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Abstract: This study assessed the factors affecting the growth and survival of microorganisms in a
small horizontal subsurface flow constructed wetland (HSSF CW) treating stormwater runoff from
highly impervious road and parking lot through long-term monitoring from 2010 until present. The
HSSF CW facility consisted of sedimentation or pre-treatment zone, vegetation zone, and effluent
zone, and employed filter media including bio-ceramics, sand, gravel, and wood chips. Results
showed that flow reduction in the wetland through filtration and sedimentation played an important
part in the overall performance of the HSSF CW. In addition, vegetation growth was found to be
affected by pollutant and stormwater inflow in the HSSF CW. Vegetation near the outflow port
exhibited greater growth rates by about 6.5% to 64.2% compared to the vegetation near the inflow
port due to the less stormwater pollutant concentrations via filtration mechanism in the plant or
media zone of the HSSF CW. The pollutant inflow from road and parking lot played an important
role in providing good environment for microbial growth especially for the dominant microbial
phyla including Proteobacteria, Actinobacteria and Acidobacteria in the HSSF CW. The findings of this
research are useful in understanding treatment mechanisms and identifying appropriate design
considerations for HSSF CW.

Keywords: horizontal subsurface flow constructed wetland; low impact development; microorgan-
isms; stormwater

1. Introduction

Constructed wetlands (CWs) are artificial systems designed to mimic the functions
of natural wetlands [1]. CWs were mainly utilized for water treatment from different
sources including agricultural, livestock, and urban areas. Apart from the intrinsic ability
of CWs to improve water quality, CWs can also be used to manage flooding, serve as
ecological habitats, secure water resources, provide recreational and educational benefits,
and mitigate climate change [2]. The primary components of CWs include water, soil,
plants, microorganisms, and animals. Additionally, the CWs are capable of maintaining
mass and energy flow. Mass circulation pertains to the transformation and movement
of water, organic matter, and nutrients [3,4]. Mechanisms including retention, detention,
evapotranspiration, filtration, infiltration, phytoremediation and bioremediation serve as
essential factors affecting the water treatment and flood management potential of CWs [5].

CWs are designed to optimize ecosystem services and highlight the benefits of natural
processes. Depending on hydrological and flow characteristics, CWs can be classified as
free water surface wetlands (FWS), horizontal sub-surface flow wetlands (HSSF), vertical
flow wetlands (VF), and hybrid wetlands [6]. CWs can be designed as single-type wetlands
or a series of connected systems with varying classifications. The types and configuration
of CWs can vary greatly depending on the purpose, nature of influent, and availability of
space [7]. In recent years, floating aquatic plant systems (FAPS) were widely utilized as
compared with submerged plant systems, since these facilities can be easier to maintain [8].
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The removal of nutrients (i.e., nitrogen and phosphorus) in CWs can be attained
through phytoremediation and bioremediation mechanisms [9]. Nitrogen is generally
removed through plant uptake mechanism and nitrification–denitrification processes [7].
However, in the case of environments with low dissolved oxygen (DO) concentration,
the removal of nitrogen can be significantly decreased [10]. Phosphorus can be removed
through particle adsorption, plant uptake, and microorganism respiration [7]. Phosphorus
removal in CWs can be generally low, but increasing plant coverage can improve the rate
at which phosphorus is removed in the system [11]. In a study conducted by Kadlec and
Wallace (2008), plants accounted for approximately 20% of the total phosphorus removed
by the CWs [12].

The inflow water in CWs may also contain considerable amounts of pathogens which
may be removed through media filtration, precipitation, and adsorption mechanisms in
the CWs [13–15]. Researches on CWs applied for various purposes are continuously being
conducted; however, current studies mainly focused on the pollutant removal perfor-
mance of the systems without a concrete explanation of the internal processes affecting
the efficiency of the CWs. In addition, studies about the effects of microorganisms to
the overall performance of CWs are still lacking. As such, this study investigated the
physicochemical and biological mechanisms in a horizontal subsurface flow (HSSF) CW
through long-term monitoring. Specifically, the factors affecting overall performance of
HSSF CW were assessed.

