GModel
ECOENG-2675; No.of Pages11

Ecological Engineering xxx (2013) XXX-XXX

journal homepage: www.elsevier.com/locate/ecoleng

Contents lists available at ScienceDirect

Ecological Engineering

Escherichia coli removal and internal dynamics in subsurface flow
ecotechnologies: Effects of design and plants

Tom Headley®*, Jaime Nivala?, Kinfe Kassa?, Linda Olsson®, Scott Wallace ¢, Hans Brix",
Manfred van Afferden?, Roland Miiller?
2 Helmholtz Center for Environmental Research (UFZ), Environmental and Biotechnology Center (UBZ), PermoserstrafSe 15, 04318 Leipzig, Germany

b Department of Bioscience, Plant Biology, Aarhus University, Ole Worms Allé 1, Building 1135, 8000 AarhusC, Denmark
¢ Naturally Wallace Consulting LLC, PO Box 2236, 109 E. Myrtle Street, Stillwater, MN 55082, USA

ARTICLE INFO

ABSTRACT

Article history:
Received 17 March 2013

Received in revised form 13 July 2013

Accepted 13 July 2013
Available online xxx

Keywords:

Aeration

ANCOVA

Constructed treatment wetland
Depth

Horizontal flow

Pathogen

Phragmites australis
Reciprocating fill and drain
Vertical flow

Subsurface flow ecotechnologies encompass a range of different designs, varying in terms of flow config-
uration, media type, energy requirements and use of wetland plants. This study compared the removal
rates and internal dynamics of Escherichia coli in a range of commonly used and emerging subsurface flow
systems designed for secondary treatment of domestic sewage. Fifteen pilot-scale units were loaded with
primary treated sewage in Langenreichenbach, Germany and monitored at the inlet, outlet and a sev-
eral internal sample points between August 2010 and December 2011. The compared systems spanned a
range of energetic intensification levels, including passive horizontal flow (HF) beds (25 cm versus 50 cm
deep), moderately-intensified unsaturated pulse-loaded (12 versus 24 times per day) vertical flow (VF)
beds (gravel versus sand media), and highly-intensified beds with aeration (HF versus VF) or reciprocat-
ing fill and drain hydraulics. Planted (Phragmites australis) and unplanted forms were compared for all
designs except for the reciprocating system (unplanted only). In general, there was no significant effect of
vegetation on E. coli removal. Despite receiving the highest loading rates (131-146 L/m? d), the aerated HF
systems and the reciprocating system achieved the highest log concentration reductions (2.8-4.01og1o)
and the lowest effluent E. coli concentrations (geometric mean less than 1 x 10* MPN/100 mL). The gravel-
based VF beds had the lowest log concentration reduction (0.8 log;o) and highest effluent concentrations
(6.4-8.9 x 10° MPN/100 mL) at a hydraulic loading rate of 96 L/m? d. The design type had an extremely
significant effect on areal mass removal rates, with the passive HF beds having the lowest removal rates
(50 cm depth significantly better than 25 cm), followed by the unsaturated VF systems (which were not
significantly different from one another), while the aerated and reciprocating systems had the highest
removal rates. Within the unsaturated VF beds, the use of sand versus gravel substrate, or hourly versus
bi-hourly loading regime in the sand-based systems, had no effect on areal load removal. The inter-
nal concentration profiles were not significantly different between the unsaturated VF designs, with the
exception of the hourly-loaded, planted bed with sand media which had a more rapid rate of concentration
reduction with depth. In the HF beds, the internal E. coli concentration reduction was significantly faster
in the aerated beds than in the non-aerated beds. Depth and plants had no significant effect on the inter-
nal concentration profiles within the non-aerated HF beds. Within the aerated systems, horizontal-flow
achieved better E. coli removal than vertical-flow. Subsurface flow ecotechnologies offer great potential
as robust and low-maintenance solutions for reducing the pathogen risk associated with domestic waste-
water. The intensified systems produced effluent potentially suitable for restricted surface irrigation, at
the cost of higher energy consumption, while the effluent from the other design types would require
subsurface irrigation or further disinfection prior to reuse.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The contamination of drinking and irrigation water with inade-
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health concern due to the potential transmission of infectious
disease via waterborne pathogenic microorganisms (Asano et al.,
2007). Many human settlements throughout the world source their
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drinking water from rivers or water bodies that receive upstream
inputs of human waste and effluents. Poorly treated wastewater
from on-site and decentralised septic tanks and small treatment
plants often infiltrates into groundwater, either intentionally or
inadvertently. In poor countries, especially in arid regions, waste-
water is commonly used as a source of irrigation water, often with
little or no prior treatment (Asano et al., 2007). In poor commu-
nities and decentralised situations, the capital cost and technical
expertise required for on-going operation and servicing typically
precludes the successful use of conventional tertiary treatment
and disinfection technologies. In 2002, 20% of the population (60
million people) in the USA lived in unsewered residences and
relied on decentralised wastewater management systems (Bisesi
and Koren, 2003), while 48% of people (2.6 billion) in develop-
ing countries worldwide lack access to improved sanitation (WHO
and UNICEF, 2010). Hence, there is a widespread need for appro-
priate technologies that can reduce pathogen risks while being
simple and affordable to build, maintain and operate. Natural sys-
tems and ecotechnologies, such as treatment wetlands, sand filters
and ponds are often hailed as being an appropriate solution for
such situations due to their robust operation and low maintenance
requirements (Ansola et al., 2003; Mara, 2003). In particular, sys-
tems that minimise the risk of human contact with the wastewater,
such as subsurface flow wetlands and sand filters, are particu-
larly suitable for decentralised applications where control of public
access can be difficult.

There is a diverse range of microorganisms that are potentially
present in untreated wastewater and which are associated with
water borne diseases, including various species of enteric bacte-
ria, protozoa, cyanobacteria, helminthes, and viruses (Asano et al.,
2007). Because of the costs and analytical difficulties associated
with identification and enumeration of these organisms in water
samples, it is common practice to test for surrogate microorgan-
isms which indicate the presence of faecal contamination. One of
the most commonly used indicator organisms is Escherichia coli,
which is a member of the faecal coliform group of bacteria. E. coli
is commonly found in the intestinal tracts of humans and other
warm-blooded animals and, although most strains are harmless, its
presence in water indicates faecal contamination (Mara, 2003). The
concentration of E. coli in untreated municipal wastewater typically
ranges from 10°-108 MPN/100mL, while the median infectious
dose (e.g., the typical dose needed to cause disease in humans) is
in the range of 106-101° (Asano et al., 2007).

