ' sun. 

Dwarf variety of umbrella 
palm (Cyperus alternifolius), 
recommended in Surrency et 
al. (2003).  Cyperus papyrus 
also has been used in tropical 
CWs (Kyambadde et al., 2004) 

Canna 
(Black 
Knight) 
!1/2 
survived 
winter; 2 
more added 
April 2013 

Black Knight 
Canna 

Tropical ornamental 
(Zone 9), 30-36”, Depth 
0-2”, Full sun.  Large, 
dark green leaves with 
burgundy overtones, 
deep red flowers 

Vigorous growth.  
Successfully used in tropical 
CWs (Abou-Elela and Hellal, 
2012, Konnerup et al., 2009) 

Carex 
vulpinoidea 

Fox sedge Hardy native perennial, 
18-24 in., Sun to part 
sun, blooms mid 
summer producing a 
spray of brownish-
yellow seed heads. 

Carex aquatilis (used in UBC 
greywater trench) not locally 
available; most available 
species too tall.  Carex 
rostrata shown to have very 
good performance at low 
temperatures (Stein and Hook, 
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2005), not locally available. 
Anemone 
Canadensis 

Canada 
anemone 

Hardy native wet 
meadow plant, 12-24in., 
spreads by rhizomes.  
White flowers in June.  
Sun to part shade. 

No reported use in constructed 
wetlands 

Colocasia 
esculenta 
‘Black 
Magic’* 

Black Magic 
taro 

Tropical ornamental 
(Zone 9), 3 ft., 0-2” 
deep, popular in water 
gardens. Deep purple, 
heart-shaped leaves and 
burgundy stems. Full 
sun- ' sun. 

Used in outdoor HSSF CW in 
Texas with other ornamentals 
(Neralla et al., 2000) 

Mentha 
aquatic ! 
replaced 
April 2013; 
single plant 
divided into 
3 

Water mint Hardy temperate 
perennial (Zone 5), 8-
12”, 0-2” deep, Full 
sun-part shade.  
Lavender-pink flowers 
in late summer. 

Aromatic.  Used alongside 
other species in a greywater 
green roof (Winward, Avery, 
Frazer-Williams, et al., 2008) 

Caltha 
palustris 

Marsh 
marigold 

Hardy native emergent 
zone perennial (Zone 4), 
12-18 in., showy, bright 
yellow flowers in early 
spring 

Observed to be tolerant of 
ditch road salt (P. Shepherd, 
pers. comm.); no reported use 
in CWs 

Hierochole 
odorata 

Sweetgrass Hardy temperate wet 
meadow species, 1-2 ft., 
aggressive, blooms in 
June. 

Sweet aroma (vanilla), 
culturally significant to local 
indigenous peoples, harvested 
for incense or basketry. No 
reported use in CWs 

Sagittaria 
latifolia 

Arrowhead Hardy native emergent 
zone perennial, striking 
arrowhead-shaped 
leaves, three-petalled 
white flowers in 
spring/summer.  Full 
sun-3/4 sun, 24-36”, 
depth to 2”, Zone 3  

Used in outdoor HSSF CW in 
Texas with other ornamentals  
(Neralla et al., 2000) 

Juncus 
effusus 
‘spiralis’ ! 
Juncus 
effusus 
(straight) 
added April 
2013 

Corkscrew 
rush 

Hardy perennial variety, 
unusual coiled green 
foliage can be used in 
flower arrangements.  
Full sun-3/4 sun 

Juncus effusus (common rush) 
used in lab-scale constructed 
wetlands (Wiessner et al., 
2005), found to release oxygen 
at 0.69 mg h-1plant-1 (Wiessner 
et al., 2002) 
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The plants were planted more densely than in typical constructed wetland projects.  For 
example, Vymazal (2002) noted that more than 4-8 seedlings/m2 are not needed as the 
selected species generally reproduce vegetatively and will colonize the whole wetland 
surface if given enough time.  However, for this project, it was acknowledged that not all 
of the plant species would survive or thrive in the filters, whether due to cold 
temperatures causing death or initial dormancy, or stress caused by salinity or surfactants.  
As well, there was not enough time to wait for natural colonization.  A local plant expert 
recommended dense plantings with 20 cm spacing (~25 plants per square meter.) Actual 
plantings were ~34 plants per square meter (9 plants per 0.264 m2 cell.) 
 
&+=/'%!#H%./+0,%)'*G<*(+0;'%+03%<=1'*?+,4<01%

Scientific 
Name 

Winter Summer Observations 

Iris versicolor 

  

Tended to wilt during the 
winter (expected for 
temperate plants) then 
only one of three 
individuals survived into 
August 2013 (sited in the 
farthest cell from the 
inlet.) Base and roots 
turned slimy and black, 
leaves turned brown and 
dry. 

