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Abstract

Tidal forcing is an important regulator of short-term variation in water properties and phytoplankton dynamics in estuaries. Tidal
interactions with regulated freshwater discharge into estuaries that are affected by engineered structures such as sea embankments
remain poorly understood. We examined tidal variations in the macrotidal (3—6 m) Yeongsan River estuary of South Korea,
which receives regulated freshwater from a sea embankment. Semidiurnal variations in water properties and the phytoplankton
community (size and taxonomic groups) were investigated fortnightly during four monitoring campaigns at a fixed station over
daily cycles at neap and spring tides during both the dry (April-May 2012) and wet (August 2012) seasons. We calculated
correlations and performed multivariate statistical analyses to identify the major factors affecting tidal variations. We found no
consistent or predictable variations in water quality or the phytoplankton community over the fortnightly or semidiurnal tidal
cycles. These parameters were more likely dependent on the extent of recovery from artificial freshwater discharge than on the
tidal forcing, which is supported by the absence of any significant correlations between tidal height and water properties or
phytoplankton features. Multivariate statistical analysis showed that tidal variation in the taxonomic community may be asso-
ciated with freshwater discharge and was explained principally by water temperature and salinity, rather than tidal height. Diel
tidal effects were in play only at a neap tide in the wet season after no freshwater had been discharged for 17 days, which is rare
during the wet season. These findings imply that episodic anthropogenic freshwater discharge events disturb predictable
macrotidal effects on water column processes, in turn enhancing the ecological complexity of estuaries such as the Yeongsan
River estuary that have previously been altered by engineered structures.
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Introduction

As marine environments where freshwater and saltwater inter-
act, estuaries are valued as highly productive ecosystems
(Costanza et al. 1997, 2014; Longhurst et al. 1995). The bio-
logical benefits of estuaries include their functions as critical
nursery and recruitment habitats for numerous living
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resources (McLusky and Elliott 2004; Dauvin 2008).
Estuaries are inherently complex marine systems, because
their biotic and abiotic properties vary spatially and temporal-
ly, in turn regulating the dynamics of organisms.
Phytoplankton communities, formed of primary producers
that play important roles in the carbon (C) balance, are con-
trolled by variations in the properties of estuaries (Cloern and
Jassby 2012). Exploring the size and taxonomic structures of
phytoplankton is especially important to improve our under-
standing of estuarine ecosystems. This is because the struc-
tures can determine the composition of the food web in aquat-
ic systems (Froneman et al. 2004; Vargas and Gonzalez 2004).
Fluctuations in phytoplankton size and taxonomic structure
can be used as indicators to detect variation in the chemical
and physical properties of habitats generated by environmen-
tal changes. Many studies have reported that phytoplankton
communities respond to environmental disturbances; these

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12237-019-00557-7&domain=pdf
http://orcid.org/0000-0002-9986-4532
mailto:yongsik@mmu.ac.kr

548

Estuaries and Coasts (2020) 43:547-559

responses are subject to phytoplankton cell size and taxonom-
ic structure, especially when the disturbance is anthropogenic
(Nayar et al. 2005; Alvarez-Gongora and Herrera-Silveira
2006; Bode et al. 2017).

Anthropogenic pressure is relatively high in estuaries, and
human coastal settlements are expanding (Kennish 2002).
Estuaries lie at the interface between land and sea and receive
terrestrial pollutants via river discharge. River discharge is
also a major source of nutrients that support primary produc-
tion, especially phytoplankton in productive systems (Adolf
et al. 2006; Smith 2006). However, excessive nutrient supply
causes eutrophication and triggers harmful algal blooms
(HABS) resulting in water quality problems such as hypoxia
(Diaz and Rosenberg 2008) and the depletion of dissolved
oxygen and release of toxins, which can cause fish kills
(Landsberg 2002; Harrison et al. 2017). River discharge varies
in estuaries at seasonal and inter-annual time scales; these
variations generally produce low-frequency fluctuations in
phytoplankton dynamics (Wu et al. 2016; Bharathi et al. 2018)

In addition to river discharge, tidal forcing (e.g., tidal
mixing) produces high-frequency (fortnightly neap and spring)
variations in estuarine phytoplankton communities via stratifi-
cation and mixing (Cloern 1991; Angara et al. 2013; Zhou et al.
2016). Phytoplankton communities are also influenced by diel
rhythm (high and low tides) in estuaries (Domingues et al.
2010; Olofsson et al. 2017). Phytoplankton biomass measured
at a fixed location can vary significantly (3- to 5-fold) through-
out the diel tidal cycle in estuaries (Cloern et al. 1989; Litaker
et al. 1993).