2. Materials and Methods
2.1. Site Description and Facility Characteristics

The catchment area characteristics and the properties of the small HSSF CW located at
Kongju National University in Cheonan City, South Korea (36◦51′1.11” N; 127◦9′0.23” E)
utilized in the study were summarized in Table 1. The HSSF CW, which was constructed in
2010, was installed to treat stormwater runoff from a 424 m2 impermeable road and parking
lot. The facility can be divided into four sections: (1) sedimentation or pre-treatment zone,
(2) plant or the filter zone, (3) effluent zone, and the overflow zone as shown in Figure 1.
The sedimentation or pre-treatment zone was underlaid with bio-ceramic media packs. On
the other hand, a vertical woodchip layer was installed at the initial part of the plant or
filter zone while the remaining parts of the plant or filter zone was filled with sand and
gravel layers, respectively. Sand, gravel, woodchip, and bio-ceramics sizes were ranging
from 2 to 5 mm, 20 to 30 mm, 10 to 20 mm, and 2 to 4.7 mm, respectively. The bio-ceramic
layer in the sedimentation zone was utilized to enhance the reduction of particulate matter.
The filter zone was designed to have sufficient infiltration function to retain sufficient water
for the growth of vegetation [16]. Iris ensata var. spontanea, a native plant species in Korea,
was selected based on a number of factors such as low maintenance requirements, fast
growth, pollutant uptake performance and high tolerance towards toxicities [13]. The HSSF
CW received stormwater runoff from a 424 m2 combined road and parking lot catchment
and has a facility storage volume of 1.56 m3. HSSF CW storage volume to total volume
(SV/TV) ratio is 30.6% while pre-treatment volume to storage volume (PV/SV) ratio is
26.2%. Table 1 exhibited the other properties of the HSSF CW.
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Table 1. Site characteristics and HSSF CW specifications.

Characteristics Unit HSSF CW

Year constructed 2010
Infiltration capability No

Vegetation Iris ensata var. spontanea
Overflow channel Yes

Media Sand, gravel, bio-ceramic and woodchips
Runoff source Road and Parking Lot

Dimension (L ×W × H) m ×m ×m 7 × 1 × 0.7
Pre-treatment Yes

Pre-treatment volume, m3 0.67
Storage volume m3 1.56
Catchment area m2 424

SA/CA % 1.4
SV/TV % 30.6

SA/CA: ratio of facility surface area to catchment area; SV/TV: ratio of storage volume to total volume.
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Figure 1. Schematic diagram of the HSSF CW.

2.2. Storm Event Monitoring, Water Quality Analyses and Calculation

A total of 27 rainfall events were monitored from 2010 up to 2019. Monitoring during
rainfall events was carried out by considering the first flush phenomenon that is usually
observed in highly urbanized land uses [17]. Manual grab sampling was used to collect
water samples. The first sample was collected as soon as the inflow or outflow was
observed. The succeeding samples for the first hour of the event were collected after
five, 10, 15, 30, and 60 min, followed by an hourly interval until the end of the rainfall
event. To effectively calculate the pollutant loads, flowrates were measured every five
minutes [18]. The collected water samples were analyzed for different water quality
parameters based on the Standard Methods for the Examination of Water and Wastewater
including total suspended solids (TSS), chemical oxygen demand (COD), total nitrogen
(TN), total phosphorus (TP) [19]. Total heavy metal concentrations, including Cr, Fe, Ni, Cu,
Zn Cd, and Pb, were also measured using inductively coupled plasma spectrometry [16].
Hydrologic records (i.e., rainfall depth, duration, and antecedent dry days) were obtained
from the Korea Meteorological Administration. The event mean concentrations (EMCs) of
various pollutants were calculated using Equation (1) [20]. The pollutant removal efficiency
of the system was calculated by getting the difference between the inflow and outflow
pollutant load divided by the inflow load multiplied to 100. Results were statistically
analyzed using SYSTAT 12 and Excel software, including normality test and analysis
of variance. Pearson correlation coefficient (R) was used to determine the dependence
between each water quality parameter. Significant differences between parameters were
accepted at 95% confidence level, signifying that the probability (p) value was less than 0.05.

