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ABSTRACT

The constructed wetland (CW) was designed to treat impacted runoff stream water coming from a
221 ha agricultural watershed. The CW was composed of 7 cells in series including a sedimentation
zone, deep marsh and shallow marsh. Water quality, sediment and plant monitoring on the CW was
conducted since October 2009 and additional analyses were performed to recognize the causes of
algae occurrence since 2012. Large amounts of Haematococcus pluvialis species was observed in the first
five cells of the CW but no algae was seen at the last 2 cells prior to the outlet. Results indicated that
the proportion of plant coverage to surface area in Cells 1 to 5 was very low (less than 6%). Findings
revealed that nutrients were being transported into the CW from the catchment area with the soluble
nutrients degraded by microbial activities in the sediments and released to the water table. Relatively
high potassium content was found in Cell 1 of the CW which originated from the chemical fertilizers
used in the paddy field. Algal bloom control and better design methods in the CW were suggested to
prevent and regulate the algal bloom in CWs.

Keywords: Algal bloom control; Free water surface flow constructed wetland; Haematococcus pluvialis;

Water quality; Plant density; Sediment

1. Introduction

Algae are a natural component of aquatic environments,
and even when they are abundant; is not necessarily a prob-
lem. Often a proliferation of microscopic algae can have ben-
eficial effects on fisheries and aquaculture industries such
as by increasing the amount of food available [1]. However,
large amounts of algae in intensity and frequency can cause
public health concern and ecological problem, and some cases
can be catastrophic to the environment. In a constructed wet-
land (CW), algal blooms could upset the delicate natural bal-
ance of plant and animal ecosystems when present in huge
amount. CWs are increasingly used worldwide to improve
the water quality of rivers and lakes; and to manage both
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point and non-point source (NPS) pollution from stormwater
runoff, agricultural wastewaters, drainage waters, municipal
sewage and other types of wastewaters [2-7].

There are complex, integrated systems of water, plants,
soil, animals, microorganisms, and the environment [8]. But
most of all, plants growing in CWs have several properties
related to treatment processes that make them an essential
component of the design of the CWs [9,10]. The density of
plant affects detention time in a free water surface flow (FWS)
CW; i.e., increases with plant density [11]. According to [12],
unplanted cells had significantly higher temperature than cells
and exhibited greater daily variation in temperature than veg-
etated cells. Both [9,13] highlighted the influence of plants on
radiation insulation in the spring, which resulted in reduced
algal growth and lower system operating temperature.
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The growth of algae in the CW is affected by several fac-
tors including suitable growing environment, nutrient avail-
ability, flushing rate, etc., [14]. To evaluate the occurrence of
eutrophication, traditional parameters are usually evaluated
and referred to be comprehensive such as the existence of
index organism and the amount of algae, primary produc-
tivity, dissolved oxygen (DO), nitrogen and phosphorus
concentrations [15]. In this research, the possible causes of
algae occurrence in a FWS CW were investigated durinStag
a 6-year monitoring period. Since 2012, large amounts of
algae (Haematococcus pluvialis) were observed in the CW that
occurred between May and October. The widespread occur-
rence of Haematococcus in temporary rather than permanent
bodies of water is due at least in part to the fact that such
pools are usually free of other competing algae, and not to
any inherent characteristic of the pools. Haematococcus is con-
siderably better suited for survival under conditions of expe-
ditious and extreme fluctuations in light, temperature and
salt concentration than most algae, due to its rapid ability
to encyst [16]. Haematococcus pluvialis species is well known
for its high content of the strong antioxidant astaxanthin
(red katocarotenoid), which is important in aquaculture [17].
The accumulated carotenoids might function as a protective
agent against oxidative stress damage [18, 19]. Based on the
findings and monitoring experience, algal bloom control and
better design methods in the CW were suggested to regulate
algae.

