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Preface

The objectives of this book are to provide a clear description of early
eutrophication in large-scale lakes and reservoirs and to present readers with an
overview of large-scale lake and reservoir management problems and the tools
that can be applied to solve these problems. This book recognizes the need for a
description of both the opportunities and limitations inherent in the distribution
and transformation law of nutrients in large-scale lakes and reservoirs. The Three
Gorges Reservoir, one of the largest dam projects in the world as an example, will
draw great concern from the public and government. This book presents some
research results of early eutrophication in the Three Gorges Reservoir. Lake
management tools are presented in detail, including environmental technological
methods, ecotechnological methods and the application of models to assess the
best management strategy.

The intent of this book is to present an integrated coverage of hydrodynamics,
sediment processes, fate of nutrients and transport, and water quality and
eutrophication in large-scale lakes and reservoirs. We hope we have provided a
timely book that will be a resource for graduate students, environmental engineers,
environmental scientists and ecological chemistry researchers with an interest in
the environmental processes, mathematical modeling and fate of nutrients in
large-scale lakes and reservoirs.

We would like to take this opportunity to thank all the authors who have offered
their contributions and also the financial support of the National Basic Research
Program of China (973 Program, Nos. 2003CB415204 and 2010CB429003) that
enabled this book to come to fruition.

The authors
Beijing, China
September, 2012
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1

Distribution and Transformation of Nutrients in
Large-Scale Lakes and Reservoirs

We present readers with an overview of lake management problems and the tools
that can be applied to solve problems. Lake management tools are presented in
detail, including environmental technological methods, ecotechnological methods
and the application of models to assess the best management strategy.

1.1 Introduction

Nutrients are elements that are the basic atomic building blocks of living tissues.
There are 16 elements generally considered as necessary nourishment. C, H, O, N,
P, K, S, Ca, Mg are the macro-nutrients and the micro nutrients are like Fe, Mn, B,
Zn, Cu, Mo and Cl. However, the atmosphere is the major reservoir of nitrogen on
earth. Nitrogen is present in the atmosphere in its elemental form (diatomic N2)
and it also has a very strong triple bond which is very hard to break. Even in the
aquatic environment, the dominant elements are hydrogen and oxygen. However,
a variety of salts are dominated by the cations Na", K, Mg®", and Ca’" and the
anions CI, SO42' and NO; which are essential for aquatic organisms as
nourishment. The aquatic environments such as lakes and reservoirs are often
referred to as standing waters. Man-made reservoirs, or dams, are purpose built
principally to supply water to homes, industry and agriculture or, in some cases,
for electrical power generation. Basically, lakes are divided into three trophic
categories: oligotrophic, mesotrophic and eutrophic. An oligotrophic lake is a
large deep lake with crystal clear waters and a rocky or sandy shoreline. Both
planktonic and rooted plant growth are sparse, and the lake can sustain a cold
water fishery. A eutrophic lake is typically shallow with a soft and muddy bottom.
Rooted plant growth is profuse along the shore and out into the lake.

Water can enter lakes as well as reservoirs from a variety of sources including
groundwater, runoff from the watershed, surface waters (like streams and rivers)
flowing into the lake, evaporation and direct precipitation into the lake. Flowing
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water typically undergoes significant changes as the water enters the lake or
reservoir, primarily because its velocity reduces: sediments, nutrients and other
material carried in the faster-flowing water settle out in the basin, undergoing
sedimentation (Ford, 1990). As result, water accumulating huge amounts of
nutrients from natural environments is often called eutrophic. Compared to natural
lakes, reservoirs tend to be more influenced by nutrients and other substances
transported from the surrounding land. Lakes and reservoirs also differ in the
amount of phytoplankton and aquatic plants (primary production) that can be
supported. Elevated levels of nitrogen and phosphorous from agricultural runoff,
and also from fertilizers, liberate the phosphorous and nitrogen limitations that
phytoplankton experience and lead to an algal bloom or eutrophication. These
blooms might stimulate bacterial growth and reduce dissolved oxygen levels in
lakes, which makes aquatic life miserable. Accordingly, the two most noticeable
markers of heavy nutrient loading in lakes are an excessive plant growth
(eutrophication) and a decreased concentration of dissolved oxygen. However, it is
a very slow and natural process; it could be significantly accelerated by human
activities that increase the flow of nutrient input in a water body.

Presently, eutrophication is one of the main factors causing rapid growth of
micro-organisms and turbid waters in Donghu Lake, China (He et al., 2002).
Excessive growth of Eicchornia crassipes and Alternanthera pheloxirodes has
been noted in the shallow, eutrophic Donghu Lake. The blooming in terms of
biomass and height of the species was noted in the month of November in 1996
and 1998. Alternanthera pheloxirodes showed the beginning of a bloom in
September and E. crassipes in October (Liu et al., 2004). Taihu Lake (China), is
under threat from eutrophication due to the excessive amount of nutrients it
receives from local industries and agricultural activities. However, Meiliang Bay
is the major eutrophic area of this lake. The chemical oxygen demand was 4.63
mg/L in 1993. Total nitrogen and total phosphorus contents were 3.93 mg/L and
0.107 mg/L, respectively, in 1995. The Microcystis spp. among five major
component phytoplankton species occupied 85% of the algal biomass and led to
an algal bloom in summer that, in turn, affected the supply of water to the city of
Wuxi (Weimin et al., 1997).

Compared to natural lakes, reservoirs tend to be more influenced by nutrients
and other substances transported from the surrounding land. Lakes and reservoirs
also differ in the amount of phytoplankton and aquatic plants (primary production)
that can also be supported. In Developing Eutrophication Standards (DES) for
Lakes and Reservoirs, the North American Lake Management Society (1992)
states, “For the purposes of this document, perhaps the most important distinction
between rivers, reservoirs and lakes is that of algal abundance per unit of
phosphorus” (p. 9). Canfield and Bachman (1981) observed data from more than
700 natural lakes and reservoirs and compared their nutrient and response
parameters. They found that reservoirs usually have substantially lower
chlorophyll levels than natural lakes in the same phosphorus concentrations
(Seballe and Kimmel, 1987). Cooke and Carlson (1989) reported mean
chlorophyll-a values of 14.0 pg/L in natural lakes (#»=309) and 10.0 pg/L in
reservoirs (#=306). Based on these overall chlorophyll-a values, primary



1.7 Introduction 3

productivity appears to be lower in reservoirs than in natural lakes. Similarly,
Saballe et al. (1992) found mean and median chlorophyll values for reservoirs in
the southeastern U.S. to be significantly lower than those found in studies of
natural lakes by Walker (1981) and Jones and Bachmann (1976). Lower
productivity in reservoirs could occur because reservoirs tend to have higher
concentrations of suspended solids and shorter hydraulic residence times
compared to natural lakes (Sgballe et al., 1992; Walker, 1984; 1985).

Many scientific experts have noticed that co-limitation of primary productivity
by nitrogen and phosphorus is a common process in lakes and other water systems.
As reported by Dodds et al. (1989), “statements that phosphorous is the major
nutrient controlling primary productivity in freshwater systems should not be
taken to mean that phosphorous is the only nutrient limiting productivity in all
systems”. The most commonly discussed of all nutrients, the three essential
nutrients in fertilizer required for crop growth are nitrogen, phosphorus and
potassium. These nutrients, when discharged into water bodies, promote
phytoplankton (microscopic plants or algae) growth. Phytoplankton is primary
producer, signifying the base of the food chain in all aquatic environments. The
zooplankton feed upon phytoplankton, and small fish feed upon zooplankton. The
smaller fish are consumed by large carnivorous fish. The growth of phytoplankton,
or the primary productivity, is the first step in the food chain of a lake. The extent
of algal production indicates to a certain degree the productive capacity of a lake.
However, there are limits beyond which algal growth becomes detrimental to
other aquatic life (Reutter, 1989).

Nutrients are necessary for all living cells; however, phosphorus is an important
component of adenosine triphosphate, adenosine diphosphate, nicotinamide
adenosine dinucleotide phosphate, nucleic acids, and phospholipids in cell
membranes. Phosphorus may be stored in intracellular volutin granules as
polyphosphates in both prokaryotes and eukaryotes. It is a limiting nutrient for
algal growth in lakes and reservoirs. Phosphorus enters all water bodies
continuously in runoff water and inlet streams. Phosphorus is also regularly lost
from the water bodies through outlet streams and by assimilation into the
sediments/mud. When a lake has anoxic bottom water in summer and stratifies,
the top few millimeters of mud are chemically reduced to a condition that allows
the phosphorus to be released back into the water. The bottom water thus becomes
phosphorus rich. Water circulating around the lake due to winter storms brings the
phosphorus-rich water to the surface, completing an annual cycle and fertilizing
the lake for a spring plant bloom.

Phosphorus can be cycled some times through lakes and reservoirs, and
transferred from one organism to another by food chains. Alternatively, it can sink
to the bottom sediment as a part of fecal waste, a dead organism, or attached to a
sinking particle. Once at the bottom of the lake or reservoir, phosphorus may
become buried and unavailable to the system. Alternatively, rooted plants can
transport phosphorus from the sediment into their tissues where, upon death, the
phosphorus can be released back into the water (Horne and Goldman, 1994).
Phosphorus in sediment may be released back into the system through chemical
reactions; e.g., at pH values above 8, phosphate may disassociate from its particle
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and become soluble in water. Bottom-feeding fish and organisms that inhabit the
bottom sediments such as worms and other aquatic organisms can also disturb the
sediment, releasing phosphorus back into the water column. Phosphorus is
released from lakes and reservoirs through the outflow to downstream waters
(Hutchinson, 1957; Bronmark and Hansson, 2005).

Like phosphorus, Nitrogen (N) is also an essential nutrient for living organisms.
It may come from natural sources, such as the decomposition of plants and
animals, waste products from aquatic life within the water, urine and feces of
wildlife in the catchments, or (in generally small amounts) mineral dissolution of
rocks. Nitrogen also can enter lakes and reservoirs and is often of direct human
origin (such as discharges from sewage treatment plants or leachate from septic
systems) or is related to human activities (such as waste from poultry and
livestock facilities, runoff of fertilizers, or nitrous oxides from fuel combustion).
Nitrogen can be transported to lakes and reservoirs through atmospheric
deposition (precipitation on the lake surface), runoff, or groundwater (Hutchinson,
1957; Wetzel, 2001).

Various chemical constituents of wild waters are thought to be an important
factor in regulating the abundance, composition and geographical distribution of
phytoplankton. Although phosphorus is mainly considered as the limiting nutrient
for phytoplankton growth in every water system, the consequence of atmospheric
nitrogen and its major role in the acidification of water can also be detrimental.
Among nitrogen, phosphorus and silicon, nitrogen is usually considered as the
primary limiting nutrient for the accumulation of phytoplankton diversity
(Rabalais et al., 2002). Nitrogen is also an important component of chlorophyll,
the green pigment that makes photosynthesis possible. It may limit phytoplankton
production in temperate eutrophic waters, especially when phosphate
concentrations are high (when nitrogen/phosphorus ratios are low). It is ever
present in the water body in various forms. Phytoplanktons and other primary
producers are able to utilize inorganic forms of nitrogen: nitrates (NOj3’), nitrites
(NO,"), ammonia (NH;), and ammonium ions (NH,") (Smith 1986). Some species
of cyanobacteria (bluegreen algae) are also able to use nitrogen (N,) directly from
the atmosphere. Various forms of organic nitrogen (nitrogen that is bound to
carbon-based molecules) may also become available in phytoplankton, like urea
([INH,],CO), a soluble organic compound containing nitrogen that is excreted by
urine and which can also be applied to the land as fertilizer, easily degrading into
inorganic forms of nitrogen. Similarly, organic nitrogen found in plant and animal
tissues can become available for use by primary producers if converted by bacteria
into inorganic forms of nitrogen (Wetzel, 2001). Primarily, nitrogen can reduce
from lakes and reservoirs through the outflow, in an exchange with groundwater,
in the sediments and by denitrifying bacteria (e.g. converting NO;3™ to N,) with
subsequent loss of nitrogen gas (N,) to the atmosphere (Hutchinson, 1957; Wetzel,
2001).

Including nutrients, other environmental factors also inhabited by plankton are
heterogeneous, like temperature, irradiance and nutrient availability which are
among the more obvious variables (Reynolds, 1984). The algal bloom caused by
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phosphorus input also modifies several abiotic factors in the water body. These
factors directly rule the growth, diversity and density of the biotic components.
The impact of algal bloom on any one or some of these factors indirectly
influences the structure and characteristics of the water bodies. Ambient energy
that can influence eutrophication dynamics may be fully investigated when long-
term data with respect to time series are available (Lau and Lane, 2002).

Some microorganisms are also found to be proficient scavengers of phosphates
from sewage sludge. A few strains of bacterium (Acinetobacter calcoaceticus)
were found to remove substantial amounts of phosphates from an acetate medium-
based pilot plant (Lawson and Tonhazy, 1980). Florentz and Hartemann (1984)
also reported some varieties of A. calcoaceticus (var. lwoffi and var. anitratus),
which is an efficient phosphate-removing bacteria in acetate-enriched pilot plants.

Eminent scientific groups have classified trophic status according to phosphorus
absorption. Lakes with phosphorus concentrations below 0.01 mg/L are indicative
of mesotrophic lakes, and phosphorus concentrations exceeding 0.02 mg/L are
eutrophic lakes (Muller and Helsel, 1999). No rationale or state criteria have been
established for concentrations of phosphorus compounds in water. However, to
control eutrophication, the U.S. Environmental Protection Agency makes the
following recommendations: Total phosphate (as phosphorus) should not exceed
0.05 mg/L in a stream at the point at which it enters a lake or reservoir and should
not exceed 0.1 mg/L in streams that do not discharge directly into lakes or
reservoirs (Muller and Helsel, 1999). Phosphate levels greater than 1.0 mg/L may
interfere with coagulation in water treatment plants. As a result, organic particles
that harbor microorganisms may not be completely removed before distribution.
Eutrophic growth of aquatic plants seems to continue. Removal of detergent
phosphates, by itself, will not usually accomplish such a large reduction because
other inputs, such as runoff from agricultural lands, are much greater sources of
phosphates. Those countries whose economies are based on agriculture have to
take adequate measures in controlling the use of fertilizers, specifically
phosphorus. Research and proper advice to farmers on the optimum requirement
of the nutrients needs to be emphasized. Urban waste and sewage must be treated
to reduce phosphorus before it is discharged into a water body.

Muller and Helsel (1999) suggested that, in order to reduce nutrient loads on
lakes to within the limits permitted by the Organization for Economic Cooperation
and Development, not only will all sewage inputs need to be prevented, and non-
phosphate detergents used, but losses from agricultural land must be reduced.

The Three Gorges Project, the largest dam project in the world, is located in the
mid-downstream area of the Yangtze River in Hubei and Sichuan Provinces,
China. Despite the benefits of the dam in terms of power generation and flood
control, the project has attracted attention for its potential impact on ecosystems
and socio-economic stability. Especially in recent years, water bloom has occurred
frequently in the backwater areas of the TGR in summer and autumn. Proper bio-
indicators are expected to be provided to anticipate the trophic condition of the
TGR, and to prevent the occurrence of water bloom based on previously effective
measurements. The lack of functional bacteria data from the TGR is particularly
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worrying because environmental degradation in the TGR will probably be the
most severe problem in the future.

Eutrophication of water components leads to harm for fisheries, recreation,
industry, or for drinking, due to the adverse growth of algae and aquatic weeds
and low oxygen level caused by decomposition. Also, many drinking water
supplies throughout the world experience periodic huge surface blooms of
cyanobacteria (Kotak et al., 1993). These blooms contribute to a wide range of
water-related problems including summer fish kills, unpalatability of drinking
water, and formation of trihalomethane during water chlorination (Kotak et al.,
1994). Consumption of cyanobacterial blooms, or water-soluble neuro- and
hepatotoxins (released when the blooms die), can kill life and may pose a serious
health hazard to humans (Lawton and Codd, 1991). Mainly nitrogen (N) and
carbon (C) are associated with accelerated eutrophication; special awareness has
been paid to phosphorus (P), due to the difficulty in controlling the exchange of N
and C between the atmosphere and a water body, and fixation of atmospheric N by
some blue-green algae. Consequently, P is often the limiting element and its
control is of the most importance in reducing the accelerated eutrophication of
surface waters.

In practice, aquatic ecosystems are large sinks of nutrients such as phosphorus,
nitrogen and carbon that are stored in the sediments of the water body, which is
very important to water quality management. However, sinks of nutrients in
aquatic or wetland systems also play a major role in regulating the transformation
of nitrogen and carbon (Moore et al., 2003) as well as other biologically regulated
elements such as sulphur. With the liberation of nutrients from the lake, reservoir
or wetland systems, the subsequent inundation is controlled by leaching from the
sediments and the decomposition of organic matter such as vegetation and detritus.
Water temperature, inundation frequency, timing, duration and areal extent (St.
Louis et al., 2003) have also been acknowledged to impact the above systems and
affect the release, mineralization and transport of nutrients from aquatic sediments
to surface waters as well as the potential transfer to hydrologically based aquatic
ecosystems.

Aquatic ecosystems are sensitive to amplification of the external burden of
phosphorus (organic and inorganic) from both anthropogenic and natural sources.
Organic phosphorus is always associated with lake sediments and vegetation
(Hogan et al., 2004). However, inorganic phosphorus is adsorbed in particles of
soil or bound with lake sediments, held in complexes with iron (Fe*"), aluminum
(AI’") and calcium (Ca®") (Song et al., 2007). Changes in hydrological features
may affect the water system. The adsorption ability of sediments decreases due to
alteration from inundation. However, the hydrolysis of Fe and Al phosphate
complexes gradually increases leading to the release of phosphorus into the
overlying water column through leaching. As water levels recede, the subsequent
decomposition of organic matter is accelerated as oxygen is initiated and
phosphatase enzyme activity gradually increases, which regulates the
mineralization of organic phosphorus (Song et al., 2007). On the other hand,
naturally extracted inorganic phosphorus from inundated water sediments is
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liberally transported to adjacent water bodies by surface runoff during
precipitation events (Young and Ross, 2001; Kieckbusch and Shrautzer, 2007).

Reducing P inputs into lakes may not always attain the preferred or even
predictable water quality improvement, due to the sustained input of P from other
sources. The direct input of P in rainfall into lakes may be sufficient to enhance
the algal growth in certain states. Elder (1975) projected that rainfall P may
account for up to 50% of P entering Lake Superior, and the enrichment of lakes in
Ontario (Schindler and Nighswander, 1970) and Wisconsin (Lee, 1973) has been
attributed to rainfall P. In addition, the release of P from sediment can sustain the
growth of aquatic biota for several years after its deposition (Ahlgren, 1977;
Jacoby et al., 1982). Therefore, the same form of in-lake management to reduce
aquatic bioproductivity may be necessary and cost-effective. Obviously, lake use
has an impact on desirable water quality goals, which will require contradictory
management. Watershed management often becomes more complex with
multiple-use lakes and streams, which tend to dominate U.S. waters. For example,
a reservoir may have been built for water supply, hydropower, and/or flood
control and, although not a primary purpose, recreation is often considered a
benefit, with aesthetic enhancement (including property value) as an additional
fringe benefit. Nutrients might be lost dissolved in water and involved with eroded
soil/sediment in surface runoff and dissolved in leaching water. Losses of the
major nutrients nitrogen (N) and phosphorus (P) from terrestrial to water resources
cause water quality concerns with regard to the health of humans and aquatic
systems as well as damaging the utility of water resources.

In aquatic ecosystems, the primary producer is an imperative component
enhancing microbial activity, where nitrate (NO3) and nitrite (NO,) act as electron
acceptors under anaerobic conditions during the decomposition of organic matter
(D'Angelo and Reddy 1999). Generally, nitrogen is continually cycled and
transformed by microbial activity (Mitsch and Gosselink 1993). Nitrogen can exist
as ammonium (NH4"), NO;, NO, or be bound in organic forms; under anoxic
conditions, the partial or complete denitrification of inorganic nitrogen by
microbial activity may be released as nitrous oxide (N,O) or nitrogen gas (N,)
(Anderson, 2004). While organic matter decomposes, organic nitrogen is readily
mineralized into NH;" and it may dispersed into the water column as aquatic soils
are inundated. If mineralization rates of organic nitrogen exceed denitrification
rates in water sediments or macrophyte nitrogen-limitation becomes saturated, the
transport of inorganic nitrogen to hydrologically connected aquatic systems may
occur (Hemond, 1983).

The retention potential of wetland systems is quite significant, as a large portion
of nitrogen entering aquatic ecosystems through precipitation and surface runoff is
lost to the atmosphere (Gergel et al., 2005) or assimilated by wetland macrophytes
(Laiho and Vasander, 2003). Despite this, the eutrophication of aquatic
ecosystems by nitrogen loading, specifically inorganic forms such as NOs, is
readily documented (Camargo and Alonso, 2006). While most temperate
freshwater systems are phosphorus limited, increases in total nitrogen
concentrations may shift the phytoplankton community structure. Increases in
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cyanobacterial biomass have been correlated with both total nitrogen and total
phosphorus concentrations, an important implication for drinking water reservoirs.

Organic carbon is also an important component of the microbial food web,
providing an energy source to power many of the biologically-mediated nutrient
cycling processes. While sediment of the water systems generally acts as a sink of
organic carbon, the inundation of soils can lead to increased leaching of organic
carbon (Asada et al., 2005) and the subsequent transport to the overlying water
column (Moore et al., 2003; Corstanje and Reddy, 2004; St. Louis et al., 2004).
The inundation of sediment also stimulates the mineralization of organic carbon
and the subsequent release of carbon dioxide (CO,) (Kelly et al., 1997; St. Louis
et al.,, 2003). Under very reducing environments, the CO, is also subject to
methanogenesis, being reduced to methane (CH4) (Mitsch and Gosselink, 1993;
Kelly et al., 1997; St. Louis et al., 2003). In addition to increasing the export of
organic carbon to hydrologically connected aquatic ecosystems (Moore et al.,
2003; St. Louis et al., 1996), both the methanogenesis and mineralization
processes can switch a wetland system from being a carbon sink to a carbon
source, significantly increasing the emission of CO, and CH, after inundation
(Kelly et al., 1997).

In wetland systems, dissolved organic carbon is often transported to adjacent
and hydrologically connected aquatic ecosystems, carrying with it heavy metals
(St. Louis et al., 2004). As wetland soils are inundated and organic carbon is
processed, decomposition, mineralization, respiration and hydrologic transport all
influence the potential export of carbon to hydrologically-connected aquatic
ecosystems.

The management of phosphorus, nitrogen and organic carbon in aquatic
ecosystems is an important factor in controlling cultural eutrophication (Schindler,
1977), especially in drinking water reservoirs, where increases in total phosphorus
and nitrogen concentration can significantly increase algal biomass, potentially
creating blooms of taste and odour causing species or cyanobacteria. Total
phosphorus concentration is also a predictor of other odour-producing compounds
in drinking water reservoirs. However, increased concentrations of organic carbon
react with bromine and chlorine to produce carcinogenic disinfection byproducts
and may increase bacterial biomass within distribution systems (LeChevallier et
al., 1996).

1.2 Water Quality and Eutrophication

The term eutrophication refers to the natural and artificial addition of nutrients to
water bodies and to the effect that these added nutrients have on water quality
(Vollenweider and kerekees, 1980). The characteristic of eutrophication is the
excessive growth of algae, although many components and elements contribute to
the algal growth. The most crucial nutrients are usually required in a ratio of 106
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units of carbon to 10 units of nitrogen and 1 unit of phosphorus (Ryther and
William, 1971). It has been shown by Liebig’s Law of Minimum that the
component in shortest supply will control the growth rate (Shu, 1982; Hecky,
1988). Commonly, nitrogen and phosphorous are both considered as the most
frequent limiting factors in the aquatic environment, and investigations of the
nutrient profile of the water body and also algae have afforded threshold estimates
of nitrogen and phosphorus concentration that limit algal growth. When the total
nitrogen (TN) to total phosphorus (TP) ratio in water exceeds 12 during the spring
period, then phosphorus should be the limiting nutrient (Dillon and Rigler, 1974).
The primary symptom of eutrophication is a high concentration of TNand of TP in
the water. Sawyer (1947) suggests that TP concentration in excess of 0.01 mg/L
and TN concentration above 0.3 mg/L are adequate to cause nuisance algal
blooms.Since eutrophication is increased nutrient input, any activity in
the watershed of a lake that increases nutrient input causes eutrophication. New
Hampshire revealed that phosphorus export from agricultural lands is 5 times
more than from forested lands, and from urban areas it may be more than 10 times
greater. Storm water runoff from the developed land areas is the major source of
nutrients for most lakes and resorvoirs. Other activities that contribute to
eutrophication are lawn and garden fertilizers, faulty septic systems, washing with
soap in or near the lake, erosion into the lake, dumping or burning leaves in or
near a lake, and feeding ducks.

A eutrophic lake is typically shallow with a soft and muddy bottom. Rooted
plant growth is abundant along the lake and algal blooms are not unusual.
Water clarity is not good and the water often has atea color. A shallow, well-
mixed water column usually prevents stratification, so bottom waters are usually
oxic in condition, and frequent sediment resuspension inhibits photosynthesis
below 0.5-1 m water depth (Dickman et al., 1998). Cyanobacteria populations
(Microcystis and Anabaena) have increased and can comprise up to 85% of
summer phytoplankton biomass (Chen et al., 2003). Many natural water bodies are
described as oligotrophic, for they have clear water ecosystems in which primary
and secondary productivity is limited by a shortage of major nutrients (Beeby,
1995). These oligotrophic water bodies, if brought under natural succession, need
thousands of years to become eutrophic. The enrichment of aquatic ecosystems
through the discharge of human wastes from settlements and excessive fertilizers
from agricultural lands brings down the water bodies in an undesirably increased
rate of eutrophication.

Among various natural factors, water is an essential, life-supporting factor in
every living cell, individual organism, ecosystem and universe. Water quality is
deteriorating gradually due to the rapid progress of scientific organizations.
Unfavorable fluctuations in the physicochemical characteristics of the water body
bring water contaminants, which affect the planktonic flora of the water body.
Planktonic flora including micro organisms are inadequately supplied by the
available phosphorus or nitrogen. According to Likens et al. (1977), oligotrophic
water bodies contain less than 5-10 pg/L of phosphorus and less than 250—600
pg/L of nitrogen. The mean primary productivity in oligotrophic water has been
noticed between 50-300 mg carbon/(m*day). In moderately eutrophic water
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bodies, the phosphorus content is 10-30 pg/L and the nitrogen content is 500—
1100 pg/L. The primary productivity in eutrophic water is reported to be above 1 g
carbon/(m*-day). If excessive amounts of phosphorus and nitrogen are added to
the water, aquatic organisms and plants can grow over a large area and
eutrophication occurs. When an organism dies, it is naturally decomposed by
bacteria and the decomposers use up the dissolved oxygen in the water body. The
dissolved oxygen concentrations often drop too low for aquatic life to breathe,
leading to life kills (Murphy, 2002). It is well known that eutrophication is a
natural process in lakes as well as reservoirs. Nitrification is usually included in
water quality management due to its significance in mediating the contents of
dissolved oxygen, ammonia, nitrate-nitrogen and phosphates (Deb and Bowers,
1983).

Nitrification, microbial-mediated oxidation of ammonia to nitrate, is a key
process in the N cycling in every water component. It is a two-step process; firstly
an ammonia-oxidizing stage that transforms NH," to NO,” by ammonia-oxidizing
bacteria (AOB); secondly the nitrite-oxidizing stage that transforms NO, to NO;
by nitrite-oxidizing bacteria (NOB), in which the ammonia-oxidizing stage is the
critical stage controlling the nitrification (Costa et al., 2006). Hyper-nitrification
caused by the heavy loads of N and P, is greatly assisted by the N and P cycling in
the natural environment (Jergensen and Richardson, 1996; Paerl, 1997). It is often
assumed that nitrification occurs in the water column and that the process follows
first-order kinetics with rates calculated as a function of water column ammonia
contents (Ambrose et al, 1993; Scott and Abumoghli, 1995). However,
nitrification in freshwater is known to take place mainly on suspended particles
(SPs) and bed sediments (Bonnet et al., 1997). Consequently, the investigation of
the relationship between SPs and the nitrification rate in the aquatic environment
is of importance for developing the ecosystem model of nitrogen biogeochemical
cycling (Kittiwanich et al., 2007) and water quality management.

Even though the eutrophication process in lakes has not yet led to a significant
deterioration in the water quality, the ecological balance within lakes is extremely
fragile owing to the high nutrient loadings. Therefore, lake water management
must focus on reducing the nutrient input into the lakes from the streams that drain
the vast rural areas of Jiangsu and Zhejiang provinces and the Great Shanghai
Metropolitan Area.
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1.3 Organization of the Book

This book mainly focuses on the distribution and transformation law of nutrients
in large-scale lakes and reservoirs. The readers will include environmental
engineers, environmental scientists and ecological chemistry researchers.
e This book firstly introduces the distribution and transformation of
nutrients (Chapters 1 and 2);
e Hydrodynamic effects, biological effects and chemical effects on the
distribution and transformation of nutrients are described in Chapters 3,
4, and 5, respectively;
e Mathematical modeling and numerical simulation are developed to
predict water quality changes in Chapter 6;
e The eutrophication risk assessment for large-scale lake and reservoirs is
discussed in Chapter 7.
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2

Eutrophication and Distribution of Nitrogen
and Phosphorus

2.1 Overview

Eutrophication is the phenomenon of phytoplankton bloom caused by excessive
nutrients (N, P and other inorganic salt) in water environment. The most widely
accepted definition of eutrophication is that which describes the nutrient
enrichment of waters which results in the stimulation of an array of symptomatic
changes, among which increased production of macrophytes and algae,
deterioration of water quality and other symptomatic changes are found to be
undesirable and interfere with water uses. Some of problems were brought about
by eutrophication including turbid waters, bad smell, anoxic conditions and
chironomid and Culex midge plagues, even more intoxicating phenomena for
animals and people (Beat et al., 2008; Cecilia et al., 2005; Datta et al., 1999).

The study of eutrophication has tended to focus on reservoirs and lakes, and
recognition is growing of the problems of eutrophication leading to algal blooms.
Lots of factors have been demonstrated to affect algal growth in reservoirs and
lakes, the most important of which are sunlight (Swale, 1969), flow (Lack, 1971),
temperature (Hasnain et al., 1990), turbidity and nutrients (Lund, 1970). Attention
has been focused on the role of nutrients in controlling the algal growth, as they
are considered the most difficult to control (Schindler, 1978). Such environmental
eutrophication problems are generally considered to be the consequence of
enhanced nutrient loadings (Helen et al., 2006; Kristina et al., 2005; Young et al.,
1999; Gao et al., 2008).

In the aquatic ecosystem, it is generally believed that nutrients with restrictive
effects exist, which means that organisms would compete with each other, when
the content of the nutrient was reduced. The studies on eutrophication by the
International Economic Cooperation and Development Organization (OECD)
indicated that nitrogen and phosphorus can be made to be the important nutrients
(Carpenter et al., 1998). According to the chemical composition analysis of algae,
the molecular formula of algae is CjosH2360110Nj6P. As the Liberg Minimum
Value Law shows, the growth of a plant would be decided by the nutrient.
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Therefore, nitrogen and phosphorus are the two elements with the smallest
percentage by weight in the molecular formula of algae. In the eutrophication of
lakes and reservoirs, the amount of eutrophication restricted by the concentration
of phosphorus is 80%, and 10% is related to the concentrations of nitrogen and
phosphorus. For the other 10% in the lakes and reservoirs, eutrophication may be
due to other environmental factors. All of this indicates that the nitrogen and
phosphorous in the water environment are the primary limiting nutrients.

Due to rapid development, great harm, difficult control and slow restoration,
eutrophication has gradually become a global water pollution problem (Hans,
2006). And because the nitrogen and phosphorous are the primary limiting
nutrients, the study of the distribution of nitrogen and phosphorous in lakes and
reservoirs is becoming a world concern, with eutrophication problems evident in
many countries, such as Belgium, Denmark, Germany, Italy, The Netherlands and
so on. In the Gulf of Finland, the northern Baltic Sea, the range of concentrations
of nitrogen and phosphorous were 0.25-1.2 mg/L and 0.014-0.44 mg/L in the
water (Cecilia et al., 2005), respectively. In Lagunitas Creek and Tomasini Point,
the contents of TN and TP were 231.6 and 15.29 mmol/kg in the sediments (Vink
et al., 1997), and most of the phosphorus (70%—40%) in the sediments was found
in the organic and residual speciation. In two anthropogenically influenced
estuarine systems in southwest England, the concentrations of DON in both
estuaries were generally lower than 80 uM (El-Sayed et al., 2008). DON
contributed 38%+22% (range 4%—79%, Yealm) and 36%+17% (range 4%—84%,
Plym) to the TDN. And relative to winter and spring, the DON was a larger
fraction of the TDN during the summer and autumn.

As known, water environment of the Three Gorges Reservoir is important in
China. The Three Gorges Reservoir is located on the Yangtze River which is the
largest river in China. The water resources of the Three Gorges Reservoir area are
rich, and there are many secondary rivers. With the rapid development of the
urban economy, lots of pollutants were discharged into water and caused pollution
of the secondary rivers, which caused the water quality to decrease. After the
impoundment of the Three Gorges Reservoir, the conditions in the reservoir
changed. The flow rate of tributaries in backwater areas decreased because of the
jacking effect of the high water level in the main stream. The ability of the rivers
to transport N and P was reduced; the nutrients may have accumulated there. As a
result, the study of the distribution of N and P in the Three Gorges reservoir is
necessary for the prevention of eutrophication there.

2.2 Eutrophication

Eutrophication is a phenomenon where phytoplankton and other aquatic plants
bloom; the transparency and dissolved oxygen in the water decrease, and the
condition of the water changes from a state of poor nutrition to a state of high
nutrition, which is due to excessive nutrients (N, P and other inorganic salt)
discharging into reservoirs, lakes, estuaries and gulf waters, which are relatively
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closed and slow-moving waters.

Eutrophication includes natural and artificial eutrophication. The occurrence of
natural eutrophication is due to lakes, reservoirs and other waters receiving the
nutrients from natural rainfall and leaching of the soil, which lead to the increase
of nutrients in water. And this is also due to the rapid development of industrial
and agricultural production, the emissions of nitrogen and phosphorus discharged
directly into the water environment. All of these, which increase the amount of
nutrients, cause artificial eutrophication. The reason for natural and artificial
eutrophication is the enrichment of nutrients such as nitrogen and phosphorus in
the water environment. This leads to algae and other phytoplankton reproduction
booming, and dissolved oxygen dropping, which eventually causes a large number
of the fish or other aquatic organisms to die and water quality to deteriorate.

The main appearance of eutrophication in water is seen in the blooming of
plankton. Some of the manifest problems brought about by plankton algal biomass
include turbid waters, anoxic conditions, bad smell and chironomid and Culex
midge plagues (Beat et al., 2008; Cecilia et al., 2005; Datta et al., 1999). When
algal growth increases, the content of dissolved oxygen will decrease, with an
increased incidence of toxic cyanobacteria blooms and a decrease in the
abundance of species. Such eutrophication problems are generally considered to
be the consequence of enhanced nutrient loadings (Helen et al., 2006; Kristina et
al., 2005; Young et al., 1999; Gao et al., 2008).

Due to rapid development, great harm, difficult control and slow restoration,
eutrophication has gradually become a global water pollution problem (Hans,
2006). Nowadays, significant signs of eutrophication have been reported globally,
with major affected areas including the Baltic, Adriatic and Black Seas, and the
coastal waters of Japan, Australia, USA and China. According to the survey, many
reservoirs and lakes in China may be eutrophicated, which have affected urban
water supply security and sustainable development of the local economy. The
distribution of nutrients in Taihu Lake, which is an important drinking water
source for Wuxi City and a famous scenic spot in China, was studied by lots of
researchers. The concentration ranges of DIN, NO;-N and NH,"-N were 0.2-5.1,
0.1-2.9 and 0.07-0.99 mg/L, respectively, in 2003 (Yang et al., 2007). The Daliao
River system consists of the Daliao River, Hun River and Taizi River. The
concentration of P in the sediments of the Daliao River ranged from 230 to 841
mg/kg in 2007 (Wang P et al., 2009). In Poyang Lake in China, the content of total
phosphorus in the surface sediments ranged from 688.29 to 825.36 mg/kg (Xiang
and Zhou, 2011), and inorganic phosphorous was the major phosphorus
speciation.

The Three Gorges Dam, in China, is the world’s largest hydroelectric project,
measuring 2335-m long and 185-m high, and the reservoir created by it had an
area of 1080 km’® in 2009. The Three Gorges Dam is 27 miles upstream from
Yichang City, at Sandouping Town, 38 km upstream from the Gezhouba Dam
Lock, and inside the third of the Three Gorges. The construction of the Three
Gorges Dam began in 1993. Now the Three Gorge Reservoir is completed, it is
capable of containing 39.3 billion m® of water, which has lifted the water surface
175 m above sea level. The dam will cause changes in the discharging pattern of
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the Yangtze River. The flow rate downstream of the dam decreases in October
because of impoundment and increases from January to May. The rest of the time
the monthly flow remains relatively unchanged. The construction of the Three
Gorges Reservoir will have a profound impact on the environment, wherein
eutrophication is a potential threat. Phosphorus and nitrogen are the major
nutrients for aquatic ecology, and their excess supply can lead to eutrophication.
When external loading of P and N increase, the sediments as a pool can adsorb it.
However, after external loading is reduced, the sediments as a source will release
adsorbed P and N into water. Therefore, intensive study of P and N in water and
sediments would help to predict and further prevent the occurrence of
eutrophication.

According to the research reported by Li et al. (2005), after the Three Gorges
Reservoir was finished, the nitrogen and phosphorus levels reached the level
where eutrophication occurred in main stream of the Three Gorges reservoir area.
But due to the fact that the depth of most of the river was an average of 70 m, and
light and temperature levels were not high enough at the bottom, the condition
there was not suitable for the growth of algae, especially in the areas in front of
the dam, where the flow rate was lower than 0.2 m/s, and the depth was greater
than 100 m. Therefore, in the main stream of the Three Gorges Reservoir area
eutrophication occurred with difficulty.

The conditions in the secondary rivers in the Three Gorges Reservoir area are
different. After the Three Gorges Reservoir was finished, the depth of water at the
end of the river backwater areas was generally 10 m. Moreover, the flow rate here
underwent great changes, when the flow rate dropped to a similar rate to natural
lakes. The conditions for eutrophication were the same as in reservoirs or lakes.
Therefore, when the nitrogen and phosphorus concentrations in the secondary
rivers reached or exceeded the level for eutrophication, this became a potential
risk (Beat et al.,, 2008). The rivers like the Kaixian, Daning, Hong and other
waters like the typical backwater areas of the secondary rivers, are the most
sensitive areas for eutrophication in the Three Gorges reservoir.

