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Abstract: Biofilters are a widely used stormwater treatment technology. However; other than
some evidence regarding non-pathogenic indicator microorganisms; there are significant knowledge
gaps in the capacity of stormwater biofilters to remove actual pathogens and how this removal is
impacted by biofilter design elements and operational conditions. In this study; we explored the
capacity of stormwater biofilters to remove three reference pathogens (Campylobacter spp.; adenovirus
and Cryptosporidium oocysts) and compared these to commonly used indicator microorganisms
(E. coli; FRNA coliphages and Clostridium perfringens). Two different biofilter designs; each having
a submerged zone (SZ); were tested under extended dry weather periods (up to 4 weeks) and
different event volumes (the equivalent of 1–2 pore volumes) in a laboratory trial. These systems
were able to consistently reduce the concentrations of all tested reference pathogens (average log
reduction in Campylobacter spp. = 0.7; adenovirus = 1.0 and Cryptosporidium oocysts = 1.7) and
two of the indicators (average log reduction in E. coli = 1.2 and C. perfringens = 2.1). However;
none of the tested indicators consistently mimicked the removal performance of their corresponding
reference pathogens after extended dry weather periods and during larger simulated storm events.
This indicates that the behaviour of these pathogens in stormwater biofilters are not adequately
represented by their corresponding indicator microorganisms and that to optimise biofilter designs
for pathogen removal it is critical to further study pathogen removal processes in these systems.

Keywords: adenoviruses; Campylobacter; Cryptosporidium oocysts; rain garden; stormwater harvesting;
stormwater management

1. Introduction

Stormwater harvesting has great potential to reduce the pressure on existing water resources while
protecting receiving waters from degradation [1,2]. However, stormwater contains pathogens, which
can cause human health risks when stormwater is harvested for re-use or is discharged into recreational
water bodies without treatment [3]. Biofilters, also known as bioretention systems or rain gardens,
are a common stormwater treatment technology. Stormwater biofilters consist of planted soil-based
filter media with a high sand content, a sand transition layer and a drainage layer. These systems,
which could be lined, are sometimes installed with a raised outlet to create a submerged zone (SZ).
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This SZ has been shown to improve the treatment performance of biofilters by promoting denitrification [4]
and maintaining plant life and filter media consistency during extended dry weather periods [5].

Almost all of the literature on microbial removal in biofilters is limited to indicator microorganisms
(e.g., [6–10]), even though it is well established that indicators and pathogens respond differently to
various stresses found in the natural environment [2,11]. Obtaining data on the capacity of biofilters to
remove other faecal microorganisms (including ‘reference’ pathogens, as suggested by various health
organisations [3]) is crucial to validate the use of biofilters to treat water for stormwater harvesting
and also to protect recreational waters that receive a stormwater discharge.

Previous work on indicator microorganism removal by stormwater biofilters has demonstrated
that some biofilter design elements and operational conditions greatly influence microorganism
removal mechanisms [12]. For instance, vegetation with extensive root structures was shown to
improve E. coli retention in stormwater biofilters [13]. Filter media modified with either antimicrobial
compounds [14,15] or adsorption enhancements [16,17] were found to improve faecal indicator
microorganism attenuation rates. Intermittent wetting/drying operation is generally associated
with poor removal performances due to decreased microbial adsorption and increased microbial
desorption [7,8,17]. Adsorption kinetics suggest that overall removal rates of microorganisms from
stormwater will vary greatly with event volume [18]. However, almost all previous laboratory studies
have tested microbial removal in biofilters using a single event size (i.e., a single dosing volume),
even though storm sizes vary greatly in practice. Further, it is not yet known whether the pathogens
and faecal indicator microorganisms have the same attenuation processes and whether the biofilter
design and operational conditions affect pathogens and faecal indicator microorganism attenuation
mechanisms in the same way. As such, it must be determined whether pathogen removal can be
represented by the behaviour of its indicator microorganisms, or whether specific testing of pathogen
removal by stormwater biofilters is necessary.