There are several different types of subsurface flow ecotech-
nologies commonly used for decentralised wastewater treatment,
which vary depending on flow configuration, media character-
istics, use of plants and electricity requirements (Fonder and
Headley, 2010). Such systems are typically designed for removal
of particulates and oxygen demanding pollutants rather than for
disinfection. However, some level of incidental pathogen reduc-
tion does generally occur through the treatment process which can
influence downstream reuse options or disinfection requirements.
Historically, relatively simple and passive horizontal subsurface
flow (HF) wetlands have been most commonly used in many
parts of the world and can typically achieve 2-31log;y reduction
in pathogen indicator organisms (Davison et al., 2005; Tanner
et al., 2012). However, these systems have limited oxygen trans-
fer rates and therefore require relatively large land areas (Nivala
et al., 2013b). While HF wetlands have traditionally been built
with wetted depths around 50cm, there is some evidence that
restricting the depth to the upper 25cm of the bed (where the
majority of plant roots occur) can enhance aerobic processes
(Garcia et al., 2004; Headley et al., 2005). However, there is lit-
tle information available about the effect of depth on pathogen
removal.

Intermittently pulse-loaded vertical flow (VF) wetlands and
sand filters have higher oxygen transfer rates and tend to be more
compact than HF wetlands, but they have more specific media
requirements and often require energy for pumping the influent.
The conventional design for VF systems requires the use of well-
graded washed sand with specific particle size characteristics for
the main filter media (see for example Brix and Arias, 2005). Expe-
rience has shown that if the sand is too fine, not uniform enough
or poorly washed, long-term operational problems such as clog-
ging often emerge. In many parts of the world it is difficult or
prohibitively expensive to obtain sand media of suitable quality,
motivating practitioners to use fine gravel, which is less likely to
clog. However, Tanner et al. (2012) reported a substantially poorer
E. coli removal performance in VF wetlands with a fine gravel sub-
strate compared to coarse sand (1.9 versus 3.2log;o reduction).
A confounding factor when examining the E. coli removal perfor-
mance of vertical flow systems is the wide range of loading regimes
used in practice, with the daily hydraulic load being divided up into
anything from 4 doses/d (six hourly) (Tietz et al., 2007), 24 doses/d
(hourly) (Tanner et al., 2012), to 32 doses/d (every 45 min) (Torrens
etal., 2009). There is some suggestion in the literature that dividing
the daily hydraulic load into more frequent, smaller pulses should
achieve better treatment performance compared to less frequent,
larger pulses (Crites and Tchobanoglous, 1998). However, it is dif-
ficult to draw conclusions regarding the effect of loading regime on
E. coli removal.

In an attempt to further reduce the land area requirement
of ecotechnology systems, a new generation of intensified wet-
land technologies has emerged, such as aerated and reciprocating
systems, which utilise higher energy inputs to optimise oxygen
transfer (Kadlec and Wallace, 2009). Limited information on the
pathogen removal performance of these emerging technologies has
been published to date.

The environmental conditions and treatment processes that
exist within these different ecotechnologies are quite varied and
are likely to result in different rates of pathogen inactivation. The
processes by which E. coli and pathogens can be removed in sub-
surface flow wetlands include filtration through the substrate and
attached biofilms, sedimentation, aggregation, oxidation, expo-
sure to biocides, antibiosis, predation, attack by lytic bacteria and
viruses, natural die-off and competition for limiting nutrients or
trace elements (Decamp and Warren, 1998; Gersberg et al., 1989;
Green et al,, 1997). Vacca et al. (2005) compared the enteric bac-
terial communities within the media of vertical and horizontal
flow systems with sand or expanded clay substrates receiving the
same influent and observed differences in the community struc-
ture depending on media type, flow direction and the proximity
to plant roots. There have been a number of studies that have
reported on the removal of pathogens or indicator organisms in one
or two of these technologies individually. For example, Decamp and
Warren (2000) reported a 2-3 logyo reduction in E. coli concentra-
tions in pilot-scale horizontal subsurface flow wetlands. Ausland
et al. (2002) reported faecal coliform removal rates of 2.9-6.3 logyg
for pulse-loaded vertical flow filters treating septic tank effluent,
depending on loading rate and media type. Tietz et al. (2007)
observed a 3.51ogyo reduction in E. coli concentration in wastewa-
ter after passage through pilot-scale vertical flow wetlands with
a sand substrate. Baeder-Bederski et al. (2005) reported an E. coli
reduction of 5log;o from municipal sewage with a combination
of horizontal subsurface flow followed by vertical flow wetlands.
However, there is a need for an improved understanding of the
relative efficacy of subsurface flow ecotechnologies in removing
or inactivating pathogens in wastewater (Werker et al., 2002).
Until the recent establishment of an ecotechnology research facil-
ity by the Helmholtz Environmental Research Centre in Germany
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to compare a range of systems designed for secondary treatment
of domestic wastewater (Nivala et al., 2013a), there have been no
studies enabling direct comparison of E. coli attenuation efficien-
cies of the various subsurface flow designs under the same climatic
and wastewater conditions. Furthermore, there is currently very
limited published information about the efficiency of intensified
systems at removing pathogen indicator organisms.

A commonly debated topic amongst ecotechnologists is the role
and necessity of plants in these systems. Plants offer numerous
potential advantages in constructed wetland systems, such as pas-
sive oxygen transfer to the substrate, uptake of elements, release
of root exudates and provision of diverse complex substrates for
attached growth microorganisms (Brix, 1997). However, much of
the scientific attention to date has focused on the role of wetland
plants in removal of organic matter and nutrients from waste-
water, with limited published evidence about the importance of
vegetation for pathogen removal, especially spanning the range
of subsurface flow systems currently in use. Decamp and Warren
(2000) reported slightly higher E. coli removal rates in planted
HF wetlands compared to unplanted beds, although no statistics
were conducted to show if the observed differences were signif-
icant. Tanner et al. (1994) reported little difference in removal of
faecal coliforms between planted and unplanted horizontal subsur-
face flow systems treating high strength dairy farm wastewaters.
Gagnon et al. (2007) showed that higher microbial density and
activity occurred in the presence of plants in microcosms studies,
but they were not specifically looking at pathogens or indica-
tor organisms. Tietz et al. (2007) found no significant difference
in E. coli removal between planted and unplanted vertical flow
wetlands, although their investigations were conducted on indoor
systems where plant growth was likely limited, as indicated by
relatively low stem densities when compared to wetland plants
growing under outdoor conditions. Under field conditions, Torrens
et al. (2009) observed no significant difference in pathogen indi-
cator removal between planted and unplanted vertical flow sand
filters which were loaded at relatively high rates with waste sta-
bilisation pond effluent. Kadlec and Wallace (2009) reviewed a
large amount of published data for faecal coliform removal in side-
by-side planted and unplanted HF and VF systems and concluded
that there is often an improvement with the presence of plants,
although this was not a universal trend. Thus, there is a need for
more conclusive investigations into the effect of wetland plants on
the removal of E. coli from domestic sewage in the various subsur-
face flow designs under side-by-side field conditions.

