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EUTROPHICATION IN LAKES

Preface

Bogiang Qin + Zhengwen Liu - Karl Havens

© Springer Science+Business Media B.V. 2007

Eutrophication and algal blooms are worldwide
environmental issues in lakes. The eutrophication
process and forming mechanisms of algal blooms
are particularly complicated in shallow lakes due
to the strong lake-land, air-water and water—
sediment interactions.

In China there are more than 2,700 lakes, with
a total area of 91,000 km?, and one third of them
are shallow lakes. In recent years, many shallow
lakes in China have displayed rapid eutrophica-
tion and suffered from algal blooms. These
problems have resulted in a shortage of drinking
water supply and degradation of lake ecosystems.
The control of eutrophication in shallow lakes is
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one of the main issues with which the local
people and Chinese governments are concerned
today.

Lake Taihu is the third largest freshwater lake
in China, with an area of about 2,338 km? and a
mean depth of 1.9 m. Now its main function is
supplying drinking water for the surrounding
cites such as Shanghai, Suzhou and Wuxi. It is
also very important in tourism, culture fisheries
and navigation. However, with economic devel-
opment and increased population in the lake
basin, Lake Taihu is suffering from serious
eutrophication, so research work on ecosystem
restoration in the lake is receiving increasing
attention.

The ‘International Symposium on the Eutro-
phication Process and Control in Large Shallow
Lakes—With Special Reference to Lake Taihu,
a Shallow Subtropical Chinese Lake’ was held in
Nanjing during April 22-26, 2005, and provided
a forum for discussion and exchange of ideas
and information by scientists and environment
managers on the issues of eutrophication pro-
cess, control, and management of shallow lakes
in general and Lake Taihu in particular. This
special issue collects papers presented at the
symposium. The editors and the authors of the
papers in this special issue hope that it will make
a significant contribution to the understanding
and management of eutrophication in shallow
lakes.
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Abstract Lake Taihu is characterized by its
shallowness (mean depth = 1.9 m) and large sur-
face area (2,338 km?). Runoff sources are mostly
from the mountainous west and southwest, and
outflows are located throughout East Taihu. This
causes shorter retention times in the south. In
contrast, urban pollutants discharge into northern
Taihu and result in poor water quality. Non-point
pollution from rural areas and sewage wastewater
is the primary pollution source. Water current
velocity ranges from 10-30 cm s, and surface
currents normally follow wind direction. Bottom
currents appear to be a compensation flow. Most
wave heights are less than 40 cm, and underwater
irradiance correlates to seston in the water
column. Lacustrine sediment is distributed in
littoral zones, mostly along the western shoreline,
with almost no accumulation in the lake center.
Intensive aquaculture in East Taihu caused eutro-
phication and hampered water supply in sur-
rounding areas. In addition, development of
marshiness in the eastern littoral zones and East
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Taihu has occurred. The function of flood dis-
charging of East Taihu has been limited by
flourishing macrophytes. The problems facing in
Lake Taihu will be alleviated by improving the
management of nutrient sources into the lake.

Keywords Lake Taihu - Hydrography - Water
quality - Eutrophication - Aquaculture

Introduction

Lake Taihu is situated in the Changjiang (Yan-
gtze) delta, the most industrialized area in China
with high population density, urbanization, and
economic development. Although Taihu Basin
occupies only 0.4% of China’s territory and 3%
of China’s population, it contributes about 10%
of Gross National Product (GNP) and 15% of
province revenues (NSB, 2000; SBSC, 2000;
SBZP, 2000; SBJP, 2000). Lake Taihu is impor-
tant for water supply, flood control, tourism and
recreation, shipping and aquaculture. It is the
drinking water source for several cities, such as
Shanghai, Suzhou, Wuxi, and Huzhou. Since
1980’s, however, economic development has
resulted in pollutants being produced and dis-
charged into rivers and the lake. With the
deterioration of water quality, eutrophication
and algal blooms (Microcystis spp.) have oc-
curred. Recently, the algal bloom has extended its
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coverage and persists throughout the summer,
which affects the function of the lake as a
drinking water supply. In 1996, the Chinese
government targeted pollution and eutrophica-
tion control before 2000 and 2010. Factories
within the watershed now must treat wastewater
before it is discharged to rivers. Also, rivers
flowing into Lake Taihu should meet grade III
standards (National Surface Water Quality Stan-
dard GB3838-2002) before 2000, and lake water
should be clarified before 2010. However, lake
water quality has not improved to date, and, in
2001, pollution control work was reevaluated and
redirected. In fact, problems facing Lake Taihu
are similar to most freshwater lakes in eastern
China. Based on field investigations and literature
review, this paper attempts to review and address
main eco-environmental issues in Lake Taihu.

General description of the lake

Lake Taihu is the third largest freshwater lake in
China and is located between 30°55'40”-
31°3258” N and 119°52'32”7-120°36"10” E. Lake
length (from north to south) is 68.5 km and width
(from east to west) is 56 km. Mean depth is 1.9 m,
and maximum depth is 2.6 m corresponding to an
elevation of 3.0 m above sea level. The lake
bottom features flat terrain with an average
topographic gradient of 0°0°'19.66” and elevation
of 1.1 m above sea level. Shallow-water area with
mean depth <1.5 m is about 452 km? mostly in
East Taihu, accounting for 19.3% of the total
surface area. Deepest areas (>2.5 m) are in the
north and west occupying 197 km? or 8.4% of the
total lake area.

Origin of the lake

Many researchers have discussed the origin and
history of Lake Taihu (Wang & Ding, 1936;
Wissman, 1941; Chen et al., 1959; NIGLAS, 1965;
Yang et al., 1985; Yan & Xu, 1987; Sun et al,,
1987; Sun & Huang, 1993; Huang, 2000; Sun,
2004). In general, Lake Taihu probably was an
ancient lagoon, as suggested by its location in the
Changjiang delta where solid particles have been

@ Springer

transported and deposited in the transitional
estuarine zone. Evidence of marine sediment
materials found in drill cores supported this
assumption (Chen et al., 1959). Continental shelf
extension resulted in enclosing of the lagoon and
it eventually became a freshwater lake (Chen
et al., 1959; Yang et al., 1985; Yan & Xu, 1987).
Recently, new evidence from stratigraphy and
archaeological sites suggest that Taihu originated
from extreme flooding. Flood water discharged by
man-made channels was retained in the depres-
sion (Sun & Huang, 1993; Sun, 2004).

Hydrology of the lake

Lake Taihu has a complicated river and channel
network. There are 172 rivers or channels con-
necting to the lake (Xu & Qin, 2005). The total
length of rivers in Taihu basin is ca. 12,000 km,
i.e., about 3.24 km km~ During flooding season
(spring and summer), flooding runoff from the
west or southwest goes through lake to the east
and empties into the East China Sea (Fig. 1). In
the dry season (autumn and winter), however,
water flow can reverse, especially in rivers in the
east. Generally, rivers in the west of the lake are
defined as upstream and vice versa. Runoff is
defined as positive or negative. Table 1 shows the
runoff of main rivers flowing into or out of the
lake from May 2001 to April 2002. The greatest
inflow rivers are Chendonggang, Xitiaoxi, and
Yincungang. Three are located in the west or
southwest watershed. The main outflow rivers are
Taipu, Xinyunhe, and Xijiang located in the
southeast (Table 1). Table 2 shows the monthly
distribution of runoff from May 2001 to April
2002. Some rivers flow into the lake year-round,
some flow out all year, and some reverse flow
direction in different seasons (Table 2). There is
no definitive estimate of water balance yet
because of the complicated hydraulic connections
between rivers and the lake. Table 3 is a rough
estimate of water balance based on surveys of 115
rivers from May 2001 to April 2002. Flowing
water from these rivers account for 90% of total
runoff input and output, but the measuring
frequency was insufficient because measurements
were taken once in normal months and twice in
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Fig. 1 Sketch map of Taihu Basin

flooding months. Annual runoff input, output,
and water balance from May 2001 to April 2002 is
estimated based on the measurement (Table 3).
This water balance represents more flooding
years versus the multi-year averaged water bal-
ance (Mao et al., 2004). Water retention time is
about 5 months, but it is shorter in the south since
most runoff water is discharged via the Taipu
River, in the southeast. Water quality, therefore,
is better in the south than in the north.

Hydrodynamics

There still is not a complete understanding of
water currents in Lake Taihu. Earliest measure-
ments were made in 1960, when two boats cruised
around the lake at the same speed (NIGLAS,

1965). Other measurements were made in 1986
1987 (Sun & Huang, 1993) and summer in 1997
(Qin et al,, 2000). These measurements were
incomplete and incomparable since records were
collected on different dates or at different sites. In
summer, prevailing winds from the southeast or
southwest generate a counter-clockwise water
current in western Taihu centered near Pingtai-
shan Island (Fig. 2). Current velocity ranged from
10 cm s™! to 30 cm s™' (Qin et al., 2000). There
was a stable southward current along the western
coast and a weak and unstable current in Meiliang
Bay (Fig. 2). This current pattern was reproduced
by a numerical simulation under the same condi-
tions (Luo & Qin, 2004; Hu et al., 2004). Regard-
less of season, there is a weak counter-clockwise
current in northern Meiliang Bay (Qin et al.,
2000; Luo et al., 2004a, b), which may explain

@ Springer
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Table 1 Inflow and outflow of main rivers around Lake Taihu during May 2001 to April 2002 (if the sum of number of days
of inflow and outflow less than 365, the remainder is days of no flow)

River Inflow Outflow Annual
- - - runoff
Days Mean daily Mean inflow Total Days Mean daily Mean Total (108 m®)
inflow rate  rate (m*s')  inflow outflow rate  outflow outflow
(m*s™) (108 m?) (m*s™) m*s™?) (108 m?)
Xitiaoxi R. 234 273.0 34.9 7.05 125 -57.8 -12.79  -1.38 5.67
Dongtiaoxi R. 118 400.0 71.5 7.29 247 -122.0 -4537  -9.68 -2.39
Changxingang R. 301 61.0 6.8 1.76 64 -104 221 -0.12 1.64
Chendonggang R. 338 147.0 342 9.98 26 -38.7 -10.07  -0.23 9.76
Yincungang R. 347 72.9 185 5.56 18 -14.8 =547  -0.09 5.47
Wuyjingang R. 339 49.8 6.6 1.95 26 =71 -2.89  -0.06 1.88
Zhihugang R. 244 78.1 83 1.75 27 -14.1 -556  -0.13 1.62
Liangxihe R. 174 60.7 11.8 1.78 60 -233 -9.58  -0.50 1.28
Wangyu R. 116 240.0 82.8 8.30 249 -177.0 —4410 949 -1.19
Xinyun River 32 331 15.4 0.43 333 -183.0 -31.47  -9.05 -8.63
Dapugang R. 14 42 2.7 0.03 348 -14.2 =578 -1.74 -1.71
Xijiang R. 7 16.5 8.7 0.05 358 —443 -1872  -5.79 -5.74
Xuguang Canal 38 7.7 33 0.11 290 -27.3 -8.03 -2.01 -1.91
Taipu River 8 732 275 0.19 357 -296.0 -119.47 -36.85 -36.66

Table 2 Monthly runoff rate of rivers around Lake Taihu during May 2001 to April 2002 (m® s™) (inflow is defined as

positive and outflow is defined negative)

River 2001 2002 Yearly
Average
May Jun Jul Aug  Sep Oct Nov Dec Jan Feb  Mar Apr
Xitiaoxi R. 88 493 220 570 -94 -17 -63 6.8 79 41 285 556 179
Dongtiaoxi R. 22 806 59 82 -767 456 545 -203 -151 -31.0 96 611 -7.7
Changxingang R. 37 107 6.6 103 1.1 01 1.0 3.6 31 1.2 98 11.0 52
Chendonggang R. 157 448 331 671 311 264 247 320 222 127 374 223 308
Yincungang R. 148 288 119 372 189 154 140 193 100 71 184 116 173
Wujingang R. 45 112 49 117 55 49 5.8 42 31 42 7.0 46 6.0
Zhihugang R. 57 134 01 129 54 39 29 2.1 0.9 29 9.0 24 51
Liangxihe R. 59 141 58 2.6 36 103 58 104 1.6 0 0 0 4.0
Wangyu R. 120 -124 -874 485 -416 150 -12.8 -180 -372 1150 1160 -36.5 -3.0
Xinyun R. 234 -474 343 -248 -220 -31.3 -266 -287 -309 -218 -158 -21.1 273
Dapugang R. 27 20 59 52 55 53 -65 -84 95 55 58 24 54
Xijiang R. -10.7 -93 274 279 -252 -176 -17.0 -153 -174 -140 -185 -17.6 -182
Xuguang Canal -16 02 -105 -124 -102 47 -61 -39 -73 22 -77 56 -60
Taipu R. —49.6 -849 -132.0 -135.0 -125.0 -854 -107.0 -127.0 -118.0 -116.0 -160.0 -156.0 -116.3

Table 3 The water balance of Lake Taihu during May 2001 to April 2002

Input runoff ~ Output runoff  Precipitation =~ Evaporation = Change in capacity  Inflow from uncontrolled areas
(108 m?) (108 m?) (108 m?) (108 m?) (108 m?) and river net (10° m®)
80.11 -96.67 27.19 -17.71 -5.38 12.46

why this area is favorable for concentrating algal
blooms (Qin et al., 2000).

In July 2003, an Acoustic Doppler Current
Profiler was deployed at the center of Meiliang

@ Springer

Bay, and 10-min interval current velocity and
direction data from 11 layers were collected.
Surface currents followed the direction of wind
forcing (Fig. 3a), but current velocity attenuated
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Fig. 2 The prevailing current pattern during the summer,
the velocity of current ranged from 10 cm s~ to 30 cm s~

with depth and reversed direction at the bottom
(Fig. 3b). This indicates that there is a compen-
sation current at the bottom opposite wind
forcing on the surface (Fig. 3b).

Wave action is a key factor in interactions
between the sediment and water (Qin et al., 2004).
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Fig. 3 (a) Current vectors at 35, 40, 55, 70, 85, 100, 115,
130, 145, 160, 175 cm below surface (water depth is 2.4 m)
at 10-min intervals in Meiliang Bay during 10:27-13:47 on
14 July 2003. (b) Current vectors at 65, 80, 95, 110, 125,
140, 155, 170, 185, 200, 215 cm below surface (water depth
is 2.4 m) at 10-min intervals in Meilaing Bay during 8:20-
11:40 on 17 July 2003

In August 1986, a continuous observation of waves
was made in the northwest (Wu et al.,, 1987).
Statistical analyses with cumulative frequency of
one-third highest wave height (H;;3) and maxi-
mum wave height (H,,,) showed that most waves
were low in height with 80% of Hy;3 < 8 cm, 98%
of Hi3<20cm, and 5% > 40 cm (Wu et al,,
1987). From field observations, the empirical
relationship among average wave height (H),
wind speed (W), wind fetch (F), and period (7T)
was derived as follows (Hu et al., 2004):

-7 0.46
gH gF
W 0.00168 <W2>

If water depth was assumed not to change, then
wave height was proportional to wind speed (Hu
et al., 2004):

H =5.497W% — 4516

Similarly, the relationship between maximum
wave height (Hp.x) and wind speed can be
expressed as (Wu et al., 1987):

0.7508
Hmax _ 5 1004 <gD>
W2 W2

Hopax = 5237 x 1072 W

Underwater light climate

Lake Taihu is a shallow and eutrophic lake, and
Secchi depths are normally low, i.e., about 30—
40 cm in the north and 40-50 cm in the south
(Qin et al., 2004; Zhang et al., 2004a). Based on
water quality monitoring conducted by Taihu
Laboratory for Lake Ecosystem Research
(TLLER), transparency is related to seston
abundance (Fig. 4):

SY4 = 8103 —5.847In ST

(R=0.87, SD =032, N = 135, P<0.0001)
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Fig. 4 The relationship between the solid suspension and
secchi depth (SD) in Lake Taihu

where § is seston abundance (mg I™"), ST is secchi
depth (m). Correlation and regression analysis
based on measurements of light attenuation and
seston, including inorganic and organic seston,
and chlorophyll-a showed that inorganic solids
were important in autumn, whereas organic solids
were important in summer, especially in the north
(Zhang et al., 2004b). Correlation analysis also
indicated that chlorophyll was not a large factor
on light attenuation (Zhang et al., 2004b).
Underwater irradiance measurements show
that daily light distribution at specific depth
followed solar radiation, i.e., increase in the
morning and decrease in the afternoon (Fig. 5)
(Zhang et al., 2004b). Irradiance at 1 m was about
10% of that at the surface (Fig. 5). Ultraviolet
(UV) radiation, which is harmful for phytoplank-
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Fig. 5 Daily variations of underwater irradiance at differ-
ent depth (0.0, 0.2, 0.4, 0.6, 0.8, 1.0 m under the surface) at
the site nearby Taihu Laboratory for Lake Ecosystem
Research (TLLER) on May 17, 1998
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ton growth, was attenuated rapidly, i.e., UV-B at
20 cm was about 1% of surface levels (Zhang
et al., 2004b). Short-wave irradiance, therefore, is
attenuated faster than long-wave irradiance in
this lake.

Sediment in Lake Taihu

Spatial and vertical distribution of lacustrine
sediment was investigated at 723 sites in Lake
Taihu. Successive correction schemes and geosta-
tistical methods were used to determine sediment
thickness in the 69 x 69 whole lake grids. Spatial
statistical analysis revealed that sediment covers
about 1,100 km? of lake bottom, which accounts
for about 47.5% of lake area (Fig. 6) (Luo et al.,
2004a, b). Total volume of lacustrine sediment is
estimated to be 1.86 x 10° m? (Luo et al., 2004a,
b), and, in most regions, lacustrine sediment
depth was 0.5-2.0 m (Luo et al., 2004a, b). Most
lacustrine sediments are distributed along the
western shoreline from Meiliang Bay to the south.
There is little lacustrine sediment in the center of
the lake (Fig. 6).

Dating sediment at different depths from drill
cores showed that sedimentation rates range from
0.6 mm year™' to 3.6 mm year ' with an average
of 2 mm year™! (Fan et al., 2004). Bulk density of
surface sediment is 1.2 g cm™ with lowest bulk
density from East Taihu and highest from the
western lake (Fan et al., 2004). Organic matter
content ranges from 0.13% to 16.6% with maxima
from East Taihu and minima from the center and
west (Fan et al., 2004). TN and TP in sediments,
range from 0.01% to 0.66% and 0.01% to 0.015%,
respectively (Fan et al., 2004).

Pollution and eutrophication

In 1960, Lake Taihu was categorized as oligo-
trophic because total inorganic nitrogen (TIN),
total inorganic phosphorus (PO3 -P), and chem-
ical oxygen demanded (CODy,) were low
(Table 4) (NIGLAS, 1965). TIN increased dra-
matically until 1981 to about 18 times greater than
that in 1960, CODyy, increased by 49%, and
PO; -P remained stable (Table 4) (Sun & Huang,
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Fig. 6 Distribution of lacustrine sediment in Lake Taihu
Tz:l’lll‘: 4in§2§28g‘;§£ewater Year TIN TN POI-P TP CODy,  Sources
Rhmend (mg1™") (mgl") (mgl") (mgl") (mgl)
1960’s
1960  0.05 0.02 1.90 NIGLAS (1965)
1981  0.894 0.9 0.014 2.83 Sun & Huang (1993)
1988  1.115 1.84 0.012 0.032 33 Sun & Huang (1993)
1994  1.135 2.05 0.010 0.086 5.77 SEPA (2000)
1995  1.157 3.14 0.011 0.111 5.53 SEPA (2000)
. . 1998  1.582 234 0.007 0.085 5.03 TLLER
Data provided by 1999 1.79 2.57 0.004 0.105 4.99 TLLER

TLLER

1993). From 1981 to 1998, TP and CODy,
increased by 2.7 and 1.5 times, respectively
(Table 4). Total nitrogen (TN), total phosphorus
(TP), and chemical oxygen demand (CODyyy,)
increased from 1.8, 0.03, and 3.3 mg "' in 1988 to
2.3, 0.085, and 5.03 mg ™' in 1998, respectively
(Table 4).

Table 5 shows quantities of pollutants which
rivers transport into the lake. Most pollutant
inflow rivers are located in the west or northwest,
whereas pollutant outflow rivers are located in the
south or southeast. Based on studies in 2002 and
2003, about 30-40% of nitrogen and phosphorus
is retained inside the lake (Table 5).

Table 5 Nutrient flux of

. CODy, NH;-N NO»N NO»N TN TP

inflow and outflow of n

Lake Taihu during 2001 (ton) (ton) (ton) — (ton) (ton) (ton)

2002 Inflow 3757106 1243170 100786 10469.12 28,657.97  1,029.37
Outflow 3543136 486499 37977 -586228 —14,599.90 —668.27
Inflow—outflow 213970 756671 62809 460683 1405807 36110
Retention rate  5.7% 60.9% 62.3% 44.0% 49.1% 35.1%
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Wastewater produced within the basin
amounted to 225x10°t year‘1 of CODcy,
413 x 10*t year ' of TN and 3.8 x 10’ t year ™'
of TP in the 1980’s (Sun & Huang, 1993),
increasing to 2.82 x 10° t year! of COD¢, and
8.0 x 10* t year™' of TN and 5.66 x 10° t year™" of
TP in the early 1990’s (SEPA, 2000), and increas-
ing further to 7.46 x 10°t year! of CODcy,
1.09 x 10° t year™ of TN and 1.56 x 10*t year™
of TP in the late 1990’s (Huang, 2004). However,
pollutants discharged into the lake were less than
the pollutants produced within the basin. About
1.06 x 10° t year™! of COD¢y,, 2.0 x 10* t year™! of
TN and 1.55 x 10*t year™ of TP in the 1980’s
were discharged into the lake (Huang et al., 2001).
During the early 1990’s, total pollutants
discharged increased to 1.31 x 10°t year' of
COD¢,, 31x10*tyear’ of TN and
1.75 x 10° t year ™" of TP (SEPA, 2000). In the
late 1990’s, the COD(, empting into the lake
increased to 1.71 x 10° t year™', but TN and TP
decreased to 2.5x10*tyear' and 1.3 x
10° t year™!, respectively (Huang, 2004). During
the early 2000’s, inputs of CODy,, TN, and TP
were 3.76 x 10% t year™!, 2.87 x 10*t year™' and
1.03 x 10° t year™, respectively (Table 5) (Xu &
Qin, 2004), which are much lower than earlier
estimates. These results varied among different
investigators, but pollutants empting into the lake
probably increased in the early 1990’s and
decreased in the late 1990’s. This change may
relate to increased wastewater treatment in sur-
rounding areas.

Analysis of pollutant composition in wastewa-
ter in 1994 showed that 16% of total nitrogen
(TN) was from industrial sources, 25% from

sources (agriculture production) (SEPA, 2000).
For total phosphorus (TP), 10% was from indus-
try, 60% from sewage, and 15% from non-point
sources (SEPA, 2000). For COD, 39% was from
industry, 42% from sewage, and 10% from non-
point sources (SEPA, 2000) (Table 6). In 1998,
industrial pollution to the lake, decreased dra-
matically either in total COD, or TN and TP
(Table 6), whereas the contribution from agricul-
ture to COD and TN increased significantly and
sewage pollution contributed 70% of TP
(Table 6). This change in pollution composition
reflects rapid economic growth and land use
alteration.

Based on data from 1998, pollutants produced
by industry were mainly from the east or south-
east of the lake basin, such as Suzhou, Wuxi, and
Jiaxing (Huang, 2004). Pollutants from agricul-
ture (cropping, rice growing, etc.) accounted for
37% of COD, 49.5% of TN and 48% of TP
produced in the basin (Huang, 2004). These non-
point pollutants came mostly from the west. In
addition, poultry culture scattered in the rural
region accounted for 5% of COD, 6% of TN, and
18% of TP (Huang, 2004). Fish culture made up
5.5% of COD, 5.2% of TN, and 4.1% of TP. With
strengthening control of point sources, the con-
tribution from non-point sources, i.e., agriculture
and animal culture, likely will increase with time.