The primary objective of this laboratory study was to understand whether stormwater
biofilters are an effective barrier against three of the most commonly used reference pathogens:
Campylobacter jejuni, Cryptosporidium oocysts and adenoviruses. Further, the study investigates
how these removal rates are influenced by the design (presence of vegetation) and operational
characteristics of these systems, such as extended dry weather periods and different sized rainfall
events. Finally, this study explored the potential for commonly used faecal indicator microorganisms
(E. coli, FRNA coliphages, Clostridium perfringens) can be used to represent reference pathogens.

2. Materials and Methods

2.1. Experimental Configurations

This laboratory-scale study involved six biofilter columns that were part of thirty-biofilter columns
originally constructed for another parallel study [19] in a greenhouse. Details of the design of the
columns can be found in [19]. Briefly, each biofilter column consisted of a 1140 mm tall, 240 mm
diameter PVC column. A 280 mm tall clear Perspex pipe was plastic welded to the top of each
column, to serve as a ponding zone [4]. All columns had 400 mm deep filter media. The top 100 mm
of the filter media in each configuration was mixed with an ameliorant to support plant growth
(see [20] for more information). A perforated plastic collection pipe was installed at the bottom
of each column to collect the treated water. An SZ was created in all columns by conveying the
treated water through a raised outflow pipe which created a 440 mm deep SZ below the filter
media layer. The SZs consisted of a gravel drainage layer (70 mm deep), a coarse sand layer
(70 mm deep) and a washed sand layer (300 mm deep) mixed with 5% sugarcane mulch and 5%
pinewood chips without bark by volume. Biofilter layer depths and compositions were based on
the current best practice guidelines in Australia [5]. Three biofilter columns were planted with
Leptospermum continentale (small shrub) (hereinafter LC) while the remaining three columns were left
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unplanted as an un-vegetated control (hereinafter WS). L. continentale was selected for the current
study as it showed good faecal microorganism removal in the authors’ previous work [13].

2.2. Dosing and Sampling

2.2.1. Semi-Natural Stormwater Preparation

Semi-natural stormwater was used to dose the columns similar to previous laboratory-scale
experiments [21]. This was to ensure consistency of the inflow and to avoid the logistical constraints of
collecting large volumes of natural stormwater. Stormwater was prepared by mixing dechlorinated
tap water with sediment collected from a local stormwater wetland inlet and sieved through a 1 mm
sieve. This mixture was then supplemented with laboratory grade chemicals to obtain target pollutant
concentrations consistent with Australian urban stormwater quality ([3,22,23]; Table 1).

Table 1. Target and measured semi-natural stormwater pollutant concentrations.

Stormwater Pollutant Unit
Inflow Concentration

Main Source
Target Measured in the Inflow

during This Study 1

E. coli MPN/100 mL 5.9 × 104 2.8 × 104 (4.16) raw sewage
FRNA coliphages pfu/100 mL 5.5 26.7 (20.83) laboratory culture

C. perfringens orgs/100 mL 925 1.4 × 103 (1.73) laboratory culture
Campylobacter spp. MPNIU/L 33.1 65 (19.49) laboratory culture

Adenoviruses MPNIU/L 1 11 (6.50) laboratory culture
Cryptosporidium oocysts oocysts/L 17.6 9 (2.53) laboratory culture
Total suspended solids mg/L 100 86 (1.44) sediment

Total phosphorus mg/L 0.35 0.42 (1.18) sediment, KH2PO4

Total nitrogen mg/L 2.2 2.92 (1.17) sediment, KNO3,
NH4Cl, C6H5O2N

Cadmium mg/L 4.5 × 10−3 8.1 × 10−3 (1.40) Cd(NO3)2 in HNO3
Chromium mg/L 2.5 × 10−2 5.4 × 10−2 (1.58) Cr(NO3)3

Copper mg/L 5.0 × 10−2 8.0 × 10−2 (1.36) CuSO4
Lead mg/L 1.4 × 10−1 2.7 × 10−1 (1.47) Pb(NO3)2

Manganese mg/L 2.3 × 10−1 1.9 × 10−1 (1.11) Mn(NO3)2
Nickel mg/L 3.1 × 10−2 5.0 × 10−2 (1.30) Ni(NO3)2
Zinc mg/L 2.5 × 10−1 2.6 × 10−1 (1.18) ZnCl2

Note: 1 measured concentrations are presented as Geometric mean (Geometric standard deviation). MPN—Most
Probable Number; MPNIU: Most Probable Number of Infectious Units; pfu: plaque forming units; orgs: organisms.

