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Abstract: Algal blooms have occurred in the Taechwa River estuary in South Korea despite the
improvement of water quality since environmental renewal projects in the 1990s. In this study,
we investigated the causes of algal blooms by measuring the water retention time using a floating
buoy, water quality parameters, and phytoplankton distribution data from 2012. An algal bloom
did not occur in February because of phosphate limitations in the Taechwa River estuary; however,
the concentration of nutrients in the water inflow from the basin triggered a significant algal bloom in
the upper estuary in the month of May. In this regard, the phytoplankton population was dominated
by nano- and pico-sized flagellates. In August, the freshwater inflow into the estuary greatly increased
due to heavy rainfall, resulting in a shorter retention time of the water bodies, which seemed to prevent
an algal bloom. In November, a bloom of Cryptophyceae occurred at one of the sites (the U2 site)
due to sufficient nutrients in the water and the long retention times of the water bodies. Our results
indicate that a decrease in the nutrients (N and P) supplied from the basin is required for a reduction
in algal blooms in the Taehwa River estuary. Additional studies are needed to further elucidate the
effects of the land-based, nutrient-rich pollutants flowing into the Taechwa River estuary on algal
bloom generation considering the fact that the streams have different environmental characteristics.
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1. Introduction

Algal blooms are generally considered to be a major problem in estuaries and coastal areas
worldwide [1-3]. Nutrient-rich rivers have begun to flow into estuaries as the world becomes
increasingly industrialized and urbanized [4]. After industrialization and urbanization, the influx
of anthropogenically introduced nutrients has increased by more than 10 times in recent years [5].
The state of nutrient over-enrichment in the water has caused algal blooms and has led to high primary
productivity [6,7]. Algal blooms also enhance the deposition of organic matter [8], which can lead to
hypoxia at the water and sediment interface of an estuary and also in the sediments. Such an impact
could negatively affect the entire dynamics of the aquatic and benthic ecosystem.
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Climate changes have increased the occurrence of harmful algal blooms [9] and the increasing
water temperature has resulted in a stronger pycnocline, which affects phytoplankton growth [10].
Because of climate change, a large-scale dinoflagellate bloom broke out in San Francisco Bay in 2004;
this type of algal bloom had not occurred for 30 years [11]. Significant ecosystem changes have been
observed due to the effect of climate change on various coastal areas [12], the open ocean [13], as well
as changes in fishery resources in the Republic of Korea (ROK) [14]. Harmful algal blooms caused by
Cochlodinium polykrikoides frequently occur in the southern coastal areas of the ROK in summer [15,16].
Those blooms have extended to the southern and eastern coastal areas due to climate change [17],
and increasing solar radiation and water temperature have also given rise to algal blooms during the
winter season [18]. Algal blooms have also started to proliferate earlier, with a longer duration than
expected and a higher cell density [19].

The study area was conducted in the southern region of Korea located in the middle latitude
(33~38° N), and therefore it has four seasons. The climate of ROK is largely characterized by
having temperate monsoon with rainy seasons (June—September, especially July—August) and dry
seasons (October—May). For this reason, the ecological environment including rivers in ROK has
changed significantly. Ulsan city is one of the largest cities in the ROK that is located on the banks
of the Taechwa River. The Taehwa River has a length of 47.54 km and flows across the center of the
town to discharge into the East Sea. Since the 1960s, Korea has become rapidly industrialized and
urbanized. Many industrial complexes have also been constructed around the Taehwa River estuary
since the 1960s. After the development of these complexes, various pollutants, originating from
raw domestic and industrial sewage, run into the Taehwa River [20-22]. As a result, algal blooms
frequently occur and fish mass mortality has been occurring in the Taehwa River estuary. Therefore,
effective management strategies that decrease the input of nutrients (N, P) into the estuary are needed
to decrease the threat of algal blooms in the river [6].

Since the mid-1990s, the Ulsan local government has been investing large sums of money,
endeavoring to improve the Taechwa River water quality. Several projects have been undertaken to
improve the river environment, including building a sewage treatment plant, connecting a waste
pipe, and dredging the stream. As an outcome of these projects, the water quality and ecosystem
were improved from a “very poor” grade in 1997 to a “good” grade in 2007 [23]. Although the water
quality has improved, the seasonal recurrence of algal bloom:s is still being observed. Some studies
have been conducted on algal blooms in the Taehwa River estuary, with most focusing on the Ulsan
Bay (the Taehwa River flows into the Ulsan Bay). The main factors that influence the occurrence of
algal blooms are considered to be precipitation and flow rate [24], small streams, and sewage drains
connected to the Taehwa River [25]. These studies mainly focused on algal blooms in the Taechwa
River that occur in the winter. Algal blooms that were mainly dominated by non-toxic cryptomonads
occurred in the Taehwa River during the dry season (November to April [26]). Other studies suggest
that algal blooms may also occur during the winter season, although algal bloom outbreaks mainly
occur during the spring and summer seasons [25]. The objective of this study is to analyze the causes
of seasonal algal blooms by evaluating key water characteristics based on the physical environment.
The results of this study could provide useful data for maintaining and preserving a healthy ecological
system in the Taehwa River estuary.

2. Materials and Methods

We conducted surveys from the Taehwa River estuary to the mouth of the Ulsan Bay (Figure 1).
There were twelve sampling stations from the upper section of the estuary (U1) to Ulsan Bay (U12);
these were the same sites as a previous study on the sedimentary environment of the Taehwa River
estuary [27]. U1l is located near the old Samho Bridge and is connected to the Mugeot stream. U2 is
located near the Taehwa River national garden, and U3 is located in Ulsan Park that surrounds
the garden. U4 is located near the Beonyeong Bridge. U5 is located before the Dong River joins to
the Thaehwa River. U6 is at the lower site after joining the Dong River near the Myeongchon Bridge.
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U7 and U8 are located near industrial complex areas; the Myeongchon stream flows across the center
of complexes and joins U8. U9 is located near the Ulsan Port and is joined to the Yeocheon stream,
and U10 is located between the ports and shipyard through the Ulsan Bridge. U11 is located in the
mouth of Ulsan Bay with some breakwaters nearby. U12 is located in the open sea and is joined to the
Oehang River.

