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Abstract: Lake Uiam is situated midway through a basin with dams at both the upstream and down-
stream ends; considerable environmental fluctuations have been observed here. However, studies
on changes in environmental factors and plankton community fluctuations remain limited. This
study analyzed the seasonal physicochemical factors and changes in the phytoplankton community
structure in Lake Uiam (2015–2016). Organic matter, phosphorus, total suspended solids (TSS), and
Chl-a concentrations were high in the summer. Seasonal changes in the dominant taxa followed the
typical succession pattern of temperate phytoplankton, with Bacillariophyceae (Ulnaria acus) being
dominant in spring and Cyanophyceae (Pseudanabaena limnetica) dominant in summer. However,
Cryptophyceae (Rhodomonas sp.) showed unusually high dominance in autumn. Cell abundance
showed no seasonal differences. Rhodomonas sp. was negatively correlated with water temperature,
suggesting its dominance in spring and autumn. Cryptophyceae showed a significant correlation
with Chl-a (0.708 **), indicating its contribution to spring Chl-a concentrations. Cryptophyceae
(Rhodomonas sp. and Cryptomonas spp.) commonly appear in spring but are dominant in autumn in
Lake Uiam. Despite disturbances from various environmental factors, they showed higher adapt-
ability than other algae, resulting in their consistent appearance and dominance, differing from the
general succession patterns of temperate phytoplankton.

Keywords: Bacillariophyceae; Cyanophyceae; Cryptophyceae; Rhodomonas; canonical correspon-
dence analysis; principal component analysis

1. Introduction

Artificial lakes, created by building dams on rivers, dominate South Korea and are
mainly used for drinking and agriculture. These expanded water surfaces are easily af-
fected by nearby pollution sources. Eutrophication is progressing in most artificial lakes
in South Korea, and population increases and urbanization in the surrounding catchment
areas are accelerating this process [1–3]. These lakes are influenced by the monsoon climate,
with summer accounting for 50–60% of the annual average rainfall. Because of this seasonal
impact, frequent fluctuations occur in the residence time of water in the upstream and
downstream areas of artificial lakes [4,5]. In particular, upstream sources easily influence
Lake Uiam as it receives inflow from the Hwacheon and Chuncheon dams on the right bank
and the Soyanggang Dam on the left bank. This contributes to phytoplankton growth by
discharging nutrients into the lakes downstream of Cheongpyeong and Paldang [6]. There-
fore, Lake Uiam, located midway through the basin, is expected to experience significant
fluctuations in both environmental factors and phytoplankton communities.
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Phytoplankton are abundant in natural and artificial environments and are important
in material cycling and energy flow in aquatic ecosystems [7]. They are the primary
producers in wetlands, lakes, and rivers and are characterized by rapid reproduction and
sensitivity to environmental changes. Therefore, the phytoplankton species and community
characteristics are important water quality indicators [8–10]. Nutrients, temperature, and
light affect phytoplankton growth and induce changes in community structure [11–13].
Environmental factors favorable for phytoplankton growth vary by taxon and species.
Cyanophyceae, which produce toxins and odors, are primarily influenced by phosphorus
and water temperature [14].

Nutrient influx from point and non-point pollution sources in watersheds affects
phytoplankton growth [9,15]. In Lake Uiam, water quality is influenced by the discharge
from a sewage treatment plant located on the left bank and the confluence of the Gongji
stream that flows through the city, rendering it an area where cyanobacterial blooms
frequently occur in summer [6]. Such cyanobacterial blooms in dam lakes produce odor
compounds, such as 2-methylisoborneol (2-MIB) and geosmin, causing inconvenience in
the use of water sources [16–19]. In addition, massive springtime blooms of diatoms, such
as Ulnaria spp., can clog water treatment filters, leading to economic issues [20].

The patterns of phytoplankton community succession in most domestic lakes reflect
the typical changes in temperate lake communities [21,22]. In spring, diatoms dominate;
in summer, cyanobacteria become successors; and in autumn and winter, diatoms regain
dominance [23,24]. Studies on these phytoplankton community fluctuations are being
conducted for Lake Paldang, located downstream of the watershed, which is influenced by
various hydrological, water quality, and seasonal factors due to the Bukhan and Namhan
rivers [25–27]. However, in the case of Lake Uiam, located at the confluence of the up-
stream Chuncheon and Soyanggang dams and midway in the Bukhan River watershed,
considerable environmental fluctuations were observed. Nevertheless, studies on changes
in environmental factors and plankton community fluctuations remain limited.

Therefore, this study investigated the patterns of phytoplankton communities and
the dominant species occurrence in Lake Uiam, which displays diverse environmental
conditions in a dam lake ecosystem. We statistically analyzed the interrelationships between
environmental factors and identified seasonal variations in the phytoplankton community
of Lake Uiam.

