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Abstract: The variation law of dissolved silica (DSi), dissolved inorganic nitrogen (DIN), dissolved inorganic
phosphorus (DIP) and nutrition structure after the Three Gorges Project (TGP) impounding as well as their
ecological effect were analyzed according to monitoring survey of the Yangtze River Estuary in spring (May)
and summer (August) from 2004-2009. The results showed that after impounding, DSi and DIN concentration
decreased and increased, respectively. During the study period, DSi decreased by about 63%, while DIN almost
tripled. DIP concentration fluctuated slightly. With respect to nutrition structure, N:P increased, whereas Si:P and
Si:N declined. According to chemometry standard of nutrient limits, nutrition structure tended to be imbalanced and
the limiting factor of phytoplankton growth (P) was studied. Changes of nutrition structure have largely decreased
diatom and caused different composition of dominant phytoplankton species. This may change ecosystem structure

of the Yangtze River Estuary.

Introduction

DSi, one of important nutritive salts in hydrosphere, mainly
comes from weathering of siliceous rocks in the nature and
is carried away to the estuary and coastal waters with land
runoffs. River is the main source of DSi in oceans, accounting
for 82% (Treguer et al. 1995). Previous researches believed
that DSi in rivers is mainly attributed to weathering, and it
is slightly provided by human activities. It is often used as
constant to correct changes of other nutrient elements (Carey
and Fulweiler 2012). Different extent of reductions of DSi
transportation to the ocean was observed after dam construction
on the Danube (Humborg et al. 1997). This causes a series of
ecological changes, such as reducing biological species in
rivers and coastal regions, changing the population structure
and deteriorating the primary productivity (Smetacek 1998).

China Yangtze Three Gorges Project (TGP), as one of
the biggest hydropower-complex projects in the world, ranks
as the key project for improvement and development of the
Yangtze River. The dam is located in the areas of Xilingxia
gorge, with an average annual runoff of 451 billion m*. The
open valley at the dam site, with hard and complete granite
as the bedrock, has provided the favorable topographical and
geological conditions for the dam construction. On § Nov
1997, the river close-off succeeded, which indicates the
construction target of the phase I was completed. On 6 Nov
2002, the close-off of the diversion channel succeeded. On
Ist June 2003, the reservoir began its storage, the water
reached 135m on 10 June. The changes of water level of the

Three Gorges Reservoir will affect the distributional range of
the brackish water in the Yangtze River estuary (Liu and Luo
1992).The construction of the TGP has influenced suspended
matter concentration (Zhang et al. 2007). However, there were
only some predictive researches dealing with effect of TGP
on DSi before the construction and some short-term research
after the Phase-I water storage (Yu et al. 2006). No long-term
tracking monitoring study on the Yangtze River Estuary after
the TGP construction has been reported yet.

Based on monitoring of the neighbor sea areas of the
Yangtze River Estuary in Spring (May) and Summer (August)
from 2004-2009, the long-term variation law, influencing
factors and ecological effect of DSi after TGP impounding
were analyzed, which provided references to long-term study
of the effect of TGP on the ecosystem at the Yangtze River
Estuary and the corresponding response.

Materials and methods

Study area

The Yangtze River, with a length of about 6300 km, is the largest
river in China and the third largest in the world. The Yangtze
River Estuary of China is located at the junction of the East
China Sea (ECS) and the Yellow Sea (YS), on the continental
shelf at the western rim of the Pacific Ocean. The estuary and
adjacent coastal waters are mainly affected by freshwater
runoff from the Yangtze River. Runoff transportation in the
Yangtze River is the main source of terrigenous materials in
the East China Sea.
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The environment of the estuary is complicated and varied
due to varied tides and the river bed landform. Like most
of the estuaries in the world, the Yangtze River estuary is
a very productive and resource-rich aquatic ecosystem (Ning
et al. 2004). High primary production supports high fishery
production of adjacent coastal water. The construction of the
Three Gorges Dam has raised increasing concerns about the
long-term changes of the Yangtze River and their impacts
on the aquatic ecosystem in the estuary and adjacent coastal
waters.