Longitue

Ulsan Bay

129.25 129.3 129.35 129.4 129.45
Latitude

Figure 1. Sampling stations in the Taehwa River estuary in Korea.

The water depths of the survey area ranged between 0.6 and 35.0 m. The upper areas (U1-U8)
had a relatively lower water depth, ranging from 0.6 to 4.0 m (average depth: 1.9 m), and deepened
progressively toward the open sea.

We surveyed the physical environment in March and November 2012 using two floating buoys
per survey to trace surface water flow. Water current data in 5 min intervals were acquired from the
receiver equipment (KW-H100, KWORKS, Daejeon, South Korea). The buoys were floated starting at
the upper estuary in March and starting at the lower estuary in November. Wind speed and direction
data for Ulsan city were acquired from the automatic ocean observation buoy provided by the Korea
Meteorological Administration (http://www.weather.go.kr/w/ocean/now/buoy.do).

Water environmental surveys were conducted quarterly in February, May, August, and November
2012 to observe seasonal changes. Each survey was conducted in February (winter and dry seasons),
May (spring and dry seasons), August (summer and rainy seasons), and November (fall and dry seasons).
Water temperature and salinity were measured in situ using Conductivity, Temperature, Depth (CTD)
equipment (SBE19, Sea-Bird Scientific, Bellevue, WA, USA) and dissolved oxygen and pH were
measured in situ using a water quality measuring device (YSI-6000, YSI, Yellow Springs, OH, USA).
Water samples were collected from the Niskin sampler at surface depth (0.5 m beneath the water) and
bottom depth (1 m above the sediment); seawater samples were collected from the surface water only
at U1-U8 because of shallow depths. Water samples were filtered by a GF/F glass fiber filter in situ,
frozen, and then transported to the laboratory for analysis.

We analyzed suspended solids (SS), volatile suspended solids (VSS), and chemical oxygen demand
(COD) in the water samples following the guidelines of the Korean Standard Methods for the Marine
Environment [28]. SS were analyzed by the following steps: first, a 500 mL water sample was filtered
using filter paper (47 mm GEF/F), and then the filter paper with solids was dried in an oven (110 °C)
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after which the weight of the dry samples was measured. After SS measurement, the dried samples
were combusted at 550 °C and weighed again for the measurement of VSS. COD concentrations in
the water were measured using the potassium permanganate (KMnO,) method. Nutrients (NH;-N,
NO;™-N, NO,~-N, PO43~-P, and SiO,-Si) ~were measured by a nutrient autoanalyzer (QUAATRO,
SEAL Analytical GmbH, Norderstedt, Germany) in the laboratory after in situ filtering. Total nitrogen
(TN) and total phosphate (TP) were measured as the sum of organic and non-organic forms,
measured using an alkaline persulfate digestion technique and a TN/TP autoanalyzer (QUAATRO,
SEAL Analytical GmbH, Norderstedt, Germany). Total organic carbon (TOC) concentrations in the
water were measured as the summed values of the particulate organic carbon (POC) and dissolved
organic carbon (DOC) concentrations. POC was measured by an Elemental Analyzer (Flash EA 1112,
Thermo Finnigan, Milan, Italy) in the laboratory after 200 mL of water was filtered in situ using GF/F
filter paper, and the inorganic carbon was removed by adding 0.1 N HCl. DOC was measured using
filtered water and was analyzed by a total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan).
Chlorophyll a (Chl.a) samples were transported frozen after filtering 500 mL of water through GF/F
filter paper in situ. In the laboratory, Chl.a was extracted using 100% acetone solvent for 24 h in the
dark under cold conditions at 4 °C, and Chl.a samples were analyzed by High Performance Liquid
Chromatography (Waters 2690 system, Waters Corp., Parsippany, NJ, USA).

Phytoplankton samples for cell density and species composition were collected by a Niskin
sampler, and samples were transported to the laboratory after being preserved in Lugol’s solution.
In the laboratory, samples were concentrated twice and then identified and counted 200400 times
using an optical microscope.

To understand the correlation between physical-chemical factors, we calculated the Pearson
correlation coefficient. We also performed clustering analysis based on surveyed data, and the results
were plotted as dendrograms to divide the estuary spatially using the SPSS (ver. 18) program (IBM,
Armonk, NY, USA).

3. Results

3.1. Physical Environment

We plotted the data of two buoys with tide level and wind velocity on trace graphs; tide level
data were acquired from the Korean Hydrographic and Oceanographic Agency (www.khoa.go.kr),
and wind velocity data were acquired from the Korea Meteorological Administration (www.kma.go.kr).

We floated two buoys in the upper and middle sections of the estuary in March 2012, respectively.
Because the ROK has semidiurnal tide, we calculated the velocities of both buoys in consideration of one
tidal cycle from approximately 1 pm on 14 March to approximately 3 pm on 15 March. The northerly
wind dominated during the survey, and wind speed (4-5 m s™!) was high during the low tide period.
One buoy started to float between Ul and U2 and moved near U4 at 0.25 km h~! (14.7 h, 3.6 km) speed
(Figure 2a). The other buoy started to float near U5 and moved toward U8 at a speed of approximately
0.23 km h™! (13.5 h, about 3.2 km) (Figure 2b); this buoy appeared to go upstream because of the
southerly wind and flood current. The current velocities of the two buoys changed with the tidal cycle,
and those buoys were sometimes stuck on obstacles such as bridges or washed ashore on the riverside.
Opverall, the flow in the upper estuary appeared to last a significant length of time when considering its
short distance.
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Figure 2. Lagrangian trajectories of the floating buoys with tidal elevation and wind vectors in the
Taehwa River estuary in Korea in March and November 2012. (a,b: tide level during the survey;
¢,d: wind velocity during the survey; e f: buoy trajectories in march 2012; g h: buoy trajectories in
November 2012; Tide level data were acquired from the Korean Hydrographic and Oceanographic
Agency (www.khoa.go.kr); Wind velocity data were acquired from the Korea Meteorological
Administration (www.kma.go.kr)).