2. Materials and Methods
2.1. Study Site

Lake Uiam was created in August 1967 by constructing the Uiam Dam, a multipurpose
dam with a power generation capacity of 45,000 kW. The height of Uiam is 23 m, the length
of the embankment is 273 m, the total storage capacity is 8 million tons, the facility power
generation capacity is 45,000 kW, and the basin area is 282.8 km2. The surface area of Uiam
Lake is oval, with a width of 5 km and a length of 8 km. The lake’s surface water level
is 72 m above sea level. Lake Uiam comprises six administrative districts. The land use
area in the Lake Uiam watershed is 339 km2, and the largest area is forestland, covering
211 km2 (Figure 1). The number of livestock was 8408 cattle, 329 cows, and 24 pigs, and the
amount of wastewater discharged daily was 2063 m3/day. The total rainfall in Lake Uiam
was 758 mm in 2015 and 1329 mm in 2016, and the residence time was 16 days in 2015 and
10 days in 2016.
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Figure 1. Study site in Lake Uiam, South Korea.

2.2. Sample Collection and Water Quality Analysis

Water samples were collected for environmental parameters and phytoplankton anal-
ysis once a month at one point in front of the Uiam dam from March 2015 to November
2016 (excluding periods (December–February) characterized by freezing). Sampling was
conducted using a boat, and amber glass bottles were used to avoid light reactions in the
water samples. To prevent contamination, all organic products used in the experiment
were washed with detergent, rinsed with deionized water, and heated at 110 ◦C for at least
2 h. The collected samples were immediately stored in an ice cooler and transported to the
laboratory.

Water pH, temperature, dissolved oxygen (DO), and electrical conductivity (EC) were
measured in situ using a calibrated digital multiparameter (YSI-EXO, YSI Inc., Yellow
Springs, OH, USA). Biological oxygen demand 5 days after incubation (BOD), chemi-
cal oxygen demand (COD), total nitrogen (TN), dissolved total nitrogen (DTN), nitrate
(NO3-N), ammonia (NH3-N), chlorophyll-a concentration, total phosphorus (TP), dissolved
total phosphorus (DTP), phosphate (PO4-P), total suspended solids (TSS), and total organic
carbon (TOC) were measured in the laboratory following standard methods described by
the Korea Water Quality Standard method [28] (Table S1).

2.3. Phytoplankton Analysis

To analyze the communities and dominant species of phytoplankton, the collected
samples were preserved by adding Lugol’s solution to achieve a final concentration of
2%. The preserved samples were examined under a phase-contrast microscope (Eclipse
80i, Nikon, Tokyo, Japan) at magnifications ranging from 100× to 1000×, and both species
identification and cell abundance were determined using a Sedgewick–Rafter counting
chamber with 1 mL of a sample. Phytoplankton species identification was conducted by
referring to John et al. [29], Hirose et al. [30], Krammer [31], and Krammer and Lange-
Bertalot [32–34].

2.4. Statistical Analysis

To investigate seasonal differences in physicochemical factors and phytoplankton
in Lake Uiam, an analysis of variance (ANOVA) was conducted, and post hoc analysis
was performed using Duncan’s test. Correlation analysis between environmental factors
and phytoplankton was conducted using Pearson’s correlation test, and the overall sta-
tistical analysis was performed using SPSS 20 (IBM Corp., Armonk, NY, USA). Statistical
significance was set at p < 0.05. To explore the relationship between phytoplankton and
environmental variables, canonical correspondence analysis (CCA; PC-ORD5, Lincoln City,
OR, USA) was performed. Prior to the analysis, all taxa that appeared in less than 0.5%
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of the samples were excluded. Cells that could not be assigned to any specific category
(unidentified forms <10 µm) were also excluded. All continuous environmental variables
were normalized using the formula log(1 + x) [35–37]. The water quality concentration and
phytoplankton cell number for each season and year were the corresponding averages of
two years.

To reduce the dimensions and facilitate easier processing, the large dataset in this
study required principal component analysis (PCA; PC-ORD5, Lincoln City, OR, USA)
for various purposes ranging from outlier detection to data visualization [38]. These
components were uncorrelated and hierarchically arranged. According to Kaiser [39], the
first principal component (PC1) retains the largest variance of the original data, whereas
the second principal component (PC2) explains the largest remaining variance yet to be
accounted for. Before analyzing the data using PCA, outliers and missing data were
identified and excluded.