The Longchuanjiang River, which originates in Nanhua County in southwest
China, is located in the upper stream of the Yangtze River. The concentrations of
NO;, NH;", DN and TN there were 1037, 835, 1672 and 1935 pg/L. And the
concentrations of DP, PAP and TP in the water were 33, 609 and 642 ug/L (Lu et
al., 2011).

At about 400 km from the mouth of the Yangtze River, Datong is the gauging
station for the Yangtze River’s total water and sediment discharge. Hydrographic
and nutrient data has been available for a few decades. In the water at Datong
station (Duan et al., 2008), NOj’, accounting for 48%—79% of total N, was the
main component of N for all the seasons. Conversely, NH," and NO,” were minor
forms of TN during the flood and pre-flood periods. The NO; concentrations
ranged from 70 to 97 mmol/L during the summer to pre-flood period, and
1.8-22.1 pmol/L and 0.2-2.5 pumol/L for the NH," and NO, concentrations. The
DIP concentrations ranged from 0.2 mmol/L during the summer flood to 1.0
mmol/L during the winter low-flow period.

As known, the Yangtze estuary has received high loading of anthropogenic
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nutrients from the Yangtze River. The MBP concentrations (the content of
phosphorus released from sediment during acidic digestion) of the Yangtze
estuarine sediment samples, with an average concentration of 17.14 ng/kg, ranged
from 1.93 to 94.86 ng/kg (Feng et al., 2008). The concentrations of TP, IP and OP
in the Yangtze estuary sediment samples were also analyzed. TP concentrations
were\ high, ranging from 267.8-525.2 mg/kg. OP and IP concentrations ranged
from 20.7 to 173.5 and from 224.0 to 408.1 mg/kg, respectively. And TN
concentrations ranged from 0 to 0.81 g/kg.

As known, there are lots of tributaries of the Yangtze River. The nutrients and
other pollutants from tributaries flow into the Yangtze. The Minjiang River and
Tuojiang River are two important tributaries of the Yangtze. As shown in Table
2.1, the concentrations of DP were 0.048-0.063, 0.057 and 0.262 mg/L in the
water from the Yangtze, Mingjiang and Tuojiang, respectively (Cao et al., 2011).
And in sediments, the concentrations of TP, AP and FP were 890-954, 7.1-10.2
and 83—-110 mg/kg in the Yangtze, 1010, 35.7 and 76 mg/kg in the Mingjiang, and
1130, 82.8 and 85 mg/kg in the Tuojiang. The highest DP concentration occurred
in the Tuojiang, and the lowest was for the Yangtze. Obviously, the Tuojiang has
been severely polluted because it drains urban areas (Cao et al., 2011).

Table 2.1 The concentrations of dissolved phosphorus (DP) in the water samples and total
phosphorus (TP), available phosphorus (AP), phosphorus-fixing capacity (FP) in the sediment
samples from the Yangtze River and tributaries (Cao et al., 2011)

River Water Sediments

DP (mg/L) TP (mg/kg) AP (mg/kg) FP (mg/kg)
Yangtze 0.048-0.063 890-954 7.1-10.2 83-110
Mingjiang 0.057 1010 35.7 76
Tuojiang 0.262 1130 82.8 85

One year after impoundment of the Three Gorges Dam, the area of the water
reservoir expanded; the water level rose, the flow rate slowed down, the turbulent
diffusion capacity of the water diminished. Lots of nutrients from flooded soil
were dissolved in the water because of the long life of the pollutants. As result, the
concentrations of nitrogen and phosphorus increased (Chai et al., 2009). As shown
in Table 2.2, the mean concentrations of TN and TP before impoundment of the
Three Gorges Dam were 1.461, 0.131 mg/L, respectively. One year after
impoundment, the concentrations of TN and TP increased to 1.99 and 0.175 mg/L.
This might be due to the fact that the water level rose, the flow rate slowed down,
the turbulent diffusion capacity of the water diminished. The concentrations of TN
and TP were 1.699 and 0.159 mg/L 1.5 years after impoundment, which were
lower than those 1 year after impoundment (Chai et al., 2009).

The construction of the Three Gorges Reservoir will have a profound impact on
the environment. The influence on the ecology and environment caused by the
Three Gorges Project has been one of the hot issues of common concern at home
and abroad. After the Three Gorges Reservoir was finished, the flow rate in typi-
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Table 2.2 The concentrations of TN and TP in the main stream of the Yangtze River before
and after impoundment of the Three Gorges Dam (Chai et al., 2009)

Before 1 year after 1.5 years after
Sites impoundment impoundment impoundment
TN TP TN TP TN TP
The main ¢, 0.131 1.99 0.175 1699 0.159
stream

cal tributaries backwater area decreased, and the transparency increased. In the
appropriate climatic conditions and nutrient conditions, there exists a potential
danger of eutrophication. In this section, the distribution of nitrogen and
phosphorus at the influx of the four main branches (Cuntan, Xiaojiang, Daning
and Xiangxi Rivers) of the Three Gorges Reservoir on the Yangtze River were
studied.

2.3 Distribution of Nitrogen

2.3.1 Water and Sediment Characteristics of Sample Sites

2.3.1.1 Sampling and Analyses

According to the pollution history survey and spot investigation, eutrophication
would occur easily in the backwater zone of a reservoir. Therefore, the sample
sites were selected in the main tributaries of the Three Gorges Reservoir— Cuntan,
Xiaojiang, Daning and Xiangxi in 2006 and backwater zones of Xiaojiang, Daning,
Xiangxi and the 5 sites along the Daning in 2007 using GPS (Fig. 2.1; Wang et al.,
2009).

Cuntan, which is in Chongqing city, is located at the back of the Three Gorges
Reservoir. Cuntan Port, the largest container terminal in the southwest, is here. A
large amount of industrial wastewater and sewage was discharged here. Before the
Three Gorges Reservoir was constructed, less sediment was deposited at Cuntan.
However, after the dam was constructed, the flow velocity decreased and lots of
sediments were deposited there. All of this would increase the risk of
eutrophication.

Xiaojiang, which is the second largest tributary of the Yangtze River, has a
length of 138.25 km and drainage area of 3043 km’. It is an important protective
area of the reservoir. Because of the construction of the Three Gorges Reservoir,
the lands near Xiaojiang were flooded, and the flow rate in backwater areas was
slow. There existed a higher risk of contamination.

The Daning River is a very important tributary of the Three Gorges Reservoir.
It is also a famous scenic spot. Before the impoundment of the Three Gorges
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Fig. 2.1 The sampling map of backwater areas of main tributaries in the Three Gorges
Reservoir

Reservoir, the Daning River was famous for its limpid water and precipitous gorge
scenes. During water storage, the water quality of the 135-m backwater reach of
the Daning River was monitored by the Chongqing Environmental Monitoring
Center. It was found that the water color became green, dissolved oxygen (DO) in
the upper water was oversaturated, and the nutritional state increased.

Xiangxi River is the largest tributary in Hubei of the Three Gorges Reservoir.
The mainstream of the Xiangxi River is 94 km length, and has a total basin area of
3099 km* (Li et al., 2008). The Xiangxi River basin, which is rich in mineral
resources, is one of China’s three major phosphate-rich regions. Before the
impoundment of the Three Gorges Reservoir, the main stream of the Xiangxi
River with a mean annual flow of 65.5 m®/s possesses the dilution capacity for the
pollutants discharged into the river. After the impoundment of the Three Gorges
Reservoir, the hydrological conditions and the water environment of the Xiangxi
River downstream have been changed. The water level has risen and the flow rate
slowed. This is not good for the spread of pollutants.

Surface water and bottom water (0—5 cm above the sampling sediments) were
collected using sterile Niskin bottles. Sediments were collected with a Van Veen
stainless steel grab sampler (Eijkelamp, Netherlands). Only the top 5 cm of
sediments were used and mixed up in a polyethylene sealing bag, stored at 4 °C
prior to conservation.

The pore water was obtained from sediments using a high speed centrifuge. In
the laboratory, sediments were defrosted and air-dried at room temperature. The
samples were then ground with agate mortar and pestal, sieved with a 60-mesh
nylon sieve. At the same time, part of the surface water and bottom water samples
were acidized, and part of the samples were filtrated by 0.45 um cellulose acetate
membrane. All of the sample collections were swing washed with surface water
from sample sites three times to avoid pollution from the vessels. The temperature,
DO, pH, conductivity and turbidity of the water were measured in situ.
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Particle size analysis was performed by X-ray sedigraphy using a SALD-3001
Particle Analyzer (0.269—2000 m, R.S.D.<3%) (Shimadzu, Japan). Total organic
carbon (TOC) content of sediments was determined using a Liqui TOC
(Elementar, Germany) analyzer. Loss on ignition (LOI) measurement was based
on weight losses after combustion at 550 °C. Total nitrogen (TN) and total
phosphorus (TP) of sediments were analyzed by colorimetry after the digestion.
Phosphate (PO,”") was determined using the molybdenum-blue complex method
(Kristina et al., 2005).

The water environment characteristics of sample sites are shown in Table 2.3.
The range of dissolved oxygen content in the surface water of the tributaries from
the Three Gorges Reservoir was 5.4—7.4 mg/L in autumn and 7.6-9.3 mg/L in
spring. Therefore, an aerobic state dominated the surface water of the sample site
in spring and autumn. The pH of the surface water ranged from 7.57 to 8.05 (with
mean level of 7.85) in autumn and from 7.38 to 8.61 (with mean level of 8.10) in
spring. The surface water from the Three Gorges Reservoir showed weak alkaline
generally. In 2007, the surface water and the overlying water were both sampled.
Compared with the surface water, the levels of pH (7.02—8.36) and dissolved
oxygen content (5.15—8.67) were decreased in the overlying water.

2.3.1.2 Sediment Properties

As reported in the literature, the sediment properties and composition (such as
organic matter and metal oxide) would influence the sediment adsorption capacity
of phosphorus. The main properties of the sediment samples were shown in Table
2.4.

In sediment sampling in 2006, organic matter, expressed as TOC and LOI,
showed the lowest value of 0.39% and 2.92%, respectively, in Cuntan sediment,
the highest of 1.17% and 6.82% in Xiaojiang sediment. TP contents in different
sediments were in decreasing order: Xiaojiang>Cuntan>Xiangxi>Daning. That is,
the Xiaojiang sediment with the highest content of organic matter exhibited a
maximum capacity for phosphorus retention, while the sediment possessing the
lowest content of organic matter (Cuntan) did not show the minimum capacity for
phosphorus retention, but was higher than Xiangxi and Daning sediments. This
result indicated that organic matter increased phosphorus retention in sediments;
however, there must be other properties influencing the adsorption of phosphorus.
The content of metal oxides (Fe and Al) has been considered to be a main factor
that determines phosphorus retention because of the high specific surface of the
hydroxides. In our study, the sum of Fe and Al followed the order of Xiaojiang>
Cuntan>Daning>Xiangxi, which may be the reason that Cuntan showed a higher
retention capacity for phosphorus than Daning and Xiangxi. Another factor
affecting phosphorus retention is the grain size. It is noticeable that the sediments
used in this study were primarily composed of clay and silt-sized particles with
few sand-sized particles. The Xiaojiang sediment showed the highest clay content
and at the same time possessed maximum values of contents of organic matter, TN
and TP, indicating that the increase in the clay fraction with the larger specific
area accelerated the adsorption of the pollutant.
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The organic matter of sediment plays an important role in migration and release
of pollutants. The mineralization process of organic matter, which consumes
oxygen and releases nutrients such as C, N, P, S and so on, will cause serious
deterioration of the water and eutrophication. The organic matter plays an
important role in the migration behavior of the nutrient substances, heavy metals
and organic compounds in sediment by adsorption and complexation. Therefore,
organic matter plays an important role in the environmental chemistry and
pollution chemistry of sediments. TOC and LOI, which are shown in Fig. 2.2,
were used to characterize the organic matter content in sediment. In this study, the
range of TOC was 0.39%—1.17% in sediments sampled in autumn,
and0.58%—2.19% in spring. And the ranges of LOI were 2.92%—6.82% and
2.63%—7.23%, respectively. The values of LOI in all samples were higher than
TOC. The result indicated that heating oxidation was stronger than chemical
oxidation. A higher level of LOI than TOC might be due to the fact that the LOI

Table 2.3 The sample sites and the environmental characteristics at main tributaries of the
Three Gorges Reservoir
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Table 2.4 The sediment properties of the main tributaries of the Three Gorges Reservoir
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Fig. 2.2 TOC and LOI in sediments of main tributaries of the Three Gorges Reservoir in 2006

and 2007 (CT: Cuntan; XJ: Xiaojiang; DN: Daning; XX: Xiangxi)

value included water from sediment and crystal water.

As known, the sediment comprises different sizes of particles. Because of
different specific surface areas and different weights, different size particles have
different characteristics and different effects in the exchange of nutrients (nitrogen
and phosphorus) and other pollutants in the solid-liquid interface. In Table 2.4, the
amount of clay and silt is more than sand in the surface sediments. The range of
clay levels in the sediments was 23.25%—53.82% in autumn and 29.48%—50.07%
in spring, respectively.
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2.3.2 Distribution of Nitrogen

Water samples were filtered through a polycarbonate filter (0.45 mm pore-size)
for chemical analysis. Total nitrogen (TN) and total dissolved nitrogen (TDN) in
water sediments were analyzed by a potassium sulfate oxidation ultraviolet
spectrophotometry method. Nitrate nitrogen (NO;-N) was determined by a
hydrochloric acid ultraviolet spectrophotometry method. Nitrite nitrogen (NO,-N)
was determined by an N-(1-naphthyl) ethylenediamine spectrophotometry method.
Ammonium nitrogen (NH,-N) was determined by a salicylic acid method.

In Table 2.5, the concentration of total nitrogen (TN), total dissolved nitrogen
(TDN), nitrate nitrogen (NO5™-N), nitrite nitrogen (NO,-N) and ammonia nitrogen
(NH,"-N) in the surface water, overlying water and pore water from the Three
Gorges Reservoir tributaries are listed. As shown, the ranges of TN, TDN, NO;™-N,
NO,-N and NH,-N concentration were 3.615-7.265, 1.487-6.844, 0-0.34,
0-0.007 and 0-0.011 mg/L in autumn, and were 1.048-3.807, 0.744-1.510,
0.1-0.7, 0—0.007 and 0-0.16 mg/L in spring, respectively. The concentrations of
different speciation of nitrogen in the pore water from most sample sites were
higher than in the surface water and overlying water. In addition, at most sample
sites, the soluble inorganic nitrogen (NO;-N, NO,-N and NH,"-N) levels were far
lower than that the TDN levels. This result indicated that soluble organic nitrogen
is the dominating form of nitrogen in the tributaries of the Three Gorges
Reservoir.

As known, the Xiangxi and Daning Rivers are the main tributaries of the Three
Gorges Reservoir. The Xiangxi is the largest tributary in Hubei Reservoir of the
Three Gorges Reservoir (Li et al., 2008). And the Daning River is a very
important tributary in the Three Gorges Reservoir. It was famous for its limpid
water and precipitous gorge scenes before the impoundment of the Three Gorges
Reservoir (Zhong et al., 2005). The concentrations of TN and the flux dynamics of
nitrogen in the water of the Xiangxi and Daning Rivers were reported by other
researchers (Li et al., 2008; Zhong et al., 2005). Based on monitoring data for the
Xiangxi River from September 2000 to June 2005 (Li et al., 2008), Xiangxi Bay
receives 1623.49 t of total nitrogen (TN) annually, and Xiangxi River accounts for
68.50% of the total nitrogen fluxes of Xiangxi Bay. In the Xiangxi River,
dissolved inorganic nitrogen (DIN) is the dominating form of nitrogen. The fluxes
of DIN and TN are high during summer, mid-spring and autumn, and relatively
low in winter. Based on monitoring data in the 135-m backwater reach of the
Daning River in 2003, Zhong et al. (2005) reported that about 711.8 t TN were
input. About 339.4 t TN were input from water flows and 372.2 t TN were
retained in the backwater reach. About 244.8 t TN was deposited in the backwater
and about 90.2 t TN was absorbed by algae.
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Table 2.5 The concentrations of nitrogen in water in the main tributaries of the Three Gorges
Reservoir

Sample time Position ™ TDN NO;-N NO,-N NH,“N
P (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Cuntan 4.430 2.365 0.000 0.000 0.011
Surface Xiaojiang 3.615 2.400 0.000 0.007 0.000
water Daning 6.790 1.487 0.340 0.000 0.011
Xiangxi 7.265 6.844 0.280 0.000 0.000
2006.10
Cuntan 8.213 0.241 0.009 0.039
Xiaojiang 8.440 4.300 0.018 0.360
Pore water

Daning 7.719 0.100 0.024 0.020
Xiangxi 9.790 4.600 0.050 0.100
Xiaojiang 2.348 0.764 0.550 0.040 0.160
Daning A 1.048 0.757 0.300 0.000 0.010
Daning B 1.772 1.068 0.400 0.000 0.000
Surface 1y ing € 2.025 0.744 0.100 0.000 0.000

water
Daning D 3.807 0.974 0.200 0.000 0.000
Daning E 2294 1.510 0.100 0.010 0.030
Xiangxi 3.432 1218 0.700 0.000 0.000
Xiaojiang 0.724 0.723 0.600 0.010 0.050
Daning A 0.734 0.734 0.600 0.000 0.000
Daning B 1.393 1.341 0.200 0.000 0.000

2007.4 Overlying

water Daning C 0.920 0.902 0.600 0.000 0.060
Daning D 1.628 1.243 0.800 0.000 0.070
Daning E 1.763 1.596 0.700 0.020 0.050
Xiangxi 2.071 1.462 0.800 0.000 0.000
Xiaojiang 8.775 3.600 0.010 0.190
Daning A 12.405 4.700 0.000 0.220
Daning B 4.613 2.100 0.000 0.113
Pore water o ing C 3.552 2.400 0.010 0.120
Daning D 1.264 2.500 0.000 0.145
Daning E 1.412 1.900 0.000 0.155
Xiangxi 1.808 0.900 0.000 0.310

There are more than 30 lakes in southwestern China. Most of these lakes have
been contaminated by human activities and they are experiencing a serious
deterioration in the water quality. The increase of nutrient concentration is an
important factor in these problems. Research was conducted on the natural
wetland on Bogong Island in West Wulihu Lake Bay, located in the north-west of
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Taihu Lake (Yang et al., 2007). In Table 2.6, the mean concentrations of TN,
NO;-N, NH,"-N and DON in a solution of soil from the natural wetland of Taihu
Lake were 2.46, 0.98, 0.08 and 1.35 mg/L, respectively (Yang et al., 2007). The
mean concentration of TN was higher than the eutrophication level. Among TN,
the concentration of DON dominated the distribution of N. And as Table 2.6
shows, the levels of TN and DON in Taihu were highest in winter. Lake Lugu,
Lake Erhai and Lake Baihua are in southwestern China. Lake Lugu, which is
regarded as one of the best naturally preserved lakes in China, is isolated from
industrial areas due to its high altitude. However, Lake Erhai and Lake Baihua are
both polluted lakes. The concentrations of N here were the highest in this region
(Wu et al., 2001). In Table 2.6, the mean concentrations of TN in Lake Lugu,
Lake Erhai and , Lake Baihua were 0.26, 0.07 and 1.26 mg/L in overlying water
and 1.27, 1.11 and 1.22 mg/L in pore water, respectively (Wu et al., 2001). And as
reported, among the three dissolved N forms (NH,4", NO5” and NO5), NO; was
dominant in the overlying water, while NH," was dominant in the pore water,
suggesting that strong regeneration mainly occurred near the sediment/water
interface (Wu et al., 2001).

Table 2.6 The concentrations of TN, NO3, NH," and DON in soil solution in aquatic-terrestrial
ecotone of Taihu Lake (Yang et al., 2007), and the concentration of TN in the overlying water
and pore water of lakes Lugu, Erhai and Baihua (Wu et al., 2001)

TN (mg/L) NO; (mg/L) NH; (mg/L) DON (mg/L)

Taihu Spring 2.79 0.71 0.11 1.76
Summer 2.14 0.95 0.02 1.21
Autumn 2.01 1.57 0.05 0.45
Winter 2.90 0.70 0.13 1.97
Mean 2.46 0.98 0.08 1.35
Overlying water Lake Lugu 0.26
Lake Erhai 0.07
Lake Baihua 1.26
Pore water Lake Lugu 1.27
Lake Erhai 1.11
Lake Baihua 1.22

For two anthropogenically influenced estuarine systems—the Yealm and Plym
estuaries in southwest England (El-Sayed et al., 2008), the concentrations of DON
in both estuaries were generally<80 pmol/L. DON showed non-conservative
distributions, resulting from external and internal inputs and in situ reactivity.
DON contributed 38%+22% and 36%+17% to the TDN (EI-Sayed et al., 2008).
DON was a larger fraction of the TDN during the summer and autumn relative to
winter and spring, indicating the influence of bacterioplankton release on nitrogen
cycling in the estuaries. As reported, the relationship of the spatial distribution of
C and N is important for understanding the biogeochemical processing. As known,
the Bengal basin is one of the geologically youngest and tectonically most active
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drainage regimes in the world and includes the total Lower Ganges-Brahmaputra-
Meghna (GBM) river system, one of the highest sediment dispersal systems in the
world. In the GBM river system (Datta et al., 1999), variations in total nitrogen
(TN) contents in the bulk and <63 mm fraction of the bed sediments are
statistically insignificant, but total carbon (TC) content varies significantly among
the three sub-basins. Although excellent correlation between C,;, and TN suggests
their co-origin, the influence of inorganic nitrogen is evident in very low C/N
ratios. The C/N ratio varies from 2 to 11, suggesting complete degradation of the
organic matter and/or enrichment of inorganic nitrogen in the sediments (Datta et
al., 1999).

2.4 Distribution of Phosphorus

2.4.1 Distribution of Phosphorus

Water samples were filtered through a polycarbonate filter (0.45 mm pore-size)
for chemical analysis. The sediment samples were digested for analysis. Total
phosphorus (TP) and total dissolved phosphorus (TDP) were analyzed by
colorimetry. Phosphate (PO, -P) was determined using the molybdenum-blue
complex method.

In Table 2.7, the concentrations of total phosphorus (TP), total dissolved
phosphorus (TDP) and soluble phosphate (PO4*-P) in the surface water, overlying
water and pore water of all sampling sites from the Three Gorges Reservoir were
shown. Among them, TP included all forms of phosphorus (inorganic phosphorus,
particulate phosphorus, organic phosphorus and so on) in water. TDP included
dissoluble organic phosphorus and inorganic phosphorus. PO,”-P included
orthophosphate and a small amount of hydrolysis condensed phosphate in the
water samples with filtering. As shown, the concentrations of TP in the surface
water ranged from 0.077 to 0.139 mg/L in autumn and from 0.057 to 0.136 mg/L
in spring. And the range of TDP and PO,”-P concentrations was 0.052—0.106 and
0.033-0.082 mg/L in autumn and 0.032—0.125 and 0.005—0.063 mg/L in spring.
Therefore, the concentrations of phosphorus in most samples in autumn were
similar to those in spring. In Figs. 2.3 and 2.4, the concentrations of TDP and
PO,>-P in the pore water were higher than that in the surface water and overlying
water (Wang Y et al., 1999).

As known, the Xiangxi River is the largest tributary of Hubei Reservoir within
the Three Gorges Reservoir. The concentrations of TP and the flux dynamics of
phosphorus in the water of the Xiangxi and its main tributary the Gaolan were also
reported by other researchers (Li et al., 2008). Based on the monitoring data for
the Xiangxi from September 2000 to June 2005 (Li et al., 2008), Xiangxi Bay
receives 331.85 tons of total phosphorus annually, and Xiangxi River accounts for
91.74% of the total phosphorus fluxes of Xiangxi Bay. Orthophosphate is the
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Table 2.7 The concentrations of phosphorus in water from the main tributaries of the Three
Gorges Reservoir

Sample time Position T TDP PO;”-P
(mg/L) (mg/L)  (mg/L)
Cuntan 0.107 0.106 0.036
Surface water Xia0j~iang 0.083 0.052 0.050
Daning 0.077 0.060 0.033
2006.10 Xiangxi 0.139 0.083 0.082
Cuntan / 0.846 0.691
Pore water Xiaoj ~iang / 0.327 0.281
Daning / 0.218 0.130
Xiangxi / 1.070 0.938
Xiaojiang 0.136 0.125 0.063
Daning A 0.057 0.037 0.014
Daning B 0.078 0.071 0.005
Surface water Daning C 0.077 0.073 0.007
Daning D 0.089 0.032 0.006
Daning E 0.062 0.045 0.020
Xiangxi 0.103 0.056 0.015
Xiaojiang 0.057 0.056 0.043
Daning A 0.045 0.032 0.029
Daning B 0.050 0.025 0.021
2007.4 Overlying water Daning C 0.053 0.051 0.028
Daning D 0.073 0.056 0.040
Daning E 0.084 0.048 0.024
Xiangxi 0.110 0.104 0.065
Xiaojiang / 0.439 0.328
Daning A / 0.450 0.150
Daning B / 0.391 0.249
Pore water Daning C / 0.221 0.159
Daning D / 0.284 0.149
Daning E / 0.236 0.137
Xiangxi / 0.620 0.448

dominant form of phosphorus in the Xiangxi, and is relatively low in its main
tributary, the Gaolan. The fluxes of phosphorus are high during summer and late
spring, relatively low during winter and late autumn in the Gaolan, but fluctuate
irregularly in the Xiangxi. The phosphorus in the Gaolan is mainly caused by
non-point source pollutants, while point source pollutants of phosphorus play an
important role there. The Daning River is a very important tributary in the Three
Gorges Reservoir. It was famous for its limpid water and precipitous gorge scenes
before the impoundment of the Three Gorges Reservoir (Zhong et al., 2005).
Eutrophication monitoring in the 135-m backwater reach of the Daning River in
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Fig. 2.3 The concentrations of TDP (a) and PO,*-P (b) in the surface water and pore water
from the main tributaries of the Three Gorges Reservoir in 2006

2003 was conducted (Zhong et al., 2005). During water storage, about 27.6 t TP
were input. About 11.3 t TP were input from water flows and 16.3 t TP were
retained in the backwater reach. The main sources of nutrients are runoff from
farmland during storage, background input from the upper reaches and saturated
soil in flooded fields. The concentration of TP in Daning River was 0.03 mg/L.
After impoundment of the Three Gorges Dam (2003), the area of the reservoir
expanded; the water level rose; the flow rate slowed down; the turbulent diffusion
capacity of water diminished. Therefore, lots of phosphorus from flooded soil is
dissolved in water because of the long life of the pollutants.

As known, most of the lakes in southwestern China have been contaminated by
human activities and they are experiencing a serious deterioration in the water
quality. In the last two decades, approximately one billion dollars were spent in
the restoration of the lake environment in China. Investigation of the distribution
of the nutritive element in lakes was needed. Research was conducted on the
natural wetlands on Bogong Island in West Wulihu Lake Bay, located in the
north-west of Taihu Lake (Yang et al., 2007). In Table 2.8, the mean concentration
of TP was 0.057 mg/L in solution of soil from the natural wetlands of Taihu Lake
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Fig. 2.4 The concentrations of TDP (a) and PO4*-P (b) in the surface water and pore water
from the main tributaries of the Three Gorges Reservoir in 2007

(Yang et al., 2007), which was higher than the eutrophication level for P (0.02
mg/L). That indicated that there was the potential risk of eutrophication. And as
Table 2.8 shows, the levels of TP were highest in winter and lowest in spring.
Lake Lugu, Lake Erhai and Lake Baihua are in southwestern China. Lake Erhai
and Lake Baihua are two polluted lakes. However, Lake Lugu, which is regarded
as one of the best naturally preserved lakes of China, is isolated from industrial
areas due to its high altitude. The concentrations of TP in the overlying water were
below 0.01 mg/L in these three lakes, but they rapidly increased near the interface,
and were much higher in the pore water. The increase of TP in the pore water
could be attributed to the release of TP due to the dissolution of iron oxides
(Sundby et al., 1992), or attributed to the decomposition of organic matter in the
sediments.
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Table 2.8 The concentrations of TP in soil solution in aquatic-terrestrial ecotone of Taihu Lake
(Yang et al., 2007), and in the overlying water and pore water of lakes Lugu, Erhai and Baihua
(Wu et al., 2001)

Site TP (mg/L)
Taihu Spring 0.025
Summer 0.057
Autumn 0.063
Winter 0.082
Mean 0.057
Lake Lugu Overlying water <0.0017
Lake Erhai <0.0017
Lake Baihua 0.0084
Lake Lugu Pore water <0.01
Lake Erhai 0.07
Lake Baihua 0.15

In the sediments from Tomales Bay (Vink et al., 1997), most of the phosphorus
(70%—80%) contained in suspended and deposited sediment samples was found in
the organic and residual phases. Pore water from sediment cores was analyzed for
phosphate. Within the Tomales Bay sediments, pore water was depleted in
phosphate relative to dissolved inorganic carbon and ammonium, suggesting that
phosphate released from organic matter decomposition is being removed from the
pore water (Vink et al., 1997).

2.4.2 Speciation Analysis of Phosphorus

2.4.3.1 Method

An analytical protocol—the SMT protocol for the determination of the extractable
phosphorus content in the sediments has been harmonized through laboratory
studies in the frame of the Standards Measurements and Testing Program of the
European Commission. The SMT protocol provides useful tools in the field of
water environment management, especially at a time when quality assurance and
data comparability are of paramount importance in laboratory analysis (Ruban et
al., 2001). Moreover, the EDTA method of the extractable phosphorus content in
the sediments was used tor more effect (Golterman, 1996). These two protocols
were listed.

@ SMT protocol
The protocol consisted of the three extraction procedures that were applied to 0.2
g aliquots of sediment samples:
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1) An extraction (16 h) using 20 mL of 1 mol/L NaOH was performed and after
centrifugation and separation of the supernatant liquid, the residue was extracted
again with 1 mol/L HCI (16 h). Fe/Al-P was determined in the extract. 1 mol/L
HCI1 was added to one aliquot and left to stand for 16 h to precipitate organic
matter. Ca-P was determined in the supernatant liquid.

2) An extraction (16 h) with 20 mL of 1 mol/L HCI was performed to determine
IP. The residue of this extraction was placed in a porcelain crucible and calcined
in a furnace for 3 h at 450 °C. Then, the residue was extracted again (16 h) with 20
mL of 1 mol/L HCI. After centrifugation, OP was determined in the extract.

3) After sample calcination during 3 h at 450 °C, a single extraction (16 h) with
20 mL of 3.5 mol/L HCI was carried out, and TP determined in the extract.

Detailed experimental conditions are described in Schedule 2.1.

@® EDTA Protocol
The following extractants (Hieltjes and Lijklema, 1980; Schedule 2.2) are used:

1) Ca-EDTA, 0.05 mol/L dissolve 18.6 g of Na,EDTA-2H,0 (Titriplex III)
together with 7.35 g of CaCl,-2H,0 in 11 H,O ‘Ca(Cl,)-EDTA’. Add Trisbuffer
till pH=9 (about 13 g). After the addition of 1% Na-dithionite, just before
extraction, the pH value must be 7-8. In one experiment CaCO; was used:
‘Ca(CO»)-EDTA” .

2) Na,-EDTA, 0.1 mol/L dissolve 37.2 g of Na,H,EDTA-2H,O in 1 L of H,0.
The pH value is about 4.5 (Golterman, 1996).

2.4.3.2 Distribution

The contents and speciation of phosphorus are different in the different sediments.
The study of the speciation of phosphorus would be the foundation for discussing
the transfer and transformation of phosphorus in the sediments-water interface.

In Table 2.9, the concentration of TP in the sediments ranged from 0.746 to
0.946 mg/g in autumn and from 0.420 to 1.180 mg/g in spring. The range of
Inorg-P concentration was 0.453—0.663 mg/g in autumn and 0.184—0.699 mg/g in
spring, which accounts for 59.29%-78.82% and 42.05%—62.30% of TP,
respectively. The range of Org-P concentration was 0.168—0.283 mg/g in autumn
and 0.170-0.478 mg/g in spring, which accounts for 20.22%-36.39% and
29.90%—45.48% of TP, respectively. The concentration of Inorg-P was higher
than Org-P in all sediments except Daning D sediment. As known, the Inorg-P
includes Fe/Al-P and Ca-P. The ratio values of Fe/Al-P and Ca-P (0.033—0.788
mg/g) were less than 1 in all samples except Xiangxi sediment sampled in 2007,
which indicated that Inorg-P was dominated by Ca-P. As reported, the high
volume accumulation of Ca-P would be related to the increase in the
eutrophication level (Bostrom et al., 1982). Org-P could be divided into acid
extractable organic phosphate and alkaline extractable organic phosphate.
Mineralization or degradation of Org-P compounds could play an important role
in the process of diffusion of SRP from sediments to pore water. In some certain
conditions, the Org-P,. could hydrolyze or mineralize into SRP which has
potential bioavailability and is more related to eutrophication. And Org-P,y which
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has soluble fulvic acid components, has comparatively weak bioavailability. In the
most samples, the concentration of Org-P,. was higher than Org-P,,, which
indicated that the potential bioavailability of phosphorus in the sediments was
high.

Downstream on the Yangtze River, before the construction of the Three Gorges
Dam, the phosphorus fractionation in the total suspended sediment of the Yangtze
at Datong (Duan et al., 2008) was dominated by Ca-P (66%), followed by
occluded ferrous-P (22%), Al-P (6%) and Fe-P (4%), occluded Al-P and adsorbed
P (<1%). The contents of adsorbed P, occluded Fe-P, Al-P, Fe-P and PBAP (total
phosphorus and particulate bioavailable-P), together with total N and OC, were all

Sample 1]

20 mL 1 mol/L NaOH Shaking 16 h; room temp.

Y A
Residue Extract
20 mL 1| Shaking 16 h; 10 mL extract+4 mL
mol/L HCI room temp. 1 mol/L HC1
16 h; room temp.
» . <
Residue
v V}
Ca- Fe/Al-P
Sample | [1I] Sample | [IM]
20 mL Shaking 16 h;
1 mol/L HCl room temp. 450 °C calcinations 3 h
20 mL 3.5 mol/L HCI
‘ * Shaking 16 h; room temp.
Extract Residue
L > Extract
‘ 450 °C calcinations 3 h Resid
P 20 mL 1 mol/L HCI N csidue gl
Shaking 16 h; room
temp.
Extract
* \ 4
OP TP

Schedule 2.1 Detailed experimental conditions of SMT protocol
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Sample

Sodium dithionite 35 mL Ca-EDTA;
. pH=8;2 h
Centrifuge

v

Residue

35 mL Na,EDTA;
Centrifuge |pH=4.5;17 h

Y
Residue 11
. 10 mL 0.25 mol/L
Centrifuge - > Org-P,.
HzSO4 30 min
A 4
Residue I1I
10 mL 2 mol/L NaOH
Centrifuge > Org-Pu
90 °C; 30 min
A 4
Residue IV

Schedule 2.2 Detailed experimental conditions of EDTA protocol

Table 2.9 The concentrations of different speciations of phosphorus in sediments samples from
the main tributaries of the Three Gorges Reservoir

Sample Sample TP Org-P Inorg-P Fe/Al-P Ca-P Org-P, Org-P,
time sites (mg/g)  (mglg)  (mglg)  (mglg)  (mglg) (mg/g)  (mg/g)
2006.10 Cuntan 0.831 0.168 0.655 0.018 0.543 0.143 0.028
Xiaojiang 0.946 0.283 0.663 0.032 0.492 0.173 0.115
Daning 0.746 0.252 0.532 0.190 0.247 0.194 0.053
Xiangxi 0.764 0.278 0.453 0.116 0.224 0.075 0.168
2007.4 Xiaojiang 1.000 0.299 0.623 0.152 0.402 0.177 0.106
Daning A 0.830 0.320 0.349 0.074 0.171 0.102 0.189
Daning B 1.180 0.478 0.691 0.121 0.481 0.283 0.174
Daning C 0.900 0.386 0.513 0.249 0.316 0.231 0.098
Daning D 0.420 0.191 0.184 0.031 0.070 0.040 0.140
Daning E 0.440 0.170 0.211 0.031 0.098 0.063 0.105

Xiangxi 1.170 0.441 0.699 0.465 0.189 0.132 0.282
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lowest during the summer flood and the highest during the base-flow period. The
seasonal changes in the composition of P were likely a result of hydrodynamic
sorting, whereby finer particles, which were enriched in organic matter and Al/Fe
oxides generally (Spitzy and Ittekkot, 1991), were transported during the low-flow
period, while particles were delivered during the summer flood due to the carrying
capacity and large erosion. The minimal seasonality of Ca-P suggests that Ca-P
was not affected by hydrodynamic sorting. Actually, Ca-P was positively
correlated with CaCO;, indicating that the majority of Ca-P consisted of
phosphorus minerals that were in coexistence with calcite or aragonite. The
uncommonly high content of Ca-P in the Yangtze TSS, compared to the Zhujiang
and other rivers (Sutula et al., 2004), might be related to the shale, carbonate rocks
and purple calcite sandstone in the upper drainage basin, which were the major
source of total suspended sediment in the Yangtze (Xu et al., 2006). This
conclusion was supported by the characteristically high Ca-P contents in the shale,
the fluvial and soil sediments (Xiangxi River) of the upper stream (Fu et al.,
20006).

The P fractionation in the estuarine sediments of the Daliao River showed that
Ca-P, residual P, Al-P, reductant-soluble P, Fe-P, and soluble and loosely bound P
were on average 44.5, 21.6, 13.6, 11.7, 8.9 and 0.2% of TP, respectively (Wang P
et al., 2009). With the gradual increase in TP content, Al-P, reductant-soluble P,
and Fe-P generally increased, while the rest of P did not. This might indicate that
anthropogenic P is bound to Fe and Al oxides. Regression analysis showed that
Al-P, the sum of Fe-P and reductant-soluble P, was correlated to the contents of
total Al and Fe. Additionally, Ca-P was not correlated to the content of total Ca in
the sediment, suggesting that Ca-P was mainly from antigenic marine origins.