We also floated two buoys in the relatively lower estuary in November 2012. The velocities of both
buoys were calculated in consideration of three tidal cycles from approximately 11 am on 21 November
to approximately 2 pm on 23 November. One buoy started to float near U7 and moved approximately
0.5 km over 7.2 h (0.07 km h™1) (Figure 2c). This slow movement (section A-B) was considered to be
stagnant because of eddies, and at that time the wind velocities were low, less than 2 m s7! even though
the wind blew in a southeasterly direction. After this period, the buoy moved fast toward Ulsan
Bay (B-D Section) at a speed of about 0.27 km h™! (25.5 h, 6.9 km) with an ebb tide current; however,
the movement of the buoy was stopped at station D because the buoy washed up on shore after two
tidal cycles. The other buoy started to float at U10 and moved toward the open sea where the signal
was lost (Figure 2d). This buoy was almost stagnant during the two tidal cycles (section A-E) because
those areas were not affected by strong tidal currents. Then, the water flow slowly increased at a
speed of 0.1 km h~! in section E-F due to the tide current. In section F-I, current velocities increased,
resulting in the buoy moving quickly from the mouth of the Ulsan Bay (section F-I) with a strong wind
speed of 3-5 m s~ in a southwesterly direction. We were also able to observe an eddy formation when
the freshwater met seawater through such observations of floating bouys.

3.2. Water Environment

3.2.1. Temperature, Salinity, Dissolved Oxygen (DO), and pH

We surveyed the temperature, salinity, DO, and pH of the water body. The annual variation of water
temperature was in the range of 6.32-32.13 °C (average: 15.13 °C) (Figure 3a). The water temperature
changed according to the season (p < 0.01): lower temperatures were recorded in February during
the winter season and higher temperatures were recorded during the summer season; seasonal water
temperature changes are a typical characteristic of temperate latitudes. The water temperature
differences between the surface and bottom waters were between 0-7.74 °C. These differences increased
toward Ulsan Bay because the depth of the water increased, and higher values were recorded in the
summer season compared to the winter season (p < 0.01).
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Figure 3. Spatiotemporal distributions of surface water environmental parameters in the Tachwa River
estuary in Korea. (a) Water temperature, (b) salinity, (c) dissolved oxygen, and (d) pH.

Salinity changes in the surface water ranged between 0.15-34.37 (average: 33.95) (Figure 3b).
Salinity values were relatively high (average: 23.61) in February (winter) and lower (average: 19.15) in
August (summer). The salinity differences between surface and bottom waters were in the 0.00-14.39
range (average: 2.20). We spatially divided the data into two groups: the first group (U1-U5) had large
salinity changes that exceeded 10; the second group (U6-U12) had smaller salinity changes, less than 5,
depending on the season.

DO concentrations in surface water were in the range of 6.78-14.54 mg L~! (average: 8.82 mg L™!)
(Figure 3c). We also divided the data into two groups based on season (similar to the salinity
groups): one group (U1-U6) had larger changes that exceeded 3 mg L~! (range: 3.07-5.64 mg L™1);
the other group (U7-U12) had relatively smaller changes less than 2 mg L~! (range: 0.41-1.52 mg L™1),
depending on the season. DO concentration differences between surface and bottom waters ranged
between 0-8.54 mg L' (average: 1.46 mg L~1). Larger differences in the DO concentrations between
the surface and bottom waters appeared at U2-U5 (except for the February survey).

pH changes in surface water ranged between 7.65-8.60 (average: 7.90) (Figure 3d); seasonal pH
changes were relatively larger at U1-U6, similar to the DO concentrations (p < 0.01). Average pH
values were relatively higher in August and lower in November.

3.2.2. Organic Contents

SS concentrations in the surface water were between 2.00-24.20 mg L~! (average: 8.36 mg L™1),
and SS concentrations in the bottom water (U9-U12) were between 5.20-45.00 mg L1 (average:
10.91 mg L7!) (Figure 4a). These results showed relatively higher SS concentrations in August,
similar to the results from another study [29] because precipitation is heavy in Korea during summer.
We spatially divided the data into two groups for SS concentrations. The differences in SS concentrations
between the surface and bottom waters were relatively high at U1-U7 and lower at U8-U12. It was
found that the SS input into the upper estuary originated from small streams.
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Figure 4. Spatiotemporal distributions of organic matter in the Taechwa River estuary in Korea.
(a) Suspended solids (SS), (b) volatile suspended solids (VSS), (c) chemical oxygen demand (COD),
(d) total organic carbon (TOC), (e) dissolved organic carbon (DOC), and (f) particulate organic
carbon (POC).

Total SS were divided into volatile suspended solids (VSS) and fixed suspended solids (FSS);
in this study, we focused only on VSS. The changes in VSS concentrations in the surface water were
between 0.80-12.80 mg L~! (average: 3.49 mg L™!), and the VSS in the bottom water (U9-U12) ranged
between 10.90-5.40 mg L~! range (average: 2.11 mg L) (Figure 4b). High VSS contents in TSS indicate
high amounts of organic matter in the water samples. Therefore, we calculated the VSS/TSS ratio,
and the ratio showed relatively higher values, i.e., an average of 0.41 (range: 0.12-0.88), in the surface
water, with lower values, i.e., an average of 0.22 (range: 0.12-0.38), in the bottom water. Seasonally,
the VSS/TSS ratio showed a high value with an average of 0.59 (range: 0.28-0.88) in May, especially at
U4 and U5, which displayed relatively high values, i.e., 0.88 and 0.85, respectively. Spatially, U2 and U3
(upper estuary) showed higher values than stations in the lower estuary except for the August survey.
In August, the surface water of U6 and U7 showed a higher VSS/TSS ratio than other stations because
of high amounts of VSS input to the Taehwa estuary through the Dong River during the summer,
which is a season with high rainfall. The bottom water at U9 showed the highest SS value (45 mg L)
in August, but VSS/TSS appeared to be low at 0.12, which indicated high amounts of inorganic matter
in the water.