EMC =
M
V

=
∑i ciqi

∑i qi
(1)
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2.3. Plant and Microorganism Monitoring and Sampling

P1 to P4 illustrated in Figure 2 were the soil sampling points in the plant or filter zone
of the HSSF CW. The height and chlorophyll content of Iris ensata var. spontanea planted
in the HSSF CW were measured monthly to quantify the difference every month except
the winter season. Similarly, a total of six soil sampling were conducted distributed in
all seasons except the winter season. For physico-chemical and microbial analysis. Soil
quality parameters including pH, conductivity, nutrient content (TN and TP), and heavy
metals(Cd, Cr, Cu, Pb, Zn, and As) were tested based on the soil sampling and methods
analysis by Carter and Gregorich 2007 [21]. Soil microbial analyses through Soil samples
were also subjected to microbial analysis through 16S rRNA gene sequence obtained by
Roche 454 pyrosequencing technology [22]. This method is based on the idea that all
bacteria host 16S rRNA and by using universal primers in a single PCR reaction, all bacteria
in a target environment may be identified by the end of the sequence.

Water 2021, 13, x FOR PEER REVIEW 4 of 12 
 

 

2.3. Plant and Microorganism Monitoring and Sampling 
P1 to P4 illustrated in Figure 2 were the soil sampling points in the plant or filter zone 

of the HSSF CW. The height and chlorophyll content of Iris ensata var. spontanea planted 
in the HSSF CW were measured monthly to quantify the difference every month except 
the winter season. Similarly, a total of six soil sampling were conducted distributed in all 
seasons except the winter season. For physico-chemical and microbial analysis. Soil qual-
ity parameters including pH, conductivity, nutrient content (TN and TP), and heavy met-
als(Cd, Cr, Cu, Pb, Zn, and As) were tested based on the soil sampling and methods anal-
ysis by Carter and Gregorich 2007 [21]. Soil microbial analyses through Soil samples were 
also subjected to microbial analysis through 16S rRNA gene sequence obtained by Roche 
454 pyrosequencing technology [22]. This method is based on the idea that all bacteria 
host 16S rRNA and by using universal primers in a single PCR reaction, all bacteria in a 
target environment may be identified by the end of the sequence.  

 
Figure 2. HSSF CW sampling points. 

3. Results and Discussion 
3.1. Analysis of Influent Water Quality and Pollutant Removal Efficiency 

The 27 monitored storm events had an average ± standard deviation rainfall depth 
and duration of 8.4 ± 8.6 mm 3.2 ± 2.3 h, respectively. Most of the storm events were mon-
itored during summer season comprising 54.5% of the total sampling followed by spring 
and autumn seasons amounting to 31.8% and 13.7%. Parking lots and roads represent 
major sources of water pollution in urban areas with typically associated pollutants in-
cluding TSS, metals, anthropogenic organic compounds, nutrients, and microbial contam-
inants [23,24]. Based on Figure 3, the mean ± standard deviation inflow EMC or EMCin of 
TSS, COD, TN, and TP were 143.3 ± 88.2 mg/L, 155.2 ± 106.9 mg/L, 8.5 ± 4.9 mg/L, and 0.56 
± 0.31 mg/L, respectively. In addition, the EMCin for heavy metals were 0.16 ± 0.09 μg/L, 
5.78 ± 4.93 μg/L, 0.15 ± 0.09 μg/L, 0.53 ± 0.51 μg/L, 0.10 ± 0.08 μg/L, and 0.18 ± 0.12 μg/L 
for Cr, Fe, Cu, Zn, Cd, and Pb, respectively. The effluent EMC (EMCout) of TSS, COD, 
TN, and TP amounting to 47.8 ± 31.9 mg/L, 80.2 ± 52.2 mg/L, 6.4 ± 3.7 mg/L, and 0.31 ± 0.16 
mg/L, respectively, were found to be significantly less than the EMCin with probability 
(p) value less than 0.001. TSS were reduced in the system through filtration and sedimen-
tation in the CWs [25,26]. In a study conducted by Geronimo et al., 2014, it was found that 
the removal of other pollutants in a similar stormwater treatment system was attributed 
to TSS removal [27]. This finding highlighted the importance of sedimentation and filtra-
tion mechanism in the overall performance of CWs. The nitrogen removal mechanisms in 
CWs involve ammonification, nitrification–denitrification, plant uptake, and physico-
chemical methods such as sedimentation, ammonia stripping, breakpoint chlorination, 
and ion exchange [28]. On the other hand, the major phosphorus removal processes in 
CWs include plant uptake, formation of organic deposits through the immobilization of 
microorganisms, and sedimentation of particles containing adsorbed phosphorus [12]. 
The EMCout of Cr (0.15 ± 0.10 μg/L), Fe (2.31 ± 2.10 μg/L), Cu (0.15 ± 0.03 μg/L), Zn (0.30 
± 0.28 μg/L), Cd (0.10 ± 0.09 μg/L), and Pb (0.18 ± 0.21 μg/L) also exhibited lower values 
as compared with the EMCin (p < 0.05). Heavy metal removal mechanisms in CWs include 
phytoremediation, adsorption, and ion exchange [29,30]. In the study conducted by [31], 
it was found that the stormwater runoff from a 75% impervious road contained 140 mg/L, 