Aquaculture in the lake
The main form of aquaculture in Lake Taihu is

pen-fish-culture. Aquaculture has been limited to
East Taihu, a macrophyte-dominated bay in the

domestic sewage, and 38% from non-point southeast part of the lake with an area of
Table 6. C omparison of Year Pollution COD¢; TN TP
composition of different
X . source
pollution sources in COD, Amount Percentage Amount Percentage Amount Percentage
rll“N, and TP in 1994 and (ton) (%) (ton) (%) (ton) (%)
998
1994 Industry 111,061 39 12,544 16 591 10
Domestic 119,029 42 19,948 25 3,394 60
Agriculture 28,138 10 29,842 38 852 15
Aquaculture 13,195 17 533 9
1998 Industry 93,822 26 2,686 4 191 2
Domestic 96,782 27 16,232 25 6,510 70
Agriculture 91,582 25 17,815 28 1,362 15
Aquaculture 49,627 14 17,750 28 733 8
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126 km®. Although the documented area of pen-
fish-culture was 2,830 ha (Chen & Wu, 2004),
field observations reveal that almost the entire
water surface of East Taihu is occupied by net
pens. Fish culture in this area has raised some
environmental problems. East Taihu is a shallow
bay with 95% coverage by macrophytes. In 1993,
annual macrophyte production in East Taihu was
1.12 x 10°t, which accounts for 3,920 tons of
nitrogen and 496 tons of phosphorus (Wu et al.,
1995; Yang & Li, 1996), corresponding to 58%
and 95%, respectively, of total external loading to
East Taihu. About 60 x 10*t of macrophytes
were harvested for fish farming resulting in
removal of 1,890t of nitrogen and 296t of
phosphorus, corresponding to 28% and 57%,
respectively, of total external loading to East
Taihu (Wu etal, 1995; Yang & Li, 1996).
Harvesting of macrophytes now is blocked due
to the proliferation of net pens. Consequently, the
lake lost an important pathway for nutrient
export. This loss has promoted sedimentation
and eutrophication in East Taihu (Table 7).
Aquaculture activities also contribute to increases
in nutrient loading and eutrophication. It is
estimated that producing 1 ton of fish requires
141 kg nitrogen and 14 kg phosphorus (Yang &
Li, 1996; Wu et al., 1995; Li, 1998), and about
65% of each is not assimilated and is subse-
quently released into the overlying water (Yang
& Li, 1996). In pen-fish-culture areas, increased
nutrient loading leads to rapid growth of phyto-
plankton, zooplankton, and bacteria. After one
year of fish farming, the phytoplankton abun-
dance was three times higher than in non-culture
areas, and heterotrophic bacteria abundance
increased 3- to 4-fold (Wu et al., 1995). Total
organic carbon, total nitrogen, and total organic

Table 7 Changes in water quality parameters in East
Taihu in 1990’s

Year TN NH;N NO3N TP CODyin
(mgl") (mgl) (mgl™) (ugl™) (mgl™)

1991 101 0.14 032 43 5.5

1993 1.04 0.20 025 75 5.6

1997  1.39 0.19 0.10 31 5.5

1999 1.65 0475 023 40 6.6

2000 1.08 0.26 0.30 100 6.4

nitrogen in surface sediments increased by 141,
87.5, and 86%, respectively, after 2 years of fish
culturing (Li, 2004). Recently, fish culturing has
been replaced by the more profitable freshwater
crab culturing, which will increase the input of
feed, and further increase the deposit of organic
materials from the remnants of feed. Because fish
culture will make use of macrophytes for fish
food, the lake will output the nutrients and retard
the development of marsh in this way. In turn, the
recent aquaculture aggravates the deterioration
of water quality and degradation of ecosystem.

Marsh development

Marsh development mainly takes place in the
eastern shoreline areas, i.e., East Taihu, Xikou
Bay, and Gonghu Bay. Figure 7 shows the
expansion of spatial macrophyte distribution
(TBA & NIGLAS, 2000). From Fig. 7, macro-
phytes have extended from East Taihu in the
1960’s (Fig. 7a) to Xikou Bay and Gonghu Bay in
the 1980’s (Fig. 7b). Marsh development in East
Taihu is more serious in East Taihu because it
also functions as a flood discharge area and
drinking water supply for Suzhou and Shanghai.
These functions, however, are hampered by
marsh development. Generally, marsh develop-
ment in lakes results from organic or inorganic
material deposition, which elevates the lake
bottom, decreases water capacity, and eventually
leads to elimination of the lake (Li, 2004).

According to field investigations and TM
satellite image data in 1997, 95% of East Taihu
is covered by aquatic vegetation. Dominant spe-
cies include Potamogeton maackianus, Vallisneria
natans, and Zizania latifolia. Average macrophyte
biomass in East Taihu is about 3.8 kg m™ with a
range of 2.0-5.6 kg m~2 (Li, 2004). Total standing
biomass of aquatic plants in Lake Taihu is about
500,000 t, and Potamogeton maackianus ac-
counted for 42%, Zizania latifolia 29.5% and
Vallisneria natans 0.2% (Li, 2004). Floating-leaf
and emergent vegetation, such as Zizania latifo-
lia, indicate accelerated marsh development in
East Taihu (Li, 2004).

Since East Taihu is the major outlet of Taihu
Lake, particles are transported and deposited in
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East Taihu. Macrophytes reduce water flow
velocity and, hence, increase silting. Investiga-
tion of sediment distribution in East Taihu
showed that the top 1 m of sediment was soft
and composed of sand (98%) and organic
materials (1.5%) (Li, 2004). Sediment composi-
tion showed that most deposit materials were
allocthonous. Thus, increased sedimentation
rates and marsh development may be attributed
to pen-fish-culture, since it limited macrophyte
harvest, promoted succession from submerged
to emergent and floating-leaf vegetation, inhib-
ited water movement, and augmented deposi-
tion of macrophyte detritus and other particles.

Management

Lake Taihu has many functions, including drink-
ing water supply, flood water retention, fisheries,
tourism and shipping. These varied functions have
resulted in multi-purpose-oriented management
without sufficient coordination. Over-exploration
and over-utilization caused degradation of the
lake ecosystem and deterioration of water quality,
since some functions are contradictory, such as
water supply and fish culture. Development of a
centralized-management  system, therefore,
should be considered to decelerate eutrophication
and marsh development, restore the ecosystem,
and improve water quality. Regulations and
administrative policies should be enacted, e.g.,
reclamation should be forbidden and fish-culture
should be limited in spatial distribution. A long-
term plan for pollution and eutrophication control
should be based on accurate prediction of eco-
nomic development and contaminant sources.
Watershed management should be planned and
implemented aiming at pollution source control.
Scientific research should be emphasized and
focus on internal loading from sediment, water
and nutrient budgets, and ecological restoration in
the littoral zone.

Conclusion

1. Lake Taihu has a complicated inflow and
outflow system. Water retention time is

shorter and water quality is better in the
south or southeast, whereas retention time is
longer and water quality is worse in the north
or northwest.

2. Major pollutants are mostly from the western
watershed. Most COD input is balanced by
river output, and about 30-40% of nutrient
input is retained in the lake. Most pollution is
from non-point agriculture production and
domestic sewage.

3. Light attenuation is associated with sus-
pended solids, which is related to wave
forcing. Most sediments are distributed in
the littoral zone, especially along the western
shoreline.

4. Aquaculture in East Taihu increases nutrient
concentrations in water and sediments, which
accelerates eutrophication and marsh devel-
opment. Swamping in East Taihu results from
macrophyte success, which increases sedi-
mentation rate, reduces the ability of flooding
water passing through the system and quick-
ens the tempo of extinguishment of the lake.
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Abstract Science and art encompass understand-
ing, through human hand and mind; both are
applied in the form of creation by human hand and
mind. Like Janus, the Roman god of doorways
and bridges, they are two faces of the same thing.
Great art requires great understanding and great
understanding is wasted unless it is applied to
create meaningful art, whether this is in the form
of written works or paintings. These principles
apply not least to the restoration of lakes and
whole landscapes from the human-induced dam-
age that is the antithesis of significant art and
fundamental science. Because they lie at the
lowest points of hydrologic basins, lakes reflect
the balance of human activities in their catch-
ments. If these activities are carried out well, they
contribute greatly to the landscape and to the
welfare of the human population. If carried out
badly in the sole interests of exploitation of
resources, both human and otherwise, they may
become problems reflected, for example, in eutro-
phication, algal blooms and fish kills. Lake
restoration involves first an understanding in a
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reductionist (scientific) way of the processes that
drive lake ecosystems, but then of the ultimate
reasons that create these proximate problems.
Ultimate reasons lie in a much wider sphere of
human nature and the organisation of society.
Lake restoration, in its most trivial form, may be
simply a form of gardening to allay the symptoms
of problems and create the illusion of a solution.
Lake restoration in its most profound form
involves an understanding of cultural significance
and the workings of human societies and forms an
epitome for the solution of much greater, global
problems. Only in this form does it become truly
creative. Approval must come from both of the
faces of Janus.

Keywords Eutrophication - Shallow lakes -
Culture - China

Introduction

There has arisen a divide in the way that knowl-
edge is perceived. It has been called the two
cultures by the English novelist and physicist.
Snow (1959) and it concerns the gulf between
scientific perception and perception by artists,
linguists, historians, social scientists and all those
loosely grouped into the subject areas of the
humanities. Science is perceived as objective,
collects facts from survey and experiments, and
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interprets them in a way that is alleged to be value-
free and objective. Scholars in the humanities also
collect facts. The methodology of a historian is no
different from that of an ecologist describing past
and present ecosystems, but controlled experi-
ments are not conceivable in the arts and thus
determination of mechanism has to be left to the
perception of the observer and therefore is
regarded as subjective rather than objective. This
simplified overview disguises the fact that there
can be a great deal of subjectivity in the interpre-
tation of information collected by scientists and
that there are insights available to other scholars
that are too readily rejected by some scientists
because they are not amenable to controlled
experiment. A better way of dividing approaches
to understanding is to distinguish the reductionist
from the holistic. Scientists and those in the
humanities use both approaches, but current
practice is for scientists to be more reductionist
and humanities’ scholars more holistic.

Where ecological restoration is concerned,
there can be a harmony between the two
approaches and the lessons of the humanities,
indeed of fine art, can be applied to guide the
process. Ecological restoration, for example,
involves several stages. First there is a problem.
A habitat has to be restored because it has been
degraded to some extent. The reasons for the
damage need first to be understood or otherwise
restoration may be misguided. Secondly, the
extent of the damage must be assessed and thirdly
a target towards which restoration should be
directed must be decided. Then, fourthly, the
scientific understanding of the system is brought
into play to determine how to achieve the target
and lastly it is likely that maintenance of this new
status will require management of some sort. The
lessons of the humanities are applicable at all but
the fourth stage of technical restoration.

The parallels with the conception and creation
of fine art are considerable. Art exists to interpret
society as much as to decorate it. Science likewise
diagnoses problems as well as helps create the
artefacts of comfortable life styles. The power
with which artworks are expressed mirrors the
degree of the problem just as scientific
approaches assess the degree of damage. Resto-
ration involves design and the parallels are
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obvious here and management may be both a
scientific and aesthetic process if the results of the
restoration are to be permanent and significant.

The existence of the problems

Lakes lie at the bottoms of catchment basins.
Simply because of the operation of gravity, they
will reflect activities in their catchments, man-
ifested in changed water quality, but also in
alterations to watercourses for the purposes of
water storage, flood control, pollutant disposal
and farming. A catchment covered by pristine
ecosystems will pose no problems for the
freshwater systems that drain it and indeed
there is a seamless connectance between the
terrestrial and freshwater systems. Intact eco-
systems are parsimonious with nutrients and
very little available nutrient leaches from the
land to the water. Most key nutrients are held
and recycled within the terrestrial biomass.
Pristine freshwater systems thus have extremely
low nitrogen and phosphorus concentrations,
even when the catchment soils are made fertile
from easily weathered rocks.

Pristine freshwater systems will also have
considerable structure. They are not just masses
of mixed water. Rivers have structures created
by geomorphological processes (sand bars, rif-
fles, floodplains, levees) and by woody debris
entering from the immediate catchment. Lakes
have littoral zones with a rich diversity of
emergent and submerged plants. Maintenance
of this structure may depend on the intactness
of the diversity of the ecosystem. Top predators,
wolves and bears, salmonids and other piscivo-
rous fish and birds may exert considerable top-
down effects (Ripple & Beschta, 2004a, b) that
maintain both this structure and the efficiency
of cycling of nutrients in a system where
nutrients are naturally extremely scarce. There
will also be a great connectivity between
systems. A lake does not exist as an isolated
system. It depends on organic matter washed in
from the catchment through the inflow rivers
for part of its productivity (Hanson et al., 2004).
The surrounding wetlands may be crucial for
fish and invertebrate life histories and in the
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interesting case of the functioning of northern
rivers, nutrients brought from the ocean in the
bodies of salmonid fish are recycled through
the faeces of their brown bear predators into the
riparian woodland. In turn tree debris retains
carcases after spawning to provide the nutrients
needed by the periphyton and micro invertebrates
that sustain the hatched fish once they have used
up their yolk sacs. Movements of pike (Esox
lucius) between lakes and wetlands perform
parallel roles (Klinge et al., 1995).

Parsimony of nutrients, preservation of struc-
ture, including appropriate biodiversity, and
maintenance of connectivity are the three key
elements that constitute the ‘gold standard’ for
any ecosystem restoration. A system with these
three characteristics intact is self-maintaining.
Scientists comment on deviation from this state
by recording the impacts on freshwater systems
that damage these characteristics. Nutrient parsi-
mony is eroded by eutrophication, which may also
result in a loss of structure. Catchment manage-
ment for efficient forestry may deny to rivers the
structure provided by forest debris (Harmon
et al., 1986) and connectance is easily lost through
the construction of dams and the channelisation
and embankment of lowland rivers so that they
lose hydrological connection with their flood-
plains. Essentially, a long catalogue of impacts
that damage freshwater systems ultimately boils
down to damage to the three key elements.

The problems of freshwaters are ultimately
the problems of how landscapes are managed
and therefore of the way that human societies
are controlled and managed. In the developed
world the current philosophy is of maximising
resource use in the interests of profit with
rather little consideration of the sustainability of
the resource. Early ecology contented itself with
description of the workings of intact systems;
now it is equally concerned with documenting
the damage. Likewise fine art once celebrated
the contemplative delights of pristine or lightly
used landscapes. The traditions of Chinese scroll
painting very much manifest this. But currently
much of it is dedicated to protest and comment.
Pablo Picasso’s painting of Guernica, a horrific
view of the bombing of a Spanish town in
support of extreme right wing policies is a

Fig. 1 The Natural World of Man. Peter Scott, 1961. The
painting is a comment on the dilemma faced by humans in
contemplating the advances of technology, to the right of
the picture and the consequent losses to ecosystems,
represented by a selection of endangered mammals and
birds to the left. The figure stands apart from the scene,
representing philosophies that regard the natural world as
something to be controlled by humans in their own
interests but is also transparent and melds into the natural
world. Humans are as dependent on the biosphere as all
other creatures. The figure also holds his or her arms in a
gesture of uncertainty, not knowing quite what to do about
the problems being caused by human activities. By
permission of Lady Scott, Wildfowl and Wetlands Trust,
Slimbridge

famous example. Peter Scott’s painting. ‘The
Natural Environment of Man’ (Fig. 1) uses art
as a means of expressing environmental contro-
versy.

The six artistic principles of Xi He
and their equivalents in lake restoration

It is in the design of targets for restoration,
however that the parallel approaches between art
and science become most interesting. In the sixth
century (Northern and Southern Dynasty) Xie He
(Hsieh Ho), in his Ku-hua p’inlu (Acker, 1954;
Tregear, 1997) posited, for the judgement of
Chinese paintings, six principles, which have been
so influential that they influenced Chinese paint-
ing into the twentieth century and may still
influence it. These were:

Q’i yun sheng tung: The painter should endow
his work with life and movement through
harmony with the spirit of nature
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Ku fa yung pi: Refers to structural power and
tension of the brush stroke

Ying wu hsiang hsing: Fidelity to the object in
portraying forms

Sui lei fu ts’ai: Conforming to kind in applying
colours

Ching ying wei chih: Plan and design, place and
composition

Ch’uan I mu hsieh: Transmission of ancient
models by copying

Gombrich (1995) talks of a wonderful restraint in
Chinese painting (Fig. 2). There is an economy of
line, a sense of contemplation and inner feeling for
the subject rather than a precise elaboration of
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Fig. 2 A characteristic Chinese painting by Sheng Mou,
1330-1369. Waiting for the Ferry on an autumn river
(1351). Hanging scroll on paper. Palace Museum, Beijing
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details. Technique in brushwork is economical and
firm and painted scrolls are usually adorned with
philosophic comment, also elegantly executed in
text characters. The long tradition of Chinese
painting, adopted also by Japanese painters, has its
dangers in that rigid tradition inhibits individual
inspiration and innovation, but a balance between
tradition and innovation often gives the best of
both worlds and in such a balance lies the
relevance of art to lake restoration.

With some contraction of the third and fourth
principles, which concern fidelity of form and
colour, there are equivalents to Xie Hi’s princi-
ples in the guidance that might be given for
effective lake restoration, especially in the com-
plex case of shallow lakes. There should be skill in
carrying out the work and economy in resources
and effort; there should be fidelity to the struc-
tures and nature of the system; there should be
taste in reflecting the nature of the landscape;
there should be wisdom in understanding the
essence of the relationships by reference to
pristine examples; and there should be harmony
with the spirit of wise and sustainable use. It is not
known whether there was particular significance
in the order of Xie Hi’s strictures on painting,
except that the first was the most important. The
logical parallels for lake restoration however
might re-order the equivalents in terms of:
Wisdom, Skill, Fidelity, Taste and Harmony.

Wisdom in understanding the essence
of the relationships

Understanding of the functioning of shallow lake
systems has advanced greatly since 1970. The
natural state of all lakes is to have very low
available nutrient concentrations, as discussed
above. If the natural catchment vegetation is
destroyed for urbanisation or agriculture of any
kind, these mechanisms are destroyed and leach-
ing losses increase greatly. Such eutrophication
has been associated with the loss of clear water
and submerged plant communities from shallow
lakes and their replacement with filamentous
algae and phytoplankton.

The idea that this was a process entirely driven
by nutrient increase is still held by some workers,
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but was challenged by Balls et al. (1989) and
Irvine et al. (1989) who found that adding large
amounts of nutrients to such plant communities
in experimental ponds did not displace the
plants. Indeed they grew better. A switch to
phytoplankton only occurred if the plants were
independently damaged by mechanical removal.
In subsequent years a range of switch mechanisms
has been recognised, each of which, especially but
not necessarily, in tandem with nutrient enrich-
ment may displace the plants (Moss et al., 1996).
These include herbicide application, grazing by
introduced birds and fish like common carp
(Cyprinus carpio L.), pesticide leachate and
increasing salinity (both of which disturb the
zooplankton grazer interactions that maintain
clear water), rise in water level and violent storms.
Thus over a large range of nutrient loadings,
dependent on whether such a switch has occurred,

Increased probability of a phytoplankton -dominated turbid state

—

shallow lakes may have alternative states of clear
water and plant dominance and turbid water with
phytoplankton dominance (Fig. 3). Sometimes,
turbidity may be created through suspended
sediment raised by wind or benthic fish in plant-
devoid waters. This understanding has come from
a range of approaches, including analysis of very
large data sets (Jeppesen et al., 1999), mesocosm
(Moss et al., 2004) and pond experiments (Balls
et al., 1989; McKee et al., 2003), whole-lake
experiments (Meijer et al., 1999) and theoretical
treatments (Scheffer et al., 1993). The general
model applies to small and moderate sized lakes
(perhaps up to the order of 10°-10° km? but is
relevant also to very large shallow lakes though
with very large wind fetches, the more exposed
portions of these may behave differently.

Part of the understanding has also come from
attempts to restore the plant communities to

—b
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Fig. 3 Alternative states scheme for shallow lakes, illustrating alternative states, forward switches and restoration measures
in the context of a range of nutrient loadings or concentrations (from Moss, 2002)
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turbid lakes. Some cultures, not least those that
have large populations to feed, may prize the
turbid state for its ease of fishing and productivity
of fish for food. The general presumption, how-
ever, is that the more desirable state of a shallow
lake is to be plant-dominated, because this state is
associated with the greatest biodiversity and
aesthetic value and the least problems of smell,
fish kills and toxicity of algal blooms. Plant
communities use a number of mechanisms to
maintain clear waters, including competition for
nitrogen with algae, allelopathy, and reduction of
eddy disturbance necessary for phytoplankton to
remain suspended. Indirect, but equally impor-
tant, mechanisms include provision of refuges
against fish predators for zooplankton grazers on
phytoplankton or macroinvertebrate grazers on
periphyton (Moss et al., 1996; Scheffer, 1998).

Restoration attempts initially centred on rein-
stating the role of grazers by temporary removal
of their fish predators, a process called biomanip-
ulation. This resulted in clear water in which
plants could grow, but protection against damage
from grazing birds was sometimes necessary
to establish self-sustaining communities. The
communities were, however, usually of low diver-
sity and vulnerable to slight disturbance that led
to return of turbid conditions. Few restorations
have been entirely successful in restoring diverse,
stable plant communities (Moss et al., 1996;
Meijer et al., 1999).

The reasons have perhaps been because the
scale of restoration attempts has been too limited,
that nutrients have not been adequately con-
trolled or that only one of two important nutrients
has been controlled. Shallow lakes have strong
links in their natural states with surrounding
wetlands that provide habitat for piscivorous fish
that control zooplanktivorous fish and hence
result in large zooplankton populations (Klinge
et al., 1995). Extensive restoration of whole flood-
plains rather than just isolated lake basins is
needed. Although alternative states exist over a
wide range of nutrient loadings, it appears that the
threshold for switches to act to remove plants is
lower when nutrients are high and that biomanip-
ulation is more effective if nutrients are reduced
and that perhaps nutrient control should involve
both phosphorus and nitrogen. Phosphorus may
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control algal production but the diversity of the
plant community and hence its stability seems to
be determined by nitrogen (James et al., 2005).
Nutrient control is difficult especially when diffuse
sources dominate and generally only phosphorus
is controlled because point sources (for example,
waste water treatment works) tend to be promi-
nent and phosphorus can easily be precipitated at
them.

Moss et al. (1996) developed a technical strat-
egy for restoration, which forms an idealised basis
for restoration attempts. First the target for
restoration should be determined. The nature of
the plant community is linked to the nutrient
loading and generally diverse charophyte or
isoetid communities require very low nutrient
concentrations; mixed pondweed communities
will persist over a middle range; and nymphaeid
communities will still grow at very high concen-
trations and even when conditions are switching
to turbid conditions. Once the target is decided,
any existing or potential forward switches should
be removed. There can be no success if this is not
done. Thus, damaging fish or unusually high
numbers of grazing birds need to be removed.
Usually these are of introduced species and have
built up to large numbers in the absence of
natural predators. Risks from pesticide and her-
bicide contamination must be reduced and any
damaging management such as mechanical clear-
ance eliminated.

Nutrients should then be reduced, including
both phosphorus and nitrogen. A range of meth-
ods exists for controlling point and diffuse sources
but generally it is difficult to reduce concentra-
tions to those that are likely to favour successful
restoration. Restorations are most likely to be
successful if total phosphorus concentration is
reduced to winter values of less than 0.05 mg 1"
and total nitrogen to less than 1 mg 1. These
suggestions are subject to much variability depen-
dent on local circumstances however and emula-
tion of the pristine condition of very low available
nutrients should be the guiding principle. The
fourth step is that of biomanipulation and a
common source of failure is for too few fish to
be removed. Successful restoration will be more
likely if stocks are reduced to lower than 2 g m™
and if some piscivores are left in the lake. This
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will allow daphnids and other zooplankters to
increase and will clear the water, although if
retention times are long and favourable to
Cyanobacteria, there may be difficulties (Moss
et al., 1991). Cyanobacteria can be controlled by
grazing, but generally only if the proportion of
such algae is low. Thick, surface blooms generally
cannot. In the clear water, plants may spontane-
ously return from residual fragments but may
have to be reintroduced. New plantings are
vulnerable to bird damage and may need to be
protected by caging. Thereafter, once plants have
established vigorous beds, perhaps after two
years, a fish community can be reintroduced, but
should reflect the native community for the lake,
should not include exotics and should always
include piscivorous fish. Finally restoration pro-
jects should always be carefully monitored for
several years afterwards. Many are not and
valuable lessons as to why they succeed or fail
will be lost. And in all things, patience is a virtue.
It is not possible to replace over a year what may
have been lost over a century.

Beyond this catalogue of necessary technical-
ities, however, is a philosophical basis for resto-
ration and it is in this that the parallels with the
principles of Xie He for painting become very
relevant. Wisdom, skill, fidelity, taste and har-
mony are further contracted here into a hierarchy
of skill, fidelity and taste, harmony and wisdom.