2. Materials and methods
2.1. Description of the constructed wetland

The FWS CW designed by the Ministry of Environment
in 2008 was located in Kongju City, Chungnam Province,
Korea. The CW was built to treat impacted runoff stream
water coming from a 221 ha agricultural area (99% wet paddy
fields and 1% dry paddy field). The influent to the CW comes
from the agricultural stream flow in the tributaries of Geum
River during dry days and stormwater runoff from water-
shed area during wet days. The CW has a total surface area of
12,705 m? and a total storage volume of 11,235 m?. The design
hydraulic retention time (HRT) from the inlet to the outlet
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is approximately 28 h. The composition, design characteris-
tics and sampling locations of the CW were shown in Fig. 1.
The CW was composed of seven cells in series that include a
sedimentation zone, deep marsh and shallow marsh. Plant
species including Oenanthe javanica (OJ), Acorus calamus (AC),
Typha orientalis (TO), Phragmites australis (PA) and floating
plant (FP) bordered each cell of the CW.

2.2. Monitoring and analyses
2.2.1. Non-algal bloom season monitoring

Water quality, sediment and plant monitoring on the CW
during dry days was conducted since October 2009. Water qual-
ity samples were collected at five sampling locations in the CW
as indicated in Fig. 1. These samples were analyzed for DO, pH
and temperature which were all measured in situ using porta-
ble meters. Samples were then refrigerated after collection and
quickly transported to the laboratory for analysis such as total
suspended solid (TSS), biochemical oxygen demand (BOD),
total nitrogen (TN), total phosphorus (TP) following the stan-
dard methods for the examination of water and wastewater [20].
Two sediment samples were also collected using a 5 cm diam-
eter by 50 cm long acryl tube at the inlet and outlet of the CW.
Collected sediment samples were analyzed for COD, TN, TP
and Organic-P following the standard methods [20]. The plant
coverage in the CW was measured and the proportion of plant
coverage to surface area of each cell was calculated.

2.2.2. Algal bloom season monitoring

Since 2012, large amounts of algae were seen in the CW that
occurred between May (late spring) and October (mid-fall).
Various analyses were additionally performed to recognize
the causes of algae occurrence and control measures during
algal bloom season. The algae species emerging on the CW
was investigated by direct observation using a digital micro-
scope. Sediment sample of the paddy field in the upstream
was analyzed to realize sediment pollution level of the CW.
Sediment sampling points in the upstream was located 100
m away from CW inlet. The element-containing phases of the
collected sediment samples were also investigated by direct
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Fig. 1. Schematic diagram and design information of the CW (Cell 1 and 7: sedimentation zone, Cell 2 and 5: deep marsh, Cell 3 and

4: shallow and deep marsh, Cell 6: shallow marsh).
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observation using scanning electron microscopy (SEM) with
energy dispersive x-ray (EDX) analysis. The SEM instrument
has a detection limit of ~0.5 weight % for most elements while
the EDX system is able to detect elements with atomic num-
ber equal to or greater than six. In addition, DO concentration
along the depth in the Cell 5 was measured.

2.2.3. Data analysis

Data on precipitation and air temperatures for the site
were collected from the Korea Meteorological Administration.
All statistical test were performed using SYSTAT 9.0
(Chicago, IL, USA, 2007) and OriginPro 8 SRO v8.0724 (B724)
(Northampton, MA, USA, 1991-2007) software package.
Physicochemical parameters were compared between each
other using one-way ANOVA analysis. Differences were con-
sidered significant when p values were < 0.05.

3. Results and discussion
3.1. Precipitation and air temperature

The precipitation and air temperature of the region during
monitoring period between January 2009 and December 2013
is shown in the Fig. 2. The climate of the region is monsoon
and temperate. During the monitoring period, monthly aver-
age temperature ranged from 27.1 to —6.8°C. Temperature
trends were consistent with 5-year averages from the CW site
with an average maximum temperature of 17.4°C (maximum
daily temperature 36.6°C) and average minimum tempera-
ture of 7.5°C (minimum daily temperature —18.0°C). Average
seasonal temperatures were 11.3°C in spring (from March to
May), 24.8°C in summer (from June to August), 13.8°C in fall
(from September to November) and -1.5°C in winter (from
December to February). The average annual precipitation was
1,326 mm of which more than half (52%) was concentrated
during summer with highest temperatures, humidity levels
and evaporation rates. On the other hand, only less than 1%
of the annual precipitation has occurred during winter.