3. Results and Discussion
3.1. Physicochemical Properties of Lake Uiam

A statistical summary of the selected parameters for the water samples is presented in
Table 1. Sixteen water quality variables were analyzed for Lake Uiam. Water temperatures
showed very different distributions depending on the season (Table 1). BOD, COD, TSS,
NH3-N, PO4-P, and Chl-a did not vary significantly throughout the season (p > 0.05).
Physicochemical properties typically depend on the source. Therefore, this could be
considered a continuous introduction of pollutants from the same source, regardless of
the season [40]. As shown in Table 1, organic matter (BOD, COD, and TOC), phosphorus
(TP, DTP, and PO4-P), TSS, and Chl-a in Lake Uiam were influenced by summer rainfall.
Specifically, these parameters were higher during summer than during spring and autumn.
However, the nitrogen (TN, DTN, NH3-N, and NO3-N) concentrations in Lake Uiam were
in the following order: spring > summer > autumn, indicating a nitrogen-rich system and
dilution of nitrogen during summer. All water quality parameters were relatively high
in spring and summer, corresponding to the monsoon and pre-monsoon seasons. These
results are similar to those of previous studies [41,42].

Table 1. Seasonal physicochemical factors exhibited significant differences in the ANOVA results for
Lake Uiam.

Variables Spring Summer Autumn

WTE (◦C) 12.3 ± 3.3 a 24.6 ± 4.9 b 17.5 ± 4.8 c

pH 8.4 ± 0.5 a 8.8 ± 0.6 b 8.1 ± 0.4 a

DO (mg L−1) 12.9 ± 1.6 a 10.2 ± 1.2 b 10.3 ± 1.7 b

EC (µS cm−1) 117 ± 14 a 110 ± 8 ab 104 ± 26 a

BOD (mg L−1) 1.7 ± 0.8 a 2.0 ± 0.7 a 1.8 ± 0.6 a

COD (mg L−1) 3.3 ± 1.5 a 3.9 ± 0.9 a 3.5 ± 0.8 a

TSS (mg L−1) 3.4 ± 17.7 a 7.1 ± 1.1 a 2.8 ± 1.4 a

TOC (mg L−1) 2.1 ± 0.7 a 2.6 ± 0.4 b 2.3 ± 0.3 a

TN (mg L−1) 2.257 ± 0.401 a 2.103 ± 0.368 ab 1.994 ± 0.379 b

DTN (mg L−1) 2.080 ± 0.358 a 1.921 ± 0.382 ab 1.845 ± 0.409 b

NH3-N (mg L−1) 0.147 ± 0.097 a 0.107 ± 0.085 a 0.094 ± 0.088 a

NO3-N (mg L−1) 1.564 ± 0.198 a 1.312 ± 0.274 b 1.327 ± 0.361 b

TP (mg L−1) 0.013 ± 0.021 a 0.023 ± 0.011 b 0.019 ± 0.004 ab

DTP (mg L−1) 0.008 ± 0.009 a 0.013 ± 0.004 b 0.010 ± 0.004 ab

PO4-P (mg L−1) 0.006 ± 0.005 a 0.007 ± 0.002 a 0.006 ± 0.003 a

Chl-a (mg m–3) 9.6 ± 9.2 a 11.6 ± 5.0 a 10.5 ± 4.0 a

Notes: Small letters (a, b and c) indicate Duncan’s test. WTE, water temperature; DO, dissolved oxygen; EC,
conductivity; BOD, biochemical oxygen demand; COD, chemical oxygen demand; TSS, total suspended solids;
TOC, total organic carbon; TN, total nitrogen; DTN, dissolved total nitrogen; NH4-N, ammonia nitrogen; NO3-N,
nitrate nitrogen; TP, total phosphorus; DTP, dissolved total phosphorus; PO4-P, phosphate phosphorus; Chl-a,
chlorophyll-a.
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3.2. Phytoplankton Composition of Taxa

A total of 91 species of phytoplankton were observed in Lake Uiam. Chlorophyceae
was the most abundant taxon with 34 species, followed by Bacillariophyceae (31),
Cyanophyceae (13), Dinophyceae (4), Cryptophyceae (4), Chrysophyceae (4), and Eugleno-
phyceae (1). The highest average number of phytoplankton species occurred in autumn
(September–November), with an average of 24 species, followed by summer (19 species)
and spring (17 species), with the latter showing the lowest species count. In lakes in tem-
perate regions, the higher average species count in autumn can be attributed to a decrease
in the number of cyanobacterial species as the temperature decreases from summer, when
they predominantly dominate, to autumn. This decrease is complemented by a relative
increase in the number of diatoms and phytoflagellates, overall increasing the average
number of species. The dominant species by taxon were Chlorophyceae (Scenedesmus
quadricauda, Monoraphidium contortum, Monoraphidium arcuatum, Micratinium pusillum, and
Chlamydomonas angulosa), Bacillariophyceae (Ulnaria acus, Ulnaria delicatissima, Asterionella
formosa, Aulacoseira granulata var. angustissima, Fragilaria crotonensis, Urosolenia longiseta, and
Stephanocyclus meneghinianus), Cyanophyceae (Pseudanabaena sp., Pseudananbaena limnetica,
Microcystis aeruginosa, Dolichospermum circinale, and Leptolyngbya tenuis), Dinophyceae (Peri-
dinium sp. and Gymnodinium sp.), Cryptophyceae (Cryptomonas ovata, Cryptomonas erosa,
and Rhodomonas sp.), Chrysophyceae (Dinobryon divergens, Mallomonas sp.), and Eugleno-
phyceae (Euglena sp.). They appeared predominantly and sub-dominantly within their
respective taxa. Cyanophyceae (Dolichospermum spp., Pseudanabaena spp., and Leptolyngbya
spp.) were dominant in late summer and early autumn (August to September) following
the monsoon season, which is consistent with the typical dominance of Cyanophyceae in
temperate regions after the monsoon season [16–18,23,43] (Tables 2 and 3).