Skill in carrying out the work with economy
of resources and effort

Lake restoration is often carried out by contrac-
tors, for whom it is simply a means of making
profit. The results can then fall far short of the
exquisiteness that Xie He would have expected of
his painters and that sensitive ecologists would
expect in the final result of a restoration. Mass-
produced art is rarely prized. Skill comes in
appreciating details and in minimising costs with-
out compromise on the final result.

In one restoration attempt in which I was
involved, at a lake in Wales (Moss et al., 2002), a
detailed specification of what should be done was
drawn up, including a strong proviso that certain
plant species, like Ceratophyllum demersum L.

should not be used, for they were likely to create
dense beds that would interfere with angling. The
use of plant stock bought from garden suppliers,
which might include exotics and cultivars, was
also precluded. In the event, the work was carried
out by contractors who took the cheapest options
of putting in any plant they could find, which
included the very common Ceratophyllum, and at
least effort, which meant they bought water lily
stock from garden suppliers. The result was a lake
choked by Ceratophyllum and fringed with an
inappropriate, for the site, and probably non wild-
type nymphaeid, Nymphoides peltata L. There
was public protest at the Ceratophyllum choking
and the result was that the local authority treated
the lake with herbicide and effectively reversed
the entire restoration after spending of a consid-
erable sum of money ultimately to achieve
nothing.

This however, is a small example of this
particular precept. Skill involves choosing the
right level of approach, and economy has to be
considered in the long, not the short term. There
are three levels of approach to restoration that
correspond to different levels of cause of the
problem. These are immediate, proximate and
ultimate. For a shallow lake that has switched to
phytoplankton dominance with troublesome, per-
haps toxic cyanobacterial blooms, the immediate
cause of the problem is the bloom. The immediate
treatment is to use mixing methods or algicide.
Both are cheap, temporary and ultimately inef-
fective in solving the problem for they treat only
symptoms and the money spent on them is
ultimately wasted.

The next level of treatment is to carry through
the technical strategy outlined above. This deals
with the proximate causes such as increased
nutrient loading in the catchment, introduction
of exotic fish or profligate use of herbicides and
pesticides. It will cost much more but will be
effective for a longer term. It may not be
ultimately effective, however, for continuous
control of nutrients will be needed and should
funds become unavailable or should inappropriate
fish be reintroduced for some new commercial
intention, the money will have been wasted. What
is really needed in this, as in all environmental
problems, is a profound enquiry into the ultimate
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causes, which will be political, social and cultural.
Treatment of the ultimate cause of the problem
may have to be a change in agricultural policy so
that large areas of the catchment are used as
buffer zones to allow intensive agriculture to
continue in the remainder. Or they may mean an
enquiry into the relative rights of some parts of
society to exploit the resources of the lake (for a
fishery for introduced, very productive species for
example), and the rights of other parts of society
not to tolerate this in the interests of an environ-
ment that preserves biodiversity. Skill may come
in realising these levels of approach and in aiming
to tackle the problem as high up the hierarchy of
causation as is possible.

Fidelity and taste in reflecting the nature
of the landscape

Lakes that have been damaged are frequently
incapable of being restored to anything remotely
like their pristine equivalents. Shorelines often
have been developed and damaged and may
support building development that cannot be
removed. Restoration may have to take on board
such changes. A parallel aspect of restoration is
re-creation of new lakes from quarries, gravel
excavations and other such engineering activities.
Pond creation is a widespread activity in Europe
(Andrews & Kinsman, 1990; Williams, 1999;
Moore, 2002) where former small ponds have
often been filled in as a result of agricultural
intensification to ease the use of large agricultural
machines. Taste and design are very important in
both these activities.

The guidance that Xie He would doubtless have
given to lake restorers would have been that if
natural structures such as emergent wetland mar-
gins cannot be restored, and hard edges have to be
maintained, these should be of natural materials,
appropriate to the area, especially its local geol-
ogy, and not concrete or building stone of colours
and textures that do not fit into the surrounding
landscape. He would have spurned the artificiality
of structures like fountains and artificial rafts for
bird roosting. Fountains are particularly favoured
by local government authorities, partly because
the idea is rife that water needs continually
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oxygenating and partly by a perception that
moving waters are tourist attractions. Water does
not need artificially oxygenating, unless there has
been such severe organic pollution that it is in
danger of becoming permanently anaerobic and
fountains are not good oxygenating devices any-
way. Sub-surface circulation using powerful
pumps is needed in such situations. Fountains
may be appropriate to man-made pools in urban
situations but not to natural or large lakes.

In designing new lakes, there is a tendency also
to ignore the tenets of art in favour of the
conveniences of engineering. Newly excavated
lakes tend to have either geometric shapes,
square or oblong, or exaggerated sinuosity in an
attempt to avoid geometricity. Both are equally
offensive to the eye. In natural lake basins the
shape and outline are determined by the local
geology and geomorphology. No general pre-
scription can be given except that design should
take account of the subtleties of the landscape
and that this takes different talents from those
needed for the engineering of earth movement
and water retention. An appreciation of the
nature of unmodified local lake basins and what
gives them their particular characteristics is cru-
cial to this. In an aerial photograph the ultimate
results of lake creation or restoration should
blend with the landscape and not stand out
prominently as clearly different. One group of
man-made lakes, the Norfolk Broads (Moss,
2002) formed in the 14th century in the United
Kingdom, fits so well into the landscape that for
many years their anthropogenic origin was not
even realized.

Harmony with the spirit of wise and sustainable
use

Xie He’s first and most important stricture for
painters is ultimately the most important one in
lake restoration also. Problems in lakes reflect
problems in society. An algal bloom is a symp-
tom of a society that has not satisfactorily dealt
with its immediate problems of waste disposal
and food production in the best possible way. It
reflects a dominance of some interests over
others and generally these will have been the
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richest and most powerful interests. The current
dominant philosophy of the human population of
this planet is one of short-term exploitation of
resources with rather little thought for ultimate
consequences. Were this not the case we would
not be facing severe climate change, heavily
overfished seas, severe water shortages and
polluted lakes.

There is acknowledgement of the problems in
many political quarters but a policy of acknowl-
edging problems but doing little and hoping that
solutions will emerge spontaneously is a danger-
ous one. High quality lakes are set in high quality
landscapes. High quality landscapes reflect
sustainable values in society. Xie He taught that
great art reflects great understanding, fundamen-
tal values and worthy objectives. Great lake
restoration likewise reflects understanding and
objectives worthy of a society that can be
sustained, that reflects the needs of all people
and that is not just a commercial activity. And if a
Chinese art critic can be seen to offer guidance in
lake restoration, perhaps ancient Chinese philos-
ophy (Lao Tzu, approx. S00BC) can provide a
solid basis for creating the sort of society that will
sustain itself and its associated natural world, not
least its freshwater resources. It defies all pleas
above for connectedness, and a holistic and
profound approach to quote a single passage to
illustrate an entire philosophy, but Verse 67 will
have to suffice:

Some say that my teaching is nonsense.
Others call it lofty but impractical,

But to those who have looked inside themselves,
This nonsense makes perfect sense.

And to those who put it into practice,

This loftiness has roots that go deep.

I have just three things to teach:
Simplicity, patience, compassion.

These three are your greatest treasures.
Simple in actions and in thoughts,

You return to the source of being.
Patient with both friends and enemies,
You accord with the way things are.
Compassionate towards yourself,

You reconcile all beings in the world.
(Translated by S. Mitchell, 1999)
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Abstract Phosphorus (P) dynamics in large
shallow lakes are greatly influenced by physical
processes such as wind-driven sediment resuspen-
sion, at times scales from hours to years. Results
from long-term (30 year) research on Lake Oke-
echobee, Florida (area 1,730 km? mean depth
2.7 m) illustrate key features of these P dynamics.
Variations in wind velocity result in changes in
water column transparency, suspended solids, and
total P (TP). In summer there are diurnal changes
in TP associated with afternoon winds, and in
winter, when strong winds occur for multiple
days, monthly average TP remains high compared
to summer. The magnitude of daily and seasonal
TP changes can exceed 100 ug I"'. Hurricanes and
tropical storms also cause extreme changes in TP
that are superimposed on seasonal dynamics.
When a hurricane passed 80 km south of the lake
in October 1999, mean pelagic TP increased from
88 to 222 ugl™. During large resuspension
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events, light attenuation is substantially increased,
and this influences the biomass and spatial extent
of submerged plants, as well as water column TP.
In Lake Okeechobee, TP concentrations typically
are ~20 ug I"' when submerged plants are dense,
and soluble reactive P concentrations are reduced
below detection, perhaps by the periphyton and
plant uptake and by precipitation with calcium at
high pH. In contrast, TP exceeds 50 ug ™' when
submerged plants and periphyton are absent due
to prolonged deep water, and phytoplankton
biomass and algal bloom frequency both are
increased. In Lake Okeechobee and other large
shallow lakes, complex models that explicitly
consider wind-wave energy, hydrodynamics, and
sediment resuspension, transport, and key biolog-
ical processes are needed to accurately predict
how lake water TP will respond to different
management options.

Keywords Phosphorus - Shallow lakes -
Sediment resuspension - Wind effects - Physical
processes - Diffusion - Eutrophication -
Long-term studies

Introduction
The seasonal and year-to-year dynamics of TP in

deep dimictic lakes have been studied for
decades, and they follow generally predictable
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patterns (e.g., Wetzel, 2001). During summer
stratification, dissolved P is incorporated into
the biomass of plankton, which subsequently
settles from the epilimnion, or is incorporated
into higher trophic levels of the food web. With
the exception of buoyant cyanobacteria or other
algae that can actively maintain their position in
the upper water (Reynolds, 1994), there is a net
downward movement of P from the epilimnion to
the hypolimnion and sediments. Once particles
have settled, the only time they return to surface
waters in a deep stratified lake may be at fall
overturn. Various authors have examined and
summarized these patterns and their underlying
processes (e.g., Hutchinson, 1975; Wetzel, 2001)
that are largely based on work done decades ago
by Mortimer (1941), Rigler (1956, 1964, 1973),
and Lean (1973a, b).

In contrast to their stratified counterparts,
shallow lakes may display highly irregular sea-
sonal and year-to-year variations in TP, largely
driven by stochastic processes that are not as
readily predicted. These lakes also are consider-
ably less studied, although in recent years that
tendency has changed (Scheffer, 1998). At any
given time, the physical transport of particulate
and interstitial P into the water column of a
shallow lake by wind energy may be orders of
magnitude greater than other inputs of P, includ-
ing diffusion, bioturbation, and external loading.
As long as a concentration gradient exists
between sediment-bound P and dissolved P in
the water (Pywater > Psediment), downward transport
of P with sediment particles may greatly exceed

other loss processes, such as algal settling (e.g.,
James et al., 1997). In shallow lakes where wind
strongly influences sediments, physical resuspen-
sion by wind-waves dominates the upward trans-
port of P, and settling of particles dominates the
downward flux (Fig. 1). In lakes not as heavily
influenced by wind, other processes in the P cycle,
including bioturbation, uptake of allochthonous P
by plankton, plants, and periphyton may repre-
sent downward fluxes of greater magnitude.
There are several ways to predict whether P
dynamics of a lake will be strongly driven by
wind-waves. These predictions range from com-
plex hydrodynamic models dealing with conser-
vation of momentum and mass (e.g., Jin et al.,
2000, 2002) to calculations of intermediate com-
plexity based on wavelength and water depth
(Caper & Bachmann, 1984) to simple index
values. An example of an index is the dynamic
ratio of Hakanson (1982), calculated as the square
root of lake surface area (km?) divided by mean
depth (m). This index was developed to identify
the relative portion of a lake bottom likely to be
influenced by wind-driven sediment resuspension.
Using data from 36 Florida lakes, Bachmann et al.
(2000) showed that when the dynamic ratio is
above 0.8, 100% of the lake bottom is subject to
resuspension, whereas at ratios below 0.8, the risk
of resuspension rapidly declines in a linear man-
ner. This method can be used to characterize the
influence of wind-generated waves on large lakes
of the world (Fig.2). Lakes are distributed
according to their mean depth and area, with
the diagonal line indicating the critical depth for

o
OOO\‘

Fig. 1 Conceptual diagram of phosphorus (P) dynamics in
a shallow lake that is heavily influenced by wind-induced
waves. The arrows indicate fluxes of P between plants and
periphyton, benthic algal mats, plankton, sediments, and
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water/sediment dissolved (DP) and particulate (PP) forms.
In this example, resuspension and settling of PP dominates
the lake’s P dynamics
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Fig. 2 Large lakes of the world, plotted as a function of
their mean depth and surface area. The diagonal line
indicates the mean depth for any particular surface area
where the dynamic ratio (Hakanson, 1982) equals 0.8.
Lakes lying below this line have higher dynamic ratios, and
as such, are expected to be increasingly influenced by
wind-induced waves. Symbols: Balaton (BT), Constance
(CO), Biwa (BI), Chad (CD), Champlain (CH), Chapala
(CP), Dianchi (DI), Donghu, (DU), Gatiun (GA), George
(GO), Kasumigaura (KA), Kinneret (KI), Malawi (MA),
Maggiore (MG), Neagh (NE), Peipsi (PE), Poyang (PY),
Saint Clair (SC), Simcoe (SI), Tahoe (TH), Taupo (TZ),
Valencia (VL), Vattern (VA), Baikal (BA), Erie (ER),
Mendota (ME), Nicaragua (NI), Okeechobee (OK),
Ontario (ON), Taihu (TU), Tanganyika (TA), Washington
(WA), and Zurich (ZU). Data were obtained from the
World Lake Database of the International Lake Environ-
ment Committee (www.ilec.or.jp)

any given area where the dynamic ratio is exactly
0.8. Lakes lying far below the 0.8 line are
expected to be more influenced by wind-induced
waves and sediment resuspension. Examples of
these types of lakes are Okeechobee (OK), Taihu
(TU), Dianchi (DI), Balaton (BT), George (GO),
Kasumigaura (KS), Saint Clair (SC), Chad (CD),
Chapala (CP), and Piepsi (PE). These lakes also
fall into the range of large size and low maximal
depth that indicates a predominance of random
redistribution of sediments by wind-induced
waves (Hilton, 1985; Douglas et al., 2002). Results
presented in this paper can be most readily
generalized to these other large lakes, as well as
to smaller lakes with shallower depth.

Qin et al. (2006) describe the processes
involved in P flux from sediments to water in

Lake Taihu, P.R. China. Lake Taihu is very
similar in size and depth to a lake in the USA -
Lake Okeechobee, Florida. In this paper, we
examine the P dynamics of Lake Okeechobee
as another representative case study for large
shallow lakes, and focus in particular on how P
dynamics vary at different temporal scales in
these highly dynamic ecosystems.

Materials and methods
Characteristics of the study site

The physical, chemical, and biological character-
istics of Lake Okeechobee have been extensively
documented (e.g., Aumen, 1995; James et al.,
1995a, b; Havens et al., 1996; Steinman et al.,
2002a). Therefore, only a brief overview is pro-
vided here except for attributes specifically
related to the topic of this paper. The lake has a
nutrient residence time of 3.4 years (James et al.,
1995a) and a high rate of external P loading
(>03 gm2y"). That loading is substantially
higher than a background load of 0.08 g m™~> y!
estimated from sediment accumulation rates
(Brezonik & Engstrom, 1998). Pelagic TP concen-
tration now averages 110 ug 1!, the ratio of total
nitrogen to total P (TN:TP ratio, by mass) is 12:1,
the ratio of dissolved inorganic N to soluble
reactive P (DIN:SRP ratio, by mass) is 6:1, and
cyanobacteria dominate the phytoplankton
(Cichra et al., 1995; Havens et al., 2003). The lake
is N-limited with surplus SRP in the water
(Aldridge et al., 1995; Phlips et al., 1997). Despite
N limitation and low N:P ratios, non N-fixing
cyanobacteria (Oscillatoria and Lyngbya) are
most common in the plankton because low under-
water irradiance restricts the occurrence of N-
fixing taxa (Anabaena, Aphanizomenon) to infre-
quent calm summer days (Havens et al., 1998,
2003).

The lake bottom is relatively flat and is 60-90 cm
above sea level (Fig. 3a). An underwater reef of
limestone near the southern end separates the
central pelagic zone from shallower south and
southwestern regions. On the western side of the
lake, there is a relatively steep bottom slope at the
edge of a low-gradient littoral marsh that supports
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Fig. 3 (a) Bathymetric map of Lake Okeechobee, show-
ing bottom elevations in cm above NGVD (National
Geodetic Vertical Datum, formerly mean sea level). The
lake’s littoral marsh, a region of emergent vegetation, is
indicated by the stippled area. The inset map indicates the
lake’s location in Florida, USA. (b) Map of Lake

emergent vegetation over an area of 400 km” The
entire lake, including the littoral zone, is enclosed
by a dike constructed in the mid-1900s by the
United States Army Corps (USACE) of Engineers.

As a result of two factors—water depth and
sediment type—there also are three distinct zones
(Fig. 4) in the lake that support different com-
munities of primary producers and have markedly
different water chemistry. A central pelagic zone
is the deepest region of the lake. It is underlain by
fine-grained mud sediments (Fisher et al., 2001)
that are readily resuspended by wind-induced
waves (Jin & Ji, 2001) as in other large shallow
lakes (Otsubo & Muraoka, 1987; Luettich et al.,
1990; Kristensen et al., 1992; Qin et al., 2006). The
water column in this zone has high concentrations
of P (Phlips et al., 1995), frequent light limitation
of phytoplankton (Phlips et al., 1997), and it does
not support vascular plants or benthic algae.
Phytoplankton chlorophyll a concentrations do
not correlate with TP (Havens et al., 1999)
because most of the P is associated with resus-
pended sediment particles (details below). In
sharp contrast, TP concentrations in the interior
littoral zone are frequently below 10 ugl™
(Hwang et al., 1998) because the main source of
water input for this zone is rainfall. Little trans-
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(b)
Pelagic Zone
showing area of

mud sediment

Littoral Zone
{emergent, submerged,
and floating plants)

Near Shore Zone’ '\
{submerged plant beds,
Chara, bulrush)

Okeechobee, showing three distinct habitats (pelagic,
littoral, and near-shore), as well as location of fine mud
sediments on the lake bottom and the eight long-term
water quality monitoring stations of the South Florida
Water Management District (black circles)

port of nutrients occurs between the pelagic and
littoral zones except when water level is very high
(Havens, 1997). Lying between the pelagic and
littoral zones is an area of intermediate depth,
turbidity, and nutrient enrichment (Hwang et al.,
1998; Havens & Walker, 2002). This region is
referred to as the near-shore zone (Havens, 2002).
When the lake experiences prolonged high water,
as in the late 1990s, the near-shore zone becomes
dominated by phytoplankton (Havens et al.,
2001a). However, under shallow conditions it
develops a dense community of submerged plants
and clear water (Havens, 2003). The relationship
between chlorophyll a and TP in the near-shore
zone is similar to what is found in deeper Florida
and North America lakes (Mazumder & Havens,
1998).

Data sources

This paper synthesizes prior work dealing with P
dynamics in Lake Okeechobee, and aims to bring
this information together in a manner that allows
for comparisons of processes occurring at differ-
ent temporal scales. Citations are provided to the
original published sources of the information,
where details can be found for field sampling,
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Fig. 4 (a) Historical record (1973-2002) of pelagic total
phosphorus (TP) concentrations in Lake Okeechobee,
based on monthly data collected at eight stations shown in
Fig. 3. (b) Representative data regarding water tempera-
tures near the surface (upper grey trace) and at the bottom

laboratory methods, and experimental protocols.
Only abbreviated information is presented here,
coincident with presentation of the particular
results and conclusions of each study. Most of the
data were collected in the pelagic zone where the
South Florida Water Management District
(SFWMD) conducts monthly or semi-monthly
water quality assessment at eight stations, which
have existed since 1973 (Fig. 3b). Data from the
near-shore zone, which has been sampled since

July

August September

(black trace) of the mid-lake water column in Lake
Okeechobee. These are hourly data collected during
summer 1999. The lower data set represents the difference
between top and bottom temperature

the mid-1980s, also are presented, along with
results from studies done by the University of
Florida, under contract with the SFWMD. The
littoral zone is not addressed here because it
typifies a wetland more than a lake ecosystem. All
of the water quality sampling and analyses carried
out by the South Florida Water Management
District (SFWMD), and the agencies and univer-
sities working under contract to the SFWMD,
follows standard quality control standards that
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have been accepted by the State of Florida
(SFWMD, 1998). Unless otherwise indicated,
statistical significance is defined in this paper at
P =0.05.

Results

Greater than 30 years of data indicate that
temporal dynamics in pelagic TP in Lake Oke-
echobee occur at seasonal, yearly, multi-year, and
multi-decadal time scales (Fig. 4a). Considering
first the short-term dynamics, we examined the
hypothesis of Moore & Reddy (1994) that large
fluxes of P from lake sediments might occur
during brief periods of anoxia associated with
transitory thermal stratification. During 1997-
1999 we measured water temperature and dis-
solved oxygen (DO) at surface and bottom depths
every 30 min with a YSI multi-parameter sonde.
Representative data (Fig. 4b) for temperature
indicate that in summer daily thermal stratifica-
tion does occur, forming in morning and breaking
up in the afternoon. However, anoxia never was
observed (data not shown), with 95% of DO
measurements exceeding 5 mg L' in the study
period. These data do not support a major role for
anoxia in stimulating sediment P release in this
lake.

At the seasonal time scale, there is a regular
pattern in water column TP (Fig. 5) that closely
tracks seasonality of wind velocity. Concentra-
tions of TP are highest in winter, when prevailing
winds are strongest and lowest in summer when
winds are relatively weak. The exception to this
pattern is when hurricanes pass close to the lake,
as occurred in October 1999 when a Category I
storm crossed the Everglades (Fig. 6) and pro-
duced maximal sustained winds of 90 km h™ over
the center of Lake Okeechobee.

Results from the Lake Okeechobee Ecosystem
Model (LOEM, Jin et al., 2000, 2002) indicate
that the hurricane generated currents as strong as
50 cm s! over a large portion of the lake, and
that large amounts of mud sediment were sus-
pended from the center of the lake and trans-
ported to shoreline areas (Fig.7). Field
observations confirmed that fine mud sediment
was deposited into bays in the south and west
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Fig. 5 Representative data regarding wind velocity at
mid-lake and pelagic mean total phosphorus (TP) from the
eight stations shown in Fig. 3. The three selected years are
1999, 2000, and 2001

regions of the lake where prior to the storm the
sediments were comprised of peat and sand,
respectively. Water quality monitoring data indi-
cate that the hurricane resulted in lake-wide
increases of TP from an average of 88 ugl™'
before the storm to 222 ug 1! afterwards (Fig. 8).
Year-to-year variation in TP in Lake
Okeechobee is quite pronounced and some of
the variation can be explained by changes in
water level (Fig. 9). A long-term increasing trend
in water column TP (Fig. 10) coincides with
increasing inflow TP from 1973 to 1985, but then
contrasts with decreasing inflow TP afterwards.