Iris 
pseudacorus 
added April 
2013 

Added April 2013 

 

All (3/3) grew well, even 
in cell closest to the inlet, 
but none flowered. 
 

Cyperus 
alternifolius 
gracilis 

  

All 3 individuals survived 
and remained healthy-
looking through the 
winter, grew taller and 
produced many new 
shoots. May have 
flowered (tiny brown 
flowers/seed heads) 
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Canna (Black 
Knight) !1/2 
survived 
winter; 2 
more added 
April 2013 

 

 

Both of 2 individuals 
wilted during the winter, 
but one returned in the 
spring and survived the 
summer. Of the two 
added in April, one (in 
the cell closest to the 
inlet) dried up and the 
other survived. No 
flowers. Survivors grew 
very tall (>1m) by the 
end of the summer. 

Carex 
vulpinoidea 

  

2 of 3 individuals 
survived. Did not grow > 
50 cm so may be 
appropriate for small 
spaces. 

Anemone 
Canadensis 

 

Did not survive 0 of 3 individuals 
survived. New, small 
leaves returned after 
initial winter die-off, but 
dried up and did not 
return in the spring. 

Colocasia 
esculenta  

 

Did not survive Sole individual did not 
survive winter; wilted 
and did not return in the 
spring. 

Mentha 
aquatic ! 
replaced April 
2013; single 
plant divided 
into 3 

 

 

First planting- did not 
return in the spring. 
Second planting (easily 
divided) had abundant 
growth overspilling 
wetland containers. Light 
purple flowers. Only 
plant to visibly wilt 
during wetland draining 
(~ 48h drained) but 
returned to health when 
filled. 
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Caltha 
palustris 

 

Did not survive New, small leaves grew 
during the winter; turned 
black and did not return 
in the spring. 

Hierochole 
odorata 

  

Green and attractive 
during the winter; 2 of 3 
individuals (all but the 
cell closest to the inlet) 
survived the summer. 
Grew long, not tall. 

Sagittaria 
latifolia 

  

Grew very tall; leaves 
would yellow and die but 
were quickly replaced. 
Easy to propagate. Did 
not flower during the first 
year. 

Juncus effusus 
‘spiralis’  

  

Coils slowly died (turned 
brown) over the winter, 
but stayed green on the 
whole. Small brown 
flowers/ seed heads) 

Juncus effusus Added April 2013 No photo Both individuals survived 
the summer, did not grow 
as tall as other species 
(e.g. Sagittaria). Not 
visually striking on its 
own  
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Y))'034@%SH%&'1,%)*<;'3-*'%+03%401,*-('0,+,4<0%3',+4/1%

S"$%Q+,'*%h-+/4,5%&'1,40A%

Analysis Method/Equipment Holding 
time 

Preservative QA/QC Comments 

5-day 
Biological 
Oxygen 
Demand 
(BOD5) 

Standard Methods 
5210 B 

48 h 4°C Blanks, 
glucose-
glutamic 
acid checks 
(not 
reported) 

ALS Waterloo 

Chemical 
Oxygen 
Demand 
(COD) 

Standard Methods 
5220 D, Hach High 
Range and Low 
Range vials 

14 days 
or < 6h 

4°C, H2SO4 
to pH<2 if 
stored 

Blank, KHP 
standard, all 
duplicates 

If no 
preservative 
used, analysis 
within 6 hours. 

Turbidity 
(field) 

Standard Methods 
2130 B, Hach 2100Q 

none none Meter 
calibrated 
against 
standards 
and checked 
periodically 

 

Total 
Suspended 
Solids 
(TSS) 

Standard Methods 
2540 D 

< 6h 4°C One 
duplicate per 
lot 

 

Total 
Solids (TS) 

Standard Methods 
2540 B 

< 6h 4°C One 
duplicate per 
lot 

 

E.coli EPA Method 1603 
(membrane filtration 
onto modified mTEC 
media) 

24 h 4°C (sodium 
thiosulfate to 
dechlorinate) 

Blank, 
duplicates 
performed 
periodically 

Fecal coliforms 
using m-FC had 
too many 
background 
organisms to 
obtain valid 
counts. 

Sulfides Standard Methods 
4500 S2D 
(Methylene Blue 
Method) 

14 
days* 

4°C, zinc 
acetate and 
NaOH to 
pH>10 

None 
reported 

Performed by 
ALS Waterloo. 
Sample bottle 
filled entirely, 
no head space. 

Sulfate EPA 300.0 (Ion 
chromatography) 

28 days 4°C None 
reported 

Performed by 
ALS Waterloo. 
Autooxidation 
of sulfides may 
still occur at 
low temps. 