The distribution and forms of phosphorus in Poyang Lake sediments were
obtained by chemical extraction methods to understand the potential adsorption
and release of phosphorus (Xiang and Zhou, 2011). The results showed that
phosphorus in sediments consisted mainly of inorganic phosphorous species,
including Fe-P, Al-P, Ca-P and dissolved phosphorus, as well as Org-P species.
The distribution of P species in the surface sediments showed a decreasing trend
from the outlet to entrance of Poyang Lake. The content of TP in the surface
sediments ranged from 688.29 to 825.36 mg/kg and inorganic phosphorous was
the major species. Fe-P, accounting for greater than 40% of the TP, was the
dominant form of inorganic phosphorous, while Al-P and Ca-P accounted for
more than 20%, and dissolved phosphorus was less than 5%. The content of Org-P
in the surface sediments was lower, being less than 15%. TP was correlated with
Fe-P, Ca-P, Ca-P and Org-P positively, while Org-P was correlated with Fe-P and
Al-P positively, but only related to Ca-P weakly. In the core sediments, the
contents of TP and forms of phosphorus obviously decreased with depth, while
they were enriched in the surface sediments. The TP and forms of phosphorus
contents were significantly higher in the upper layers and had a tendency to
decrease toward the bottom of the core.
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Hydrodynamic Effects

3.1 Overview

Eutrophication of the water body is a topic of widespread interest and the factors
that cause it are mainly to do with nutrients, dissolved oxygen, water temperature,
illumination and sediment (Wetzel and Limnology, 2001). Furthermore,
hydrodynamics also play a crucial role in eutrophication. This consists of flux, flow
velocity and water level. Hydrodynamics affect the water body mainly by wind
drift and waves, which drive the sediment in the water body to move. Some kinds
of substances in the water body then began to mix, dissolve, deposite, suspend,
adsorb, entrain and cohere (Xu et al., 2009). In this condition, substances and
sediments in the water body will change, which ultimately leads to water quality
variety (Liebhold et al., 2004). When the flow velocity is fast, it is hard for
eutrophication to occur even if the level of nutrients are high enough to trigger it,
because some algae could be washed downstream by the flow before their growth
has reached its peak (Zeng et al., 2006). Then the conditions for growth are
destroyed and will not result in eutrophication. However, in other slow-flowing
water bodies like lakes, reservoirs, estuaries, bays, inland seas, the flow velocity is
slow and the water body is changing slowly (Smith, 1935). This condition slows
down the spread of the nutrients and aggravates accumulation of the nutrients
especially nitrogen and phosphorus, which offer fundamental nutrients for the
growth and reproduction of algae. Furthermore, it can also offer appropriate
hydraulic conditions for algae survival like green or blue green algae in water
bodies which get used to a slow-flowing water body (Oliver and Ganf, 2000). Both
suitable circumstances and a slow-flowing regime easily contribute to
eutrophication of a still or slow moving water system. Most regions of China have a
warm temperate continental monsoon climate and the wind force has big effect on
water flow. In the season of relatively moderate wind, the current will move from
bottom to top by wind force. During this process, nutrients in sediments will enter
the water body in the water flow, which results in an increase in nutrients (Wagner,
2000). That is what an internal release of nutrients means. In this condition, algae
will grow extensively, if other conditions are appropriate, and then eutrophication
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happens (Nadalal and Bogardi, 1995). In some shallow lakes and reservoirs the
hydrodynamic effect causes sediment suspension and disturbs the sediment after
large waves or a strong storm, which leads to nitrogen and phosphorus release
(Sehelske, 2009; Liggett and Cunge, 1975; Schelske and Hecky, 2009). It can also
cause the release of algae cells from sediment which then results in algal bloom
(Sverdrup, 1953). Hydrodynamic conditions also play an essential role in migration
and diffusion of pollutants. Streams which flow through a shallow lake produce
many different patterns of water circulation by the action of wind power in the lake.
The pattern and strength of the circulation will have large effect on migration and
diffusion of pollutants in the lake along with the wind direction and change in the
wind force. Furthermore, hydrodynamic conditions are closely related to the growth
rate of algae itself. The content of algae will rise when the flow becomes slow
under normal conditions (Buribrd et al., 2007). Generally, eutrophication will not
happen in natural rivers which have characteristics of steep gradients and high flow
velocity which make algae growth difficult (Escart and Aubrey, 1995). However,
the condition is the reverse in a lake or reservoir and nutrients like nitrogen and
phosphorus accumulate because of slow water flow, which offers large nourishment
to algae (Mitrovic et al., 2003). Then, algae will grow quickly under proper climatic
conditions, which make water turbidity rise and transparency decrease and algae
bloom occur (Wu et al., 2009). The water body is heavily polluted under these
conditions.

The construction of large-scale water conservancy projects makes humans
efficiently manage and make full use of the water source. This brings many profits.
A dam stores upstream water after construction, which meets the demands of flood
control and provides irrigation and hydroelectric power and an improvement in
river shipping conditions. It brings huge economic efficiency as described above.
However, a dam changes the natural runoff of a river and causes the hydraulics to
change. Upstream water is transformed into still water from a torrent. The change
in the flow regime causes sediment of upstream of the dam to accumulate. The
water and electricity demands change with the daily variation and seasonal
dynamics, which lead to long or short-period alteration respectively for flood
discharge. Then it causes discontinuity in natural rivers and the diversity of the
river morphology declines. The whole ecological system in the river is destroyed
under these conditions. The Three Gorges Reservoir (TGR) is located on the
mid-downstream Yangtze River, China. Despite its benefits in terms of power
generation and flood control and for shipping, the TGR has attracted attention for
its potential impact on ecosystems and socioeconomic stability. The construction of
the TGR has changed the natural runoff of the Yangtze River, which will inevitably
bring many ecological problems such as eutrophication in the reservoir, silting in
the reservoir, a fall in the water level, a water flow temperature change,
supersaturated or insufficient dissolved gas, channel erosion downstream of the
dam, changes to anadromous fish reproduction, geological hazards and so on.

The total scheduling mode of the Three Gorges reservoir has two kinds of
operation modes including the one for the flood season and the other one after it. In
the flood season it operates along with the water level dropping to 145 meters in
order to meet the requirements of flood control. In this case the reservoir has a
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lower water level and a larger flow and bigger flow velocity and its resultant effect
is the same as in natural conditions. Water in the region of the reservoir and
downstream are rather lightly polluted. After the flood season (from November to
April) the reservoir operates at a high level of 175 m. It creates one reservoir which
is 660 km long and is 1.1 km wide and 90 m deep and with 39.3 billion m’ capacity.
The reservoir waters changed fundamentally after construction, the water surface
was wider, the water was deeper and the flow velocity was slower. The sediment
accumulated in large amounts, the flow velocity at the tail of the mainstream
reservoir was less than 0.5 m/s and at the head and core of the reservoir was about
0.5 m/s too (Zeng et al., 2006). Therefore, in this case algae bloom would most
likely occur if other conditions were appropriate. The reservoir had a smaller
quantity of water after the flood season and the station could afford more cycling
operations which could enlarge the amount of the downstream flow with the water
level of the inner and downstream reservoir region fluctuating and with the water
flow vibrating, which increase the diffusing capacity of pollutants and moderate the
pollution of the reservoir region and its downstream waters. Cycling operations at
the station were the main measure of ecological changes at the Three Gorges
reservoir. When the reservoir was operating at a high level of 175 m after the flood
season, the station operated in variable load mode. The two factors changed the
flow regime of the natural water-course and triggered environmental hazards (Shen
et al., 2008). To sum up, the main ecological problems revealed the following three
aspects. Firstly, the water level became higher and foreign flow into the reservoir
and the downstream flow became slower and the flow velocity slowed. In particular,
in a branch stream and some local regions in the reservoir the water even appeared
stagnant. In this case, the water decreased the dilution and diffusion capacity of
pollutants, which led to water quality degradation. Secondly, the cycling operation
makes the downstream flow fluctuate significantly during one single day and
causes the water level between the Three Gorges Dam and the Gezhou Dam to
frequently fluctuate and dramatically change in flow velocity, which is not
profitable for marine shipping and creates shipping problems. Lastly, the reservoir
water level rises and the flow velocity of the tail region falls. So sediment is
deposited in the tail reservoir and causes water to flow back upstream.
Eutrophication occurred in innumerable river embayments on a large or small scale
after the Three Gorges reservoir was constructed. The main reason was that the area
of cross section increased and the flow velocity decreased enormously along with
sediment deposits which cause water quality changes and enlarged water
transparency, which is convenient for the photosynthesis of algae. In particular,
minor tributaries in the reservoir were affected by the water level of the mainstream.
The flow velocity of the backwater area was also slow (almost below 0.01 m/s) and
sediments were deposited. Eutrophication had happened at the end of the
branch-stream and became serious.

Many researchers regarded TP and TN as the potential causes of eutrophication
in the mainstream of the reservoir, but the flow conditions in the branch-stream and
reservoir variations caused by water storage were the main inciting factors (Platt,
2001). The flow velocity of the reservoir was rather quick and the water body was
deeper and the optical energy loss was greater in the natural watercourse before



46 3 Hydrodynamic Effects

construction, which do not promote algae growth. However, the flow conditions
changed a lot. For example, the flow velocity slowed down quickly, which led to
the deposit of large sediments and the increase in water transparency and light
transmittance. These factors promoted the photosynthesis of algae which accelerate
algae growth. Eutrophication was rather easy to achieve in this situation. The
effects described above were the direct inducible factors of eutrophication. This
viewpoint was accepted many researchers. Furthermore, they pointed out that both
water storage and a slow current were conducive to water bloom. Moreover, the
difference in water characteristics between the mainstream and branch-stream of
the reservoir were obvious. Water level adjustments cause the water to interflow
between the mainstream and the branch-stream. In turn the exchange will further
change the reservoir’s physicochemical characteristics. It affects the water bloom
occurring in the branch-stream of the reservoir. Therefore, research into the
relationship between flow velocity and algae growth was the theoretical basis for
avoiding water eutrophication. Many factors were closely connected with
eutrophication, apart from flow velocity, such as area, volume, depth, shoreline
coefficients, incoming runoff supply coefficients, residence period, water level
variation, outbound runoff and so on. Besides, the importance of the ecological
hydrological mechanism of lakes on eutrophication has been largely accepted by
many researchers. For example, Leman et al. indicated that hydrological conditions
could regulate effectively diatom blooms. They also successfully changed
phytoplankton community structure by controlling hydrologic conditions. Jone et al.
showed that hydrologic conditions and nutrients could affect phytoplankton
community structure and abundance. Recently, the effect of hydrodynamic
conditions on algae growth has aroused research interest. Mclntire had proved flow
had significantly impacted on predominant species of algae through a laboratory
modeling experiment. Steinman and Mclntire (1986) revealed that low flow rates
were more beneficial to eutrophication. Escart and Aubrey (1995) had pointed out
flow rates had some effect on the algae growth rate. In China, most research
focused on the effect of wind-drive current on the algae growth rate. Li et al. (2004)
indicated wind-driven current could drive sediment to the bottom of the lake, which
leads to the fast release of nutrient from the sediment to the water body. Yan et al.
(2008) reported algae had the best growth rate under conditions of 90 r/min
disturbance velocity through a study of the hydrodynamic force of water circulation
on algae growth. In total, domestic and overseas studies mostly focused on the
effect of wind-driven current and horizontal flow velocity on the algae growth rate.
But fewer studies were about the impact of slow vertical velocity caused by falling
water levels triggered by leakage at the base of the hydroelectric reservoir. In actual
circumstances, hydrodynamic conditions in the common water body also consist of
the flow rate of the longitudinal section, turbulence intensity and surface.
fluctuations. In addition, research with the focal point on how hydrodynamic
conditions impact on the algae growth rate did not have a common standard
because of different experimental conditions, various experimental methods and
circumstances.

TN and TP contents were rather high in the Three Gorges reservoir and its main
rivers and had exceeded the internationally recognized criterion of eutrophication
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(Yan et al., 2008). When comparing the period before and after the impounding of
the Three Gorges reservoir, algac now grew in more favourable situations because
of a falling flow rate, though its nutriment content fell a bit, which meant
eutrophication happened more easily. Algae chlorophyll content of the reservoir
bay was much higher than in the mainstream and the first signs of eutrophication
were more obvious. Many researches had showed that eutrophication caused
mainly by diatoms and dinoflagellates had happed many times in some bays,
especially in the spring. Water storage in the Three Gorges Reservoir reached 135m
in June 2003. However, before long the Daning river water quality became
abnormal and some of its backward areas had been heavily eutrophicated. There are
seven rivers backwater areas in which eutrophication had happened to different
degrees in 2004. There is a tendency to increase the nutriment ranking of the
Daning River compared to the report of 2003. There are 27 reservoirs.

Through the above description, it is known that eutrophication is closely related
to nutrients, dissolved oxygen and hydrodynamic processes. Therefore, this chapter
will focus on the impact of hydrodynamic conditions on the distribution of
sediment, including sediments vertical concentration distribution and the vertical
particle size distribution. Moreover, the conversion processes of nitrogen and
phosphorus in sediments and water is also discussed.

3.2 Hydrodynamics Processes

There are three types of sediment transport in a river including imminent transport,
slight transport and full transport according to the theory, which respectively
correspond to different pollutant concentrations (Adi and Benny, 2005). So the
types of sediment release are obviously different. When the flow rate is slow, the
mud surface remains static (Ding and Susan, 2002; Wang et al., 2005). Then the
surface begins to change along with a rising flow rate. Firstly, the force of the
whole sludge becomes large because of the flow speeding up (Tsai et al., 2003).
Then a small zone of diluents above the sludge begins to stop and this reveals
imminent movement. Then the sediment reaches its second period of transport with
the flow rate rising (Zhao et al., 2003). Sludge in a small area of some riverbeds is
scattered, which drives the sediment in other areas and makes the water body
obviously turbid (Xia and Pignatello, 2001; Piatt et al., 1996). When the flow rate
speeds up to 60—70 m/s, the river bottom fluctuates fiercely. This is the third period
of sediment transport. It can be seen that the sludge is stirred up constantly and the
smooth riverbed is largely destroyed. If those parts that are destroyed, the sediment
is torn to pieces. Soon the water becomes completely turpid. A improved syntonic
turbulence-simulation device (ISTSD) (Fig. 3.1) was used to simulate the natural
aquatic environment, and perform hydrodynamic experiments to estimate the effect
of hydrodynamic condition on resuspended particles.
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Fig. 3.1 Schematic diagram of improved turbulence-simulation device

When the sediment was in the condition of imminent transport, the sediment
release rate was on the rise along with the flow rate rise. TN and TP concentration
and the release rate rise a small amount because the sediment is only disturbed
slightly and the amount of suspensed sediment is small. So only the nutriments in
interstitial water are released and cannot affect the water characteristics efficiently.
When the flow rate increases more and the sediments are at the second stage, TN
and TP concentration and release rate increases clearly compared with the previous
stage. Now some sediment begins to be stirred up and there are small amounts of
suspended sediment in the upper water, which carry the nutriments into the water
body. Meanwhile, the interstitial water in the bottom sediment is released in large
amounts. All the factors above lead to the increase in TN and TP concentration.
When the sediment is at the third stage, TN and TP concentration and release rate
show a sudden increase and all the nutriments in the sediment are released into the
water body. TN and TP concentration is three times more and seven times more
than the initial amount, respectively. The release rate is ten to twenty times that of
the initial rate. Similarly, Reddy revealed that the nutriment content in the upper
water caused by suspension, including suspension and diffusion, increased ten
times more than that caused only by diffusion when he studied Apoka lake.
Sondeaard et al. reported that nutriment content caused by dynamic suspension
increased twenty to thirty times more than the initial rate when he did a field survey
in Areso Lake in Denmark. This research has proved that hydrodynamic forces play
a great role in the endogenous N and P cycles in lakes.

The Three Gorges reservoir has had obvious effects on the ecological water
environment (Guo et al., 2009). Its hydrological regime has changed and had an
impact on the ecological systems after the first tentative water storage in June 2003.
Some branch-stream pollution became heavier and eutrophication happened in
some of its branch-stream backwaters to different degrees. Much research has
shown hydrodynamic conditions were the main factors for eutrophication and for
algae blooms to appear (Hsiao et al., 2001). Zen et al. analyzed phytoplankton’s
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seasonal changes and the relationship to nutriments and hydrological conditions in
the Three Gorges reservoir using field surveys and laboratory simulation
experiments. When Huang and Walter (1998) studied the correlation between the
flow rate and algae growth in the Daning River according to the dynamic theory of
rivers, they also made use of Saint-Venant’s principle by simulating its
hydrodynamic conditions and set up a model for the relationship between flow rate
and algae growth (Gerard and Orjan, 2006; Serrano et al., 2005). The study of
hydrodynamic characteristics of the branch stream of the Three Gorges reservoir
reduces to a one dimensional model after its impounding. Then its effects on
phytoplankton and eutrophication were analyzed and the model for eutrophication
and warning of water blooms was constructed based on this (Myrna et al., 2005).
However, in the actual situation, the water surface in the branch stream was almost
horizontal and the water flow was weak under the force of gravity (Karickhoff et al.,
1979). There would be a remarkable lag between the detecting result and the actual
one if we use the one dimensional model to analyze and warn about eutrophication
and the water bloom problem. Therefore, it should be made clear what measures
concerning hydrodynamic conditions were taken in the Three Gorges reservoir
before doing research on the eutrophication and water bloom problem. In total, the
experimental impounding period in the Three Gorges reservoir was mainly divided
into the following three stages. Firstly, the water level target was 135 m when the
reservoir was filled for the first time in June 2003. The second water level target
was 156 m in October 2006 and the third water level target was 175 m in
September 2009 (Hu and Cai, 2006). The Three Gorges reservoir operated mainly
by impounding clear water and releasing the muddy flow. Specifically speaking, it
enlarged the flow rate through depressing the water level of reservoir during the
period of high sediment in the reservoir waters. The reservoir regulates the amount
of sediment by releasing water downstream. It raises the water level and restores
water in the reservoir when the inflow of water has only a little amount of sediment.

The Daning River is the one of the main branch streams and lies at the core of
the Three Gorges reservoir. Its drainage area is 4045 km” It belongs to the
subtropical zone enjoying a humid monsoon climate. It has many typical
characteristics such as four distinct seasons; mild weather in winter and earlier
spring, a hot summer with a drought, rain in autumn, heavy humidity, heavy clouds
and slight wind force. The average temperature is 16.6 °C and average rainfall is
1124 mm (Zhen et al., 2009). Then the dynamic processes need to be clarified
taking the Daning River as an example. There were three stages in the experimental
impounding period of the Three Gorges reservoir, described as above. The water
level and the runoff shown as Figs. 3.2a and 3.2b were the water levels before the
Three Gorges reservoir construction and its inflow, respectively. The hydrologic
regime of the Daning River showed a big change after impounding in June 2003
and it was affected by the upstream inflow and the mainstream of the lake. Fig. 3.2a
shows that the reservoir operated at a high water level during the high water level
operation period and maintained a low water level during the flood season. The
water level fluctuated slightly in the two periods. The water level decreased mainly
in the leakage phase and the increase focused on the storage period. Fig. 3.2b shows
the inflow into the reservoir had a smaller annual trend varying from 10015.63—
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16226.92 m’/s, but had a larger annual variation with its maximum always
occurring in the flood season, with a daily flow being 26347.06 m*/s, followed by a
storage period and leakage period. The minimum occurred in the high water level
operation period and the daily inflow was almost 6003.03 m®/s. According to the
Three Gorges reservoir project and water level before the reservoir construction and
inflow before flowing into the reservoir, the water level should undergo the
following five complete cycles: high water level operation period from November
to April, water leakage period from May to July, limiting flood period from July to
September, storage period in September to November and then the high water level
operation period. In total, the flow rate of the Daning River was quite slow and its
average value was measured in centimeters. Some monitoring point even had a
flow rate of almost 0 m/s. The Daning River flows in a southeast direction.
Meantime, the absolute value of the mainstream flow rate was much larger than the
lateral velocity. Therefore, only the mainstream flow rate characteristics were
addressed in this book. Fig. 3.3 is the longitudinal profile of the Daning River in the
typical months. During the investigating period in 2010, the Daning River was
affected by the twin influences of the upstream inflow and mainstream pounding
and there was always the phenomenon of the waterflow moving in different
directions not flowing in a one-dimensional direction. January and March 2010
represented the high water level operation period. The mainstream water flow into
the reservoir was mainly in the form of bottom undercurrents which are below 30 m.
The range of water intrusion was 10 km away from the river mouth in January and
increased more in March to affect the middle and upper Daning River. May 2010
represented the leakage period and the amount of undercurrent flow from the upper
river to the mouth increased. The mainstream water flowed into the reservoir by a
surface layer which was between 0 and 30 m of flow backwards. August 2010
represented the limiting flood period, then the mainstream water flowed into the
reservoir by the middle layer which was between 5 and 40 m of flow backwards.
September 2010 represented the storage period. The mainstream also flowed in
backwards but its undercurrent range was large enough to affect the upper. In total,
there was always an undercurrent flowing from the upper river to the estuary during
the exploration period. All estuaries exhibited the same phenomenon of the
mainstream flowing backwards into the reservoir. However, the backward
submergence depth and range were influenced by climate, like water temperature
and air temperature and hydrographic factors like upper runoff and water level
variation.

3.2.1 Parameters of Turbulence-Simulation Device

Parameters of the turbulence-simulation device were calibrated according to the
vertical distribution data of sediment concentration under different hydrodynamics
conditions. The relationship between the turbulent diffusion coefficient and
vibration frequency of the turbulence-simulation device was also calculated.
Therefore, the relationship between hydrodynamic conditions and vibration frequency
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Fig. 3.2 Time series data of water level and inflow discharge of the Three Gorges Reservoir
during the experimental impounding process

of the turbulence-simulation device could be decided, and the turbulent diffusion
coefficients were determined when the rotating speed was set at 150, 180 and 280
r/min, respectively (Table 3.1). As seen from Table 3.1, the turbulence-simulation
device could provide a stable hydrodynamic environment and simulate the
hydrodynamic conditions efficiently. Here, the hydrodynamic condition was
expressed as rotating speed.

Table 3.1 The relationship between the rotating speed of turbulence-simulation device and
turbulence intensity

Rotating speed(r/min) Sediment concentration(kg/m") Relation &
150 1.004 e=9.71F 24.28
180 2.878 e=9.49F 28.47
280 6.797 e=9.88F 46.11
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3.2.2 Vertical Distribution of Sediment Concentration Under
Different Hydrodynamic Conditions

Suspensions at different depths of the turbulence-simulation device were sampled
for analyzing the sediment concentration under different hydrodynamics conditions.
Different hydrodynamics conditions were expressed at different rotating speeds of
the turbulence-simulation device, which was set at 150, 180 and 280 r/min,
respectively.

Comparing the sediment concentration in the turbulence-simulation device under
different hydrodynamics conditions (Table 3.2; Wang et al., 2009) with those of the
real water environment of The Yangtze River (measured values obtained from
some hydrological stations, Table 3.3), the results indicated that the
turbulence-simulation device could efficiently simulate the real hydrodynamics and
sediment conditions.

Table 3.2  The sediment concentration at different sampling depths under different
hydrodynamic conditions

Sediment concentration (kg/m®)

Sampling depth (cm) 150 r/min 180 r/min 280 r/min
30 0.90 2.57 6.11
25 0.80 2.70 6.65
20 1.10 2.94 6.70
15 1.02 3.05 6.72
10 1.08 3.20 7.41
5 1.12 341 7.19

Moreover, the vertical distribution curve of sediment concentration at different
rotating speeds was also drawn. The sampling depth varied from 5 to 30 cm, which
was relative to the bottom of the turbulence-simulation device. As seen from Figs.
3.4a, 3.4b, 3.4c, at the three designed rotating speeds, the sediment concentration
increased with the decrease in sampling depth, but the vertical distribution variation
of the sediment concentration was not obvious, which was similar to the
hydrological conditions of the Wuhan section of the Yangtze River. The gap in
water potential at the Wuhan section is low, resulting in the sediment concentration
being relatively stable and the vertical distribution of sediment concentration
varying very little. Furthermore, the relationship curve of the sediment
concentration and rotating speed was also obtained. The turbulent diffusion
coefficient of the turbulence-simulation device increased with the increase in
rotating speed, and the total sediment concentration showed a tendency to increase
(Fig. 3.5).
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Table 3.3 The sediment concentration and median particle diameter of samples from some
hydrological stations on the Yangtze River

Hydrological stations Pingshan  Yichang Hankou Datong
Mean annual sediment concentration (kg/m’) 1.760 1.140 0.573 0.486
Maxlrglum annual sediment concentration 2890 1.650 0.772 0.697
(kg/m’)
Mlmngum annual sediment concentration 1.060 0.610 0.264 0.280
(kg/m”)
Mean annual median particle diameter (mm) 0.031 0.022 0.018 0.017
Maximum annual median particle diameter 0.063 0.050 0.039 0.042
(mm)
Minimum annual median particle diameter (mm) 0.013 0.006 0.007 0.008
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Fig. 3.4 The vertical distribution curves of sediment concentration at 150 r/min (a), 180 r/min (b)
and 280 1/min (c), respectively
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Fig. 3.5 The relationship curve of the sediment concentration and rotating speed of the
turbulence-simulation device

3.2.3  Vertical Distribution of Sediment Particle Size Under
Different Hydrodynamic Conditions

The particle size of suspended sediment under different hydrodynamic conditions
was analyzed. The results demonstrated that the median particle diameter of
suspended sediment at the fixed sampling depth increased with the increase in the
rotating speed of the turbulence-simulation device. This may be mainly attributed to
the increase in the turbulent diffusion coefficient, which could aggravate the
strength of motion of water and resuspend the large particles on the bottom,
resulting in more large-size sediment particles and the median particle diameter of
suspended sediment increasing. The median particle diameter of suspended
sediment at different rotating speeds was shown in Table 3.4 (Wang et al., 2009),
which was similar to that in the real water environment of the Yangtze (Table 3.3),
indicating that the turbulence-simulation device could simulate the real
hydrodynamic conditions efficiently again.

Table 3.4 The median particle diameter of suspended sediment under different hydrodynamics
conditions

Median particle diameter (um)

Rotating speed (r/min)

30 cm 25 cm 20 cm 15 cm 10 cm 5cm
150 5.10 5.13 5.10 5.11 5.12 5.25
180 8.99 9.03 9.43 9.42 9.52 9.52
280 16.99 17.15 17.20 17.35 17.28 17.64

The particle size of suspended sediment under different hydrodynamics
conditions has been divided into four ranks, including ©<0.025 mm, 0.025
mm<@<0.063 mm, 0.063 mm<®<0.125 mm and 0.125 mm<®<0.2 mm. The
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distribution of the sediment particle size at different sampling depths was
concluded in Fig. 3.6 (Wang et al., 2010). As seen from the figure, at the same
rotating speed the distribution of the sediment particle size at different sampling
depths was similar; however, it varied significantly when the rotating speed was
different. The ratio of large-size particles increased and that of small-size particles
obviously decreased and thus the median particle diameter of suspended sediment
increased gradually. It can be inferred that the hydrodynamic conditions played a
very important role in the sediment concentration and the distribution of sediment
particle size. The transportation of substances, such as nitrogen, phosphorus and
some organic pollutants, was influenced by the sediment concentration and the
distribution of the sediment particle size. Therefore, the hydrodynamic conditions
were the important influencing factor on the transportation of nitrogen and
phosphorus in water and sediment.
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Fig. 3.6 The distribution of sediment particle size under different hydrodynamics conditions

3.3 Transformation of Nitrogen

Nitrogen is one of the most important macro nutrients for aquatic organisms.
However, discharge of nitrogen into receiving waters can lead to a significant
impact on water quality which, with high levels of phosphorus, can cause excessive
growth of phytoplankton and eutrophication of water bodies (Lefebvre et al., 2011).
The rates of nitrogen uptake (by plants) and the effects on aquatic organisms are
different from one nitrogen species to another (McCutcheon, 1987; Xia et al., 2008).
Nitrification is an aerobic biological process in which ammonia (NH;) is oxidized
to nitrite (NO,") or (NO;") via autotrophic ammonium oxidation, a two-step process
carried out by two categories of chemolithotrophic —microorganisms:
ammonia-oxidizing bacteria and nitrite-oxidizing bacteria. Denitrification is an
anoxic process in which NO;™ and NO, are reduced to N, gas via nitric oxide (NO)
and nitrous oxide (N,O) in a process requiring an organic carbon source.
Nitrification, which was considered to be a surface-based process in water and
wastewater systems (Rittmann and McCarty, 1981; 1978; Gantzer et al., 1988), is a
fundamental process of the nitrogen cycle in aquatic systems. Previous studies
indicate that nitrifying bacteria tend to grow by attaching to the surface of sediment
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particles (Dunnette and Avedovech, 1983; Belser, 1979). This is especially true in
shallow streams (Kusuda et al., 1994; Lau, 1990). Increasing evidence has
demonstrated the important role of sediment-based nitrification in rivers and lakes
(Butturini et al., 2000; Blackburn et al., 1994). For example, Pauer and Auer (Pauer
and Auer, 2000) noted that the nitrification rate was rapid in the sediments, whereas
lack of nitrification was observed in the water column of a hyper-eutrophic lake and
the adjoining river system. (Gribsholt et al., 2005) measured the total system and
water column nitrification of a tidal freshwater marsh and showed the dominance of
particle/sediment related nitrification.

Xia et al. (2008) indicated that nitrogen pollution is one of the most critical
problems for surface water quality in China, due mainly to high concentrations of
ammonium nitrogen (NH;-N). Some reaches of some rivers cannot be used as
drinking water sources because their NH; -N concentrations are higher than 1.0
mg/L (71 pmol/L) with the water quality worse than grade III on the Chinese water
quality grade scale, in which grade I is best and grade V is worst (Xia et al., 2004).
For China, nitrification is particularly important as a natural process that converts
ammonia from wastewater and leads eventually to removal of nitrogen from surface
waters. Therefore, the goal of their research on the Yellow River was to study the
effect of suspended sediment concentration on the nitrification rate. To study the
effect of the state of the sediment on nitrification, the collected water and SPS were
used as media for nitrification experiments; the indigenous bacteria in the samples
remained active. Three stirring regimes, i.e. no stirring, intermittent stirring (stirring
for 12 h and without stirring for 12 h), and continuous stirring, were carried out to
study the state of the sediment on the nitrification rate. The initial NH,"-N
concentration was 5.0 mg/L (357 pmol/L) and the SPS concentration was 5.0 g/L in
each water-sediment system and the flasks were then covered by eight layers of
gauze to exclude external bacteria, then incubated in the dark at 20 °C with a
magnetic stirrer to ensure oxygen saturation and to promote the growth of
indigenous nitrifying microorganisms as well as to encourage interactions between
water and the SPS. Aliquots were withdrawn for the determination of
concentrations of nitrogen species. The nitrification rate was calculated based on
NO;-N concentrations in the water phase and/or total NH,'-N concentrations in
both water and SPS phases. Each flask and the gauze were sterilized before the
experiment. Each experimental set was conducted in triplicate with a set of
controls. The control experiments were carried out by adding 0.5% mercuric
chloride. To study the effect of the SPS-water interface on the nitrification
processes, the collected water and SPS were sterilized by autoclaving for 30 min at
120 °C, and used as media for cultivation; the ammonia and nitrite oxidizing
bacteria isolated from the water and SPS samples were introduced into the system,
with both the ammonia-oxidizing and nitrite-oxidizing bacteria populations being
105 cell/mL and the initial NH,"-N concentration being 786 umol/L in each water
system. The cultivation experiments were then carried out as described in the above
section. The nitrification rate was higher with the presence of suspended-sediment
than deposited-sediment. The sequence of the nitrification rate was “no stirring”
<“intermittent stirring”’<“continuous stirring”; the zero-order kinetic rate constants
of nitrification (based on NOs-N variations) were 12, 33 and 60 umol N/(L-day)
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during the first two days, respectively. Since stirring suspended the sediment and
led to an increase in the exposed surface area of the SPs, the above results support
the view that the increase in the exposed surface area of the SPs would stimulate
the nitrification processes. This was consistent with the results obtained by (Abril et
al., 2000) where the sediment and fluid mud resuspension/settling resulted in high
nitrification and denitrification rates

3.3.1 Ammonia Adsorption in Sediments

We introduce the influence of suspended particle concentration on ammonia
adsorption.

As NHy" is an electrically positive ion species, it is very easy to be adsorbed into
the SPs which are negatively charged. The dependence of ammonia adsorption on
different concentrations of SPs was evaluated. Surface water used in this study was
filtered through a 0.45 um microvoid filter film to remove suspended particulate
matter and plankton. A series of conical flasks (100 mL) were added with a given
mass of sediment samples and 30 mL of NH4Cl solution in concentrations of 0.5,
1.0, 2.0, 5.0, 10.0 and 20.0 mg/L. Flasks were then sealed, and shaken at 150 r/min
in a constant temperature shaker (7' = 20 °C). Aliquots of 1.0 mL were collected at
an interval of 10 min until equilibrium was obtained. The suspensions were
centrifuged at 4000 r/min for 20 min and the NH4Cl concentration in the
supernatant was measured with photometric analysis.

The preliminary experiments revealed that the adsorption of NH," onto SPs was
very fast and approached equilibrium within 30 min, so that in this test the measure
of supernatant NH," was conducted after 1 h of adsorption reaction. Fig. 3.7 shows
the adsorption of NH," over a range of suspended particle concentrations varying
from 1.0 to 10 g/L (Wang et al., 2010). The variations in SPs used here are typically
occurring in water systems of the Three Gorges Reservoir (Yangtze River Water
Resources Commission, 2000). At four suspended particle concentrations, the
ammonia adsorption linearly increased with the increase in initial ammonia
concentrations (R*= 0.98—0.99), but the increasing rate and the amount of ammonia
adsorbed per unit weight of suspended particles were greater at lower
concentrations of suspended particles. Under the experimental conditions of
different suspended particle concentrations and initial ammonia concentrations, the
ammonia adsorption was quite effective. Specifically, the transfer rate of ammonia
from solution to sediments reached 99% at 2.0 mg/L of NH,'-N irrespective of the
SPs concentrations. Even with ammonia loading increasing to 20 mg/L of NH4 -N,
the adsorption efficiency still approached 92% for four SPs concentrations,
resulting in residual ammonia concentrations of 1.24-1.56 mg/L of NH,"-N in
supernatant solution. The high adsorption efficiency of ammonia under the
experimental conditions may also explain the linear relationship between the
ammonia adsorption and the initial ammonia concentrations.

According to the above observation that ammonia loading of up to 20 mg/L of
NH,'-N was quickly and effectively fixed by the suspended particles with typical
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concentrations present in the TGR, it can be expected that once the external
ammonia at a given concentration enters the water body of the TGR, it should be
firstly adsorbed by the SPs. As thus, the ammonia adsorption by SPs may have a
significant effect on biological transformations of nitrogen cycling, such as
nitrification/denitrification. This research result is consistent with the observation
previously made that the nitrification in the Ems estuary and Onondaga Lake
mainly took place in SPs and bed sediment. Moreover, the ammonia fixed by the
SPs will become an important internal nitrogen pollution source as a consequence
of sedimentation of suspended particles in the TGR.
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Fig. 3.7 Effect of suspended particle content on the ammonia adsorption (7=25 °C)

3.3.2 Ammonia Adsorption with Different Particle Sizes and
Organic Matter Contents in the SPs

The size distribution of suspended particles broadly fluctuated as a result of the
change in the hydrodynamic conditions in various water bodies. The organic matter
content of suspended particulate originating from various sources is different. The
adsorption of ammonia in suspended particles of different sizes and different
organic matter content was investigated, as shown in Fig. 3.8 (Wang et al., 2010)
and Fig. 3.9. For five suspended particle sizes and four different organic matter
contents, the ammonia adsorption linearly increased with the increase in initial
ammonia concentration (R*= 0.99). Neither the particle size nor organic matter
content of SPs showed a significant effect on ammonia adsorption under the
experimental conditions. This suggests that the variation in particle size and organic
matter content will not change the adsorption capacity of ammonia under typical
environmental conditions in the TGR. However, the two factors may influence the
biological transformation of nitrogen occurring in SPs, and they are investigated in
the following chapters.
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Fig. 3.9 Effect of organic matter contained in suspended particles in the ammonia adsorption
(7=25 °C, sediment concentration=2 g/L)

Laboratory microcosm experiments were used to estimate the influence of
suspended particles on the adsorption of NH,". The adsorption of NH," was quite
effective under the conditions of different suspended particle concentrations and
initial ammonia concentrations, which typically occurred in the water systems of
the Three Gorges Reservoir. Even with ammonia loading increasing to 20 mg/L of
NH,4"-N, the adsorption efficiency still approached 92% for four SPs concentrations
(1.0, 2.0, 5.0 and 10 g/L). For four studied suspended particle sizes and four
experimental organic matter contents, the reflected influences on the adsorption of
ammonia were not obvious under the experimental conditions. The quick and
effective adsorption of ammonia under the experimental conditions implied that the
ammonia pollution inflowing into the water body would firstly be fixed on the
suspended particles and consequently be loaded into the sediments.
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3.4 Transformation of Phosphorus

Phosphorus in lakes and reservoirs comes mainly from weathering and erosion
products in the river basin and soil and rock, atmospheric sedimentation, industrial
and agricultural production and domestic sewage. It could be divided into two
catagories: endogenous phosphorus and exogenous phosphorus according to the
different sources. Exogenous phosphorus comes mainly from industrial and
agricultural production, human waste and soil erosion. Endogenous phosphorus
comes mainly from the sediment release from lakes and biodegration. In the
process of eutrophication in lakes, a large amount of nutriments pours into the lakes,
which leads to the accumulation of superfluous nutriments in lake sediment and
biological bodies and is the main source of endogenous phosphorus. Many studies
reported eutrophication also had to do with the endogenous pollution from
sediments in lakes except for exogenous nutriment inflow. In the process of
managing lake eutrophication, it was common that endogenous water
characteristics still could not improve after exogenous phosphorus release was
controlled because of endogenous phosphorus release. The main reason for this was
that endogenous release of the dynamic and static phosphorus keeps the lake always
at the eutrophication level. Total phosphorus in the water body exists mainly in the
form of soluble phosphate and particle suspended solids. Soluble phosphate mainly
includes all forms of orthophosphoric acid and a small amount of
organophosphorus. But phosphorus in particle suspended solids is rather complex
and maybe itself is one form of insoluble phosphate such as all kinds of algae,
bacteria, microbes, dead plants and animals (Zhang et al., 2001). It was also likely
to make all kinds of clay or mineral particles the main framework which combined
together through humus and a metal oxide hydrate adhesion bridging force, which
adsorbed particular matter including soluble phosphate (Karim and Husain, 2010).
The source of the force among the material in the sediments has two aspects
based on physical and chemical theory: one is a kind of chemical force whose
action range is close to the solid surface, such as a covalent bond, hydrophobic
bond, hydrogen bond, steric hindrance and directional effect. The other is a kind of
force whose action range is further away like electrostatic attraction and Van der
Waals force. These forces were determined by the main framework of the sediment
and the physical and chemical characteristics of the adsorbate. The material in the
suspended matter was desorbed or the suspended matter flocculated and cohered
together when the outer force was big enough to overcome any force source above
(Du et al., 2000), which finally led to the transformation of the physical
characteristics of the suspended matter. In the static environment there is no flow
rate, only gravity and buoyancy that affect suspended matter and those two forces
were equivalent, that is they could not have had the function of working on the
suspended matter. It means that material in the suspended matter would be
suspended anywhere in the water body in the natural circumstances and have no
transformation. However, the flow produces a force on the suspended matter in the
water and drives the suspended matter with the water flow. This force is commonly
called shear stress. Meantime, suspended particles were also affected by water
resistance and a striking force caused by a different rate of motion, except for
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gravity and flocculation, when moving with the water flow (Liang et al., 2011). The
material was affected simultaneously by all of these forces working in
nonequivalent conditions which could work on them and overcome their attractive
force. The result was obviously that simple adsorbate separated from the suspended
material mainframe became simple ions then soluble in the water. These suspended
materials combined with each other and were then transformed into the new one.
Therefore, suspended material with a core organism had a smaller density,
especially algae, and flocculated on the water surface on account of its buoyancy.
Nevertheless, suspended material with a core of clay had a much higher density and
finally overcome the buoyancy and was deposited. Certainly, the results above were
obtained in conditions where the flow rate was rather slow. When the flow rate
continued to increase, it not only affected the suspended material but also affected
the sediment in the water.