The changes in the COD concentration in the surface water ranged between 0.24-7.97 mg L™
(average: 2.20 mg L™!). COD concentrations in the bottom water ranged between 0.23-1.52 mg L~}
(average: 0.66 mg L~!) (Figure 4c). COD concentrations showed a similar tendency to the VSS
concentrations (r = 0.914, p < 0.01), but COD concentrations in August showed higher values on
average, 3.76 mg L1, compared to other months. Spatially, higher COD values appeared at U3 and U4
in most seasons, but the highest concentration of COD was observed at U5 in August.
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TOC was the calculated sum of POC and DOC in this study. TOC concentration changes
ranged between 1.21-7.37 mg L~! (average: 2.71 mg L™!) in the surface water and 0.90-2.44 mg L.~
(average: 1.52 mg L) in the bottom water (Figure 4d). The highest concentration of TOC in the
surface water was an average of 4.14 mg L1 in August, similar to the COD concentrations. TOC was
compared to the spatial distributions of VSS and COD concentrations. The TOC results in the upper
estuary showed higher values except for some of the stations. There was a strong positive correlation
between POC and DOC (r = 0.792, p < 0.01). Generally, DOC concentrations were higher than POC
concentrations, but POC concentrations were higher in the upper estuary (U1-U6) in May and August
(Figure 4e,f).

Although VSS, COD, and TOC have different analysis methods, these three indicators allow the
measurement of the concentration of organic matter. The respective correlations between VSS and
COD, between VSS and TOC, and between COD and TOC were r = 0.914 (p < 0.01), r = 0.950 (p < 0.01),
and r = 0.952 (p < 0.01), i.e., strong positive correlations. VSS, COD, and TOC exhibited seasonal
changes, i.e., higher concentrations in August and lower concentrations in February or November.
Spatial distributions showed that concentrations of the three variables increased from U1 to U3 and
decreased from U3 to U12 in May, but the concentrations increased from U1 to U5 and decreased from
U5 to U12 in August. COD concentrations were higher at U2-U3 compared with other stations, unlike
VSS and TOC, in February and November. There were no differences between surface and bottom
waters in terms of the VSS, COD, and TOC concentrations at U9-U12.

3.2.3. Nutrients

Sufficient nutrients (N, P) and appropriate water temperature are needed in the water column for
phytoplankton growth [30-33]. We analyzed five nutrients: ammonium (NH,*-N), nitrite (NO,™-N),
nitrate (NO3~-N), phosphate (PO,3~-P), and silicate (SiO,-Si). Dissolved inorganic nitrogen (DIN,
the sum of ammonium, nitrite, and nitrate) concentrations in the surface water showed a tendency to
decrease toward the lower estuary regardless of season (Figure 5). Higher nutrient concentrations
in the upper estuary are due to the input of industrial sewage, agricultural and livestock farming
sewage, and urban wastewater, [34]; on the other hand, relatively lower nutrient concentrations in
the lower estuary are due to dilution by seawater [35,36]. Relatively low DIN concentrations of
23.89 umol L1 (range: 0.68-130.77 pmol L~1) were found in August (Figure 5¢c). High precipitation in
summer (August) transported the nutrients to the open sea, so the nutrient concentration was low
because nutrients have a short retention time in water [37]. Nitrate nitrogen generally accounted for a
high proportion of DIN (Figure 5), i.e., 3.5-98.8% (average: 60.9%) of DIN. The nitrate ratios in DIN
appeared to be relatively high in the upper estuary compared to the lower estuary. The nitrate ratio
decreased and the ammonium ratio increased from U5 to U12 in August. The nitrate ratio of DIN was
92.1% (U1-U4: 84.1-96.9%) in the upper estuary and 9.5% (U5-U12: 3.5-22.3%) in the lower estuary.
After the Dong River joined the Taehwa River, nitrate ratios decreased in all surveys.

Ammonium concentrations of the surface water ranged between 0.62-34.86 pmol L~
(average 9.14 pmol L (Figure 6a). Low ammonium concentrations (average: 1.50 pmol L) were
found in August and high ammonium concentrations (average: 13.86 pmol L™!) were found in May.
The highest ammonium concentration was found at Ul and the lowest ammonium concentrations were
found at the U2-US5 stations in May. This is the result of a phytoplankton bloom, because phytoplankton
take up ammonium ions first rather than other nitrogen forms [38,39]. There were no differences in
nitrite concentrations among stations in February and November (Figure 6b). On the other hand, nitrite
concentrations gradually decreased from the upper to lower estuary in May and August (except for
U5 and U6). Nitrate concentrations also gradually decreased from the upper to lower estuary in all
seasons (Figure 6¢). Distributions of phosphate concentrations displayed a similar pattern to those
for ammonium (r = 0.544, p < 0.01) (Figure 6d). Phosphate concentrations appeared to be relatively
low in the upper estuary (U1-U5) and high in U7 (U6 in August) and then decreased toward the
open sea. Seasonally, there was a lower concentration in August except for U6 and U7, and the
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highest concentration (0.514 umol L~!) was measured at U6 in August. This meant that the water
had a higher phosphate concentration when flowing into the estuary from the Dong River in summer.
Silicate concentrations were higher (average: 1.57 umol L~!) in November than in other months;
spatially high values appeared in the upper estuary with low values in the lower estuary (Figure 6d).
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Figure 5. The rates of dissolved inorganic nitrogen (DIN, the sum of ammonium, nitrite, and nitrate)
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Figure 6. Spatio temporal distributions of nutrients in the Taehwa River estuary in Korea.
(a) Ammonium, (b) nitrite, (c) nitrate, (d) phosphate, (e) silicate and (f) chlorophyll a.
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3.2.4. Chla