3.2. Water quality

Fig. 3 shows the water quality changes along the flow
path of CW. The data on water quality in algal and non-algal

m= Precipitation ——Average temperature = - Max. temperature
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bloom season were separated in the figure which were illus-
trated by the box plot (non-algal bloom season in 2009-2010
year) and line of average concentration (algal bloom season
in 20122014 year). Although, no significant reduction was
observed in the concentration levels of all parameters in
each cell; the effluent was always below the influent levels.
In addition, no significant difference in the concentration
changes of parameters was observed between the algal and
non-algal bloom seasons. The BOD and TSS concentrations
increased to peak at Cell 5 and decreased after passing Cell
6 while DO concentration decreased from 10.0 mg/L in the
influent to 7.3 mg/L in the inlet of Cell 6 especially during
the algal bloom season. It was observed that low plant den-
sity was determined between Cell 1 and Cell 5. The presence
of open, unshaded water near the outlet of a CW typically
promotes seasonal blooms of phytoplanktonic algal species,
which results in elevated concentrations of suspended solids
and particulate nutrient forms in the effluent [21]. Moreover,
a factor including the wind action was linked to a low plant
density causing a high resuspension of sediments and sun-
light penetration, and consequently an increase in TSS. The
occurrence of algae bloom suggests that a lot of algae dead
cells would occur in cells which resulted to the decrease the
DO level, probably released by the microorganism decom-
position. On the other hand, TN and TP concentrations were
continuously decreased from inlet to outlet.

The average concentrations of TN and TP as well as the
nitrogen to phosphorus ratio (N:P) at three sampling loca-
tions (inlet, outlet and algae occurrence point in the CW)
during dry and wet days were compared between algal and
non-algal bloom season (Table 1). Findings revealed that the
TN and TP concentrations in the inlet during wet days were
significantly higher by 5 to 7-fold compared to dry days sig-
nifying the addition of pollutants from NPS carried by runoff
during storm events. Stormwater runoff from agricultural
areas can be polluted with organic content, suspended sol-
ids, and excess nutrients, and negatively impacted receiving
waters resulting in water quality problems such as eutro-
phication, low DO concentrations, etc., [22, 23]. The algae
in the CW was temporarily removed and washed away to
the stream by runoff during a storm event. However, after a
storm event, the excess concentration of pollutants carried by
runoff could possibly cause the occurrence and proliferation
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Fig. 2. Precipitation and air temperature characteristics of Kongju city in Korea during monitoring period.
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Fig. 3. Water quality changes at each sampling point in the CW during non-algal bloom (2009-2010) and algal bloom season

(2012-2014).

Table 1

Comparison of the average TN and TP concentrations, and N:P ratio at various conditions and locations in the CW during algal and

non-algal bloom season

Monitoring period

Non-algal bloom (2009-2010) and Algal bloom (2012-2014)

Dry day Wet day
Sampling point Inlet Outlet  Inlet Outlet Algae occurrence point ~ Inlet  Algae occurrence point
TN (mg/L) 4.4 39 3.9 2.5 17.0 203 212
TP (mg/L) 0.5 0.4 0.5 0.2 4.8 3.3 4.6
N:P 8.8 9.8 7.8 12.5 3.5 6.2 4.6

of algae bloom in the unplanted areas in the CW. A healthy
wetland can be obtained by providing balanced nutrients.
It has been recognized that a system with N:P ratio above
16:1 is generally non-eutrophic and will only experience
algal bloom if excess phosphorus becomes available [24, 25].
Comparing the long-term average concentration of TN and

TP at various sampling locations, it shows that the N:P ratio
in the inlet (7.8 and 8.8 during dry days, and 6.2 during wet
days) were lower than outlet values (9.8 and 12.5 during wet
days). In general, the N:P ratios obtained were below 16:1
indicating that nitrogen is the limiting factor for controlling
the eutrophication in the CW.
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3.3. Plant coverage