Imminent transport means flows don not work on the particles in the sediment
but only work on the material in the water. In the state of slight transport, the flow
rate begins to work on the sediment and the sediment can be seen. The result is that
the phosphorus in the sediment can enter the water body along with suspended
material. Furthermore, it can be seen that the water and water body become turbid
in conditions of full transport. In these circumstances, it is believed that the flow
rate cannot drive the transport of sediment when the flow rate is slow, meaning that
sediment has an imminent transport status. But some flocculant deposits carry
away parts of the phosphorus, which leads to the first transport period. When the
phosphatic mass concentration in overlying water is quite high under the conditions
of stirring, the sediment is the accumulation point not the source. As the flow rate
continues to rise, the sediment moves into the slight transport period. At this time,
the particles released from the sediment are larger in number than the deposited
particles caused by flocculation, so the phosphorus in particles in the inflow is
greater than the phosphorus carried away. The mass concentration of total
phosphorus increases and the second transport stage is reached. The later phase of
the second period is the period before full transport. The role of hydraulics enlarges
the density of the particles in the water body and makes the deposited particles rise
in number. This retards the increase in particles in the water to some extent. It
means that the increase is reduced in the later phase of the second period. When the
flow rate is rather large, the sediment is transported entirely and the water body
becomes turbid. At this time, the total phosphorus concentration in the water body
is close to that in the sediment, so there is soon a spurt in the growth period.
Soluble phosphorus is the main component in the water body. Its mass
concentration was low in the static environment and its relative proportion almost
doubled and increased to a maximum of almost 87% at a velocity of 12.5 cm/s.
Afterwards, its relative proportions become smaller as the velocity continues to
increase. The soluble phosphorus concentration does not decrease but increases as
the total phosphorus concentration decreases under the conditions of slow flow,
which shows that the current cannot drive the sediment but it can release the
soluble phosphorus from the sediment. The relative proportions of soluble
phosphorus mass concentration obviously decrease when the flow rate is between
12.5 cm/s and 30 cm/s. However, the decrease is over a small range as the flow rate



References 63

increases. The main reason is that sediment moves in large amounts under the
conditions of a strong current.
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4

Biological Effects

4.1 Overview

Water eutrophication admits superfluous nutrient substances (nitrogen and
phosphorus), which lead to the abnormal growth of algae and other aquatic life,
changes in water diaphaneity and dissolved oxygen. All the factors above
accelerate water substance ageing and affect the aquatic ecosystems and water
body functions.

There are various factors which lead to eutrophication, including physics,
chemistry and biological agents. In all of these factors, various living organisms
play an important part in the eutrophication and the transmission of substances and
energy.

In the natural water body, the ecosystem is composed of animate and
non-animate organisms. The organisms can be divided into producers, consumers
and disintegrators. The producers mostly include algae and aquatic plants which
can absorb the nutrients in water to photosynthesize organic matter and translate
solar power into chemical energy. This process can manufacture organic matter
and supply oxygen and food for other aquatic life. A producer would assimilate
quantitative nutritive elements in the process of photosynthesis and growth, which
contributes to water purification. A consumer, like water fowls, can control the
growth of floating grass by expending organic matter and energy. Therefore, all
the organisms in the water body are indispensable for the ecosystem. In the water
body algae and other organisms which are influenced by nitrogen and phosphorus,
especially in the pent-up water shell, will breed without intermission and spend a
great quantity of dissolved oxygen in the water, whereas the death and
decomposition of an algoid will cause the nitrogen and phosphorus to be released
into the water body again and engender a vicious circle of algoids bred in the
water body. Microorganisms play a great role in both the circulation of materials
and the energy flow in the ecosystem. In other words, organic compounds can
enter the recycling process with the help of different types of microbes.

Biological oxidation of organic compounds mainly relies on the role of
heterotrophic microbes. These microbes feed on organic compounds and
decompose them into simple compounds, which can offer the material and energy
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for bacterial growth and reproduction. Simple compounds which exist in the form
of a true solution can enter the inner bacterial cells. However, complex organic
compounds of high molecular weight can’t be absorbed directly by bacteria and
they must be hydrolyzed into simple compounds, which can be absorbed into the
body for metabolism, using the external enzymes. Therefore, decomposition and
assimilation of organic compounds in the water environment must involve the
hydrolization and bio-oxidation process of cellular metabolism. All of these
processes are related to the microbial species.

Microbial ecology is a branch of science which researches the relationships
between the microorganism and the biotic and abiotic environment around it. The
content of microbial ecology is mainly dealing with microbial species, their
distribution in the natural environment, their laws of variation with the changes in
environmental conditions, and so on.

Environmental microbes are the community composed of many microbial
populations. There exist many relationships, such as symbiosis, mutualism,
co-residency, competitive relationships and so on, among different populations,
which play a big role in the material circulation and the energy conversion process.
At the same time, microbes can be the indicators which are related to
eutrophication (Lesniewska and Witak, 2011; Lodi et al., 2011), and have some
effect on the degree of eutrophication (Du et al., 2011; Xu et al., 2011). Microbial
structure and function is one of the research topics of microbial ecology. The
research into the microbial community can be done at several different levels
including microbial quantity, metabolic activity, community structure and
metabolic function. The community structure, metabolic function and their
relationships to the microbial population are the core of the research into the
microbial community. Microbes in the water are closely associated with their
regional environment and play a big role in the circulation of matter and the
energy conversion process. Their quantity and population distribution are closely
concerned with many factors like the type of water, organic content and microbial
inhibitory effects. The study of the microbial community structure and metabolic
activity can reveal the biological basis of the removal and transformation process
of environmental pollutants, and can offer essential information on assessing and
predicting environmental quality and safety. The study can also help to
comprehend and evaluate the effect and mechanism of bioremediation and
biological treatment technology. Meanwhile, it offers a theoretical direction on
how to control and optimize the microbial community and strengthen its metabolic
activity.

There mainly are two aspects to ecosystem research of lakes or reservoirs. One
is research about the ecological structure of lakes or reservoirs. Its object is to
make clear what and how many microbes exist in lakes or reservoirs. The other is
research on the microbial function. It should figure out what role these microbes
play in the circulation of matter and energy conversion processes of lakes or
reservoirs.

Microbes play a great part in the ecological systems of lakes or reservoirs as the
primary actor in | circulation of matter and energy conversion processes. However,
it is difficult to study the microbial ecological system of lakes or reservoirs
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because of its special characteristics, such as small size, complexity of the changes,
difficulties of observation, whereas this is easy in animals and plants (Gasol and
Duarte, 2000). So far, many methods have been devised to investigate the
microbial community of an ecosystem. One way of exploring microbial diversity
is to isolate microbes in samples using a proper medium, and then explore the
microbial community by strain identification. It is relatively reliable to analyze the
microbial community by morphological observation and physiological and
biochemical tests (Borsodi and Kurdi, 1998). But the experimental workload and
cost are both tremendous and cultured microbe numbers only occupy 1% of the
total number (Vigdis et al., 1990). Meanwhile, microbial morphology is limited
and lacks obviously external features, so exploring the microbial community
structure and function only by morphological observation and physiological and
biochemical tests is far from enough. Recently, analysis of DNA diversity of
microbes by genetic fingerprint technology has become highly valued with the
application of molecular biological technologyl in microbial ecology (Yurkova et
al., 2002). By this method, total microbial DNA can be directly extracted from
samples and analyzed. Microbial genetic information including uncultured
organisms can be obtained to the greatest possible degree when there is no need to
isolate and culture strain. Therefore, microbial diversity of samples can be
explored in full-scale aspects. This method can also offer reliable information
about population. It is simple and feasible in detecting a specific group in the
microbial community and assessing the diversity of isolated strains. However,
there are many defects concerning molecular biology technology, for example
information obtained would be large enough to block its analysis while exploring
a complex microbial community. Some research showed that the sequencing
results obtained in pure culture conditions were not in accord with those obtained
by directly examining a sample.

In total, microbes play a great role in global biogeochemical cycles because of
their wide distribution, diverse metabolic ability and efficient enzyme activity, and
this activity might decide the potential productivity of a given ecological habitat,
in large part. The changes in physical and chemical properties caused by human
activity will impact the microbial community (including microbial species,
distribution and richness) in the ecological habitat. So the species, distribution,
richness and changes in functional microbes can directly reflect the features of the
habitat, levels of certain matter and its rules of transformation. Therefore,
microbes can work as potential bio-indicators to reflect the condition of the water
because of some special characteristics such as small size, large specific surface
area of a cell, diversity in physiological and biochemical functions, strong
metabolic ability, ease in adapting to the new environment, sensitivity to
environmental change and so on. In particular, the natural environmental
conditions are quite complex and are in a constant state of variation, which lead to
obvious differences in microbial structure and the ratio of different populations.
Even though in the same environment, the composition of the microbial
community and the ratio of various groups will change with the variation in
environmental conditions. In other words, microorganisms are generally highly
sensitive to the surrounding environments and are profoundly alerted by their
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perturbations. The water quality is strongly influenced by microbial community
dynamics and ecosystem functions, such as organic matter content and nutrient
recycling.

The term functional microbes (this book refers to functional bacteria) refers to a
group of bacteria performing the same function. There are many kinds of
functional bacteria groups, such as protein degradation bacteria, fat degradation
bacteria, cellulose degradation bacteria, starch degradation bacteria, phosphate-
solubilizing bacteria, nitrifying bacteria, denitrifying bacteria and so on. The
functional bacteria play a crucial role in the ecological environment. On the one
hand functional groups often present special growth conditions, on the other hand
they perform special functions in the process of transformation of matter.

Water body eutrophication, in response to hyper-nutrification by N and P loads,
is directly related to N and P cycling in aquatic environments. All major
transformations of N and P in the environment are carried out exclusively by
microbes including functional bacteria associated with N: nitrogen-fixing bacteria
(NFB), ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB),
ammonifying bacteria (AB), denitrifying bacteria (DNB), nitrate-reducing bacteria
(NRB), and functional bacteria associated with P: inorganic phosphate-
solubilizing bacteria (IPB) and organophosphate-solubilizing bacteria (OPB). It is
predicted that the functional bacteria associated with N or P would be potential
indicators in monitoring the eutrophic conditions.

The Three Gorges Project is one of the biggest water conservancy projects in
the world and attracts the focus of the world. Hence, the eco-environmental
problem of the Three Gorges Reservoir gets attention from all over the world.
Different degrees of eutrophication appeared in some of the arterial sub-fluvial
backwater areas, which become one of the biggest eco-environmental problems. A
microorganism is an important ingredient of an aquatic ecosystem. It not only can
decompose the organic matter in the water and sediments but can also act as the
indicator to reflect the degree of pollution of the water body and the regenerative
condition of the polluted water. As well known, eutrophication is mainly caused
by two nutrient elements, nitrogen and phosphorus. The cycles of the two nutrient
elements in the aquatic environment are mainly performed by the functional
microorganisms. Due to the important role of microorganisms in aquatic
ecosystem, we performed a series of researches on the microbial community in the
backwater areas of the TGR. In this chapter, the characteristics of the microbial
community in the TGR, especially the distributions of functional bacteria
associated with N or P, were investigated. Furthermore, the effect of microbes on
the water condition in the backwater areas of the Yangtze River in the TGR was
explored.
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4.2 Biological Zones

4.2.1 Sampling Locations and Properties

Surface water, bottom water and sediments in seven locations in the backwater
areas of the Yangtze River in the TGR were sampled in October 2006, five at
Daning River and the remaining two at the Xiaojiang River and Xiangxi River, the
three main tributaries of the Yangtze River in the TGR. Surface water and bottom
water (0—5 cm above the sampling sediments) were collected using sterile Niskin
bottles. Sediments were collected with a Van Veen stainless steel grab sampler
(Eijkelamp, Netherlands). Only the top 5 cm of sediments were used and stored at
—20 °C prior to analysis. To count the total cells, parts of each sample were fixed
with glutaraldehyde (final concentration 2%) immediately after collection.

The sampling locations and their physicochemical characteristics are listed in
Table 4.1 (Wang et al., 2010). The pH values of surface water varied from 7.4 to
8.6, which was slightly higher than that of bottom water with the pH values
ranging from 7.0 to 8.4. The temperature of surface water was between 19.5 and
20.5 °C, about 3 °C higher than that of bottom water. The DO in surface water,
varying from 7.55 to 9.52 mg/L, was obviously higher than that in bottom water,
varying from 5.15 to 5.63 mg/L. TN in surface water was obviously higher than
that in bottom water, whereas TP showed no obvious difference between surface
and bottom water.

Table 4.1 Sampling locations and physicochemical characteristics of surface water and bottom
water

. Sampling Sample o DO TN TP Chl-a
Position location No. pH reo) (mg/L) (mg/L) (mg/L) (mg/L)
Daning 31°11.442' N DNI1-SW 7.6 20.5 7.55 1.05 0.06 103

River 109°52.466'E  DN1-BW 7.4 16.5 5.20 0.73 0.05 ’
Daning 31°08.642' N DN2-SW 8.2 21.0 8.29 1.77 0.08 151
River ~ 109°53.774'E  DN2-BW 8.0 16.5 6.96 1.39 0.05 ’

(e "
Daning L O7528N - DN3-SW 84 215 9.25 2.03 0.09 12.14
Ri 109°53.901 666
1ver E DN3-BW 82 0.05 0.92 6.90 17.0 :

Daning 31°06.643' DN4-SW 8.2 20.0 8.05 3.81 0.09 ND
River 109°53.465'  DN4-BW 8.1 17.5 7.60 0.63 0.07 ND
Daning 31°05.403" DN5-SW 8.4 19.8 9.52 2.07 343 0.80
River 109°53.590'  DN5-BW 83 16.0 8.67 0.72 2.35 12.14

{a0ii XIJ-SW 7.4 19.5 7.75 0.76 2.29
Xla()JAlang 30°57.089" 6.66
River XJ-BW 7.0 1 5.15 0.06 0.08 ND

cow 30°58.146'N xx.gw 8.6 7.5 7.81 0.14 0.06
Xiangxi 110°45.639" ND

River E XX-BW 8.4 19.5 7.63 0.11 0.10

* SW: surface water; BW: bottom water; ND: not detected



72 4 Biological Effects

Previous research indicated that the N element mainly came from exotic
pollution and the P element originated from both exotic pollution and the release
of sediments in the TGR (Wang, 2006; Zhang et al., 2007a). That could explain
the difference in the distributions of N and P in water bodies. Chl-a concentrations
in freshwater were relatively high, ranging from 0.80 to 12.14 mg/L, which were
higher than those of eutrophication standards. The concentrations of Chl-a in the
Xiaojiang River (XJ) and Xiangxi River (XX) locations, which were 6.66 and
12.14 mg/L respectively, both exceeded the super-eutrophication standards (Zhang
et al., 2007b). It could be concluded that eutrophic conditions of XJ and XX were
more severe than in the Daning River (DN). In total, according to the water quality
index, it was inferred that the water eutrophic level of sampling places was
XX>XJ>DN4>DN5>DN2>DN3>DN1, namely, Xiangxi River>Xiaojiang River>
Daning River.

4.2.2 Culturable Bacteria Number on Different Nutrient Level
Mediums

The total numbers of bacteria were determined using the acridine orange direct
count (AODC) method as described by Coolen and Overmann (Coolen and
Overmann, 2000). The numbers of cultivable bacteria were measured using the
plate count technique, and the eight kinds of functional bacteria associated with N
or P, namely AB, NFB, AOB, NOB, NRB, DNB, OPB and IPB, were determined
by using both the Most-Probable-Number (MPN) method (AOB, NOB, NRB and
DNB) and plate count technique (AB, NFB, OPB AND IPB). During plate count
processes, each of the bacteria samples was diluted to different optimum
concentration to acquire the most accurate colony estimation, which in our case
was estimation from plates containing 30-300 colonies. The media and incubation
conditions used for the enumeration of bacteria are listed in Table 4.2 (Wang et al.,
2010). Variance in count data was normalized using log(x) transformation prior to
analysis, where x equaled the average number of colony forming units (CFUs or
MPN) per gram of dry sediments or (CFUs or MPN) per milliliter of freshwater.
The numbers of total bacteria (counted by the acridine orange direct count
method, AODC) and culturable heterotrophic bacteria grown in various nutrient
levels of the medium, including eutrophic-medium (beef extract peptone medium,
BEP medium), rich-nutrient medium (PTYG medium), low-nutrient medium (20%
PTYG medium) and oligo-nutrient medium (R2A medium), were counted (shown
in Fig. 4.1 except R2A medium). Since no colony was cultured on R2A medium,
its count result was not presented in Fig. 4.1 (Wang et al., 2010). The total bacteria
were 8.12x10°, 2.70x10", and 6.73x10'® CFUs per mL or per g dry weight for
surface water, bottom water and sediments, respectively, indicating that the
richness of bacteria was rather high in the eutrophic aquatic environment. The
average culturable bacteria grown on the BEP medium were 8.04x10", 2.28x10°,
and 6.58x10® CFUs per mL or per g dry weight for surface water, bottom water
and sediments, respectively, accounting for about 1% of total cells. The
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percentage was similar to results of the previous studies (Guardabassi et al., 2002).

Table 4.2 Media, dilution factors, organisms and incubation conditions for microorganisms
isolated from sediments and freshwater in Yangtze River

Culture conditions

. Dilution .
Media factor® Organisms cultured Temperature  Incubation
0 (days)
PTYG 10*-10° Heterotrophic bacteria 28 1-2
R2A 10°-10? Heterotrophic bacteria 28 1-5
Nutrient broth 10°>-10° Ammonifying bacteria 28 1-2
Ashby media 10°-10°  Nitrogen-fixing bacteria 29 6-7
ﬁllee(ﬁznder—CIark 10-10° Nitrite-oxidizing bacteria 29 25-28
il;l:ll;er-Walker 10-10° Ammonia-oxidizing bacteria 29 25-28
Giltey media ~ 10°—10®  Denitrifying bacteria and 30 23
nitrate reducing bacteria
NBRIP  organic 3 a5 Organophosphate-solubilizing
culture media 10°-10 bacteria 28 23
NBRIP media 10°-10° Phosphate-solubilizing bacteria 28 3-5

* Dilution factor number is the 1:10 serial dilution from each sample which was plated in triplicate

The nutrient level of the medium exerted a great influence on the count results
of culturable bacteria. It was found that the bacterial colony barely grew on the
R2A medium that was commonly suggested as the best medium for the cultivation
of heterotrophic bacteria in freshwater and soil (Massa et al., 1998). Fig. 4.1
shows that when the nutrient level in the medium was increased, the cultured
colonies from freshwater and sediments increased. It was previously reported that
the growth of heterotrophic bacteria that lived in a low-nutrient environment (e.g.
soil, freshwater and sediment) on a low-nutrient medium was much more vigorous
than that grown on a nutritionally rich medium (Balkwill and Ghiorse, 1985;
Massa et al., 1998). The possible reason for this phenomenon was that the
microorganisms in the eutrophic environment had adapted to the rich nutrient
environment, inducing most of those which could only grow on a rich-nutrient
medium. Fig. 4.1 also shows that the numbers of bacteria including total bacteria
and culturable bacteria in XJ and XX were higher than those in DNs. This was
positively related to the physicochemical result which indicated that the nutrient
loadings in XJ and XX were higher than those in DNs. We could draw the
conclusion that the higher the trophic condition of the water, the more the bacteria
that existed.
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Fig. 4.1 The numbers of total bacteria and culturable bacteria on mediums with different
nutrient levels. (a) Surface water; (b) Bottom water; (c) Sediment

4.2.3 Microbial Community Activity

The even activity of the microbial community was investigated by enzyme-linked
immunosorbent assay (ELISA) reaction in Biolog ECO microplates, and described
using Average Well Color Development (AWCD). Fig.4.2 shows that the
activities of microbes increased with the prolonging of incubation time, and the
microbial ability utilizing a single carbon source at different sampling sites at the
same level was XX>XJ>DN4-DN5>DN3>DN2-DN1. However, among different
levels (surface water or bottom water or sediment) the microbial activities were
obviously different, and the activity strength was: surface water<bottom water<
sediment.

Bottom water Sediment

1.0 *l)\! Surface water

AWCD
AWCD
AWCD

) - - 0. 0.0
0 40 80 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200
l'ime(h) l'ime(h) T'ime(h)

Fig. 4.2 Average well color development (AWCD) of microbial community in surface water,
bottom water and sediment

4.2.4 Abundance of Functional Bacteria in Aquatic
Environments

Eight kinds of N and P associated functional bacteria, namely AB, NFB, AOB,
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NOB, NRB, DNB, OPB and IPB, in surface water, bottom water and sediments
were counted separately and the results were plotted in Figs. 4.3 and 4.4.
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Fig. 4.3 Distribution characteristics of N-associated functional bacteria in water body
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Fig. 4.4 Distribution characteristics of P-associated functional bacteria in water body

As a decomposer, AB can degrade the organic contamination to ammonia, and
its abundance can reflect the degree of organic pollution in the water body
(Edwards et al., 2001). In the TGR the richness of AB was very high, and its
average number of cells were 3.50x10°, 1.72x10°, 6.86x10® CFUs per mL or per g
dry weight in surface water, bottom water and sediments, respectively. The
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abundance of AB indicated that the organic pollution was rather severe in this
aquatic environment (Edwards et al., 2001).

NFB is a kind of bacteria that can transform the nitrogen to ammonia. Fig. 4.3
shows that NFB was abundant in surface water, bottom water and sediments,
which were 2.44x10°, 8.83x10° and 1.48x10” CFUs per mL or per g dry weight,
respectively. This was inconsistent with the research of Van et al. (1998), who
stated that NFB was relatively abundant in aquatic environments that lack nitrogen.
The reason for the high NFB concentrates was that, in the process of our counting
experiment, 0.1 mL of freshwater dilution containing a little nitrogen was added
into the Ashby nitrogen-free medium, which could support some bacteria without
nitrogen-fixing ability living on the Ashby medium. So, based on this experiment,
it was difficult to deduce that this aquatic ecosystem lacked nitrogen.

Nitrification in freshwater, a key process in the nitrogen cycle, requires the
coupling of two transformation stages: first, an ammonia-oxidizing stage that
transforms NH," to NO,” by AOB, and second, the nitrite-oxidizing stage that
transforms NO,™ to NO;” by NOB (Stief et al., 2003). Results showed that the
abundance of AOB in bottom water and sediments was high, 5.10x10* MPN per
mL and 2.40x10° MPN per g dry weight, respectively, and the abundance of AOB
in surface water was low, which was only about 2.22x10* MPN per mL. The NOB
richness was much higher than the AOB in this aquatic environment, which was
4.49x10% 7.16x10° and 3.48x10" MPN per mL or per g dry weight in surface
water, bottom water and sediments, respectively. The AOB and NOB level
revealed in this study could be explained by the fact that nitrification was known
to take place mainly on suspended particles and bed sediments (Bonnet et al.,
1997; Gresikowski et al., 1996).

NRB and DNB are two kinds of important functional bacteria in the self-
purification of water bodies, especially DNB, which can transform inorganic
nitrogen-containing compounds to gaseous nitrogen-containing compounds (N,O
or N,) (Siemens et al., 2003). In these locations, the NRB abundance was very
high, generally at a magnitude of 10° MPN per mL in water and 10° MPN per g
dry weight in sediments. Meanwhile, the abundance of DNB was low, which was
approximately 7 MPN per mL in surface water and 66 MPN per mL in bottom
water. But the abundance of DNB was very high in sediments, approximately
8.75x10° MPN per g dry weight, which was mainly due to the anaerobic
denitrification.

The enumeration of OPB (Fig. 4.4) showed that these bacterial groups were at
the same magnitude of 10° CFUs per mL in surface water, bottom water, but they
were very abundant in sediments, which were at a magnitude of 10° CFUs per g
dry weight. The abundance of IPB was 1.51x10*, 2.24x10° CFUs per mL, and
1.97x10” CFUs per g dry weight in surface water, bottom water and sediments,
respectively. For OPB and IPB, the numbers of cells in the TGR were more than a
small eutrophic lake, in which it had been reported that the culturable OPB and
IPB were 13 and 89 CFUs per mL in the water bodies, respectively, and about 10?
and 10* CFUs per dry weight in sediments, respectively (Wu and Zhou, 2005). It
can be concluded from this study that the abundance of functional bacteria in the
eutrophic river was rather high due to the ample nutrient elements: N and P.
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4.3 Transformation of Nitrogen

Nitrogen is one of the most important macro nutrients for aquatic organisms.
However, discharge of nitrogen to receiving waters can lead to significant impacts
on water quality which, with high levels of phosphorus, can cause excessive
growth of phytoplankton and eutrophication of water bodies. Nitrification (the
oxidation of ammonia to nitrate via nitrite) and denitrification (the reduction of
nitrate to molecular nitrogen via nitrite, nitric oxide and nitrous oxide) are
essential steps in the water body nitrogen cycle. Nitrification,
microbially-mediated oxidation of ammonia to nitrate, is a key process in N
cycling in freshwater. It is a two-step process, firstly an ammonia-oxidizing stage
that transforms NH;  to NO, by ammonia-oxidizing bacteria (AOB), and
secondly the nitrite-oxidizing stage that transforms NO, to NO; by
nitrite-oxidizing bacteria (NOB), in which the ammonia-oxidizing stage is the
critical stage controlling the nitrification (Bodelier et al., 1996; Costa et al., 2006).
In developing a model framework, it is often assumed that nitrification occurs in
the water column and that the process follows first-order kinetics with rates
calculated as a function of water column ammonia contents (Ambrose et al., 1993;
McCutcheon, 1987; Scott and Abumoghli, 1995). However, nitrification in
freshwater is known to take place mainly on suspended particles (SPs) and bed
sediments (Bonnet et al., 1997; Gresikowski et al., 1996; Pauer and Auer, 2000).
Consequently, the investigation of the relationship between SPs and the
nitrification rate in the aquatic environment is of importance for developing the
ecosystem model of nitrogen biogeochemical cycling (Kittiwanich et al., 2007).

Ammonium ion (NH,), an electrically positive ion species, is very easily
adsorbed onto solids. Thus, the adsorption of ammonia on SPs and sediments is
also a critical factor to influence the ammonia ion fluxing into the water body. In
this context, SPs and sediments play important roles in the sequestration and
biogeochemical process of nitrogen (Liu et al., 2007). Hence, analysis of the
effects of SPs and sediments on the ammonia adsorption and nitrification in the
water body is of great importance for assessing transport, transformation, and the
fate of nitrogen on aquatic systems.

Previous studies have separately investigated the adsorption of ammonium ion
onto the sediments (Simon and Kennedy, 1987) and nitrification taking place on
sediments (Magalhaes et al., 2005). However, no research has focused on
simultaneous ammonia adsorption and nitrification. The construction of the TGR
has changed the characteristics of SPs in the water body, and consequently the
adsorption of ammonia and nitrification taking place on the SPs (Yang et al.,
2002). The effects of SPs on the adsorption and nitrification of the nitrifier in a
water column were poorly understood till now. The project of this study is to
systematically evaluate the influences of suspended particles on the two ammonia
biogeochemical processes occurring in the TGR: adsorption and nitrification. As
the nitrifiers are composed of two kinds of bacteria species (AOB and NOB), the
commonly controlling-rate step, namely the ammonia-oxidizing stage induced by
AOB, is used to reflect the nitrification rate. At a constant temperature and with
the use of sediments prepared with different treatments, the study aims to explore
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the influence of various factors including sediment concentration, particle size
fraction and organic matter content of sediments on the ammonia oxidation.

4.3.1 AOB Strain and Preparation of Inocula

The culture medium used for the AOB contained 3.8 mmol/L (NH,;),SO,, 10
mmol/L NaCl, 1 mmol/L KCl, 0.2 mmol/L MgSO,, 0.1 mmol/L KH,PO,, 1
mmol/L CaCl,, and 1 mL trace elements solution (Koops and Moller, 1992) per
liter deionized water (Millipore: MilliQ). The sediment samples from which AOB
was isolated were collected from the TGR. The preparation stages of the sediment
suspension followed those described by Satoh et al. (2003). The AOB in a pure
form was isolated and subjected to the following process: The sediment
suspension (10 mL) and freshwater were inoculated into a 300-mL Erlenmeyer
flask containing 100 mL of AOB culture medium. Shaking (120 r/min) of the
medium was continued at 28 °C for 10 d. Five mL of liquor from each culture that
produced more than 100 pg/mL of nitrite was inoculated into each flask
containing 100 mL of AOB medium and subcultured for 7-10 d. Subculturing was
repeated five times. The final subculture was diluted and plated on gellan gum
plates and incubated at 28 °C for 10 d. On the plates at dilutions of 10™* and 107
CFU/mL, colony formation was noted after 14 d of incubation at 28 °C. The
colonies from each plate were inoculated into a test tube containing 5 mL of the
medium and shaken at 120 strokes/min. After 10—15 d incubation, the isolate that
showed the highest growth was noted as SW16. The purification of the strain
SW16 was conducted using three types of heterotrophic mediums. The
identification process of the strain SW16, including DNA extraction, PCR
amplification, the sequencing of amplified 16S rRNA genes and data analysis for
construction of a phylogenetic tree, was performed in the previous report
(Takahashi et al., 2001).

Cells of the strain SW16 were harvested in the late growth phase from cultures
grown in standard media for AOB (Koops and Moller, 1992). Cell suspensions of
strain SW16 were obtained by centrifugation, followed by washing and
resuspension in sterile saline solution.

4.3.2 Sample Preparation

Sediments were collected from the Three Gorges Reservoir with a Van Veen
stainless steel grab sampler (Eijkelamp, Netherlands) in 2007. These freeze-dried
sediment samples were ground, homogenized, and stored at —20 °C prior to
analysis. To test the effect of particle size distribution on ammonia oxidation, the
sediments were size fractionated using the wet-sieve method in the following
fractions: >200 um, 125-200 pum, 63—-125 pum, 25-63 um, and <25 pm. The
dependency of ammonia oxidation on the contents of organic matter deposited on
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sediments was evaluated. Sediments with different organic matter contents were
prepared by mixing the raw sediments and the organic-removed sediments
according to the given mixing ratios of 0:3, 1:2, 2:1 and 3:0, yielding sediments
with organic matter contents of 0.33%, 0.45%, 0.56% and 0.68%, respectively.
The organic matter was removed from original sediments by using the H,0,
removal method described previously by Wang et al. (2008). After slow addition
of 10 mL 30% H,O, solution, a 20 g sediment sample was incubated at 40 °C with
intermittent agitation followed by evaporating to dryness. To remove organic
matter thoroughly, the above steps were repeated three times.

4.3.3 Analysis and Enumeration

Total organic carbon (TOC) was determined in sediment samples that were
acidified with 1.6% HCI and stored at —20 °C (Liqui TOC analyzer, Elementar,
Hanau, Germany) (Feng et al., 2007). Ammonia and nitrite were determined with
reagent kits for photometric analysis (Merck-Spectroquant”, Merck, Darmstadt,
Germany). AOB densities were estimated in water systems with the
most-probable-number (MPN) techniques (5 test tube test) using microtiter plates
(Lipponen et al., 2002). Although the MPN methodology has been criticized for
underestimating the bacteria population (Belser, 1979), it enables a comparison of
the potential for nitrite oxidization in different water samples.

To investigate the influence of suspended particles on the nitrification, rates of
ammonia oxidizing were calculated by observing changes in concentrations of NO,
over time. The original NH,Cl concentration in treated surface water was ~3 mg N/L.
After adding a given mass of sediment samples and 300 mL water sample in 500
mL of conical flasks, the microcosms were inoculated with 2.5 mL of inoculum and
incubated at 180 rpm in a constant temperature shaking incubator (7= 27 °C) in the
dark for 8 d. In preliminary experiments, inspection of the ammonia and nitrite data
indicated that nitrification resulting from physicochemical reaction was negligible.
Six milliliters of aliquots were removed from the microcosms once daily, in which 1
mL was used to analyze the density of AOB cells, and 5 mL underwent
nitrite-nitrogen content determination after centrifuging. The centrifuged sediment
pellet was flushed with equal deionized water and added to the microcosms
replacing the removed water to maintain a constant volume of water and sediment.

4.3.4 Ammonia Nitritation

Because the nitrification involves two kinds of nitrifiers, AOB and NOB, it is
difficult to evaluate the individual contribution of AOB and NOB during the
nitrification process. The step controlling the nitrification rate, namely the
ammonia-oxidizing stage induced by AOB, was chosen to reflect the nitrification
rate. As thus, an AOB strain SW16 was isolated from sediments collected from
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the TGR. An almost-complete 16S rRNA gene sequence of strain SW16,
containing less than 1% undetermined positions, was obtained. NCBI BLAST, the
Basic Local Alignment Search Tool (BLAST) is a suite of programs designed to
search all available sequence databases for similarities between a protein or DNA
query and known sequences. In this study, BLAST was used to match the
sequence relationships, providing scores that can distinguish real matches from
background hits with a high degree of statistical accuracy. The result of the
BLAST program indicated that the isolate possessed a 16S rRNA gene sequence
with 98% similarity to that of the species Nitrosomonas nitrosa in GenBank, hence
AOB strain SW16 was classified as Nitrosomonas nitrosa. Cell suspensions of
strain SW16 used in this study was diluted to a concentration of approximately
2.3x10°® cells per milliliter of solution (SE 0.063x10%).

4.3.5  Influence of Suspended Particle Concentration on
Nitritation

The nitritation experiments under different suspended particle concentrations were
carried out using AOB strain SW16. The preliminary experiments revealed that
the ammonia was completely depleted within 8 days under typical environmental
conditions in the TGR (suspended particle concentration was 2 g/L.and ammonia
concentration in supernatant was 0.2 mg N/L), so that in this test the nitritation
experiment was performed for 8 days. Fig. 4.5 depicts the nitrite productions
coupled with the ammonia oxidation. In the first 2 days there was no nitrite
production, whereas in the following 6 days the nitrite production dramatically
increased. The biological transformation was completed in 8 days with the
presence of sediments, but only 34% of ammonia was transferred to nitrite with
the absence of sediments. The rate of nitrite production was enhanced with the
increase in the suspended particle concentrations (Fig. 4.5). For example, the
transformation rate of ammonia to nitrite in 6 days approached 40%, 52%, 76%
and 91% with suspended particles of 1, 2, 5 and 10 g/L, respectively. This
suggests that the presence of suspended particles facilitates the nitrogen biological
transformation, and the increasing SP concentration accelerates the nitritation
process.

The AOB cell concentrations in sediment-water solutions were audited during
the 8-day nitritation process, as shown in Fig. 4.6. The initial AOB densities, ca.
1.2x10° cells/mL, were similar in solutions with different suspended particle
concentrations with the addition of strain SW16 inoculum (1 mL). After the lag
phase of 2 days, the AOB growth entered into the logarithmic phase, and then
reached the stationary phase with the consumption of ammonia. Fig. 4.6 shows
that the growth rates of AOB were higher in the higher suspended particle
concentrations. Specifically, after 6-day ammonia oxidation, the AOB densities
reached 3.20x10°, 9.13x10° 10.5x10°, 12.6x10° and 13.6x10° cells/mL at SP
concentrations of 0, 1, 2, 5 and 10 g/L, respectively. This can explain the
observation made above that the rate of nitrite production improved with the
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increase in suspended particle concentrations. Moreover, it can be seen from Fig.
4.5 and Fig. 4.6 that there is a significant correlation (z-test, P<0.05) between the
ammonia oxidizing rate and the AOB growth rate.
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Fig. 4.5 Effect of suspended particle content on the nitritation (7=28 °C, initial NH4 -N
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Fig. 4.6 The counts of ammonia-oxidizing bacteria (AOB) with different concentrations of
suspended particles (7=28 °C, initial NH;'-N concentrations =2.63 mg/L)

Many groups of bacteria have been shown to exist predominantly as attached
colloids on surfaces in contact with liquids (Davies, 2000; Palmer et al., 2007).
The advantages gained by the living bacteria attached to a surface are thought to
improve the growth rate and activity of the microorganisms by the higher
concentration of nutrients close to a surface and promote genetic exchange
(Donlan, 2001). Moreover, there are many claims that surface attachment appears
to protect nitrifying bacteria from a range of inhibitors (Foppen et al., 2008;
Marina et al., 2000; Ng and Stenstrom, 1987; Park et al., 2003). Marina et al.
(2000) and Ng and Stenstrom (1987) reported that the addition of powdered
activated carbon to an activated sludge wastewater treatment process enhanced
nitrification by adsorbing inhibitory compounds. Park et al. (2003) reported that
the enhanced nitrification efficiency of activated sludge with the addition of
powder activated carbon or zeolite was accomplished by the attached growth of
nitrifier on the surface of carriers. The mechanism of the improvement in the
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nitrification rate with the addition of nitrifier carriers is still not well understood,
but the surface growth of nitrifier may be a factor affecting the nitrification
efficiency. Previous researchers have found that the nitrifying bacteria in the water
column of the lake and river were low, with low or even no observed nitrification
in the water column (Cirello et al., 1979; Hall, 1982; Pauer and Auer, 2000). This
is attributed to the low nitrifier biomass concentrations and the low growth rates of
AOB in the water column, probably as a result of a low level of SPs which were
considered as a main habitat for the biological nitrification in the water body
(Bonnet et al., 1997; Gresikowski et al., 1996; Pauer and Auer, 2000).

4.3.6 Influence of Particle Size and Organic Matter Content on
Ammonia Oxidation

To investigate the influences of suspended particle size and organic matter content
on the microbial-nitrogen cycle in typical Yangtze River conditions, the
experiments of nitration in water-SP solution with different particle sizes and
organic matter content SPs were performed. Fig. 4.7 plots the nitrite production
with different particle sizes, showing that the influence of particle size is not
obvious in experimental conditions. Specifically, for suspended particle size
fractions of >200, 125-200, 63—125, 25-63, and <25 um, the nitrite production
was 1.73, 1.76, 1.77, 1.75 and 1.82 mg N/L, respectively in 6 days. Previous
studies (Ling et al., 2002; Muirhead et al., 2006; Oliver et al., 2007) found that
bacteria (E. coli) would associate with soil particles and, furthermore, cells would
preferentially attach to a particular soil particle size fraction. It was found that E.
coli preferentially attached to the soil particle size fraction of 30-16 pm when the
observation was made with the soil particle size fractions of >31, 30-16, 154,
3-2 and <2 pm, respectively. However, in this study, the discrimination of
nitritation resulting from AOB attachment on the different size fractions was
negligible to observe. The mechanism involved in the discrepancy between this
study and previous reports is not clear, providing a further issue of concern.