Discussion

Pelagic phosphorus dynamics at hourly time
scales — effects of wind and diffusion

In lakes where wind-generated waves and circu-
lation are major factors controlling pelagic P
dynamics, large changes in TP concentration can
occur in short time intervals. Kristensen et al.
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October 15, 1999, 1930 EST

October 16, 1999, 0130 EST

October 16, 1999, 1630 EST

Fig. 6 Graphics from the National Hurricane Center,
showing the movement of Hurricane Irene across the
Florida peninsula, from 1930 h on October 15 to 1630 h on
October 16, 1999. These figures are presented to illustrate
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Fig. 7 Results of the Lake Okeechobee hydrodynamic
and sediment transport model (Jin et al., 2000, 2001; Jin &
Ji, 2003), showing surface current velocity vectors (black
arrows) and resuspended sediment concentrations (grey

(1992) evaluated changes in TP in Lake Arreso,
Denmark (mean depth 2.9 m) and documented
increases of 100-400 ug P 1! over time periods
less than 12 h. Large increases in TP followed
short-lasting periods of increased wind velocity
with rapid declines in TP concentration after the
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the location of the eye of the storm as it moved south of
Lake Okeechobee, as well as the wind field patterns. As
indicated on the panels, the specific wind velocities are not
valid over land
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scale) on October 8, before Hurricane Irene, and October
15, 1999, during the onset of the storm. The inset panel
indicates wind velocity and direction recorded at the
meteorological station at mid-lake

winds had subsided. Similarly, Hamilton & Mitch-
ell (1997) examined TP concentration on calm vs.
windy days in seven lakes in New Zealand (mean
depth < 1.5 m) and estimated that daily varia-
tions of TP were as great as 700 ug P 1!, Sub-
daily data are not available for Lake Okeechobee.
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Fig. 8 Total phosphorus (TP) concentrations in the open
water regions (pelagic and near-shore zones) of Lake
Okeechobee, during October 1999, two weeks before
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Fig. 9 Pelagic total phosphorus (TP) concentrations and

stage in Lake Okeechobee, shown as 12-month rolling
averages from 1973 to 2002

However, correlations exist between total sus-
pended solids, vertical attenuation coefficient
(K,) and TP (Reddy et al., 1995; Hanlon et al.,
1999; Sheng, 1999), allowing for an estimated
occurrence of wind-induced high TP events.
During summer, wind velocities are maximal in
afternoon (coinciding with thunderstorm activity)
and again in the evening due to winds off the
Atlantic Ocean. Hanlon et al. (1999) found large
increases in K, (from below 2 up to as high as
9 m™" and lasting for just 1-2 h) within 2 h of
maximal wind occurrence. Output from the
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Hurricane Irene, and November 1999, two weeks after the
storm. Contours of TP concentration were interpolated
from point data using Surfer® Software.

LOEM indicate a similar time lag in Lake
Okeechobee (Jin et al., 2002). The predicted time
lag does not appear to be associated with energy
transfer to the lake bottom, which occurs within
30 minutes or less. Rather, it seems to be asso-
ciated with vertical transport of fine sediment
particles to the upper water column. Sheng (1993)
estimated that wind events of 30 km h™' could
increase water column TP by as much as
180 ug P I"'  within approximately the same
period of time as estimated by the LOEM.
Wind-induced sediment resuspension is esti-
mated to transport 6-18 times the amount of P to
the water column as diffusive flux in Lake
Okeechobee (Sheng, 1993; Moore & Reddy,
1994), and up to 6 times the amount of P found
in external loads, when the data are compared on
a yearly basis. This compares with the estimate by
Qin et al. (2006) that TP loading due to resus-
pension in Lake Taihu is 5-10 times the external
load. However, Reddy et al. (1995) noted that the
amount of SRP released to the water column in a
typical diurnal event is only a small fraction of the
TP that is resuspended in a shallow lake. They
concluded that the increase in SRP is limited by
the high Fe content of this lake’s sediments, and
their low equilibrium P concentration, which
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Fig. 10 Monthly mean concentrations of total phosphorus
(TP) for Lake Okeechobee pelagic zone and inflows, from
1973 to 2002. The line indicates a long-term trend in the
data for pelagic TP. The inflow data do not display a linear
trend

favors sorption over desorption on sediment
particles in the water column. Not all lakes may
behave in this manner. Sediment resuspension
may be a source, a sink, or have no effect on
water column SRP depending on sediment geo-
chemistry and other factors (e.g., Andersen, 1974;
Peters & Cattaneo, 1984; Sondergaard et al.,
1992). An opposite extreme from Lakes Oke-
echobee and Taihu is Lake Arreso, Denmark,
where Sondergaard et al. (1992) documented a
large net transport of SRP into the water column
during resuspension events (20-30 times the SRP
release from undisturbed sediments). They con-
cluded that this massive SRP release occurred
because (1) a large portion of sediment P in Lake
Arreso occurred in a loosely-adsorbed organic
form; (2) the sediments had a low ratio of Fe to P;
and (3) there was a high equilibrium P concen-
tration (50 to 180 ug1™'). In contrast, Lakes

Okeechobee and Taihu have high Fe:P ratios in
their sediments, so that desorption of SRP during
resuspension is not favored (Moore & Reddy,
1994; Qin et al., 2006).

Sondergaard et al. (1992) described a process
whereby the combination of SRP desorption from
resuspended sediment particles and rapid uptake
of SRP by phytoplankton acts like a “pump’” for
transferring P into the water column of Lake
Arreso. In that lake, light availability in the mixed
layer is sufficient to allow a high biomass and
productivity of phytoplankton to occur. In Lake
Okeechobee, phytoplankton is severely light lim-
ited (Phlips et al., 1997) in the pelagic zone, has a
low biomass, and is less likely to have this impact
on P dynamics. Hence, while generalizations may
be made about effects of wind resuspension on TP
in large shallow lakes, the effects on SRP cannot
be predicted without information regarding such
factors as sediment biogeochemistry and mean
irradiance in the water column.

Hourly variations of TP concentration in Lake
Okeechobee are most pronounced in summer
when there are large-scale changes in wind velocity
between late morning (low wind) and afternoon-
evening (higher wind, due to thunderstorms).
During winter, when convective thunderstorms
do not form around the lake and daily variations in
wind from the ocean are less pronounced, regional
low versus high pressure systems generally deter-
mine wind velocities over the lake. In that case it is
common to have periods lasting for two or more
days with strong sustained winds from a particular
direction. As a result, the concentration of TP is
more likely to remain elevated over multiple days,
with less intra-daily variation.

Passive diffusion of P from lake sediments to
the water column also can be important in
shallow eutrophic lakes, as in deeper systems.
However, when Fe chemistry regulates P release,
the flux will depend on the occurrence of calm
conditions of a sufficient duration to allow ther-
mal stratification and bottom water anoxia. In
profiles of intact sediments from Lake Okeecho-
bee, soluble reactive P increased from near
0.1 mg I"" at the sediment-water interface to
1.1 mg I"' at sediment depths below 10 cm
(Moore & Reddy, 1994). The authors concluded
that large fluxes of P from the sediment could
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occur if the water column were to experience low
dissolved oxygen levels, but as shown here that is
unlikely to occur on a regular basis. Thus a
relatively low rate of P release under oxidized
conditions dominates the diffusive release of P to
the water column in this lake. Similar results
were obtained for Lake Taihu, where Qin et al.
(2006) note that “‘constant dynamic disturbance
frequently transports oxygen to the sediment-
water interface” such that variations in dissolved
oxygen and Eh are quite small.

Although diffusive P release may be small
compared to the P transport associated with
sediment resuspension, it still could play an
important role in providing readily available P
to the water column (Moore & Reddy, 1994). The
effects on water quality then will depend on
whether there are adequate light conditions for
net phytoplankton growth during or subsequent
to the resuspension event.

The results regarding P dynamics at hourly to
daily time scales in Lake Okeechobee also are
consistent with the findings of Kristensen et al.
(1992), who concluded that in the shallow Danish
lake (Lake Aresso, area 41 km?, mean depth
3 m), the input of P to the lake water is
dominated by resuspension. The same result is
found in Lake Kasumigaura, Japan, where despite
high rates of P release by diffusion (Ishikawa &
Tanaka, 1993), the ratio of TP supply to the water
column from resuspension vs. diffusion is 10:1
(Havens et al., 2001b). This is similar to the ratio
estimated for Lake Okeechobee.

Seasonal dynamics of pelagic phosphorus

As a result of seasonal variation in wind velocity,
and its influence on duration and magnitude of
sediment resuspension (Jin & Ji, 2001), a predict-
able seasonal pattern exists for TP in Lake
Okeechobee. Phlips et al. (1995) identified this
seasonal pattern using contour maps of winter vs.
summer TP content based on four years of
integrated water samples from 84 locations in
the lake. In winter, TP ranged from 50 to 110 ug 1"
! while in summer the range was between 30 and
80 ug I"'. We found that in any given year, over
70% of the monthly variation in pelagic mean TP
could be explained by wind velocity.
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The response of phytoplankton to the winter
increase in pelagic TP is minimal because most of
that P is associated with abiotic seston particles.
Those particles attenuate light to the extent that
the algae are light limited during most of the
winter months, when there is complete mixing of
the water column (Aldridge et al., 1995; Phlips
et al., 1995). One might consider that lower water
temperatures and shorter photoperiod in winter
also could limit phytoplankton biomass. How-
ever, this is unlikely because chlorophyll a con-
centrations in near-shore regions not influenced
by sediment resuspension often are maximal
during winter. That differing seasonality has been
attributed to a reduced competition with plants
and periphyton for water column phosphorus
during winter months (Phlips et al., 1993).

Hurricane effects on pelagic phosphorus

In regions of the world that are influenced by
tropical storms (hurricanes and cyclones), these
extreme and unpredictable events may have
strong impacts on P dynamics of lakes, yet those
impacts are little studied. A major limitation is
lack of substantive data prior to and after the
event, which reflects the unpredictable timing and
location of these severe storms.

There is evidence that a tropical storm con-
tributed to a large decline in submerged plants in
Chesapeake Bay in the 1970s and accompanying
changes in water quality (Bayley et al., 1978), and
it has been suggested that a hurricane caused the
large-scale loss of plants and development of
dense phytoplankton blooms in Lake Apopka,
Florida in the 1940s (Clugston, 1963; Bachmann
et al., 1999). We documented major impacts of a
Category I hurricane in 1999 on sediment sus-
pension and transport and water column TP in
Lake Okeechobee.

When wind velocities decline abruptly, as they
did after the 1999 hurricane passed beyond
Florida, strong currents persist in the lake as
residual circulation from the previous wind forc-
ing event (Jin & Ji, 2001). Hence, sediment
particles may be transported long distances from
where they are resuspended, in particular if they
are very fine-grained like the mud sediments that
predominate in the center of Lake Okeechobee.
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The modeling scenario illustrated here (Fig. 7)
indicated that over 10,000 metric tons of fine-
grained mud sediment was uplifted during the
storm. Concentrations of TP remained high in the
lake for two months after the hurricane, and
displayed a second large increase (to above
230 ug I"") when another wind storm passed over
the lake in late winter 2001.

During the last century, the Florida peninsula
experienced landfall by a named tropical
storm, on average, once per year, and landfall
by a hurricane (wind velocity >120 km h™')
every 2-3 years. A major hurricane (wind veloc-
ity >180 km h™") impacted the peninsula every
5-6 years. Wind velocities decline as a tropical
storm moves over land, so sustained winds over
the lake in any given storm might be consider-
ably lower than at the time of landfall. Never-
theless, Lake Okeechobee is located in a position
that has a high probability for tropical storm
impacts. This also may be true for some large
shallow lakes in lowland areas of Asia. Given
that Hurricane Irene had low wind velocities for
a tropical storm and did not pass directly over
Lake Okeechobee, the impacts summarized here
may be in the lower range of what can occur
when a tropical storm passes over a large shallow
lake. In August and September 2004, for exam-
ple, three major hurricanes passed over the
Florida peninsula, all causing substantial storm
surges and resuspension events in Lake Oke-
echobee. We are in the process of analyzing the
impacts, and will report those results in a future
publication.

Of additional interest is the expected influence
of long-term trends in ocean currents on future
hurricane frequencies. During the period from
1995 to 2000, the Atlantic Ocean experienced the
highest activity of hurricanes ever measured, and
this has been linked with a warm phase of the
Atlantic Ocean Thermohaline Current (AOTC),
which is projected to last 2040 years (Landsea,
2001). Thus the P dynamics of a lake impacted by
hurricanes may be influenced by environmental
changes occurring at a much greater spatial scale
than the lake’s own watershed. While limnologists
have become attuned to the need to manage lakes
in a watershed context, an even broader context
may sometimes be required.

Inter-annual variations in pelagic phosphorus

Canfield & Hoyer (1988) suggested that the
variation in yearly mean TP of the lake’s pelagic
zone was due to variations in water level (r = 0.70,
1973-1984). Havens (1997) confirmed that a sta-
tistical relationship existed for the years 1973-
1995, albeit with a lower correlation (r = 0.50)
than in Canfield & Hoyer’s data set, and he
summarized the various mechanisms that might
explain the correspondence between lake stage
and TP. Four hypotheses have been proposed: (1)
littoral flooding occurs at high stage, and is
followed by P release from dead plants (Canfield
& Hoyer, 1988); (2) increased horizontal transport
of resuspended sediment occurs when water levels
are high (Maceina, 1993); (3) greater uptake of P
by submerged plants and periphyton occurs when
water levels are low (Phlips et al., 1993); and (4)
co-variation of wind and water level occurs on a
yearly basis, but wind actually is the driving factor
(Maceina & Soballe, 1990) and water level only is
a covariate, not a causal factor.

The first hypothesis is rejected based on several
lines of evidence (Havens, 1997). The lake’s
littoral zone is nutrient-poor compared to the
pelagic, and taken together, the biomass of all
submerged and emergent plants and periphyton
in the littoral and near-shore zones contain just
0.8% of the lake’s P, compared to 97.1% in the
sediments (Steinman et al, 1999). Dierberg
(1992) and Harris et al. (1995) carried out
decomposition experiments to quantify P release
from submerged and emergent vegetation,
respectively, in this lake. They concluded that
the potential for increased TP in the pelagic zone
due to P release from dead plants was on the
order of 3-11 ug I"" much lower than the year-
to-year variation in TP that has been observed
with rising and falling lake water levels. There-
fore, we focus here on the other three hypotheses,
which seem more likely to be responsible for the
TP variability at an intermediate time scale.

Water level, phosphorus, and horizontal
mixing

Maceina (1993) suggested that the bottom topog-
raphy of Lake Okeechobee, in particular the
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limestone reef near the southern and south-
western area, influences horizontal transport of
sediment particles that are resuspended by wind-
induced waves at mid-lake. He further suggested
that at high lake stage (surface elevation > 4.9 m
mean sea level) sediments could readily be
transported over the top of the reef, whereas at
low water levels (surface elevation < 4.6 m) this
transport would be partially blocked. As a result,
the lake-wide average TP, which is based on eight
stations, two of which occur in the near-shore
zone, would be higher at higher lake stages. To
support this proposed mechanism, Maceina
(1993) showed that the difference between
pelagic and near-shore TP concentration declined
with increasing lake water level, i.e., the lake
became more homogenized. We examined this
relationship using recent data from the lake,
including data from the eight long-term stations,
plus data from 30 stations located in the near-
shore zone that have been sampled since 1986.
The result was consistent with what Maceina
(1993) observed. In the pelagic zone, TP in-
creased only slightly with increasing lake stage,
whereas in the near-shore zone, TP increased
much more rapidly, from TP near 40 ug 1" at
stage <4 m to TP near 80 ug ™" at stage ~5 m. As
a result the difference in TP concentration
between pelagic and near-shore zones dropped
from near 60 ug 1! at low stage to near 20 ug 1!
at high stage. The two pelagic stations located
furthest south and west (Fig. 3b) respond to stage
in a similar manner to the near-shore stations, and
are largely responsible for the slight decline in TP
at lower stage when the eight-station pelagic
network is averaged.

In addition to the empirical relationships,
hydrodynamic modeling (Sheng, 1993) supports
the concept of greater horizontal mixing of the
lake at high stage. Sheng concluded that “during
low lake stage, wind-driven circulation gyres are
generally confined to the open water (pelagic)
zone, with little mixing into the vegetation (near-
shore) zone.” The LOEM gave a similar result
when it is run under low vs. high stage conditions,
with all other factors (e.g., wind velocity) being
held constant.

In this particular lake it is important to
understand why the near-shore zone displays a
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strong correspondence between TP and lake
stage. That zone includes drinking water intakes
for several municipalities, it is the main location
of recreational fishing, and it provides critical
vegetative habitat for fish, wading birds, and other
wildlife (Havens, 2002). Hence, changes in TP
concentration of the near-shore zone have a
greater potential to impact ecological and societal
values of the lake than changes in TP of the
pelagic zone. This situation likely exists in other
large shallow lakes.

Water level, phosphorus, and submerged
plants

Another explanation for the reduced lake-wide
TP at lower stage is that submerged plants and
algae sequester large amounts of P from the water
column, either by direct uptake (Burkholder
et al., 1990; Hansson, 1990) or other processes
associated with dense plant beds, including
increased particle settling (Kufel & Kufel, 2002),
sediment stabilization (Vermaat et al., 2000), and
co-precipitation of P with calcium at high pH
(Murphy et al., 1983). In Lake Okeechobee, it has
been established that the biomass and spatial
extent of submerged plants and algae is con-
trolled by water level (Steinman et al., 2002b;
Havens, 2003). In the late 1980s, following a
drought and low lake stage, submerged plants
covered between 18,000 and 21,000 hectares of
the near-shore zone (Zimba et al., 1995), and
nutrient-poor water and low biomass of phyto-
plankton coincided with seasonal maxima of
submerged plants (Phlips et al., 1993). As noted
above, this generally happens in winter. From
1995 to 1999, water levels in the lake were high,
and the spatial extent of submerged plants
declined to below 2,000 ha. Water in the near-
shore zone displayed high TP concentrations and
was extremely turbid (Havens et al., 2001a).
During 2000-2001, another drought resulted in
record low water levels in the lake, and the spatial
extent of submerged plants again increased, to
over 17,000 hectares (Havens et al., 2002).
Havens (2003) found that the average biomass
of submerged plants in the near-shore zone could
be predicted from water depth and non-volatile
suspended solids.
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These results demonstrate correlation between
plants and clear water, but cannot tell us whether
plants are responsible for the improved water
quality, or were simply responding to clear water
caused by some other processes. Even if plants
have local impacts on water quality, it is impor-
tant to determine the spatial scale at which they
influence TP in such a large lake, where much of
the bottom (due to soft mud sediments) is not
suitable for their colonization. At their maximal
spatial extent in 2002, submerged plants covered
just 13% of the combined surface area of the
pelagic and littoral zones. It therefore is unlikely
that they would substantially control TP concen-
tration at a lake-wide scale. The vegetation might
influence the 8-station average calculated in the
long-term monitoring program, because 2 of
those stations occur in areas that can support
plants, but this effect on 25% of the stations
should be limited. Only if there are strong
currents passing through the near-shore zone
would submerged plants be expected to influence
lake-wide TP, and as discussed, water and nutri-
ent transport to the near-shore zone is reduced
when lake stage is low and plants are at their
greatest density (Sheng, 1993). Submerged plants
in Lake Okeechobee likely have a localized effect
that somewhat dampens seasonal and year-
to-year variations of TP, but physical processes
are of considerably greater importance. Consid-
ering data from a seasonal survey program for
submerged plants in Lake Okeechobee (Havens,
2003), there is a synchronized rise and fall in
water depth, non-volatile solids (indicative of
inorganic sediments), and phytoplankton chloro-
phyll a between 1999 and 2002 (Havens et al.,
2004). This pattern occurs both at sites with and
without submerged plants.

Wind and phosphorus at a yearly time scale

Wind has been identified as the main driving
force behind P dynamics at hourly, daily, and
seasonal time scales, and it also may be the main
factor influencing year-to-year variations in pela-
gic TP. Maceina & Soballe (1990) examined this
relationship, using pelagic TP data from 1975 to
1988. They found that yearly-averaged TP and
stage were correlated (r = 0.61), but noted that

the correlation between TP and wind velocity was
stronger (r = 0.78). Havens (1997) examined a
longer dataset (1973-1995) and obtained similar
results (TP vs. stage, r=0.50; TP vs. wind,
r = 0.64).

We cannot identify the causal mechanisms
behind year-to-year variations in TP based on
field observations and correlations, and it is not
possible to perform controlled experiments at a
scale that is relevant to what occurs in the
>1,000 km? pelagic zone of this lake. Further-
more, simple empirical models cannot effectively
predict temporal changes in water column TP,
chlorophyll a, and other attributes. In the case of
Lake Okeechobee, our approach to understand-
ing the driving factors for variations in TP and
reasonably predicting future trends has been to
develop the LOEM. Similar tools are used for
management of large shallow coastal systems,
such as the Chesapeake Bay (Cerco & Cole, 1994)
and Tampa Bay, Florida (Yassuda & Sheng,
1997), and in other large shallow lakes including
Lake Taihu.

Phosphorus dynamics over multiple decades

Underlying the seasonal and year-to-year varia-
tion in pelagic TP of Lake Okeechobee is a
30-year trend of increasing concentrations. This
increase is approximately 20 ug 1! per decade
(P < 0.01, seasonal Kendall’s Tau test). The
minima, maxima, and central tendency of the
data all display a systematic increase, and a non-
linear pattern can be seen in the smooth curve fit
to these data. Paleolimnological data (Brezonik &
Engstrom, 1998) indicate a trend of increasing P
deposition rate in the lake that extends back as
far as 1910.

The trend in pelagic TP documented during the
last 30 years may be a result of several factors,
including: (1) substantial changes in the TP
concentration of water flowing into the lake; (2)
a delayed response of the lake to recent reduc-
tions in TP input due to P recycling from
sediments; and (3) reduced P assimilation by the
ecosystem due to saturation effects. The concen-
tration of TP in water flowing into the lake was
near 150 ug I"" in the early 1970s, increased to
over 200 ug 1™ in the early 1980s, and then
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declined back to near 150 ug 1" in the early
1990s. Two recent years (1999 and 2001) are
outliers, perhaps reflecting effects of (1) intense
runoff during and after the hurricane in 1999, and
(2) flushing of the watershed after a 2-year
drought in 2001. Otherwise, there has not been
any upward or downward trend in inflow TP
during the last decade.

Declining inflow TP concentration after the
1980s has been attributed to an array of P
management programs that were implemented
in the watershed (Flaig & Havens, 1995; Havens
et al., 1996). Coincident increases in lake water
TP from the 1970s to 1980s, and a plateau of lake
water TP from the 1980s to 1990s, are typical
response patterns for shallow eutrophic lakes
with high internal recycling of P (Sas, 1989).
Concentrations of TP in the water column
increase with increasing external inputs, but then
remain high because the surface sediments (the
source of internal P loading) reflect the past
loading conditions until they are buried by new
sediment material with a lower concentration of
P. The sediment accrual rate in Lake Okeecho-
bee is ~0.1 cmy' with the upper 5cm of
sediments interacting with the overlying water
column through diffusion and resuspension
(Reddy et al., 1995). As a result, the lake
response time to changes in external P inputs is
expected to be on the order of decades. For
predicting response time of other shallow lakes to
P load reductions, deposition rate and depth of
active sediment layer are of particular impor-
tance, yet they are difficult to determine. Esti-
mating net sediment deposition rate, for example,
requires paleolimnological analysis and undis-
turbed sediment cores (Brezonik & Engstrom,
1998). In large shallow lakes that are heavily
influenced by wind, it is important to confirm that
sediments preserve an undisturbed historic record
before using profiles to estimate process rates
or to infer past conditions. In some lakes, this
may not be the case. Depth of the active layer
also can be influenced by bioturbation of macro-
invertebrates (Van Rees et al., 1996), and in
some lakes with reduced P loading, SRP
migrates from deeper sediment layers as surface
sediment P content is depleted through diffusion
(Sondergaard et al., 2001).
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There also is evidence that the sediments of
Lake Okeechobee have become saturated with P
over recent decades, and that this may contribute
in part to the lake’s poor response to reduced P
inputs. Fisher et al. (2001), for example, docu-
mented that porewater SRP concentration in the
lake’s surface sediments increased significantly
between 1988 and 1998, suggesting a saturation of
binding sites. Further, the P mass balance for
Lake Okeechobee indicates that the net P sedi-
mentation rate declined four-fold from the 1970s
to the 1990s (Havens & Schelske, 2001). This
apparent P saturation led resource managers to
consider sediment treatment, with calcium or
alum, as a way to help speed recovery of the lake.
However, due to the large size of Lake Okeecho-
bee, its extreme shallow depth, and a variety of
other engineering, ecological, and economic
issues, this active management was determined
to be non-feasible. Smaller lakes may be more
suitable for this type of management (e.g., Cooke
et al., 1993).

Conclusions

A substantial portion of the global storage of
surface freshwater occurs in large shallow lakes
(Herdendorf, 1984). These lakes typically are
located in lowland areas (Fig. 11) that are readily
used for agriculture and other human activities.
As such, large shallow lakes are likely to receive
substantial inputs of non-point source agricultural
pollution, as well as solids from soil erosion in
upstream watersheds. Unless they are rapidly
flushed, their sediments become natural sinks for
accumulation of P, nutrients, and other pollutants
(Havens & Steinman, 1995). Based on the infor-
mation presented in this case study of Lake
Okeechobee, the following conclusions are ar-
rived at regarding large shallow lakes, with
emphasis on lakes that have a dynamic ratio
substantially greater than 0.8 and occur in coastal
areas influenced by sea breeze winds and/or
tropical storms.