Many estuaries in coastal areas of South Korea have been
altered by the construction of sea embankments, which divide
estuarine systems into freshwater and saltwater zones.
Freshwater is discharged from sluice gates in the sea embank-
ments, dramatically changing the water properties of these
saltwater zones (Yang et al. 2014). The responses of phyto-
plankton to freshwater discharge in altered estuarine systems
are short-lived (days) and episodic (Sin and Jeong 2015), in
contrast to natural estuaries, which exhibit low-frequency
changes. Few studies of diel or fortnightly variations in phy-
toplankton communities have been conducted, especially in
altered estuaries. However, a recent report found that the phys-
ical properties of an altered estuary with macrotidal amplitude
(69 m), including chl a and taxonomic composition, fluctu-
ated according to the semidiurnal cycle (Sin et al. 2015a).
Although fortnightly spring-neap tides were not considered,
these phytoplankton responses were predictable based on the
semidiurnal tidal cycle and their spatial distribution, which
was affected by regulated freshwater discharge. Thus, al-
though it is clear that altered estuaries are subject to freshwater
events and tidal forcing, the diel and fortnightly rhythms of
phytoplankton communities, including water properties and
direct effects of the anthropogenic freshwater on their tidal
rhythms, remain poorly understood.
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The Yeongsan River estuary (Fig. 1) is located in a temper-
ate region (36°-37° N, 126°-127° E) on the west coast of
South Korea. The estuary is affected by a monsoon climate
with very wet summers and dry conditions during the remain-
ing seasons. The estuary experiences pressure from anthropo-
genic disturbances due to the construction of sea embank-
ments in its coastal regions (Lee et al. 2009; Kim and Chang
2017). Freshwater from associated reservoirs is discharged
through sluice gates built into the sea embankment; this dis-
charge results in substantial changes in the water properties
and phytoplankton community of the estuary (Sin et al. 2013;
Sin and Jeong 2015). However, the estuary remains a semi-
enclosed water body when no freshwater is introduced and
tidal forcing, dominated by ebb tides with mean neap and
spring tidal ranges of 3—-6 m (Kang and Jun 2003; Byun
et al. 2004). The tidal range increased by approximately 1 m
after construction of the embankment (Kang 1999). In this
context, tidal forcing may be a major regulator affecting the
phytoplankton community and water properties. Tidal varia-
tions in the phytoplankton community have not yet been re-
ported for this estuary.

We posed the following research questions: (1) Is the var-
iation in phytoplankton and water properties predictable over
the tidal cycle in the estuary below the embankment? and (2)
How do anthropogenic freshwater inputs interact with tidal
forcing in terms of controlling phytoplankton dynamics and
water quality? We measured diel and fortnightly variations in
phytoplankton size and taxonomic structure in a macrotidal
estuary as well as water properties during both the dry and wet
seasons, before and after freshwater inputs. The results of this
study will lead to a better understanding of the anthropogenic
effects of regulated freshwater on semidiurnal and fortnightly
phytoplankton dynamics and other properties of estuaries dis-
turbed by engineered structures. A better understanding of
anthropogenic effects on phytoplankton size and taxonomic
structure is important to improve management of coastal es-
tuarine ecosystems, the structure of which determines the es-
tuarine food-web composition.

Methods
Study Site and Sampling Design

A sea embankment located 7 km from the mouth of the
Yeongsan River estuary was built to reclaim tidal flat areas
and provide agricultural water to extensive nearby paddy
fields and physically transects the estuary into freshwater
and saltwater zones (Fig. 1). The sea embankment (or sea
dike) is a low concrete dam 19.5 m in height (H) and
4.45 km in length (L), fitted with sluice gates (height x length:
13.6 x30.0 m). The Yeongsan River watershed covers
3470 kmz, and the main channel of the river is 137 km in
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Fig. 1 Locations of monitoring stations along the axis of the Yeongsan

River estuary. Station T was selected for semidiurnal monitoring, and
samples were collected at Stations 1-3 to examine spatial variation

length. The freshwater reservoir approximately 24 km up-
stream from the sea embankment has a surface area of
34.6 km? and storage capacity of 2.54 x 10® m®. Freshwater
is discharged into the saltwater zone at low tide by opening
sluice gates when the water level of the reservoir becomes
high. Hypoxia (<2 mg L") develops in the bottom water of
the reservoir near the embankment during the warm season
(Song et al. 2015). Tides in the estuary are semidiurnal with a
macrotidal range of 3—6 m during fortnightly cycles.