* usually within 7 days.  SM allows 14 day storage of liquid samples with preservative, but ALS 
Waterloo recommends 7 day holding time only, which was exceeded for 4 samples. 
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S"!%_*<(43'%T<0%I'/';,4?'%R/';,*<3'%S+/4=*+,4<0%S-*?'1%

 
Analyses were performed on two consecutive days. One calibration curve was prepared 
at the beginning of each analysis session. 
 
S+/4=*+,4<0%S-*?'%YH%K'=%!!B%!H:P%.2% S+/4=*+,4<0%S-*?'%_H%K'=%!#B%!H:$%.2%

S<0;"%C2%_*JF% (`% \WCS<0;F% I/<)'%%
C(`]3';+3'F%

S<0;"%C2%_*JF% (`% \WCS<0;"F% I/<)'%%
C(`]3';+3'F%

$"MMRJM:% %"ECD$ !%%C&%"H$ $ $"MMRJM:% %"#CG$ !%%C&%"H$ $
$"MMRJM7% EGC"$ !HC"%#'$ !&GC"$ $"MMRJM7% EECG$ !HC"%#'$ !&D$
$"MMRJM#% %"$ !ECH#FG$ !&EC"$ $"MMRJM#% GC%$ !ECH#FG$ !&GCF$
$"MMRJM!% !DGCG$ !DCE#&"$ !E#CG$ $"MMRJM!% !DHCH$ !DCE#&"$ !&G$

M"$% !%#DCD$ !"C'#"E$ !&&CE$ M"$% !%#&CF$ !"C'#"E$ !&&CG$
! With one exception, slopes were in the accepted range of -54 to -60 mV/decade. 
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&#$
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%&#$

!%D$ !%"$ !%#$ !G$ !E$ !D$ !"$ #$
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%

\W%C_*<(43'%S<0;'0,*+^<0B%(</]\F%

_*<(43'%TIR%S+/4=*+^<0%S-*?'%K'=%!!B%!M$#%

1$`$!"DCFD"P$!$%E"CGH$
Wa$`$#CHHHG'$
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!%##$
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&#$

%##$

%&#$
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_*<(43'%TIR%S+/4=*+^<0%S-*?'%K'=%!#B%!M$#%
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S"#%T01,*-('0,+,4<0%8',+4/1%

 
Parameter Instrument Resolution Accuracy (specified) 
Outflow UMS KIPP100 Tipping 

Counter , HOBO 
Pendant Event Data 
Logger 

100 mL ±1% (100 mL) at 1 L/h 

Temperature 
(wetland) 

DaqPRO logger, 
Oakton extra-long 
stainless steel probe, 
grounded, type J 

0.1°C ± 4.4°C or ±0.4% of 
reading above 0°C 
(Max. error limit spec 
for probes with metal 
sheath, straight cable, 
and connector; 
connector removed) 

Temperature 
(air #1) 

DaqPRO logger, 
Oakton PTFE-insulated 
probe with PTFE-
coated tip, ungrounded, 
type J 

0.1°C ± 1.1°C or ±0.4% of 
reading above 0°C 
(spec for thermocouple 
wire only, no 
connector) 

Temperature 
(air #2 and 3) 

HOBO Pendant Event 
Data Logger 

0.14°C at 25°C ±0.53°C from 0 to 50 
°C 

Bromide Thermo Scientific 
Bromide Solid State 
Half-Cell ISE 
(9435SC), reference 
electrode (900200), 
Orion ISE meter  

0.1 mV Reproducibility ±2% 

Turbidity Hach 2100Q 0.01 NTU – 1 
NTU depending 
on range  

± 2% of reading for 0-
1000 NTU 

DO Hach HQ30d, LDO ± 0.07 mg/L, ± 
0.1% saturation 
(below 10 mg/L) 

Below 1 mg/L, ± 0.1; 
above 1 mg/L, ± 0.2 
mg/L 

ORP Hach HQ30d, MTC101 0.1 mV None specified 
(temperature accuracy 
±0.3°C) 

pH Hach HQ30d, pHC101 0.01 None specified 
(temperature accuracy 
±0.3°C) 

 
 
 %
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Y))'034@%8H%I,+,41,4;+/%+0+/51'1%

8"$%I,+,41,4;+/%+0+/51'1%G<*%S9+),'*%#%

&J,'1,1%

The Excel function T.TEST (two-tailed, heteroscedastic/unequal variance) was used to 
compare means of effluent water quality parameters for the planted and unplanted 
wetlands.  The paired test was not used because hydraulic loading rates were not equal 
between wetlands from week to week; the homoscedastic (equal variance) test was not 
used because there was no theoretical reason for variances to be equal. Table D.1 shows 
that since p>0.05 for every comparison, there were no statistically significant differences 
(95% level) between the planted and unplanted effluent parameters. 
 