(1) Physical processes of sediment resuspension
and horizontal circulation dominate ecosys-
tem P dynamics.



Hydrobiologia (2007) 581:25-42

39

15
.0
2 10 .
©
o *
[¢) .
£ N
[
2 *
o 5 .
>
>
'Y *
* *
08 o wee  o* , .
0 500 1000 1500 2000

Lake Elevation (m)

Fig. 11 Dynamic ratio of large lakes (>500 km?) plotted
as a function of their elevation above sea level. The
dynamic ratio, calculated as the square root of surface area
divided by mean depth, indicates a lake’s susceptibility to
wind effects. Ratios above 0.8 indicate high susceptibility
(Bachmann et al., 2000). This figure illustrates that large
lakes with high dynamic ratios occur in lowland regions of
the world. The lakes plotted here are from the same
dataset used to generate Fig. 2

(2) Rapid increases in P concentration can
occur at time scales from days to weeks,
and at a magnitude that is considerably
greater than at longer time scales.

(3) The potential to modify trophic state by
manipulating the food web is minimal
because physics overwhelms biology in
terms of controlling P dynamics, light avail-
ability, and other key attributes in this
ecosystem.

(4) One exception is that by controlling water
level, there might be potential to influence
TP by promoting growth of submerged
aquatic vegetation. However, depending on
sediment type and bottom profile, this has a
variable influence on lake-wide TP.

(5) Responses of lake water TP concentration to
external P load reduction are significantly
delayed by internal recycling, as indicated by
Sas (1989), and this situation may be exac-
erbated where lakes are influenced period-
ically by tropical storms.

(6) Simple empirical models are not effective as
tools for eutrophication management in

lakes of this type. Resource managers will
require more complex models that take into
consideration lake hydrodynamics, with
wind as a major external driver.

The emphasis in limnology clearly has shifted
from traditional studies of temperate dimictic lakes
to a more holistic consideration of the variety of
lake types in the world (e.g., see Wetzel, 2001).
Large shallow lakes, in particular, have received
attention in special symposia in Europe (e.g., Van
Liere & Gulati, 1992), and now in Asia (this special
issue). Such lakes contain a large percentage of the
world’s fresh water, provide ecosystem services to
hundreds of millions of people, and are located in
areas prone to anthropogenic and climactic im-
pacts. An understanding of their main driving
factors, especially those related to limiting nutrients
such as P, is critical to their protection. A challenge
for the future is how to most effectively generalize
results of research on lakes such as Okeechobee
and Taihu, where funding for research and numer-
ical model development has been favorable, to help
address the water quality issues in similar ecosys-
tems at locations where that level of investigation
has not been possible.
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Abstract Absorption measurements from chro-
mophoric dissolved organic matter (CDOM) and
their relationships with dissolved organic carbon
(DOC) and fluorescence were studied in Lake
Taihu, a large, shallow, subtropical lake in China.
Absorption spectra of lake water samples were
measured from 240 nm to 800 nm. Highest values
of a(1), DOC and F,,(355) occurred near the river
inflow to Meiliang Bay and decreased towards the
central lake basin. A significant spatial difference
was found between Meiliang Bay and the central
lake basin in absorption coefficient, DOC-specific
absorption coefficient, exponential slope coeffi-
cient, DOC concentration and fluorescence value.
The spatial distribution of CDOM suggested that
a major part of CDOM in the lake was from
river input. CDOM absorption coefficients were
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correlated with DOC over the wavelength range
280-500 nm, and a(355) was also correlated with
F,(355), which showed that CDOM absorption
could be inferred from DOC and fluorescence
measurement. The coefficient of variation be-
tween a(41) and DOC concentration decreased
with increase in wavelength from 240 nm to
800 nm. Furthermore, a significant negative linear
relationship was recorded between S value
and CDOM absorption coefficient, as well as
DOC:-specific absorption coefficient. S value and
DOC:-specific absorption coefficient were used as
a proxy for CDOM composition and source.
Accurate CDOM absorption measurements are
very useful in explaining UV attenuation and in
developing, validating remote sensing model of
water quality in Lake Taihu.

Keywords Chromophoric dissolved organic
matter (CDOM) - Fluorescence - Dissolved
organic carbon (DOC) - DOC-specific
absorption coefficient - Spectral slope
coefficient - Lake Taihu

Introduction
Chromophoric dissolved organic matter (CDOM)
is the light absorbing (ultraviolet and visible)

fraction of dissolved organic carbon (DOC)
(Kirk, 1994). Spatial and temporal distribution
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of CDOM in aquatic ecosystems can affect
ecosystem productivity; negatively impacting
primary productivity since CDOM absorbs light,
while positively impacting secondary productivity
by providing a substitute for microbial respiration
via photo-degraded CDOM (Benner & Biddanda,
1998; Reche et al., 1998; Mazzuoli et al., 2003).
Overlaps of pigment absorption spectra with
CDOM absorption at blue wavelengths compli-
cate the use of chlorophyll a retrieval algorithms
based on remotely sensed ocean color (Carder
et al., 1991) and lead to chlorophyll a concentra-
tion overestimation (Nelson et al., 1998;
Rochelle-Newall & Fisher, 2002a). In addition,
high CDOM concentrations can act as a photo-
protectant against UV damage to aquatic organ-
isms (Williamson et al., 1996). Several studies
have identified CDOM as the most important
factor controlling UV attenuation in natural
freshwaters (Morris et al., 1995; Laurion et al.,
2000). However, protection of aquatic biota
against UV radiation provided by dissolved
humic material may be diminished with CDOM
photodegradation by UV radiation (Morris &
Hargreaves, 1997) and acidification (Schindler
et al,, 1996; Yan et al., 1996).

In shallow, inland lakes and coastal waters,
absorption by non-chlorophyllous substances often
exceeds that by phytoplankton (Carder et al., 1991;
Frenette et al., 2003). CDOM originates from
phytoplankton degradation and river inputs and
land drainage, especially in inland waters.

Although CDOM influences lake optical proper-
ties, remotely sensed spectra, and biogeochemical
processes, the CDOM dynamics in diverse aquatic
environments are not well known. A thorough
inventory of regional CDOM distribution and its
light absorption in wavebands covering UV and
visible radiation spectra have not been conducted
in Lake Taihu. This information is needed to
interpret satellite and airplane remote sensing
imagery to be used to record lake response to
changes in environmental conditions, such as water
pollution, eutrophication and cyanobacterial
blooms. In this paper, we describe the absorption
spectrum of CDOM in lake water samples from
north Lake Taihu. To examine CDOM, the
following aspects are addressed in this paper:

(1) Spatial distribution of CDOM in different
lake regions interpreted by absorption
spectra;

(2) The relationship between CDOM absorp-
tion coefficients and DOC concentrations;

(3) Variations in the absorption spectra with
wavelength and fluorescence.

Materials and methods
Study area

Forty sampling sites were chosen in the northern
lake. Sampling site 24 was located at the boundary
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of Meiliang Bay and the central lake. Sites 1-24
were distributed in Meiliang Bay, and other sites
were in the central lake (Fig. 1). Meiliang Bay is
eutrophic with an area of 132 km? and mean depth
of 2.0 m. Lujiangkou and Liangxihe Rivers flow
into the bay (Fig. 1).

Absorption of CDOM and DOC
concentration

Water from Om to 0.5 m depth for CDOM
absorption and DOC analysis was collected in
250 ml acid-cleaned plastic bottles and held on ice
while in the field. In the laboratory, these samples
were kept at 4°C until analysis within two days.
All samples were filtered at low pressure through
pre-combusted Whatman GF/F filters (0.7 pm)
into glass bottles pre-combusted at 550°C for 6 h
(Del Castillo et al., 1999; Del Castillo & Coble,
2000; Rochelle-Newall & Fisher, 2002b; Yacobi
et al., 2003; Frenette et al., 2003; Callahan et al.,
2004; Chen et al., 2004). Absorption spectra were
obtained between 240 nm and 800 nm at 1-nm
intervals using a Shimadzu UV-2401PC UV-Vis
recording spectrophotometer with matching 4 cm
quartz cells. Milli-Q water was used in the
reference cell. Absorption coefficients were
obtained by using following expression (Kirk,
1994):

a() =2.303D(%)/r (1)

where a(4) is uncorrected CDOM absorption
coefficient at wavelength A, D(1) is the optical
density at wavelength 4, and r is the cuvette path
length in m. Absorption coefficients were cor-
rected for backscattering of small particles and
colloids, which pass through filters, using Eq. 2
(Bricaud et al., 1981; Green & Blough, 1994).

a(l) = a(l!) — a(750) x 1/750 2)

where a(l) = absorption coefficient at wave-
length (1) corrected for scattering, and
a(750) = measured absorption coefficient at
750 nm corrected for scattering. Because of the
chemical complexity of CDOM, concentration is
expressed using the absorption coefficient at
some reference wavelength, typically 355 nm,

375 nm or 440 nm (Kirk, 1994; Del Castillo &
Coble, 2000; Stedmon et al, 2000). Here,
absorption at 355 nm was used to analyze the
relationship of CDOM and fluorescence. Molec-
ular size of humic molecules was estimated from
the ratio of absorption coefficients at 250 and
365 nm [a(250)/a(365)] (De Haan, 1993; Peu-
ravuori & Pihlaja, 1997). The apparent DOC-
specific absorption coefficient a*(1) was calcu-
lated by the relationship below (Seritti et al.,
1998):

ax (1) = a(1)/DOC (3)

where DOC is expressed in mg I'. DOC in the
filtrates was measured on a 1020 TOC analyzer.

Exponential slope coefficient calculation

Exponential slope coefficient was calculated from
the absorption spectrum between 280 and 500 nm
(81), 280 and 360 nm (S2), and 360 and 440 nm
(53) using the non-linear regression of Equation
(4) (Bricaud et al.,, 1981). The coefficient of
determination (%) for the fit of S was consistently
higher than 0.99.

a(2) = a(4) exp[S(Zo — 1)] 4)

where a(2), a(lo) are the absorption coefficients
at wavelengths 4 and /, respectively, and S is the
exponential slope coefficient.

Fluorescence measurements

Fluorescence was measured using a 1-cm quartz
cell in a Shimadzu 5301 spectrofluorometer with
an excitation wavelength of 355 nm and an
emission wavelength of 450 nm. A Milli-Q water
blank was used for comparison (Seritti et al.,
1998; Rochelle-Newall & Fisher, 2002b).

Data analysis
Statistical analyses were performed with SPSS

11.0 software (Statistical Program for Social
Sciences).
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Results and discussion

Spectral character and spatial distribution
of CDOM

Figure 2a, b shows representative absorption
spectra of samples from northern Meiliang Bay
(3), the Bay inlet (24), and the central lake basin
(31, 40), which represent a range of CDOM
concentrations. Spectral curves for CDOM gen-
erally showed near zero absorption at the red end
of the visible spectrum (700 nm) and exponen-
tially increase through the ultraviolet (UV)
wavelength regimes (280-400 nm). Mean cor-
rected CDOM absorption coefficients at 280 nm
[@(280)] and 355 nm [a(355)] were 18.3 + 5.6 and
46 + 1.8 m™, respectively, for the 40 sites.
CDOM absorption coefficients at 280, 355 and
440 nm for each site are shown in Fig. 3. The
highest value of a(355) was 8.6 m™" at site 15 close
to shore in Meiliang Bay, and the lowest value
was 2.2 m ™' at site 40 near the center of the lake
(Figs. 1, 3). In general, a(355) decreased away
from the river inflow to Meiliang Bay towards the
lake center (Figs. 1-3). CDOM absorption in
the Meiliang Bay inlet were around twice those
in the central basin. All sites were divided into
two groups, one representing Meiliang Bay (sites
1-24) and one representing the central basin (sites
25-40). Significant differences were found
between Meiliang Bay and the central basin
arising from spatial differences in absorption
coefficients, DOC-specific absorption coefficients,
exponential slope coefficients, DOC concentra-
tions and fluorescence values using ANOVA

(P < 0.005). Values of a(280) and a(355) in Lake
Taihu are higher than those in estuarine and
coastal waters (Seritti et al., 1998; Chen et al.,
2004), but CDOM absorption values are close to
those in large, shallow, fluvial Lake Saint-Pierre
(Frenette et al., 2003) and others (Kirk, 1994;
Morris et al., 1995). The ratio of a(250) to a(365)
ranged from 5.28 to 9.24 with a mean value of
7.10 £ 0.94 (standard deviation), which was close
to results from other studies (De Haan, 1993;
Huovinen et al., 2003). Higher ratios correspond-
ing to smaller molecules were found in the lake
center in agreement with findings from Huovinen
et al. (2003) and Yacobi et al. (2003).

Relationship between CDOM absorption
and DOC

DOC concentrations ranged from a maximum of
10.9 mg 1! at the Liangxihe mouth (site 1) to a
minimum of 6.0 mg I"' in the central basin (Site
37), with a mean value of 8.17 + 1.38 mg 1.
A significant positive correlation was found
between DOC and CDOM absorption coeffi-
cients in the ultraviolet and blue band (280-
500 nm), especially at shorter wavelengths
(Fig. 4a), in agreement with other studies where
DOC was dominated by CDOM (Seritti et al.,
1998; Stedmon et al., 2000; Laurion et al., 2000).
Figure 4b shows that the coefficients of determi-
nation (*) between CDOM absorption and DOC
decrease with increasing wavelength from 280 nm
to 500 nm. Similar results were found in shallow
lakes in the middle and lower reaches of the
Changjiang (Yangtze) River (Zhang et al., 2005).

(b) 47
3 site3 ----- site 24
....... 1 ————— Slte 40
2 EwN
2t
2l
) Wi
2L N .
L ! Ry 3 I I L '
300 400 500 600 700 300 400 500 600
Wavelength (nm)

Fig. 2 CDOM absorption spectra of representative sites: (a) Wavelength versus a(1) and (b) wavelength versus In[a(4)]
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Fig. 3 Absorption
coefficients a(280),
a(355), a(440), DOC-
specific absorption
coefficients, a*(280),
a*(355), a*(440), spectral
slope S1 (280-500 nm),
S2 (280-360 nm), S3
(360440 nm), DOC,
fluorescence and ratio
of a(250) to a(365)

Relationships between DOC and CDOM absorp-
tion from this study and other studies are
presented in Table 1. Published relationships of
DOC and a(355) are valuable tools to model
DOC concentration (Seritti et al., 1998; Rochelle-
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Newall & Fisher, 2002b). However, differences
between models suggest regional and lake-to-lake
variations in bio-optical characteristics.
Calculated DOC-specific absorption provides
an additional means for distinguishing bio-optical
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Fig. 4 Plots of CDOM absorption and DOC concentration (a) CDOM absorption a(355) versus DOC concentration and
(b) wavelength versus determination coefficients * value between a(/.) and DOC concentration from 280 nm to 500 nm

Table 1 Linear models for the relationship between DOC concentrations and CDOM absorption coefficients

Equations e n P DOC (mg 1Y) References

DOC, a(1) a(355) = 1.465DOC - 1.315 0.98 31 <0.0001 0.89-4.82 Seritti et al. (1998)
a(440) = 0.280DOC 0.91 6 <0.0007 4.9-40.7 Yacobi et al. (2003)
a(440) = 0.235DOC 0.92 6 <0.0005 7.1-40.5 Yacobi et al. (2003)
a(440) = 0.429DOC - 0.744 0.73 64 <0.0001 0.24-23.5 Morris et al. (1995)*
a(300) = 3.584DOC - 2.690 0.71 26 <0.0001 0.77-3.31 Del Castillo et al. (1999)*
a(440) = 0.131DOC + 0.020 0.58 39 <0.0001 0.21-3.5 Laurion et al. (2000)*
a(440) = 0.552DOC - 1.477 0.77 12 <0.0005 4.9-14.9 Huovinen et al. (2003)*
a(355) = 0.015DOC - 5.5 0.90 92 <0.0001 - Ferrari et al. (1996)°
a(355) = 0.00036DOC + 0.028 0.66 43 <0.0001 - Ferrari (2000)°
a(355) = 0.744DOC - 2.176 0.58 22 <0.001 2.7-10.1 Zhang et al. (2005)
a(355) = 1.14DOC - 4.77 0.77 40 <0.0001 6.0-10.9 Present study
a(375) = 0.87DOC - 3.74 0.77 40 <0.0001 6.0-10.9 Present study
a(440) = 0.38DOC - 1.73 0.73 40 <0.0001 6.0-10.9 Present study

2 Fitted with the data in papers ; ® DOC unit: pM

characteristics of CDOM. Low CDOM absorption
was associated with low values of a*(1). Values of
a*(355) ranged from 0.34 to 0.92 with an average
0.54 + 0.14 [1 (mg org C)~' m™'], which are higher
than those observed in estuarine and coastal
waters (Seritti et al., 1998). Lowest values of
a*(320) and a*(355) corresponded with low DOC
concentrations and approached those measured in
coastal water and mountain lakes (Seritti et al.,
1998; Laurion et al., 2000). DOC-specific absorp-
tion coefficient represents CDOM composition,
which is used to establish relationships with other
parameters. Specific absorption was correlated
with pH and DOC concentration in three acid
lakes (Gallie, 1997). In our study, specific absorp-
tion was correlated positively with DOC concen-
tration. The linear regression equation is
a*(355) = 0.075DOC - 0.070 (¥ = 0.53, n = 40,
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P <£0.0001). The linear correlation between
DOC concentration and specific absorption is
known from other studies (Yacobi et al., 2003).
Furthermore, the higher average a*(440) corre-
sponded to the higher proportion of large and
medium fractions in CDOM (Yacobi et al., 2003).
In this study, higher a*(355) and a*(440) values
corresponded to lower a(250)/a(365) values
towards increasing molecular size. The regression
equation between a*(355) and a(250)/a(365)
values is: a*(355) = —0.145a(250)/a(365) + 1.570
( = 0.92, n = 40, P < 0.0001).

Estimation of the spectral slope S
It is widely accepted that spectral slope S can be

used as a proxy for CDOM composition
(Kowalczuk et al., 2003). The values of the
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exponential slope coefficient (S) ranged from
12.7 ym™ to 19.0 pum™" with an average value of
1474 + 113 pm™!, from 15.9 pm™ to 22.0 ym™'
with an average value 19.11 + 1.42 um™, and
from 12.2 to 17.4 pm™ with an average value
13.86 + 0.91 um™' for the wavelength domain
from 280 nm to 500 nm (S1), 280-360 nm (S52)
and 360-440 nm (S83), respectively. The coeffi-
cient of determination (+%) for the fit of S was
higher than 0.99. Although slope values in the
present investigation fell within the range of
previously reported values (Bricaud et al., 1981;
Davies-Colley, 1983; Seritti et al., 1998; Markager
& Vincent, 2000), variability of the spectral slope
in different wavelength ranges is significant,
which illustrates the importance and sensitivity
of the wavelength range chosen to calculate the
slope coefficient (S). S generally increases with
decrease in the wavelength range and may be
influenced by CDOM composition (i.e. humic and

10,
(@) o a(355)=-1.18752+27.242
I (*=0.87,n=40,p<0.0001)
8t
E 7r
Z o
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41
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fulvic acids affecting spectral properties). Samples
collected from the Mississippi River plume in the
Gulf of Mexico, where CDOM was comprised
predominantly from fulvic acids, had a steeper
slope (S =0.0194) than marine samples, where
CDOM was mostly humic acids (S = 0.010)
(Carder et al., 1989). § values in Lake Taihu
were higher than those for oceanic and coastal
waters (Markager & Vincent, 2000).

In our study, there are significant negative
correlations between spectral slope S and a(355)
(Fig. 5a) and a*(355) (Fig. 5b, Table 2). Deter-
mination coefficients between S and a*(1) were
higher than those between S and a(/). It is also
interesting that determination coefficients are the
highest between S2 (280-306 nm) and a(4), a*(1).
Furthermore, significant negative correlations
have been obtained between S values and
a*(440) (Yacobi et al., 2003), a(355) (Rochelle-
Newall et al., 2004) and a(375) (Del Castillo &

(b) 10
0.9 r
08 |
0.7 +

a*(355)=-0.09852+2.405
(=0.95,7=40,p<0.0001)

0.6 |
0.5

a*(355) [1 (mg org.Cy' m"]

0.4

03+
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Exponential slope coefficient S2 (280-360 nm) (um™)
Fig. 5 Plots of exponential slope coefficient versus (a) absorption coefficient a(355) and (b) specific absorption coefficient

a*(355)

Table 2 Linear models for the relationship between S1 (280-500 nm), S2 (280-360 nm), S3 (360440 nm) and absorption
coefficient, DOC-specific absorption coefficient of CDOM (n = 40, P < 0.0001)

Parameters Equations P
a(355), S S1 (280-500 nm) a(355) = -1.254(+0.160)S1 + 23.045(x2.357) 0.62
S2 (280-360 nm) a(355) = -1.187(x0.075)82 + 27.242(x1.444) 0.87
$3 (360—440 nm) a(355) = -1.158(+0.262)S3 + 20.613(+3.646) 0.34
a(375), S S1 (280-500 nm) a(375) = -0.976(+0.119)S1 + 17.772(x1.751) 0.64
S2 (280-360 nm) a(375) = -0.910(x0.057)S2 + 20.779(x1.087) 0.87
S3 (360-440 nm) a(375) = -0.919(+0.197)83 + 16.133(x2.733) 0.37
a*(355), S S1 (280-500 nm) a*(355) = -0.103(x0.011)S1 + 2.064(+0.168) 0.68
S2 (280-360 nm) a*(355) = —0.098(+0.004)52 + 2.405(x0.067) 0.95
S3 (360—440 nm) a*(355) = —-0.095(+0.020)S3 + 1.858(+0.279) 0.37
a*(375), S S1 (280-500 nm) a*(375) = —0.083(+0.008)S1 + 1.627(x0.124) 0.72
S2 (280-360 nm) a*(375) = -0.077(x0.003)S2 + 1.868(+0.049) 0.96
S3 (360-440 nm) a*(375) = -0.079(x0.015)S53 + 1.495(x0.211) 0.42
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Coble, 2000; Stedmon et al., 2000). Kowalczuk
et al. (2003) presented a trend of increased slope
coefficient with a decrease in absorption level.

Relationship between CDOM absorption
and fluorescence

CDOM absorption may be measured directly
using a spectrophotometer or inferred from
fluorescence, which can be measured more
rapidly and with greater sensitivity than absorp-
tion. In previous studies, a strong relationship
was established between CDOM absorption
and fluorescence intensity (Vodacek et al., 1995;
Seritti et al., 1998; Ferrari & Dowell, 1998; Hoge
et al., 1993; Kowalczuk et al.,, 2003) despite
numerous sources of CDOM and different chem-
ical characteristics. CDOM fluorescence F,(355)
and absorption coefficients a(355) were corre-
lated positively in Lake Taihu in this study
(Fig. 6). The correlation may enable the use of
fluorescence as a proxy for CDOM absorption
despite different sources from river inputs and
autochthonous humic substances and locations
within the lake.

Conclusions

(1) Higher CDOM absorption coefficients were
found in the Meiliang Bay inlet of Lake
Taihu in association with increased DOC
concentrations and fluorescence intensity.
There were significant differences between

10

a(355) (m™)

a(355)=2.12(+0.33)
+3.72(+0.43)F (355)

(n=40,"=0.66,p<0.0001)

0 1 1 1 I
0.0 0.5 1.0 1.5 2.0

F (355) (Raman units: nm’")

Fig. 6 Plot of a(355) versus F,(355)
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Meiliang Bay and the central lake basin in
absorption coefficients, DOC-specific absorp-
tion coefficient a*(355), exponential slope
coefficient (S), DOC concentrations and
fluorescence values.

(2) There is a significant linear relationship
between CDOM absorption and DOC con-
centrations, especially at shorter wave-
lengths in Lake Taihu samples.

(3) Exponential slope coefficients fall in the
range reported in the literatures. There is a
significant negative linear relationship between
S values and CDOM absorption coefficients, as
well as DOC-specific absorption coefficients.