Diel sampling and monitoring were conducted at Station T
in the upper region of the saltwater zone in the Yeongsan
River estuary (Fig. 1) every 1.5 h for two tidal cycles during
neap and spring tides, respectively, during the dry and wet
seasons (Table 1). The diel investigation was conducted on
28-29 April (neap tide [ND]) and 7-8 May (spring tide
[SD]) during the dry season and on 12—-13 August (neap tide

- ,‘\“ B>
L

S K

126° 23' 126° 25' 126° 27'
before semidiurnal sampling during the neap-spring fortnightly tidal

cycle during the dry and wet seasons. The aerial images were obtained
from Daum (www.daum.net)

[NW]) and 17-18 August 2012 (spring tide [SW]) during the
wet season. We monitored continuously from high tide to high
tide at neap tides and from low tide to low tide at spring tides
over two semidiurnal tidal cycles; the monitoring periods were
designated as EO to E3 or E4 during ebbing and FO to F3 or F4
during flooding over the first (S1) and second (S2) semidiur-
nal cycles, respectively. During the monitoring period, water
samples were collected 0.5 m below the surface and 0.5 m
from the bottom using a Niskin water sampler at water depths
from 14.1 to 24.5 m. Samples and data were also collected
from the three stations (Stations 1-3) to explore horizontal
variation in water properties and phytoplankton size structure
along the channel of the saltwater zone at neap tide (April 27
and August 11) before diel monitoring (Fig. 1). Primary pro-
ductivity was estimated to examine the in situ growth of phy-
toplankton at the stations.

Table 1 Dates and times of diel

Monitoring date and time

Date and volume of most recent
freshwater discharge

monitoring and the most recent Season  Fortnightly tide
freshwater discharge recorded
before the monitoring period
Dry Neap (ND)
Spring (SD)
Wet Neap (NW)
Spring (SW)

April 28-29, 2012 (06:21 H to 07:11 H)
May 7-8, 2012 (08:05 L to 08:50 L)
August 1213, 2012 (09:02 L to 10:18 L)
August 17-18, 2012 (07:19 L to 07:51 L)

April 26, 2012 (14.7 x 10® m)
May 4, 2012 (18.3 x 10° m®)
July 25,2012 (7.75 x 10° m?)
August 16, 2012 (21.5 x 10° m®)
August 17, 2012 (23.6 x 10° m®)*

H and L: high and low tides, respectively
*Discharged from 17:42 to 20:30 on August 17
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Measurement of Water Properties and Hydrology

Water temperature (°C), salinity (psu), turbidity (NTU),
pH, and dissolved oxygen (DO, mg L") were measured
using a YSI Model 6600 multiparameter probe. Water depth
was estimated using a Hondex PS-7 digital sounder. Data for
the freshwater discharge from the sluice gates of the sea em-
bankment were provided by the Korean Agricultural
Administration.

Determination of Phytoplankton Size, Taxonomic
Composition, and Primary Productivity

Phytoplankton in the water samples were filtered (before
the chl @ measurements) through a 20-um Nitex mesh (1—
2 L) and 2-um membrane filters (1 L) and classified into
three size classes: micro (>20 pm), nano (2-20 pum), and
pico (<2 um). To determine chl a, 100 mL whole water,
200 mL 20-pum filtrate, and 300 mL 2-pum filtrate were
filtered through Whatman 25-mm GF/F glass microfiber
filters (0.7 pm nominal pore size). The filters were stored
in dark test tubes prefilled with 8 mL of extraction solution
(90% acetone and 10% distilled water). After storage for
24 h at 4 °C, the chl a was measured using a Turner
Designs 10-AU fluorometer; chl a in each size fraction
was estimated by consecutive subtraction of the <2-um
and <20-um fractions from the chl a of the entire water
sample.

To identify phytoplankton groups, samples were col-
lected separately using 1-L bottles containing 5 mL of
Lugol’s solution (final I, concentration: 250 mg LY.
The samples were left undisturbed for at least 48 h to
allow phytoplankton to settle. After settling, 800 mL of
supernatant was removed from the bottle, and the re-
maining 200-mL sample was mixed. For quantification,
a I-mL concentrated sample was inserted into a
Sedgewick-Rafter counting chamber (50 x20x1 mm),
and phytoplankton species were identified and cells, in-
cluding cyanobacteria, counted using a Zeiss Axioskop 2
MAT microscope (* 200). Taxonomic compositions were de-
termined by sorting the phytoplankton species into seven groups:
Bacillariophyceae (diatoms), Chlorophyceae (green algae),
Chrysophyceae, Cryptophyceae (cryptophytes), Cyanophyceae
(cyanobacteria), Dinophyceae (dinoflagellates), and
Euglenophyceae. Chrysophyceae and Euglenophyceae are de-
noted as “Others” in the results.