Chla concentrations were in the 0.24-127.20 ug Lt range (average: 8.68 ug L) in the
surface water and were in the 0.29-2.31 ug L7! range (average: 1.30 pug L7!) in the bottom
water (Figure 6f). Seasonally, chl.a concentrations were low in February, in the 0.24-1.75 pg L~}
range (average: 0.57 £ 0.42 ug L™!). Chla concentrations were in the 0.46-38.22 ug Lt range
(average: 8.62 + 12.72 pug L~!) in May, with higher values at U3 and U4 because of the algal bloom,
ie., 38.22 ug L! and 34.52 ug L1, respectively. Chl.a concentrations were in the 0.64-23.14 pg L
range (average: 12.51 + 7.81 pug L™!) in August. Chl.a concentrations were in the 0.95-127.20 pg L
range (average: 13.64 + 34.34 ug L™!) in November and the highest value was 127.20 pg L™! at U2.
As mentioned in the Introduction, non-toxic algal blooms dominated by Cryptomonads occur in
the upper estuary (U2-U4) during the dry seasons (November—-May) in the Taehwa estuary [24-26].
We also observed an algal bloom in a small area in November; therefore, the chl.a concentrations were
high in that area.

3.3. Phytoplankton

3.3.1. Species Composition

A total of 83 phytoplankton species were recorded in the Taechwa River estuary during the
survey period. The most abundant group was Bacillariophyceae, with 49 species (58%, as a
percentage of the total number of species), followed by Dinophyceae with 16 species (19%),
Chlorophyceae with 11 species (13%), Euglenophyceae with 2 species (2%), Dictyochaceae with
2 species (2%), Cryptophyceae with 2 species (2%), and Cyanophyceae with 1 species (1%).
Chaetoceros sp. (Bacillariophyceae) were the most abundant, i.e., five species, and four Protoperidinium sp.
(Dinophyceae) were recorded. Bacillariophyceae appeared with a high emergence rate in this study area.
Euglenophyceae and Chlorophyceae appeared in the upper estuary because these are freshwater
plankton species, and Dinophyceae appeared in the lower estuary.

The most abundant taxa were Bacillariophyceae, with 32 species in February, and Dinophyceae,
with 11 species in August. Seasonally, 41 phytoplankton species emerged in February. Bacillariophyceae
had a high rate of emergence, with 32 species (78%), and Dinophyceae with 3 species (7.3%).
Euglenophyceae emerged with two species (4.9%), and Dictyochaceae, Cryptophyceae, Chlorophyceae,
and Cyanophyceae emerged with one species (2.4%) each (Figure 7a). A total of 28 species emerged
in August; the most abundant taxa were Bacillariophyceae with 23 species (82.1%), Chlorophyceae
with 3 species (10.7%), and Dinophyceae and Dictyochaceae with 1 species (3.6%) each (Figure 7b).
The number of species were higher in August (52 species in total) than in the other seasons. Among the
emergent species, there were 29 Bacillariophyceae species (55.8%), 11 Dinophyceae species (21.2%),
9 Chlorophyceae species (17.3%), 2 Dictyochaceae species (3.85%), and 1 Euglenophyceae species
(1.92%) (Figure 7c). In November, a total of 34 species emerged, and there were 20 Bacillariophyceae
species (58.8%), 8 Dinophyceae species (2.5%), 3 Chlorophyceae species (8.8%), 2 Dictyochaceae species
(5.9%), and 1 Euglenophyceae species (2.9%) (Figure 7d).

3.3.2. Phytoplankton Population and Dominant Species

The monthly average phytoplankton population ranged between 87-375 cells mL~! in this study.
The phytoplankton population was relatively low in May and high in August. Spatially, there was
a higher population in the upper estuary than in the lower estuary. (Figure 8a). These results,
compared to other studies, showed that the average phytoplankton population in the Tachwa estuary
was higher than that in the Seomjin River estuary, which was in the 137-212 cells mL~! range [40],
lower than that in Ulsan Bay, which was in the 486-10,456 cells mL~! range during summer [41],
and lower than that in the Nakdong River, which was in the 642-6064 cells mL~! range [42].



Water 2020, 12, 3329 11 0f 20

10.71%

H Bacillariophyceae
N B Bacillariophyceae
M Dinophyceae

| Euglenophyceae @ Dinophyceae

(Il

N
[T\

. [@Dictyochaceae  Dictyochaceae
@ Chlorophyceae
Cyanophyceae @ Chlorophyceae

m Cryptophyceae

| Bacillariophyceae m Bacillariophyceae

@ Chlorophyceae @ Chlorophyceae

@ Dinophyceae M Dinophyceae
® Euglenophyceae ”“HIW @ Euglenophyceae
O Dictyochaceae [ Cryptomonadaceae
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(b) May, (c) August, and (d) November.
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Figure 8. Spatiotemporal phytoplankton abundance (a) and seasonal composition of the phytoplankton
community (b) in the Taehwa River estuary in Korea.