With the above points in mind, it was the main aim of this
study to compare E. coli removal in a range of commonly used sub-
surface flow ecotechnologies designed for secondary treatment of
primary-settled domestic sewage under the same climatic condi-
tions. Within this aim, several specific objectives were investigated,
which were:

e to investigate the internal dynamics of waterborne E. coli within
various types of subsurface flow ecotechnology systems,

¢ to determine if the presence of Phragmites australis plants have
an effect on E. coli dynamics and removal in the various design
types compared,

e to determine if there is a difference in the E. coli removal rates in
25 cm and 50 cm deep horizontal flow systems,

¢ to determine if there is a difference in E. coli removal rates in ver-
tical flow systems with coarse sand versus fine gravel substrate,

e to examine the effect of hourly versus bi-hourly loading regime
on E. coli removal in vertical flow ecotechnologies with a sand
substrate, and

¢ to determine if flow direction (vertical versus horizontal) has an
effect on E. coli removal in aerated subsurface flow systems.

2. Materials and methods
2.1. Location and study description

The research was carried out at the Langenreichenbach Ecotech-
nology Research Facility located near Leipzig in the state of Saxony,
Germany (51.5°N, 12.9°E) from August 2010 to December 2011.
The location is characterised by a temperate continental climate.
The site consists of 15 pilot scale subsurface flow ecotechnologies,
representing eight different designs and operational variants (col-
lectively termed system types), including planted (P. australis) and
unplanted versions of seven of these system types (Table 1). The
system types included horizontal flow beds with 25 cm and 50 cm
wetted depth, unsaturated vertical flow systems with fine gravel
or coarse sand media operated with different loading regimes, aer-
ated beds with vertical or horizontal flow and a reciprocating fill
and drain system. It is important to note that the systems were
not specifically designed or operated for the purpose of pathogen
removal, but rather for removal of particulates, organic matter and,
in some cases, nitrogen. Raw sewage from an adjacent wastewa-
ter treatment plant received primary treatment in a sedimentation
tank from where it was pumped to the individual treatment units
using a programmable control system. A full description of the
study site and the technical details of the individual treatment units
are presented in Nivala et al. (2013a).

2.2. Water sampling and E. coli analysis

Each week, a representative influent sample was collected by
sampling the water as it was being pumped from the primary sed-
imentation tank into one of the treatment units. Due to the vast
number of sampling points at the site, a cyclical sampling regime
was implemented. The effluent from each bed was generally sam-
pled at least every two to three weeks during the period from
August 2010 until the end of December 2011. Internal samples
at different fractional distances from inlet to outlet were also col-
lected from each of the horizontal and vertical flow systems on a
two to three weekly basis. There were no internal sampling points
for the reciprocating beds. For the horizontal flow systems, the
internal samples were collected from sampling ports located at
mid-depth at distances of 12.5%, 25%, 50% and 75% along the flow
path from inlet to outlet. For the unsaturated vertical flow beds,
interception pan lysimeters installed at depths of 10 cm, 20 cm and
40 cm from the filter media surface enabled water samples to be
collected from the various depths by intercepting the water as
it percolated downwards through the filter media. In the aerated
vertical flow beds, internal sample ports were located at the mid-
points of the upper, middle and lower thirds of the depth profile. For
further details about the design and internal sampling equipment
for each system, refer to Nivala et al. (2013a).

All samples were collected in sterilised glass bottles and trans-
ported in an ice box to the laboratory for analysis within four
hours of collection. Water samples were analysed for E. coli in
the Environmental and Biotechnology laboratory at the Helmholtz
Environmental Research Centre in Leipzig, Germany using the
Colilert-18 Quanti-Tray™ method (IDEXX, USA) according to the
manufacturer’s instructions. This is a semi-automatic, enzyme-
based method based on the most probable number (MPN)
technique. Following appropriate dilution, the multi-trays were
incubated for 18 h at 36°C and the number of fluorescing wells
counted under a UV light (366 nm). The MPN/100 mL was then
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Table 1
Details of the 15 subsurface flow ecotechnology system types compared.

System type Flow configuration® Wetted media depth (m) Saturation status Main media type Loading Surface area
abbreviation? interval (h) (m?)
Horizontal flow

H25, H25p HF 0.25 Saturated 8-16 mm gravel 0.5 5.64
H50, H50p HF 0.50 Saturated 8-16 mm gravel 0.5 5.64
Vertical flow

VS1, VSip VF 0.85 Unsaturated 0-3 mm sand 1.0 6.20
VS2,VS2p VF 0.85 Unsaturated 0-3 mm sand 2.0 6.20
VG, VGp VF 0.85 Unsaturated 4-8 mm gravel 1.0 6.20
Intensified

VA, VAp VF + Aeration 0.85 Saturated 8-16 mm gravel 1.0 6.20
HA, HAp HF + Aeration 1.00 Saturated 8-16 mm gravel 0.5 5.64
R Reciprocating 0.85 Alternating 8-16 mm gravel 1.0 13.2

a Systems planted with Phragmites australis are denoted with p in the system abbreviation.

b HF = horizontal flow; VF = vertical flow.

determined from a manufacturer-supplied table defining the cor-
relation between the number of fluorescing wells and the MPN of
E. coli in the sample.

For each sample point, the geometric mean of the different sam-
ple dates was calculated. Where appropriate, the geometric means
were logyg transformed for ease of interpretation. Evapotranspi-
ration in the planted beds generally caused a higher rate of water
loss compared to the unplanted beds. Such variations in evapora-
tive water loss between the systems would potentially confound
comparisons of E. coli concentration removal rates. Thus, the E. coli
areal load removal rate was calculated for each bed using Eq. (1):

(Qici - roo)
A
x10,000 (1)

E.coli areal load removal rate (MPN/m? d)=

where Q; is the inflow rate (m3/d), Q, is the outflow rate (m3/d),
C; and C, are the E. coli concentrations in the influent and effluent
respectively (MPN/100 mL) and A is the area of the bed (m?2).

At the time of sampling, a separate sample was collected and the
water temperature measured immediately using a thermometer.
Rainfall and air temperature data for the site were collected using
an automatic weather station.

2.3. Statistical analyses

In order to examine the effect of system type
(design/operational variant) and plant presence on the logig
E. coli Areal Load Removal rates over the study period, a linear
mixed model (LMM) with repeated measures approach was used.
SPSS® Statistics version 20 (IBM Corporation, NY, USA) was used
for these LMM analyses. A LMM was used because it can better
handle missing data than analysis of variance (ANOVA), allows
for more flexible correlation structures and enables the effect of
random covariates such as temperature, influent concentration,
system age or date to be included. Furthermore, our data is
comprised of repeated observations on the same subjects (beds)
over time, which cannot be considered as independent repli-
cates, therefore violating one of the fundamental assumptions of
traditional ANOVA. In comparison, the LMM can accommodate
correlated data. Following extensive preliminary model parameter
exploration taking a penalised likelihood approach by comparing
the Bayesian information criterion (BIC) for various model struc-
tures, an auto-regressive structure was found to best describe the
covariance of the data. System type and plant presence were fixed
effects, while sample date and mean monthly air temperature
were treated as covariates in the LMM. Variance parameters in the
LMM were estimated using the restricted maximum likelihood
approach in order to identify significant differences (p=0.05)

between the fixed effects (system type, plant presence, date and
system type x plant presence interaction). If significant differences
were identified, post-hoc Bonferroni comparisons of estimated
marginal means were done for the main fixed effects (system type
and plant presence) in order to identify between which treatments
the differences exist (p <0.05).