Fig. 4.8 indicates the nitritation process of AOB under different organic matter
contents containing in suspended particles. The ammonia oxidizing rates of AOB
with different organic matter content sediments were not significant. Nevertheless,
other researchers found that organic matter is frequently cited as a factor that
limits nitrification in activated sludge (Abeliovich, 1992; Foppen et al., 2008;
White and Gosz, 1987). This probably happens due to the fact that under the
experimental conditions the organic matter content contained in SPs is low, and
their discrimination is not sufficient to cause the change in the nitritation process.
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Fig. 4.7 Effect of suspended particle size on the nitritation (7=28 °C, sediment concentration=2
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Fig. 4.8 Effect of organic matter contained in suspended particles on the nitritation (7=28 °C,
sediment concentration=2 g/L, initial NH; -N concentrations =2.26 mg/L)

4.4 Transformation of Phosphorus

As reported, phosphorus in sediments exists in several forms of organic
phosphorus (OP), water-soluble inorganic phosphate and water-insoluble
inorganic phosphorus (such as calcium bound P and Fe/Al bound P) (Golterman,
1996; Ruban et al., 2001). Wherein, water-soluble inorganic phosphate is the most
important one because it can be taken up by phytoplankton directly and therefore
contributes to water body productivity more effectively. Water-insoluble inorganic
phosphorus and OP usually cannot be utilized by phytoplankton directly, but can
be transformed to soluble forms under physical, chemical and biological pressures
(Evans and Johnes, 2004; Wu and Zhou, 2005).

Phosphorus release from sediments to water is a complicated process which is
influenced by many factors. So far, the physical effect (such as temperature,
disturbance) and chemical effect (such as the change in acid-alkali and oxidation-
reduction) have been studied at length for many years (Kim et al.,, 2003;
Gardolinski et al., 2004). However, few attempts were made on microorganisms
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with the ability to dissolve water-insoluble inorganic phosphorus or mineralize OP,
which has been regarded as an important influencing factor for P release (Kim et
al., 2005).

Recently, the effect of phosphate-solubilizing bacteria (PSB) on P release from
sediments to water has attracted more and more attention (Wu and Zhou, 2005).
Studies indicated that the solubilization of water-insoluble inorganic phosphorus
by PSB was associated with the production of organic acid which may chelate the
cations bound to phosphate, thereby converting it into soluble forms to release
(Chen et al., 2006). The mineralization of OP by PSB depends on enzymolysis of
alkaline phosphatase (AKP) secreted by microorganisms (Mhamdi et al., 2007).
Many factors, such as nutritional, physiological and growth conditions, influenced
the ability PSB for phosphate-solubilizing. Inversely, PSB may change the
environmental conditions (such as pH, DO) by metabolism, and thus influence the
P transfer from sediment to water. That is, P release from sediment to water is not
a simple process, especially in the condition of existing bacteria. Thus it is
necessary to further study the effect of PSB on P release.

4.4.1 Samples Characteristics

The characteristics of sediment and surface water samples from the Daning River
were summarized in Table 4.3. Organic matter, expressed as TOC and LOI,
showed the lowest value of 0.58% and 3.85% in Daning C sediment, the highest
0f2.19% and 7.23% in Daning B sediment. Moreover, the highest contents of TP,
Org-P and Inorg-P occurred in Daning B sediment. It indicated that Daning B
sediment has the highest value of TOC, LOI, TP, Org-P and Inorg-P, which may
relate to the fact that a relatively large amount of human waste was discharged
around this sample site The contents of TP in five sediment samples ranged from
0416 to 1.184 mg/g. Wherein the contents of Inorg-P and Org-P were
0.184-0.691 mg/g (42.2%—58.4% of TP) and 0.170—0.478 mg/g (38.5%—45.9% of
TP), respectively. This result suggested that the content of Inorg-P was higher than
that of Org-P in Daning sediments except for Daning D. Inorg-P of the sediments
included mainly Fe/Al-P (0.031-0.249 mg/g) and Ca-P (0.07-0.481 mg/g). The
ratio of Fe/Al-P and Ca-P was 0.253-0.786, indicating Ca-P was the dominant
existing form in Inorg-P for the Daning sediments.

As shown above, Ca-P and Org-P were 2 principal phosphorus-existing forms
in Daning sediments (Table 4.4). So PSB for solubilization of Ca-P (IPB) and
mineralization of Org-P (OPB) may be existed in samples. In our study, Daning C
was used as an example for the enumeration of PSB using the conventional
dilution plate-count method. The results revealed that the counts of IPB grown on
calcium phosphate agar were about (848.20+137.45)x10* CFU/g in sediment and
(1.27+0.18)x10" CFU/mL in water, which were obviously higher than that of OPB
grown on phosphatidylcholine agar ((8.56+0.64)x10* CFU/g in the sediment,
(0.047+0.00057)x10* CFU/mL in water). That is to say, more IPB than OPB was
observed in both sediment and water. As reported, microorganisms would be
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easier to grow on the sediment where more abundant nutrients (C, N and P)
existed than in water (Wu and Zhou, 2005). So the amount of PSB in the sediment
was apparently higher than that in water, which was also obtained in our study.

Table 4.3 The main characteristics of sediment and surface water

Sediment characteristics Surface water characteristics

> RPN = ~ ~ _

3 o ) B &b L0 Lo o S = a

s £ 2 g E £ 2 PP 2T OE %

s 3 £ = 3 = = £z = £

-9 ' 80 0 I s

== B 2 g 2f 3 B 8 ¢ E
DaningA 0.960 4313 0.827 0.320  0.349 0.074 0.171 0.057 0.037  0.014 1.048
DaningB 2.190  7.230 1.184 0478  0.691 0.121 0.481 0.078 0.071 0.005  1.772
DaningC 0.580 3.847 0.903 0.386 0.513 0.249 0316 0.077 0.073 0.0003 2.025
DaningD 1.540 6.190 0.416 0.191 0.184 0.031 0.070 0.089 0.032 0.006  3.807
DaningE 0.720 4.070 0.442 0.170 0.211 0.031 0.098 0.062 0.045 0.020 2.294

4.4.2 The Phosphorus Release Ability of PSB

In this chapter, by isolation and purification, 8 predominant IPB and 3 OPB were
obtained to evaluate phosphorus release abilities. Fig. 4.9a showed the variation of
the accumulated PO,>-P concentration and pH in the medium after inoculating
with IPB6. Obviously, the accumulated PO,”-P concentration in the medium
increased before 60 h, accompanied by a sharp decrease in pH of the liquid (from
7.01 to below 5.0). This result was also obtained by other authors (Kim et al.,
2005). Then few variations occurred in PO,>-P concentration and pH of the liquid.
Comparably, OPB1 mineralized phosphatidylcholine weakly, accumulated a small
amount of soluble PO,*-P (Fig. 4.9b). After 36 h of inoculation, PO -P
concentration just began to increase, which may suggest that OPB1 grew slowly.
Additionally, no apparent decrease appeared in the pH of the liquid.

It is generally accepted that the mechanism of phosphorus solubilization by IPB
was associated with the production of acidic metabolites by bacteria, which debase
pH in the liquid and chelate the cations bound to phosphorus through their
hydroxyl and carboxyl groups and then release PO,>-P into the liquid phase (Kim
et al., 2005; Chen et al., 2006). Additionally, the release of protons accompanying
respiration or ammonium assimilation was another probable reason for
phosphorus solubilization (Illmer and Schinner, 1995; Reyes et al., 1999). As for
OPBI1, pH of the medium was still as high as 7.36 after 7 days incubation,
suggesting that other mechanisms of phosphorus solubilization should exist. It was
well known that most of OP cannot be assimilated directly by microorganisms but
can be transformed to soluble inorganic P by microbial enzymes such as AKP. In
our study, when phosphatidylcholine is the sole P source, AKP may be secreted by
OPB to mineralize OP (Sahu and Jana, 2000). The more AKP secreted by OPB,
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the higher ability for OP mineralization. Therefore, both the accumulation of
PO,”-P in the liquid and the activity of AKP can be used to evaluate the OP
mineralization ability of OPB.
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Fig. 4.9 Temporal changes of PO,*-P and pH in liquid medium. (a) The ability of IPB6 for
calcium phosphorus solubilizing; (b) The ability of OPB1 for phosphatidylcholine mineralization
at shake culture (30 °C, 150 r/min)

Table 4.4 summarizes the details of pH and the amounts of soluble-P in the
medium after 72 h and 144 h of incubation by different PSB. The soluble-P
concentration from TCP in the medium ranged from 14.71 mg/L to 64.39 mg/L,
which was accompanied by a drop in pH (4.82-6.69) from an initial pH of 7.01
after 144h. The maximum P solubilization was recorded by IPB6 with a maximum
drop in the pH to 4.82. Comparably, the release of soluble-P from
phosphatidylcholine mineralization by OPB was only from 1.97 mg/L to 3.73
mg/L with no obvious variation in pH. The activities of AKP were between 38.63
mg/L and 62.94 mg/L, demonstrating AKP was secreted by OPB during the period
of incubation. Wherein, the higher ability of AKP obtained by OPB1 accelerated
the mineralization of OP, and thus more soluble-P ions were released. To sum up,
IPB6 and OPBI1 showed the highest activity for IP solubilization and OP
mineralization in our study, respectively. So they were selected to study the effect
of PSB on P release from Daning C sediment.
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Table 4.4 pH, the concentration of PO,>-P in the medium and the activity of AKP secreted by
OPB after 72 h and 144 h of incubation for different PSB (30 °C, 150 r/min)
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4.4.3 Release of Phosphorus from Sediment Using PSB at
Different Temperatures

The release of PO, -P from Daning C sediment in a slurry reactor which was
inoculated with IPB6 or OPB1 was shown in Fig. 4.10. The experiment with no
effect of bacteria by adding chloroform was used as control. When the activity of
bacteria was inhibited, the concentration of PO, -P in liquid increased with time,
indicating that P transfers from the sediment to water at the shaking condition. The
maximum PO4-P concentration in liquid was 0.081, 0.145 and 0.275 mg/L at
10 °C, 20 °C and 30 °C, respectively. Then PO,*-P concentration decreased
slightly and kept steady at different temperatures.

After PSB was introduced into the reactor, no obvious difference in phosphate
concentration was observed at the initiation of the experiment compared with the
control. But after 1 day, higher phosphate release concentration occurred in the
reactor because of the effect of bacteria. As for IPB6, the phosphate concentration
in water enhanced continuously, reaching 0.123, 0.199 and 0.419 mg/L after 9
days at 10 °C, 20 °C and 30 °C, respectively. These values were about 0.61-1.02
times higher than those in the control. Additionally, no apparent change in pH was
observed because of the strong buffering capacity of the sediment. Comparably,
the phosphate release concentration also rose in the reactor introduced to OPBI,
but then a decreasing trend appeared after 6 days. The maximum phosphate



88 4 Biological Effects

concentrations achieved 0.091, 0.172 and 0.357 mg/L at 10 °C, 20 °C and 30 °C,
respectively, which were lower than those in the reactor introduced to IPB6. The
changing trend in AKP activity was about consistent with that of the phosphate
concentration in water, which may be due to the fact that the enzymolysis of AKP
was the main reason for OP mineralization.

E‘D 0.12 - /\._,\' = 0.20 . e
g 0.10 /4\_‘__._‘ %‘) 0.16 é/\v\
=2 = N
\Qr gg§ // no PSB ‘Q.- 0.12 z/ o I:S\l:j‘rﬁ‘_.
% 0.02 --0OPB1 & 0.04 OPBI1
0.00 T T T T 0.00
o 2 4 6 8 10 0O 2 4 6 8 10
1 (day) t (day)
(a) (b)
0.45
0.401 e 120
5035 = =100 - —
0,307 - E0 /
£ 0259 P g801
o 0.201 / 2 60] TN~
= 0.15] —o8asB 2] / St T
A 0.101 ——0OPB1 40‘ ‘// :':%8%
0.051 0] 7 =30
0 2 4 6 8 10 09 2 4 6 8 10
t (day) t (day)
(©) (d)

Fig. 410 Temporal changes in PO,”-P concentration in the aqueous phase of the slurry
mixture at (a) 10 °C; (b) 20 °C; (c) 30 °C. (d) The activity changes in AKP secreted by OPB1
over time at different temperatures (10 °C, 20 °C, 30 °C)

The phosphorous release from the sediments to water is not only a physical
process but also related to the biological circulation of P. When the activity of
bacteria was inhibited, phosphate adsorbed on the surface of the sediment was
released quickly under a highly disturbed intensity until a dynamic balance of
release and adsorption for P was reached. After PSB was introduced into the
reactor, the effect of microbial decomposition for insoluble P in the sediment
should be considered for P release. With the growth of IPB and OPB, calcium
phosphorus was solubilized and OP was mineralized continuously, which was the
reason that higher phosphate concentration was observed in the reactor introduced
to IPB6 or OPBI1 than in the control. During the course of OP mineralization, the
increasing activity of AKP secreted by OPB1 because of the absence of water-
soluble inorganic phosphorus accelerated OP mineralization at the initiation of the
experiment. That is, more phosphate was released from sediment to water.
However, with the increase in phosphate concentration in the water, the activity of
AKP was inhibited, which was reported by other researchers (Thomsen et al.,
2002; Mhamdi et al., 2007). So lower activity of AKP was observed after a large
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amount of phosphate was released, which inversely decreased OP mineralization.

Also, Fig. 4.10 indicated that a higher temperature accelerated the P release.
The dissolving of phosphate minerals existing in sediments was related to the
dissolvability which may be enhanced by higher temperatures. Moreover, the
activity of bacteria increased with the rising temperature (from 10 °C to 30 °C),
which would accelerate more insoluble P decomposition and then release this
from sediment to water.

As shown above, the decomposition effect for insoluble P in sediments by PSB
was obvious. That is, some Ca-P and OP in sediment may be decomposed by IPB
and OPB, respectively, to form soluble phosphate released to water. P
decomposed by PSB was also partly assimilated for the growth of bacteria, and
then reserved inside the cell. To clarify the P content and form inside the bacteria,
P assimilated by PSB was released ultrasonically. The comparison of TDP and
PO,-P concentrations in the aqueous phase after 9 days incubation at different
temperatures before and after ultrasonic treatment is shown in Table 4.5. It can be
seen that, compared with the control experiment, the concentrations of TDP and
PO,*-P in the reactor obviously increased after ultrasonic treatment. For example,
after ultrasonic treatment, the increment of TDP and PO, -P in the reactor
introduced with IPB6 was 0.091 and 0.046 mg/L, respectively, which was 1.84
and 1.42 times higher than that in the control experiment (20 °C). This result
demonstrated P decomposed by PSB was partly reserved inside the bacteria as OP
and inorganic phosphate form. Thus the P decrement from the sediment was the
sum of P release into the water and the P assimilated by bacteria was provided for
the growth of bacteria and reserved inside the cells. After these bacteria died, P
preserved inside the bacteria would also be released into water.

Table 4.5 The comparison of TDP and PO4*-P concentrations in the aqueous phase of the
slurry mixture after 9 days incubation at different temperatures before and after ultrasonic
treatment

No PSB IPB6 OPBI
Temperature
O TDP  PO/-P TDP  PO,*-P TDP  PO,*-P
(mg/L)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
A 0.156 0.061 0242 0.123 0.171  0.072
(before ultrasonic) : ! ) : : :
10
B . 0.177 0.077 0.317  0.156 0.221  0.103
(after ultrasonic)
B-A 0.021 0.016 0.075  0.033 0.050  0.031
A
(before ultrasonic) 0.197 0.116 0.310  0.199 0.246  0.145
20 B
. 0.229 0.135 0.401  0.245 0.309  0.182
(after ultrasonic)
B-A 0.032 0.019 0.091  0.046 0.063  0.037
A
(before ultrasonic) 0.357 0.261 0.545 0419 0.412  0.303
30 B
0.39 0.287 0.696  0.484 0.489  0.357

(after ultrasonic)
B-A 0.033 0.026 0.151  0.065 0.077  0.054
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4.4.4 The Effect of DO on Phosphorus Release from Sediment
Using PSB

Dissolved oxygen (DO), which denotes the oxide reductive condition in the
system, is one of the most important influencing factors for P release from
sediment to water. Lower DO made some metals such as Fe, Al in the sediment
reduce, and thus induced the release of P bound to these metals. Additionally, the
activity and community structure of bacteria in sediment was strongly influenced
by DO. That is, the different ability of PSB for phosphorus solubilization would
be observed in anoxic conditions. Thus it was necessary to compare the P release
from Daning C sediment to water in anoxic conditions with that in aerobic
conditions.

To realize P release from Daning C sediment to water in anoxic conditions,
nitrogen was introduced into the reactor to strip out oxygen at the initial stage,
which made DO in the slurry reactor remain at a lower than 1 mg/L. After 9 days
incubation at 30 °C, the concentration of PO, -P in the aqueous phase of the
slurry mixture reached 0.607 mg/L for IPB6 introduced, 0.496 mg/L for OPBI
introduced and 0.326 mg/L for the control, respectively, which was obviously
higher than that in the aerobic condition, especially for that introduced with PSB
(Fig. 4.11). This result indicated that lower DO accelerated P release from
sediment to water, which was also obtained by other reports (Kim et al., 2003).
Moreover, the existence of PSB may enhance the amount of P release.

According to the result obtained in section 3.3, P decomposed by PSB was not
only released to water, but also assimilated by the bacteria to be preserved in the
cell. After 9 days incubation in anoxic condition at 30 °C, the P preserved in the
cell was released by ultrasonic treatment. The TDP and PO,>-P increment, which
mainly came from the inside of bacteria, was compared with that in aerobic
conditions (Figs. 4.11b and 4.11c¢). It can be seen that there was a slight increase
for the control experiment. However, the TDP and PO,*-P increments were 0.118
and 0.046 mg/L for IPB6 introduced, 0.049 and 0.032 mg/L for OPBI1 introduced,
respectively, which were obviously lower than those in the aerobic condition. This
result indicated that lower P assimilated by bacteria in anoxic condition, i.e. lower
DO, debased the activity of PSB for P solubilization. So there must be some other
reason for higher P release from the sediment to water in anoxic conditions. As
reported, Fe(Ill) was easier to reduce to Fe(Il) in anoxic conditions, which thus
induced Fe-bound P to release into water. In our study, after 9 days incubation at
30 °C in anoxic conditions, the concentration of Fe ions in water increased
obviously by ICP analysis, demonstrating that the release of Fe-P occurred in
anoxic conditions. Therefore, it could be inferred that the release of Fe-P in anoxic
conditions increased the concentration of phosphate in water. Moreover, Fe(IIl) in
sediment is one of the most favourable electron acceptors for bacteria respiration in
anoxic conditions. That is, Fe(IIl) in sediment was easier to reduce depending on
the effect of bacteria, which induced more Fe-P released into water when PSB
existed.
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Fig. 411 The comparison of TDP and PO,-P concentrations in the aqueous phase of the
slurry mixture after 9 days incubation at different temperatures before and after ultrasonic
treatment

The aquatic ecosystems of the backwater areas of the Yangtze River in the TGR,
where water bloom frequently occurred, were in an eutrophic condition. Eutrophic
conditions in the Xiaojiang River and Xiangxi River were more severe than in the
Daning River. The total bacteria and culturable bacteria were relatively abundant
in the TGR. Our experimental results revealed that the richer the nutrient level of
media, the more the culturable bacterial colonies cultured in eutrophic freshwater.
The results of bacteria counting and microbial community analysis revealed that
the increase of nutrient loadings would give rise to bacteria densities yet decrease
bacteria community diversities. Eight kinds of functional bacteria associated with
N or P, namely AB, NFB, AOB, NOB, NRB, DNB, OPB and IPB, were found to
be abundant in the backwater areas in the TGR.

Laboratory microcosm experiments were used to estimate the influence of
suspended particles on the nitritation process. AOB strain SW16, identified as
Nitrosomonas nitrosa, was used to determine the nitritation process. Results
showed that the suspended particles played an important role in the nitritation, and
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the ammonia oxidizing rate was enhanced with the increase in suspended particle
concentration. The significant improvement in nitritation under the high SP
concentrations is attributed to the high nitrifier biomass concentrations resulting
from the fast growth rates of AOB caused by the high level of SPs, which were
considered as the main habitats for the biological nitrification in the water body.
Under the experimental conditions, no obvious changes in nitrite production were
observed in the nitrification process with the different particle size fractions and
the organic matter concentrations loaded on sediments.

The analysis for samples collected from the Daning River, an important
tributary of the Three-Gorges Reservoir (China), showed that TP content in
Daning sediments ranged from 0.416 to 1.184 mg/g. Wherein, Ca-P and Org-P
were 2 principal phosphorus-existing forms, which induced the PSB for
solubilization of Ca-P and mineralization of OP and were abundant, especially in
sediment.

The comparison of P release ability of IPB and OPB isolated from sediments
showed that IPB possessed a higher ability because of the production of acidic
metabolites. AKP secreted by OPB for OP mineralization was inhibited by
increasing phosphate concentration in water, and thus debased the P release.
Laboratory tests on P release from Daning sediment revealed more P was released
when PSB existed and, simultaneously, some P was reserved inside the bacteria as
OP and in inorganic phosphate form, which would be also released into water after
PSB died.

Higher temperatures enhanced the activity of PSB, and thus increased the
amount of P release and P reserved inside the bacteria. In anoxic conditions, the
amount of P reserved in PSB decreased. However, higher phosphate concentration
was observed in water because of the release of Fe-P which was more obvious,
depending on the effect of bacteria.
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5
Chemical Effects

5.1 Overview

In recent years a worldwide increase in inputs of nitrogen (N) and phosphorus (P)
into the lakes and reservoirs has led to considerable eutrophication and an increase
in the frequency of toxic algae blooms (Carpenter et al., 1998; Cloern, 2001; Zeng
et al., 2006; Fedro et al., 2007). The considerable changes in trophic composition
and ecosystem structure (e.g. the plankton community) of the water environments
adjacent to the lakes and reservoirs plumes have been attributed to the changes in
Si:N:P ratios caused by excess of N and P, meaning cultural eutrophication (von
Sperling et al., 2008; Burkholder et al., 2007; Yunev et al., 2007). For example,
there are more than 30 lakes in southwest China. Although some of these lakes are
seldom polluted, most of them have been heavily contaminated by recent human
activities and they are experiencing a major deterioration of the water quality and
a decrease in aquatic species. The increase in nutrient levels is believed to be an
important factor in these problems.

Reservoirs and lakes are the significant accumulation body of fresh water,
which has a close correlation with human activities. It is not only one of the most
important drinking water resources, but also has functions of river runoff
adjustment, flood prevention and disaster reduction, agricultural irrigation,
breeding of marine products as well as electric power generation and tourism.

In China, there are various kinds of lakes and reservoirs. With the development
of industrial production, water eutrophication will be increasingly serious if no
measures are taken against it. In order to protect the water quality of the reservoirs
and lakes, the status of water eutrophication must be effectively monitored,
evaluated and predicted. Water eutrophication of reservoirs and lakes means that
excessive nitrogen and phosphorus and other nutrient substances in the waters
cause abnormal breeding of phycophyta and other hydrobios, which lead to
changes in water transparency and dissolved oxygen (DO). Consequently, the
deteriorating quality of water in reservoirs accelerates the damage to the
ecosystem and water functions, which endangers the utilization of water resources
(Wang et al., 2004).
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Nitrogen and phosphorus overloading is a major cause of lake and reservoir
eutrophication. The concentrations, transport and bioavailability of nitrogen and
phosphorus in the lakes and reservoirs have been widely studied for many years
by many researchers throughout the world. As known, excess nitrogen and
phosphorus concentrations in water in lakes and reservoirs may cause
eutrophication. When external loading of nutrients is increased, the sediments as a
pool can adsorb them. However, after external loading is reduced, the sediments
as a source will release adsorbed nutrients into the water. Many effects, such as
the characteristics of sediments and overlying water quality, will affect the transfer
direction of nutrients at the sediment—water interface. Therefore, intensive study
of the main influencing factors for the transport of nutrients would help to predict
and further prevent the occurrence of eutrophication.

Nitrogen is a ubiquitous biogenic element and widely distributed in the nature.
The discharge of nitrogen into the receiving waters has a substantial influence on
water quality and the health of fish and other aquatic organisms. Reduced nitrogen
forms can be oxidized in fresh water systems causing oxygen depletion (Sharma
and Ahlert, 1977) which can seriously impair or even kill aquatic organisms (e.g.
Wetzel, 1983; Thomann and Mueller, 1987). Nitrogen is also one of the major
nutrients controlling phytoplankton growth and standing crops (Welch, 1992;
Wetzel, 1983).

In aquatic systems the main forms of nitrogen are ammonium-nitrogen
(NH,"-N), nitrite-nitrogen (NO,-N), nitrate-nitrogen (NO5-N), organic nitrogen
and nitrogen gas (N,). The dominating form is determined by the environmental
factors of the water body such as pH, temperature, oxygen and microorganism
activity coupled with the mineralization rates of organic nitrogen. Seasonal
changes can also be a key control of the speciation balance regardless of the total
nitrogen concentration of the water body (Burt et al., 1993). Excess nitrate can
contribute to eutrophication and can also be toxic for some aquatic organisms.

Different species of nitrogen reciprocally transform in water. This process is
influenced by many factors including physical, chemical, biological and
hydrodynamic effects. In the other chapters in this book, biological and
hydrodynamic effects have been introduced. So in this chapter, physical and
chemical factors will be emphasized.

Temperature can directly affect the activity of microorganism enzymes. So, in a
certain range, the higher the temperature is, the more the transformation of the
elements. Nitrification is an exoergic process which involves O, and microbial
organisms, and heat dissipation contributes to the nitrification process (Wang et al.,
2004). The optimum temperature of nitrifying bacteria appears to be within the
range of 25-35 °C, and the temperature range in which bacteria growth happens is
usually 3-45 °C (Focht and Verstraete, 1977). The optimum temperature for
natural population growth depends largely on ambient temperature. For example,
Jones and Hood (1980a; 1980b) reported that the optimum temperature was 40 °C
for the growth of nitrosomonas species isolated from a subtropical estuarine bay in
Florida while, for the same species isolated from the temperate Ems-Dollard
estuary in Holland, Helder and De Vries (1983) observed that the optimum
temperature was 25-35 °C.
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Temperature can inhibit or accelerate the release speed of different nitrogen
species from sediment by changing microbe activities. Many studies have
demonstrated a similar result for the rate of nitrogen released by lake sediments.
That is, a higher nitrogen release rate was observed in summer and less in winter.
For example, Taihu Lake sediment is the source of the release of nitrogen in
summer (25 °C), while nitrogen in overlying water will be transfered to the
sediment in winter (5 °C). In winter the sediment is the sink of nitrogen (Fan et al.,
2004). The reason may be the microbial effect. When the temperature is high, the
microbes in the sediment are active, which can speed up the decomposition of
organic nitrogen or mineralization of organic matter. This would accelerate the
release of nitrogen from sediment to water.

DO is an important factor influencing nitrogen release. Different nitrogen
species at different DO levels present a different transfer rule. Nitrous oxide is
produced within the first step by microbes in the nitrification process at low
oxygen concentrations (Goreau et al., 1980; Hynes and Knowles, 1984). In the
measurements of nitrification and N,O production, N,O production increased
sharply when oxygen was below 0.1811 mol/L and showed a maximum in
complete anoxic conditions. In pure cultures of a marine nitrosomonas species, the
production of N,O per cell increased at the lowest oxygen level (5.611 mol/L Oy,),
whereas the production of NO,™ per cell declined (Goreau et al., 1980).

Some researches showed that the nitrogen release rates from the sediment
increased with the reduction in dissolved oxygen and ammonia nitrogen was the
dominant species in the dissolution of inorganic nitrogen in anaerobic conditions,
while nitrate nitrogen dominated in aerobic conditions. For example, increasing
inhibition of potential nitrification activity at increasing O, levels has been
measured in an estuarine sediment. A 15% and 25% inhibition to the nitrification
process have been observed at 2 and 2.6 times air saturation respectively
(Revsbech et al., 1981). Bai et al. (2002) reported that nitrate nitrogen and nitrite
nitrogen released from urban river sediment were near to zero when the DO
concentration was less than 1.5 mg/L, while the ammonia nitrogen release speed
could reach 10 mg/(m*day). Furthermore, the ammonia nitrogen release quantity
fell sharply when DO concentration was more than 2.8 mg/L. Fan and Morihiro
(1997) also observed that, in anaerobic conditions, the ammonia nitrogen release
rates from the sediment of Tsuchiura Bay were 2—8 times as much as in aerobic
conditions and the released total inorganic nitrogen observed from sediment was
higher than in aerobic conditions. Li et al. (2003) found that, in acrobic conditions,
most ammonia nitrogen can be transformed into nitrate by nitrifying bacteria
through the nitrification process and then released into overlying and pore water.
In this process, the concentration of ammonia nitrogen released from the sediment
decreased sharply. With the decrease in dissolved oxygen, ammonia nitrogen
became the key species in the released total nitrogen. Furthermore, organic
nitrogen and total nitrogen increased but nitrate nitrogen and nitrite nitrogen
reduction had also been observed. The release rate of nitrogen is low in aerobic
conditions because the demand of nitrogen for organisms in aerobic conditions is
very high. At this time, the nitrogen release from sediments is usually less than
that in anaerobic conditions (Wu and Morihiro, 2005). Nowadays, more and more
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researchers consider that maintaining a proper dissolved oxygen level can
effectively restrain the nitrogen nutrient release from sediments, especially the
release of ammonia nitrogen (Fan and Morihiro, 1997; Jiang et al., 2007).

As an important influencing factor on nutrient release, the pH value has been
widely studied. The form of nitrogen depends on the water pH value. For example,
the NH;-N existing in a water environment mainly refers to the free ammonia
(NH;) and ammonium ion (NH,"). If the pH value is high, the proportion of free
NH; is on the high side.

The activity of nitrifying bacteria is optimal in a narrow pH range from neutral
to slightly alkaline (pH 7-8.5), with the limiting range for activity being slightly
wider (pH 6-9.5) (Focht and Verstraete, 1977). The upper limit is dependent on
the concentration of free (undissociated) ammonia (NH3), which is toxic to the
bacteria. On the other hand, it has been suggested that undissociated NH; rather
than NH," is the substrate for ammonium oxidizers (Suzuki et al., 1974), such that
slightly alkaline conditions would increase substrate availability, which would be
beneficial at low NH, concentrations in surface sediment. Optimum rates at pH
7.5-8.5 were measured for an estuarine nitrosomonas sp., whereas the activity at
pH 9 was still 50% of maximum (Jones and Hood, 1980b). It is generally
acknowledged that pH can affect the microbes in sediments, further influencing
nitrogen transformation in the interface of the water-sediment. In a strong acidic
environment, pH could suppress the activity of nitrifying bacteria, denitrifying
bacteria, and microbial ammonia oxidation. The release quantity was not apparent,
when pH went to slightly alkaline conditions. Ammonia oxidizing bacteria were
more active and promoted the release of nitrogen in sediments when pH continued
to increase, and the release quantity decreased as the microbial activity reduced.

Many studies have found that the effect of pH on the release of nitrogen from
sediments is obvious. A study showed that no change happened in the process of
nitrogen release from sediment when pH was within the range of 3—6. The
nitrogen release quantity decreased when pH < 3 and was the largest when 6 <pH
< 8. As pH further increased, the nitrogen release quantity reduced sharply and the
release quantity of ammonia nitrogen even dropped 70% (Liu et al., 2002).
Generally, there occurred only small pH fluctuations in marine sediments in
deeper waters, whereas surface sediments in shallow-water with benthic
microalgae can show dramatic diurnal variations in pH (e.g. pH 7-10) (Revsbech
et al., 1981; Andersen and Jensen, 1983). In fact, acidity and alkalinity to some
extent decide the oxidation and reduction environment. Redox potentials (E) and
pH value have negative correlation because electronic and H™ have the opposite
charge (Zhao and Yang, 2009). In an aerobic situation, higher redox potentials
exist in the water-sediment interface. At this time an electron may be changed
from a reduction state to an oxidation state. From the electrochemical aspect, the
lower the pH value is, the higher the concentration of H' ions in the solution. NH,"
in the sediment colloids can have competitive adsorption with H" ions and be
released. The mechanism of the pH influence is complex. Generally, researchers
only do the study of the pH influence on total nitrogen and ammonia nitrogen
while other different forms of nitrogen release have been less considered. As the
pH of these sediments and overlying water vary, it could be an important factor
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regulating the nitrification rate in the sediments.

In the nitrification process, nitrifying bacteria are susceptible to inhibition
because of their slow intrinsic growth rate and their sensitivity to a number of
environmental conditions and other ions. Consequently, nitrification inhibition by
metals has attracted considerable attention (Hu et al., 2003).

Transport of metal across the bacterial cell membrane has been studied
extensively. Sorption plays an important role in metal uptake (Battistoni et al.,
1993) because extracellular polymers and bacterial cell surfaces contain a variety
of binding sites including amino, carboxylic, hydroxyl and phosphate functional
groups because of their (phospho)lipid, protein and polysaccharide moieties (Hu et
al., 2003). There is little research about the effect of heavy metal on nitrogen in
Chinese rivers. Many researchers have done experiments on the effects of heavy
metals on bacteria. Yang et al. (2008) showed that the nitrate reducing process
was likely to occur if there were high levels of manganese (Mn) or manganese and
iron (Fe, Mn) in water samples of the Hunhe River, which could make NO;-N
turn to NH,"-N. The sample with a high concentration of Fe has a weak effect on
the nitrate reduction while low levels of Fe in water samples could improve the
nitrification rate. Low levels of Mn in water samples almost have no effect on
nitrification. Then we learnt that the low levels of Fe can act as a role in
promoting the nitrification process, while a high concentration of Fe possesses
inhibition to nitration; The existence of Mn and the coexistence of Fe and Mn both
have an inhibition effect on the nitrification process. Juliastuti et al. (2003)
reported that zinc and copper inhibited the nitrite and nitrate production at
different concentrations. Copper had a stronger inhibitory effect than zinc: Zn>*
inhibited nitrification at a concentration exceeding 0.35 mg/L, whereas Cu®"
already inhibited at a concentration above 0.05 mg/L. Another study showed that
heavy metal ions (Cu**, Cd*" and Zn®") in the sea water of Dalian Bay had more
inhibition effects on nitrosation than on the nitrification process. The efficiency of
the two processes was inhibited as follows: Cu*">Cd*">Zn?", and the inhibition
degree increased with the increasing concentration of the ion. In addition, the
nitrification process was difficult to recover if Cu®" had inhibition in it (Weng et
al., 2006). Furthermore, Hu et al. (2003) observed that the inhibitory and sorption
mechanism of Cu®" was very different from Zn**, Ni*', and Cd** and might
involve rapid loss of microbial membrane integrity. The inhibition behavior of the
same heavy metal in other circumstances might be different, so more research is
required in the future.

It is widely accepted that sediments are important sites for the mineralisation of
organic matter (Jorgensen and Revsbech, 1989). Ammonium is produced in
sediments during the decomposition of organic matter by various heterotrophic
organisms. After its release to porewater solution, NH," can be reoxidized,
reincorporated into organisms, adsorbed onto particles, or can diffuse along
concentration gradients to other regions of the sediment (Martens et al., 1978).
These all will have great effects on the nitration and denitrification process in the
sediments. Therefore, the adsorption and desorption of ammonia nitrogen on the
sediments play an important role in nitrogen cycling. The physical and chemical
properties of sediments have a significant influence on the behavior of ammonia
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nitrogen adsorption in different depositional environments.

Mackin et al. (1984) reported that there occurred a positive correlation of
sediment porosities with the adsorption coefficient of ammonia nitrogen in
western Atlantic sediments. In very high porosity (>0.95) sediments, adsorption
coefficient may be somewhat lower than for other sedimentary environments. The
author considered that at high sediment porosities, the grain surface area became
limiting. In the study of sediments of shallow lakes in the middle reaches of the
Yangtze River area (Jiao et al., 2007), the highest release rate of ammonia
nitrogen had no significant correlation with CEC, TOC and Fe/Al hydroxides but
had good agreement with the content of the fine grain size fraction. The result
showed that the relative contribution of the fine grain size fraction to nitrogen
cycling was the absolute main fraction, which was several to 10 times that in the
coarse grain size fraction. While another study (Boatman and Murray, 1982) has
compared the ammonium adsorption constants before and after the extraction of
organic matter, the result indicated that in organic-rich sediments the organic
matter or a “clay-humic complex” might be controlling ammonium adsorption.
However, in organic-poor sediments, the clay mineralogy will tend to dictate
ammonium adsorption behavior. Another research in the Yangtze estuary
demonstrated that sediment porosities and the content of fine particulate solids
(<63 pm) didn’t have a significant correlation with ammonium adsorption
(a>0.05). To the contrary, there existed good agreement between TOC content and
ammonium adsorption (¢>0.05), indicating that the organic matter might control
the ammonia nitrogen adsorption behavior in the sediments of the Yangtze estuary
(Hou et al., 2003). In conclusion, the physical and chemical properties of
sediments play an important role in the transformation of nitrogen in sediments

Phosphorus overloading is the most important cause of lakes and reservoirs
eutrophication (Wang et al., 2007). As a consequence of human activity,
phosphorus arrives in natural aquatic ecosystems and accumulates in sediments.
Under certain environmental conditions, phosphorus can be released from the
sediments to the overlying water. The transport and transformation of P in water
environments involve a great number of complex processes, both biotic and
abiotic. The phosphate sorption-desorption at the sediment—water interface is an
important process affecting the phosphorus (P) transport, bioavailability and
concentrations in lakes and reservoirs. During periods of enhanced external
loading the sediments can take up phosphate, but after reduction of external inputs
the sediments can release adsorbed phosphate and thus become a source of
eutrophication. Therefore, the sediment—water exchange of phosphate becomes
more important for eutrophication in the lakes and reservoirs and P has been
identified as a limiting nutrient to the biological production.

The phosphate sorption-desorption capacity at the sediment—water interface
varied with sediments components, particles size, solution parameters and so on
(Kim et al., 2003; Gardolinski et al., 2004). All factors have to be taken into
account when evaluating phosphate sorption-desorption by lake and reservoirs
sediments. Many similar results reported that many sediment properties, e.g.
particle size, organic matter, Fe- and Al-oxides and cationic exchange capacity
(CEQ), affected the phosphate sorption-desorption process. Organic matter plays
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an important role in sediments since its mineralization may result in changes in
both redox and pH and humic substances can stabilize iron particles. Sediments
where an important fraction of phosphate occurs adsorbed at the surface of metal
oxides or other minerals usually show a relatively slow release in near neutral or
weakly acidic media and a relatively fast release in alkaline media. Ionic strength
is also a factor affecting phosphate sorption at the sediment—water interface. The
high ionic strength in solution lowered the extent of sorption and shifted the
sorption isotherms toward higher equilibrium phosphate concentrations. pH in
water is another important factor (Ku et al., 1978; Lijklema, 1980; Crosby et al.,
1984; Seitzinger, 1991). The fraction of phosphate adsorbed at the surface of
metal oxides or other minerals in the sediment usually shows a relatively slow
release in near neutral or weakly acidic media and a relatively fast release in
alkaline media. These effects are attributed to the decreasing affinity that mineral
surfaces, especially those of Fe and Al oxides, show for phosphate when the pH is
increased, and to competition between hydroxyl and phosphate ions for surface
sites. On the other hand, sediments where an important fraction of phosphate
occurs as calcium phosphate minerals may also show an important and fast
phosphate release at low pH, where these minerals preferentially dissolve.