The average phytoplankton population was 100 cells mL~! in February, with the highest value
of 444 cells mL™! found at Ul and U2 (Figure 8a). Bacillariophyceae accounted for 51.0% of the
total population (Figure 8b). Spatially, Fragilaria construens dominated at Ul, and Euglena spp.
dominated at U4-U6. The average phytoplankton population was 87 cells mL~! in May, with the
highest value of 456 cells mL~! at U4 (Figure 8a). Unidentified small-sized flagellates were extremely
dominant, i.e., 88-96% at U3-U5 (Figure 8b). The highest average population was measured
in August, i.e., 375 cells mL™! (Figure 8a). Diatoms mostly dominated at all stations, and the
Cyclotella spp. population among diatoms was high in the upper estuary, and Chaetoceros spp.
were abundant in the lower estuary. These results are similar to those of a previous study [43] in
which Chaetoceros compressus dominated in the Taehwa River estuary during summer. More diatoms
(Chaetoceros spp., Skeletonema spp.) occurred at U7-US, because high amounts of nutrients were
provided from the Dong River due to high summer precipitation. Actinastrum hantzschii var. fluviatile
dominated at Ul, and unidentified flagellates dominated at U5-U6. The average phytoplankton
population in November was 139 cells mL~!. The highest value of 1322 cells mL~! was measured at
U2, and relatively low values were found in the 1.2-176.4 cells mL~! range at other stations (Figure 8a).
Cryptomonas spp. dominated at most stations (Figure 8b) in this study; these results are similar to a
previous study [25] in which Cryptomonas sp. dominated near U3 in December 2010 (winter season).
Silicate concentrations in the water body were higher in November than in other months (Figure 6d)
because Cryptomonas sp. dominated in November. Diatoms take up silicate for their cells unlike other
phytoplankton, so the higher silicate concentrations in November allowed Cryptomonas sp. to become
dominant in the water. Cryptomonas sp. can live in both freshwater and seawater, and if the population
increases rapidly (blooms), the water color can turn brown and cause bad odors (e.g., a fishy smell).
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4. Discussion

4.1. Seasonal Environmental Factors According to Water Flow

The Nakdong River flood control office provides hydrological data for the Taehwa River estuary,
and this observation point is located between U3 and U4 (www.nakdongriver.go.kr). These hydrological
data are shown in Table 1, with average values of the monthly water level and the rate of flow.
According to the Korean Meteorological Administration data (www.kma.go.kr), the total precipitation
of Ulsan city was 12 mm in February 2012, which is in the dry season. The average water level was
0.96 m, and the average flow rate was 6.10 m3 s~1 which are lower values than those in other seasons.
High salinity values were recorded in the upper estuary, which was affected by the seawater due to the
lower precipitation during the dry season (February). Algal blooms in the Taehwa River estuary occur
under low water levels [24]. In this study, we did not detect an algal bloom in February, which was
during the dry season, because the water level was higher and the flow rate was double compared to
the results of the other study [24]; we also found that other factors disrupt algal blooms. The average
flow rates were 11.33 m> s7! in May and 12.50 m® s™! in August, which are higher than the values of the
other seasons due to high precipitation (Table 1). Typically, there is high rainfall in summer (August) in
Korea, which was also experienced during this study. High amounts of inorganic and organic matter
from land are supplied to the Taehwa River and higher SS concentrations were found at the upper
estuary (U1-U5) where there are relatively low current velocities in May and August. As a result,
phytoplankton grew better in a low current environment in May than in August because precipitation
was lower and nutrients were abundant; these nutrients were provided from upper sections of the
river, and the phytoplankton had enough time to take up the nutrients and grow.

Table 1. Average water level, water discharge, and total precipitation in the Taehwa River estuary

in Korea.
February May August  November
Avg. water level (m) 0.96 1.09 1.25 1.1
Avg. water discharge (m3-s71) 6.1 11.33 12,5 6.61
Total precipitation (mm) 12 38.1 220.4 65.9

4.2. Water Retention Time and Algal Blooms

We measured the water retention time using two floated buoys for each survey in the Taechwa
estuary (upper: March 2012; lower: November 2012). The water in the upper estuary had a long
retention time and moved a short distance. On the other hand, the water in the lower estuary had
a short retention time except for the stagnation zone (caused by eddy currents), and U2-U3 had a
long retention time (Figure 2a, A-B section). As a result, if nutrients were provided to U2-U3 from a
small stream, the possibility of algal bloom occurrence would increase as the phytoplankton would
have enough time to grow. Algal blooms could also extend to U3-U4, which also had a relatively long
retention time. Many studies [24-26] have investigated the occurrence of algal blooms near U2-U3,
similar to our study. Unlike the upper estuary, in the lower estuary, the possibility of algal bloom
occurrence was low even though nutrients were provided from the Dong River because the water
flows fast toward the open sea and is diluted by the seawater.

4.3. Water Quality Assessment

Water quality is commonly found to be poor near ports, bays, and estuaries because of the many
land-based pollutants flowing into the water. In the ROK, there is a river water environmental standard
concerning water quality and water ecosystems in the official environmental policy. According to
this standard, water quality is divided into seven grades: very good (Ia), good (Ib), slightly good (II),
normal (III), slightly poor (IV), poor (V), and very poor (VI). Water quality in the Tachwa River
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was considered very poor (VI) in 1997 because of the growth of cities and industrial developments;
however, the water quality and ecosystem recovered and were re-graded to be good (Ib) after the Ulsan
local government actively implemented the environmental renewal project to improve the Taehwa
River water quality. The 2012 water quality in the Taehwa River estuary was estimated based on
the results in this study. There are eight total indicators for the river water environmental standard:
pH, BOD (biochemical oxygen demand), COD, TOC, SS, DO, TP, and coliform groups (total coliform,
fecal coliform). In this study, we investigated six indicators (BOD and the coliform group were
not included). The water quality grade was individually calculated for each survey and all stations
were graded good (Ib) or slightly good (II) in February. A good (Ib) grade was calculated for Ul and U2,
and a slightly poor (IV) grade was calculated for U3 because of higher COD and TOC concentrations.
In May, a normal (III) grade was given to U4 and U6, a good (Ia) grade was given to U12, and a slightly
good (II) grade was given to the other stations. In August, lower water quality grades were calculated
as slightly poor (IV) for U2 and bad (V) for U3-U6 because of higher COD and TOC concentrations.
The other stations were considered good (Ib) or normal (III) in August. In November, good (Ib) or
slightly good (II) grades were obtained, which indicates a better water environment compared to
other surveys. As a result, we argue that in the upper estuary, organic matter in the water in spring
and summer needs to be managed to improve the water quality.