Vertical profiles of active fluorescence were deter-
mined by a Chelsea Technologies Group FAST™* fast
repetition rate fluorometer (FRRF) with dual light (L)
and dark (D) chambers that used an in situ measurement
protocol (Kolber et al. 1998). Data from the FRRF were
processed by the FAST™*® post-processing software,
which derives photosynthetic parameters from the
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induction curve. Because sampling depths in light- and
dark-chamber measurements were different, all parame-
ters gauged in the dark chamber were linearly interpo-
lated according to the sampling depths of the light-
chamber measurements. The FRRF-based photosynthetic
rate (p) was estimated using the following equation
(Smyth et al. 2004) and expressed in mg C m > h':

’

F
p:1.87><104><I><—v,><ap5”><chla (1)
Fm

where 1.87 x 10* is a conversion factor (10°° m? pho-
tons; 3600 s h™': 6.02x 102> molecules mol™!;
12 g C mol™" C; 892 g chl @ mol™). I is irradiance,
F,'/F,' is an index of the in situ operating efficiency of
photosystem 11, and opg; is the average effective cross-
section of the reaction centers. Corresponding values of
chl a for FRRF measurement sampling depths were de-
termined by nearest-neighbor interpolation of the dis-
crete chl @ measurements. Primary productivity within
the euphotic zone was determined by depth integration.
Phytoplankton doubling time was calculated to explore
the relative importance of local phytoplankton growth
and tidal forcing on its intratidal fluctuation, based on
primary productivity measurements and the C:chl a ra-
tio, i.e., 40 (Malone and Chervin 1979).

Statistical Analyses

Pearson’s correlation analysis was used to identify relation-
ships among water properties and the phytoplankton commu-
nity using PASW Statistics 22 software (SPSS). Simultaneous
interactions among water properties were examined using a
multivariate statistical tool (non-metric multidimensional scal-
ing [nMDS]) in PRIMER ver. 6. Vectors of the water proper-
ties representing the direction of the greatest increase were
superimposed on the nMDS results. The length of each vector
indicates the magnitude of the correlation between the water
properties and phytoplankton groups.

Results
Freshwater Discharge and Tidal and Water Properties

Freshwater was discharged through the sluice gates during
April 24-26, 2012 (Table 1, Fig. 2) before ND (neap tide
during the dry season) monitoring. Freshwater discharge was
also recorded on May 2 and May 4 before SD (spring tide
during the dry season) monitoring. No freshwater was
discharged for 17 days before NW (neap tide during the wet
season) monitoring. Freshwater was discharged daily before
SW (spring tide during the wet season) monitoring and



Estuaries and Coasts (2020) 43:547-559 551
Fig. 2 Accumulated daily 60 .
freshwater discharge (m®) from —~a Dry season (April-May, 2012)
sluice gates in the sea 50
embankment during the a dry "é .
(April-May 2012) and b wet e 40 —
S
seasons (August 2012) — a
é30
&
—_ -
<
S 20
& o
=) .
10 — Neap (ND) Spring (SD)
- — —
O‘JJ T T T T T 1 T T
s 8 88 58 8583238838865 83
£ £ E 5 5 £ B £ £ E E FEEEREFEZERGE
< €< < < < €< < < <« < < =2 = =2 = = = = = =
60
- b Wet season (August, 2012)
50
MA —
g
S 40
o
v i
-
o 30 H
0
S —
2
S 20
<] |
Q10
Neap (NW ing (SW)
B Q—}l
0 R — T I — | -
L g 2 o ¢ 2 F e x2 2 I8 I G 88
oh oh &b uh &b b oh uh &b oh oh &b oh oh eh sh ebh b &b &b
2 22222222232 3222232 22322

particularly during a period of 2 h 48 min during the middle of
the monitoring period.

Tidal heights fluctuated with a range of —0.53 to 5.17 m
(Fig. 3) and water depths ranged from 14.1 to 24.5 m, follow-
ing the tidal height pattern. Water temperature appeared to
change in phase with tidal height except during SD monitor-
ing, when it changed slightly out of phase with tidal height.
The range of surface water temperatures during NW monitor-
ing was narrow (+ 1.2°C) compared with those of other mon-
itoring periods. The temperature differences between the sur-
face and bottom water were relatively high (1.5-6.8°C) during
the entire monitoring period, indicating the development of
strong thermal stratification of the water column during
monitoring.

The pattern of salinity relative to tidal height was not clear
during the monitoring period except during NW monitoring,
when salinity varied out of phase with tidal height with a range
of £1.0 psu (30.0-31.0 psu). The minimum salinity of the
surface water (4.5 psu) was during SW monitoring while
freshwater was being discharged (Fig. 3). Differences in sur-
face and bottom salinity were relatively high (3.2-27.0 psu)
and were consistent with those of temperature except during
NW monitoring, when the minimum difference (< 1.9 psu)
was observed. These results indicate the development of

strong haline stratification of the water column, except during
NW monitoring. Turbidity, DO, and pH did not display a clear
relationship with tidal height; however, turbidity increased
abruptly from 5.4 to 24.6 NTU, and DO decreased from
11.8 to 4.9 mg L™, after freshwater was discharged during
SW monitoring. pH exhibited a pattern (decreasing from 8.0
to 7.2) similar to that of DO (Fig. 3).