Raw sewage sampled from the inlet channel at the sewage treatment plant in Pakenham, Australia,
was used as the source of faecal microorganisms and was mixed into the synthetic stormwater
(a 1:500 ratio of sewage: stormwater mixture by volume). Use of raw sewage allowed a better
representation of the natural variability of faecal microorganism concentrations and composition
in natural stormwater than using a monoculture of laboratory microbial strains to spike the
semi-natural stormwater. This process of mixing semi-natural stormwater with raw sewage at
a 1:500 dilution ratio resulted in E. coli levels which reflected natural stormwater variability
(Table 1 and [3]), but undetectable levels of other fecal microorganisms of interest in this study:
pathogen indicators (FRNA coliphages, C. perfringens) and reference pathogens (Campylobacter,
adenovirus, Cryptosporidium oocysts). As such, laboratory cultures of other test microorganisms were
added to the inflow for the purpose of the current study. Semi-natural stormwater was supplemented
with the diluted laboratory-grown cultures of two indicator microorganisms (FRNA coliphages and
C. perfringens) in week 14, 26, 27, 31 and 41 (Figure 1). The diluted laboratory-grown cultures of the
reference pathogens (Campylobacter, adenovirus, Cryptosporidium parvum), supplied by a National
Association of Testing Authorities (NATA), Australia accredited laboratory and Environmental and
Public Health Microbiology laboratory in Monash University were added only in weeks 27, 31,
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and 41 (Figure 1). The authors’ previous experiences indicated that the chosen approach to prepare
semi-natural stormwater not only resulted in achieving typical microbial concentrations found in real
stormwater, but also the majority of faecal indicator bacteria (E. coli) remain unattached or attached to
very small particles (<3-µm) in semi-natural stormwater similar to the natural stormwater collected
from a Melbourne suburb [24].
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Figure 1. Dosing and sampling plan. Five indicator microorganism sampling days and three reference
pathogen sampling days were within the scope of this study. Remaining sampling days were within
the scope of the other parallel study [19].

2.2.2. Dosing Frequency and Volumes

The dosing frequency and volumes are outlined in Figure 1. Since, the current study was
conducted in parallel to another study [19], the dosing frequency was designed to accommodate the
scopes of both studies. Each biofilter column was dosed with 13 L of semi-natural stormwater
twice a week (using at least three 3–5 L passes/rounds to ensure consistent inflow into all of
the columns). This weekly dosing frequency and volume reflect Melbourne’s historical climate
patterns [21]. The 13 L dosing volume was estimated to be equivalent to a rainfall event of 5.75 mm
and at the same time equal to 0.7 pore volumes (PV) of the biofilter columns. Pore volume estimated
from a KCl tracer test conducted in un-vegetated pilot columns prior to week 10 (See Supplementary
Materials for more details on tracer test).

Dosing volumes were increased on the days where the performance of the systems was evaluated
(i.e., when inflow and outflow water samples were collected). The volumes used were: (1) 20 L, which is
the 1 in 1-month average recurrence interval (ARI) event and equivalent to 1 PV (equivalent loading of
8.84 mm per event) or (2) 40 L which is equal to a 1 in 3-month ARI event and 2 PVs (equivalent loading
of 17.68 mm per event). In total, samples were collected from three 40 L dosing events and two 20 L
dosing events for the current study.