Fig. 4 shows seasonal changes of plant coverage and
average plant coverage of the different plant species at each
treatment region during the monitoring period. The plants
in the CW reached its maximum growth during the high
temperature season in the summer (968.8 m?) and slowed
down sharply during the fall (761.6 m?) and winter (21.4 m?)
with the decreased in temperature and began again when
the temperature increased in the spring. In summer season,
high concentrations of nutrients entering a CW during storm
events resulted to high plant growth since many of the nutri-
ents are assimilated and stored in the plant. The highest aver-
age plant coverage occurred in Cell 6 with 460.8 m? (planted
with TO) while the lowest coverage occurred in Cell 1 with
13.0 m? (plant with TO and OJ). Among the plant species, TO
grew very well in the CW because Typha spp. like cattails
(Typhaceae) very often emerges in natural wetlands and dis-
places native species [26]. Also, PA and FP were observed to
have high growth rate.

Fig. 5 shows some photographs of the planted and
unplanted zone in the CW during algal bloom season in
2012. The photographs clearly depict the effect of plant cov-
erage on algae growth. It was observed that large amounts
of algae were visible from Cell 1 to Cell 5 resulting to only
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less than 6% proportion of plant coverage to surface area
even though in summer season. However, algal bloom was
not seen in Cells 6 and 7 with higher proportion of plant
coverage to surface area (average value during summer:
100% for Cell 6, 14% for Cell 7). The results indicated that
high plant density could possibly prevent algal growth
leading to high sunlight penetration. Vegetation is import-
ant in CWs in creating better conditions for the algae
growth, sedimentation of suspended solids, reducing the
risk of erosion and resuspension, and stabilising the soil
surface in treatment CWs [7,10].

3.4. Sediments

Fig. 6 shows the chemical characteristics of the sediment
at the inlet and outlet of the CW and nearby paddy field
between the algal and non-algal bloom season. The aver-
age concentrations of TP and org-P in the CW were higher
than in the paddy field (TP: 1,208 + 112 mg/kg, org-P: 468 +
121 mg/kg); while the COD and TN concentrations in the
CW were lower than the paddy field (COD: 58,050 + 39,051
mg/kg, org-P: 1,288 + 1,186 mg/kg). The substantial sup-
ply of nutrients in the CW from the catchment area during
wet days assures a wide variety in the production of trans-
portable organisms and associated dead organic material.
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Fig. 4. (a) Seasonal changes of plant coverage and (b) average plant coverage of different plant species at each treatment region of CW.

(a) Unplanted zone (Cell 2)

(b) Planted zone (Cell 6)

(c) Planted zone (Cell 7)

Fig 5. Photographs of the planted and unplanted cells during algal bloom season in 2012; (a) Unplanted zone (Cell 2), (b) Planted zone

(Cell 6), (c) Planted zone (Cell 7).
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Fig 6. Comparison of the chemical characteristics in the sediment between algal and non-algal bloom season in the CW.

(a) Paddy field

(b) CW Inlet

(¢) CW Outlet

Fig. 7. SEM photographs of the sediment collected at respective sampling locations; (a) Paddy field, (b) CW Inlet, (c) CW Outlet.

The CW is characterized by a high water pollutant content
especially chlorophyll and high sediment accumulation.
Sediment may release contaminants when environmental
conditions such as pH, temperature and DO concentration
in the water change [27, 28]. In this study, the DO concen-
tration from 0 to 165 cm depth in Cell 5 decreased along the
depth from 6.1 to 0.03 mg/L because of the water tempera-
ture changes and organic matters in the water. Therefore,
sediment in the CW could release contaminants in high
temperature and low DO concentration on the bottom of the
CW resulting to algal growth.