Figure 2. HSSF CW sampling points.

3. Results and Discussion
3.1. Analysis of Influent Water Quality and Pollutant Removal Efficiency

The 27 monitored storm events had an average ± standard deviation rainfall depth
and duration of 8.4 ± 8.6 mm 3.2 ± 2.3 h, respectively. Most of the storm events were
monitored during summer season comprising 54.5% of the total sampling followed by
spring and autumn seasons amounting to 31.8% and 13.7%. Parking lots and roads rep-
resent major sources of water pollution in urban areas with typically associated pollu-
tants including TSS, metals, anthropogenic organic compounds, nutrients, and micro-
bial contaminants [23,24]. Based on Figure 3, the mean ± standard deviation inflow
EMC or EMCin of TSS, COD, TN, and TP were 143.3 ± 88.2 mg/L, 155.2 ± 106.9 mg/L,
8.5 ± 4.9 mg/L, and 0.56 ± 0.31 mg/L, respectively. In addition, the EMCin for heavy
metals were 0.16 ± 0.09 µg/L, 5.78 ± 4.93 µg/L, 0.15 ± 0.09 µg/L, 0.53 ± 0.51 µg/L,
0.10 ± 0.08 µg/L, and 0.18 ± 0.12 µg/L for Cr, Fe, Cu, Zn, Cd, and Pb, respectively.
The effluent EMC (EMCout) of TSS, COD, TN, and TP amounting to 47.8 ± 31.9 mg/L,
80.2 ± 52.2 mg/L, 6.4 ± 3.7 mg/L, and 0.31 ± 0.16 mg/L, respectively, were found to
be significantly less than the EMCin with probability (p) value less than 0.001. TSS were
reduced in the system through filtration and sedimentation in the CWs [25,26]. In a study
conducted by Geronimo et al., 2014, it was found that the removal of other pollutants in
a similar stormwater treatment system was attributed to TSS removal [27]. This finding
highlighted the importance of sedimentation and filtration mechanism in the overall per-
formance of CWs. The nitrogen removal mechanisms in CWs involve ammonification,
nitrification–denitrification, plant uptake, and physicochemical methods such as sedimen-
tation, ammonia stripping, breakpoint chlorination, and ion exchange [28]. On the other
hand, the major phosphorus removal processes in CWs include plant uptake, formation
of organic deposits through the immobilization of microorganisms, and sedimentation of
particles containing adsorbed phosphorus [12]. The EMCout of Cr (0.15 ± 0.10 µg/L), Fe
(2.31± 2.10 µg/L), Cu (0.15± 0.03 µg/L), Zn (0.30± 0.28 µg/L), Cd (0.10± 0.09 µg/L), and
Pb (0.18 ± 0.21 µg/L) also exhibited lower values as compared with the EMCin (p < 0.05).
Heavy metal removal mechanisms in CWs include phytoremediation, adsorption, and
ion exchange [29,30]. In the study conducted by [31], it was found that the stormwater
runoff from a 75% impervious road contained 140 mg/L, 129 mg/L, 19.4 µg/L, 13.2 µg/L,
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and 81.1 µg/L of TSS, COD, Cu, Pb, and Zn, respectively. Similarly, Li et al., 2012, found
Mn and Fe concentration in stormwater from 48.6% impervious road were 20.0 µg/L 42.
5 µg/L, respectively [32]. Lower pollutant concentration in stormwater runoff from the
other studies were attributed to lower imperviousness compared to the parking lot and
road in this study which has 100% imperviousness thereby causing less infiltration of
surface runoff.
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The summary of the pollutant removal performance of the HSSF CW was illustrated in
Figure 4. Among the water quality parameters analyzed, the facility exhibited the highest
removal for TSS with a mean ± standard deviation of 71.5 ± 16.8% followed by organics,
nutrients and heavy metals with mean ± standard deviation of 57.2 ± 20.5%, 50.5 ± 22.6%,
and 46.8 ± 23.1%, respectively. High removal of TSS, TP and heavy metals in the HSSF CW
was attributed to the pre-treatment zone or sedimentation basin where these pollutants
were deposited. The efficient removal of TSS, TP, and heavy metals in the stormwater
runoff can be attributed to the effective settlement of sediment-bound pollutants and
particulates in the facility’s sedimentation basin. Previous studies also reported that CWs
equipped with pre-treatment zones or sedimentation basins were capable of reducing
incoming pollutant loads in the system, thus promoting a suitable environment for plant
and microbial growth [33]. Apart from the effective sedimentation mechanisms in the
facility, high TSS and heavy metal removal efficiencies can also be attributed to the bio-
ceramic filter used in the facility [34,35]. These results implied that flow reduction in the
wetland through infiltration and sedimentation played an important role in the overall
performance of the HSSF CW.
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3.2. Implication of Plant Growth and Chlorophyll Changes in the HSSF CW