The surface water temperatures decreased downstream on
April 27, whereas they increased downstream on August 11
(Table 2). The surface water salinity generally increased
downstream. The DO values were lowest (5.9 mg L) at
Station 1 and lower during the wet season than during the
dry season.

Spatiotemporal Variation in Phytoplankton
Parameters

Total chl a was generally out of phase with tidal height, with
high concentrations at ebb or low tide except during the sec-
ond semidiurnal cycles of NW and SW monitoring (Fig. 4).
Extreme variation was observed during the first semidiurnal
cycles of NW and SW monitoring, ranging from 6.40 to
117.36 ug L' (18.3-fold) and from 2.77 to 44.56 pg L'
(16.1-fold), respectively. These results indicate that tidal

@ Springer
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Fig. 3 Semidiurnal variations in tidal height (TH, m), water temperature (°C), salinity (psu), turbidity (NTU), DO (mg L"), and pH collected from
Station T at neap and spring tides, respectively, during the dry and wet seasons. S1 and S2: first and second semidiurnal tides, respectively

variation in the total chl a level was greater during the wet
season than the dry season. Concentrations remained low dur-
ing the second semidiurnal cycle in the wet season, except for
a peak at high tide on August 18 (SW). The relationship be-
tween micro-, nano-, and pico-sized chl @ and tidal height was
similar to that shown by total chl a. The low total chl a at neap
tide on August 13 (NW) and its peak at spring tide on August
18 (SW) were attributed to a decrease and peak, respectively,
in the chl a of micro-sized phytoplankton. This result was
confirmed by the acute changes in the percent contribution
by size classes (Fig. 4).
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Phytoplankton taxonomic groups generally did not show a
clear relationship with tidal height (Fig. 5). Diatom
(Bacillariophyceae) abundance was high compared with those
of the other groups, ranging from 741 to 1430 cells mL™
during NW; cryptophyte (Cryptophyceae) abundance was al-
so relatively high, ranging from 50 to 557 cells mL ', and was
slightly out of phase with tidal height during SD monitoring.
Dinoflagellate (Dinophyceae) abundance increased rapidly
from the beginning of the monitoring period and remained
high compared with that of the other groups, reaching
1216 cells mL™" at 16:38 (S1E2) during SW monitoring,
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Table2  Water properties sampled at three stations upstream and downstream of the monitoring station in 2012. Doubling times (DTs) were estimated
from the primary productivity (PP) data
Date Layer  Station T7(°C) S(psu) Turb (NTU) DO Total Micro Nano Pico PP DT
mgL) (gL (gL) (gL (ugL) (mgCm’day") (days)
Apr.27  Surface 1 13.4 16.7 7.9 8.8 1.54 0.64 0.65 0.25 622 112
2 13.0 18.1 83 9.1 2.18 1.05 0.85 0.28 204.1 4.7
3 127 302 6.6 94 2.13 1.24 0.70 0.19 3204 2.7
Bottom 1 12.1 312 54 8.8 1.28 0.55 0.56 0.16
2 11.6 321 8.8 8.8 1.99 1.18 0.69 0.12
3 122 323 11.5 9.1 1.45 0.55 0.83 0.08
Aug. 11 Surface 1 255  31.1 42 5.9 432 3.20 1.05 0.07 1403.4 1.3
2 263 304 3.9 9.21 10.24 7.01 2.88 0.35 2635.6 1.4
3 263  31.1 5.2 7.3 3.21 2.84 0.28 0.09 1176.0 1.3
Bottom 1 254 317 43 5.9 3.04 1.60 1.23 0.21
2 252 318 15.0 6.83 1.99 1.59 0.34 0.06
3 252 316 14.5 7.0 1.70 1.46 0.20 0.04

T water temperature; S salinity; Turb turbidity; DO dissolved oxygen; Total,

respectively

whereas cyanobacteria (Cyanophyceae) abundance increased
to 4533 cells mL™" after dinoflagellates disappeared. The
cyanobacteria peak observed at 02:34 (S2E0) during SW
monitoring contributed greatly to an increase in micro-sized
phytoplankton and total chl a (Fig. 5) because the
cyanobacteria that peaked during the wet season had formed
colonies.

Total chl @ and its concentration in nano- and pico-sized
phytoplankton were highest in surface water at Station 2 on
April 27, whereas total chl a (10.24 ug Lfl) and concentra-
tions in all size classes were highest at Station 2 on August 11
(Table 2). Phytoplankton primary productivity was highest
(320 mg C m 2 day ') downstream at Station 3 on April 27
and was highest (2635.6 mg C m 2 day ') at Station 2 on
August 11, 2012. Doubling time was longest (11.2 days) at
Station 1 among the stations and decreased downstream on
April 27, whereas it was longest at Station 2 (1.4 days) and
shorter on August 11 than on April 27.