Another factor affecting the rate of phosphate release is temperature. There is
some experimental evidence indicating that the rate increased by increasing the
temperature (Kim et al., 2003). This effect is easily understood in terms of
Arrhenius-type expressions, since an activation energy (E,) barrier needs to be
overcome during the release process. The magnitude of E,, besides providing the
temperature dependence of the reaction rate, often gives relevant information
regarding the mechanism of the process (Borgnino et al., 20006).

ORP is one of the most important parameters to describe the phosphorus
adsorption onto the sediments. Ironbound-phosphorus is particularly sensitive to
redox and pH variations of the system. The very low ORP induces the reduction of
Fe(IIT) from the Fe(OOH) in the sediment. Zhou et al. (2005) reported that ORP
decreased at different rates during the pH range observed. When pH is very low,
OREP is very high, which should, in principle, produce high phosphorus adsorption,
but the amount of P sorbed decreases rapidly in this range of pH. Therefore, in this
kind of condition, although high affinity to adsorb phosphorus caused by high
ORP of particles is produced, H" still overcomes particles to trap SRP because of
its very high concentration as was interpreted in the zeta potential effect. As pH
further increases, the positive correlation between P sorbed and ORP can be
approximately observed, but they don not vary exactly in phase, which indicates
that ORP will significantly influence P adsorption but cannot completely control
the overall adsorption process. With the further increase in pH, the reduction of Fe
(IIT) and the competition from OH mentioned above would both hinder
phosphorus adsorption onto sediment.

Besides all the mentioned factors, surface properties of sediment particles, such
as surface charge density and specific surface area, can also be important factors
for the rate of phosphate release. This is especially true for sediments where an
important fraction of the total phosphate occurs at the surface of mineral particles.
Changes in surface charge may be mentioned in some articles as responsible for
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the changes in the release rates, but little direct measurement of this charge has
been reported. Therefore, relative study is still needed in order to evaluate the
effects of surface charge on the release rate.

The Three Gorges Dam, in China, is the world’s largest dam, measuring 2335 m
long and 185 m high, and the reservoir created by it had an area of 1080 km? in
2009 (Wu et al., 2003). The construction of the Three Gorges Reservoir will have
a profound impact on the environment (Jiao et al., 2007), wherein eutrophication
would be a potential threat (Zeng et al., 2006). Phosphorus is a major nutrient for
aquatic ecology, and its excess supply can lead to eutrophication. Especially in
most lakes and reservoirs in China, phosphorus is the main limiting factor for
eutrophication. Therefore, the chemical effects of phosphorus transfer were the
focus in this chapter.

In this chapter, the adsorption capacity for phosphorus on the sediments from
Cuntan, Xiaojiang, Daning and Xiangxi in the Three Gorges Reservoir, China,
was evaluated. Phosphate sorption-desorption capacity at the sediment—water
interface as a function of sediment components, pH, temperature, ionic strength,
and so on, were discussed systematically. The aim was to provide information on
the effect and mechanism of the sediments characteristics and overlying water
quality on the nutrients transport.

5.2 Sediment Components

5.2.1 Sampling Locations and Properties

Sediment samples were collected at the influx of four main branches (Cuntan,
Xiaojiang, Daning and Xiangxi River) of the Three Gorges Reservoir on the
Yangtze River using a Van Veen stainless steel grab sampler (Eijkelamp,
Netherlands) in October 2006 (Fig. 2.1). The sampling site is subject to multiple
pollution sources including shipping activities, urban runoff and combined sewer
overflows from ambient cities. The samples were taken to the laboratory in air-
sealed plastic bags and were kept at 4 °C. They were then air-dried at room
temperature and ground to pass through a 100-mesh sieve for adsorption
experiment. Many studies have demonstrated that adsorption capacity for P on
different sediments was related to sediment composition, such as contents of
organic matter, Fe/Al hydroxides, clay and CaCO; (Nwoke et al., 2003; Makris et
al., 2005; Lake et al., 2007). Wang et al. (2007) reported that there occurred a
positive correlation of organic matter with P adsorption. Sanyal et al. (1991) found
that the content of clay had a significant correlation with P adsorption. The content
of metals was thought to be the main factor that determined adsorption capacity,
because of the high specific surface of the Fe/Al hydroxides. Additionally, the
regulation of dissolved phosphate by adsorption or coprecipitation with calcite
formed in situ has been widely reported in calcareous systems (Berg et al., 2004).
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That is, solid phase CaCO; usually governs P reaction in calcareous soil (Berg et
al., 2004). Therefore, the P adsorption process by sediments has been affected
obviously by sediment composition.

At present there are many ways to study the effects of solid composition on
adsorption, in which a sequential chemical extraction is regarded as a powerful
method and consequently has been widely used for soil adsorption study for many
years. In 1979, this method was developed by Tessier et al. (1979) who
successfully used it in discussing the trace metal speciation on the sediments.
Subsequently, Tang et al. (1982) utilized an improved extraction method to study
the adsorption capacity for metal in sediments.

In this section, the surface properties of sediments from the Three Gorges
Reservoir were investigated. The relation between the adsorption capacity for
phosphorus in the sediments and the sediments composition was further analyzed.
What’s more, the effect of sediment composition on P adsorption by a sequential
chemical extraction method was conducted.

5.2.2 Sediments Characteristics

Generally, the retention capacity of the sediments for phosphorus was obviously
influenced by their characteristics such as contents of organic matter, metal
hydroxides (Fe, Al), CaCO; and clay (Nwoke et al., 2003; Makris et al., 2005;
Lake et al., 2007). In this study, the main characteristics of sediments from the
influx of four main branches (Cuntan, Xiaojiang, Daning and Xiangxi River) of
the Three Gorges Reservoir on the Yangtze River were summarized in a section of
Chapter 2 in this book.

5.2.3 Adsorption Capacity of Different Sediments for Phospate

Adsorption kinetics are important as they can provide valuable insights into the
mechanism of sorption reactions. To clarify the mechanism of P adsorption, much
of the emphasis has been focused on developing mathematical models to describe
P adsorption characteristics on natural sediments. Lopez et al. (1996) reported that
adsorption kinetics of phosphate on the sediments followed a nonlinear model. Tu
et al. (2002) adopted Langmuir, Freundlich and Temkin equations to fit the P
adsorption isotherm, and found that the Langmuir model was the best. This result
was also obtained by many other researchers (Lopez et al., 1996; House and
Denison, 2000; Bubba et al., 2003). However, when the existence of native
adsorbed P (NAP) was concerned, adopting directly the Langmuir model was
unreasonable because NAP in sediment also took part in the adsorption
equilibrium. To improve it, Zhou et al. (2005) brought forward a modified
Langmuir model which could describe well P adsorption on sediments with NAP.

Fig. 5.1 shows the adsorption kinetics of phosphate on different sediments. It
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Fig. 5.1 Adsorption kinetics of phosphate (a) on the Daning sediment at different initial P
concentrations; (b) on the different sediments at the initial P concentration of 1.75 mg P/L

can be seen that phosphate adsorption on the sediment included quick and slow
adsorption steps. The quick adsorption step mainly occurs within 6 h, and is then
followed by a slower second step. After 48 h, the adsorption amount of phosphate
levels off, indicating that a pseudo-equilibrium occurred. The adsorption amount
and the rate of the initial stage for phosphate adsorption advanced with an increase
in the initial phosphate concentration. The similar phenomenon is also observed in
other sediments (Fig. 5.1(b)). At the same initial P concentration, the adsorption
capacities for various sediments followed the order: Xiaojiang>Daning>Cuntan>
Xiangxi.

The adsorption kinetics analysis was tested using two kinetic models, namely
power function and the Simple Elovich model. The estimated parameters of kinetic
models for all the sediments studied here are summarized in Table 5.1. Based on R’
values, the power function and Simple Elovich model can both best describe
adsorption kinetics of phosphate and there is no clear difference between them.

Table 5.1 Kinetic model parameters of phosphate adsorption on the different sediments from
the influx of four main branches (Cuntan, Xiaojiang, Daning and Xiangxi River) of Three
Gorges Reservoir on the Yangtze River
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. Power function model Simple Elovich model
Initial . (O=axt’) (O=a+blnd)
Samples concentration

(mg P/L) a B R’ a b R’
Cuntan 1.39 0.034 0242 093 0035 0013 095
1.75 0.040 0209 087 0041 0013 092
Xiaojiang 1.39 0.066 0.131 094 0.068  0.01 0.91
1.75 0.080 0115 091 0081 0011 089
Xiangi 1.39 0.010 0276  0.95 0011 0004 088
1.75 0.014 0274 094 0015  0.005 085
1.39 0.058 0153 096 0059 0011 097
Daning 1.75 0.062 0175 093 0.064 0015 093
2.54 0.101 0116 092 0.102 0014 091
1.39 0.057 0.094 097 0057  0.006 098
Rzl‘“mg 1.75 0.060 0.107 098 0061  0.008 096
2.54 0.078 0116  0.90 0079 0011 091
1.39 0.027 0104  0.77 0027  0.003  0.79
]zgmng 1.75 0.031 0.106 093 0031 0004 092
2.54 0.038 0117 092 0.039  0.005  0.89

Adsorption capacity at different phosphate concentrations can be illustrated by
the adsorption isotherm (Wang et al., 2009). As shown in Fig. 5.2 (Wang et al.,
2009), higher phosphate concentrations in water increase the adsorption amount of
P on the sediments. When the P concentrations in water were low, phosphate
adsorbed on the sediments was released. However, when P concentrations in water
were higher, phosphate in water was adsorbed by the sediments. That is, P will be
exchanged on the sediment—water interface until a dynamic equilibrium is reached.
This process can be analyzed by the adsorption isotherm model.
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Fig. 5.2 Adsorption isotherms of phosphate on different sediments from the influx of four main
branches (Cuntan, Xiaojiang, Daning and Xiangxi River) of the Three Gorges Reservoir on the
Yangtze River at 20 °C

When sediment is in contact with water, P will be exchanged with the water on
the interface until a dynamic equilibrium is reached. The equilibrium situation is
usually described by a Langmuir adsorption isotherm.

qe:Qmax'Peq/(k+Peq) (51)

where g. is the mass of net adsorbed P per mass unit at equilibrium (mg/g), P, is the
equilibrium concentration of P in solution (mg/L), QOu. 18 the maximum P
adsorption capacity at saturation conditions per mass unit of sediment (mg/g), k is
the empirical constant with unit of concentration (mg/L) and corresponds to the
concentration at which half the maximum sorption capacity is reached and is related
to the surface binding energy. The Langmuir model assumes a homogeneous
surface, uniform binding energy and monolayer coverage. Because the amount of
total native (or original) exchangeable P (NAP) in sediment also takes part in the
sorption equilibrium, the equilibrium conditions of adsorption trials can be
described as (Zhou et al., 2005):

(NAP+ Cogaf W)=Peq VIW= OpaxPegf/ (k+Peg) (5.2)
or
(Cadd_Peq) V/W: Qmax'Peq/(k+Peq)_NAP (53)

where NAP refers to the amount of total native (or original) exchangeable P (mg/g),
w is the dry weight of sediment in the sorption trials (g), C,q is the initial
concentration of newly added P in solution of adsorption trials (mg/L), ¥ is solution
volume (L). Peg, Omax and k has been described in Eq. (5.1), PV refers to the
amount of exchangeable P remaining in solution of adsorption trials, which should
include both NAP dissolved and newly added P that was not adsorbed by sediment.
Considering an extreme condition with C,44=0; then Eq. (5.3) will take the form

P’ VIW=0pay Peg [(k+ P cg)~NAP (5.4)
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where POeq denotes equilibrium concentration of exchangeable phosphorous in the
solution with initial C,44=0; which actually is solution concentration in desorption
equilibrium by fresh water. In this special case, there is no exchangeable P added
and thus all of exchangeable P in the system is native exchangeable P. In Eq. (5.4),
when desorption/adsorption processes fall into dynamic equilibrium, the amount of
exchangeable P adsorbed is described by the value of the left part. Then NAP can be
obtained by

NAP=0pa P bt PP o)+ P eg Viw (5.5)
When NAP in Eq. (5.4) is substituted by Eq. (5.5), the resulting equation will hold
(Cadd_P eq) Viw = Qmax'P eq/ (k+P eq)_(Qmax'P 0eq/ (k+P Oeq)+P Oqu/ W) (5 6)

Eq. (5.6) can serve as a model to describe P sorption properties on lake sediments
that contain different amounts of NAP. Using this model, the data of sorption
isotherm trials can be nonlinearly fitted properly with the least square method. The
values of Q. and k are then obtained. Afterwards, NAP can be calculated by Eq.
(5.5) with corresponding parameters. EPC, refers to water phase concentration at
which P.;=C,qq where the original sediment and water phosphate concentrations are
in dynamic equilibrium. When P.;=C,qq=EPCy; the expression of EPC, according
to Eq. (5.6) will take the form below:

k ' Qmax c(n)] EPO V
EPC, =P ke by - 5.7

0 Teq T k'Qmax 1 o ()
S
k+PF,

and K, can be calculated by
K, =24P (5.8)
EPC,

Table 5.2 showed the modified Langmuir model parameters. Obviously, the
modified Langmuir model had a good fit with the experimental data for the four
sediments (R>>0.96). Over the entire concentration range studied, the adsorption of
phosphate by different sediments is in the order of Xiaojiang>Daning>
Cuntan>Xiangxi. This sequence was the same as the result of a kinetics study.
Theoretically, the maximum adsorption amount (Q..x) was 0.402 mg P/g for
Xiaojiang sediment, 0.358 mg P/g for Daning sediment, 0.165 mg P/g for Cuntan
sediment, and 0.15 mg P/g for Xiangxi sediment.

Adsorption capacity has been related with sediment characteristics. According to
other reports (Brinkman et al., 1993), the content of metals seems to be the main
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factor that determines adsorption capacity, because of the high specific surface of
the iron/aluminium hydroxides. In some cases, the adsorption sites can be occupied
by phosphate, so the ratio of P/(Fe+Al) has been used to provide a better measure of
the free sorption sites for phosphate in sediments. Moreover, for the calcareous
sediments, a large fraction of the sedimentary phosphate associated with calcium
minerals should be taken into account.

Table 5.2 Some adsorption parameters obtained from the modified Langmuir model for
different sediments

Qmax k RZ Poeq Pw NAP EPCO
(mg/g) (mg/L) (mg/L) (mg/l) (mg/g) (mg/L)
Cuntan 0.165 3.186 0.986 0.098  0.036 0.013 0266  0.048
Xiaojiang 0.402 3421 0972 0.022 0.050 0.004 0.037  0.116

Samples K,

Xiangxi 0.150 1.713 0967 0.272 0.082 0.042 0.674 0.063
Daning 0.358 5743 0959  0.054 0.033 0.008 0.126 0.061
Daning A1l 0.205 3921  0.991  0.040 - 0.005 0.103 0.051
Daning A2 0.083 3.433 0970 0.022 - 0.002 0.098 0.023

As shown in Table 5.1 and Table 5.2, for the Xiangxi sediment, because of the
lowest concentrations of (Fe+Al+Ca) and free adsorption sites (the highest ratio of
P/(Fe+Al)), the capacity for phosphate adsorption was the lowest. Xiaojiang
sediment presented the highest concentrations of organic matter and (Fe+Al), the
lowest ratio of P/(FetAl). So the phosphate adsorption capacity of the Xiaojiang
sediment was the highest, which was in accordance with the result of adsorption
kinetics and isotherm. For Daning and Cuntan sediments, results were more
difficult to interpret. Although the contents of (Fe+Al) and the free sorption sites for
phosphate analyzed from the ratio P/(Fe+Al) were both higher in Cuntan than in
Daning sediment, a higher adsorption capacity for phosphate was observed in
Daning sediment. As reported, the calcareous matter also exhibited the adsorption
or coprecipitation for phosphate (Berg et al., 2004). So higher adsorption capacity
of Daning sediment may be related to higher concentrations of calcium and organic
matter.

As shown in Table 5.3, NAP values, the intersection of y-axes and the
regression curves, range from 0.004 mg/g in Xiaojiang to 0.042 mg/g in Xiangxi
sediment. EPC,, the x-intercept of the model, was defined as the phosphate
equilibrium concentration in water, at which there was no net adsorption or release
of phosphate on sediments. When EPC, was higher than actual phosphate
concentration in water (Py,), the sediment would release P. Inversely, when EPC)
was less, the sediment would adsorb P from water. That is, higher EPC, increased
the risk of P releasing from the sediment to water. In our study, the highest EPC,
values of 0.674 mg/L calculated by adsorption isotherm were obtained for the
Xiangxi sediment. So the Xiangxi sediment showed the highest risk of P releasing
from the sediment to water. Comparing EPC, with P, values shown in Table 3,
the values of P,, in all the sediments except for Xiaojiang were lower than that of
EPC,. This indicated that the sediments in Cuntan, Daning and Xiangxi have a



5.2 Sediments Components 111

trend of releasing P as a source role, while the Xiaojiang sediment might adsorb P
from water as a pool role.

Table 5.3 The characteristics of each grade sediment extrated from the Daning sample

Samples TOC Fe Al Ca Clay Silt Sand
(%) (mg/g) (mg/g) (mg/g) (OB ¢ B ¢ )

Daning 0.51 23.63 7.75 101.32 4589 53.02 1.10
Daning A1l 0.51 21.01 6.33 69.62 3314 6254 432
Daning A2 0.24 12.19 3.83 53.41 60.36 39.63 0.006

K, refers to the ratio of NAP and EPC,, which denoted the attraction forces
towards P. The higher value of K, the sediment possessed, the stronger the
attraction forces towards P. In our study, the maximum value of K|, was observed
in Xiaojiang sediment. So Xiaojiang sediment may hold the highest attraction
forces towards P. That is, compared with other sediments in our study, P in water
was easier to be adsorbed by Xiaojiang sediment, which was in accordance with
the analysis of EPC, above mentioned.

5.2.4 Effect of Sediment Compositions

Obviously, based on the above discussion, sediments compositions were
considered to be the major factors controlling phosphate adsorption by sediments.
Therefore, a sequential chemical extraction experiment described by Tang et al.
(Tang et al, 1982) was designed to further clarify the effect of different
composition. In this study, Daning sediment was taken as an example and divided
into three fractions by sequential chemical extraction.

Detailed procedure was as followed.

1) Removal of carbonates and exchangeable calcium

The sediment was extracted at room temperature for 6 h by 1 mol/LL. NaOAc
adjusted to pH 5.0 with acetic acid (HOAc) with continuous agitation. After
stewing overnight, the sediment was filtered, washed thoroughly with deionised
water and subsequently dried at 60 °C. This residual sediment was mentioned as
Al.

2) Removal of organic matter and hydrated metal oxides

Hydrogen peroxide solution was added dropwise into a triangular flask
containing the residue obtained from step 1) at 40 °C with intermittent agitation,
and a large number of bubbles were generated. After 12 h reaction, the mixture
was evaporated to dryness. To remove organic matter thoroughly, the above steps
were repeated three times. Then the residue was extracted by mixed solution (0.8
mol/L H,C,0, and 1.2 mol/L (NH,4),C,0,, pH=3.2) three times in order to prevent
adsorption of extracted phosphorus onto the oxidized sediment and remove metal
hydroxides. This residual sediment was mentioned as A2.
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Daning Al denoted the residue which was obtained by depriving carbonates
and exchangeable calcium partially from Daning sediment. After getting rid of
organic matter and metal hydroxides from Daning Al, the residue, which was
mainly composed of clay mineral, was mentioned as Daning A2.

The difference in sediment characteristics before and after treatment was shown
in Table 5.3. It can be seen that no organic matter was removed for Daning Al
sediment, while 31.3% of Ca was reduced. Simultaneously, a small quantity of Fe
and Al dissolved. For Daning A2 sediment, more than half of the organic matter
was lost. About 50% of Fe, Al and 47.3% of Ca dissolved. Those results were
consistent with the expected values. Additionally, the proportion of clay in the
Daning Al sediment decreased from 45.89% of the Daning sediment to 33.14%,
while the clay content in the Daning A2 sediment rose to 60.36%.

The morphological differences in each grade sediment are shown in Fig. 5.3 by
TEM analysis (Wang et al., 2009). Obviously, a large number of floccules were
observed in Daning sediment. After removing carbonates and exchangeable
calcium, sediment particles aggregated into a large form, which may be due to the
effect of flocculation caused by metal hydroxides and humic acid. The larger size
of sediment particles was in accordance with the result of the clay content
decreasing. Additionally, there was no apparent difference in floccules. For the
Daning A2 sediment, better dispersion occurred and the size of sediment particles
obviously decreased, which was also demonstrated by the increase in clay content.
Moreover, most floccules disappeared, which made the profile of sediment
particles clear. This result indicated that the floccules mainly consisted of organic
matter and metal hydroxides. When most organic matter and metal hydroxides
were removed, the effect of flocculation was reduced and, consequently, the
degree of dispersion was increased.

As shown in Table 5.2, the experimental data of the treated sediment (Daning A1
and Daning A2) was also in good agreement with the power function and Simple
Elovich model at the initial P concentration of 1.75 mg/L and 2.54 mg/L. This
suggested that the effects of carbonates and calcium, organic matter and metal
hydroxides removed from sediments on phosphate adsorption were similar to the
original sediment (Daning sediment).

Adsorption isotherms of the treated sediments for phosphate were fitted by the
modified Langmuir model and the parameters are shown in Table 5.2. Based on R’
(>0.97), good fits for Daning Al and Daning A2 were observed. There was a
declining trend in NAP and EPC,. Lower EPC, value increased the risk of P
release from sediment to water. The maximum adsorption amount (Qy,x) was 0.205
mg P/g for Daning A1 and 0.083 mg P/g for Daning A2, which was also obviously
lower than that for the Daning sediment. After the sediment was chemically
extracted by NaOAC+HOAC, the decrease in carbonates and exchange-
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Fig. 5.3 TEM of each grade sediment extracted from Daning sample (2x10* times): (a) Daning
sediment sample; (b) Daning Al; (c) Daning A2

able calcium content resulted in the reduction of Ca-bound P. Simultaneously, the
larger particles that were formed restrained P adsorption on the sediment. For the
Daning A2, an obvious decrease in adsorption capacity for P was attributed to
about half of the organic matter and metal hydroxides removed, in spite of the
increase in clay content. This result further verified that organic matter and metal
hydroxides were the main factors controlling P adsorption on sediments.
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5.3 pH

5.3.1 The Effect of pH on Phosphate Release from Sediments

Phosphate may be adsorbed on the sediments which accumulate on the bottom of
lakes and reservoirs. These sediments can act as a new pollutant source for the
overlying water. One of the most important factors affecting the phosphorus (P)
concentration in water was the P release from the sediments. The release processes
may have a significant impact on the water quality and may result in continuous
eutrophication in eutrophic lakes, especially when external nutrient sources are
under control. Therefore, factors affecting the P release from the sediments have
been extensively studied and reviewed in past years. Relevant environmental
factors mainly include temperature, pH, redox potential, and hydrological
conditions. Among them, pH has long been a subject of study. An increase in pH
can free P from its binding with ferric complexes due to the competition between
hydroxyl ions and the bound P ions (Kim et al., 2003). pH in the overlying water
and sediments was a predominant factor as it affected sorption-adsorption,
precipitation-solubilization and oxidation-reduction reactions through its control
over the concentrations of available iron, aluminum and calcium, thus directly or
indirectly changing the aquatic, biological and chemical reactions. pH has become a
major factor controlling the availability of the sediment bound P for algal utilization
and, consequently, the eutrophication of lakes.

In our study, the effect of phosphate release from Cuntan, Xiaojiang, Daning and
Xiangxi sediments from the Three Gorges Reservoir on the Yangtze River was
conducted systematically. Release experiments were performed in Pyrex beakers,
containing NacCl solution and sediment samples at different pH. 0.5 g of sediments
was added to 250 mL Pyrex beakers from 2 to 11. 100 mL of 0.02 mol/L NaCl
solution was then added to maintain certain ionic strength. Different amounts of 1
mol/L HCI or 1 mol/L NaOH were added to beakers, respectively, to adjust
solution pH. To minimize splashing and evaporation, all the beakers were covered
with plastic film. The beakers were shaken on thermostated oscillators for 48 h
((20+1) °C). SRP was then analyzed after the solution was sieved through a 0.45
pm GF/C filter membrane using the ascorbic acid method.

Extreme pH may change the sediment properties, thus affecting the P release from
lake sediments. The release rate of P from the four sediments as a function of pH is
illustrated in Fig. 5.4. As shown, the rate of P release decreased with the increase in
pH in acidic condition. But in alkaline condition, the rate of P release increased with
the increase in pH. When pH is neutral, the rate of P release is the lowest.
Additionally, more P was released in acidic condition than in alkaline condition.
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Fig. 5.4 pH dependence of P release on the studied sediment samples. (a) Cuntan; (b)
Xiaojiang; (¢) Daning; (d) Xiangxi

Those observations suggest that P release from the sediments occurred in both
acidic and alkaline conditions, and the acidic condition was more favorable. A
neutral condition was the least favorable. The effect of pH on P release was mainly
reflected through the P speciation in combination with metals such as Fe, Al, and Ca
(Kim et al., 2003). The NaOH-P represented P bound to metal oxides (mainly Al
and Fe), and was exchangeable with OH" and other inorganic P compounds soluble
in bases. NaOH-P can be used for the evaluation of algal available P, and can be
released for the growth of phytoplankton (Ting and Appan, 1996). HCI-P
represented the P fraction sensitive to low pH, and was assumed to consist mainly of
apatite P, P bound to carbonates and traces of hydrolysable organic P. Ca-P was a
relatively stable fraction, and was attributed to the permanent burial of P in
sediments.

For the sediments in our study, inorganic P was the major fraction of total P
(accounted for 59.29%—78.82% of total P), wherein the content of calcium bound
P (Ca-P) was higher than that of Fe/Al oxides bound P (Fe/Al-P). So higher P
release was observed in acid than in alkaline conditions due to the dissolution of
Ca-P at lower pH (Fig. 5.5). The lowest release amount of P occurred in neutral
conditions. Thus, acidification of the overlying water enhanced the risk of
eutrophication in these main branches of the Three Gorges Reservoir.
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5.3.2 The Effect of pH on Phosphate Adsorption on Sediments

As reported, P adsorption on sediments varies with pH in the bulk solution. The
effects of pH on P cycling depend in part on the direct, short-term effects of pH on
sorption equilibria and kinetics, as well as on the long-term effects of acidification
on organic mineralization rates and on sediment composition (Naoml and Patrick,
1991).

In our study, adsorption of P on the sediments from the influx of four main
branches (Cuntan, Xiaojiang, Daning and Xiangxi River) of the Three Gorges
Reservoir on the Yangtze River varied with the change in the pH values. pH effect
on P adsorption (Fig. 5.6) cannot be simply generalized in a wide range of pH
observed in our experiments. The figure is mainly separated into three sections by
pH 6 and pH 8. The maximum adsorption capacity of various sediments for P
occurred in the pH values between 6 and 8. The adsorption capacity followed the
order: Xiaojiang> Daning > Cuntan > Xiangxi. As pH<6, the sediment surfaces
would compete with a large number of H' to trap soluble reactive P (SRP).
Whereas as pH>8, OH™ with high free concentration could overcome SRP to be
adsorbed onto sediment surfaces. So the adsorption amount of P decreased rapidly
when pH<6 or pH>8.

When the curves showing pH effects go below the pH axis, the P preadsorbed will
be released and then negative NSP can be observed. The fact that Xiangxi sediment
has a greater trend to release adsorbed P when pH is below the pH axis is interpreted
by the speculation that adsorption on Xiangxi sediment is more reversible than on
other sediments, and meanwhile Xiangxi sediment has more pre-adsorbed P to
release.

The general trend that zeta potential decreases with the increase in pH is
demonstrated by curve zeta in Fig. 5.6. The result indicates that P sorption may
change the surface charge but is not the significant factor. In fact, P adsorption on
sediments was shown to be chemical in nature, meaning the main adsorption force
comes from chemical affinity (or complexation) rather than from electrostatic
interaction on the sediment—water interface. In particular, a strong contribution to
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the P binding comes from a ligand-exchange process on the Me—OH2 and Me-OH
sites. Therefore, it is believed that P sorption, as a function of pH, is more likely to
be determined by the stability of phosphate surface complexes than the electrostatic
attraction/repulsion from the surface charge (Nemeth et al., 1998).

The effect of pH on P adsorption by Daning sediment and the treated sediment
(Daning A1 and Daning A2) was illustrated in Fig. 5.6. The adsorption amount of P
by different sediments was in the order: Daning > Daning A1 > Daning A2. That is,
the removal of carbonates and calcium, organic matter and metal hydroxides from
sediments decreases the capacity of sediments for phosphate adsorption. This
result is consistent with that mentioned above.
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Fig. 5.6 P adsorption on the studied sediment samples at different pH. (a) pH dependence of P
adsorption on the studied sediment samples; (b) pH dependence of ORP of the sediment samples

5.4 Temperature

The water temperature of the lakes and reservoirs typically oscillates in diurnal
and seasonal cycles in response to air temperature on the sediment—water
exchange of phosphate should be considered, which has been studied by many
researchers. For example, an increase in adsorption of phosphate with the
temperature increasing from 10 to 35 °C has been reported in sediments of Taihu
Lake in the lower Yangtze delta region of China (Jin et al., 2005). The effect of
temperature on phosphate sorption on marine sediments was studied by Zhang and
Huang (2011). They found that more phosphate will be released from suspended
particles to ambient water in winter than in summer.
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In our study, the adsorption isotherms of phosphate on sediments from Cuntan,
Xiaojiang, Daning and Xiangxi sediments from the Three Gorges Reservoir on the
Yangtze River at 278, 293 and 303 K were studied. In this section, the adsorption
isotherms of phosphate on Cuntan sediment at different temperatures are
illustrated in Fig. 5.7. The results show that the adsorption process of phosphate
on the sediments is the endothermic reaction as the phosphate adsorption rate
increased along with the increasing temperature. Temperature and DO
concentration affected phosphate release and adsorption. With an increase in
temperature the DO concentration often decreases. All these promote phosphate
adsorption. This study only considered the temperature effect.

The adsorption isotherms of the four sediments from Cuntan, Xiaojiang, Daning
and Xiangxi sediments from the Three Gorges Reservoir on the Yangtze River at
278, 293 and 303 K were regressed by the Langmuir model and modified
Langmuir model, respectively. The veracity of those results was evaluated by R’
(Table 5.5). The results showed that the adsorption isotherms of phosphate on the
four different sediments were more fitted to the modified Langmuir model
(R*>0.95). Theoretically, the maximum adsorption amount (Opay) at 278, 293 and
303 K was 0.284-0.574 mg P/g for Xiaojiang sediment, 0.156—0.453 mg P/g for
Daning sediment, 0.09-0.177 mg P/g for Cuntan sediment, and 0.11-0.158 mg P/g
for Xiangxi sediment.

Thermodynamic parameters of the adsorption of phosphate on the different
trophic sediments, including AH” heat of adsorption and AS° entropy change, were
calculated using the following equations:

AG" = AH® —TAS° (5.9)
InK =AH’/RT +AS° /R (5.10)

where AH’ is the heat of adsorption (kJ/mol), AS® is the entropy change
(kJ/(K-mol)), AG" is the free energy change (kJ/mol), T is the absolute temperature
(K), R is the gas constant (kJ/(K-mol)) and K is a constant related to the adsorption
energy (mol*/kJ?).

The values of the thermodynamic parameters are shown in Table 5.4. The
values of AH’ are obtained from the slope of each plot. The results show that the
adsorption of phosphate on the four sediments is an endothermic process. This
indicates the spontaneity of the process, the adsorption favored at higher
temperatures. The values of AH’ for adsorption of phosphorus by Cuntan,
Xiaojiang, Daning and Xiangxi sediments were 18.92, 25.49, 46.63 and 31.88
kJ/mol, respectively. That is, the value of AH" for adsorption of phosphorus by
Daning sediment was higher than that of Cuntan, Xiaojiang and Xiangxi
sediments. In this study, the physical meaning of AH’ is the heat of adsorption
change of the per mol phosphate distributing from unit water to unit sediment. So
the adsorption process of phosphate on the sediments from the Daning sediment
was easier than that from the Cuntan, Xiaojiang, and Xiangxi sediments, and was
less affected by temperature.
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Table 5.4 Langmuir parameters for P adsorption on the studied sediment samples at different
temperatures and standard adsorption heat

Onmax (Mg/g) b R
Samples 545 BE5 S5 BEs Es Eis InK~1/T AF°
® §% 55T 5% 5% 5T 55% (kJ/mol)
EE SEE EE SEE& E§& S E5E
3 =3 3 =3 3 = 5

278  0.092 0.090 2.640 1844 0931  0.998
E=1
<
£ 293 0.197 0.165 4935 3.186 0938  0.986 -2275.4/T+8.832 18.92
O R*=0.95

303 0217 0.177 6930  3.544 0945  0.997
0 278 0310 0284 2648 1.623 0921  0.998
g InK=
= 293 0427 0402 3974 3421 0918 0972 —3065.8/T+11.562 25.49
3 R*=0.94

303 0446 0574 2203 3905 0935  0.997

278  0.158  0.156 2079 1511 0918  0.99
e InK=
El 293 0220 0358 3239 5743 0911 0959  —5608.4/T+20.67 46.63
o} R=0.95

303 0237 0453 1514 7573 0923  0.998

278  0.120 0.110 5789 1109 0926  0.989
E Ink=
g 293 0200 0.150 6.807 1713 0901  0.967 -3834.4/T+13.822 31.88
= R*=0.92

303 0364 0.158 19.56  3.628 0.942 0.999

5.5 Ionic Strength

Three different ionic strengths, 0.001, 0.01 and 0.1 mol/L KCl, were used in
phosphate adsorption experiments on Daning sediment and treated sediments and
the results are compared in Fig. 5.8. All of the adsorption measurements on
Daning sediment and treated sediments were modeled empirically using a
modified Langmuir-type adsorption isotherm. It was evident that the modified
Langmuir model had a good fit with the experimental data for the sediments.
Phosphate sorption on the different sediments increased with the decrease in
salinity, which may be due to competitive effect. This result was consistent with
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others (Zhang and Huang, 2011). However, some researchers found the contrary
effect (Wang et al., 2006). That is, the phosphate sorption rate increased with an
increase in ionic strength. In their experiments, as ionic strength increased from
0.001 to 0.01 mol/L KCI the sorption capacity increased 20% at a constant pH
(6-7). This increase can be attributed to the macromolecular phosphate
configuration (Wang et al., 2006): In high ionic strength solution, the negative
charges on phosphate macromolecules were well screened and consequently the
phosphate molecules wound up like random coils. In this more compact
configuration, more phosphate can be sorbed onto a given area of sediment
surface. As ionic strength decreased, the unscreened negatively charged function
groups repelled each other and consequently the molecules spread out as flexible,
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Fig. 5.8 The adsorption isotherm of P on Daning sediment (a) and its treated sediments A1 (b),
A2 (c) at different inoic strength

linear polymer molecules. In this configuration the molecules are more spaced out
on the surface, resulting in lower sorption density. This suggests that organic
matter was one of the most important factors affecting phosphate sorption at the
sediment—water interface.
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6

Mathematical Modeling and Numerical Simulation

6.1 Overview

Eutrophication has become a major environmental water issue in many parts of the
world. Emission of excessive nutrient loads generated from point and non-point
pollution sources into water bodies such as lakes, reservoirs and rivers leads to
high phytoplankton biomass growth. An overabundance of algal biomass causes
water quality problems, like variation in the diurnal oxygen level, oxygen
depletion in deep water, unpleasant tastes and odors in the water supply, clogging
of filters in water treatment plants, and adverse effects on water-contact sports and
recreation. With the rapid development of agriculture and industry, eutrophication
has recently been observed in a variety of water bodies in China, including
Chaohu Lake (Yin and Hang, 2003), Dianchi Lake (Sun and Guo, 2002), Taihu
Lake (Liu and Chen, 2006) and the Miyun Reservoir (Li et al., 2007).

To carry out quantitative prediction of water quality changes and scenario
analysis, mathematical models are often used as an effective technical tool.
Generally, the mathematical models used in simulating eutrophication issues can
be divided into 4 kinds: simple regression model, simple nutrients balance model,
water ecological system model and structurally dynamic eutrophication model.

The simple regression model is based on a great amount of statistical analysis of
water quality and biological data, most of this used to describe the relationship
between algae chlorophyll a and phosphorus or transparency (Vollenweider, 1975;
Dillon, 1975). In the 1970s, the Organisation for Economic Co-operation and
Development (OECD) organized co-operation research for lake eutrophication in
the world. About 200 main lakes were considered, and an obvious relationship
between limited productivity of nutrient elements and lake eutrophication status
indicators was discovered (Liu et al., 1987). A simple regression model only needs
less parameters. It can be used to forecast the rough trend of water quality in a
lake or reservoir. But the regression model is derived from a specific research area,
so portability is not possible.

The phosphorus balance model is the typical representative of simple nutrients
balance models. Many researches have showed that phosphorus is the limiting
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factor in lake eutrophication. In 1969, Vollenweider developed the total
phosphorus material balance model for the first time. Take the lake as a black box,
according to the principle of material balance. He assumed that the phosphorus
concentration changing over time is equal to the input of phosphorus minus
sedimentary phosphorus within a lake and output phosphorus per unit volume
(Peng et al., 2007). Later, many similarly improved nutrients balance models were
developed based on the phosphorus balance model (Imboden, 1974; Imboden and
Gachter, 1978). But the nutrients balance model may only suit small lakes or
reservoirs.

The water ecological system model is based on the mass, momentum and
energy balance equation, with the dynamic process of various ecological variables
as the core, to simulate the variation processes of ecological variables. At present,
water ecological system models are the main part of the eutrophication models.
Many scholars developed all kinds of complex water ecological system models to
simulate the physical, chemical, biological, ecological and hydrodynamic
processes of ecological systems (Malmaeus and Hékanson, 2004; George and
Michael, 2005; Jorgensen et al., 2002; Koelmans et al., 2001). Among them, the
Jorgensen model, CE-QUAL-W2 (Cole and Buchak, 1995), EFDC (the
Environmental Fluid Dynamics Code) model (Hamrick, 1992; 1996), and the
WASP (Water Quality Analysis Simulation Program) model (Wool et al., 2001)
are very popular.

The structurally dynamic eutrophication model was developed originally in the
1980s. It considered the plasticity and variability of a lake’s ecosystem. A set of a
continuous variation of the parameters and the objective function were used to
reflect the adaptation ability of biological ingredients to the changes in the
external environment. Exergy was the main objective function of the structurally
dynamic eutrophication model, and the model has been successfully applied in
many lakes.