SEM and EDX analyses were performed to determine the
chemical compositions of sediment useful to know the status
of soil pollution by sedimentation and biodegradation. Fig.
7 shows the SEM photographs of the sediment at each sam-
pling locations. Small components were found on the surface
area of soil particles in the inlet, greater than in the outlet and
paddy field indicating the evidence of adsorption by posi-
tively charged particles. However, the negatively charged
particles such as NO,-N and NO,-N transferred by nitrifies
could pass through the pores of soil layer and eventually
might affect the groundwater. Findings showed that the main
elements in Cell 1 of the CW were oxygen (60%), silica (10%),
aluminium (7%) and carbon (5%). In addition, potassium was

also observed in the CW due to the chemical fertilizers used
in the paddy field.

3.5. Algal bloom control and better design method

Fig. 8 shows the result of the direct observation
of Haematococcus pluvialis from a digital microscope.
Haematococcus pluvialis is an ubiquitous green algae of the
order volvocales (freshwater species) from the family hae-
matococcaceae in temperate regions around the world.
Their resting cysts are often responsible for the blood-red
color seen in the bottom of dried out rock pools and bird
baths. This color is caused by astaxanthin (red ketocarot-
enoid) which is believed to protect the resting cysts from the
detrimental effect of UV-radiation when exposed to direct
sunlight [29]. No toxicity associated with Haematococcus
has ever been reported in the literature. However, large
amounts of algae in the CW pose a negative effect on the
landscape, water quality and potential human health prob-
lem. When blooms die and decompose rapidly they can use
up all the oxygen in the water. Therefore, algal bloom con-
trol and better design methods were developed to regulate
algae in the CW based on the findings and monitoring expe-
rience (Table 2).
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Fig. 8. Microscopic observation of algae species in the CW.

Table 2

Suggested algal bloom control and improved design methods for a CW

Advance control
method

(before blooming)
Post control method
(after blooming)

Regular monitoring needs for prevention of the bloom

Close the flushing from watershed area which can reduce the flow including nutrients

If harmful algae was observed during the monitoring, frequently monitor the algal growth

In an appropriate time, copper sulfate and red clay should be sprayed to control harmful algae
On the surface area, fence should be constructed to prevent the algae diffusion

The sediment accumulated at the inlet and outlet areas should be removed

Better design method

Increase plant coverage which can decrease water temperature and reduce the algal photosynthesis

— DPlant the shrubs in the dead space or nearby outlet area of CW

— Make an aquatic plant island and zone of floating leaved plants

Induce minimum flow losses

— Minimize the dead space in the CW

— Channel type is better than pond type

— If dead space was appeared after construction, plant the emerged and floating leaved plants in the

dead space

Increase removal efficiency of contaminants (Improve water quality)

— First of all, consider characteristics of contaminants such as particle and organic matter, and nutri-

ents etc.

— Plants having a high density and cross sectional areas should be planted nearby the inlet area to

remove particle matters

— DPlants having a high uptake rate should be planted nearby outlet area to remove soluble nitrogen

and phosphorus.

4. Conclusions and recommendations

Algal blooms are a public health concern and an ecolog-
ical problem in wetlands, lakes, rivers, estuaries and oceans.
Since 2012, large amounts of algae (Haematococcus pluvialis)
appeared in the first 5 cells of the CW except the latter two
cells prior to the outlet. It was observed that the low pro-
portion of plant coverage to surface area (only less than 6%)
possibly cause the algae bloom. The plant is an essential com-
ponent of a CW that could prevent algal growth leading to
high sunlight penetration. A lot of algae dead cells released
by the microorganism decomposition were the reasons of
low DO levels in the CW. The findings revealed that nutri-
ents were being transported into the CW from the catchment
area during wet days with the soluble nutrients degraded by
microbial activities in the sediments and released to the water
table. Comparing the long-term average concentrations of

TN and TP indicated that nitrogen was the limiting factor
in controlling the eutrophication in the CW. The SEM and
EDX analyses revealed that the high potassium content in the
CW was obtained from the chemical fertilizers used in the
paddy field. Moreover, the HRT in the CW was also found
to be longer than the designed HRT (29 h). Consequently,
the algae growing conditions was developed in the CW and
based on the monitoring experience, suggestions were pro-
vided regarding algae control and better design methods to
regulate algae in CWs.
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