Relationships Between Water Properties
and Phytoplankton Parameters

Tidal height was not correlated with salinity in the water col-
umn (Table 3). Temperature and turbidity were negatively
correlated with salinity (both R<—0.40, P<0.05, n=34).
DO was negatively and significantly correlated with salinity
during the dry season (R=—10.73, P<0.01, n=34) but posi-
tively correlated during the wet season (R>0.56, P<0.01,
n=34). pH was positively correlated with salinity (R >0.38,
P<0.05, n=34). Total chl a and its concentration in micro-
sized phytoplankton were positively correlated with salinity in
the surface water during the wet season (R > 0.38, P<0.05,

Micro, Nano, and Pico total, micro-, nano-, and pico-sized chl a levels,

n =34). Pico-sized chl a was positively correlated with salin-
ity in the surface water during the dry season (R=0.37,
P <0.05, n=34), whereas it was negatively correlated in the
bottom water (R<—0.52, P<0.01, n=34). Diatom abun-
dance was significantly and positively correlated with salinity
(R>0.35,P<0.05 n=34).

Tidal height did not correlate with temperature, turbidity,
DO, pH, or any phytoplankton parameter (data not shown).
However, tidal height was significantly and negatively corre-
lated with a surface water salinity of 1.0 psu (R=—0.84,
P<0.01, n=17) during NW monitoring when no freshwater
had been discharged for 17 days. Turbidity was also positively
correlated with tidal height (R=0.43, P<0.1, n=17) during
NW monitoring. Total and micro-sized chl a levels were sig-
nificantly and negatively correlated with tidal height (R=—
0.84 and — 0.83, respectively, P <0.01, n=9) during the first
semidiurnal cycle (S1) of NW monitoring, whereas the total
chl a level was positively correlated with tidal height (R =
0.76, P<0.05, n=28) during the second semidiurnal cycle
(S2).

nMDS analysis showed that the phytoplankton community
was similar during SD monitoring when freshwater had been
discharged 3 days prior, and during NW monitoring when
water had been discharged 17 days previously (Fig. 6). The
phytoplankton community changed abruptly during the sec-
ond semidiurnal tide (S2) following the freshwater discharge
during SW; the community was distinct from that recorded
during other monitoring periods. The community varied by
tidal stage during ND, when freshwater had been discharged
2 days prior. The vectors of water properties indicated that the
variation was explained principally by changes in surface wa-
ter turbidity and salinity. Temperature was mainly responsible
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Fig. 4 Semidiurnal variations in phytoplankton size structure, including
chlorophyll a concentration (chl @, ug L") in all phytoplankton (total),
and in micro-, nano-, and pico-sized phytoplankton; and percent (%)

for the difference in phytoplankton groups between the dry
and wet seasons.

Discussion

Fortnightly Variation in Water Column Processes

In estuaries, stratification and destratification of the water col-
umn occur at neap and spring tides, respectively (Li and
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contributions by each size class to total chl a at neap and spring tides
during the dry and wet seasons, respectively. S1 and S2: first and second
semidiurnal tides, respectively

Zhong 2009). In this study, we did not observe fortnightly
destratification because the thermal stratification was strong
over the entire monitoring period. Strong haline stratification
was also evident, except during NW monitoring after no fresh-
water had been discharged for a long time. When freshwater
was discharged before or during monitoring of the spring tides
(SD, SW), haline and thermal stratification were observed.
Solar radiation may have affected the thermal stratification
during NW monitoring. Coastal stability is affected by solar
radiation, freshwater input, and tidal mixing (Garrett et al.
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Fig. 5 Semidiurnal variations in abundance (cells mLfl) of
phytoplankton groups including diatoms, green algae, cryptophytes,
cyanobacteria, dinoflagellates, and others; and percent (%) contributions

1978; Barcena et al. 2016). Therefore, in the Yeongsan River
estuary, water column stability is affected by radiation and
regulated by anthropogenic freshwater discharge through the
sluice gates of the embankment more than by tidal mixing.
No consistent fortnightly variation was evident in the tur-
bidity, DO, pH, or phytoplankton parameters. Surface water
DO concentrations, pH, and phytoplankton biomass were
higher at spring tide (SD) (associated with higher salinity)
than at neap tide (ND) (associated with lower salinity) in the
dry season, but higher at neap tide (NW) (associated with
higher salinity) than at spring tide (SW) (associated with lower
salinity) in the wet season. Cryptophyte levels were higher
when the surface water salinity increased (SD) during the
dry season, whereas diatom levels were higher when salinity
increased (NW) during the wet season. These results imply
that fortnightly variations in DO, pH, algal biomass, and the
community may depend more on the extent of recovery from
freshwater discharge impacts than on the strength of tidal
mixing. A previous study found that freshwater inputs