Table 2. Dominant phytoplankton taxa in Lake Uiam.

Date Dominant Species RA (%) Subdominant
Species RA (%)

March 2015 Stephanodiscus
hantzschii 43.2 Rhodomonas sp. 17.2

April 2015 Ulnaria acus 72.2 Monoraphidium
contortum 4.3

May 2015 Ulnaria acus 55.7 Asterionella formosa 13.6
June 2015 Cyclotella atomus 23.3 Pantocsekiella ocellata 21.4
July 2015 Rhodomonas sp. 22.4 Cryptomonas ovata 19.6

August 2015 Leptolyngbya tenuis 34.0 Rhodomonas sp. 11.3

September 2015 Dolichospermum
circinale 30.7 Cryptomonas ovata 23.2

October 2015 Rhodomonas sp. 19.1 Dinobryon divergens 19.1

November 2015 Aulacoseira granulata
var. angustissima 23.8 Rhodomonas sp. 21.7

March 2016 Dinobryon divergens 39.5 Ulnaria acus 34.4
April 2016 Ulnaria delicatissima 37.7 Ulnaria acus 21.4
May 2016 Rhodomonas sp. 34.9 Fragilaria crotonensis 17.7
June 2016 Dinobryon divergens 34.6 Ulnaria acus 13.2
July 2016 Cryptomonas erosa 36.9 Rhodomonas sp. 23.0

August 2016 Pseudanabaena
limnetica 79.3 Ulnaria acus 4.6

September 2016 Rhodomonas sp. 21.2 Cryptomonas erosa 12.6

October 2016 Rhodomonas sp. 17.5 Aulacoseira granulata
var. angustissima 10.9

November 2016 Rhodomonas sp. 33.7 Cryptomonas sp. 17.2
Note: RA, relative abundance.
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Table 3. List of phytoplankton species in Lake Uiam.

Family Species Spring Summer Autumn

Bacillariophyceae Ulnaria acus * * *
Bacillariophyceae Aulacoseira granulata var. angustissima * * *
Bacillariophyceae Asterionella formosa * * *
Bacillariophyceae Ulnaria delicatissima * * *
Bacillariophyceae Fragilaria crotonensis * * *
Bacillariophyceae Pantocsekiella ocellata * *
Bacillariophyceae Cyclotella atomus * *
Bacillariophyceae Stephanodiscus hantzschii * *
Bacillariophyceae Stephanocyclus meneghinianus * * *
Bacillariophyceae Discostella pseudostelligera * *
Bacillariophyceae Urosolenia longiseta * * *
Bacillariophyceae Lindavia comta *
Bacillariophyceae Acanthoceras zachariasii * *
Chlorophyceae Scenedesmus quadricauda * * *
Chlorophyceae Micractinium pusillum * * *
Chlorophyceae Mougeotia sp. * * *
Chlorophyceae Eudorina elegans * *
Chlorophyceae Chlamydomonas angulosa * *
Chlorophyceae Monoraphidium contortum * * *
Chlorophyceae Actinastrum hantzschii * * *
Chlorophyceae Monactinus simplex *
Chlorophyceae Coelastrum microporum *
Cyanophyceae Pseudanabaena limnetica *
Cyanophyceae Dolichospermum circinale * *
Cyanophyceae Leptolyngbya tenuis * *
Cyanophyceae Microcystis aeruginosa * *
Cyanophyceae Pseudanabaena sp. * * *
Cyanophyceae Dolichospermum planctonicum * *
Cryptophyceae Rhodomonas sp. * * *
Cryptophyceae Cryptomonas ovata * * *
Cryptophyceae Cryptomonas erosa * * *
Cryptophyceae Cryptomonas sp. * *
Chrysophyceae Dinobryon divergens * * *
Chrysophyceae Dinobryon sertularia * *
Dinophyceae Gymnodinium sp. * * *

Notes: * Indicates the presence of a species; species that appeared at <0.4% were excluded.