&+=/'%!7H%@J?+/-'1%G<*%,L<J,+4/'3%9','*<1;'3+1,4;%,J,'1,%;<()+*40A%-0)/+0,'3%,<%)/+0,'3%'GG/-'0,%

)+*+(','*1"%

 Turbidity 
(NTU) 

UVT 
(%T at 
254 nm) 

pH COD 
(mg/L) 

BOD 
(mg/L) 

E.coli 
(CFU/100 
mL) 

TSS 
(mg/L) 

TS 
(mg/L) 

p 0.139 0.355 0.169 0.610 0.781 0.510 0.879 0.784 
 
 

S<**'/+,4<0%+0+/5141%

Influent concentration, hydraulic loading rate, and organic loading rate were three factors 
that were hypothesized to have affected effluent BOD and COD concentrations.  
 
Hydraulic loading rate is computed as follows: 

!"#! !"! !
!!!" !

!
!! !! !!! !

!

!!!!!!
!""!!"
!  

where Qav (L/d) is the average flow rate and A (m2) is the surface area of the wetland. 
Two averaging periods were computed: a 5-day average, and an average over 1 nominal 
HRT. 
 
Organic loading rate (either BOD or COD loading rate) is computed as follows: 

!"#!!
!!!
!! ! !! !

!!!!" ! !"! !!!!"!!!!
!! !! !!!"!!!!"! !

 

where X is either BOD or COD, and CX, in is the concentration of BOD or COD in the 
influent grab sample. Again, each OLR was computed twice using the two values of Qav 
(5-day average and average over 1 nominal HRT.) 
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Spearman’s rank-order correlation is a non-parametric alternative to Pearson’s product-
moment correlation. While the Pearson correlation assumes a linear relationship between 
two variables, Spearman’s correlation only assumes that the relationship is monotonic. In 
the calculation of Spearman’s correlation coefficient, the two sets of data are ranked 
separately (for “ties”, ranks are averaged), and the differences between ranks for each 
pair of values are computed. There are two formulas depending on whether there were 
any tied ranks: 

! ! !! ! !!!
! !! ! ! ! !"!!"#$!!"#$%  

where di = difference in paired ranks and n = number of pairs 

! ! !! ! ! !!! ! !!!
!!! ! !!! !!! ! !!!!!

!!!"#$!!"#$%! 
where (x,y)i  = pair of values 
 
Spearman’s correlation coefficient was computed in SPSS for every potential 
relationship, with data from N and P separately as well as combined. 
 
&+=/'%!:H%I)'+*(+0b1%;<**'/+,4<0%;<'GG4;4'0,%G<*%'GG/-'0,%_D8%+03%SD8%?1"%40G/-'0,%;<0;'0,*+,4<0B%

953*+-/4;%/<+340A%*+,'B%+03%<*A+04;%/<+340A%*+,'"%

% _D8% SD8%

`+*4+=/'1%CG/<L%+?'*+A40A%)'*4<3F% W% .% _<,9% W% .% _<,9%
RGG/-'0,%?1"%T0G/-'0,% !#CD"H$ !#C"$ !#C%GD$ !#C%$ #C%#H$ #C#%"$

RGG/-'0,%?1"%[\E%C[E&F% #CDGE$ #CDGE$ #CDD%$ #CFD%]]$ #CE"H]$ #CE&E]]$
RGG/-'0,%?1"%[\E%C:J3F% #CE$ #CG"H]$ #CF#E]$ #CFEH]]$ #CE'E]$ #CF#']]$
RGG/-'0,%?1"%D\E%C[E&F% #C"$ #C'F%$ #CDE"$ #CF'E]]$ #CF##]$ #CEFG]]$
RGG/-'0,%?1"%D\E%C:J3F% #CD"H$ #C&D'$ #CE&F]$ #CFED]]$ #CFD&]]$ #CFD"]]$

* indicates correlation is significant at the 0.05 level. ** indicates correlation is 
significant at the 0.01 level. 
 
 %
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8"!%I,+,41,4;+/%+0+/51'1%G<*%S9+),'*%:%

8"!"$%.*<;'3-*'%

Means for various influent and effluent water quality parameters were compared using 
the One-way ANOVA and General Linear Model (Univariate) procedures in SPSS. The 
procedure was as follows: 
 

1. Determine dependent variables (water quality parameters) to compare and 
required level of significance (applying Bonferroni correction.) 

a. To compare influent water quality, COD, sulfide and DO were chosen. For 
an overall 95% confidence level, an alpha value of 0.05/3=0.017 is 
required to account for the three comparisons. 

b. To compare effluent water quality, COD, sulfides, and turbidity were 
chosen. Again, an alpha value of 0.017 was required for an overall 95% 
confidence level. 