Plants in CWs can reduce NPS pollutant concentrations through phytoremedia-
tion [9,36]. Moreover, plants can also improve the water storage and infiltration functions
of CWs through plant roots. The removal efficiency of a nature-based stormwater treat-
ment facility varies depending on the influent water quality, filter media characteristics,
microbiological activities, and the type of vegetation utilized in the system [34,36]. Iris,
commonly planted in CWs, is effective in removing nitrogen in water [37,38]. Iris is capable
of simultaneously absorbing nitrous oxide and deoxidizing nitrogen in its roots [12]. As
illustrated in Figure 5, the height of Iris planted in the HSSF CW continued to increase
from March to July, whereas the observed plant heights started to decrease from August.
Iris growth rate near the inflow and outflow ports between March and April were almost
similar, especially during the months of April and May when the plants experienced ex-
tended periods of sunlight exposure. Despite the lower sunlight duration due to rainy
days between July to August, the growth of Iris was found to be steadily increasing at a
range of 0.2 to 5.2%. The growth rate of Iris in the inflow part ranged from 27 to 103% was
found to be significantly less than the growth rate of Iris near the outflow amounting to
28% to 139% (p < 0.001). Higher Iris growth rates were observed near the outflow port
due to the soluble pollutants resulting from filtration and sedimentation mechanisms in
the sedimentation zone and initial part of the media zone. From May to June, the growth
rate of Iris in the outflow was about 15% greater than the inflow due to the influx of large
amounts of nutrients when rain frequently occurred. Iris growth in this study amounting
from 32 to 80 cm was found to be almost in the same range as the Iris studied by Lee et al.,
2018 over four months was about 10 cm to 60 cm and 10 cm to 45 cm considering 60 mg/kg
and 23.9 mg/kg of nitrogen concentration, respectively.