3.3. Seasonal Variation of Phytoplankton Abundance and Characteristics

During the study period, phytoplankton cell abundance in Lake Uiam ranged from
2112 to 14,351 cells/mL, with an average of 4473 cells/mL (Figure 2). The seasonal average
phytoplankton cell abundance was the highest in autumn at 4644 cells/mL, followed by
summer (4597 cells/mL) and spring (4178 cells/mL), with the lowest abundance in spring.
There was no significant difference in phytoplankton cell abundance between summer and
autumn (p > 0.5). This lack of seasonal variation is likely due to the high cell abundance of
cyanobacteria from late summer to early autumn (August–September) after the monsoon
season, which is influenced by nutrient influx and elevated water temperatures, leading to
an increase in Cyanophyceae cell abundance [5,43,44].



Water 2023, 15, 4118 7 of 16

Water 2023, 15, x FOR PEER REVIEW 7 of 15 
 

 

Cryptophyceae Cryptomonas erosa * * * 
Cryptophyceae Cryptomonas sp.  * * 
Chrysophyceae Dinobryon divergens * * * 
Chrysophyceae Dinobryon sertularia * *  
Dinophyceae Gymnodinium sp. * * * 
Notes: * Indicates the presence of a species; species that appeared at <0.4% were excluded. 

3.3. Seasonal Variation of Phytoplankton Abundance and Characteristics 
During the study period, phytoplankton cell abundance in Lake Uiam ranged from 

2112 to 14,351 cells/mL, with an average of 4473 cells/mL (Figure 2). The seasonal average 
phytoplankton cell abundance was the highest in autumn at 4644 cells/mL, followed by 
summer (4597 cells/mL) and spring (4178 cells/mL), with the lowest abundance in spring. 
There was no significant difference in phytoplankton cell abundance between summer 
and autumn (p > 0.5). This lack of seasonal variation is likely due to the high cell 
abundance of cyanobacteria from late summer to early autumn (August–September) after 
the monsoon season, which is influenced by nutrient influx and elevated water 
temperatures, leading to an increase in Cyanophyceae cell abundance [5,43,44].  

 
Figure 2. Monthly variations in phytoplankton relative abundance percentage and cell abundance 
in Lake Uiam. 

The relative abundance percentage of total phytoplankton taxa was highest in 
Bacillariophyceae (41.4%), followed by Cryptophyceae (21.6%), Cyanophyceae (20.2%), 
Chlorophyceae (10.8%), Chrysophyceae (5.1%), Dinophyceae (0.9%), and Euglenophyceae 
(0.05%) (Figure 3).  

Seasonal relative abundance percentages of phytoplankton taxa were as follows: in 
spring, Bacillariophyceae (76.5%), Cryptophyceae (11.7%), and Chrysophyceae (7.4%); in 
summer, Cyanophyceae (32.1%), Bacillariophyceae (29.4%), and Cryptophyceae (18.4%); 
and in autumn, Cryptophyceae (33.7%), Cyanophyceae (26.5%), and Bacillariophyceae 
(21.6%) (Figure 3).  

The dominant species in spring was Ulnaria acus (average 1630 cells/mL), followed by 
Ulnaria delicatissima (average 448 cells/mL), Rhodomonas sp. (average 420 cells/mL), and in 
summer, Pseudanabaena limnetica (average 958 cells/mL) was dominant, followed by 
Rhodomonas sp. (average 419 cells/mL) and Leptolyngbya tenuis (average 350 cells/mL). In 
autumn, Dolichospermum circinale (average 747 cells/mL) was dominant, followed by 
Crytomonas ovata (average 658 cells/mL) and Rhodomonas sp. (average 634 cells/mL) (Table 
2).  

Seasonal changes in the dominant taxa generally followed the typical temperate–
region phytoplankton succession pattern, with diatoms (Bacillariophyceae) predominant 
in spring and cyanobacteria (Cyanophyceae) predominant in summer. However, unlike 

Figure 2. Monthly variations in phytoplankton relative abundance percentage and cell abundance in
Lake Uiam.

The relative abundance percentage of total phytoplankton taxa was highest in Bacillar-
iophyceae (41.4%), followed by Cryptophyceae (21.6%), Cyanophyceae (20.2%), Chloro-
phyceae (10.8%), Chrysophyceae (5.1%), Dinophyceae (0.9%), and Euglenophyceae (0.05%)
(Figure 3).
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Cryptophyceae 0.255 −0.371 0.607 ** 0.345 0.708 ** −0.154 −0.063 −0.150 −0.140 0.068 0.117 0.124 0.494 * 0.201 −0.095 0.202 
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Notes: * p < 0.05, ** p < 0.01. WTE, water temperature; DO, dissolved oxygen; EC, conductivity; BOD, 
biochemical oxygen demand; COD, chemical oxygen demand; TSS, total suspended solids; TOC, 
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3.4. CCA of the Phytoplankton Community and Environmental Factors in Lake Uiam 

Figure 3. Seasonal changes in phytoplankton communities and average relative abundance per-
centage in Lake Uiam from 2015 to 2016 (Spring: March–May; Summer: June–August; Autumn:
October–November). Small letters (a and b) indicate the Duncan’s test (ANOVA).