To test the effect of extended antecedent dry weather conditions, columns were left to dry for
periods of two, four and six weeks before the subsequent dosing to simulate three dry weather periods.
As such, in this study, we refer to two periods: (1) ‘wet weather periods’, where the columns were
dosed twice a week and dosing occurred at least once every two weeks; and (2) ‘dry weather periods’,
where dosing did not occur for 2 weeks or more. The total of five events sampled for the current
study comprised of four wet weather period sampling events and one four-week dry weather period
sampling event.

2.2.3. Inflow and Outflow Water Quality Sampling

The inflow was analysed for E. coli concentration in every dosing event. One inflow sub-sample
was collected from each 3–5 L pass and each sub-sample was analysed for E. coli using the Colilert
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method™ [25]. Since the variations between each sub-sample were minimal within a single sampling
day, only the geometric mean inflow E. coli concentrations are reported for each day. On days
where laboratory-seeded microbial cultures were added to the inflow (i.e., in week 14, 26, 27, 31
and 41; Figure 1), volume-weighted composites were made from sub-samples taken from the inflow.
These volume-weighted composites of the inflow were analyzed for the indicator microorganisms and
pathogens of interest at NATA accredited laboratories using standard methods (FRNA coliphages:
US EPA 1602, APHA 9224 and ISO 10705-1; C. perfringens: AS/NZS 4276.17.1:2000; Campylobacter spp.:
an 11 tube MPN procedure and the AS 4276.19:2001; adenoviruses: cell culture technique followed by
confirmation with polymerase chain reaction (PCR) [26]; Cryptosporidium: USEPA 1623 method with
some modifications; refer to Table S1 in Supplementary Materials for further details on each microbial
assay). On the same days, these volume-weighted inflow composites were also analysed for total
suspended solids, total nitrogen, total phosphorus and heavy metal concentrations at NATA accredited
laboratories using standard methods ([27,28] and ICP-MS for metals).

On the five sampling days (Figure 1), we collected into two composite samples from the total
outflow drained from each column. The first composite outflow sample represented ‘old’ water
(i.e., water which remained in the SZ and media pores from a prior event) and the second composite
sample represented the ‘new’ water (i.e., water which was freshly filtered during the sampling
day). The initial tracer study (See Supplementary Materials Figure S1 for more details on tracer test)
demonstrated that during wet weather periods, approximately the first 10 L of outflow was old water
and the remaining volume was the new water. Both old and new water samples were analysed for
E. coli concentrations. Weights of all old and new water drained from each column were recorded,
and these data were then used to derive a volume-weighted, event mean outflow E. coli concentration.
Due to resource limitations, it was not possible to analyse old and new water separately for the other
target faecal microorganisms. For the other target faecal microorganisms, the old and new water
samples were combined (after separate aliquots were taken from the new and old water samples
for E. coli analysis). A sub-sample taken from this composite sample was analysed for the reference
pathogens and/or the other indicator microorganisms.

2.2.4. Infiltration Rate Measurements

Infiltration rates were measured on all five outflow sampling days (Figure 1) using a method
similar to a previous study [29]. The ponding water level was recorded at regular intervals (3 min and
45 s) for approximately one hour. The first ponding measurements were taken after all the stormwater
had been applied to the systems, to ensure that the columns were saturated to a level similar to that
of biofilters in the field. It should be noted that the infiltration rate obtained using this method does
not represent the saturated hydraulic conductivity of the system (as the system is not necessarily
saturated when the infiltration rates are measured), but rather what would be seen typically under
field conditions, and is dependent on soil moisture prior to the measurements. The recorded ponding
depths over the hour were plotted against time, and the gradient of this graph was taken as the average
infiltration rate through the column.