In order to determine if the rate of E. coli concentration reduction
across the internal sampling points varied between the different
beds, the analysis of covariance (ANCOVA) procedure described in
Zar (2010) was used in a similar way to that of Headley et al. (2005)
who applied it to internal data from a horizontal flow wetland. The
procedure was used to compare linear regression equations in a
two-step process. Firstly, the slopes of the regression equations
were compared to determine if they were significantly different
(p=0.05). If two or more lines had different slopes, then it was
concluded that the regression equations describing the internal
rate of concentration reduction are different. If the slopes were
found to be the same, then the elevation of the regression lines (y-
intercepts) were compared (p = 0.05) to determine if the regression
equations were the same (slopes and y-intercepts not different), or
parallel (share the same slopes, but different y-intercepts). Since
all beds in the current study received the same influent, the y-
intercepts (influent concentration) should in theory be the same for
all of the regression equations. Thus, beds with the same regression
slopes will share the same regression equation and can therefore
be assumed to have the same internal rate of E. coli concentration
reduction. The horizontal and vertical flow systems were ana-
lyzed separately. In the vertical flow beds, the internal profiles
represented the E. coli concentration at different depths from 0 cm
(influent) to 85 cm (effluent). For the horizontal flow systems, the
nominal hydraulic residence time (nHRT) at each internal sample
point was inferred using Eq. (2):

1%

nHRT = ( Q) y (2)
where V is the water volume of the bed (m?3) calculated by mul-
tiplying the wetted media volume by the media porosity, Q is the
average flow rate through the bed for the study period (m3/d) based
on the average of the mean daily inflow and the mean daily out-
flowrates, and y is the longitudinal fractional distance of the sample
point between the inlet and the outlet (dimensionless). In this way,
the horizontal-flow internal profiles represent the E. coli concen-
tration reduction over nHRT, enabling beds with different loading
rates to be compared directly. The media porosity was measured by
filling a 200 L container with dry media and measuring the volume
of water required to fill the container to the media surface.

The internal profiles generally displayed a strong exponential
decay trend. Thus, the dependent variable (E. coli concentration)
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Table 2

Mean hydraulic loading and E. coli concentration and removal rates (+one standard deviation) for the different wetland beds over the study period. Hydraulic parameters
are arithmetic means, while E. coli data are geometric means. Sample numbers (n) are shown in parentheses.

Bed Hydraulic load E. coli
HLR? (L/m? d) nHRT® (days) Influent Effluent Log1o reduction Areal load
concentration concentration (MPN/100 mL) removal rate
(MPN/100 mL) (MPN/100 mL) (MPN/m? d)
H25 18 5.2 7.4 x 108 £4.1 x 106 (42) 2.7 x 105 £2.1 x 10° (42) 1.4+0.41 1.3 x10°+7.5x 108
H25p 18 5.6 7.4 x10%+4.1 x 10° (42) 1.8 x 1054+ 1.9 x 10° (42) 1.540.41 1.3x10%+7.6 x 108
H50 36 5.2 7.4 x10% +4.1 x 10° (42) 3.7 x 10° £2.5 x 10° (42) 134037 2.5x10°+1.5 x 10°
H50p 36 5.4 7.4 x 108 £4.1 x 106 (42) 3.0 x 10° £ 1.9 x 10° (42) 1.3+0.37 2.5%x109+1.5x10°
HA 131 2.9 7.6 x 106 +£3.2 x 10° (26) 6.8 x 102 £3.3 x 103 (26) 4,0+0.65 1.0x 109+ 4.5 x 10°
HAp 131 2.9 7.6 x 10% +3.2 x 10° (26) 2.9x 103 +£7.9 x 10% (26) 33+0.72 1.0x 100445 x 10°
VA 97 na 7.7 x 106 £3.2 x 106 (27) 52 x10*+1.2 x 10° (27) 2.1+0.48 7.3x109+3.1x10°
VAp 97 na 7.6 x 106 £2.9 x 106 (25) 5.2 x 10 +£1.0 x 10° (25) 2.1+0.48 7.2x10°+£2.9x10°
VS1 95 na 7.2 x 10% +3.2 x 10° (42) 1.2 x 105+ 6.0 x 10° (42) 1.6+0.75 6.4 x10°+3.2 x10°
VS1p 95 na 7.2 x 108 +3.2 x 106 (42) 4.4 x10%+2.4 x 10° (42) 2.1+0.68 6.6x109+3.2x10°
VS2 95 na 7.2 x 108 £3.2 x 106 (42) 1.7 x 10° £ 5.8 x 10° (42) 1.5+0.60 6.4x10°+33x10°
VS2p 95 na 7.2 x10%+£3.2 x 10° (42) 1.0 x 105 £2.0 x 10° (42) 1.8+0.56 6.6 x 10°+£3.2 x 10°
VG 96 na 7.2 x 10% +3.2 x 10° (42) 6.4 x 10° +1.4 x 106 (42) 0.9+0.63 5.5 x10°+3.0 x 10°
VGp 96 na 7.2 x 108 £3.2 x 106 (42) 8.9 x 10°+£1.7 x 106 (42) 0.8+0.50 5.3 x109+2.7 x 10°
R 146 2.5 7.3 x 10% £ 4.1 x 10° (36) 9.3 x 103 +1.3 x 10° (36) 2.8+0.73 1.1x100+6.8 x 10°

na=not applicable.
2 HLR = hydraulic loading rate (based in inflow rate).

b nHRT=Nominal hydraulic residence time (based on average of inflow and outflow).

was subjected to a logqg transformation in order to generate a
straight line relationship. The data were tested to ensure that the
assumptions of linearity, normality and homogeneity of variance
were not violated. The significance (p = 0.05) of the regression equa-
tions were tested using the ANOVA procedure. Non-significant
regressions were not included in the subsequent ANCOVA. Over-
all, the VA and VAp beds were the only systems excluded from the
ANCOVA, because the assumptions of linearity and homogeneity of
variance were violated. If the ANCOVA determined that the slopes
or y-intercepts were significantly different, then the Tukey mul-
tiple comparison procedure was used to identify between which
beds the differences existed. SPSS® Statistics version 20 was used
for normality, homogeneity and ANOVA testing, while the ANCOVA
and Tukey multiple comparison testing were conducted manually
by entering the calculation procedures outlined in Zar (2010) into
an Excel® 2010 spreadsheet (Microsoft Corporation, WA, USA).

3. Results and discussion
3.1. Inlet and outlet concentrations and log;g reductions

The inlet E. coli concentrations ranged from a minimum of
2.2 x 10% to a maximum of 2.4 x 107 MPN/100 mL, with geomet-
ric mean of 7.2 x 106-7.7 x 106 MPN/100 mL depending on the bed
(Table 2). These concentrations are considered typical of primary
treated sewage or effluent from a well-functioning septic tank
(Crites and Tchobanoglous, 1998). The mean hydraulic loading
rates and hydraulic residence times for each system are also shown
in Table 2. The effluent water temperature ranged from 0.1 to
21.3°C and followed a seasonal trend.