Seasonal relative abundance percentages of phytoplankton taxa were as follows: in
spring, Bacillariophyceae (76.5%), Cryptophyceae (11.7%), and Chrysophyceae (7.4%); in
summer, Cyanophyceae (32.1%), Bacillariophyceae (29.4%), and Cryptophyceae (18.4%);
and in autumn, Cryptophyceae (33.7%), Cyanophyceae (26.5%), and Bacillariophyceae
(21.6%) (Figure 3).

The dominant species in spring was Ulnaria acus (average 1630 cells/mL), followed
by Ulnaria delicatissima (average 448 cells/mL), Rhodomonas sp. (average 420 cells/mL),



Water 2023, 15, 4118 8 of 16

and in summer, Pseudanabaena limnetica (average 958 cells/mL) was dominant, followed
by Rhodomonas sp. (average 419 cells/mL) and Leptolyngbya tenuis (average 350 cells/mL).
In autumn, Dolichospermum circinale (average 747 cells/mL) was dominant, followed by
Crytomonas ovata (average 658 cells/mL) and Rhodomonas sp. (average 634 cells/mL)
(Table 2).

Seasonal changes in the dominant taxa generally followed the typical temperate–region
phytoplankton succession pattern, with diatoms (Bacillariophyceae) predominant in spring
and cyanobacteria (Cyanophyceae) predominant in summer. However, unlike typical
phytoplankton succession, Cryptophyceae showed high dominance in autumn. Particularly
in autumn 2016 (September–November), Cryptophyceae (Rhodomonas sp.) were consistently
dominant (Table 2, Figure 2). Chlorophyceae exhibited higher cell densities from July to
October than in other seasons, although they did not reach the dominant species. Generally,
in temperate lakes, Chlorophyceae tend to increase in late spring to summer following
the occurrence of Bacillariophyceae in spring [45–47]. However, Chlorophyceae were not
dominated in the reservoirs of South Korea, including the upstream Chuncheon and Soyang
lakes and the downstream Cheongpyeong and Paldang lakes [17,23,24,48]. The pattern
typically shows that Bacillariophyceae and Cryptophyceae appear in spring, followed
by Cyanophyceae. Both Chlorophyceae (0.536 *, p < 0.05) and Cyanophyceae (0.687 **,
p < 0.01) showed significant positive correlations with water temperature, tending to
increase in late spring and summer when water temperatures increased (Table 4). However,
in Lake Uiam, a mesotrophic reservoir with ample nutrients, succession to growth-favorable
Cyanophyceae occurred more rapidly.

3.4. CCA of the Phytoplankton Community and Environmental Factors in Lake Uiam

CCA was conducted at the taxa and species levels to analyze the relationship between
environmental factors and the phytoplankton community in Lake Uiam. According to the
CCA results from Lake Uiam, the relationship between phytoplankton and environmental
factors at the taxa level explained 31.0% for Axis1 and 25.6% for Axis2. At the species level,
it explained 15.5% for Axis1 and 13.1% for Axis2 (Figures 4 and 5).

CCA showed that Chlorophyceae, Cryptophyceae, and Cyanophyceae were positively
correlated with water temperature (WTE), dissolved total phosphorus (DTP), and total
organic carbon (TOC). Cyanophyceae also demonstrated significant positive correlations
with water temperature (0.536 *), dissolved total phosphorus (0.678 **), and TOC (0.549 *)
in Pearson’s correlation test (Table 4).

Cyanophyceae, such as Pseudanabaena limnetica, Dolichospermum circinale, Leptolyngbya
tenuis, and Microcystis aeruginosa, were correlated with nutrients (DTP, NH3-N, and DTN)
and water temperature. Pseudanabaena sp. showed a negative correlation with water tem-
perature. This suggests that Pseudanabaena sp. has advantageous growth characteristics,
even in environments with lower temperatures and light intensities than other cyanobacte-
ria [49]. Rhodomonas sp. showed a negative correlation with water temperature and pH,
indicating its dominance in spring and autumn. In the correlation analysis, Cryptophyceae
also showed significant correlations with BOD (0.607 **), Chl-a (0.708 **), and TOC (0.494 *),
suggesting its contribution to the Chl-a concentration in Lake Uiam. This finding is con-
sistent with the tendency of Rhodomonas sp. to dominate during periods of low water
temperatures in temperate regions [50,51]. This also suggests that Rhodomonas sp. is less
affected by low nutrient levels and irradiance, enabling it to grow in this environment [52]
(Table 4, Figures 4 and 5).
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Table 4. Correlation coefficients of variable factors in Lake Uiam.