2.3. Data Analysis

Microbial concentrations below the lowest detection limit were taken as the lowest detection limit,
and the microbial concentrations above the highest detection limit were taken as the highest detection
limit for analysis. Removal performance in terms of log reduction is the difference between the
logarithmic (base 10) inflow concentration and the logarithmic outflow concentration. Log reduction
data were found to be normally distributed according to the Shapiro-Wilk test. Therefore, the
independent sample t-tests with the significance level, α taken as 0.05 was used to test the effect of
biofilter vegetation (LC vs. WS) on the removal of the three indicator microorganisms and differences
in indicator microorganism log removal rates.
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3. Results and Discussion

3.1. Overall Removal Performance of Indicators and Reference Pathogens

Contrary to other studies [13,14], there was no notable differences in indicator concentration
reductions between vegetated and un-vegetated controls (p > 0.05; independent samples t-test;
Figure 2). Plants have previously been highlighted as a key covariant controlling faecal indicator
removal due to advanced adsorption to roots and interactions with exudates and the rhizosphere;
as such, our results might instead be reflecting the relatively higher importance of other design
(e.g., presense of an SZ) and operational conditions (large vs. small inflow volumes). Nonetheless,
the average E. coli log reduction of 1.2 is comparable to E. coli log reductions (1.2–1.4) observed in
the authors’ previous work in field conditions [30]. C. perfringens were removed better than E. coli
(>2 average; p < 0.05; independent samples t-test) owing to their larger size which promotes physical
straining by the media [7]. The inconsistent FRNA coliphage removal (ranging from net leaching
to over 3 log removal) for both WS and LC is caused by the large variance in inflow concentrations
(Supplementary Materials Table S2), variable operational conditions (as discussed below) and also due
to the potential interactions between coliform bacteria and phages that can occur within biofiltration
systems [7].

All reference pathogen concentrations were reduced by the vegetated biofilters, which is
a substantial finding considering no previous data was available on stormwater biofilter capacity
to remove these pathogens and the sampling events were designed to test the biofilters
during very challenging operational conditions. However, of the three reference pathogens
tested, Campylobacter spp. had the most variable and the lowest average removal rates
(0.7 average log reduction). These results are explained by the highly variable inflow concentrations
(Supplementary Materials Table S2) and the uncertainties associated with the current Australian
standard method of analysis of thermophilic Campylobacter [31]. It is encouraging to note that
the average Campylobacter spp. log reduction observed in the current study is comparable to the
average Campylobacter spp. log reduction observed in the authors’ previous work in field biofiltration
systems [30]. Cryptosporidium oocysts were the most effectively removed reference pathogen by
stormwater biofilters (1.7 average log reduction); as for C. perfringens, this is likely due also to its larger
size [32]. Adenoviruses were removed, on average, but with a 1 log reduction. This reflects its smaller
particle size, which prohibits active straining.
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Figure 2. Overall reference pathogen and other indicator microorganism log reduction in LC and WS
configurations. WS columns were not tested for any reference pathogens. Box plots for WS represent
three sampling events (in week 14, 26 and 41) and the box plots for LC represent five sampling events
(in week 14, 26, 27, 31 and 41). Microbial abbreviations: FRNA: FRNA coliphages; AV = adenovirus;
EC = E. coli; CA = Campylobacter; CP = Clostridium perfringens; CR = Cryptosporidium oocysts.
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3.2. Effect of Dry Weather Periods