2. Determine independent variables 
a. For influent water quality, Trial was the independent variable (each trial 

was compared to every other trial.) Trial was chosen instead of Condition 
(Aerated vs. Non-aerated) because of doubts that the AM trial was 
representative of the aerated condition. 

b. For effluent water quality, Loading rate and Condition were the two 
independent variables hypothesized to affect effluent water quality. 

3. State null hypothesis. 
4. Use Levene’s Test of Equality of Error Variances to test the assumption of 

ANOVA that error variance is equal across groups. 
a. If p < 0.05, reject null hypothesis that error variance is equal. 
b. If p > 0.05, accept null hypothesis that error variance is equal 

5. If there is more than one independent variable, run the General Linear Model 
(Univariate) procedure for each dependent variable. 

a. If a significant interaction (p<.017) exists between the independent 
variables, the significance of the main effects are interpreted with caution. 
The file is then split and one-way ANOVA analyses (see 6) are run for 
each category of each independent variable (to determine the effect of the 
other independent variable within that category.) 

b. Note: there is no two-way ANOVA procedure included in SPSS (or 
generally accepted) that can handle non-equivalence of variances. Thus, 
where Levene’s test detects unequal variances, the file is split and one-
way analyses are run as described in a). 

6. For single independent variables, run the One-way ANOVA procedure. 
a. If error variances are equal, report results from regular ANOVA. If effect 

is significant, with more than two categories of independent variable, 
perform Tukey’s post-hoc test to determine which categories are 
significantly different from each other. 

b. If error variances are unequal, perform Welch’s robust ANOVA test. If 
effect is significant, with more than two categories of independent 
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variable, perform Games-Howell post-hoc test (robust to unequal 
variances.) 

8"!"!%R@+()/'1H%RGG/-'0,%SD8%

BC7DC)+%EF.GEH%IJ7)291A%*)=:%)12%37129=971K%

 
H0: Effluent COD is independent of loading rate and condition: 

- %H = %M = %L  
- %N = %A = %F (* note: loss of orthoganality means this will likely be rejected 

regardless of effect) 
- no interactions between loading rate and condition 

 
Levene’s Test of Equality of Error Variances (H0: error variance is equal across groups) 
F df1 df2 Sig. 
2.329 6 18 .077 
! Hypothesis not rejected, can use ANOVA 
 

ANOVA Table 
Source SS df MS F Sig 
Corrected Model 8074.760 6 1345.793 29.760 .000 
Intercept 29070.397 1 29070.397 642.834 .000 
Condition 3648.790 2 1824.395 40.343 .000 
Loading Rate 1335.392 2 667.696 14.765 .000 
Condition * 
Loading Rate 

2813.437 2 1406.719 31.107 .000 

Error 814.000 18 45.222   
Total 46641.250 25    
Corrected Total 8888.760 24    
 
!Conclusion: Reject null hypothesis; there is a significant interaction between condition 
and loading rate. 
 
!Main effects: Loading rate and Condition likely both have significant effects on 
effluent COD; however, the effect of loading rate likely varies based on condition, and 
vice versa. 
  

.1:DC)+%EF.GE%I5??:6=%7?%J7)291A%L)=:%?7*%671<=)1=%37129=971K%

 
Example: Normal Operation 
 
H0: At normal operating condition, effluent COD is independent of loading rate 

- %NH = %NM = %NL  
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Levene’s test 
F df1 df2 Sig. 
2.927 2 10 .100 
! Reject H0 for COD, can use ANOVA. 
 

ANOVA Table 
 Sum of 

Squares 
df Mean 

Square 
F Sig. 

Effluent COD 
(mg/L) 

Between 
Groups 

4793.808 2 2396.904 69.275 .000 

Within 
Groups 

346.000 10 34.600   

Total 5139.808 12    

! p<0.017, H0 rejected.  Significant differences in Effluent COD between trials. 
 

Tukey HSD (Effluent COD) 
Loading Category i Loading 

category j 
Mean Difference (i-

j) 
Std. Error Sig. 

Low Medium 23.50 4.1593 .001 
Low High -20.8333 4.4926 .002 

Medium High -44.3333 3.7969 .000 
! for each comparison, p<0.017. Therefore, %NH > %NL > %NM 
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Influent Characteristics (One-way ANOVA): COD, Sulfides, and DO compared among 7 trials. H0: means are equal for each 
trial. 
 