Photosynthesis is the basic process in which plants reduce carbon dioxide, produce
oxygen, and increase its own biomass. Plants play an important role in the removal metals
in water and soil [39,40]. Plants employ physico-chemical processes such as filtration,
adsorption, and cation exchange to sequester pollutants in the planting media or overly-
ing water. The changes in chlorophyll concentration among the Irises were measured to
evaluate the plants’ activities and photosynthetic potential. As exhibited in Figure 6, the
chlorophyll measurements were relatively higher in spring as compared to the measure-
ments observed in other seasons. This trend is similar to the plants’ growth rate, wherein
the highest measurements were recorded during the months of March to April. The activity
and growth rate of plants in the HSSF CW were expected to affect the species and quan-
tity of microorganisms and the pollutant removal capability of the system. Chlorophyll
levels in the inflow and outflow zones were similar during spring and summer seasons.
Chlorophyll concentration in the inflow and outflow ranges from 52.4 ± 15.9 ug/cm2 to
52.4 ± 24.3 ug/cm2, and 49.8 ± 14.4 ug/cm2 to 53.4 ± 25.6 ug/cm2, respectively, during
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summer and spring seasons. The difference in chlorophyll concentrations between the
plants located in the influent and effluent zones during the fall season can be attributed
to the pattern of nutrient deposition. Chlorophyll is the core of photosynthetic activity
in vegetation, and it can provide a measure of plant growth conditions from another per-
spective [41,42]. In addition, chlorophyll represents the amount of nutrients that a plant
contained through the leaf color [43,44]. During fall season, the amount of nutrients de-
posited in CW can be reduced due to the lower rainfall depth and frequency. Additionally,
lower temperatures can also affect plant productivity and slow-down growth patterns. It
was also found that the plants near inflow contained higher chlorophyll compared to the
outflow due to the pollutant inflow during the rainfall affect both the growth and activity
of the plant.
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3.3. Soil Characteristics along the Plant Zone of the HSSF CW

CW soil is an important environment in which vegetation and microorganisms survive
and perform pollutant decomposition and material circulation. Physico-chemical charac-
teristics of soil from different sampling points were listed in Table 2. Based on the analyses,
pH of P1 and P2 close to the inflow was 6.5 while relatively higher pH was observed for P3
and P4 amounting to 6.8 and 6.7, respectively, which are both near the outflow. Highest
hydraulic conductivity was measured in P1 with similar concentrations at the succeeding
points in the CW plant zone. On the other hand, water content and ignition loss were found
to have the same trend. High water content in P1 was due to the continuous supply of
water from the sedimentation or pre-treatment zone. Since the HSSF CW was designed to
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have 1% slope, lowest water content was observed in P2. TN and TP were found to be 2.3
to 3.5 times and 1.5 to 2.0 times, respectively, higher in P1 compared to other points along
the plant zone. Among the heavy metals, Zn was found to have the highest concentration
which was about 0.2 to 10.7 times higher compared to other heavy metals. It was analyzed
that Zn is an essential element for plant growth and is easily absorbed by roots as such
the concentration decreases along the plant zone to the outflow port [45]. TP and heavy
metals decreased along the plant zone to the outflow port. This finding is attributed to the
deposition of heavy metals and TP attached to sediments in the pre-treatment basin and
were mostly absorbed in the top of the vegetation thereby reducing its concentration along
the media in the plant zone.

Table 2. Soil characteristics per collection point along the HSSF CW.

Parameter Unit
Point

P1 P2 P3 P4

pH 6.5 6.8 6.7 6.5
Conductivity 47.7 19.1 17.1 18.8
Water content % 18.0 16.4 16.5 17.5
Ignition loss % 28.8 26.3 27.5 27.4

TN

mg/kg

364.3 104.1 102.8 153.5
TP 213.7 114.0 141.3 105.6
Cd 5.4 1.5 0.8 1.1
Cr 0.8 0.3 0.3 0.3
Cu 2.3 1.0 0.4 0.7
Pb 0.7 3.2 1.6 1.8
Zn 25.6 9.9 2.4 3.0
As 1.8 0.9 0.7 0.7

3.4. Microbial Distribution along the Plant Zone of the HSSF CW

Figure 7 showed the count of microorganisms in the soil collected in the plant zone of
the HSSF CW. Highest number of microorganisms was found in P1 amounting to 47,836
copies/g of soil which is located near the inflow of the HSSF CW. Microbial count in P2,
P3 and P4 were almost in the same range and was found to be less than P1 amounting to
40,834 copies/g of soil, 36,110 copies/g of soil, and 39,376 copies/g of soil, respectively.
It was also found that various stormwater pollutants accumulated pre-treatment zone
or sedimentation zone provided good environment for microorganism growth [46]. The
results of the microbial analysis by distance showed that Proteobacteria accounted for
the highest proportion of about 37.8%, followed by Actinobacteria and Acidobacteria
comprising 15.9% and 13.4%, respectively.

Water 2021, 13, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 7. Microbial count per collection point in the plant zone of HSSF CW. 