Log reductions before and after four weeks of dry weather are shown in Figure 3a. E. coli log
reduction performance decreased drastically after the 4-week dry period (median log reduction from
1.41 to 0.23). Generally, SZ water is lost during extended dry weather periods due to evapotranspiration
(Figure 3c shows a 50% reduction in outflow volume after the dry period even though the inflow
volume in the preceding event was the same). This loss of SZ water diminishes the contribution of the
‘old’ SZ water to the effluent, which generally has lower E. coli concentrations because of its longer
contact time and hence more microbial die-off [13]. As a result, the outflow after four weeks of drying
is mainly comprised of freshly treated stormwater, which has relatively higher E. coli concentrations
because of its shorter contact time. An increase in infiltration rates was also observed after four
weeks of dry weather (Figure 3d), possibly due to the creation of cracks and macropores in the filter
media. It is well known that increased infiltration rates lead to decreased bacterial adsorption to
filter media/biofilms [33]. Therefore, it is evident that the combined effect of increased infiltration
rates and decreased SZ water volume has led to a lower E. coli log reduction after the four weeks dry
weather period.
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Figure 3. Change in log reduction (a), inflow concentration (b), total outflow volume (c) and infiltration
rate (d) before and after the four-week dry period (in weeks 27 and 31) in LC columns; Bars
represent the median value while error bars represent the minimum and maximum measured or
estimated values. Unshaded bars represent sampling event on week 27, and shaded bars represent
sampling event on week 31. Microbial abbreviations: FRNA: FRNA coliphages; AV = adenovirus;
EC = E. coli; CA = Campylobacter; CP = Clostridium perfringens; CR = Cryptosporidium oocysts.
(Cryptosporidium oocysts concentrations were below detection in all three outflow samples before
the four-week dry period, and hence outflow concentration was taken as the limit of reporting,
which was 1 oocyst/7 L).
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The other two indicator microorganisms showed different responses to the 4-week dry weather
period. The log reduction of C. perfringens was relatively unaffected by the 4-week dry period.
One plausible explanation could be that despite the creation of some cracks and macropores,
C. perfringens might have been retained by straining due to its large size [7]. Median log reductions in
the virus indicator, FRNA coliphage, increased from 1.24 to 1.91 after the four-week dry period. Similar
observations were reported in [7] in a previous laboratory experiment. One plausible explanation for
this increased FRNA coliphage removal might be the increased FRNA coliphage inactivation under
unsaturated conditions [34] prevailed in the column with almost all of the SZ water lost during the
4-week dry weather period (Nearly 9 L decrease in outflow volume after a 4-week dry period in
Figure 3c).

Dry weather seemed to improve the removal of Campylobacter spp.( Figure 3a), but more plausibly
the removal rates are instead explained by the differences observed in Campylobacter spp. inflow
concentrations before and after the dry weather period (Figure 3b) [35]. Cryptosporidium oocyst
removal rates decreased by 1.2 log after the dry period. This could imply that oocysts retained from
previous events are flushed out of the biofilters after dry weather periods due to cracks and macropores;
importantly, even if these persistent oocysts have died during the dry period, the enumeration method
employed here is still likely to detect them [36,37]. This effect was not observed for C. perfringens
because their enumeration is culture based and hence will not detect dead organisms. Adenoviruses
were largely unaffected by the dry weather period, reflecting the irrelevance of cracks and macropores
(because of the size of the microorganisms) and submerged zone interactions (because of their ability
to persist and culture-based enumeration).

3.3. Effect of Event Size

Log reductions observed in two different event sizes (20 L vs. 40 L) are shown in Figure 4a. Only
FRNA coliphage and Campylobacter log reductions seemed to be notably different during the two events,
and these differences in removal rates were most likely due to differences in inflow concentrations
rather than the event size. Similarly, significantly different inflow adenovirus concentrations in the
two events make it difficult to distinguish the effect of event size on adenovirus removal. On the
other hand, inflow concentrations of Cryptosporidium oocysts and C. perfringens were comparable in
both events, and overall removal rates were relatively unaffected by the event volume. One possible
explanation for the relatively consistent removal of these two larger microorganisms is that most of
these microbes were retained by straining, which was not affected by the event volume. On the other
hand, other microbes such as FRNA coliphages are removed by adsorption and desorption, which are
two removal process that can be affected by variation in event volume [18]. The relatively consistent
E. coli log reductions observed during both events conflicts with the trend of decreasing E. coli log
reduction with increasing event volume as reported in the authors’ previous work [19]. A further
investigation into E. coli inflow and outflow concentration revealed that the E. coli concentrations were
different in the inflows of the two events, and it is likely that this masked any influence of the increased
volume in the 40 L event. Hence, more testing with consistent inflow microbial concentrations is
required to fully understand how removal is affected by different event volumes.
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Figure 4. Change in log reduction (a), inflow concentration (b), total outflow volume (c) and infiltration
rate (d) during a 20 L (in week 27) and a 40 L (in week 41) event in LC columns; Bars represent the
median value while error bars represent the minimum and maximum measured or estimated values.
Unshaded bars represent 20 L sampling event on week 27, and shaded bars represent 40 L sampling
event on week 41. Microbial abbreviations: FRNA: FRNA coliphages; AV = adenovirus; EC = E. coli;
CA = Campylobacter; CP = Clostridium perfringens; CR = Cryptosporidium oocysts.