(4) There is a linear relationship (r = 0.66,
P <0.0001) between CDOM absorption and
CDOM fluorescence intensity: a(355) =
2.12(+0.33) + 3.72(+0.43)F,,(355).
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Abstract To understand the effect of hydrody-
namical process on water phosphorus concentra-
tion, wind, wave, and several water quality indices
were observed in Meiliang Bay, a shallow and
eutrophic bay locates in north of Lake Taihu.
During the 7 day observation period, wind speed
and significant wave height were recorded more
than 3 h per day, and water samples were
collected in five water-depth layers once a day.
Hydrodynamical disturbance had no significant
correlationship with the water quality at the top
layer when the significant wave height was
smaller than 30 cm, but it significantly increased
suspended solids (SS) concentration of the bot-
tom water layer. Concentrations of nutrients
showed no positive correlationship with SS con-
centration in the water body. Intensive sediment
resuspension may not have occurred when the
hydrodynamic stress on sediment was only a little
higher than the critical stress for sediment resus-
pension. A new method for confirming the critical
stress for intensive sediment resuspension and
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nutrient release still needs to be developed. The
range of the water quality indices was quite high
during the seven days of observation. High
variation seems to be a common character of
large shallow lakes like Taihu.

Keywords Shallow lake - Hydrodynamics -
Eutrophication - Phosphorus - Algae bloom -
Lake Taihu

Introduction

In shallow lakes, wind-induced waves frequently
disturb the water-sediment interface, and often
cause intensive sediment resuspension. Strong
winds may cause significant increases of sus-
pended solids (SS) concentration in overlying
water (Aalderink et al., 1984; Carper & Bach-
mann, 1984; Luettich et al., 1990; Qin et al., 2000;
Zhu et al., 2004; Zhu et al., 2005b). The intensive
sediment resuspension may increase the internal
release of nutrients from sediment (Sgondergaard
et al., 1992), but sometimes it may also help
deposit soluble nutrients into the bottom sedi-
ments by sorption and precipitation (Gunatilaka,
1982). Simulated experiments also indicated that
hydrodynamics may have both positive and neg-
ative effects on sediment nutrient release (Kris-
tensen et al., 1992; Fan et al., 2001). Therefore,
effects of hydrodynamical processes on the

@ Springer



54

Hydrobiologia (2007) 581:53-61

exchange of nutrients between sediment and
water are quite complicated.

Lake Taihu is the third largest freshwater lake
in China (Qin et al., 2007). Water quality of Lake
Taihu has been deteriorated quickly since the
1960’s due to the drastic effects of anthropogenic
activities (Dokulil et al., 2000). The nutrition
status of Meiliang Bay (a bay in the northern
Lake Taihu) changed from oligo-mesotrophic
stage with low algal biomass before 1981 to a
eutrophic condition with blooms of Microcystis
during 1988-1995, and a hyper-eutrophic condi-
tions with the dominance of Planctonema and
total phosphorus up to 200 mg m~ during 1996
1997 (Chen et al., 2003). Sediment investigations
also showed a strong effect of municipal drainage
on the water quality of northern bay of Lake
Taihu (Qu et al., 2001). At present, the dominant
phytoplankton species of Lake Taihu are Micro-
cystis, Anabaena, Melosira, Cyclotella and Cryp-
tomonas. Microcystis spp. occupies 85% of algae
biomass and forms an algal bloom each summer
(Chen et al., 1997). Zooplankton grazing is
inadequate to control the algae bloom of Micro-
cystis (Chen & Nauwerck, 1996; McNaught et al.,
1997). Pen fish culture and reconstruction of
floating, leave-floating, and submerged plants
may benefit water quality improvement (Li &
Yang, 1995; Hu et al., 1998; Pu et al., 1998), but
are difficult to carry out in a large area like
Meiliang Bay.

Wave processes occur frequently in Lake
Taihu due to its shallowness and special shape.
For example, from 1997 to 1999, daily maximum
wind speeds (calculated as hourly average wind
speed) higher than 5 ms™ occurred 89.5% of the
time, and wind speeds higher than 8 ms™'
occurred 34.2% of the time (Fan et al., 2004). A
simulation study on Lake Taihu sediment showed
that water disturbance caused soluble reactive
phosphorus (SRP) release from sediment which
was 8-10 times higher than release under undis-
turbed conditions (Fan et al., 2001). Wave flume
experiments showed that the critical shear stress
(0.03-0.04 N m™) that leads to extensive sedi-
ment resuspension in Lake Taihu could be
induced by a 4-6 ms' southeast wind event
(Qin et al., 2004). Nutrients released from sedi-
ment resuspension caused by wind-induced wave
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may be the main type of internal load of nutrients
in Lake Taihu (Qin et al., 2004), but there is little
knowledge about the amounts of suspended
sediment and released nutrients and also the
form of released nutrients in the lake due to the
great difficulty in making field observations.

The objectives of this paper are to present field
observations on hydrodynamics, wind, water
chemistry and algae biomass in Lake Taihu, and
to discuss the effect of hydrodynamics on nutrient
release from sediments.

Materials and methods
Field observation description

Meiliang Bay locates in the north of Lake Taihu,
with an area of 130 km?. The observation site was
selected in the centre of Meiliang Bay to mini-
mize the effect of lake shore on hydrodynamics.
Near the observation site, is a regular water
quality observation site of Taihu Laboratory for
Lake Ecosystem Research (TLLER), which has
been monitored every month since 1991. The
water depth was 2.4 m at the observation site and
did not change significantly during the observa-
tion period. On 10th July 2003, a steel-tube
platform was set up in the observation site. A
wave-meter with three sensors was fixed on the
observation platform for wave measurement. An
Acoustic Doppler Profile (ADP) was fixed on the
platform for lake current measurement. And a
Davis meteorological station was fixed on the
platform for wind-speed and direction measure-
ment. All of the data were downloaded to
computer regularly. A 20 cm long sediment core
was collected and sliced to sub-sample each 2 cm
depth. Water content (WC, %), bulk density
(g cm™), porosity (%) and loss on ignition (LOI,
%) of each sub-sample were measured within 3 h.
At the same time, a polymethyl-methacrylate
peeper interstitial water sampler with 36 cm long,
1 cm thickness and 0.45 pm membrane was laid at
the observation site. After 7 days, the peeper
sampler was pulled out and the interstitial water
was sampled immediately in each centimeter for
Fe**, PO;~ and NHj analysis. Redox potential
(Eh) of the interstitial water was immediately
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measured, too. The meteorological station did not
work well the first day, resulting in the loss of
some data, so data of wind-speed and direction
per hour from the TLLER standard weather
station were used for that period.

From 11 July to 17 July, lake water was
sampled at 13:00 each day at the five layers (20,
50, 100, 200, and 230 cm). For each water sample,
about 100 ml was filtered in the field by 0.45 pm
aperture GF/F filter membrane for measuring
dissolved total phosphorus (DTP), soluble reac-
tive phosphorus (SRP), ammonia nitrogen (NH3-
N), and dissolved organic carbon (DOC). A
250 ml water sample was fixed by alkaline potas-
sium iodide (KI) and manganese sulfate (MnSOy)
for dissolved oxygen (DO) determination. An-
other 1000 ml unfiltered water sample was pre-
served for total phosphorus (TP), suspended
solids (SS) and chlorophyll a (Chl-a) analysis.
All of the water samples were sent to TLLER for
chemical analysis within 2 h. Organic matter in SS
was evaluated by loss on ignition (LOI) on the
GF/C filter membrane.

Chemical analysis methods

For TP and DTP analysis, water sample was
digested by alkaline potassium persulphate in
high pressure sterilization pot at 120°C. Then
phosphate concentration was determined by
molybdenum-antimony-ascorbic acid colorime-
try with a Shimadzu UV 2401 spectrophotome-
ter. SRP and NH;-N were determined by
colorimetry with Skalar flow-injection analyzer
(detection limit for phosphate is 0.001 mg P ™).
DO was determined by sodium hyposulfite
titration. DOC was analyzed by /O 1020A
TOC Analyzer. SS was determined by a gravi-
metric method with Whatman GF/C filter mem-
brane filtration and oven-dried the filtrating
residua over 4 h at 105°C. LOI of SS was also
determined by gravimetric method with 550°C
ignite the SS contained GF/C membrane over
5 h. To determine Chl-a concentration, 250 ml
water sample was filtered through 0.45 pm pore
size synthetic fabric membrane. Chl-a concen-
tration was determined by colorimetry after the
residue on the membrane was frozen, grinded
and extracted by ethanol.

Statistic methods

One way ANOVA analyses of water quality
among different wave conditions with Scheffe’s
method and Tukey’s method were carried out by
SPSS 11.0 statistical software. Correlation analy-
sis among observed indices was also done by SPSS
11.0.

Results

Physicochemical characteristics of sediment
and interstitial water

Eh of interstitial water showed a steep decline in
the top 7 cm layer of sediment (Fig. 1), and
remained constant in the layer deeper than 7 cm.
Concentration of Fe®* showed a continuously
increasing trend with depth (Fig. 1), suggesting
there is a sharp concentration gradient of Fe®".
This may owe to the release of Fe®* from
interstitial water to more oxidation overlying
water with increased Eh. Concentration of PO3~
also showed an increasing trend from overlying
water to sediment depth. A peak value at 5-7 cm
depth may indicate that internal release of P from
sediment by diffusion occurred mainly in the
surface 7 cm. The alkaline phosphate activity
(APA) and organic phosphorus decomposing
bacteria (OPDB) also showed a peak value at
about 7 cm and declined to background value at
sediment depths over 11 cm in the sediment of
Lake Taihu (Wang, 2004). The sediment proper-
ties and chemical forms of phosphorus changed
drastically in the depth of 5-15 cm in an investi-
gation of vertical distribution of physicochemical
characteristics and phosphorus chemical forms of
sediment in four sub-lake areas of Lake Taihu
(Zhu et al., 2003). Therefore, 7 cm depth of
sediment in Lake Taihu may be the peak value of
activity of anaerobic bacteria for organic matter
and phosphorus regeneration from organic debris.
However, no significant increase of NHz concen-
tration occurred in interstitial water of the top
15 cm except in the surface 1 cm.

Water content, LOI percentage, porocity and
bulk density of sediment also indicated that the
surface 7 cm sediment is quite different from the
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Fig. 1 Vertical distribution of Eh, Fe?* concentration, PO3~ concentration, NH} concentration in interstitial water and

physicochemical characteristics of sediment of observed site

deeper sediment. Qin et al. (2004) investigated
the vertical distribution of physiochemical char-
acteristics of sediment in the whole Lake Taihu
and found that the surface 5-15 cm sediment was
significantly different from the deeper layer. They
concluded that the top 5-15 cm sediment was the
active layer participating in the material cycling
of Lake Taihu. Thereby, hydrodynamic processes
in Lake Taihu may mainly affect the top 5-15 cm
sediment that affects nutrient exchange with lake
water.

Wind and wave conditions during field
observation

During the observation, wind speed varied from
0 ms' to 7.0 ms™'. Significant wave height varied
from 5.85 cm to 28.25 cm. No strong wind-wave
process occurred during the observation. The
mean wind speed and direction between 12:30-
13:30, mean significant wave height per hour of
10:00-11:00, 11:00-12:00, 12:00-13:00 per day, and
the weighted mean value of the 3 h are presented
in Table 1. Generally, the hydrodynamical dis-
turbance intensity was divided into three kinds of
situation according to significant wave height:
Over 25 cm at 13th July, 12-20 cm on 16th July,
12th July, and 15th July, and lower than 12 cm on
17th July, 14th July, and 11th July.

The intensity of wind-induced waves was
affected significantly by wind direction, though
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the observation site was located in the central of
Meiliang Bay. The wave heights were significantly
lower on 12th July, 15th July and 16th July than
on other dates because of northeast and southeast
winds (Fig. 2). A small hill near the east shore of
Meiliang Bay and a relatively short wind-fetch-
length explain this observation.

Suspended solids concentration and its LOI
percentage

No significant differences of SS concentrations
were observed among the 7 days when the SS
concentrations of the top four layers were used to
denote the condition of water body. However, SS
concentrations in the bottom layer were quite
different among the different wave conditions.
The SS concentration of the bottom layer water
was the highest value (154 mg 1') in 13th July. It
is consistent with the strongest wind-induced
wave during sampling than the other days
(Fig. 2). This result shows that hydrodynamic
disturbances did not have significant effects on
the top water in Lake Taihu because the signif-
icant wave height was lower than 20 cm. This
wave intensity may be too common and frequent
in Lake Taihu to cause distinguished differences
among different wind-induced wave processes.
Concentration of LOI in SS showed a similar
trend to that of SS concentration. Generally,
there were no significant differences of LOI



Hydrobiologia (2007) 581:53-61 57
Table 1 Wind speed and H; during the field observation
Date Wind speed/direction/(ms™") H; /(cm)
10:00-11:00 11:00-12:00 12:00-13:00 10:00-11:00 11:00-12:00 12:00-13:00 Weighted
mean value®
11-July 4.1/307 2.1/55 1.2/7 15.14 10.63 6.95 9.54
12-July 3.4/132 2.7/134 2.0/129 19.33 18.52 12.91 15.85
13-July 2.3/235 1.2/239 6.1/278 20.35 26.46 27.05 25.74
14-July 3.3/119 2.1/106 1.8/114 13.82 10.82 8.83 10.32
15-July 3.5/302 4.0/34 4.6/14 12.18 12.57 11.90 12.17
16-July 4.8/71 6.2/60 6.3/70 15.98 17.10 20.28 18.50
17-July 2.3/246 1.9/233 1.1/246 13.48 10.58 8.88 10.21

# Weighted mean value of Hg was calculated as following: Hg (mean value) = (Hy (10:00-11:00) + 2 x Hg (11:00-

12:00) + 3 x Hy (12:00-13:00))/6
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Fig. 2 Wind speed and significant wave height three hours
before each days water sampling

concentration in the top four layers among the
first 6 days. However, LOI concentration in the
top four layers was significantly higher during the
last days. This result could be caused by the algae
bloom that occurred during the last day. The
concentration of Chl-a also confirmed this pre-
sumption.

Nutrients, DO, and Chl-a concentrations

Vertical distributions of TP, DTP and SRP
concentrations are presented in Fig. 3. For TP,
there was no difference among different days
except for 11 July, which was quite low compared
to the next 6 days. For DTP, there was no
difference among the 7 days. SRP was remark-
ably high on 15th July. And for NHj, the last
3 days were significantly higher than the first
3 days. For Chl-a and DO, the last day is
markedly higher than the previous days.

Correlation analysis indicated that there was
not any significantly correlation between hydro-
dynamical disturbance intensive and water quality
indices in the top four layers of water. DTP
concentration correlated with SRP concentration
in the top four layers (r = 0.83, n = 7), and in the
bottom layer (r = 0.79, n = 7). LOI concentration
correlated with Chl-a concentration and DO
concentration in the top four layers, which means
the water DO and organic suspended solids are
determined by algae biomass.

SS and LOI concentrations in bottom layer
were significantly affected by the intensive
hydrodynamical disturbance (r=0.83, n=7).
However, there was no significant relationship
between SS and the intensive hydrodynamic
disturbance in the top four layers. It suggested
that wind-induced wave may have caused surface
sediment resuspension, but the effect was limited
in the bottom layer.

Discussion

Effects of wind-induced wave disturbance on
phosphorus release from sediment in shallow
lake

Do wind-induced waves cause phosphorus release
from sediment to overlying water in shallow
lakes? Our observations in Meiliang Bay suggest
that they do not. However, we can not conclude
that sediment resuspension will not affect nutrient
concentrations in overlying water. In fact, field

@ Springer



58

Hydrobiologia (2007) 581:53-61

=)
r o
e
=

0

TP(mgl?)

0.1 0 0.1 0 01 0 0.1

N =
T O W
[T = =1

Water Depth (cm)
S
(=]

N
4
(=]

0.00 0.05 0.00 0.05 0.00 0.05

DTP(mgl?)
0.00 0.05

0.00 0.05 0.00 0.05 0.00 0.05

BN =
wm S W
S O o o

‘Water Depth (cm)
S
o

250

0.030.00 0.03

0.03

SRP(mgl)

0.03 0.03 0.03 0.03

‘Water Depth (cm)
83 o
[ =1

N
%3
(=]

11-Jul 11-Jul 13-Jul

14-Jul

15-Jul 16-Jul 17-Jul

Fig. 3 Vertical distribution of TP, DTP and SRP concentrations in overlying water

observations have indicated that strong wind
could increase TP, DTP and SRP concentrations
in lake water as the wind speed was over 12 ms™!
in Lake Taihu (Zhu et al., 2004, 2005b). However,
no significant release of phosphorus from sedi-
ment was found in this field observation, perhaps
due to the relative low wind speed. In the wave
flume experiments, Qin et al. (2004) found that
the critical shear stress that leads to extensive
sediment resuspension in Lake Taihu was about
0.03-0.04 N m™, equivalent to a wind speed in
situ up to 4 ms™'. The stress of wind-induced wave
calculated minute by minute using observed data
varied between 0.01 N m™ and 0.11 N m™2, and
its peak value occurred between 18:00-18:30, 16th
July. But intensive sediment resuspension still
was not observed. This result suggests that the
critical shear stress of 0.03-0.04 N m™ isn’t the
correct stress for extensive sediment resuspen-
sion, but is simply the stress needed for surface
sediment particles to begin to move up. Accord-
ing to hydraulic judging criteria, critical stress for
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sediment resuspension means the surface sedi-
ment particles begin to gradually float upward. In
another wave flume experiments, Zhu et al
(2005a) found that SS concentration increased
from 2.5 mg I"! without any waves to 13.6 mg 1"
when wave height just exceeded the critical wave
height (5.93 cm). But SS concentration increased
to 224 mg I' as wave height increased to
13.29 cm. This means that sediment won’t sus-
pend extensively as the wave height become a
little higher than the critical wave height. The
wave height that will cause intensive sediment
resuspension by field observation and simulated
flume experiment is still not known.

In other field observations of hydrodynamical
processes in Meiliang Bay, SS concentration in
overlying water increased significantly when the
wind-speed over 6.5 ms™' in Meiliang Bay (Qin
et al, 2000). SS concentration was about
120 mg I"" with wind-speed over 6.5 ms™. The
SS concentration was over 400 mg 1! in top layer
water with wind speed over 12 ms™' (Zhu et al.,
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2004, 2005b). At the same time, TP, DTP, SRP
concentration in the top layer water increased
significantly, too. These results indicate that the
wind-speed needs to be between 7 and 12 ms™' for
intensive sediment resuspension. However, wind
speed seldom exceeded 6.5 ms™' in this field
observations. Thus, SS and nutrients concentra-
tion in overlying water had not significantly
varied with the intensity of hydrodynamical dis-
turbance perhaps due to lower wave height than
the critical wave height for intensive sediment
resuspension.

Sediment resuspension does not always
increase phosphorus concentration in overlying
water in shallow lakes. Correlative analysis
indicates that concentrations of DTP correlate
inversely with SS concentration (r = 0.83,
p < 0.05). The reason is that surface sediments
are often oxidized in large shallow lakes. The
surface floc is in constant equilibrium with the
water column. When the surface floc suspended
to overlying water, it absorbs dissolved phospho-
rus from water phase. This phenomenon was also
found in shallow Lake Yangebup (Linge &
Oldham, 2004).

Although a positive correlationship between
water SS concentration and intensity of hydrody-
namic disturbance was not observed in this field
observation, it should be noted that a relative
strong wave occurred in the third day, with
subsequent nutrient concentration increases in

the fifth day followed by an algae bloom on the
seventh day. However, cause and effect relation-
ships among the three phenomenons are still
unclear.

Variation of water quality indices in large
shallow lake

Water quality indices of shallow lake are highly
variable because of the spatial and vertical
inhomogeneity of water quality, as well as the
violent influence of hydrodynamical disturbance.
Most of the observed water quality indices varied
drastically in the 7 days of observation (Fig. 4).
For example, DTP concentration in the surface
20 cm layer water varied between 0.34 mg I"' and
0.77 mg 1!, SRP varied between 0.002 mg I"' and
0.033 mg 1!, NH;-N varied between 0.056 mg ™!
and 0.832mgl™", and Chl-a varied between
33 mg I"" and 117 mg I"' during the seven obser-
vation days.

Compared to the monthly monitored data from
2000 to 2003, considerable variation of the water
quality indices occurred among the observed
7 days (Fig. 4). This observation suggests that
monthly monitored data may be inadequate to
reflect the water quality variation in large shallow
lakes like Lake Taihu. For example, the cycle
time of phytoplankton colony is generally a week.
Thus, Chl-a concentration must be quite different
between water sampling events depending on the
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Fig. 4 Variation of the observed surface 20 cm water quality indices during the 7 days and that of the monthly monitored

data at No. 3 regular monitoring site of TLLER
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presence or absence of an algae bloom. Addi-
tionally, wind speed and direction during water
sampling can affect water quality indices, such as
Chl-a concentration, phytoplankton structure
(Chen et al., 2003). Therefore, one must be
careful in using monthly monitored data to
explain water quality change in large shallow
lakes.
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Abstract Lake Taihu suffers from eutrophica-
tion caused by riverine nutrient inputs and air
deposition. To characterize wet deposition of
phosphorus (P) and nitrogen (N) to the lake,
precipitation collection and measurements of
total phosphorus (TP) and total nitrogen (TN)
and other components at five cities around Lake
Taihu were made from July 2002 to June 2003. TP
and TN concentrations and deposition rates
exhibited strong spatial variation in the whole
catchment. An inverse correlation between sta-
tion-averaged TP and TN concentrations and
precipitation amount was found. Maximal TP
concentration in rainfall was found in Suzhou,
and maximal TN in Wuxi. However, highest wet
deposition rates of TP and TN were found in
Suzhou, which suggests that atmospheric nutri-
ents are mostly from the east and northwest area
of Lake Taihu. Mean TP and TN deposition rates
were 0.03 and 2.0 t km? year ' respectively in
Lake Taihu, which are greater than reported
values in other areas by comparision. Total N and
P contributed to the lake by wet deposition were

Guest editors: B. Qin, Z. Liu & K. Havens
Eutrophication of shallow lakes with special reference to
Lake Taihu, China

L. Luo - B. Qin (X)) - L. Yang - Y. Song

Nanjing Institute of Geography & Limnology,
Chinese Academy of Sciences, Nanjing 210008, China
e-mail: qinbq@niglas.ac.cn

75 and 4720 t per year, respectively, which rep-
resent about 7.3% and 16.5% of total annual N
and P inputs via inflow rivers. Wet deposition,
especially N, could have significant effects on
eutrophication in the lake, which shows that air
deposition should be taken into account while
reducing the external nutrients in the lake.

Keywords Nitrogen - Phosphorus - Wet
deposition - Eutrophication - Riverine inputs -
Lake Taihu

Introduction

Wet deposition may impact freshwater ecosys-
tems, terrestrial environments (Buijsman & Eris-
man, 1988; Likens, 1989; Khemani et al., 1989;
Lovett & Kinsman, 1990; Owens et al., 1992;
Spokes et al., 1993; Helmers & Schrems, 1995;
Raper & Lee, 1996) and coastal seas (De Leeuw
et al., 2003). Input of nutrients by rainfall (e.g. P
and N) and acidic rain characterized by low pH
(<5.6) can affect the chemistry of lakes, soils,
forests and wetlands (Gorham, 1998) and make
ecosystems nutrient-limited or susceptible to acid
deposition. For instance, it was noted (Gordon &
Gorham, 1963) that acid deposition close to the
iron-sintering plant at Lakes Wawa and Ontario
was causing substantial leaching of calcium from
local soils into adjacent ponds and lakes. It then
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was observed that acid deposition led to dissolu-
tion of aluminum in soil minerals and strong
enrichment of aluminum ions in lake water
(Wright et al.,, 1976). Many other researchers
have addressed acidic rain in different areas
(Cowling & Nilsson, 1995; Lin et al., 1998; Oko-
chi et al., 2000; Peart, 2000; Vasjari et al., 2000).

Polluted rain also may deposit nutrients and
trace elements, resulting in eutrophication and
iron-concentration changes. Input of nutrients by
wet deposition can contribute to total nutrients in
water, especially in seepage lakes, regulate
primary productivity and affect algal community
structure (Pollman et al., 2002). Atmospheric N
can be available for algae growth, which makes
this contribution more significant because only a
fraction of river runoff contributes N that is
incorporated into biological material (De Leeuw
et al., 2003). Heavy metals from rainfall (e.g. Zn,
Cu, Fe, Ca and Mg) can affect surface water
production (Morel et al,, 1991) and influence
biological activity in marine waters (Coale &
Bruland, 1990; Sunda & Huntsman, 1992).