Table 3 exhibited the Pearson correlation analysis between the CW soil microorgan-
isms and the soil quality parameters. Most of the microorganisms were found to have high 
positive correlation to different soil quality parameters except for pH and Pb. Among the 
microorganisms, Gemmatimonadetes was found to have positive correlation with r value 
of 0.899 to pH while negative correlation (r value: −0.686 to −0.931) to other parameters 
including conductivity, water content and TN. This finding might have resulted from the 
characteristics of Gemmatimonadetes being rod-shaped aerobic bacteria that use photo-
synthesis based on chlorophyll [54,55]. On the other hand, pH was found to be negatively 
correlated (r value: −0.357 to −0.667) with most of the microorganisms indicating that 
higher pH will entail lower microorganisms count or less microorganism survival. This 
finding implied that soil pH is an important condition for microorganism growth. Prote-
obacteria, Actinobacteria, Acidobacteria, Bacteroidetes, Planctomycetes and Verrucomi-
crobia were found to have high correlation with concentrations of heavy metals except Pb, 
which are considered to have an effect on pollutant reduction through bioremediation, 
sedimentation, and ion exchange. High correlation between heavy metals and microbial 
species was found to have influenced the production of characteristic enzymes, contrib-
uting to the improvement of removal efficiency of heavy metals. 

Table 3. Pearson correlation matrix of microorganisms and soil quality parameters. 

 pH Conductivity Water Content LOI TN TP Cu Cr Cd Pb Zn As 
Proteobacteria −0.613 1.000 0.804 0.836 0.986 0.937 0.972 0.999 0.995 −0.720 0.954 0.982 
Actinobacteria −0.567 0.999 0.769 0.813 0.974 0.943 0.977 0.999 0.997 −0.693 0.966 0.989 
Acidobacteria −0.573 0.997 0.772 0.842 0.976 0.957 0.964 0.996 0.992 −0.729 0.951 0.980 
Bacteroidetes −0.635 0.999 0.820 0.833 0.990 0.925 0.974 0.999 0.995 −0.716 0.953 0.981 

Planctomycetes −0.599 1.000 0.793 0.832 0.983 0.941 0.973 0.999 0.995 −0.717 0.956 0.984 
Verrucomicrobia −0.615 1.000 0.804 0.841 0.986 0.939 0.970 0.999 0.994 −0.727 0.951 0.981 

Chloroflexi −0.667 0.995 0.842 0.870 0.995 0.930 0.956 0.993 0.984 −0.764 0.928 0.965 
Firmicutes −0.602 0.971 0.780 0.923 0.967 0.974 0.900 0.966 0.952 −0.840 0.879 0.927 

Saccharibacteria_TM7 −0.357 0.985 0.640 0.802 0.934 0.993 1.000 0.988 0.995 −0.722 0.993 1.000 
Gemmatimonadetes 0.899 −0.686 −0.929 −0.052 −0.931 0.911 −0.326 −0.485 −0.241 0.006 0.053 −0.0021 

4. Conclusions 
CWs provide different benefits such as pollutant removal, water circulation and ma-

terial circulation through different physical, chemical, and biological processes via differ-
ent components such as soil, filter media, plants, and microorganisms. Analysis on the 
influent characteristics of stormwater entering the HSSF CW revealed that impervious-
ness rate greatly affected the generation of NPS pollutants. The pre-treatment zone or sed-
imentation zone of the CW provided several benefits not only in reducing stormwater 

Figure 7. Microbial count per collection point in the plant zone of HSSF CW.



Water 2021, 13, 1242 9 of 12

Proteobacteria survives through symbiosis with bacteria and other plant roots, and the
high proportion of Proteobacteria have significant effect on nitrogen reduction and plant
growth in the facility [47–50]. Actinobacteria is a microorganism that parasites on plant
roots to create root holes, perform nitrogen fixation and reduce heavy metals [51,52]. High
concentration of heavy metals in roads and parking lots, which accumulated in the HSSF
CW, resulted to microorganism growth and survival related to heavy metals. Pollutants
present in stormwater runoff entering the HSSF CW were found to have provided good
environment for Proteobacteria, Actinobacteria and Acidobacteria to be the dominant
species. Proteobacteria, Actinobacteria and Acidobacteria are almost always the most
dominant microbial phyla in the environment, even in wastewaters [53].