Sample collection and analysis
Sampling trips were conducted on a monthly basis from May
and August of 2004 to 2009.Twenty stations were sampled on
the Yangtze River Estuary (Fig. 1). A stainless steel reversing
water sampler was used to collect the surface and bottom water
samples at each station. Each sampling trip lasted four days, so
each trip provided a ‘snapshot’of the nutrient structure of the
estuary at that time. The collected water samples were filtered
by the pre-burned Whatman GF/F glass fiber membrane and
fixed by 0.3% chloroform. Later, the samples were kept on ice
in a dark cooler to inhibit biologic activity, and carried back to
the laboratory for further analysis. The samples were defrosted
for two days before DSi analysis to eliminate polymerization.
Ocean temperature (T), pH and salinity (Sal) were tested in-
site by using the Y SI multi-parameter analyzer (YSI Company,
USA). In the laboratory, the inorganic nutrients nitrate (NO,),
nitrite (NO,), ammonium (NH,), phosphate (PO,), and silicate
(Si0,) were analyzed by flow injection using a SKALAR 5000
Automatic analyzer (SKALAR Company, Netherlands). Nitrite
analysis was performed according to SKALAR 5000 Chemical
Method. The term DIN in this paper is used to refer to the sum of
all nitrogen species (i.e. NO, +NO, +NH,). NO, concentration
was tested by Cd-Cu reduction method, NO, concentration was
tested by diazonium-azo method, and NH,+-N concentration
was tested by ammonia-nitrogen approach. The terms DIP and
DSi are used in this paper to refer to phosphate and silicate
concentrations, respectively. Phosphate concentration was
tested by molybdenum blue method. Silicate concentration
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was tested by silico moly plenum blue method. All samples
were quantified against four working standards prepared from
diluted stock standards to encompass the concentration ranges
of the samples.

Data processing

Two-way ANOVA was used to test for temporal differences
before and after nutrient loading reduction, as well as the
spatial differences among sampling stations in various water
quality and phytoplankton parameters. Tukey’s test was used
for multiple comparisons between sites. Kendall’s correlation
was used to test the correlation between phytoplankton and
water quality variables.

Results and discussion

Change characteristics of main environmental
factors in the study sea area after water storage

The inter-annual T in Spring and Summer from 2004-2009
ranges between (17.50+1.27)—(28.17+1.32) °C, showing
an average value of (23.65+4.11) °C and Spring <Summer
(Table 1). No significant difference has been observed
(» >0.05).

The inter-annual pH in Spring and Summer from
2004-2009 varies between (7.80+£0.20)—(8.41+0.05), with
a mean of (8.07+0.22) and Spring>Summer (Table 1). There’s
no significant difference (p >0.05).

The inter-annual Sal in Spring and Summer from
2004-2009 varies between (17.79+7.16)%0—(25.43+5.72)%o,
with a mean of (20.51£7.56)%o and Spring> Summer (Table
1). Significant difference was observed (p <0.05).

T is mainly controlled by solar radiation. Meanwhile,
the sea water temperature of the studying area is influenced
significantly by land climate conditions because of its close
geographical location to coastal regions. Different from
continuous rising of sea water T (Boitsov et al. 2012), T
of the study area fluctuated slightly within a short period
(2004-2009), presenting no violent changes. The pH level
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Fig. 1. Location of sampling stations
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Table 1. Changes of main environmental factors in the investigation area from 2004 to 2009
Main Year
environmental 2004 2005 2006 2007 2008 2009
facors Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer
T(°C) 17.5041.27 28.15:0.67 20.41+1.12 26.23+0.49 19.99+1.14 25.99+1.58 21.52+1.00 27.96+1.91 19.33+0.91 28.03+1.66 20.70+0.98 28.17+1.32
pH 7.80£0.20 7.93t0.15 7.90:0.15 8.01+0.08 823:0.15 7.94+0.08 841:0.05 8.2010.10 8.13:0.13 8.03t0.17 8.18£0.17 8.15£0.17
Sal(%o) 25431572 17.79t7.16 18.00t7.59 20.29+8.16 23.8616.00 21.5318.95 19.1747.85 21.53t8.95 19.69+7.68 21.09+6.85 21.4916.20 19.9116.97