Variables WTE DO BOD COD Chl-a TN DTN NO3-N NH3-N TP DTP PO4-P TOC PH EC TSS

Bacillariophyceae −0.338 0.299 0.081 −0.104 −0.137 −0.225 −0.186 −0.164 −0.152 −0.295 −0.195 0.130 −0.408 −0.169 0.247 −0.013
Chlorophyceae 0.687 ** −0.619 ** 0.358 0.335 0.326 −0.025 0.051 −0.272 0.098 0.111 0.216 −0.088 0.610 ** 0.239 0.173 0.063
Cyanophyceae 0.536 * −0.279 0.331 0.029 0.210 0.296 0.302 0.131 0.419 0.157 0.678 ** 0.195 0.549 * 0.414 0.145 −0.166
Dinophyceae 0.269 −0.265 0.151 −0.419 0.099 −0.370 −0.378 −0.144 −0.349 0.494 * 0.067 0.177 0.555 * −0.414 0.059 −0.232

Cryptophyceae 0.255 −0.371 0.607 ** 0.345 0.708 ** −0.154 −0.063 −0.150 −0.140 0.068 0.117 0.124 0.494 * 0.201 −0.095 0.202
Chrysophyceae −0.337 0.379 −0.520 * −0.343 −0.390 0.392 0.179 0.324 −0.022 −0.160 −0.293 −0.137 −0.238 −0.144 0.047 −0.101
Euglenophyceae 0.111 −0.087 −0.172 −0.170 0.005 −0.365 −0.319 −0.121 −0.303 0.004 0.096 0.149 −0.059 −0.293 −0.449 0.237

Notes: * p < 0.05, ** p < 0.01. WTE, water temperature; DO, dissolved oxygen; EC, conductivity; BOD, biochemical oxygen demand; COD, chemical oxygen demand; TSS, total suspended
solids; TOC, total organic carbon; TN, total nitrogen; DTN, dissolved total nitrogen; NH4-N, ammonia nitrogen; NO3-N, nitrate nitrogen; TP, total phosphorus; DTP, dissolved total
phosphorus; PO4-P, phosphate phosphorus; Chl-a, chlorophyll-a.
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Bacillariophyceae and Crysophyceae showed positive correlations with dissolved
oxygen (DO) and negative correlations with factors such as DTP, WTE, Chl-a, and TP,
indicating their occurrence in spring or autumn.

Species such as Ulnaria acus, U. delicatissima, Asterionella formosa, Fragilaria cro-
tonensis, and Stephanodiscus hantzschii were negatively correlated with WTE, DTP, and
TOC. Asterionella formosa and Ulnaria acus predominantly appear in temperate lakes
and have high biomasses in spring [53,54]. They are resistant to low water temperatures
and display advantageous growth characteristics at low water temperatures compared to
other algae [55–57]. Fragilaria crotonensis has favorable growth characteristics even under
relatively low nutrient and silicate conditions compared to other diatoms (Ulnaria spp., A.
formosa, and Stephanodiscus hantzschii) [58]. It frequently appears in these low nutrient
conditions in May and June, in autumn. Aulacoseira granulata var. angustissima showed
a significant positive correlation with DTP. It primarily occurs in September and October,
when the water temperatures are high after the rainy season. This aligns with previous
reports showing that A. granulate var. angustissima frequently appeared because of the
influx of nutrients, indicating a similar trend [59,60] (Table 4, Figures 4 and 5).

Chrysophyceae (Dinobryon spp.) showed a negative correlation with water temper-
ature and nutrients (TP and DTP), suggesting that Dinobryon spp. have advantageous
growth characteristics under low-phosphorus conditions compared to other phytoplank-
ton [61]. Dinophyceae exhibited a positive correlation with suspended solids (SS) and
negative correlations with TN, DTN, and EC, which is consistent with its tendency to occur
primarily under oligotrophic conditions [10,62,63] (Table 4, Figures 4 and 5).

3.5. Seasonal Influence of Water Environmental Factors on Phytoplankton Communities

Based on the results of the one-way ANOVA of the seasonal phytoplankton taxa, Bacil-
lariophyceae and Chlorophyceae showed seasonal differences (Figure 3). Bacillariophyceae
showed a high average cell abundance during spring and significant differences in summer
and autumn (p < 0.05). Chlorophyceae showed a high average cell abundance in sum-
mer, contrasting values in spring and intermediate values in autumn, indicating seasonal
variation. This is consistent with the seasonal succession patterns suggested in the PEG
model for phytoplankton in temperate lakes, where succession occurs in Chlorophyceae,
Cyanophyceae, and Dinophyceae after spring due to the influence of nutrients and water
temperature [22]. Cyanophyceae appeared with a high cell abundance in summer and
autumn, showing a difference from spring. However, as Cyanophyceae did not appear in
spring, no statistically significant seasonal differences were observed.