In general, the subsurface flow ecotechnologies examined were
effective at reducing the concentration of E. coli to varying degrees,
ranging from 0.8 (VGp) to 4.0 (HA) logyo reduction. Despite having
the highest loading rates of all the systems, the aerated horizon-
tal flow beds (HA and HAp) and the reciprocating bed (R) had the
highest E. colilog concentration reduction rates, with 4.0, 3.3 and
2.8 Logs, respectively. These beds all produced effluents with geo-
metric mean concentrations below 10,000 MPN/100 mL (Table 2
and Fig. 1). There is a scarcity of published E. coli reduction data
for intensified systems. With mean E. coli concentrations below
105 MPN/100 mL, the effluents from these systems are considered

to be acceptable for restricted irrigation reuse on crops that are
not eaten raw, pending demonstration that the concentrations of
intestinal nematodes are also less than 1 egg/L (Mara, 2003). The
aerated vertical flow beds (VA and VAp) and VS1p also satisfied
this E. coli requirement, with geometric mean effluent concentra-
tions of 5.2 x 10% and 4.4 x 10* MPN/100 mL, respectively (2.11og;o
reduction). However, intestinal nematodes were not measured in
this study.

The HA bed performed the best out of all the systems, with a
geometric mean E. coli concentration of 680 MPN/100 mL which is
below the threshold value of less than 1000 MPN/100 mL that is
generally considered acceptable for unrestricted irrigation of salad
crops and uncooked vegetables (Mara, 2003). However, confirma-
tion that the concentration of intestinal nematodes was less than
1 egg/L would be required before unrestricted irrigation could be
permitted. Such high removal of E. coli is very impressive given the
high loading rate received by this intensified system and demon-
strates a clear benefit of the added energy inputs used for aeration.
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Fig. 1. Box and whisker plot of influent and effluent E. coli concentrations from each
treatment system for the study period. Lines within the boxes are the medians, dot-
ted lines are the means, boundaries of the boxes are the 25th and 75th percentiles,
error bars are the 10th and 90th percentiles, while the dots represent the 5th and
95th percentiles of the data.
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Good performance was also maintained by the HA bed through
winter, with a mean effluent concentration of 1297 MPN/100 mL
and logyg reduction of 4.2 (n=11) for sampling days when the mean
air temperature was below 5 °C (average temperature for this sub-
set of data was 2.8 °C). Even on the coldest sampling day, when the
mean air temperature was —4.3 °C (December 2010), HA produced
an effluent E. coli concentration of 6090 MPN/100 mL (2.81log1g
reduction). Maintaining effective treatment performance in cold
northern climates was one of the main drivers behind the develop-
ment of such aerated intensified designs, albeit for pollutants other
than pathogens (Wallace and Kadlec, 2005).

The sand-based vertical flow systems displayed intermedi-
ate performance, with 1.5-2.1log;o reductions and mean effluent
E. coli concentrations of approximately 10° MPN/100 mL. Torrens
et al. (2009) observed similar E. coli reduction rates of approx-
imately 1.5logyo for 65cm deep vertical flow filters, both with
and without plants. Arias et al. (2003) reported a faecal coliform
reduction of 1.7logp in a VF wetland with 0.8 m depth of filter
sand. However, these removal rates are substantially lower than
the reductions of over 2.91og;o reported by Ausland et al. (2002)
and Tietz et al. (2007) for faecal coliforms and E. coli respectively.
The gravel-based VF systems (VG, VGp) performed the worst of all
systems, achieving less than 1log;g reduction in E. coli concentra-
tions, followed by the passive horizontal flow systems (H50, H50p,
H25, H25p) which achieved 1.3-1.5log;g reductions on average.
Tanner et al. (2012) observed a similar decreased E. coli removal
efficiency in gravel compared to sand-based VF wetland pilot sys-
tems (sand 1.7 times better than gravel), although they experienced
generally higher removal rates overall. None of the unsaturated
VF systems produced an effluent that is considered suitable for
above-ground irrigation of crops and such effluent would need to be
applied sub-surface in order to minimise the risk to public health.
The performance of the horizontal flow systems is within the range
reported for faecal coliforms in Kadlec and Wallace (2009) from a
number of full-scale HF wetland studies. However, Tanner et al.
(2012) reported a higher mean E. coli reduction of 2.8 logs for a HF
wetland in New Zealand of similar scale and receiving a similar
loading rate to the current study. This may be due to the fact that
the HF wetland in New Zealand experienced higher water tempera-
tures year-round of 12-30°C, compared to 0.1-21 °Cin the present
study. Kadlec and Wallace (2009) examined several data sets and
summarised that the effect of temperature on removal of pathogen
indicator organisms is not clear.

3.2. Areal E. coli load removal rates

Differences in the logE. coli areal load removal rate (logqg
[MPN/mZ2 d]) between the various system types (varying based
on design or loading regime in the case of the VS systems) and
between planted and unplanted versions of each system type were
compared using a linear mixed model. The load removal was com-
pared because it represents the total quantity of E. coli organisms
removed, taking into account both the differences in evapotran-
spirative water loss between planted and unplanted systems, and
the fact that not all systems received the same hydraulic load. Such
hydraulic differences made it difficult to compare the relative effi-
ciency of these different systems using concentration data alone.

Differences in the logE. coli areal load removal rates between
the different system types compared were extremely significant
(p<0.0005; Table 3). Air temperature also had a significant influ-
ence on the E. coli load removal rate overall (p < 0.0005) with higher
load removals at warmer temperatures, largely due to the fact
that the influent E. coli concentration generally increased with
air temperature, leading to higher E. coli loads in summer. How-
ever, plants had no significant effect on the E. coli load removal

Table 3

Results of the linear mixed model repeated measures analysis comparing the
logE. coli areal load removal rates for the different beds. System type and plant
presence are fixed main factors, while air temperature is a covariate.

Factor dfdenominator dfnumerator p
System type 7 98 <0.0005
Plant presence 1 101 0.865
System x plants 6 100 1.000
Air temperature 1 156 <0.0005

rates overall (p=0.865). Several studies have indicated no effect
of plants on E. coli or faecal coliform concentration reduction in
both gravel-based HF systems (Tanner et al., 1994; Rivera et al.,
1995) and sand-based VF beds (Tietz et al., 2007; Torrens et al.,
2009). This is most likely because the major E. coli removal path-
ways in subsurface flow wetlands are physical processes such as
sedimentation, straining and entrapment in biofilms attached to
the substrate (Stevik et al., 2004; Stott and Tanner, 2005; Weber
and Legge, 2008; Williams et al., 1995), coupled with the biological
processes of predation and competition by microorganisms such
as protozoa (Decamp and Warren, 1998; Decamp et al., 1999; Stott
etal.,2001,2003a,b; Wand et al.,2007), bacteria such as Bdellovibrio
bacteriovorus (Wand et al., 2007), and natural die-off (Karim et al.,
2004; Wand et al., 2007). Based on the evidence available, it seems
that the presence of P. australis roots and rhizomes has little impact
on these pathogen removal processes.