In the case of the estuary area, the water quality could also be calculated by the Marine Environment
Standard [44], which is determined by the Ministry of Maritime Affairs and Fisheries (MOF). This marine
environment standard has five grades: very good (I), good (II), normal (III), poor (IV), and very poor (V).
The MOF evaluates seawater quality based on marine environmental standards through the national
marine environmental monitoring system to grade the seawater of each region. The upper Taechwa
River estuary (U6-U12) did not achieve the target grade twice in five years from 2013 to 2017 [45];
therefore, the Taechwa River estuary needs long-term continued management to improve water quality
and to decrease the occurrence of algal blooms.

4.4. Chl.a and Biomass

The correlation coefficient was low between Chl.a and phytoplankton biomass in this study
(R? = 0.3451, linear regression). Seasonally, the correlation between Chl.a and phytoplankton biomass
was high in February and November, but there was no correlation in August. These results are
similar to those from a previous study [29], where the correlation between Chl.a and phytoplankton
biomass was low because of small-sized diatoms in summer. This low correlation occurred because
dominant species are different each season, and species have different characteristics such as their
chl.a concentrations per cell, cell size, etc. [43,46-48]. Chl.a concentrations are determined based
on the cell density of flagellates [46]. In this study, unidentified flagellates were dominant in May,
but diatoms were dominant (>55%) in August. Therefore, our Chl.a data were underestimated
in August when diatoms were dominant. Moreover, in the case of dominant nano—pico-sized
phytoplankton, cell density could be underestimated because small-sized phytoplankton cannot be
observed through a microscope [43,49-52]. Micro (20-200 um)-sized phytoplankton grow well in a
nutrient-rich environment, but pico (0.2-2 pm) and nano (2-20 pm)-sized phytoplankton grow at a
high rate in a nutrient-poor environment [50,53]. Ammonium and phosphate had low concentrations
at U3-U5 in May, and chl.a concentrations were high but biomasses were low, which meant that there
were numerous nano—pico-sized flagellates at U3-U5 in May. Similarly, a prior case study documented
that numerous pico- and nano-sized phytoplankton appeared in Ulsan Bay during a summer before
the rains [54].

4.5. Estuary Classification

This estuary was physically divided into several groups through clustering analysis. First, two or
three groups were created based on water quality factors. In February, the estuary was divided into
two groups, U1-U6 and U7-U12 (Figure 9a). In May, the estuary was divided into three groups (U1-U2,
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U3-U5, and U6-12) because an algal bloom occurred in the U3-U5 section (Figure 9b). In August,
the estuary was divided based on the Dong River connection, i.e., into the U1-U5 group and U6-U12
group (Figure 9c). In November, the estuary was divided into two groups, Ul-U6 and U7-U12,
except for U2 where an algal bloom occurred, which is similar to the result obtained for February
(Figure 9d). In summary, the Taehwa River estuary was divided into two groups based on the area
between U5 and U6 (spring and summer) and between U6 and U7 (fall and winter).
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Figure 9. Dendrograms of the environmental parameters of 10 sampling sites in the Tachwa River
estuary, Korea. (a) February, (b) May, (c) August, and (d) November.

The Taehwa River estuary was also divided into two groups based on phytoplankton
species composition. One group was the upper estuary (U1-U6) where freshwater phytoplankton
occurred, such as Actinastrum hantzschii var.  fluviatile, Cryptomonas spp., Cyclotella spp.,
and Scenedesmus spp., and the other group was the lower estuary (U7-U12), where seawater
phytoplankton occurred, such as Chaetoceros spp., Leptocylindrus danicus, Prorocentrum triestinum,
Protoperidinium spp., and Skeletonema spp. (Figure 10). As a result, the Taehwa River estuary was divided
into the upper estuary, i.e., U1-U6, and the lower estuary, i.e., U7-U12; this division was also made in a
previous study [27], which classified the estuary based on sedimentary environmental factors. Based on
the results obtained pertaining to the water quality, sediment environmental factors, and biological
data, the Taehwa River estuary can be spatially divided into two areas: U1-U6 and U7-U12.

4.6. Causes of Seasonal Algal Blooms

At most stations, chl.a concentrations were low in February (Figure 11a) and phytoplankton
cell densities were also low except at some stations. Because the water temperature and nutrient
concentrations were low at the starting point of the algal bloom in February, both temperature and
nutrients were found to be important factors in the growth of phytoplankton. If N < 1 umol L7},
P <02 umol L7}, or S < 2 umol L7} in the water column, phytoplankton growth is limited [55].
Average phosphate concentrations were 0.125 umol L™, i.e., lower values than the nutrient limitation
at U1-U5 (where algal blooms frequently occurred during other seasons). Therefore, the chl.a
concentration and phytoplankton population were low in February. Euglena spp., a pollution indicator
species, were dominant at U4-U6, especially at U5. Euglena spp. are freshwater species that occur
in stagnant waters of urban rivers, most of which are polluted in ROK [56,57]. Euglena spp. are
sensitive to nutrients and cause large algal blooms when nutrients are supplied and water temperature
increases in spring [58,59]; therefore, if nutrients are supplied to the upper estuary during the dry
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winter season, a green tide could occur due to Euglena spp. growth. Water temperatures are increasing
in the winter because of climate change, so the possibility of winter algal blooms could also increase
after precipitation in the Taehwa River estuary.
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Figure 10. Dendrogram of the phytoplankton communities of 10 sampling sites in the Taechwa River

estuary, Korea.
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Figure 11. Chl.a and nutrients (ammonium, phosphate) at stations in the Taehwa River estuary in Korea.
(a) February, (b) May, (c) August, and (d) November.