of sea water was controlled by dissociation equilibrium of
carbonate system, generally ranging between 7.80-8.40. It
was quite more stable compared to pH in other various natural
water sources (Edmond et al. 1983). Significant difference in
Sal in the surface and bottom waters in Spring and Summer is
identified from 2004 to 2009. Spatial and temporal changes of
Sal are mainly controlled by runoff amount, inlet split ratio,
tide intensity and terrain conditions. Among them, runoff
amount is the dominant cause of Sal change (Baodong 2006)
and precipitation fluctuation is the most important cause
of runoff amount changes (Cheng and Li 2002). The mean
runoff amount of the Yangtze River (Datong Station) and
mean Sal in Spring and Summer at the Yangtze River Estuary
changed highly synchronously from 2004-2009 (Fig. 2). The
linear regression equation is y (Sal)=33.01-0.0005x (mean
runoff amount), (R*=0.62, F=6.42, P=0.06). Generally, main
environmental factors of the Yangtze River Estuary from
2004-2009 did not change greatly after water storage.

Variation law of DSi, DIN and DIP after water storage
After water storage, DSi concentration in the surface and
bottom waters at the Yangtze River Estuary in Spring and
Summer decreased continuously (Fig. 3a). It changed from
(21.10+8.85)—(38.64+14.08) pmol-L! during the study period,
showing a mean value of (30.53+5.05) umol-L'. Significant
inter-annual difference was observed between the surface and
bottom waters in both Spring and Summer (p <0.05). The
average annual DSi reduction in 2004-2009 was 2.23 pmol-L™.
The average DSi concentration of 2009 was only 63.37% of
that in 2004.
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Different from DSi concentration, DIN concentration in
surface and bottom waters at the Yangtze River Estuary in
Spring and Summer increased continuously after water storage.
Such increase accelerated gradually (Fig. 3b). It varied between
(20.02+22.39) and (88.31+28.95) umol-L"!, with a mean value
of (41.75£19.89) umol-L". There is a significant inter-annual
difference between the surface and bottom waters in Spring
(»<0.05), but no significant difference in Summer (P>0.05).
The average DIN concentration of 2009 was 3.41 times higher
than that in 2004.

DIP changed differently from DSi and DIN. It fluctuated
slightly from 2004-2009 (Fig. 3c). DIP range of the surface
and bottom waters in Spring and Summer from 2004-2009 was
(0.72+0.31)—(1.66+0.77) pmol-L, (1.03+£0.26) pwmol-L! on
average. No significant inter-annual difference was observed
between the surface and bottom waters in both Spring and
Summer (p>0.05).

Main environmental factors of the Yangtze River Estuary
did not change greatly after water storage (Table 1), but DSi,
DIN and DIP in the investigation area presented different
variation trends (Fig. 3). Under natural conditions, DSi mainly
comes from weathering of rocks in the drainage basin and is
slightly influenced by human activities (Medeiros et al. 2011).
DSi reduction may be related to large-scale damming behavior
in the Yangtze River Basin. A series of complicated chain
reactions will be triggered after damming in rivers, which will
change the original physical, chemical and biological features
of rivers. Associated research pointed out that sediment runoff
in lyear after the Phase-I waters storage was reduced by 28%.
The reservoir formed by damming and water storage has
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Fig. 2. Annual average of runoff amount and salinity in the Yangtze River Estuary from 2004 to 2009
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different retaining capacities of different nutritive salts and has
high retained capacity of Si (Friedl and Wiiest 2002). Since the
‘man-made lake’ effect will reduce sediments and increase light
transmittance, it is easier for diatom to grow, increasing diatom
bloom frequency. Meanwhile, diatom submerged more quickly
than other algae. Compared to N and P, biological silica (BSi)
is more difficult to be decomposed and has longer regeneration
period, resulting in abundant Si deposited in the reservoir and
less DSi flux to the ocean (Conley et al. 1993). This agrees with
reports that DSi concentration decreases in coastal water after
damming construction (Humborg et al. 1997). DSi reduction
of the Yangtze River Estuary existed before the water storage.
DSi flux from the Yangtze River to the ocean has been jumping
down since 1968 when the Danjiangkou Dam was constructed
(Li and Chen 2001). In this paper, DSi concentration decreased
by 2.23 umol-L!' every year from 2004-2009, indicating
that the TGP construction further intensified DSi reduction.
However, such DSi reduction is far more smaller than that
in the Danube caused by the “Iron Gate” Dam (accounting
for 80% of the total DSi flux reduction of the Black Sea — it
decreased by 15 million tons from 1975-1990) and that in the
Nile downstream (200 pmol-L") caused by the Aswan Dam
construction. Considering the simple source of DSi, the DSi
supplement to downstream river basins of the TGP may be the
little reason for such smaller DSi reduction.