3.6. PCA of Seasonal Phytoplankton Communities

The PCA results for seasonal phytoplankton taxa and environmental factors showed
that Axis 1 and 2 were above 70% in spring, summer, and autumn (Figure 6).

Bacillariophyceae and Chlorophyceae in Lake Uiam showed a positive correlation with
Chl-a, indicating that their contribution increased Chl-a concentration in the lake during
spring. Cyanophyceae in Lake Uiam during summer exhibited a positive correlation with
water temperature, TOC, and nutrients (NH3-N, DTP, TP, and NO3-N), indicating that an
increase in water temperature and nutrients during summer led to Cyanophyceae blooms.
Chl-a showed a positive correlation with Cryptophyceae, supporting a previous study that
Cryptophyceae contribute more to Chl-a concentrations than other algae [64,65] (Table 4,
Figure 6).
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In autumn, Cyanophyceae showed a positive correlation with DTP, TN, and WTE,
which corresponded to the trends observed for Cyanophyceae in summer. This suggests
that the nutrient influx following the monsoon season triggers cyanobacterial blooms in
late summer and early autumn. This is consistent with the occurrence of odor problems in
South Korea caused by late summer and autumn cyanobacterial blooms [16–18]. Such late
summer to autumn blooms of Cyanophyceae can occur under advantageous environmen-
tal conditions because of their buoyancy-controlling characteristics [66–69]. They have a
competitive advantage in acquiring high temperatures, light, and nutrients from the water
surface. Moreover, the buoyancy control feature of cyanobacteria is attributed to the func-
tion of gas vesicles inside the cells, which are involved in their vertical movement in water.
This vertical movement allows cyanobacterial cells to stay on the surface layer, where they
can obtain sufficient light for photosynthesis and a suitable water temperature for growth.
They can also avoid exposure to hazardous levels of sunlight and absorb nutrients [70–72].
This is advantageous for blooms in stable water bodies after the monsoon season.

Cryptophyceae positively correlated with DTP, Chl-a, and PO4-P. When considering
the CCA, seasonal PCA, and occurrence patterns, Cryptophyceae (Rhodomonas sp. and
Cryptomonas spp.) are generally more prevalent in spring when the water temperature is
low [22,73]. However, in Lake Uiam, they appeared throughout spring and autumn and
were dominant in both spring and autumn. They also appeared throughout all seasons in
both the upstream and downstream areas of Lake Uiam [17,23,24,48]. This suggests that
Cryptophyceae (Rhodomonas sp. and Cryptomonas spp.) can proliferate under conditions of
low water temperature, low light levels, and low nutrient concentrations [48,52,74]. They
are also more adaptive to various environmental changes, such as upstream dams and
summer monsoons, than other algae. This explains their annual occurrence and dominance.

4. Conclusions

Despite its geographical importance in the Han River Basin, which is the largest water-
shed in South Korea, adequate studies on the changes in the aquatic ecology of Lake Uiam
are lacking. This study examined seasonal water quality and phytoplankton characteristics
in Lake Uiam. The concentrations of organic matter and nutrients generally increased
after the summer rainfall. Phytoplankton was represented by 91 species, with green algae
accounting for the largest taxon (34 species). Most species (24) were found during the
autumn (September–November). Dominant phytoplankton taxa varied seasonally. In
autumn, Cryptophyceae (Rhodomonas sp.) were dominant, contrary to the typical trends
observed in temperate regions. However, the dominant taxa in spring (Bacillariophyceae
(Ulnaria acus)) and summer (Cyanophyceae (Pseudanabaena limnetica)) were similar to those
found in temperate climates. According to the CCA, Rhodomonas sp. appeared to pre-
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dominate in both spring and fall and was negatively associated with water temperature.
Cryptophyceae also showed a strong association with Chl-a (0.708 **) in the correlation
analysis, demonstrating that it contributes to spring Chl-a concentrations. Cryptophyceae
(Rhodomonas spp. and Cryptomonas spp.) typically appear more frequently in spring when
the water temperature is low; however, in the case of Lake Uiam, they are also prevalent
in the fall. This is based on the results of CCA and seasonal PCA. This divergence from
typical phytoplankton succession patterns in temperate regions is attributed to their ability
to proliferate under conditions of low water temperature, low light levels, and low nutri-
ent concentrations, which makes them more adaptive than other algae and leads to their
occurrence and dominance throughout all seasons.
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