Model tools like QUAL2K (Chapra et al., 2007), WASP, CE-QUAL-ICM
(Cerco and Cole, 1994), CE-QUAL-W2, MIKE (DHI, 1995; 1999), SMS (the
Surface Water Modeling System) (Henderson et al., 2004), and EFDC are
extensively used in modeling rivers, lakes, estuaries all over the world. However,
most of these models are applicable for small or meso-scale water environments.
Numerical modeling for macro-scale water environments is difficult due to
complex fluvial geomorphology, meteorological conditions, and fluctuations of
point and non-point pollutant emission. In addition, the demand for a vast quantity
of data for model calibration and verification also restricts the development and
application of water quality models to large scale water bodies.

As one of the biggest water conservancy projects in the world, the construction
of the Three Gorges Dam (TGD) has attracted a lot of attention from
environmentalists, since the project may cause significant ecological and
environmental changes over a wide area (Edmonds, 1992; Wu et al., 2004). The
Three Gorges Reservoir Region (TGRR) is affected directly by the reservoir water
impoundment and has been researched a lot. A direct consequence of the reservoir
impoundment is the decrease in the flow velocity, which causes more sediment
settling, slower pollutant transportation and lower DO concentrations in deep
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water. In some tributaries, the flow velocity decreases to less than 0.01 cm/s in the
backwater zones where water containing high total nitrogen (TN) and total
phosphorus (TP) enters because of the rising water level (Li et al., 2002).
Eutrophication appears frequently in TGRR (MEP, 2004; 2005; 2006; 2007).

The TGRR ranging from Chongqing City to Yichang City, Hubei Province
(106°16" ~111°28E, 28°56'~31°44'N) (Fig. 6.1) refers to the area affected by the
water impoundment of the TGP and covers an area of 5,4000 km® (Zhang et al.,
2009). Most of this area is mountainous and the west, with an elevation of
between 1000-2500 m, is generally higher than the east (about 500-900 m). The
tropical monsoon climate of northern Asia characterizes the study area. The
annual mean temperature, precipitation, evaporation rate and wind speed are 18°C,
1170 mm, 1300 mm, 1.4 m/s, respectively. In the TGRR, the water resource is
quite plentiful with an average flow of 40.56 billion m’ per year, in which
underground runoff accounts for about 21%. The temporal and spatial distribution
is very uneven and the northwest is short water resources in spring and winter time.
There are more than 44 tributaries whose drainage area is larger than 100 km?,
including Jialing River, Wujiang River and Daning River etc. (Deng, 2007).
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Fig. 6.1 Location of monitoring stations in the TGRR

Modeling research has been undertaken for more than 20 years in the TGRR. In
1991, a report on “The Impact of the Three Gorges Project on the Ecology and
Environment” was completed by the Changjiang Water Resources Protection
Institute coordinating with the Chinese Academy of Sciences and other institutes
(CWRPI and CAS, 1991). In this report, due to the limitation of the technical
conditions, qualitative evaluation of the effects of water impoundment on water
quality was preliminarily carried out, and only a few empirical formulae and
simple mathematical models were used (Yu, 2008). During 1989~2001, using 2-D
and quasi 2-D vertically mixed models, Chongqing Environmental Science
Institute cooperating with research institutes from the United Kingdom and
Denmark launched a series of hydrodynamic and water quality simulations in the
Chonggqing section. COD, NH4-N, BODs, and other water quality parameters were



128 6 Mathematical Modeling and Numerical Simulation

simulated; however, water environment changes in the entire reservoir area were
not involved in their research. In 1996, a systemic research program, Water
Pollution Control in the Three Gorges Reservoir Area Program, was launched by
the Three Gorges Project Construction Commission of the State Council and
several research organizations (Huang et al., 2006). Three topics were included in
their program: (1) identification of current pollution loads and forecast of the trend;
(2) analysis of water quality change caused by water impoundment; and (3)
assigning water environmental capacity of pollutants. For the purpose of
predicting the water environment in different impoundment conditions, a 1-D
hydrodynamic and water quality model was developed by China Institute of Water
Resources and Hydropower Research for the entire reservoir area, from the dam to
about 660 kms upstream (Li et al., 2002). Due to restrictions of basic data, the
model does not take into account the impact of sediment, and some biochemical
processes had to be simplified. For example, phosphorus was treated as a
conservative substance. To investigate adsorption and desorption of TP on the
sediment and TP, Yu (2008) introduced a water quality model for sediment-laden
flow. However, the process was very simple.

In this chapter, a macro-scale one-dimensional integrated model including
hydrodynamics, sediment and water quality sub-models was developed, based on
former models (EFDC). In the spatial scale, the model included the whole
backwater zone of about 660 km, and data obtained in 11 monitoring stations were
used for model establishment, calibration and verification. On the temporal scale,
the calibration and verification process lasted 2 complete hydrological periods,
2004 and 2006 respectively. In addition, more water variables were simulated and
more complicated biochemical processes were considered, for example, diagenesis
in the sediment bed, which is an internal source of inorganic phosphorus and
nitrogen in the water column. With this model, hydrodynamic and water quality
conditions for each section under various scenarios can be obtained (Zhao et al.,
2011). The simulation results can be used as boundary conditions when simulating
eutrophication in tributaries. Then a 3-D eutrophication model for Daning River
confluence mouth using EFDC software was constructed. The calibration period
was from February 10, 2006 to November 11, 2006, and the validation period was
from January 24, 2007 to October 1, 2007 according to the data availability. The
model can simulate the spatial and temporal variation characteristics of water
temperature, sediment, DO, TP, TN and Chl-a.

6.2 Mathematical Models and Numerical Simulation

6.2.1 Model Description

The EFDC model, originally developed by John Hamrick at the Virginia Institute
of Marine Science (VIMS), is a general purpose 3-D modeling package for flow,
pollutant transport and biogeochemical processes in surface water systems
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including rivers, lakes, estuaries, reservoirs, wetlands and coastal regions
(Hamrick, 1992). In addition to hydrodynamic, salinity and temperature transport
simulation capabilities, EFDC is capable of simulating cohesive and non-cohesive
sediment transport, near field and far field discharge dilution from multiple
sources, eutrophication processes, the transport and fate of toxic contaminants in
the water and sediment phases, and the transport and fate of various life stages of
finfish and shellfish. Special enhancements to the hydrodynamic portion of the
model, including vegetation resistance, drying and wetting, hydraulic structure
representation, wave-current boundary layer interaction, and wave-induced
currents, allow refined modeling of wetland marsh systems, controlled flow
systems, and near shore wave induced currents and sediment transport (Park et al.,
2000).

The structure of the EFDC model includes four major modules: (1) a
hydrodynamic sub-model, (2) a water quality sub-model, (3) a sediment transport
sub-model, and (4) a toxics sub-model. The hydrodynamic sub-model, EFDC, was
developed by Hamrick (1992; 1996). The model solves the Navier—Stokes
equations for a water body with a free surface. The two turbulence parameter
transport equations implement the Mellor and Yamada’s level 2.5 turbulence
closure scheme (Mellor and Yamada, 1982) as modified by Galperin et al. (1988).
Both the turbulent kinetic energy and the turbulent length scale are solved using
dynamically coupled transport equations. In the vertical direction, sigma
coordinates, with the hydrostatic assumption, are used in the model. Horizontally,
curvilinear orthogonal grids are used. A multiple-class sediment transport model
(Kim et al., 1998; Lin and Kuo, 2003) and a wetting and drying scheme (Ji, 2001)
are included in the model. The water quality sub-model (Park and Kuo, 1996; Park
et al., 1998) consists of a water column water quality model and a sediment
diagenesis model, both linked internally. The water column water quality model
simulates the spatial and temporal distributions of 21 state variables in the water
column. The simulated kinetic processes in the water quality sub-model (Fig. 6.2)
include algal growth, metabolization, predation, hydrolysis, mineralization,
nitrification and denitrification. The kinetic formulations in the model are mostly
from CEQUAL-ICM (Cerco and Cole, 1993; 1994), with differences listed in
(Park and Kuo, 1996; Park et al., 1998; 2000).

A sediment process model (Fig. 6.3), developed by Di Toro and Fitzpatrick, is
coupled with the water column water quality model to simulate processes in the
sediments and the sediment—water interfaces (Di Toro and Fitzpatrick, 1993).

The EFDC model’s hydrodynamic component is based on the 3-D hydrostatic
equations formulated in curvilinear-orthogonal horizontal coordinates and a sigma
vertical coordinate. According to anelastic approximation and Boussinesq
approximation, the governing equations are:

(1) The momentum equations

0,(mHu)+ 0, (m,Huu)+0 (m Hvu)+0_ (mwu)—(mf +v0 m,—ud m)Hv
=-m,H0 (g&+ p)—m,(0,h—z0 H)0.p+0, (mH™"4,0.u)+Q,
(6.1)
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0,(mHv)+0 (m Huv)+0 (m Hvv)+0_ (mwv)+(mf +v0 m, —ud m )Hu
= —mxHGy (gd+p)—m, (avh - z@yH)@zp +0, (mH‘lAvazv) +0,

(6.2)
0.p=~gH(p~p,)p;' =~gHb (6.3)
(2) The continuity equation
0,(m&)+0,(m, Hu)+0 (m Hv)+0_ (mw)=0 (6.4)
8,(m¢)+0,(m,H [[udz)+0,(m,H [ vdz)=0 6.5)
(3) The state equation
p=p(p,S,.T) (6.6)

(4) The transport equation for salt and temperature

0,(mHS,)+0 (m HuS,)+0,(m HS,)+0,(mwS,) =0, (mH 'K 0,S)+0  (6.7)
0,(mHT)+0 (m HuT)+0 (m HvT)+0 (mwT)=0 (mH 'K 0.T)+0Q, (6.8)

(5) The transport equation for suspended sediments

0,(mHS)+0, (myHuS) +0, (m HvS)+0_(mwS)-0 (mwst)

6.9
m . X (6.9)
=0 | —~HK,0S|+0,| —~HK,0 S |+0,| m—=2.S |+ 0O
m, “\m, ; H
(6) The water quality governing equation
0, (m,m HC)+ 0, (m HuC) + 6}, (m HvC)+0, (m,m,wC)
m HA m_HA, y (6.10)
=0,(——0,0)+0,(——>0,C)+0_(mm,~=0.C)+mm HS,
m, m, H

where, u, v and w are the velocity components in the curvilinear, orthogonal
coordinates and sigma vertical coordinate x, y and z; m, and m, are the square roots
of the diagonal components of the metric tensor; m = m, m, is the Jacobian of the
metric tensor determinant; 4, is the vertical turbulent viscosity; f is the Coriolis
parameter; H is depth of water body; { is elevation of water surface; p is the
physical pressure; p is the density; S, is the salinity; 7 is the temperature; Q, and
0, are momentum source-sink terms; Oy, represents external sources and sinks for
salt; O, represents external sources and sinks for temperature; S is the suspended
sediment concentration; K, and K are vertical and horizontal turbulent diffusion
coefficients; wy; is a positive settling velocity; Q; represents external sources and
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sinks for sediment; C is the concentration; 4,, 4, and 4. are turbulent diffusion
coefficients in x, y and z; S, represents external sources and sinks for solution. In
this study, it is assumed that C equals 0 and the density and temperature are
constants. The system of Egs. (6.1)—(6.10) provides a close system for the
variables u, v, w, p, p, Si, T, {, S and C.

The numerical scheme employed in EFDC to solve the equations of motion uses
second order accurate spatial finite difference. The model's time integration
employs a second order accurate three time level, finite difference scheme with an
internal-external mode splitting procedure. The EFDC model applies drying and
wetting in shallow areas by a mass conservative scheme, by which the astringency
of the model is improved. The EFDC theory in detail can be found in Hamrick
(1992).

6.2.2 Model Results Evaluation

The simulation results were evaluated using pre-defined statistics parameters, as

follows:
(1) Average Error (AE)

N
Z (Oi - X,' )
A =it (6.11)
N
(2) Relative Error (RE)
N
210~ % (6.12)
2.0,
i=l1
(3) Average Absolute Error (AEE)
N
> lo -x,
AAE="2 (6.13)
N

(4) Root Mean Square (RMS) Error

(6.14)
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where O is observed value (measured data in this manuscript); X is corresponding
model value in space and time; and N is number of valid data/model pairs.

6.3 A Macro-Scale One-Dimensional Integrated Model for the
Three Gorges Reservoir Area

6.3.1 Data Acquisition and Preprocessing

The basic data sets required to develop the models included topography,
hydrology, meteorological and water quality data. A topographic map, with a
resolution of 1:25000, was used to delineate the channel character, and bathymetry
data along the river was from the literature (Huang et al., 2006). The water surface
elevation and flow rate data from 2003—-2007 of 9 monitoring stations in the main
stream of the Yangtze River including Zhutuo, Cuntan, Changshou, Qingxichang,
Zhongxian, Wanzhou, Fengjie, Wushan, and Badong Stations, one station, Beibei
Station, located in the Jianglingjiang River and one station, Wulong, located in the
Wujiang River, were collected from the Bureau of Hydrology, Changjiang Water
Resources Commission. Meteorological data of the reservoir region including
atmospheric pressure, air temperature, precipitation, evaporation, relative
humidity, wind speed and solar radiation in 2003—2007 were downloaded from the
website of the Chingqing Meteorological Bureau (http://www.climate.cq.cn/).
Water quality data of COD, DO, NH4-N, NO;-N, TP and TN in 2003—-2007 in the
11 stations were obtained from the Bureau of Hydrology, Changjiang Water
Resources Commission. Daily sediment data in this period of 2003—2007 in the
monitoring stations of Zhutuo, Cuntan, Qingxichang and Wanzhou were obtained
from the same agency.

Nutrient loads of industrial and municipal point pollution sources in each
county and district in 2002 in the TGRR were obtained from China Environmental
Science Research Institute (CRAES), and data in 2004—2007 were collected from
the Three Gorges Bulletins (MEP, 2004; 2005; 2006; 2007). Non-point source
nutrient emission data were obtained from the statistics of Cao (2006) and Zhen et
al. (2009).

6.3.2 Model Configuration

Boundary fixed orthogonal curvilinear grids are used for delineating modeled
regions in the EFDC model. SEAGRID software of the U.S. Geological Survey
(Denham, 2006) was applied as the third utility to create 720 active cells for the
whole reservoir area. GEFDC software was used to create dxdy.inp and Ixly.inp
files (Hamrick, 1992). For the initial condition, water surface elevation, cohesive
sediment and other water quality variables for each active cell were interpolated
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according to monitoring data along the Yangtze River. Due to cohesive sediment
with particle sizes less than 100um accounting for about 90% of the total sediment
particles, non-cohesive and bedload were not activated in this model. In view of
collected data, only DO, NH,4-N, NO;-N, organic nitrogen (ON), orthophosphate,
organic phosphorus (OP), and COD were modeled in the water quality sub-model.
Condition variables not obtained from regular samples were derived according to
analysis and test results of Wang et al. (2008). As to the boundary condition,
Zhutuo Stations, Beibei Station and Wulong Station were treated as the inflow
boundary condition and the open boundary was the downstream Three Gorges
Dam. Meteorological conditions were used as the driving function for the model.
Default parameters were used initially for model running, and were adjusted
during calibration with data in 2004. Model validation was conducted with data
from 2006.

6.3.3 Parameters Estimation

The bottom roughness coefficient is adjusted frequently in hydrodynamic
modeling, which ranges from 0.01 m to 0.1 m (Ji, 2008). In this study, the bottom
roughness coefficient was 0.027 m, determined through model results comparison.
In the sediment sub-model of the EFDC version maintained by Dynamic Solution,
LLC (Craig, 2009), the setting velocity, Tau critical-deposition below which
deposition occurs, Tau critical-erosion above which erosion occurs, and reference
surface erosion rate are the main parameters needed to be adjusted for
non-cohesive sediment. Tau critical-deposition and Tau critical-erosion, with a
unit of m%s?, are computed by normalizing the shear stress by the water density.
In this model, the setting velocity, Tau critical-deposition, Tau critical-erosion and
reference surface erosion rate were 0.00002 m/s, 0.003 m?%/s%, 0.005 m*s’, and
0.0005 m%s”, respectively, for the cohesive sediment. In the water quality
sub-model, DO concentration is affected by the COD and NH,4-N decay rates, so a
maximum nitrification rate of 0.1 g N/(m*-day) and a COD decay rate of 0.025
day™” were adopted. A value of 0.1 was assigned for the partition coefficient for
sorbed/dissolved PO, to TSS. Used parameters are listed in Table 6.1.

Table 6.1 Parameters used in the Three Gorges Model

Parameters Unit Value
Roughness - 0.027
IC bed mass g/m’ 10000
Specific volume m/g 4.4E-07
Specific gravity - 2.25
Settling velocity m/s 0.00002

Tau critical-deposition m’/s” 0.003
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Parameters Unit Value
Tau critical-erosion m?/s’ 0.005
Ref. surf erosion rate g/(m*s) 0.0005
Maximum nitrification rate g N/(m*-day) 0.1
Oxygen half-sat constant for nitrification mg/L 1
NH, half-sat constant for nitrification g N/m® 1
Reference temperature for nitrification °C 20
Suboptimal temperature coefficient for nitrification - 0.069
Superoptimal temperature coefficient for nitrification - 0.0045
Minimum hydrolysis rate of RPON 1 day 0.005
Minimum hydrolysis rate of LPON 1 day’! 0
Minimum mineralization rate of DON 1 day™ 0.05
Partition coefficient for sorbed/dissolved PO, (to TSS ) 5
or TAM)
Minimum hydrolysis rate of RPOP 1 day 0.005
Minimum hydrolysis rate of LPOP 1 day’! 0
Minimum mineralization rate of DOP 1 day™ 0.05
Reaeration constant - 3.933
Temperature rate constant for reaeration - 1.024
Reaeration adjustment factor - 5
Oxygen half-sat constant for COD decay mg/L O, 1
Settling velocity for RPOM m/day 0.01
Reference temperature for COD decay °C 20
Temperature rate constant for COD decay - 0.041

6.3.4 Model Calibration

Based on the availability of the measured data, the data obtained in Cuntan,
Qingxichang and Wanzhou Monitoring Stations (Fig. 6.1) were selected for
parameter calibration. The period was 366 days, from January 1 to December 31,
2004. The time step was 60 s, and it took about 1 h to complete model
implementation. The simulation results were compared with measured data in the
following ways: the time series comparison in each station and the longitudinal
profile comparison in the whole reservoir region.

@ Time Series Comparison

For the purpose of simplicity, this chapter only gives the time series comparison in
the Wanzhou Station. The compared constituents included: water surface elevation,
flow rate, sediment, T, DO, NH4-N, NOs-N, TN, COD, and TP. Fig. 6.4 compares
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the simulation results and measured data. Table 6.2 lists statistical results on the
above-mentioned 9 variables except for flow rate in three stations, because of the
close relationship between flow rate and water surface elevation.

The simulated and measured water surface elevation matches very well
before and after the high flow period, and the simulation results are a little
greater than the corresponding measured values during the high flow period
(Fig. 6.4a). For the flow rate (Fig. 6.4b), there is a great change during a
hydrological period from several thousand m*/s to more than 60,000 m’/s. The
model simulated the flow rate satisfactorily in the low flow period, after which
there are some higher measured values. This may be caused by abundant inflows
from other ignored tributaries in the reservoir region such as the Yulin River, the
Daning River, and the Xiangxi River, etc, and the extreme peak value of the
measured data cannot be reproduced in the model process, but generally the errors
are very small, as shown in Table 6.2.
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Fig. 6.4 Time series comparsion of measured and simulated hydrological, sediment and water
quality results in the Wanzhou Station, 2004

Table 6.2 Simulated results analysis in Cuntan, Qingxichang and Wanzhou Stations, 2004

Data Model

Station ID Parameter Pairs Ave. Ave. AE RE AAE  RMS
Cuntan Water Surface (m) 366  162.40 161.63 -0.77 0.49 0.79 1.02
Qingxichang Water Surface (m) 366  141.62 142.37  0.76 0.56 0.79 0.94
Wanzhou Water Surface (m) 366 136.83 136.44 -0.40 0.29 0.40 0.65
Cuntan Sediment (mg/L) 366  299.46 257.03 -42.44 17.59 52.67 89.33
Qingxichang Sediment (mg/L) 366 244.19 216.85 -27.34 21.10 51.51 105.57
Wanzhou Sediment (mg/L) 366 166.21 167.82 1.61 24.62 4091 8545
Cuntan Temperature (°C) 55 21.46 21.19 -0.27 4.88 1.05 1.41
Qingxichang Temperature (°C) 49 21.41 20.57  -0.83 8.19 1.75 2.14
Wanzhou Temperature (°C) 66 21.71 21.30  -0.40 5.57 1.21 1.58
Cuntan Diss"xg/g"ygen 12 901 879 022 597 054 064
Qingxichang Diss"xg/g"yge“ 12 898 882  —0.16 7.0 0.63 077
Wanzhou Diss"gneg/g"yge“ 12 807 790 017 58 047 059
Cuntan Ammo(‘r‘:lz /IE")”Oge“ 12 015 020 005 4458 007  0.08
Qingxichang ~ Ammonia Nitrogen = 5 0.18 001  42.56 0.07  0.09

(mg/L)
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Data Model

Station ID Parameter Pairs AE RE AAE RMS
Avg. Avg.
Wanzhou ~ AmmoniaNitrogen )09 0.15 —004 3593 0.07  0.10
(mg/L)
Cuntan Nitrate Nitrogen 5 34 125 —009 785 0.11 015
(mg/L)
R Nitrate Nitrogen
Qingxichang (mg/L) 12 1.48 1.31 -0.17  11.99 0.18 0.21
Wanzhou Nitrate Nitrogen 12 147 131 —015 1206 018 022
(mg/L)
Cuntan Total N (mg/L) 12 1.84 1.90 0.06 11.68 0.22 0.26
Qingxichang Total N (mg/L) 12 1.90 1.95 0.05 13.85 0.26 0.30
Wanzhou Total N (mg/L) 12 1.72 189 017 1427 025 031
Cuntan Chemical Oxygen 12 1180 124 061 896 1.06  1.60
(mg/L)
R Chemical Oxygen
Qingxichang (mg/L) 12 12.11 11.79 -0.32 9.61 1.16 1.88
Wanzhou Chemical Oxygen 12 9380 1081 1.01  14.64 144  1.65
(mg/L)
Cuntan Total P (mg/L) 12 0.25 0.21 -0.03 2434 0.06 0.10
Qingxichang Total P (mg/L) 12 0.29 0.21 -0.09 3233 0.09 0.18
Wanzhou Total P (mg/L) 12 015 022 006 6141 0.09 0.13

The sediment concentration in the Wanzhou Station fluctuated, ranging from <5
mg/L in the low flow period to about 1800 mg/L or more in the high flow period
(Fig. 6.4¢), so it is quite difficult to simulate sediment process in this station. In
this study, the high sediment concentration process is considered mainly to reduce
global error (i.e. low AE, RE, AAE and RMS of the sediment simulation). From
Table 6.2, model accuracy is higher in the upstream stations due to fewer effects
of erosion, settlement, sedimentation and resuspension in the sediment
transportation process along the Yangtze River. In Table 6.2, AAE and RMS of
sediment are higher than the other variables with a higher concentration value than
the others. The same conclusion can be drawn from the simulation results of the
temperature (Fig. 6.4d).

Generally, the modeling of DO (Fig. 6.4e) and the nitrogen cycle (Figs. 6.4f,
6.4g, and 6.41) is better than the others and there are gaps between the simulation
results and the measured data of TP (Fig. 6.4j). DO concentration is important for
supporting the aquatic ecosystem, and prolonged exposure to less than 60%
oxygen saturation may result in altered behavior, growth reduction, adverse
reproductive effects and mortality. Fish will begin to feel stress when DO drops to
about 4 mg/L and swim away from the area where DO is below 3 mg/L. Mortality
of fish will occur and shellfish will begin to shut down (Karim et al., 2002).
Sources and sinks of DO in the water column included in the model are: algal
photosynthesis and respiration, nitrification, heterotrophic respiration of dissolved
organic carbon, oxidation of COD, surface reaeration for the surface layer only,
sediment oxygen demand (SOD) for the bottom layer only, and external loads
(Park et al., 2000). This study shows that the DO concentration in the water
column is primarily controlled by reaction rates of NH4,-N and COD; the DO
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comparison plot in Fig. 6.4¢ indicates that the measured DO concentration change
is reduplicated by the model by selecting available parameters for NH4-N and
COD reaction.

In Fig. 6.4f, the measured COD was in the range of about 2 mg/L to more than
12 mg/L. The simulation results are larger than the corresponding measured data
in the whole year, but both have a same change tendency. The REs (see Table 6.2)
in the three stations are as small as 8.96%, 9.61%, and 14.64%. AE, AAE and
RMS are also acceptable.

The temporal NH4-N concentration change is also represented in the model with
a maximum nitrification rate of 0.1 g N/(m®-day) (Fig. 6.4g). According to Table
6.2, AEs are very small in the three stations due to low concentration in the
reservoir region. The REs are 35.93% at the Wanzhou Station and 44.58% at the
Cuntan Station, which could be due to enormous variation in the field measured
data from <0.1 mg/L in the low flow period to 0.45 mg/L in the high flow period.
NO;-N (Fig. 6.4h) and TN (Fig.6.41) have the same trend as shown in Fig. 6.5,
because NO;-N accounts for more than 75% of TN in the TGR. The REs for
NO;-N and TN simulation are small according to Table 6.2. This can be explained
by the fact that the NO;-N concentration is less affected by external loads,
especially by non-point pollution sources during the high flow period.

The model result for TP (Fig.6.4j) before July is better than that for the
remaining days, when the measured data are lower than the simulation results. The
statistical results in Table 6.2 show that the errors are larger than the results of
other variables, in which the RE in WZ is 61%. In the EFDC model, TP is the sum
of the phosphorus dissolved in the water and adsorbed on the sediment or active
metals (Craig, 2009), but in the laboratory manual in China (Zhen, 2002), TP is
tested after a 30min stewing using the supernatant fluid containing part partial
sediment. There is no obvious discrepancy when the sediment content in water is
low but there is big difference in the Yangtze River with a sediment concentration
of about 2000 mg/L in the high flow period; a large portion of TP adsorbed in
cohesive sediment particles is ignored when using the Chinese standard analysis
method.

0.80 1.20 1.60 2.00
NO,-N (mg/L)

Fig. 6.5 Measured TN vs. NOs-N curve in Wanzhou station in 2004

® Longitudinal Profiles Comparison

To evaluate the established EFDC model in the whole reservoir, longitudinal



140 6 Mathematical Modeling and Numerical Simulation

profiles were plotted and the measured data and simulation results were compared
in all 9 stations along the Yangtze River in the TGRR. Results over three days
representing the low flow period (02/12/2004), the mean flow period (05/10/2004)
and the high flow period (08/08/2004) are given in Fig. 6.6. Water temperature
along the river was not plotted because of little spatial variation in the reservoir.

Fig. 6.6a indicates that the water surface elevation is simulated satisfyingly
along the river in three flow periods. There are 3 only stations conducting
sediment sample analysis. Sediment distribution in the low period is reproduced
well by the model (Fig. 6.6b) due to the small variation in sediment contents from
upstream. However, sometimes the sediment simulation results from the other two
flow periods do not coincide with the measured data. The reason is the frequent
occurrence of flooding with high sediment levels. The measured data greatly
fluctuate during different sampling times in a flood period.

The simulated DO concentration matches the measured DO data in the upper
section in each flow period (Fig. 6.6¢), but it is lower than the measured DO in the
downstream stations near the TGD. During the field measurement of DO, only
surface DO concentration is measured; however, in the model, the simulation DO
is the average value at average water depth.

For COD (Fig. 6.6d), the simulation results in the average flow period are better
than in the other two periods. There is a sharp increase in COD at a distance of
140 km to 160 km, due to industrial and domestic load emissions in Chongqing
City. A large decrease is observed at the confluence with the Jialingjiang River;
then the COD level decays till the location of Changshou District (214 km) where
an increase in COD concentration appears with the merger of the Wujiang River
(258 km). Then, COD decreases again. It increases in Wanzhou District (458 km).
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Fig. 6.6 Comparison of measured and simulation results along the Yangtze River, 2004

A similar trend can be seen from the results of NH,4-N, too (Fig. 6.6¢).

Generally, NOs;-N (Fig. 6.6f) and TN (Fig. 6.6g) has the same simulation
efficacy, though an increase occurs in TN in Chongqing City due to a large
discharge of NH4-N. In contrast to the result in the high flow period, there is a
high consistency between the modeled and the measured TP concentration during
the low and mean flow period shown in Fig. 6.6h. The measured concentration is
lower than that predicted during the high flow period.

6.3.5 Model Validation

A method similar to calibration was employed for the verification process.
Measured data from Cuntan, Qingxichang and Wanzhou Stations were used for
time series comparison, and the period lasted for 365 days, between January 1 and
December 31, 2006. For simplicity, only the results of Wanzhou Station are given
in Fig. 6.7. Table 6.3 provides statistical results. Fig. 6.8 shows longitudinal
comparison results of hydrodynamic and water quality variables at 9 stations in
the whole reservoir region during low, mean and high flow periods.
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@ Time series Comparison

During the high flow period, the measured water surface elevation data (Fig. 6.7a)
were higher than the simulated ones, but were close to simulation results in the
low and average flow periods. AE, RE, AAE, and RMS are small at the three
monitoring stations and the relative errors (RE) are less than 1%. The simulated
flow rate data fit with the field measured data except in the high flow period (Fig.
6.7b).

The dynamic changeable process of sediment (Fig. 6.7c) was simulated in the
model at Wanzhou Station. There is little difference between the modeled
sediment concentration and measured field data at Wanzhou Station, and the AE,
RE, AAE and RMS are 17.82, 49.12%, 45.70, and 99.43 (Table 6.3). The reason
may be caused by high concentration values during the high flow period not being
captured in the model. The high concentration sediment is chiefly from soil
erosion upstream in the Chanjing River. Statistical results in Table 6.3 show that
the model simulated the sediment levels at the upper stations—Cuntan and
Qingxichang—better than at Wanzhou Station (AE, RE, AAE, and RMS are
—-48.90, 22.16%, 58.39, and 23.23 at Cuntan Station, and are —35.80, 28.05%,
58.59, and 21.99 at Qingxichang Station) in Table 6.3. The simulated temperature
is lower than the measured values during the low and average flow periods.
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Fig. 6.7 Comparison of simulation results and measured data at Wanzhou Station, 2006

Table 6.3 Simulated results analysis at Cuntan, Qingxichang and Wanzhou Stations, 2006

Station ID Parameter Pairs Data Avg. Model Avg. AE RE AAE RMS

Cuntan Water Surface (m) 365 160.57 160.44 —-0.14 0.63 1.01 831
Qingxichang Water Surface (m) 365 142.98 143.89 0.91 0.67 096 8.08
Wanzhou  Water Surface (m) 365 140.20 140.09 -0.11 0.14 0.20  0.30
Cuntan Sediment (mg/L) 365 263.50 214.59 —-4890 22.16 5839 2323

Qingxichang Sediment (mg/L) 365 208.85 173.05 -35.80 28.05 5859 21.99
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Station ID Parameter Pairs Data Avg. Model Avg. AE RE AAE RMS
Wanzhou  Sediment (mg/L) 365 93.05 110.86 17.82  49.12 45.70 99.43
Cuntan Temperature (°C) 56 21.25 20.98 -0.28 4.96 1.05 136
Qingxichang Temperature (°C) 54 21.39 20.65 —0.74 6.01 1.29 1.6l
Wanzhou  Temperature (°C) 65 21.71 21.41 —-0.30 5.67 123 1.59
Cuntan ~ Dissolved Oxygen 742 9.15 173 2330 173 178
(mg/L)
L. Dissolved Oxygen
Qingxichang (mg/L) 18 7.39 9.21 1.82 2457 182 193
Wanzhou ~ Dissolved Oxygen —; 7.83 8.36 053 865 068 0.78
(mg/L)
Ammonia Nitrogen
Cuntan 17 0.19 0.17 002 2448 005 0.07
(mg/L)
L Ammonia Nitrogen
Qingxichang (mg/L) 18 0.15 0.16 001 1756 003 0.04
Wanzhou ~Ammonia Nitrogen 0.24 0.21 ~0.03 2464 006 0.07
(mg/L)
Cuntan ~ itrate Nitrogen 126 127 001 967 012 0.16
(mg/L)
Qingxichang itrate Nitrogen g 133 135 002 1305 017 026
(mg/L) : : ‘ : : :
Wanzhou ~ itrate Nitrogen 1.37 139 002 887 012 0.5
(mg/L)
Cuntan Total N (mg/L) 17 1.75 1.66 -0.10 13.55 024 042
Qingxichang  Total N (mg/L) 18 1.78 1.74 -0.04 9.22 0.16 0.19
Wanzhou  Total N (mg/L) 17 1.67 1.83 017 1133 019 023
Cuntan ~ Chemical Oxygen 9.73 10.51 078  9.69 094 124
(mg/L)
L Chemical Oxygen
Qingxichang (mg/L) 18 9.73 10.35 0.62 11.02  1.07 129
Wanzhou ~ Chemical Oxygen 7.72 9.45 173 2323 179 227
(mg/L)
Cuntan Total P (mg/L) 19 0.15 0.16 001 3417 0.05 0.08
Qingxichang  Total P (mg/L) 18 0.17 0.14 -0.03 21.76  0.04 0.05
Wanzhou  Total P (mg/L) 17 0.11 0.15 0.04 4759 005 0.08
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Fig. 6.8 Longitudinal profile comparison along the Yangtze River, 2006
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Fig. 6.7e shows that the profile of DO concentrations is simulated with the
EFDC model satisfactorily. According to Table 6.3, REs are small at the 3 stations,
from 8.65% at Wanzhou Station to 23.30% at Cuntan Station.

Fig. 6.7f illustrates that the simulated COD results are higher than the measured
data during the period January to May, 2006, after which the model worked very
well. The overall RE is around 25%. In Fig. 6.7g, a part of measured NH4-N
concentration values is higher during the first half of 2006, and the same condition
appears in the TN simulation (Fig. 6.71). There is a high fit between the measured
and simulated NO;-N concentration during 2006 (Fig. 6.7h). Similar to the
condition in 2004, the simulated TP concentration data are higher than the
measured during the high flow period, as shown in Fig. 6.7j.

The RE of TP is the highest among the simulated variables with a high value of
47.59% at Wanzhou Station, which is the largest among variables because of a
different sampling method.

@ Longitudinal Profiles Comparison

Fig. 6.8a indicates that the water surface elevation was simulated satisfyingly
along the river in three flow periods. There are 3 only stations conducting
sediment sampling in the reservoir region. Sediment distribution in the low period
is reproduced well in the model. However, the sediment model results in the mean
and high flow periods do not coincide with the partially measured results (Fig.
6.8b). In Fig. 6.8c, there is a good fitness for the modeled and the measured DO in
the low and mean flow periods, but a few differences appear in the high flow
period and the results are lower than the measured ones near the Three Gorges
Dam. Waste load discharges and decay conditions of COD and NH,-N along the
Yangtze River are revealed in Figs. 6.8d and 6.8e. The model also simulates
NO;-N and TN variation in the water column satisfactorily, illustrated in Fig. 6.8f
and Fig. 6.8g. In contrast to the result in the high flow period, there is a high
consistency between the modeled and the measured TP concentration during the
low and mean flow period shown in Fig. 6.8h.

6.4 Three-Dimensional Eutrophication Modeling at the Daning
River Confluence at Mouth of the Three Gorges Reservoir Area

6.4.1 Data Acquisition and Preprocessing

The hydrological, meteorological and water quality data required for the model
simulation mainly were collected from the Hydrological Bureau of Changjiang
Water Resources Commission, Chongqing Municipal Meteorological Bureau and
Wushan County Environmental Monitoring Station, etc. The hydrological data
includes water level and flow data at Wuxi and Dachang hydrological cross
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section, and water level data at Daning River confluence. The meteorological data
is comprised of atmospheric pressure, air temperature, relative humidity,
precipitation, evaporation, solar radiation, wind speed and wind direction, which
are primarily used to configure the asper.inp file. The water quality data includes
water quality monitoring data for the upper, middle and lower layer at Dachang,
Shuanglong and Longmen hydrological cross sections. The detailed data is
comprised of water temperature, CODyy,, TN, TP, Chl-a, DO, ammonia nitrogen
and nitrate nitrogen. Besides some water quality variables which can be added into
the Daning River model directly (such as DO and water temperature), the other
variables are obtained in accordance with the TN and TP proportion with a similar
approach to the Three Gorges Model as in 6.3. The variables are divided into
cyanobacteria, green algae and diatoms according to the proportion of Chl-a and
algae.

6.4.2 Model (onfiguration

The study area was subdivided into 1560 cells horizontally and 4 layers vertically
by using Delft3D software, and these cells were imported into the EFDC_Explorer,
so each layer had 1560 cells and 6240 cells in total (Fig. 6.9). The calibration
period was from February 10, 2006 to November 11, 2006, and the validation
period was from January 24, 2007 to October 1, 2007 according to the data
availability. The dynamic time step was adopted, and the minimum step length
was set to 0.5 s. The computing time for once need approximately 40 h (AMD
Dual Core 1300+, 1 GB memory). Setting the Dachang hydrological cross section
as flow boundary, its flow data was calculated from data at Wuxi hydrological
station. The river mouth was set as an open boundary condition. The calculation
adopted an improved EFDC.exe file, which improved the algae reaction module
and added a module reflecting the hydrodynamic effects on the algae (Eqs. (6.15)
to (6.17)).
The original equation:

Px=PMxx f(N)x f(I)x f(T) (6.15)
The improved equation:
Px=PMxx f(N)x f(I)x f(T)x f(V) (6.16)
where
f()=0.7%" (6.17)

where P, is production rate of algal group x; PM, is maximum growth rate under
optimal conditions for algal group x; AN) is effect of suboptimal nutrient
concentration, 0<f{N)<1; ) is effect of suboptimal light intensity, 0< f{)<1; AT)
is effect of suboptimal temperature, 0< f{7)<1; V'is flow velocity.
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Fig. 6.9 Orthogonal curvilinear grids of the Daning River eutrophication model

6.4.3 Parameter Estimation

Used parameters are listed in Table 6.4.

6.4.4 Model Calibration

The model calibration aims to reduce the error between model output and
measured value by adjusting the parameter values. The calibration for the Daning
River model was carried out by manual operation and calculated approximately
150 times. As the study area is in the backwater zone, the height of water variance
is small and the hydrodynamic process is unobvious. In addition, there are no
hydrological stations in the study area. Therefore, this study did not carry out the
simulation work of the water level at each hydrological cross section and only
provided flow velocity simulation results from the Dachang stream segment to the
Daning River confluence (Fig. 6.10), which aimed to analyze the changes in water
quality condition. The model calibration was carried out by comparing the
simulated and measured values at the Shuanglong and Longmen hydrological
cross section. The Shuanglong and Longmen hydrological cross section are
routine environmental monitoring sections of Wushan Environmental Monitoring
Station. Each section has upper, intermediate and lower monitoring points, which
can supply support for the calibration of the three-dimensional model.