The ‘man-made lakes’ formed by damming also will reduce
DIN and DIP outlets (Tarkowska-Kukuryk 2013). Nevertheless,
DIN and DIP concentrations changed differently from DSi after
water storage. No evident reduction of DIN and DIP was seen.
This is because DIN concentration changes of the Yangtze River
Estuary are mainly controlled by N inlet which increases year
by year (Zhang et al. 1998). Most N outlets of various forms
of the investigation area are contributed by middle streams
and downstream of the TGP. Annual increase from agricultural
fertilization and domestic wastewater drainage in the Yangtze
River Basin as well as atmosphere N deposition are the main
reason of N increase in Yangtze waters (Gu et al. 2015). This
conforms to the sharp increase in N flux to the ocean around
the whole world. N circle has been changed greatly from the
worldwide production of nitrogen-fixing plants, fertilizer
production and usage, changes from habitat for animals and
plants as well as combustion of fossil fuel. All of these factors
make inland N outlet doubled in the past five decades. Such
N outlet increase is still continuing (Vitousek et al. 1997).
As a result, N outlets contributed by middle streams and
downstream of the TGP not only supplement N retention caused
by ‘man-made lakes’, but also increase DIN concentration of
the investigation area continuously after water storage (Kostecki
and Suschka 2013). DIP concentration of the investigation area
remained basically the same in the 6 studying years. It only
fluctuated slightly. This may be related to the constant phosphate
concentration of the fresh water of the Yangtze River Estuary
(Li et al. 2011) and buffer mechanisms of phosphate at the
estuary (Froelich 1988). The buffer mechanisms of phosphate at
the estuary are mainly controlled by particle-water interaction.
Due to the high adsorption capacity of the suspended solids
at the estuary, water areas at the estuary with high content of
suspended particles could adsorb abundant phosphates, whereas
phosphates adsorbed in water areas with few suspended particles
are released into waters again. This explains the small change
of phosphate concentration of the whole Yangtze River Estuary.
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Fig. 3. Concentrations of DSi, DIN and DIP in the investigation
area after water storage

Nutrition structure change characteristics after water
storage in the investigation area and its effect

Nutrition concentration change is surely accompanied by
change of nutrition structure. After the water storage, N:P at the
Yangtze River Estuary from 2004-2009 increased, while Si:P
and Si:N decreased (Table 2). N:P in surface and bottom waters
in Spring and Summer ranged between 10.51-57.34, 22.67
on average. N:P in 2009 was 3.28 times higher than that in
2004. Si:P in surface and bottom waters in Spring and Summer
changed between 19.81-46.12, 33.36 on average. Si:P in 2009
was 39.39% lower than that in 2004. Si:N range in surface and
bottom waters in Spring and Summer was 0.52-3.34, 1.86 on
average. Si:N in 2009 was 81.22% lower than that in 2004.
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Table 2. Ratios of nutrients in the surface and bottom waters and spring and summer in the investigation area

Surface water

Bottom water

ltem SilP Si/N N/P Si/P Si/N N/P
Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer

2004 46.12 39.83 3.1 3.28 14.82 12.15 33.86 41.48 3.12 3.28 10.85 12.63
2005 37.94 36.18 2.34 2.45 16.21 14.78 40.88 35.51 2.54 2.24 16.09 15.83
2006 31.61 33.18 1.56 2.93 20.24 11.31 32.96 35.07 1.65 3.34 19.99 10.51
2007 37.79 43.40 1.62 1.32 23.34 32.86 40.57 30.17 1.84 1.34 22.02 22.53
2008 25.95 29.91 1.12 0.92 23.10 32.40 25.80 24.78 1.12 1.03 22.97 24.03
2009 21.43 32.56 0.52 0.57 41.17 57.34 19.81 23.95 0.68 0.64 29.35 37.50
Mean  33.47 35.84 1.71 1.91 23.15 26.81 32.31 31.83 1.83 1.98 20.21 20.50

N:P, Si:P and Si:N could reflect nutrition state of sea
water clearly. The atomic ratio of Si:N:P is 16:16:1
(Redfield et al. 1963). It varies from different sea areas due
to different physical, biological and chemical influencing
factors. Appropriate N:P, Si:P and Si:N are in favor of
phytoplankton growth and reproduction. On the contrary,
lack of one nutrient element will inhibit biological growth
and reproduction. Excessive content of one element or
imbalanced nutrition structure will affect plankton population
structure significantly and even will cause red tide (Sellner et
al. 2003). At the Yangtze River Estuary, nutrition proportions
and some physical conditions may be more important to
eutrophication control compared to single nutrition load with
concentration (Sharp 2003).

Molar ratios of nutrients in the Yangtze River Estuary from
2004 to 2009 after water storage are listed in Table 2. Nutrient
ratios of the investigation area have become imbalanced to
a certain extent. According to stoichiometric molar ratios of
nutrients, phytoplankton growth is inhibited by P when Si/P
>22 and N/P >22; it is inhibited by N when N/P <10 and Si/N
>1; and Si when Si/P <10 and Si/N <1 (Justic et al. 1995).
The judgment based on this standard demonstrated that P is
still the inhibiting factor of phytoplankton at the Yangtze River
Estuary after water storage. It is important to note that although
the nutrition structure changes did not cause Si inhibition in
this sea area, the main environmental factors after water
storage remained basically the same in the 6 studying years
(Table 1). However, Rantajérvi et al. reported that low DSi
supply will inhibit the increase of diatom biomass or growth
rate, with the reduction of diatom biomass (Rantajérvi et al.
1997). Phytoplankton communities in the Yangtze River
Estuary began to change from diatom communities into
dinoflagellates communities. Meanwhile, the 559 red tides
that occurred in the whole Chinese sea areas, including the
Yangtze River Estuary and the East Sea in the 20" century,
reflected that the occurrence rate of red tide increases year by
year, especially after the 1980s (Cheng and Li 2002). However,
the occurrence rate of diatom red tides in nearshore decreased,
accompanied by conversion from large red tide organisms
(more diatom species) to small and tiny organisms (more
dinoflagellates species) (Jeong et al. 2013). Such conversion
has been witnessed in the Gulf of Mexico (Turner and Rabalais
19991). Nutrition concentration and structure changes may
be the main causes of phytoplnkton quantity and composition
changes. On the one hand, the reduction of large diatom and

changes of dominant phytoplankton species will increase
occurrence rate of toxic non-algae red tide and give birth to
non-bait ecological groups of phytoplankton, thus influencing
food structure of zooplankton and other marine animals that
live mainly with diatom. On the other hand, a long-term effect
may even decrease fish resources and diversity. The effect of
nutrition concentration and structure changes of the Yangtze
River Estuary caused by the river damming except for fishing
intensity on the biogeochemistry circulation and coastal
ecological structure deserves further deep studies.

Conclusions

After impounding, DSi and DIN concentration decreased
and increased, respectively. With respect to nutrition
structure, N:P increased, whereas Si:P and Si:N declined.
According to chemometry standard of nutrient limits, nutrition
structure tended to be imbalanced and the limiting factor of
phytoplankton growth (P) was studied. Changes of nutrition
structure have largely decreased diatom and caused different
composition of dominant phytoplankton species. This may
change the ecosystem structure of the Yangtze River Estuary.
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