The results of the post-hoc comparisons are shown in Fig. 2. The
passive horizontal flow systems had significantly lower E. coli load
removal rates than all the other systems, with H25 and H25p having
the lowest load removal rates of all systems (9.10 and 9.11 log,
[MPN/m? d], respectively), followed by H50 and H50p (9.40 and
9.41logyo, [IMPN/m? d] respectively). Thus, the depth of horizontal
flow systems had a significant effect on E. coli load removal rate,
with 50 cm wetted gravel depth being better than 25 cm. However,
this can be at least partly explained by the fact that the shallower
beds received approximately half the influent areal loading rate of
the deeper beds. Experience has shown that, for most pollutants in
constructed wetlands, areal removal rates tend to increase as the
influent loading rate increases (Tanner et al., 1998).

There was no significant difference in mean load removal rate
amongst the vertical flow systems, which ranged from 9.73 (VGp) to
9.86 (VA)logig [MPN/m? d]. The unsaturated gravel-based VF sys-
tems (VG and VGp) had higher areal load removal rates than the
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Fig. 2. Mean logE. coli areal load removal rates for the 15 beds. Systems with
different letters above their columns have significantly different means (p <0.05)
according to the Bonferroni post-hoc comparisons following the linear mixed model
analyses.
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passive HF systems, even though the HF beds produced lower efflu-
ent E. coli concentrations. These higher load removal rates occurred
because the VF systems were loaded at a rate three to five times
higher than the HF beds (Table 2). Interestingly, the use of sand or
fine gravel, or loading hourly or bi-hourly, had no significant effect
on the overall E. coli load removal rate in the unsaturated vertical
flow systems. Thus, the differences in effluent E. coli concentrations
between the VG and VS systems seen in Fig. 1 and Table 2 can-
not be considered significant, as evidenced by the large variance in
the data. This is in contrast to the findings of Tanner et al. (2012)
who observed lower effluent E. coli concentrations and higher logo
reductions in sand based VF wetlands than in those with a fine
gravel substrate. However, no statistical analysis was conducted by
Tanner et al. (2012) to determine if the observed differences were
in fact significant. Ausland et al. (2002) also observed poorer faecal
coliform removal in VF filters (unplanted) loaded at 80 mm/d as the
media particle size increased from sand to fine gravel (2-4 mm),
although they were comparing expanded clay aggregates rather
than alluvial gravel and their filters were loaded 12 times per day
rather than 24, which may account for the difference in results to
the current study. Further detailed investigation is warranted into
the effect of media size on pathogen removal in unsaturated VF
systems.

The different loading regimes examined here (dividing the daily
load into 12 or 24 equal pulses) for the sand-based vertical flow
filters had no effect on E. coli removal. Both loading regimes can
be considered satisfactory from an E. coli perspective. However,
this is in contrast to the observations of other authors who have
reported a significant improvement in E. coli concentration reduc-
tion when the daily load is divided into smaller, more frequent
doses. For example, Torrens et al. (2009) found better performance
in sand-based VF beds when the HLR of 800 mm/d was delivered in
32rather than 16 pulses per day. However, their systems received a
HLR eight times higher than in the current study which would have
resulted in at least partial saturation of the media during loading,
making the hydraulic conditions within the substrate and the gen-
eral performance somewhat different. Further investigations are
necessary to determine if a larger difference between the loading
regimes (e.g., 6 pulses/d versus 48 pulses/d) under the conditions
of the current study would result in any effect on E. coli removal.

Intensification significantly improved E. coli removal, with the
reciprocating (R) and aerated beds (HA, HAp, VA and VAp) having
the highestload removal rates overall (10.05, 10.00, 10.00, 9.86 and
9.8610g19, [MPN/m? d] respectively), which were not significantly
different from each other (p > 0.05). Of the intensified systems, VA
and VAp had the lowest areal load removal rates and highest efflu-
ent concentrations by at least one order of magnitude. Post-hoc
testing indicated that VA and VAp were not significantly different
from the unsaturated VF systems (Fig. 2) and therefore sat on the
verge between the other intensified systems and the unsaturated
VF beds with regards to E. coli load removal.

In general, there was a clear relationship between E. coli areal
load removal rate and the degree of system intensification, with
passive (no electricity consumption) horizontal flow wetlands per-
forming the worst, while the intensified aerated and reciprocating
systems had the highest rates of E. coli removal per square meter.
In the middle were the unsaturated vertical flow systems, which
can be considered to have an intermediate level of intensifica-
tion (“semi-intensive”) due to the use of pumps for pulse loading.
This is the first reported case where the effect of intensification
on the rate of E. coli removal in subsurface flow ecotechnolo-
gies has been clearly demonstrated. In each case, the main aim of
intensification was to increase the rate of oxygen supply to the sub-
surface environment to improve the removal efficiency for oxygen
demanding substances, such as organic matter and ammoniacal

nitrogen (Nivala et al., 2013b). Fortuitously, the evidence from the
current study demonstrates that there is an additional benefit from
the enhanced oxygen availability provided by such intensification
measures, in the form of enhanced E. coliremoval. While some stud-
ies have indicated that pathogen removal may be related to the
dissolved oxygen concentration in the water (Williams et al., 1995),
there is limited published information to date about the effect of
aeration on the removal of E. coli and other pathogens. It is conceiv-
able that the aerobic conditions created by aeration of the saturated
media lead to a change in the microbial ecology and trophic struc-
ture, facilitating the establishment of communities of organisms
which grazed or predated on the E. coli bacteria. Further research
into the microbial ecology of aerated subsurface flow ecotechnolo-
gies is warranted. The trend of increasing E. coli areal removal rate
with increasing intensification may also be partly explained by the
fact that the more heavily intensified systems generally received
higher influent loading rates, which invariably resulted in increased
areal removal.

3.3. Internal concentration profiles

The internal longitudinal logq E. coli concentration profiles for
the HF systems, with fractional distance from inlet to outlet rep-
resented as nominal hydraulic residence time (nHRT), are shown
in Fig. 3. The log¢ concentrations generally follow a linear reduc-
tion over the length of the HF beds, except for HAp, which showed
an inflection at the halfway point of the bed, after which the mean
logo concentration displayed little further reduction. In some beds
(H50, H50p, H25 and HAp) the outlet samples showed a slight
deviation from the overall profile, with a small increase in E. coli
concentration between the 75% point and the outlet. This is likely
related to the fact that the internal samples and the outlet samples
were collected using different methodologies. The internal samples
were collected in situ directly from a pipe positioned at mid-depth
within the gravel substrate. In comparison, the outlet water was
collected via a perforated pipe on the bottom of each bed and then
passed through an outlet chamber and length of pipe before reach-
ing the outlet sample collection point. Thus, the outlet water was
collected from a different depth and may have undergone some
additional transformations prior to being sampled, compared to
the samples collected in situ. More consistent profiles may have
been obtained by collecting the outlet sample in the same way as
the internal samples.