Lake Taihu is located in the lower Changjiang
(Yangtze) River delta and is important for water
quantity regulation, water supply, cultivation,
irrigation, navigation, culture fisheries and tour-
ism. In the 1950s, lake water was oligotrophic
(Chang, 1995). With rapid industrial and agricul-
tural development and population growth, increas-
ing amounts of nutrients, heavy metals (Shen
et al.,, 2001) and other pollutants (Feng et al.,
2003) have been delivered to the lake via river
runoff (Zhou & Zhu, 2003; Chen et al., 2003; Qu
et al.,2001) or bulk deposition (Qu et al.,2002; Pu
et al., 1998). Pollutants can be absorbed onto or
associated with fine-grained sediment particles,
resulting in limnic ecosystem recovery prevention
and long-term eutrophication problems by sedi-
ment-water exchange. The lake is hypertrophic in
three northern bays, with seasonal algae blooms
increasing the cost of water purification. Conse-
quently, reasons for deterioration and improve-
ment of lake water-quality have received much
attention in recent years (Wang et al., 1998; Qin,
1998; Yang et al., 2001; Chen, 2002; Yang et al.,
2003; Qin et al., 2004). The largest project, ‘“Zero-
point Action”, initiated by the State Environmen-
tal Protection Administration (SEPA) in 1998,
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required “‘Standard Discharge” of all industrial
units. However, water quality has not improved
remarkably despite reduction of external loading
from rivers, which raises the possibility that net air-
deposition and sediment resuspension may have
considerable impacts.

Many reports have focused on effects of
sediment and river inputs (Zheng et al., 2001)
on water quality degradation in Lake Taihu,
including acid rain impacts (Chen et al., 2000,
2001; Yang et al.,, 2001; Yang, 2001). Little is
known about amounts of N & P contributed by
wet deposition. The aim of this study is to
estimate wet-deposition of P and N into the lake
based on data from samples collected from July
2002 to June 2003.

Methodology
Site description

Fifteen sampling sites, located in five cities (Wuxi,
Suzhou, Huzhou, Jintan and Changzhou; Fig. 1)
around Lake Taihu, were selected for rain
collection. Four were at Changzhou situated
northwest of the lake, four in Suzhou in the east,
three in Huzhou in the south, two in Wuxi in
the north and two in Jintan in the northwest
(Table 1). Several sites in each city were sampled

* Changzhou

* Jintan

Suzhou
*

Lake Taihu oy &

* Huzhou

Fig. 1 Map of the study area
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Table 1 Sample stations

and their locations in Station Longitude (°E) Latitude (°N) Site number Location
Taihu Basin Wausxi 120.25 31.58 2 North
Suzhou 120.61 31.30 4 East
Changzhou 119.97 31.77 4 Northwest
Jintan 119.58 31.73 2 Northwest
Huzhou 120.10 30.89 3 South
1 m n
— . - -3
to evaluate different land-use types (e.g. rural, AA = *ZZS X RRjj x Cj x 10 (1)

urban, industrial, forest, etc.).
Sample collection and analysis

Precipitation samples were collected automati-
cally by a tipping-bucket rain gauge at all sites
from July 2002-June 2003. Analytical parameters
included pH, conductivity, K, Na*, Ca®*, Mg*",
CI, SO, NO3, NHj, TP and TN (no TP & TN in
Huzhou due to technical limits). All chemical
components were analyzed monthly in the local
Environmental Monitoring Center (EMC). pH
was measured immediately without stirring by a
digital pH meter, and conductivity was measured
using an ion chromatography detector. All ions
were determined using suppressed ion chroma-
tography (Chen et al,, 2001). All data from
different EMCs were assumed to have similar
accuracy since ion concentration measurements
were done using standard SEPA methods.

Calculation of annual amount of deposited
nutrients

Annual amounts (in: t year™') of TP and TN can
be calculated from the following equation,

140
120 |
100 |
80 |

60

RR (mm)

40 F

20 +

j=1i=1

where S is the lake surface area (km?), RR;;
(i=12,.12; j=12,3,4) is the precipitation rate
(mm month™) at station j and month i, C;j is the
concentration of a substance in precipitation
(mg 1I"") with the same subscript as RR;;, m is
the number of stations (4 in this case due to lack
of data in Huzhou). The wet deposition rate (in:
t km~ year ') of chemical components can be
derived from Eq. 1 without consideration of S.

Results
Seasonality

Monthly precipitation (RR) and TN and TP
concentrations are shown in Fig. 2. RR ranged
from 24-130 mm per month. Minimum RR was in
January, with a value of 24.3 mm, and November,
with a value of 50.7 mm. There was more rainfall
in summer (128 mm in August and 117 mm in
July). RR exhibited a summer (June-August)
maximum and a fall (September—November)
minimum, demonstrating strong seasonality.

——RR 12
—e—TP
- -0~ =-TN

TP & TN concentrations

(=1 ] =1 = > =]
< [5) S = < =]
= 2 3 < g =

Fig. 2 Monthly station-averaged precipitation amount (RR, in mm), precipitation-weighted concentrations of TP (in:

100 mg I'") and TN (in: mg I'1)
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TP concentration varied from 0.01 to
0.11 mg I"' with the peak value in January, which
is, in magnitude, similar with those reported by
Brown et al. (1984, 0.015-0.15 mg I"") and Migon
and Sandroni (1999, 0.002-0.14 mg 17%,), but sig-
nificantly greater than those reported by Chen
et al. (1985) and Filoso et al. (1999). Although no
significant seasonal variation in TN was found
(Fig. 2), there was a seasonality of TP and TN
despite slight differences among the 12 months.
TN and TP followed an inverse pattern to RR.

TN contributed by rain followed a similar
seasonal pattern to RR and peaked in summer
and fall, with minima in winter and spring.
However, TP had a maximum in fall and winter
and minimum in spring and summer (Fig. 3).
These seasonal differences varied from those of
TP and TN concentrations throughout the year
due to differences in precipitation amounts.

Total annual TP and TN deposition rates

Deposition rates of NO3, NHj, TP and TN were
estimated from Eq. (1) with lake surface area
excluded. In each city, monthly precipitation
amounts were used to calculate average precipi-

800 —e—TN 16
—O—TP
600 F 12
S -
> 400 | 8 -
Ay
£ E
200 | 4
0 0

S 8 & &% 5 3 % 5 8 8 8
= L S < 5 5 " 2w O z A

Fig. 3 Monthly station-averaged amounts of TP & TN
(in: t)

tation rates. Table 2 shows month-averaged wet
deposition rates of the five cities. There was no
data on TN and TP in Huzhou, but concentrations
of NO3 and NHj suggest a moderate contribu-
tion. Spatial differences suggest that the east
region of Lake Taihu (Suzhou), and then the
northwest (Changzhou and Jintan) have the
largest N and P contribution from rainfall. Wuxi
and Huzhou have moderate influences. Wet
deposition of TP within the lake catchment was
0.03 t km? year', TN was 2.0 tkm™ year’,
NO3 was 3.70 t km™ year!, and NHj was
1.56 t km™ year . Based on individual deposi-
tion rates, total annual contribution from precip-
itation was 75 and 4720 t per year for TP and TN,
respectively.

Discussion

The simple model based on Eq.1 may overesti-
mate total input of N & P into Lake Taihu
because precipitation chemistry over the lake
may differ from cities. Raindrops are formed
when small water droplets adhere to particles,
including chemical components in air, and, con-
sequently, depend on local air movement and
concentrations of vapor and particles in the
atmosphere. Due to low nutrient concentrations
in air over the lake, especially the center, precip-
itation inputs of P and N in these regions may be
lower than those in the shore areas. However, this
uncertainty for regional differences is difficult to
quantify unless many observation sites are estab-
lished over the water surface of Lake Taihu.
Despite the spatial variability of nutrient con-
centrations in precipitation, results obtained from
observation data and calculations should indicate

’rl;l;lse(tZ kynv:czt_yd:;?f)lt;?:; City Wet deposition rate (t km= year™) Averaged concentration (mg I™)
concentrations (mg ™) of TP TN NO3 NHj; TP N
TP and TN at different
stations Wuxi 0.016 2.25 2.76 1.44 0.022 3.28
Suzhou 0.06 2.81 4.36 2.26 0.075 2.58
Changzhou 0.018 1.81 0.82 1.52 0.023 222
Jintan 0.033 1.20 6.70 0.95 0.057 1.33
Huzhou 3.87 1.65
Average 0.03 2.0 3.70 1.56 0.044 2.35
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effects of wet deposition on lake eutrophication.
In Lake Taihu, the primary source of N and P is
from Suzhou, where the highest TP concentration
and deposition rates were found. Changzhou and
Jintan had the second greatest contribution of TN
and TP. Thus, the main N and P inputs via rainfall
are from the east and northwest. The smallest TP
deposition rate and the greatest TN concentration
were found in Wuxi. Therefore, Wuxi, with a
greater annual precipitation, may make the great-
est contribution to total N input into the lake.

Deposition rates of NO3 and NHj are high
relative to TN inputs, with values of 3.70 and
1.56 t km™ year ', respectively, which are 2 and 5
times higher than those for Barnegat Bay (1.81 and
0.34 t km™ year™! for NO3 and NHj; Gao, 2002).
Estimated TP deposition rate (0.03 t km™ year™)
near Lake Taihu also is high compared to that in
the Amazon (0.004 t km™ year'; Swap et al.,
1992), Connecticut (0.004 t km~ year™'; Yang
et al., 1996), New Zealand (0.01 t km™ year;
Chen et al., 1985), Corsica (0.01-0.02 t km™ year™;
Bergametti et al., 1992), Apalachicola, FL
(0.012 t km~ year'; Fu & Winchester, 1994) and
Ireland (0.021 t km™ year™'; Gibson et al., 1995).
Also, TN deposition rate is about 10 times that in
Colorado and southern Wyoming (<0.2 t km™
year '; Burn, 2003). High N and P deposition rates
result from livestock and fertilization of croplands
(Vitousek et al., 1997), crop senescence, fossil fuel
combustion, automobile emissions and factories.
In Taihu Basin, agriculture and coal combustion
are the main contributors to high rates of N and P
deposition.

Wet deposition is greater than dry deposition,
especially in ocean areas (Owens et al., 1992;
Hertel et al., 2002), the Mississippi River Basin
(Lawrence et al., 2000), and Barnegat Bay (Gao,
2002). With this hypothesis, annual net atmo-
spheric inputs of TP and TN into Lake Taihu
should be slightly higher than estimated values.
However, deposition effects on lake eutrophica-
tion are significant even excluding dry deposition.
Based on nutrient concentrations observed at
inflow rivers connected to Lake Taihu, annual
riverine input of TP was estimated to be 1,030 t
and TN about 28,650 t (Xu & Qin, 2005). There-
fore, atmospheric inputs of TP and TN represent
about 7.3% and 16.5% of annual total inputs of P

and N via inflow rivers, which suggests that air
deposition should be considered in the evaluation
nutrient inputs to Lake Taihu. Nitrogen from air
deposition may promote primary productivity.
For example, 5.3 mmol C m~ day™' could result
from average deposition of 0.8 mmol N m~2 day™
(De Leeuw et al., 2003). Also, atmospheric depo-
sition can affect nitrogen-saturated forests and
acidic freshwater lakes and streams (Stoddard,
1994; Aber et al., 1995; Fenn et al., 1998). How-
ever, Lake Taihu generally is P-limited and
inherently vulnerable to N deposition (Yin et al.,
1996). As a result, deposited P could promote
primary productivity. Moreover, some deposited
N and P may be absorbed onto or associated with
sediment particles, which could make bottom
sediment a source of nutrients. In shallow lakes,
perturbation has substantial effects on sediment-
water interactions (Sheng & Lick, 1979; Furumai
et al., 1989; Shrestha, 1996; James et al., 1997,
Bailey and Hamilton, 1997; Blom & Winkels,
1998; Poelma & Ooms, 2002), and therefore,
waves may resuspend sediment and release nutri-
ents resulting in increased N & P. For example,
1.64 x 10* t P can be suspended from sediment
into water of Lake Taihu with a 15.0 m s SE
wind event, resulting in an average TP increase of
4.70 mg 1" (Luo, 2004). Some suspended P may
be available for aquatic plants, and some may be
redeposited.

Atmospheric N originates mainly from ammo-
nium nitrate aerosol (NH4NO3), ammonia gas
(NH3) and nitric acid gas (HNOj3) (Lindberg
et al., 1990). NO, exists primarily as NH4;NO5 and
HNO;, and can be transformed to HNO; after
photochemical processes. HNO; and NH; (pri-
mary pollutant) can form an equilibrium with
NH,4NO; (Tarnay et al., 2001). These compounds
are mainly derived from fossil fuel combustion
and agricultural production (e.g. fertilizer and
animal waste). The origin of atmospheric depo-
sition can reflect nutrient-source patterns of
riverine inputs. Consequently, external N loading
control in Lake Taihu Basin should include
production of agricultural and fuel-combustion
emissions. The “Zero-point Action” initiated by
SEPA in 1998 has resulted in significant reduction
of TP and TN inputs in Lake Taihu, but agricul-
tural inputs of TP and TN still constitute a large
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proportion. Thus, control of only industrial dis-
charge is not an effective method to control
eutrophication. Municipal policy should include
control of agricultural emission and coal combus-
tion inputs in Lake Taihu Basin.

Conclusion

A study of wet deposition in Lake Taihu Basin
examined the effects of N and P contributed by
rainfall on lake eutrophication. Fifteen sites were
selected in five cities around the lake. Results
lead to the following conclusions:

(1) Deposition rates and concentrations of TP
and TN in precipitation over Lake Taihu
exhibited strong spatial variation. N and P in
precipitation come mainly from the east
(Suzhou) and northwest (Changzhou and
Jintan). Wuxi and Huzhou make only mod-
erate contributions to atmospheric inputs
into Lake Taihu.

(2) Precipitation had a summer maximum and a
fall minimum and followed an inverse sea-
sonal cycle compared to TP and TN con-
centrations.

(3) Deposition rates of NO3 and NH} were 3.70
and 1.56 t km™ year™", respectively. TP and
TN deposition rates were 0.03 and 2.0 t km™
year‘l, respectively.

(4) Total amounts of N and P contributed to the
lake by wet deposition were 75 and 4720 t
per year, respectively, which may contribute
to lake eutrophication.
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Abstract Nitrogen transformations in anaerobic
sediments and leachate in Lake Taihu were
simulated in the laboratory. Ammonium, nitrate
and nitrite were analyzed after incubation under
anaerobic conditions. Different reductive states
and pH values were obtained by using different
electron donors, such as glucose, sucrose, potato
starch and sodium acetate. Chemical nitrogen
transformation mechanisms were discussed rela-
tive to physico-chemical properties of lake sedi-
ment. Results demonstrated that nitrogen
transformations in anaerobic conditions supple-
mented with different electron donors varied, and
supplementation with certain electron donors may
enhance nitrogen removal from anaerobic sedi-
ments. Among the four electron donors studied,
higher nitrogen removal efficiencies were
observed with acetate and starch. Saccharides,
such as glucose, sucrose and starch, stimulate
nitrate reduction to nitrite, while acetate stimu-
lates nitrate reduction to ammonium.
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Introduction

Denitrification is a microbial process that con-
verts nitrate to nitrogen gas via several interme-
diates, including nitrite and nitrous oxide (Tiedje,
1982). It is recognized as the most important
process removing fixed nitrogen in most natural
environments (Boicourt et al., 1996). Transfor-
mations involve nitrogen reduction and therefore,
require electron donors (Devlin et al., 2000).
Denitrification is a respiratory process which also
requires an electron donor for energy (Islas-
Limaa et al., 2004). Denitrifying bacteria can use
nitrate and/or nitrite as an alternative electron
acceptor for metabolic activities when molecular
oxygen is unavailable (Bae et al., 2004). However,
in natural anaerobic systems including sediments,
denitrification often is limited by readily biode-
gradable electron donors.

Studies have demonstrated enhancement of
nitro-reduction rates following addition of or-
ganic electron donors, such as glucose, pyruvate,
formate, starch, acetate, hydrogen gas, ele-
mental sulphur, thiosulphate, aqueous ferrous
iron and pyrite (Preuss et al., 1993; Boopathy,
1994; Roberts et al., 1995; Devlin et al., 2000).
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Saccharide is an abundant biomolecule in the
natural environment. Glucose is a monosaccha-
ride, and sucrose is a disaccharide, which yields
two monosaccharides upon hydrolysis. Starch
contains two polysaccharides: amylose and amy-
lopectin (Yu et al., 2004). Acetate is an organic
acid and has been used in waste water treatment
for nitrogen removal (Graaf et al., 1996; Cervan-
tes et al., 1999).

Addition of electron donors to enhance reduc-
tion processes is, therefore, a potential method
for in-place treatment of contaminated sediments
(Gerlach et al., 1999). This may be an important
treatment for eutrophic lakes, such as Lake
Taihu, which is the third largest freshwater lake
in China (Qin et al., 2007). Water quality in Lake
Taihu has deteriorated due to rapid economic
development and intensive use of water resources
in recent years. As a result, cyanobacteria blooms
occur over large areas in summer, and these
blooms impact the aquatic ecosystem detrimen-
tally (Pu et al., 1998a, b).

Most studies have focused on nitrate and
ammonium removal in waste water systems
(Cervantes et al., 2001; Schmidt et al., 2003),
and comparative studies on denitrification and
electron donor supplements in fresh water sedi-
ments are scarce.

Objectives of the present study were to com-
pare total nitrogen (TN) reduction effects in Lake
Taihu sediments stimulated by saccharide elec-
tron donors, such as glucose, sucrose, potato
starch and organic acid acetate; and to evaluate
effects of nitrogen species transformation under
different electron donor additions.

Materials and methods
Sediment samples collection

Six surface sediment samples were collected using
a Peterson grab bucket on 13-15 July 2003 from
Lake Taihu. Locations of sampling sites are
shown in Fig. 1. Samples were stored in a cooler
until return to the laboratory, freeze-dried, sieved
to ~0.28 mm aggregate size, mixed together,
homogenized by gentle shaking, and stored at
4°C in a sealed polyethylene bag.
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Fig. 1 Geographic locations of sampling sites

Anaerobic incubation experiment

Microcosms were constructed using 20 g of sed-
iment and 150 ml of artificial freshwater (1 mg 1"
ammonium, 1 mg "' nitrate and 0.1 mg ™" ni-
trite), which was purged with high purity nitrogen
(99.99% N,) for 10 min to remove oxygen before
use in 250-ml serum bottles. Microcosms were
prepared in triplicate, and electron donors glu-
cose, sucrose, potato starch (Sigma Co.) and
sodium acetate added 2 g in stoichiometric
excess. Two electron donor-free control groups,
one sterilized with 0.1 g HgCl,, were established.
Table 1 lists the treatment conditions and micro-
cosm abbreviations. Test bottles were aerated
with high purity nitrogen for 3-5 additional
minutes, sealed with butyl rubber stoppers and
continuously mixed with a planar shaker rotating
at 200 rpm at 25°C.

Table 1 Treatment conditions and abbreviations of
microcosms

Abbreviation Treatment

Sterilized control

Electron donor free control

Microcosm of glucose as electron donor

Microcosm of sucrose as electron donor

Microcosm of potato starch as electron
donor

Microcosm of sodium acetate as electron
donor

moawy

s
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Sampling was done in a glove bag (I’R Glove
Bag™, Model X-27-27, USA) purged with nitro-
gen before use. Bottles were vigorously shaken;
pH and Eh were determined using a portable
meter (Thermo Orion Model 250, USA). Ten
milliliter of sediment/water slurry was poured
into a 10 ml centrifuge tube, and the same
quantity was added (10 ml artificial freshwater
contained 1.33 g sediment). After sampling, sed-
iment samples were centrifuged at 4000 rpm for
20 min and filtered through a 0.45 pm pore-size
cellulose acetate filter to separate sediment and
leachate at once.

Chemical analysis

For leachate samples, ammonium, nitrate and
nitrite were determined within 24 h after sam-
pling. Nitrate was determined by ion chromatog-
raphy (Dionex 4500i using an AS-14 4-mm anion
column), nitrite with N-(1-naphthyl) ethylene
diamine dihydrochloride (APHA, 1998a), and
ammonium with salicylic-hypochlorite colorime-
try (Standard method of People’s Republic of
China, 1987).

Total nitrogen in sediments was analyzed using
persulfate according to standard methods for
examination of water and wastewater (APHA,
1998b). Weights of sediments reported are on an
oven-dry basis.

Results and discussion

Formal potentials and pH conditions in the
microcosms

Formal potential consists of measurement of the
electromotive force of an electrochemical cell in
which, under the specified conditions, the analyt-
ical concentration of the two oxidation states is
varied. The formal potential includes correction
factors for activity coefficients, acid-base phe-
nomena, complex formation, and the liquid junc-
tion potential used between the reference
electrode and the half-cell in question. It may
often leads to better predictions than standard
potential because it represents quantities subject
to direct experimental measurement. In this

paper, it is expressed by pe, which is calculated
from the determined Eh values using Nernst
Equation. The pe¢ can be defined as the negative
logarithm of electron activity in a solution. It is a
parameter for the redox intensity gives the
electron activity at equilibrium and measures
the relative tendency of a solution to accept or
transfer electrons (Stumm & Morgan, 1981).

Values of pH and pe are shown in Fig. 2. In all
microcosms, pH declined with time. Trends are
divided into three groups. Microcosms treated
with glucose and sucrose had similar trends. pH
declined sharply in the first 96 h and dropped to
4.3 by completion. pH in starch additions also
declined, but more slowly than glucose and
sucrose, dropping to 4.8 at the end of the
incubation. pH in the sterilized control, electron
donor-free control and sodium acetate addition
declined in the first 48 h, then remained around
7.4 to 7.5.

Formal potentials in electron donor systems
reached a strong reductive environment after 2 or
3 days. pe dropped in the first 48 h in glucose and
sucrose microcosms and in the first 96 h in starch
and sodium acetate microcosms. Afterwards, the
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Fig. 2 pH and pe values of microcosms
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reductive environment in these microcosms
reached steady-state and remained constant at —
4 to -6. The sterilized control did not attain
reductive conditions, and the electron donor-free
control barely reached a mild reductive environ-
ment.

Systems supplemented with electron donors
achieved more reduction potential than controls.
It is believed that Eh values is featured by
reduction when they below 200 mV. (Song et al.,
1990) Sediments from Lake Taihu in our exper-
iment were strongly anaerobic except two control
groups, and additional electronic donors could
accelerate reducing conditions in microcosms.

pH and reductive potential are important
factors controlling the fate of pollutants, espe-
cially those at the soil-water interface (Cao et al.,
2001). pH and reductive potential also affect
nitrogen composition (Stumm & Morgan, 1981).
pH in all microcosms treated with electron donors
declined, except the system treated with sodium
acetate, likely due to acetate hydrolysis. In our
experiment, the acetate microcosm may have
maintained pH of 7.2-7.4 via its strong buffering
capacity (Terra & Regel, 1995). However, in
other three electron donor microcosms, pH val-
ues declined and remained below 5. At this pH,
acid producing microorganisms may not survive,
leading to stable pH.

Transformation of nitrogen species

Nitrogen transformations in control and electron
donor microcosms are shown in Figs. 3 and 4.
Results show that, in all microcosms, nitrate in
leachate increased early in the incubation, then
decreased. Nitrate, which is formed during
organic matter degradation under oxic conditions
(ammonification/nitrification), may be trans-
ported (mixing, currents, upwelling etc.) to
anoxic environments where it can undergo deni-
trification (Boyd, 2001). In the present study,
early nitrate increases may be caused by degra-
dation of organic matter using residual oxygen in
the sediment. For in the first 24 h, formal
potential in all microcosms was positive, and
pH was about 7, indicating characteristics of
sediments were weak oxic or weak reduction in
this condition.
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Fig. 3 Transformation of nitrogen species in two control
microcosms

Nitrogen transformations in glucose and su-
crose microcosms were similar. Nitrate in glucose
and sucrose systems were lower than controls.
Highest nitrate concentrations in glucose and
sucrose microcosms were 5.2 and 4.7 mgl™,
respectively, in the first 8 h and then decreased
sharply. Highest nitrite concentrations in leachate
occurred simultaneously with nitrate maxima.
Ammonium decreased to below detection limits
in 48 h, which indicates that monosaccharide and
disaccharide electron donors may stimulate aner-
obic nitrogen transformations.

Nitrate concentration in the starch addition
reached 7.4 mg I”' in 24 h, and ammonium con-
centration increased to a similar value as the
controls, then decreased to below detection limits
after 96 h.