Table 3 exhibited the Pearson correlation analysis between the CW soil microorgan-
isms and the soil quality parameters. Most of the microorganisms were found to have
high positive correlation to different soil quality parameters except for pH and Pb. Among
the microorganisms, Gemmatimonadetes was found to have positive correlation with r
value of 0.899 to pH while negative correlation (r value: −0.686 to −0.931) to other pa-
rameters including conductivity, water content and TN. This finding might have resulted
from the characteristics of Gemmatimonadetes being rod-shaped aerobic bacteria that
use photosynthesis based on chlorophyll [54,55]. On the other hand, pH was found to
be negatively correlated (r value: −0.357 to −0.667) with most of the microorganisms
indicating that higher pH will entail lower microorganisms count or less microorganism
survival. This finding implied that soil pH is an important condition for microorganism
growth. Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes, Planctomycetes and
Verrucomicrobia were found to have high correlation with concentrations of heavy metals
except Pb, which are considered to have an effect on pollutant reduction through biore-
mediation, sedimentation, and ion exchange. High correlation between heavy metals and
microbial species was found to have influenced the production of characteristic enzymes,
contributing to the improvement of removal efficiency of heavy metals.

Table 3. Pearson correlation matrix of microorganisms and soil quality parameters.

pH Conductivity
Water
Con-
tent

LOI TN TP Cu Cr Cd Pb Zn As

Proteobacteria −0.613 1.000 0.804 0.836 0.986 0.937 0.972 0.999 0.995 −0.720 0.954 0.982
Actinobacteria −0.567 0.999 0.769 0.813 0.974 0.943 0.977 0.999 0.997 −0.693 0.966 0.989
Acidobacteria −0.573 0.997 0.772 0.842 0.976 0.957 0.964 0.996 0.992 −0.729 0.951 0.980
Bacteroidetes −0.635 0.999 0.820 0.833 0.990 0.925 0.974 0.999 0.995 −0.716 0.953 0.981

Planctomycetes −0.599 1.000 0.793 0.832 0.983 0.941 0.973 0.999 0.995 −0.717 0.956 0.984
Verrucomicrobia −0.615 1.000 0.804 0.841 0.986 0.939 0.970 0.999 0.994 −0.727 0.951 0.981

Chloroflexi −0.667 0.995 0.842 0.870 0.995 0.930 0.956 0.993 0.984 −0.764 0.928 0.965
Firmicutes −0.602 0.971 0.780 0.923 0.967 0.974 0.900 0.966 0.952 −0.840 0.879 0.927

Saccharibacteria_TM7 −0.357 0.985 0.640 0.802 0.934 0.993 1.000 0.988 0.995 −0.722 0.993 1.000
Gemmatimonadetes 0.899 −0.686 −0.929 −0.052 −0.931 0.911 −0.326 −0.485 −0.241 0.006 0.053 −0.0021

4. Conclusions

CWs provide different benefits such as pollutant removal, water circulation and mate-
rial circulation through different physical, chemical, and biological processes via different
components such as soil, filter media, plants, and microorganisms. Analysis on the influent
characteristics of stormwater entering the HSSF CW revealed that imperviousness rate
greatly affected the generation of NPS pollutants. The pre-treatment zone or sedimenta-
tion zone of the CW provided several benefits not only in reducing stormwater pollutant
load but also providing good growing environment for plant and microorganisms. Both
plant growth rate and microorganism dominance were affected by the stormwater runoff
quality entering the HSSF CW. Higher microorganism count was observed near the out-
flow of the CW compared to inflow since some of the pollutant present in stormwater
runoff were detrimental to microorganism growth and survival. On the other hand, higher
pollutant concentration in the inflow resulted to better growth of plants compared to
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outflow part. Proteobacteria, Actinobacteria and Acidobacteria were found to be the most
dominant microbial phylum in the HSSF CW. Proteobacteria, Actinobacteria, Acidobacte-
ria, Bacteroidetes, Planctomycetes and Verrucomicrobia were considered to have affected
the pollutant removal mechanisms of through bioremediation, sedimentation, and ion ex-
change. These findings may be used in designing appropriate stormwater CWs considering
different environmental conditions and CW components.
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