The relationship between logg E. coli concentration and nHRT
was similar for the 50 cm and 25 cm deep HF systems, both with
and without plants (H50, H50p, H25 and H25p). However, the
aerated HF systems (HA and HAp) showed a much more rapid
rate of E. coli concentration reduction, achieving an E. coli concen-
tration of 5.41log1¢ (250,000 MPN/100 mL) after a nHRT of only
17.5h (fractional distance of 25%) compared to the non-aerated
HF beds which did not attain this concentration until the outlet
(mean nHRT of 5.2-5.6 days). This was supported by the ANCOVA
comparison of the linear regression equations for the relationship
between logyg E. coli concentration (MPN/100 mL) and nHRT in the
HF systems (Table 4). The linear regression equations generally
provided a good fit to the data (high 7?) and had slopes extremely
significantly different from zero (p<0.0001). The ANCOVA showed
that the slopes of the HF regression lines were extremely different
[F(5,559)=177.4, p<0.0001]. In other words, the internal rate of
E. coli concentration reduction against nHRT was not the same for
all systems. Tukey HSD post-hoc comparisons (p<0.01) revealed
that the differences in slopes were only between the aerated and
non-aerated systems (Table 4). The rate of E. coli concentration
reduction against nHRT was significantly greater in HAp and HA
compared to the other HF systems, which all shared the same
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Fig. 3. Internal profiles for the horizontal flow systems. Values shown are geometric
means. Error bars = £standard deviation; n=17 (HA, HAp, H25, H25p) and 14 (H50,
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Table 4

slope. Thus, there was no significant effect of plants across the
HF systems, and the depth of the non-aerated HF systems (25 cm
versus 50cm) had no effect on the rate of E. coli concentration
reduction against nHRT. As previously noted, Tanner et al. (1994)
and Rivera et al. (1995) found no clear effect of plants on faecal
coliform removal in gravel-based HF systems.

The internal depth profiles of logq E. coli concentration for the
VF systems are shown in Fig. 4. The unsaturated VF systems (VS1,
VS1p, VS2, VS2p, VG and VGp) displayed a linear rate of logqg
concentration reduction with depth, indicating that bed depth is
important for E. coli removal and that lower outlet concentrations
could potentially be achieved with deeper beds. Conversely, in the
aerated saturated VF beds (VA and VAp), the logyg E. coli concen-
tration decreased sharply from the inlet to the first depth sample
point (0.1 m), but then remained stable through subsequent depths.
Regressions for VA and VAp therefore failed the tests of linearity
and homogeneity of variance and were excluded from the subse-
quent ANCOVA testing. This lack of a linear concentration-depth
profile can be explained by the occurrence of extensive mixing
caused by the aeration in the VA and VAp beds, with the air bubbles
rising turbulently from the bottom of the bed towards the top in
the opposite direction to the water flow which travelled from top
to the bottom. Thus, the hydraulics of the aerated VF beds more
closely resembles a completely stirred tank reactor (CSTR) than
it does plug flow. In a completely mixed reactor, inflowing water
mixes almost instantly with the contents of the reactor resulting in
a uniform concentration of constituents within the vessel (Fogler,
2005), which also means that there is the potential for continuous
contamination of the outflowing water with influent. This partially
explains why the aerated VF beds achieved 1.2-1.91log;g poorer
E. coli reduction than the aerated HF beds, despite receiving the
same areal and volumetric loading rates. In contrast to the aerated
VF beds, the mixing created by the aeration in HA and HAp was in
a direction perpendicular to the hydraulic flow path which is likely
to have broken any short-circuit pathways and created reactor
hydraulics somewhere between completely-mixed and plug-flow.
Hydraulic tracer studies are needed to confirm the hydraulic char-
acteristics of the aerated VF and HF systems.

The ANCOVA testing showed that extremely significant differ-
ences existed amongst the slopes of the unsaturated VF regression
lines [F(5,361)=4.68, p=0.0004]. Thus, the rate of E. coli concen-
tration reduction against depth was not the same for all systems.
There were no obvious differences in the depth profiles for the
sand based VF systems, except that the hourly-loaded planted
bed (VS1p) displayed a slightly more rapid rate of concentration

Comparison of linear regression equations for the relationships between logio E. coli concentration (dependent variable) and fractional distance through the wetland
(independent variable). ANCOVA indicated that the differences between slopes are extremely significant for both the horizontal flow (p <0.0001) and vertical flow (p = 0.0004)
systems. The superscript letters associated with each slope reflect the results of Tukey HSD testing, with slopes that are not significantly different (p <0.01) sharing the same

letter.

Flow direction System Independent variable (x) Slope (b) y-intercept (a) 2

Horizontal H25 nHRT (days) —0.30° 6.76 0.718
H25p nHRT (days) -0.222 6.65 0.755
H50 nHRT (days) -0.29? 6.71 0.699
H50p nHRT (days) -0.24? 6.69 0.714
HA nHRT (days) -1.47° 6.61 0.843
HAp nHRT (days) —1.34b 6.46 0.717

Vertical VS1 Depth (m) —1.954 6.64 0.577
VS1p Depth (m) —2.26° 6.41 0.546
Vs2 Depth (m) ~1.75¢ 6.77 0.748
VS2p Depth (m) -1.914 6.72 0.668
VG Depth (m) —1.444 6.85 0.504
VGp Depth (m) -1.08¢ 6.77 0.443
VA’ Depth (m) -1.82 5.99 0.413
VAp' Depth (m) -1.76 5.88 0.370

" Regressions for VA and VAp failed the tests of linearity and homogeneity of variance and were therefore excluded from the subsequent ANCOVA testing.
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Fig. 4. Internal profiles for the vertical flow systems. Values shown are geometric
means. Error bars = +standard deviation; n=13 (VS1p, VS2), 14 (VS1,VS2p, VG, VGp)
or 17 (VA, VAp).

decrease over the first 10 cm (Fig. 4). This was borne out by the
Tukey HSD comparisons, which revealed that VS1p was the only
system with a significantly different slope (p < 0.01), while the other
systems all shared the same slope. In other words, the rate at
which the E. coli concentration decreased with depth was signif-
icantly greater in VS1p than in the other beds. This indicates that,

of all the unsaturated VF design factors compared in this study, a
planted, hourly-loaded sand-based VF wetland requires less depth
to achieve a given level of E. coli reduction. However, changing
any one of these three design variables (planted to unplanted,
sand media to gravel, or hourly to two-hourly loading frequency)
caused this advantage to be lost. Planting had no effect on gravel-
based beds (VG versus VGp), or sand-based beds that were loaded
every 2h (VS2 versus VS2p). Reducing the loading interval from
two hours to one hour in the sand-based beds only improved the
rate of E. coli reduction when plants were present; without plants,
there was no effect of loading frequency. Tietz et al. (2007) found no
significant difference between planted and unplanted sand-based
VF beds in the amount of microbial biomass at different depths or
the overall E. coli concentration reduction.