3.4. Comparison of Indicator and Reference Pathogen Removal

Comparing the removal performances of the selected indicator microorganisms and reference
pathogens revealed that indicator removal rates fail to consistently represent the removal rates of their
corresponding reference pathogens. For instance, the average Campylobacter spp. log reduction rate
was lower than that of E. coli (Figure 2). Furthermore, E. coli log reduction decreased after a long
dry period while Campylobacter spp. log reduction rate showed an increase (Figure 3a). Similarly,
the two microorganisms were affected differently by the event size (Figure 4a) with an increased
Campylobacter spp. log reduction with an increased event volume while E. coli log reduction remained
unaffected. However, conflicting trends between the two microorganisms may be due to large variances
in inflow Campylobacter spp. concentrations.

The average Cryptosporidium oocysts log reduction was similar to that of C. perfringens. However,
the impact of dry weather on these two microorganisms was different. Cryptosporidium oocysts
log reduction decreased after a dry weather period while C. perfringens were relatively unaffected.
This variation could be due to differences in enumeration methods (culture vs. microscopic). However,
both microbes were relatively unaffected by the event volume.

Lastly, the average adenovirus log reduction was similar to that of FRNA coliphages,
but adenoviruses were relatively unaffected by dry weather periods while FRNA coliphages showed
an increased log reduction after a dry weather period. These conflicting responses to dry weather
periods could be due to the differences in major removal mechanisms (attachment and die-off) and
enumeration techniques. Likewise, both viruses showed opposite responses when the event volume
was changed, but those responses were most likely due to the variances in inflow concentrations.
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These results reinforce the inadequacy of using just a single indicator microorganism to test the
capacity of stormwater biofilters and as such, encourages the use of a suite of indicators and reference
pathogens. Although more data is required to fully understand reference pathogen behaviour, this is
one of the few sets of reference pathogen data in the context of stormwater biofilters. These data
provide useful insight into the ability of biofilters in reducing actual pathogen concentrations rather
than just indicator microorganisms. Further investigations could broaden our knowledge on the
governing removal mechanisms of different pathogen types and how these mechanisms are affected
by different biofilter designs and operational conditions.

4. Conclusions

Two main objectives of this investigation were to test the capacity of biofilters to remove pathogens
and to compare the influence of design characteristics and operational conditions on the removal of
faecal indicator microorganisms and reference pathogens. The laboratory-scale column study showed
that stormwater biofilters are able to remove reference pathogens (Campylobacter spp., adenoviruses
and Cryptosporidium oocysts) and the faecal indicator microorganisms, E. coli and C. perfringens. Out of
the three tested common indicators, only C. perfringens and FRNA coliphages showed comparable
overall log reductions with their corresponding reference pathogens, but then these indicators and
their corresponding reference pathogens showed different responses when the stormwater biofilters
were subjected to different operational conditions such as varying antecedent dry weather periods and
different event volumes. This highlights that the removal processes of pathogens in stormwater
biofilters cannot be accurately characterised by the behaviour of their corresponding indicator
microorganisms under all operational conditions. An understanding of the key removal processes of
individual microorganisms is critical when optimising stormwater biofiltration systems for reducing
microorganism levels in stormwater. As such, this study demonstrates that more data on pathogen
removal in stormwater biofilters must be collected, and the effects of different design characteristics
and operational conditions should be tested.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/12/949/s1,
Figure S1: Change of outflow KCl concentration (normalised to the inflow concentration) with cumulative
outflow during the tracer test trail in three replicates of WS un-vegetated columns, Table S1: Microbial assay
description, Table S2: A summary of inflow and outflow microbial concentrations of each sampling round.
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