Table 3  Coefficients (R) of correlations (n=33-34) with salinity for
tidal height (TH, m), water temperature (7, °C), turbidity (Turb, NTU),
dissolved oxygen (DO, mg L"), pH, chl a of all phytoplankton size

7 911131517192123 1 3 57 9
Aug. 17 Aug. 18

9 11131517192123 1 3 5 7 911
Aug. 12 Aug. 13

by each group to total phytoplankton abundance at neap and spring tides
during the dry and wet seasons, respectively. S1 and S2: first and second
semidiurnal tides, respectively

contributed to decreases in DO and chl a, especially for large
phytoplankton (>20 um) in the Yeongsan River estuary (Sin
et al. 2013). This finding supports a scenario in which fort-
nightly variation in the water column processes is more close-
ly associated with the timing of episodic freshwater discharge
than with the fortnightly tidal cycle.

Semidiurnal Variation in Water Quality
and the Phytoplankton Community

In semidiurnal tidal cycles, flood and ebb flows produced by
the tide affect physical parameters including salinity, water
temperature, and turbidity (Wong 1995; Arndt et al. 2007,
Azhikodan and Yokoyama 2016; Morelle et al. 2017). In the
current study, salinity, temperature, turbidity, DO, and pH
were not correlated with tidal height during either the dry or
wet season, suggesting that diel variations in water properties
are not predictable during the intratidal cycle. However, salin-
ity was correlated significantly with water temperature,

classes (total, micro, nano, and pico; pg Lfl), and cell abundance
(cells mL™") of Bacillariophyceae (Bacil), Cryptophyceae (Crypt),
Dinophyceae (Dino), and Cyanophyceae (Cyano)

Season  Layer TH T Turb DO pH Total Micro Nano Pico Bacil Crypt Dino Cyano

Dry Surface — - - - - - - - 0.37%* 0.35% - - -
Bottom — —0.93%*  — —0.73%*  — - - - —0.68%* - - -

Wet Surface — —0.63%%  —(0.83%*F  (.72%* 0.72%*% 041* 038 — - 0.88**  — - -
Bottom  — —-0.96%* —0.40* 0.56%* 038 - - —0.52%* - - -

*0.01<P<0.05; **P<0.01
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Fig. 6 Non-metric multidimensional scaling (nMDS) analysis of
phytoplankton abundances during monitoring performed at neap (ND,
NW) and spring (SD, SW) tides during the dry and wet seasons;
vectors indicate the strength and direction of the water properties,
including surface water temperature (7), salinity (S), turbidity (Turb),
pH, and tidal height (TH). Monitoring time is denoted by FO at low tide
to F3 or F4 and by EO at high tide to E3 or E4 for the first (S1) and second
(S2) semidiurnal tides

turbidity, DO, and pH (especially during the wet season).
Thus, diel variations in water properties were affected by
freshwater discharge from the reservoir, where the surface
water temperature and turbidity were higher, and the DO
and pH lower, than in the saltwater zone during the wet season
(Sin et al. 2015b; Song et al. 2015).

The effect of tidal forcing was evident only during NW
monitoring, when no freshwater was discharged for 17 days
before monitoring. This is supported by the significant corre-
lation between tidal height and surface water salinity and the
positive relationship between tidal height and surface water
turbidity. This result implies that physical properties are influ-
enced principally by tidal forcing (including semidiurnal
flooding and ebbing) for only a limited period, when freshwa-
ter discharge is minimal. However, a weak anomaly in tidal
salinity variation was observed, in which salinity peaked at
low tide but decreased at high tide during NW monitoring. In
Asan Bay, a macrotidal (6-9 m) estuary on the north-west
coast of Korea that also features a sea embankment, a positive
relationship was evident between tidal height and salinity (Sin
et al. 2015a), consistent with patterns observed in other estu-
aries (Lauria et al. 1999; Domingues et al. 2010). The hori-
zontal distribution of salinity may explain this discrepancy,
since salinity was lower at Station 2 than at Station 1 of the
present study. Estuarine circulation in the Yeongsan River
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estuary has been described as complicated (Cho et al. 2004),
as a result of three-layered water column circulation during
spring and summer, when freshwater is frequently discharged,
instead of the two-layered circulation typically observed in
natural estuaries. These complex circulation patterns, com-
bined with local freshwater inputs, may have contributed to
the physical properties observed in the current study; however,
further study of estuarine circulation including various sources
of freshwater inputs is required to understand the mechanism
responsible. Assessment of the complex circulation associated
with anthropogenic activities such as the construction of
engineered structures in a highly altered estuary will improve
our understanding of estuarine function and our management
of estuarine ecosystems.