Parameter Levene 

p 
ANOVA 
or Welch  

df1, 
df2 

F or 
equivalent 
statistic 

p Tukey or 
Games-
Howell 

Comparisons 
with p<0.017 

Comments 

Influent 
COD 

.533 ANOVA 6, 16 1.826 .157 n/a n/a ANOVA shows no significant differences 
between trials (p>0.017) 

Influent 
Sulfides 

.022 Welch 6, 
4.876 

25.147 .002 GH 0 Welch’s ANOVA suggests significant 
differences (p<0.017), but these are not 
detected in the post-hoc test. May be too 
few data points (n=2 for one trial) 

Influent DO .000 Welch 6, 
5.026 

8.156 .018 GH 0 Welch’s ANOVA suggests marginally 
significant differences (although p>0.017); 
but these are not detected in the post-hoc 
test. May be too few data points (n=2 for 
one trial) 

 
Effluent Characteristics (Two-way ANOVA): COD, sulfides, and turbidity 
 
Parameter Levene 

p 
Source df1, 

df2 
F  p Conclusions and comments 

COD .077 Condition 2, 18 40.343 .000 Significant interaction; main effects likely significant. 
Loading rate 2, 18 14.765 .000 
Condition * 
Loading rate 

2, 18 31.107 .000 

Sulfide .048 Condition 2,14 37.496 .000 ANOVA was run because Levene’s test was “just significant” (should be 
interpreted with caution.) Significant interaction, main effects likely 
significant. 

Loading rate 2,14 40.672 .000 
Condition * 2,14 39.840 .000 
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Loading rate 
Turbidity .000 n/a n/a n/a n/a Heterogeneity of variances makes ANOVA invalid. 
 
 
Effluent Characteristics (Effect of Condition, One-way ANOVA): COD, sulfides and turbidity 
 
Loading 
rate 
(constant) 

Parameter Levene 
p 

ANOVA 
or Welch  

df1, 
df2 

F or 
equivalent 
statistic 

p Tukey or 
Games-
Howell 

Comparisons 
with p<0.017 

Conclusions and comments 

High COD .418 ANOVA 2, 10 36.577 .000 Tukey Normal>Aerated 
Influent, 
Normal>Fill and 
Drain 

At a high loading rate (5 cm/d), 
effluent COD, sulfide and 
turbidity were lower for fill and 
drain and aerated influent 
conditions than normal 
condition (no difference 
between fill and drain and 
aerated influent) 

Sulfide .189 ANOVA 2, 7 33.692 .000 Tukey Normal>Aerated 
Influent,  
Normal> Fill and 
Drain 

Turbidity .094 ANOVA 2, 8 104.244 .000 Tukey Normal>Aerated 
Influent,  
Normal> Fill and 
Drain 

Medium COD .045 Welch 1, 
2.169 

3.765 .182 n/a n/a At a medium loading rate, there 
were no significant differences 
in effluent COD, sulfides or 
turbidity between the normal 
and aerated influent conditions. 

Sulfide .351 ANOVA 1, 4 1.092 .355 n/a n/a 
Turbidity .068 ANOVA 1, 4 1.158 .343 n/a n/a 

Low COD .609 ANOVA 1, 4 445.210 .000 n/a n/a At a low loading rate, effluent 
COD was significantly lower 
under aerated influent condition 
than under normal condition. 

Sulfide .204 ANOVA 1, 3 16.582 .027 n/a n/a At a low loading rate, neither 
effluent sulfide nor turbidity 
were significantly different 

Turbidity .131 ANOVA 1, 4 .002 .969 n/a n/a 
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between aerated influent and 
normal conditions. 

 
 
Effluent Characteristics (Effect of Loading Rate, One-way ANOVA): COD, sulfides and turbidity. Note: AM data points were 
added to NM trial for this analysis. 
 
Condition 
(constant) 

Parameter Levene 
p 

ANOVA 
or Welch  

df1, 
df2 

F or 
equiv. 
statistic 

p Tukey or 
Games-
Howell 

Comparisons 
with p<0.017 

Comments 

Normal 
operation 

COD .100 ANOVA 2, 10 69.275 .000 Tukey Low>Med 
Low<High 
Med<High 
 

At normal operating condition, 
loading rate significantly affected 
effluent COD such that Medium < 
Low < High  

Sulfide .000 Welch 2, 
2.224 

162.157 .004 GH Low>Med 
(for High>Low 
p=.049, for 
High>Med 
p=.048) 

At normal operating condition, 
loading rate significantly affected 
effluent sulfide concentrations 
such that Medium < Low. Not 
enough data points at High 
loading rate (n=2) to detect 
significant difference despite 
large difference in means and 
ranges. 