Chl.a concentrations were high at U3-U5 where an algal bloom started in May in this study
(Figure 11b). The phytoplankton population was also high at U3-U5 and the dominant species
were unidentified flagellates (88-96%). Because the size of unidentified flagellates was less than
20 um, we did not distinguish between species. We found that at the beginning of the algal bloom in
May, nano—pico-sized flagellates dominated in the survey area. The growth of flagellates increased
significantly as nutrients were supplied, so ammonium and phosphate concentrations were low at
U3-US5 in May (Figure 11b). Additionally, another study concluded that nano—pico-sized plankton
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absorbed more phosphate than other sized plankton [60], which is in agreement with the results of
our study.

In August, A. hantzschii var. fluviatil Cyclotella sp., which is a freshwater species, dominated
the upper estuary. Similar to the survey results of May, many Cyclotella sp. and nano—pico-sized
flagellates appeared at U2-U5, which resulted in high chl.a concentrations and a low phytoplankton
population (Figure 11c). Chaetoceros sp. and Skeletonema sp., which are seawater species, dominated at
U7-U8, contrary to the findings for the upper estuary. It was found that organic matter and nutrients
(especially phosphate) were supplied from the Dong River. The abundance of dominant dinoflagellates
increased during summer to fall from the lower estuary of the Taehwa River to the coastal area of Ulsan
Bay [43]. More Dinophyceae appeared in August and November than in other seasons at U9-U12.
Although the number of diverse species increased, the Dinophyceae population decreased to 0.7-13.3%
at U9-U12, except for U8 (39.5%). Algae flourish where the water temperature is 25°C and salinity is
30-35 [61], so water temperature and salinity appear to be good conditions for algal growth during
summer at U9-U10; however, Chaetoceros sp. and Skeletonema sp. were dominant and both algae
are rival species to red tide species, so an algal bloom did not occur at U9-U10 during summer.
Another study showed that Chaetoceros sp. dominated near U8 in summer [43].

In November, a Cryptomonas sp. bloom occurred at U2; it is known that Cryptomonas sp. blooms
every winter. Cryptomonas spp. cause toxic Karlodinium veneficum blooms in a well-nourished
environment [62]. Fortunately, K. veneficum was not discovered during survey periods, but we still
conclude that attention should be paid to toxic blooms. High amounts of Fe and P in water bodies
accelerate the growth of Cryptomonas sp. and cause blooms of this species [63]. There were higher
trace metal concentrations that exceeded the ERL (effect range low) standard in the surface sediment of
U2 compared to the other stations, and trace metals Fe, Cu, As, and Zn showed higher values [27].
Materials could be exchanged between the water and sediment, with more Fe and P in sediment
released into the water column [63]. High levels of nutrients, including phosphate concentrations,
were found at U1-U2 (Figure 11d). As a result, high Fe and P accelerated the Cryptomonas sp. bloom in
November, and the long water retention time allowed phytoplankton to absorb sufficient nutrients.
Another study has shown that algal blooms occurred when the river flow rate was slow because of low
precipitation in the Hyeonsang River estuary [64].

To summarize, this section details the seasonal causes of algal blooms considering various water
and environmental parameters. Algal blooms in the Taechwa River estuary broke out at U2 and spread
toward the lower estuary; the main causes of the algal blooms were nutrient concentrations and water
retention time. In this study, we observed two algal bloom phenomena: one was unidentified flagellate
blooms, which consisted of nano-pico-sized phytoplankton in May, and the other was a Cryptophyceae
bloom in November 2012. We did not observe any algal blooms in August and February because the
retention time of nutrients in the water was short in summer because of greater river flow, and in
winter, nutrients were limited because of low precipitation. Further investigations are required to
determine the effect of land-based pollutants, including nutrients and organic matter, on the river water
quality through the streams or rivers that join the Taehwa River. The phytoplankton community and
algal bloom surveys according to various scales of precipitation will be investigated in a further study.

5. Conclusions

The ecology in the Taehwa River estuary of ROK has recovered through environmental
improvement projects; however, algal blooms still occur in the upper estuary from winter to spring,
especially in the dry season. In this study, we investigated the seasonal cause of algal blooms based on
various water environmental factors. We also surveyed the seasonal changes in the phytoplankton
community as well as water flow characteristics using floating buoys. The main cause of phytoplankton
growth was the supply of nutrients from water supplied from a connecting river and the long water
retention time. Algal blooms did not occur in February 2012 because of P limitation, even though
this period was relatively dry and the total precipitation was at its lowest (12 mm for the month).



Water 2020, 12, 3329 17 of 20

On the other hand, algal blooms of nano—pico-sized flagellates occurred, which increased rapidly at
U3-U4 in May. The water flow rate increased because of higher precipitation in August, resulting in a
shorter water retention time; for these reasons, algal blooms did not occur in August. Under these
circumstances, the phytoplankton in freshwater dominated in the upper estuary, but Chaetoceros sp.
and Skeletonema sp., which compete with red tide algae, were dominant in the lower estuary after
nutrients were introduced from the Dong River. An algal bloom of non-toxic Cryptophyceae occurred
at U2 in November because of the nutrients and long water retention time. We divided the Taehwa
River estuary based on cluster analysis and distinguished the predominantly freshwater areas from the
predominantly seawater areas. Our results indicate that a management strategy that focuses on reducing
the supply of nutrients (N, P) into the estuary is needed to reduce the occurrence of algal blooms.
Further investigations are needed to generalize the effects of land-based pollutant inflow into the
Taehwa River estuary on algal bloom generation, which should include more streams with different
environmental characteristics, data on water quality with different magnitudes, and exposure periods.
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