According to Fig. 6.10, the flow field of the Daning River backwater zone is
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controlled by influx from upstream Dachang segment and return water from the
main stream. The flow direction is not unidirectional like ordinary flow direction.
In the wet season, the amount of water from upstream is large and the water flows
into the Yangtze River through the Daning River confluence. The Three Gorges
Reservoir begins to store water and the water flows backward from the main
stream to the backward zone after the flood season.

Table 6.4 Parameters of the Daning River eutrophication model

Parameter Unit Value

Roughness height m 0.02
Specific volume m'/g 3.77E-07
Specific gravity - 2.65
Settling velocity m/s 0.00002
Tau critical-deposition m¥/s’ 0.001
Tau critical-erosion m?/s’ 0.002
Ref. surf erosion rate g/(m*s) 0.0005
Maximum nitrification rate ¢ N/(m’-day) 0.0005
Oxygen half-sat constant for nitrification g Oym’ 0.1
NH, half-sat constant for nitrification g N/m® 0.1
Reference temperature for nitrification 20
Partition coefficient for sorbed/dissolved PO4 0.04
Settling velocity for refractory particulate organic matter ~m/day 1
Settling velocity for liable particulate organic matter m/day 1
Reaeration constant 3.933
Temperature rate constant for reaeration 1.024
Maximum growth rate for algae 1 day 5.5
Basal metabolism rate for cyanobacteria 1 day’! 0.01
Basal metabolism rate for diatoms 1 day™ 0.05
Basal metabolism rate for greens 1 day 0.01
Predation rate on cyanobacteria 1 day’! 0.1
Predation rate on diatoms 1 day’! 0.05
Background light extinction coefficient Im’ 0.475
Light extinction due to TSS 1 m” per mg/L 0.015
Lower optimal temperature for growth, Cyanobacteria °C 16
Upper optimal temperature for growth, Cyanobacteria °C 20
Lower optimal temperature for growth, Diatoms °C 9
Upper optimal temperature for growth, Diatoms °C 15
Lower optimal temperature for growth, Greens °C 10
Upper optimal temperature for growth, Greens °C 30
Optimal depth for growth m 1
Settling velocity for Cyanobacteria m/day 0
Settling velocity for Diatoms m/day 0.02

Settling velocity for Greens m/day 0.02
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Fig. 6.10 Velocity field

The comparison between simulated results and measured values of water
temperature, sediment, DO, TN, TP, Chl-a at the Shuanglong Section are shown in
Fig. 6.11, where S represents the surface layer, M represents the middle layer, and
B represents the lower layer. The statistical results for the water quality variables
at the Shuanglong Section are shown in Table 6.5. The comparison between
simulated and measured values and the statistical results of water quality variables
at the Longmen Section will not be shown here.

(1) Calibration Results at the Shuanglong Section
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Fig. 6.11 Calibration results at the Shuanglong Section, 2006 (S-upper layer; M-intermediate
layer; B-lower layer)

Table 6.5 Statistical results of water variables at the Shuanglong Section, 2006

Variable Layer ~Measured - Caleulated )\ p g AR RMSE
value value
Dissolved S 9.07 8.03 ~1.03 1140 1.03 123
oxygen (mg/L)
Dissolved M 8.20 7.79 041 943 077 086
oxygen (mg/L)
Dissolved B 8.16 771 045 886 072 083
oxygen (mg/L)
Sediment (mg/L) S 3.88 1.20 267 7285 282  3.65
Sediment (mg/L) M 426 1.69 257 7344 313 385
Sediment (mg/L) B 4.98 1.69 2329 79.04 394 456
Temperature (°C) S 20.38 21.47 110 565 115 154
Temperature (°C) M 19.31 20.54 1.23 6.87 1.33 1.68
Temperature (°C) B 18.94 20.10 1.16 7.39 1.40 1.70
Total N (mg/L) S 1.07 1.47 040 39.08 042  0.57
Total N (mg/L) M 1.25 1.36 011 3141 039  0.51
Total N (mg/L) B 1.19 1.33 0.14 3387 040  0.50
Total P (mg/L) S 0.05 0.05 0.01 4378 002  0.03
Total P (mg/L) M 0.06 0.05 ~0.01 4755 0.03  0.03
Total P (mg/L) B 0.05 0.05 0.00 4649 002  0.03
Chl-a (pg/L) S 451 1.26 326 7219 326 4.12




152 6 Mathematical Modeling and Numerical Simulation

The changes in water temperature affect the reaction rate of each water quality
variable. The accurate simulation of water temperature is the prerequisite of high
quality simulation of water quality. As can be seen from Fig. 6.11a, the simulated
water temperature was in good conformity with measured values at the
Shuanglong Section. The values of AE, RE, AAE, RMSE are relatively small.
Take the RE as an example; the largest relative error was just 7.93% among the
upper, middle and lower layers at the Shuanglong Section.

Although the simulated results of sediment were lower than the measured
values (Fig. 6.11D), the entire trend showed no difference, and there were better
results in the vicinity of the crest values. It also can be seen from Table 6.5 that
the RE was close to 80% because of small simulated results. However, these
unfavorable results had little impact on the transparency and algae growth due to
low concentration of sediment. Therefore, these values had little impact on the
final eutrophication assessment as well.

From Fig. 6.11c, it can be seen that the simulated values of DO concentration
were ranged from 5 mg/L to 10 mg/L, which were close to the measured values.
As can be seen from Table 6.5, the largest AE, RE, AAE and RMSE of simulated
DO values among upper, middle and lower layers were —1.03, 11.40%, 1.03 and
1.23, respectively.

It can be seen from Fig. 6.11d that the simulated results of TN were quite
different from measured data. There are probably two reasons for this
phenomenon; one is poor simulation results, the other is the big sampling error
(there were big variances in measured TN between the upper layer and lower
layer). The statistical indicators of TN were not great and the biggest RE for TN
indicators was just 39.08% (Table 6.5).

As can be seen from Fig. 6.11e, there was a big difference between simulated
and measured TP initially. However, the difference became much smaller as time
went on. The reason for these results may be that the deviation between the actual
initial situation and setting the initial condition was big, and it gradually decreased
as iteration time went by.

Here are only given the comparison results between simulated and measured
values of the upper layer because the Wushan environmental monitoring
department only analyzes the Chl-a of the upper layer currently. From Fig. 6.11f,
it can be seen that the Daning River model can on the whole simulate the change
process in Chl-a.

(2) Spatial Distribution of Water Quality Variables

Because the Daning River eutrophication model is a 3-D model, the spatial
distribution of water quality variables changes with time variation. For reasons of
space and clarity, this study will not provide relative figures. This chapter takes
the dynamic variation of Chl-a on a certain three days for example. Figs. 6.12a,
6.12b, 6.12c shows the spatial distribution of Chl-a between July 20 and July 22,
2006. The maximum concentration was 1.831 pg/L and it appeared in the stream
segment between Shuanglong and Longmen Sections.
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6.4.5 Model Validation

The water quality data collected in the year of 2007 were used to test the
effectiveness of calibrated data for the Daning River model. The calibration phase
was also conducted at the Shuanglong and Longmen Sections. The simulated
results of flow velocity can be seen from Fig. 6.13. Compared with calibrated
results, the validated results had a similar trend. The comparison between
simulated and measured data at the Longmen Section can be seen from Fig. 6.14,
and the statistical results of the validation phase at the Longmen Section are
shown in Table 6.6. The results at the Shuanglong Section will not be shown here.

(1) Validation results at the Longmen Section

Similar to the calibration results, the simulation of water temperature was
comparatively favorable (Fig. 6.14a). From Table 6.6, it can be seen that the
values of AE, RE, AAE and RMSE for temperature simulation were
comparatively small and the maximum relative error of upper, middle and lower
layers was only 12.85%.

"
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(c) July 7 2006
Fig. 6.12 Spatial distribution of Chl-a
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The simulated results for sediment had the same tendency as measured values at
the Longmen Section (Fig. 6.14b). However, the concentration difference in each
layer was larger than the measured values. The data from Table 6.6 indicates that
all the simulated results were larger than relative measured values. The maximum
value of AE (1.65) appeared in the middle layer, while the maximum value of RE
(54.89%) appeared in the upper layer. Both the maximum values of AAE and
RMSE appeared in the bottom layer.

Daning River, eutrophication,2007

(a) Dachang stream segment (b) Shuanglong stream segment

—
Daning Rijer, eutrophication,2007 Daning River, eutrophication 2007

(c) Pipazhou stream segment  (d) Longmen stream segment

Fig. 6.13 Velocity field in the Daning River

As can be seen from Fig. 6.14c, the simulated and measured concentrations of
DO ranged from 5 mg/L to 10 mg/L, and both had a similar variation tendency.
From Table 6.6, it can be seen that each variable was comparatively small, and the
RE was always less than 20%.

It can be seen from Fig. 6.14d that the simulated TN had a similar tendency to
measured values during the first half of the time. However, there were some errors
in measured and simulated concentration during the latter half-time, when the
measured concentration decreased to a certain extent. The statistical data from
Table 6.6 indicated that each statistical variable was comparatively small. The
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maximum values of AE and RE were 0.2 and 21.92%, respectively. And the
maximum values of AAE and RMSE were both less than 0.5.

From Fig. 6.14e¢ it can be seen that the Daning River model could simulate the
variation tendency of TP basically, and the simulation results were better than
those at the Shuanglong Section. The data from Table 6.6 indicated that each
variable was comparatively small, and the maximum RE of upper, middle and
lower layers was just 40.08%.
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Fig. 6.14 Simulation results at the Longmen Section, 2007 (S-upper layer; M-intermediate
layer; B-lower layer)
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It can be seen from Fig. 6.14f that, in general, the Daning River model
could simulate the variation process but not the crest value of Chl-a. Moreover,
the relative error was comparatively large, with a value of 93.03%.

Table 6.6 Statistical results of water quality variables at the Longmen section, 2007

Measured  Calculated

Variable Layer value value AE RE AAE RMSE

Dissolved oxygen ¢ 8.51 7.55 ~0.97 1927 164  2.10
(mg/L)

Disso(lrvlf;f;‘ygen M 7.83 741 —043 1518 119 130
Diss"gf;f;‘ygen B 7.73 7.66 -0.07 1653 128 137
Sediment (mg/L) S 3.84 4.58 074 5489 211 272
Sediment (mg/L) M 4.94 6.59 1.65 5148 255  3.14
Sediment (mg/L) B 5.47 6.00 0.53 4852 265  3.18
Temperature (°C) S 20.50 19.71 ~0.79 937 192 255
Temperature (°C) M 19.81 18.80  —1.01 10.80 2.14  2.85
Temperature (°C) B 19.44 18.44 -1.00 12.85 2.50 3.10
Total N (mg/L) S 1.36 1.49 0.13 1899 026 0.9
Total N (mg/L) M 1.46 1.64 0.18 1797 026 033
Total N (mg/L) B 1.40 1.59 020 2192 031 036
Total P (mg/L) S 0.06 0.07 0.01  40.08 0.03  0.03
Total P (mg/L) M 0.07 0.06 0.00 1821 001 001
Total P (mg/L) B 0.06 0.06 0.00 33.09 0.02 003
Chl-a (ug/L) S 7.82 2.55 -527 93.03 728 1231

(2) Spatial Distribution of water quality variables

The spatial distribution of Chl-a between July 5 and July 7, 2007, can be found
in Fig. 6.15. The maximum concentration was 44.59 pg/L. Consistent with the
calibration phase, the maximum concentration appeared in the stream segment
between the Shuanglong and Longmen Sections.
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7

Eutrophication Risk Assessment

7.1 Overview

Eutrophication is commonly considered as one major aspect of global
environmental degradation (Nixon, 1995). To protect and manage the water
quality, indices are useful tools to communicate with managers because they
reduce complex scientific data, integrate different types of information and
produce results that can be easily interpreted in the perspective of water quality
management (Potapova and Charles, 2007). Many researchers consider that the
main reason for the dramatic propagation of algae is the increase in concentration
of nutrient materials, such as nitrogen, phosphate, etc. Nonetheless, the
relationships between physiochemical and biological factors that impact the
growth of algae, such as sunlight, nutrient salts, changes of seasons, water
temperature, pH value, and the algae itself, are very complex. It is very hard to
forecast the trend in algal growth and to set the eutrophication indicator. A
common method was to indicate the water nutrient level using the main
representative parameters. The parameters mainly include the concentrations of
total phosphate (TP), and total nitrogen (TN), transparency, concentration of
chlorophyll a, dissolved oxygen (DO), and so on. According to the parameters, the
lakes are divided into different trophic levels, such as poor, middle, eutrophic and
so on. The trophic level criterion is different for different countries and different
reseachers. Tables 7.1, 7.2 and 7.3 show the trophic level proposed by the United
States Environmental Protection Agency and used by Dianchi Lake and East Lake
in Wuhan.

There also are some other eutrophication standard parameters, such as primary
productivity of phytoplankton (Catherine et al., 2008), biomass of phytoplankton
(Ho et al., 2008), cell density or numbers of phytoplankton (Dorte et al., 2008),
community structure and dominant species (Lorenzo et al., 2008), category
composition and dominant species of zooplankton (Toru et al., 2008), numbers of
zooplankton, category composition and dominant species of zoobenthos, numbers
of bacteria, etc. For different monoids, the methods and standards proposed by
different scientists are different. These bio-indicators are not sensitive to changes
in aquatic environments and thus are unable to reflect the eutrophic conditions of
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freshwater immediately (Simboura and Zenetos, 2002). To date, there is no
consensus among managers and scientists concerning which of the numerous
existing indices should be used (Chainho et al., 2007).

Table 7.1 Environmental protection agency’s eutrophication standard

Indicator Poor Middle Eutrophication
TP (mg/L) <0.01 0.01-0.02 >0.02
Chl-a (ng/L) <4 4-10 >10
Transparency (m) >3.7 2.0-3.7 <2.0
DO in deep water (saturation%) >80 10-80 <10

Table 7.2 Chinese Dianchi Lake’s eutrophication standard

= = = =

3 5 = =5 £ 23 8

3 g & Ef £ 3% iz
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Chl-a (mg/m’) 5 10 15 25 100 >100
TP (mg/L) 0.01 0.025 0.05 0.1 0.5 >0.5
TN (mg/L) 0.12 0.30 0.60 1.20 6.00 >6.0
Transparency (m) 2.0 1.5 1.0 0.7 0.4 <0.1
BODs (mg/L) 1.5 2.0 3.0 5.0 15 >15
COD (mg/L) 2.0 3.0 4,0 7.0 20 >20

Table 7.3 Chinese eutrophication standard of East Lake in Wuhan

Indicator Poor Mldd]e Middle Eutrophication Heayy .
carlier stage later stage eutrophication
TP (mg/L) <0.1 0.1-0.2 0.2-0.3 0.3-1.0 >1.0
TN (mg/L) <(§)1'0 0.001-0.005  0.005-0.01 0.01-0.05 >0.05
BODs (mg/L) <1 1-3 3-5 5-8 >8
COD (mg/L) 1 3 5 8 12
Transparency (m) >4 4-2 2-1 1-0.5 <0.5

Microorganisms are generally highly sensitive to the surrounding environment
and are profoundly alerted by its perturbations. The water quality is strongly
influenced by microbial community dynamics and ecosystem functions, such as
organic matter contents and nutrient recycling (Celussi and Cataletto, 2007).
Eutrophication, in response to hypernutrification by N and P loads, is directly
related to the N and P cycling in aquatic environments (Jergensen and Richardson,
1996; Nixon, 1995; Paerl, 1997). All major transformations of N and P in the
environment are carried out exclusively by microorganisms including bacteria
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associated with N: ammonifying bacteria (AB), NFB, AOB, NOB,
nitrate-reducing bacteria (NRB), denitrifying bacteria (DNB) (Davidson et al.,
2007), and bacteria associated with P: inorganic phosphate-solubilizing bacteria
(IPB) and OPB (Kim et al., 2003; Zboinska et al., 1992). It is predicted that the
functional bacteria associated with N or P will be potential indicators for
monitoring the eutrophic condition.

The Three Gorges Project, the largest dam project in the world, is located in the
mid-downstream area of the Yangtze River in Hubei and Sichuan Provinces,
China. Despite the benefits of the dam in terms of power generation and flood
control, the project has attracted attention for its potential impact on ecosystems
and socio-economic stability (Hwang et al., 2007). Especially in recent years,
water bloom has occurred frequently in the backwater areas of the TGR in
summer and autumn. Proper bio-indicators are expected to be provided to
anticipate the trophic condition of the TGR, and to prevent the occurrence of water
bloom based on previously effective measurements. The lack of functional
bacteria data from the TGR is particularly worrying because environmental
degradation in the TGR will probably be the most severe problem in the future.
The aim of this Chapter is to investigate the distributions of total bacteria,
culturable bacteria and functional bacteria associated with N or P in the backwater
area of the Yangtze River in the TGR, and to further explore a potential indictor
reflecting the trophic condition in the TGR.

7.2 Relationship Between Culturable Becteria and
Eutropication in the Waterbody

7.2.1 Eutropltication Level

The eutrophication levels of the sampling locations in the Yangzi River were
investigated by analyzing their physicochemical characteristics, and it was shown
that the eutrophication condition in the studied location was that XX>XJ>DNs
(Section 4.2.1).

7.2.2  Culturable Bacteria and Total Bacteria in the Waterbody

The numbers of total bacteria (counted by the acridine orange direct count
method, AODC) and culturable heterotrophic bacteria grown in various nutrient
levels of a medium, including eutrophic-medium (BEP medium), rich-nutrient
medium (PTYG medium), low-nutrient medium (20% PTYG medium) and
oligo-nutrient medium (R2A medium) were investigated and the results are shown
in Fig. 4.1. To explore the relationship between the bacteria number and the
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eutrophic condition, the culturable-total bacteria ratios in water and sediment were
analyzed (Fig. 7.1; Wang et al., 2010). The culturable-total bacteria ratios in
surface water indicated that the ratio values in the investigated rivers were
XX>XJ>DN4~N5>DN2~N1>DN3, which was consistent with the sequence of
water eutrophic degrees obtained according to the physical-chemical
characteristics. It shows that the culturable-total bacteria ratios in the eutrophic
waterbody will increase when the pollution in the waterbody becomes more
serious. Inversely, the culturable heterotrophicy bacteria are relatively less in the
waterbody with a lower eutrophic degree. The culturable-total bacteria ratios
based on results using BEP medium and 20% PTYG medium also showed the
same trend, namely XX>XJ>DNs, although the sequence of ratios among DNs
was not exactly the same as the result achieved from that in the PTYG medium.
The sequences of culturable-total bacteria ratios in bottom water and sediment
were  XX>XJ>DN4~N5>DN2>DN3~N1 and XX>XJ>DN4~DNS5>DN3>
DN2~N1 respectively, which were similar with those in surface water.
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Fig. 7.1 Ratio of culturable heterotrophic bacteria counts to total counts
7.3 Relationship Between Microbial Community and

Eutrophication in the Waterbody

Carbon source utilization patterns of microbial communities, also called
community- level physiological profiles (CLPP), were assessed using Biolog ECO
platesTM (BIOLOG, Inc., Hayward, CA, USA) that contained 31 different carbon
sources and a blank in triplicate. Microbial suspensions were prepared with 5 g
(dry weight) of sediments in 95 ml of sterile PBS buffer and were shaken for 30
min at 200 r/min on a reciprocal shaker. After settling for 30 min, a volume of 2
mL aliquot of the suspension was diluted in 98 ml of inoculating solution for a
final 1:1000 dilution. 100 pL of the sediment suspensions per well were added
into the Biolog ECO plates. All solutions, transfer equipment and glassware were
sterilized with an autoclave prior to use. Three samples were tested per location,
and one ECO plate was used per sample. ECO plates were inoculated at 25 °C in
the dark. We plotted corrected color development of the entire plate versus read
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time to select the optimal periods for the analysis of each plate type (data not
shown). Bacteria growth was vigorous in a majority of the plates after 72 h, thus a
72-h incubation period was chosen in the evaluation of bacterial plates. This
incubation period was similar to that used in other CLPP studies at a comparable
incubation temperature (Classen et al., 2003). Plates were read using an ELISA
plate reader (Bio-Rad, Richmond, USA) at 590 nm. The 72-h data were selected
for statistical analysis. The average well color development (AWCD) of all 31
carbon sources for each sample was calculated prior to statistical analysis to
eliminate variation in well color development caused by different cell densities
(Garland, 1996; Liu et al., 2007). All of the optical density (OD) readings were
adjusted by subtracting the OD reading in well 1 (water control). Negative values
were set to zero.

AWCD is an important factor demonstrating the sole carbon source utilizing
capacity of microbes in water or sediments. Fig. 7.2 indicates that the activity of
microbes increased with the prolonging of incubation time, and the sole carbon
source utilizing capacity of microbes at the same level (surface water, bottom
water or sediments) and different sampling sites are XX>XJ>DNI. It also can be
seen that the carbon source utilizing capacity is different among different levels in
the same sampling site: sediment>bottom water>surface water. It should be
noticed that the microbes in the place where there is a higher trophic level have
more activity.
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Fig. 7.2 Average well color development (AWCD) of microbial community (DN, Daning
River; XJ, Xiaojiang River; XX, Xiangxi River; SW, surface water; BW, bottom water; S,
sediment)

The microbial community diversities were investigated using CLPP studies, and
the Shannon, Simpson and Mclntosh indices were shown in Table 7.4. The three
kinds of indices actually reflect different profiles of microbial community
diversity. Maguran (1988) pointed out that the Shannon index was mainly effected
by the richness of the population species, and Simpson indices mostly reflected
the diversities of common species in the population. Atlas (1984) deemed that the
Mclntosh index could more effectively indicte the homogeneity of population
species.

Table 7.4 shows that the diversity indices of the surface water exhibited
differences among the three branch rivers (¢-test, p>0.05), in which Simpson and
Mclntosh indices were significantly different from each other (#test, p<0.01). The
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diversity indices don’t significantly differ among the DNs’ sites. However, the
Simpson and Mclntosh indices showed that there exist significant differences
between site D1-3 and site D4 and 5 (#-test, p<0.01). There also exist significant
differences among the bottom water and sediment in DN, XJ and XX (z-test,
p<0.01). And the diversity indices show that the microbial community diversity
level in bottom water is DN1~DN2~DN3~DN4~DN5>XJ>XX, and the diversity
levels in sediments is DN1~DN2>DN3>DN4~DN5>XJ>XX.

It can be found that the microbial community diversities in XJ and XX were
lower than those in DN, in opposition to the results of bacteria richness. This was
in accordance with the previous reports showing that the increasing nutrient
loadings will increase the abundance of bacteria and decrease their diversities
(Telesh, 2004).

Table 7.4 Diversity in dices of microbial communities

Sample Shannon index Simpson index Mclntosh index
DN1 3.59+0.51 34.86+1.19 10.89+1.23
DN2 3.53+0.23 33.94+1.26 10.61£1.12
g DN3 3.57+0.35 34.25+5.23 10.70£1.22
g DN4 3.43+£0.71 30.86+3.28 9.64+1.43
:% DN35 3.47+0.47 31.54+2.43 9.86+1.55
XJ 3.16£0.19 23.47+1.62 7.33+0.68
XX 3.07+0.62 21.63£1.23 6.76+0.94
DN1 3.97+0.26 43.86+3.53 9.14+£0.79
DN2 3.93+0.34 43.2542.93 9.01+1.12
&Z DN3 3.90+0.71 43.1443.16 8.99+0.95
E DN4 3.86+0.61 42.9546.23 8.95+0.89
g DN5 3.85+0.23 42.82+5.49 8.92+0.68
XJ 3.16+0.42 22.34+4.16 4.65+0.57
XX 3.13£0.19 21.57+£3.95 4.49+0.49
DN1 4.11£0.21 48.74+5.23 9.20+1.35
DN2 4.09+0.29 47.4346.41 8.95+0.96
s DN3 3.96+0.38 43.62+5.63 8.23+1.20
g DN4 3.84+0.49 40.56+4.94 7.65+0.86
54
A DN35 3.81+0.51 40.12+£3.97 7.57+1.28
XJ 3.55+0.47 31.24+45.13 5.89+0.68
XX 3.41£0.24 28.18+2.83 5.32+0.76

* Average+SD
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To distinguish the construction of microbial communities among locations,
clustering was performed using Ward’s clustering method. Fig. 7.3 (Wang et al.,
2010) shows that the seven locations were divided into 2 sets based on the CLPP
studies, with the first group including five locations, which were all located in
Daning River. The second group included XJ and XX. Qualitative examination of
the dendrograms from cluster analysis suggested that the five locations in Daning
River had similar bacteria community construction. However, they were largely
different from the Xiaojiang River and the Xiangxi River locations.
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Fig. 7.3 Cluster analysis of diversities of microbial community based on CLPP studies

Principal Component Analysis (PCA) can change the multi-component vectors
into disconnected principal elements (PC1 and PC2, the two components of the
pivot vector), and the point locations in the pivot vector space after reducing the
dimension can directly reflect the metabolic characteristics of different microbial
communities. Fig. 7.4 shows the PCA results of the utilization of the carbon
source of the microbial community in sediments. The difference in microbial
community diversity between the Daning River, Xiaojiang River and Xiangxi
River was obvious, whereas the diversity difference among sampling locations in
Daning River was small. That was similar to the results from the Shannon index.
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Fig. 7.4  Principal component analysis (PCA) of utilization of carbon source of microbial
community in sediments
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7.4 Abundance of Functional Bacteria in Aquatic
Environments

In order to investigate the distributions of functional bacteria in aquatic
environments, eight kinds of functional bacteria, namely AB, NFB, AOB, NOB,
NRB, DNB, OPB and IPB in surface water, bottom water and sediments were
counted separately. Table 7.5 shows the average, maximum, minimum number of
cells and coefficient of variation (CV) in surface water, bottom water and
sediments from the seven locations (Wang et al., 2010). It shows that the CVs of
functional bacteria in water and sediments were high, which indicated that the
variation in bacterial richness among the seven locations were high. This predicted
that the change in the aquatic environment could induce a change in bacterial
distribution in the aquatic ecosystem.

Table 7.5 Counts of functional bacteria associated with N or P (log of cell number ml™” or g™)

Surface water Bottom water Sediments
Sample

Ave CV% Max Min Ave CV% Max Min Ave CV% Max Min

AB  3.50x10° 30.1 5.22x10° 1.93x10° 1.72x10° 35.5 2.75x10°1.04x10° 6.86x10° 29.6 1.09x10° 5.75x10°
NFB  2.44x10° 146.2 9.44x10° 3.60x10* 8.83x10° 77.7 2.24x10°4.21x10° 1.48x10" 94.6 4.60x10" 8.40x10°
AOB 2.22x10° 852 5.50x10° 1.06x10° 5.10x10* 89.2 1.30x10° 1.95x10* 2.40x10° 282 3.50x10° 1.60x10°
NOB  4.49x10° 74.6 1.10x10° 1.80x10% 7.16x10° 64.6 2.60x10°3.10x10° 3.48x10" 179.7 7.10x10" 6.20x10°
NRB  1.45x10° 35.6 2.00x10° 6.00x10* 1.40x10° 59.4 2.45x10°3.00x10* 3.78x107 73.0 9.44x107 1.08x10’
DNB 7.63 320 1200 400  66.00 100.7 200.00 21.20 8.75x10° 147.1 2.90x10° 7.28x10*
OPB  1.43x10° 116.8 4.67x10° 2.61x10° 3.69x10° 133.0 1.26x10%7.12x10° 1.37x10° 83.8 3.83x10° 4.57x10*

IPB  1.51x10* 381 2.53x10* 8.30x10° 2.24x10° 67.9 5.64x10°1.30x10° 1.97x10” 105.5 6.17x107 8.18x10°

AB, ammonifying bacteria; NFB, nitrogen-fixing bacteria; AOB, ammonia-oxidizing bacteria; NOB, nitrite-oxidizing
bacteria; NRB, nitrate-reducing bacteria; DNB, denitrifying bacteria; OPB, organophosphate-solubilizing bacteria;
IPB, inorganic phosphate-solubilizing bacteria; CV, coefficient of variability

To better demonstrate the distribution characteristics of these functional
bacteria, the distribution ratios of surface water to bottom water and ratios of
water to sediments were calculated and shown in Fig. 7.5 (Wang et al., 2010). The
data used to calculate these ratios were the logarithm values of the colony count.
Since the amount of bacteria in sediments was relatively stable, these ratios could
reflect the change in functional bacteria richness in the water to a certain degree.
Furthermore, these ratios could indicate the nutrient conditions of the water
according to the functional bacteria richness in the water. For example, the NOB
ratios of water to sediments were 0.827, 0.816, 0.845, 0.815, 0.832, 0.915 and
0.923 for DN1, DN2, DN3, DN4, DN5, XJ and XX, respectively. This showed
that NOB ratios in XJ and XX were obviously higher than those in DNs, which
basically was consistent with the nutrient loadings in these seven locations. Fig.
7.5 shows that for different kinds of bacteria their distribution ratios, each limited
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to a certain range, were different from each other. The ratios of AB, DNB, NRB
and IPB exhibited weak difference among the seven locations, which indicated
that these four kinds of functional bacteria were not very sensitive to the change of
environment. The ratios of NFB, AOB, NOB and OPB in DNs locations were
obviously different from those in XJ and XX locations, indicating that ratios of
these four kinds of bacteria exhibited different values in diverse aquatic
environments. In other words, the change of ratios of NFB, AOB, NOB and OPB
could reflect the change in the trophic condition of the aquatic environment.
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Fig. 7.5 Distribution ratios of functional bacteria in different aquatic ecosystems. (a) Ratios of
log of cells between water and sediments; (b) Ratios of log of cells between surface and bottom
water

Since the habitats in sediments were relatively stable, the bacteria ratios of
water to sediments were more sensitive to the change of aquatic ecosystem. The
data of these ratios were used to group the aquatic environment using cluster
analysis. Fig. 7.6 (Wang et al., 2010) indicated that the seven locations were
divided into 2 sets, which was similar to the grouping based on the microbial
community construction. This indicated that, like the microbial community
construction, the distribution of functional bacteria richness in aquatic
environments could also reflect the water quality condition. This provided a cost
effective and intuitionistic method to indicate the trophic condition of the water.
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Fig. 7.6 Cluster analysis of microbial community construction based on the distribution ratios
of functional bacteria in aquatic environments
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7.5 Eutrophication Risk Assessment and Hydraulic Control
in Large Reservoirs

7.5.1 Sensitivity Evaluation for Eutrophication Risk in Large
Reservoirs

Many methods, such as the characteristic method, parameters method, biological
index evaluation method, phosphorus income and expenses model, nutrition state
index method, mathematical analysis method, GIS basis evaluation methods, etc.
are used to assess the eutrophication risk in large lakes and reservoirs (Liu, 2011;
Cai, 1993). Here, combined with the simulation results from macro-scale one-
dimensional water quality modeling in Section 6.3, the scoring method was used
in assessment eutrophication risk sensitivity in the Three Gorges Reservoir Area.

Three levels, poor eutrophication, intermediate ecutrophication and rich
eutrophication, were adopted in the scoring method. Each eutrophication level will
have several sub-levels for detailed division. Choose a certain number in the index
as the basis of water body eutrophication score factors, each index will be scored
as 0—-100 points and a linear interpolated method will be used when the scoring
value is between sub-levels. The higher the score value is, the more serious the
water eutrophication level will be. In this chapter, we select four eutrophication
key parameters. They are TN, TP, COD,, and velocity of flow (V) as the
evaluation index. The assessment criteria adopted was that of Zhong (2000) (Table
7.6). The evaluation equation is as follows:

M= M, /n (7.1)

i=1

where M is the eutrophication assessment value, M; is scoring value of the
evaluation index, # is the number of the evaluation index.

The four indexes in the dry, normal and rich season in the Three Gorges
Reservoir Area are from the simulation results of macro-scale 1-D water quality
modeling in Section 6.3. The above scoring method was used; the assessment
results are as follows.

In the dry season, the river sections with higher eutrophication assessment value
including: Chongqing to Zhongxian, Wanzhou to Yunyang, Fengjie to Wushan,
Xiangxi River mouth to Three Gorge Reservoir dam, and the blackwater zones of
tributaries (Fig. 7.7). The backwater zones of the tributaries are the area with
highest eutrophication assessment value. The reason for this is that there is less
water quantity coming from upstream, a high water level before the dam and slow
water velocity in the dry season. Especially in March and April each year, with
appropriate temperature and light, algal bloom will occur frequently in the
backwater zones of tributaries. There is no report about algal bloom in the
mainstream so far in this area.
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Table 7.6  Assessment criteria of eutrophication status at the TGR

o Index
. Eutrophication
Scoring type TP TN v CODpn
(mg/l)  (mg/L) (m/s) (mg/L)
0 Extremely poor <0.0025 <0.025 >3.5 <0.2
10 Poor 0.005 0.05 2 0.4
20 Poor 0.0075 0.075 1 0.8
30 Poor-intermediate 0.01 0.1 0.5 1.5
40 Intermediate 0.025 0.3 0.3 3.0
50 Intermediate-rich 0.05 0.6 0.10 4.0
60 Rich 0.10 1.2 0.05 7.0
70 Seriously rich 0.15 2.7 0.01 10
80 . . 0.25 4.0 0.005 20
Extremely seriously rich
90 0.40 5.0 0.002 40
100 Particularly seriously rich >0.50 >6.0 <0.001 >60
Fengjic  Wushan Badong
Yunyang Jigui
Wanzhou hree Gorges Dam
Zhongaian Xiaojiang River  Meixi RWer  Daning River Xiangsi River
Fengdu
Changshou
Chongging 4 Fuling
!\.ll‘-gl;!l\ Wejlang River 5 Futrophication indes 625
Jialingjiang River -

Fig. 7.7  Eutrophication assessment value during dry season in the TGRA

In a normal season, the river sections with higher eutrophication assessment
value include Chongqing to Zhongxian and the backwater zones of tributaries. The
eutrophication assessment value in this area is between 42.5 and 65. At this time,
the water level before the dam still remains high. There is more water from
upstream than in the dry period which carries a certain amount of TP into the
reservoir, together with water.

Temperature and light conditions, occurrence probability of algal bloom in river
courses backwater zones is great.

In the rich season, there is high water quantity from upstream. For example, the
peak flow on July 20, 2010, reached 70,000 m’/s. At the same time, for the



172 7 Eutrophication Risk Assessment

purpose of flood control, the water level before the dam was 145 m, the fall in
water level between the river upstream and downstream is big and the water
velocity is large. In addition, a large amount of sediment carried by the flow
makes the water become turbid which prevents algal growth by photosynthesis.
But in some backwater zones, such as river mouth of the Daning River, Xiangxi
River, the water flow velocity in the mainstream has less influence on these
regions, and a high concentration of TP in water might provide good nutrition
conditions. Also, the eutrophication assessment value is high in these areas.

7.5.2 Hydraulic Control Technology for Prevention of
Eutrophication in Large Reservoirs

The operation and management of the Three Gorges Reservoir Project is a multi-
objective decision-making issue. The following targets should be included: flood
control, power generation, navigation, ecological environment protection, and so
on. In the current study, the ecological environment protection target is mainly
concerned with fish breeding conditions (Cao and Cai, 2008), but environmental
water management and protection is mentioned less. Fig. 7.8 shows the operation
curve of the Three Gorges Project.

Since algal bloom has become the main issue relating to water quality in the
Three Gorges Reservoir Area, and there is a close relationship between algal
bloom and water velocity, by adjusting the water level before the dam to change
the water flow velocity, the occurrence probability of algal bloom may be reduced.
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Fig. 7.8  Operation curve of the Three Gorges Project

In this chapter, we assessed the effect of water level control on eutrophication
by scenario planning. We assumed a running model of 175 m, the level decreasing
by 0.5 m/h, 0.5 m/3 h, 0.5 m/6 h, 0.5 m/12 h, 0.5 m/24 h, 5m/d, 5m/3 d, 5m/5d
before the dam. The water flow velocity and eutrophication index can be achieved
by running a macro-scale one-dimensional integrated model in Section 6.3. Then
the change in eutrophication assessment value at the four main river mouths,
Xiangxi, Daning, Meixi and Xiaojiang, can be obtained. It is assumed that the
water level operation occurred on the 73rd day after New Year’s Day, which
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corresponds to 15" March. Actually it is the earliest day that eutrophication

occurred during these years in the Three Gorges Reservoir Area.

Some results in difference scenarios can be seen from Figs. 7.9-7.16. These
figures show that in a scenario of 0.5 m/h, the river mouths near the dam, such as
the Xiangxi River mouth and Daning River mouth have a certainty impact, and for
a scenario of 5 m/day, all the four river mouths have a certainty impact. Other
scenarios have little impact on the prevention of eutrophication. So much research
needs to be done on understanding hydraulic control technology so as to prevent

eutrophication.
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Fig. 7.12 Velocity (L) and eutrophication assessment value (R) in Meixi River mouth (0.5 m/12
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Fig. 7.13  Velocity (L) and eutrophication assessment value (R) in Xiaojiang River mouth (0.5

m/24 h)
020
— Normal Condition
— Operation Process
Z 015
£ 010 | “|'
5 - A
3 oosl l' &\"‘WH
A
0.000
70 72 74 76 73 80

Time(day)

o

= 40
7 30
< 20
5 10
é 0
5 -10
£ 20
2 30
(5]

= 40
= 70 72 74 76 78 80

Time(day)

Fig. 7.14 Velocity (L) and eutrophication assessment value (R) in Daning River mouth (5 m/d)
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Fig. 7.15 Velocity (L) and eutrophication assessment value (R) in Meixin River mouth (5 m/3
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The aquatic ecosystems of the backwater areas of the Yangtze River in the
TGR, where water bloom frequently occurred, were in an eutrophic condition.
Eutrophic conditions in the Xiaojiang River and Xiangxi River were more severe
than in the Daning River. The total bacteria and culturable bacteria were relatively
abundant in the TGR. Our experimental results revealed that the richer the nutrient
level of media was, the greater were the culturable bacterial colonies cultured in
eutrophic freshwater. The results of bacteria counting and CLPP studies revealed
that the increase in nutrient loadings would give rise to bacteria densities yet
decrease bacteria community diversities.

Eight kinds of functional bacteria associated with N or P, namely AB, NFB,
AOB, NOB, NRB, DNB, OPB and IPB, were found to be abundant in the
backwater areas in the TGR. Among the eight kinds of functional bacteria, four
kinds of bacteria (NFB, AOB, NOB, OPB) displayed sensitivity to changes in the
trophic conditions of the water. It has been observed that the location grouping
result from cluster analysis, based on the functional bacteria ratios of water to
sediments, was similar to that based on the CLPP studies. The ratios of functional
bacteria could distinguish the aquatic environments with different trophic
conditions in the TGR. Thus, the functional bacteria ratios of surface water to
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bottom water or ratios of water to sediments may be used as potential indicators of
water quality in the TGR.
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