Turbidity .029 Welch 2, 
3.814 

56.072 .001 GH High>Med, 
High>Low 

At normal operating condition, 
loading rate significantly affected 
effluent turbidity such that High > 
Med = Low. 

Aerated 
influent 

COD .230 ANOVA 1,4 2.929 .162 n/a n/a With aerated influent, there are no 
significant differences in effluent 
COD, sulfide or turbidity between 
High and Low loading rates. 

Sulfide .081 ANOVA 1,4 .706 .448 n/a n/a 
Turbidity .907 ANOVA 1,3 2.917 .186 n/a n/a 
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To determine the elemental composition of the turbidity-causing particles, the material 
retained on a 0.45 um membrane filter was analyzed using energy-dispersive X-ray 
spectroscopy (EDX, Quartz Imaging Xone) on three occasions. Pieces of air-dried filters 
were inserted into a field emission scanning electron microscope (SEM, Hitachi S-4500) 
and excited with a 15 kV electron beam, and the X-ray detector measured the energies of 
emitted X-rays. For each run, X-rays at each energy level were counted until the highest 
peak had about 1200 counts. The Quartz Xone software identified likely peaks as 
elements with corresponding energy levels; markers and technician experience were used 
to judge between potential overlapping peaks. The software was also capable of 
computing relative concentrations of each element using several algorithms. However, 
the results are only semi-quantitative and are highly dependent on the algorithm selected 
and the user’s decision to include or exclude various “marginal” peaks; for this 
preliminary screening, the numerical results of this feature were not reported (although 
the relative concentrations are shown in Figures E.2 and E.3, and estimated in E.4.)  
 
An important point to note, however, is that the relative peak heights or areas for 
different elements do not correlate to their relative concentrations, as some elements give 
much higher counts than others for the same concentration (e.g. due to X-ray absorption 
or fluorescence.) For example, putative nitrogen peaks were not clearly distinguishable 
from noise (peak <<100 counts, compared to highest peak of 1200 counts), but when 
included in the quantification algorithm, nitrogen often was reported to comprise >10% 
by weight (see Figure 47 below.) 
 

 
7&81.#(9:*()+,(01.;#(6$%(5#<&=>16$4&464&;#(6$6?@5&5(
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Because chemical fixation and/or coating would change the elemental composition of the 
samples, they were allowed to air-dry unfixed and were inserted into the SEM uncoated. 
Therefore, many structures were likely destroyed during drying (see images in Appendix 
F), and no clear images could be viewed due to surface charging of the non-conductive 
sample. For this reason, it was impossible to “zoom in” on an individual particle and 
determine its composition. Instead, a relatively low magnification (2000x) was used, and 
the elemental composition of the entire field was determined; multiple locations on each 
sample filter were captured. Thus, the elemental signature could include the filter itself, 
as well as other structures retained on the filter that did not contribute to the turbidity 
increase.  
 
7&81.#(9A*()+,(01.;#5(B./<(C6@(DE2(FGDHI(J6<"?#5*(3(KFF9(3LMN2(-(KFGE(3LMN2(6$%(0O?/.&$64#%(-(KFHIP(
3LMN2(QFR(<S(/B(#60O(56<"?#I()?#<#$45(6.#(&$(%#50#$%&$8(/.%#.(/B(0/$0#$4.64&/$(KTU4N(V65#%(/$(5#<&=
>16$4&464&;#(6$6?@5&5W(#?#<#$45(/145&%#(/B(V.60X#45(YDT(

 

 

 

 
 

Clean Filter 
 

O, C, N (Al marginal) 
 

No Plants - 1 
 

O, C, N, S  

(Na, Al <.01%) 
 

No Plants - 2 
 

O, C, N, S  

(Na <.01%) 
 

Plants - 1 
 

O, C, N, S  
 

Plants - 2 
 

O, C, N, S 

(Na <.01%) 

  

Plants - 3 
 

O, C, N, S  

(Ca, Cl, P <0.5%) 

(Na, Mg, Al <.01%) 

Chlorinated Plants - 1 
 

O, C, N, S, Cu, Cl  

(Ca, Na <0.5%) 
 

Chlorinated Plants - 2 

Zoomed in on object 
 

C, O, Cl, Na, S, P, Ca  

(Mg <0.01%) 
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56<"?#I()?#<#$45(6.#(?&54#%(&$(%#50#$%&$8(/.%#.(/B(0/$0#$4.64&/$(KTU4N(V65#%(/$(5#<&=>16$4&464&;#(
6$6?@5&52(#?#<#$45(/145&%#(/B(V.60X#45(YDTU4(

 

 

 
 
 (

No Plants - 1 
 

C, O, S, N  

(Ti <0.5%) 

(Si, Al <0.01%) 