The gravel based VF beds appeared to have a slower rate of E.
coli concentration reduction with depth compared to the sand-
based beds (Fig. 4), indicating that the gravel beds would either
need to be deeper or to receive a lighter loading rate to achieve
similar effluent concentrations. However, the variation within the
data, as indicated by the error bars in Fig. 4, proved to be greater
than any differences in the rate of E. coli reduction with depth
between the gravel and sand-based VF systems. Thus, VG and VGp
were shown statistically to have the same rate of E. coli reduc-
tion with depth (slope) as the sand-based systems (except for
VS1p).

4. Conclusions

This study enabled, for the first time, the removal rates and
internal dynamics of E. coli in several common and emerging sub-
surface flow ecotechnologies designed for secondary treatment
of sewage to be compared side-by-side, both with and with-
out vegetation. The removal of E. coli depended largely on the
design, especially the degree of energetic intensification. In gen-
eral, there was no significant effect of vegetation. Despite receiving
the highest loading rates, the intensified aerated HF systems (HA
and HAp) and reciprocating system (R) outperformed the other
designs in all of the monitored E. coli reduction metrics, producing
effluent suitable for restricted irrigation reuse (pending intestinal
nematode monitoring and local regulations) in the smallest foot-
print, albeit at the highest electricity consumption. The HA bed
performed the best, with a geometric mean effluent E. coli con-
centration of 680 MPN/100 mL at a mean hydraulic loading rate
of 131L/m?2 d (nHRT of 2.9 days). In comparison, the effluent con-
centrations of the passive horizontal flow beds were almost three
orders of magnitude higher, despite receiving substantially lower
loading rates (nHRT of 5.2-5.6 days). This was also reflected in
the internal concentration profiles, which showed a significantly
faster rate of reduction in the aerated HF beds, which achieved
in the equivalent of less than one day nHRT the same concentra-
tion (5.41og;0 MPN/100 mL) that the passive HF beds achieved at
their outlets after more than five days nHRT. Thus, the additional
input of electricity and equipment for aeration yielded the benefit
of greatly enhanced E. coli removal efficiency. Further research is
needed to determine if the enhanced E. coli removal was due to the
direct creation of aerobic conditions in the filter bed and resultant
changes in the microbiological ecology and trophic structure (graz-
ing, predation or competition), or secondary effects such as nutrient
deficiency, modified mixing or the physical agitation created by the
aeration.

Amongst the aerated systems it was found that a horizontal flow
path was better than the vertical flow path. This was mainly due to
greater mixing within the VA and VAp beds leading to continuous
cross-contamination of the effluent with the incoming wastewater
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which partly counteracted the increased removal efficiency caused
by the aeration.

In the passive HF beds (H25,H25p, H50 and H50p), neither depth
nor plants had a significant effect on the internal rate of concentra-
tion reduction against nHRT, indicating that retention time within
the bed of gravel is a key factor governing E. coli reduction in non-
aerated HF systems and that macrophytes are not important for the
physical, chemical or biological processes that may be responsible
for E. coli retention or die-back. The passive HF systems had signif-
icantly lower areal load removal rates than all of the other designs,
partly because they received the lowest influent areal loading rates.
Accordingly, the shallow (25 cm deep) passive HF beds had signif-
icantly lower areal removal rates than the 50 cm deep beds. More
research is needed to see if there is a difference in areal removal
rates when HF systems with different depths are loaded at the same
areal loading rate.

The unsaturated sand-based VF systems displayed an interme-
diate level of performance amongst all of the systems, while the
gravel-based vertical flow beds (VG and VGp) performed the worst
of all systems in terms of concentration, with less than 1logyq
reduction. However, they achieved higher areal load removal rates
than the passive HF systems (H50, H50p, H25 and H25p), due partly
to the fact that they received influent loading rates approximately
three to five times higher than these HF beds. There was no signif-
icant difference in E. coli areal load removal amongst the various
unsaturated vertical flow systems. Thus, the use of sand or gravel
substrate, or hourly versus bi-hourly loading regime in the sand-
based systems had no effect on areal E. coliload removal. There were
no differences between the rates of E. coli concentration reduction
with depth in the various unsaturated VF systems (planted and
unplanted), with the exception of the planted sand based hourly
loaded bed (VS1p) which experienced a higher rate of concentra-
tion reduction with depth. This indicates that the combination of
sand media, hourly loading and vegetation requires less depth to
achieve a given effluent E. coli concentration than the other design
configurations compared. However, further research is needed to
validate this claim since no significant differences were found in
the overall areal load removal rates of the various unsaturated VF
systems.

The areal load removal rate has proved to be a useful perfor-
mance metric in this study for comparing the relative efficiency of
a range of different wetland systems that, by virtue of their var-
ious designs, are typically operated at different hydraulic loading
rates. However, it is apparent that there are also limitations in using
this parameter due to the fact that areal removal efficiencies often
increase in response to an increase in areal loading rate, without
necessarily delivering lower concentrations at the outlet. It is clear
that a range of performance parameters need to be used in order
to adequately and comprehensively compare the relative merits
of different treatment system designs that are loaded at different
areal and volumetric loading rates.

This study has highlighted the potential offered by subsur-
face flow ecotechnologies designed and operated for secondary
treatment of domestic sewage as operationally simple, low-
maintenance solutions for reducing the pathogen risk associated
with wastewater. E. coli reduction is a function of design (espe-
cially degree of energy input to enhance oxygen transfer) and
loading rate in such systems. At one end of the spectrum, lightly-
loaded passive HF wetlands can achieve low to moderate levels
of E. coli removal without the need for electricity. These systems
also typically produce an effluent that is low in organic matter
and suspended solids, making them suitable for use in combi-
nation with other technologies for mitigating public health risks,
such as chlorine or ultra-violet disinfection or application below-
ground using subsurface drip-irrigation. At the other end of the

spectrum, aerated HF systems were shown to be capable of con-
sistently reducing E. coli concentrations to very low levels (less
than 1000 MPN/100 mL) at relatively high loading rates through the
input of moderate amounts of electricity to drive air pumps. Despite
the need for more complex design and infrastructure installation,
these systems are still operationally simple and robust when com-
pared to conventional activated sludge technologies. Even lower
E. coli concentrations should be achievable by reducing the loading
rate, potentially negating the need for any additional disinfection
processes. The smaller area requirement of the intensified systems
lends them to applications where space is limited, electricity is
available and/or high levels of treatment performance are needed.
The sand-based unsaturated vertical flow systems sit somewhere
in the middle, offering a good compromise of moderate levels of
E. coliremoval, potentially without the use of electricity where suf-
ficient site topography allows for gravity-loading. Further research
iswarranted to see if the same trends hold true for other pathogenic
organisms, such as parasites and viruses. Also, the potential mer-
its of combining different systems in series to enhance pathogen
removal should be investigated.Acknowledgements
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