Generally, the chl a level varied out of phase with tidal
height, primarily due to longitudinal tidal advection during
the semidiurnal cycle (Wetz et al. 2006; Helbling et al.
2010). In Asan Bay, chl a levels also generally varied out of
phase with tidal height, a pattern generally observed in natural
estuaries (Sin et al. 2015a). A similar pattern (out of phase)
was apparent during the dry season. However, the pattern was
not as clear as in other estuaries, and the correlation between
chl a and tidal height was not significant in our present study.
Neither phytoplankton taxonomic structure nor size was cor-
related significantly with tidal height, indicating that semidi-
urnal variations in phytoplankton biomass (reflected by chl a
levels), size, and taxonomic structure were not predictable in
the macrotidal estuary that we evaluated. The absence of any
consistent intratidal variation may reflect freshwater discharge
2-3 days before monitoring and (probably) variations in the
diel light intensity cycle. This hypothesis was supported by
the nMDS analysis showing that diel variations in the phyto-
plankton community were explained principally by surface
water turbidity and salinity, which were in turn affected by
freshwater discharge.

At neap tide during the wet season (NW), chl a variation
with tidal height differed depending on the semidiurnal scale.
Micro-sized phytoplankton levels were correlated negatively
with tidal height during the first semidiurnal cycle (S1) of NW
monitoring. This size class increased 2-fold and peaked at low
tide (13:48) during ebbing over a 5-h period, but it later rap-
idly decreased to 1.68 pg L™ (at 19:05) during flooding. This
high variation may have been due mainly to tidal advection of
the water mass with algal blooms rather than in situ algal
growth. This scenario is supported by our finding that the
doubling time (1.3 days) estimated near the monitoring site
was longer than 5 h.

Chl a levels remained low (6.40-14.68 ug L™") during the
second semidiurnal cycle (S2) of NW monitoring but were
correlated positively with tidal height, in contrast to the situa-
tion during S1, implying that algal blooms upstream were
likely sporadic and patchy as a result of the inherently com-
plex circulation described above. This hypothesis is partly
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supported by the horizontal distributions of total and size-class
chl a lower than 5 pg L' for samples collected upstream
1 day before monitoring. This suggests that Lagrangian mon-
itoring or simultaneous monitoring at various locations may
be required to better understand the dynamics of phytoplank-
ton especially in highly altered estuaries.

During SW monitoring, the total chl @ level increased to
44.56 pg L' until 16:38 (S1E2), after which it began to de-
crease. Freshwater was discharged from 17:42 to 20:30,
impacting phytoplankton as well as water properties. The
levels of chl a, salinity, DO, and pH decreased acutely, where-
as turbidity increased greatly, probably due to inputs of turbid
freshwater with low levels of chl @, DO, and pH. The chl a
levels of micro-, nano-, and pico-sized phytoplankton de-
creased during discharge; however, the impact was greater
for micro- and nano-sized phytoplankton. Taxonomic compo-
sition was also influenced by discharge; dinoflagellates were
replaced by cyanobacteria, which have been reported to be
dominant in the freshwater zone of the Yeongsan River estu-
ary (Malazarte et al. 2017). This suggests that freshwater phy-
toplankton are introduced to the saltwater zone via discharge,
shifting the taxonomic structure, as revealed by nMDS analy-
sis. The effect of regulated freshwater discharge (from a res-
ervoir) on taxonomic composition has been investigated in a
temperate estuary of Europe (Bode et al. 2017). However,
freshwater species began to decrease in abundance following
the peak at 02:34 during the ebb tide (S2E0) and were no
longer dominant at the end of ebbing (S2E4), such that these
species appear to survive for only a limited time in the saltwa-
ter zone. The results of this study imply that the collection and
analysis of freshwater discharge data including the date,
starting time, duration, and magnitude of discharge, as well
as in situ field data, are important to understanding the behav-
ior of estuaries that have been altered by the construction of
sea embankments.

Conclusions

Despite the variation in fortnightly and semidiurnal cycles
observed in this study, the effects of tidal forcing on water
quality and the phytoplankton community were not predict-
able. In contrast, freshwater discharged 1-3 days before or
during monitoring greatly affected water properties and phy-
toplankton dynamics. Semidiurnal variations in physical prop-
erties and the phytoplankton community were evident only
when freshwater input was minimal. However, the pattern
differed from those of other estuaries, probably because estu-
arine circulation was very complex due to the sea embank-
ment. This anthropogenic feature dominated the short-term
dynamics, although the estuary is macrotidal and would thus
be expected to be dominated by tidal forcing. We thus show
that anthropogenic disturbance imposed by engineered

structures can be severe in estuaries. In addition, the frequency
and magnitude of freshwater discharge into saltwater zones
will increase in wet areas in the future, due to climate change.
Holistic analysis of hydrodynamic and phytoplankton preda-
tion, and Lagrangian rather than Eulerian monitoring, will
improve our understanding of phytoplankton dynamics in
such complex systems.
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