No Plants - 2 
 

C, O, N, S  

(Ca, P <0.5%) 
 

No Plants - 3 
 

O, C, S, N  
 

Plants - 1 
 

C, O, S, N  

(Al <0.5%) 
 

Plants - 2 
 

C, O, N, S  

(Na, P, Si <0.5%) 

Plants - 3 
 

C, O, N, S  

(Al, Na, Ca <0.5%) 
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7&81.#(RG*()+,(01.;#5(B./<(!18154(D92(FGDH(K!$6?@5&5(Z04/V#.(DD2(FGDHIN(J6<"?#*(-?6$45(/$?@2(41.V&%&4@([(
PF(3LM2(AG(<S(B&?4#.#%I(J#<&=>16$4&464&;#(6$6?@5&5($/4("#.B/.<#%W(.#?#;6$0#(/B("#6X5(KYDT(V@(U#&8O4N(
\1%8#%(V65#%(/$(".#;&/15(.#51?45I(

  
 

Clean Filter 

 
C, O, N  

(Na, S marginal) 

Plants - 1 

 
C, O, N, S  

(Na, Mg, Al, P, Cl marginal) 

Plants - 2 

 
C, O, N, S  

(Na, Mg, Al, P marginal) 

Plants - 3 

 
C, O, N, S  

(Na, Al, P marginal) 

Plants - 4 

 
C, O, N, S  

(Na, Mg, P, Cl marginal) 

Plants - 5 

 
C, O, N, S  

(Na, Mg, Al, P, Cl marginal) 

Plants - 6 

 
C, O, N, S  

(Na, Al, Si, P marginal) 

Plants - 7 

 
C, O, N, S  

(Na, P, Cl marginal) 
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(
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7&81.#(7IRH*(L)C(J#55&/$(F(]/$4&$1#%I((

 

Note that one grid section had objects that appeared fuzzy; another had objects 
surrounded by fractal patterns. This may have been an artifact of uneven drying or some 
sort of deposition. 
 
(

(

(

(
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7&81.#(7IR9*(J)C(&<68#5(B./<(!18154(D92(FGDHI((DIR=O(54/.#%2(PF(3LM(56<"?#I(AG(<S(B&?4#.#%2(B&'#%(K6=8N2(
AG(<S(B&?4#.#%2(1$B&'#%(6$%(6&.(%.&#%(KO=\N2(RG(<S(B&?4#.#%2(B&'#%(KXN(

 

 

   

a b c 

d e f 

g h i 

k j 
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During the study period, red films were observed to spontaneously develop in conditions 
where greywater under anoxic conditions was exposed to light (e.g. white vinyl 
connections between wetland cells and clear tubing  connecting greywater storage 
barrels) and on some occasions where no light penetration was likely (bottom of plastic 
barrels.) Although the various films were only linked by colour, their apparent ubiquity 
and spontaneous development were interesting. Approximately 25 g of film from tubing 
connecting greywater storage barrels (not directly attached to the wetlands) was 
harvested into a sterile tube and culture isolates were extracted by Laboratory Services, 
University of Guelph. Speciation of isolates from red films was performed using 16S/18S 
rRNA. 
 
Nine bacterial, three mold and two yeast isolates were extracted and passed on for 
identification.  Results are shown in the table below. Of the bacteria, Pseudomonas sp. 
were identified as potentially associated with sulfur oxidation, while C. efficiens may be 
associated with fermentation. Some of the species are considered to be opportunistic 
pathogens: A. veronii, A. baumannii, and P. aeruginosa. 
Isolate 
# 

Best similar species Similarity 
(%) 

Sequence 
length (bp) 

Alternate species 
(Similarity %) 

1 Pseudomonas 
aeruginosa 

100% >1300  

6 Pseudomonas sp. 99.9% >1300 Pseudomonas 
sagittaria (98.2%) 

7 Aeromonas veronii 100% >1300 Aeromonas sobra and 
Aeromonas 
hydrophila (100%) 

8 Vogesella perlucida 100% >1300  
9 Azospirillum zeae 99.9% >1200  
10 Corynebacterium 

efficiens 
99.5% >1250  

11 Exiguobacterium 
mexicanum 

100% >1300 Exiguobacterium 
aurantiacum (100%) 

12 Acinetobacter 
baumannii 

100% >1300  

13 Rubrivivax gelatinosus 99.9% >1250  
14 Mucor circinelloides 100% >650  
15 Pseudozyma sp. 98.9% >700  
16 Talaromyces helicus 98.5% >550 Talaromyces 

barcinensis (98.1%) 
17 Rhodotorula glutinis 100% >1150 Rhodotorula 

mucilaginosa (99.9%) 
18 Candida sorbophila 100% >1150  
 