In anoxic, nitrate-containing environments,
two pathways of dissimilatory nitrate reduction
have been identified: denitrification, by which
nitrogen oxides (mainly NOj3) are reduced to
nitrite (NO3) and then to dinitrogen gases (N,O
and N,), and dissimilatory nitrate reduction to
ammonia (DNRA), producing ammonia by
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Fig. 4 Transformation of nitrogen species in different electron donor treated microcosms

reduction of nitrate and/or nitrite (Brunet &
Garcia-Gil, 1996).

Apparently, nitrate reduced in microcosms
supplemented with glucose, sucrose and starch
as electronic donors were denitrified. Ammonium
could not be detected after 48 h in glucose and
sucrose systems and 96 h in the starch system.
This indicates that saccharide, including mono-
saccharide (glucose), disaccharide (sucrose) and
polysaccharides (starch), may stimulate nitrate
reduction to nitrogen gas, although the dinitrogen
gases (N,O and N,) were not determined in our
experiment.

Nitrate and nitrite in the sodium acetate
system was different from other electron donor
systems. Nitrate in leachate reached 10 mg 1!
and maintained this value for 96 h. Nitrite con-
centration was half that of glucose and sucrose
microcosms. However, ammonium increased to
about 8 mg I"! within 96 h and remained steady
to 240 h. Afterwards, ammonium concentration
increased to 18.3 mg I"' by the end of incubation.
Ammonium increased early maybe caused by
ammonification of organic matter, for nitrate did
not decrease at the first 96 h. But latter the high

ammonium value indicated that nitrate was
reduced to ammonium in this microcosm. The
removal of eight electrons during NO3 reduction
to NH; makes this process potentially advanta-
geous in reduced environments (Tiedje et al.,
1982). DNRA may be quantitatively important
nitrogen cycling of marine sediments (Sorensen,
1978).

Ammonium concentrations in the control sys-
tems were higher than electron donor addition
systems except for acetate. Ammonium in the
sterilized control increased for 8 h, then remained
constant at approximately 6 mg ™' from 8 h to
192 h. In the electron donor-free control system,
ammonium increased slowly for 192 h. These
systems may be controlled by pH and redox
potential. According to pe~pH diagrams (Wang,
2001), at pH about 7.5 and pe about 0-8, ammo-
nium is the predominant nitrogen species. This
may explain why ammonium in the starch micro-
cosm increased for 96 h and then decreased to
detection limits. pH and pe conditions in the
starch microcosm up to 96 h were within the
ammonium predominance area. And, nitrate
reduction seems follow denitrification for 96 h in
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the starch system since pH was lower than 6 and
pe decreased sharply to about —6. This condition
overstepped the ammonium predominance area.
So, nitrate reduction to ammonium stimulated by
sodium acetate may be due to comparatively high
pH caused by acetate hydrolysis. In soil, similar
results were reported that DNRA was favored at
high pH (Stevens et al., 1998).

TN removal by denitrification

The ability to enhance sediment denitrification
via addition of various electron donors was
tested in sediment-water microcosms using TN
reduction as a gross indicator of denitrification
activity. TN removal from sediments in micro-
cosms over 384 h are shown in Fig. 5. TN
removal was observed in all systems but was
not significant in the sterilized control, which
increased for 48 h, then stayed steady for 384 h.
Denitrification in the electron donor-free control
increased for 144 h, and TN reduction percent-
age was 21.8%. Compared to control micro-
cosms, potato starch and sodium acetate systems
obtained higher reductive efficiency (45.5% and
42.5%, respectively). At the beginning of the
incubation, denitrification in glucose and sucrose
additions was lower than controls. However,
reductive efficiency increased sharply at the end
of the incubation (31.4% and 34.7%, respec-
tively).

These results demonstrate that additional elec-
tronic donors may accelerate. Among the four
electron donors, starch and acetate have largest
effects. TN reduction ratios of starch and acetate
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Fig. 5 TN removal ratio of sediments in microcosms
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were 10% higher than glucose and sucrose. Since
the starch used had low solubility, starch may
have been more associated with sediments than
the other electron donors (Gerlach et al., 1999)
However, TN reduction in the sterilized control
increased slightly throughout the experiment,
indicating that HgCl, addition may not have been
sufficient to eliminate microbial activity; but the
increase in TN reduction was significantly less
than the non-inhibited microcosms. However, this
TN reduction was not observed in the electronic
donor-free controls, indicating that either the
sterilization agent affected abiotic redox activity,
or microorganisms could reduce TN without
electron donor addition.

Conclusions

The results presented in this paper show certain
electron donors may be used to enhance TN
removal in anaerobic sediments. Higher nitrogen
removal efficiencies were observed when acetate
and starch were added. However, nitrogen trans-
formations in anaerobic conditions supplemented
with different electron donors varied. Saccha-
rides, such as glucose, sucrose and starch, stimu-
lated nitrate reduction to nitrite, and acetate
stimulated nitrate reduction to ammonium. Nitro-
gen transformations in these microcosms were
controlled by pH and formal potential.
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Abstract Sedimentary records provide impor-
tant information for understanding changes in the
history of eutrophication in Lake Taihu. In
addition, the catchment nutrient model SWAT
provides a powerful tool to examine eutrophic
changes in a long-term context. Since it is difficult
to evaluate impacts of natural eutrophic develop-
ment and anthropogenic changes in catchment
discharge and land use, simulation of past changes
provides a mirror on processes and dynamics.
Boundaries in the simulations are set to a pre-
industrial time to evaluate natural-agricultural
nutrient changes in Taihu Basin a 100 years ago.
Total nitrogen (TN) and total phosphorus (TP) in
the main channel flowing into the lake are
simulated in four sub-basins for 200 model years.
Results show that modeling can capture basic
features of basin nutrient development, where
mean TN concentration (0.12 mg1™') can be
compared in broad scale to mean TN concentra-
tion (0.17 mg kg™!) from Lake Taihu sedimentary
cores dating back about 100 years. Spatial nutrient
simulations suggest that the two major nutrient
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Eutrophication of shallow lakes with special reference to
Lake Taihu, China
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sources are from the southwestern sub-basin
(48% TN and 68% TP of the basin total) and
the northwestern sub-basin (18% TN and 17%
TP). There are differences of +7.3 x 10* kg TN
and +2.0 x 10° kg TP between total input and
output values, simulating mean annual amounts
of nutrient deposited into the lake. TN and TP
concentration differences between input and out-
put sub-basins become smaller in the second
100 years than the first 100 years, suggesting a
100 year period to reach a balance of net nutri-
ents. Catchment nutrient modeling provides a
basis to evaluate how nutrient production and
balance responded to environmental changes
over 200 years in Taihu Basin.

Keywords Natural-agricultural environment -
TN and TP simulations - Nutrient change -
Decadal-centurial time scale - Taihu Basin

Introduction

Eutrophication in Lake Taihu became a problem
in the last 20 years, and anthropogenic change is a
major factor (Jin et al., 1990; Huang et al., 2001;
Qin et al., 2004). Nutrient release from lake
bottom sediments (Qin et al., 2004) and nutrient
discharge from the catchment (Xia & Yang, 2003)
are two important sources leading to eutrophica-
tion, whereas nutrient source changes from
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bottom sediments or the catchment are not only
controlled by human activities on an annual-
interannual timescale, but also are related to
natural system changes in a decadal-century time
scale (Last & Smol, 2001; Smol, 2002). Paleolim-
nological techniques can be used to reconstruct
past water quality changes on a number of time
scales using information preserved in sedimentary
profiles (e.g. Ramstack et al., 2003; Rose et al.,
2004; Bradbury et al., 2004). When tracking
eutrophic changes using lake sediments, a number
of rich-organic layers with high nitrogen content
have been found in lacustrine sediments from
Lake Taihu. At depths of 22, 30, 35, and 42 cm in
cores from Lake Taihu (Liu et al., 2004a; b), total
nitrogen contents are similar to or higher than
values at 1-5 cm (1990s; Fig. 1). While examining
longer sediment cores from Lake Taihu (Xue
et al., 1998), nitrogen contents at two layers '*C-
dated to 5,930 year B.P. (i.e. Before Present) and
7,899 year B.P. were higher than those in surface
sediments. The lake may have experienced natu-
ral eutrophication before industrial and urban
modernization in Taihu Basin. Examining and
modeling long-term changes in lake eutrophica-
tion will provide a better understanding of the
trajectories of lake environmental degradation
and help set realistic mitigation goals for recovery.

Taihu Basin (Fig. 2) is located in a lowland
area of the Changjiang River Plains in China
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approximately between 29-32° N and 118-121° E
and about 50-100 km from the East China Sea
(Sun & Huang, 1993). Climate is warm and wet,
typical of subtropical monsoon climate. The basin
is covered naturally by subtropical evergreen
broadleaf forest, and the lake has a high aquatic
production (Huang et al., 2001). Natural soil
horizons developed on parent rock are composed
of loose and organic-rich fluvial-lacustrine sedi-
ments deposited in the Holocene (Sun & Huang,
1993; Wang et al., 1996). The basin is in a shallow
depression in the Changjiang River Plains, and
there is a seasonal water exchange between the
Changjiang River and Lake Taihu. Thus these
natural conditions are potentials to develop the
lake eutrophication.

To understand eutrophic changes and factors
controlling nutrients in Taihu Basin (e.g. Zhang
et al., 2002; Qin, 2002), it must be determined if
natural nutrient sources exist that can result in
eutrophication. If so, what are the rates and
trends of these natural changes? Long-term
catchment nutrient modeling of a natural system
is needed to address this question. Other issues,
such as how these natural changes were different
from anthropogenic effects, need to be addressed.
Hydrological-based catchment models provide a
powerful tool to understand these issues in
processes and dynamics (Schulze, 2000; Wang
et al., 2003).

TOC TN TP

50

Fig. 1 Nutrient records from sedimentary cores Dls (left) and Ms (right) in Lake Taihu, which reflect higher total nitrogen
concentrations (TN, %) than that in the 1990s on the surface sediments
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Fig. 2 Geographical location (Right upper), physical and hydrological settings (Left) and four sub-basin divisions (Right

lower) of Taihu Basin

The SWAT (Soil and Water Assessment Tool)
model is a river basin-scale model developed to
predict the impact of land management practices
on water, sediment, and agricultural chemical
yields in large, complex basins with varying soils,
land use, and management conditions over long
periods of time (Arnold et al., 1998; Di Luzio
et al., 2002a). The model is physically based and
computationally efficient, uses readily available
inputs, and enables users to study long-term
impacts (Di Luzio et al., 2002b). SWAT is being
used extensively to assess the impact of global
climate on water supply and quality (e.g. Rosen-
berg et al, 1999). In this study, SWAT was
applied to simulate nutrient changes in Taihu
Basin dating back to pre-industrial time. The
model highlights the whole basin and can simu-
late catchment nutrients as sources and feedback.
Second, climatic and geographic conditions are
major controls in natural nutrient development,
and the model can be driven by climate-based
hydrology, topographical-based Hydrological
Response Units (HRUs), and nutrients sourced
from vegetation and soil coverage. Finally, natu-
ral eutrophication in a lake is a long-term process
on a decade and century timescale (Smol, 2002),
and SWAT is a continuous integration model
capable of simulation 10'-107 year timescales.

This study examines major nutrient changes in
a pre-industrial time mode for Taihu Basin to
identify nutrient sources from the sub-basins,

estimate nutrient balance in the lake, and assess
trends on a timescale of 10'-10* years.

Model and experimental design

The model used in this study is the AVSWAT-
2000 model (Di et al., 2002a, b), which is an
ArcView graphical user interface for the SWAT
model (Arnold et al., 1998). Basin topography is a
basic boundary in the SWAT model. Vector-based
1:250,000 topographical maps in electronic files
(National GIS Center of China, 1999) are con-
verted using ARCINFO into a grid-based Digital
Elevation Model (DEM). Grids within 28-3° N
and 118-121° E were taken as the boundary of
Taihu Basin, and total area was 30,246 km? with a
maximum elevation difference of 1,266 m from
the southwestern mountains to the eastern coastal
plains. Four river systems in the basin constitute
four sub-basins (Fig. 2). The Nanxi River and
tributaries flows to the lake from the northwestern
part of the basin (Sub_NW). The Tiaoxi River,
with two eastern and western tributaries, dis-
charges to the lake from the southwestern part of
the basin (Sub_SW). The southeastern part of the
basin is a watershed area from Lake Taihu
towards the Changjiang Estuary — Hangzhou
Bay (Sub_SE). The northern sub-basin connects
Changjiang River and Lake Taihu by the Great
Canal of China system (Sub_N).
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Thus, Lake Taihu receives stream flows from
Sub_SW and Sub_NW and drains to Sub_SE.
Different from the other subbasins, there is
seasonal water exchange between the Changjiang
River and Lake Taihu in Sub_N; i.e. during
Changjiang flooding, discharge is orientated from
the River to the Lake, while in other seasons,
water flows toward the River. Based on observa-
tions in extreme years during the 1960-1980s at
Liangxihe River Station (Sun and Huang, 1993;
Huang et al., 2001), the ratio of river discharge
volumes to lake discharge volumes was 0.55:0.45,
and the ratio of river discharge days to lake
discharge days was 0.46:0.54. Thus, the ratios are
approximately 1:1. Based on the estimates above,
water input is from the 2.5 sub-basins, and outflow
is from 1.5 sub-basins (Table 1).

Land-use in the SWAT contains vegetation
coverage and agricultural, industrial, and urban
land. In this study, natural and agricultural plants
were set at a pre-industrial time mode. Vegeta-
tion data were sourced from a vector-based
1:1,000,000 China Vegetation Map (Hou et al.,
1982), which summarizes Chinese vegetation
investigations since the early 1960s. A digital
map from Hou et al. (1982) at a resolution of
10 x 10 min was interpolated into the same res-
olution as the DEM, consistent with applications
in SWAT modeling. According to the dominant
plants and relative physical and biological prop-
erties (Hou et al., 1982; China Academy of
Sciences, 1988) and the agricultural crop atlas
(Zui et al., 1984; Bi, 1995), vegetation types in
Taihu Basin consistent with the land-use types in
the SWAT model setting were assigned (Table 2).

Soil data were obtained from Chinese soil
investigations and mapping post-1980s (Institute
of Soil Science, 1986; National Soil Survey Office
of China, 1993-1997). Vector-based soil data at a
resolution of 1:1,000,000 (Unpublished data; ref.

to Shi et al., 2002, 2003) were used in the
simulation boundary. The data contain soil types
and major properties, including sand, silt, and clay
contents (%), organic matter content (%), pH,
total nitrogen (TN mg I™), total phosphorus (TP
mg 17"), available phosphorus (AP mg kg™'), and
bulk density (g cm™). Additional soil parameters
were based on documentation of regional soils in
China (Institute of Soil Science, 1986; Zhang,
1998).

Climate data were sourced from observations
made from 1960 to 1990 (National Meteorology
Center of China, 2001). The 30-year mean
monthly temperature and precipitation data were
the two major climate variables for the long-term
simulation. Relative climate parameters were
based on the Atlas of China Climate (Lu &
Gao, 1984).

The pre-industrial model was designed to
simulate natural-agricultural impacts on water,
sediments, and nutrients in Taihu Basin.
Model results were compared to geological
records from lake cores, which preserve informa-
tion on decadal-centurial time scales.

Results and analysis

The experiment runs 200 model years in four
sub-basins and simulates the flow of major
nutrients through the main channel in the catch-
ment, nutrients transported with water during
each time step in concentrations in HRUs, and
production in each sub-basin. The simulation
outputs contain organic nitrogen, NO3, NO; and
NH3, organic phosphorus and mineral phospho-
rus. Total nitrogen (TN) is calculated as a sum of
organic nitrogen, NO3, NO; and NHj and
total phosphorus (TP) as the sum of mineral
phosphorus and organic phosphorus.

Table 1 Sub-basin

. Subbasin Sub_SW Sub_NW Sub_N Sub_SE Total
topography and discharge
features Area (km?) 5254 8298 3710 12984 30246
Elevation range (m a s 1.) 21-1266 2-453 1-283 0-178 -
Mean elevation (m a s 1.) 180 31 11 7.8 -
Input basin 1 1 0.5 0 2.5
Output basin 0 0 0.5 1 1.5
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Table 2 Dominant plants in Taihu Basin and assigned land use types in the SWAT modeling

Land use type
in SWAT model

Dominant plants in Taihu Basin

Forest - Mixed

Pinus massoniana forest: Shrubby layer with Rhododendron simsii, Vaccinium bracteatum,

Loropetalum chinense and Eurya nitida; Cunninghamia lanceolata forest

Forest - Deciduous
Forest - Evergreen
Wetlands - Mixed

Deciduous oak forest: Quercus Mongolic, Quercus variabilis, Q. Acutedentata and Q. glandulifera
Mixed forest containing Cyclobalanopsis, Castanopsis and Fagus; Phyllostachys pubescens forest
Halophytic grass and forb meadow Aeluropus littoralis var. sinensis and Suaeda salsa

Winter Wheat Winter wheat, coarse grains (corn, millet, sweet potatoes), two crops annually

Rice Summer rice, winter wheat (rapeseed), two crops annually (double cropping rice locally); Double-
cropping rice followed by winter wheat (rapeseed) or green manure; Single or double-cropping
rice followed by winter wheat, rapeseed, green manure annually

Potato Potatoes, sweet potatoes, grains, soybean green upland crops annually

Water Water

Simulation of TN and TP production
from four sub-basins

The model simulates 200-year processes for
nitrogen and phosphorus production for each
sub-basin (Fig. 3). When annual means for each
sub-basin (column diagrams in Fig. 4) are divided
by sub-basin areas (pie diagrams in Fig. 4), the
largest portions of TN and TP are produced in the
southwestern mountain areas of Sub_SW, in

N, Sub_NW N, Sub_N

which TN is 48% and TP is 68% of total
production in the basin. Smaller portions of
nutrients are produced in Sub_NW (18% TN
and 17% TP) and Sub_N (18% TN and 10% TP).
The smallest portion is generated in Sub_SE
(16% TN and 5% TP).

About half of the nitrogen production comes
from Sub_SW, which relates to high biome
productions of evergreen forests over the areas
(Huang et al., 2001). The model also simulated a

N, Sub_SW

N, Sub_SE

—— ORGN

J—y

— TN

P T W T THPPPRR
50 100 150 200

P, Sub_SE

Fig. 3 Annual nitrogen and phosphorus production (kg)
simulated from four sub-basins in Taihu Basin, where total
nitrogen (TN) as a sum of organic nitrogen (ORGN), NOs3,

NO5 and NHj, total phosphorus (TP) a sum of mineral
phosphorus (MINP) and organic phosphorus (ORGP)
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N production
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1000000
™ Sub_NW
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=3 Fig. 5 Simulations of TN and TP annual means (kg) and
;-T 100000, the annual area means (kg km™>) in four sub-basins
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@ Sub_SE
OSub N OSub SW

m Sub_NW

Fig. 4 Distribution simulations of TN and TP in the Lake
Taihu sub-basins. Nutrient codes as in Fig. 3

high phosphorus production (-67%) for this
area, reflecting strong weathering and erosion of
limestone and metamorphic bedrock/outcrop-
pings in the sub-basin. Additionally, relatively
steep slopes in this mountain area (mean 2.0%)
result in a high capability of discharge and
transportation. Lower nutrient production was
simulated in Sub_SE, which is an output area for
Lake Taihu. Although nutrients discharge to
coastal areas, there is small slope (mean < 0.1%),
which often slacks water flows and favors nutrient
deposition into the lake.

Annual and areal means of TN and TP
production are plotted in Fig. 5. Total TN input
from the 2.5 sub-basins to the lake is
1.86 x 10° kg, and total TN from 1.5 output sub-
basins is 1.14 x 10° kg. This indicates that there is
net deposition of 7.3 x 10* kg TN to the lake.
Annual TP mean is 2.39 x 10° kg in 2.5 input
sub-basins and 0.41 x 10° kg in 1.5 output sub-
basins. TP difference between input and output
is 1.99 x 10° kg, suggesting that there is TP
deposition in the lake each year.

@ Springer

Analysis of catchment-sourced lake
eutrophication

To examine lake eutrophication changes, the
nutrient balance was evaluated by calculating
nutrient differences between input sub-basins and
output sub-basins. TN and TP concentrations
used are weighted averages of all HRUs within
the sub-basins.

The 200-year simulations show that annual TN
concentration changes are characteristic of 12-
month cycles (Fig. 6a). In the first 100 years,
mean TN concentration difference  was
0.044 mg I, suggesting a positive deposition in
the lake. In the second 100 years, the mean
difference decreases to 0.017 mg 1!, reflecting
positive nitrogen deposition but at a lower rate
than the first 100 years. Slopes for the trends are —
3.3 x 107 in the first 100 years and —1.4 x 107 in
the second 100 years (Fig. 6a), indicating that TN
change stabilized after the first 100 years.

TP concentration simulations show phospho-
rus deposition in the lake (Fig. 6b). The TP
difference in the first 100 years (+0.012 mg 1)
is  higher than the second 100 years
(+0.008 mg 1""), indicating a declining trend in
phosphorus deposition. The slope for the first
100 years (-5.0 x 10°) was steeper than the
second 100 years (slope —2.4 x 107°), suggesting
that phosphorus concentration changes are small
in the lake.
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mean = 0.044
| slope =-3.3x10°%

mean = 0.017
slope =-1.4x107°
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(b) TP concentration
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—— TP = 12-month moving mean

Fig. 6 Monthly differences of TN and TP concentration
with the 12-month moving means between input and
output sub-basins in Taihu Basin

Discussion and conclusions

Comparison with nutrient records from lake
sediment cores allows evaluation of the simula-
tions when the area was agricultural before
modern industrial development in Taihu Basin.
Two sediment cores provided TN concentrations
dating back 100 years (Liu et al., 2004a; Fig. 1).
Core DIs was taken from the southern part and
Core Ms from the northern part of Lake Taihu.
TN concentrations at core depth of 20-40 cm are
0.14-0.19 mg kg™ (Liu et al., 2004b), where
sediment samples were *'°Pb- and '¥’Cs-dated
to before 1900 AD (Liu et al., 2004a). 200-year
means show TN concentrations between 0.09
and 0.18 mg I"' (Fig. 7). Geochemical nitrogen
values from lake sediments may be subjected to
post-depositional mobility (Smol, 2000). Diatom-
inferred nutrients, together with geochemical
data, may be used for historical eutrophication
studies in the future.

The simulation mean (0.12 mg 1) and sub-
basin means (0.09-0.18 mg I"") are significantly
lower than the data mean (0.17 mg kg™') and two
cores (0.14-0.19 mg kg™') with 95% confidence
interval in T-test. Nitrogen from sediment cores
would respond to both catchment sources and

85
0.3
Modeling TN (mg L™ Core TN (mg kg™)
0.19
0.2
013 0.17
0.14
012
0.1 0.09 0.09
Sub_MW  Sub_N  Sub_SW  Mean Dis Ms Mean

Fig. 7 Modeling TN means for a 100 year ago and
measured TN from sediment records in Lake Taihu.
Modeling TN concentrations (mg 1) for the lake water
are tentatively compared to concentrations from sediment
deposits (mg kg ™)

lake water production. However, the present
modeling is focused on nutrient production in
the catchment and transport to the lake. Thus, the
nitrogen concentration simulation should be low-
er than in the cores. Modeling may adequately
simulate basin nutrients for pre-industrial times.

In summary, the present simulation may cap-
ture major factors of lake eutrophication over a
200-year history. Analysis of spatial nutrient
distributions suggests that the major source
(48% TN and 68% TP) comes from the south-
western sub-basin. Due to a gentle slope in the
eastern plains of Taihu Basin, the smallest portion
of nutrient input (16% TN and 5% TP), from the
southeastern sub-basin, cannot be fully dis-
charged to the lake. There is a net annual nutrient
deposition of 7.3 x 10* kg TN and 1.99 x 10° kg
TP to the lake. Time series analysis for the 200-
year simulation suggests that nitrogen and phos-
phorus deposition has decreased over the last
100 years.

Catchment nutrient modeling provides a basis
to evaluate nutrient production and balance
response to environmental changes for the last
200 years in Taihu Basin. There is considerable
uncertainty about the direction of future nutrient
changes in Lake Taihu due to anthropogenic
changes. The accuracy of model-based predic-
tions of future eutrophication cannot be evalu-
ated, but the models used to generate such
predictions can be tested by simulating the past
and comparing these simulations with sediment
records. This effort, along with future investiga-
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tions, e.g. using regional climate modeling (Zheng
et al., 2003) and fossil pollen-based vegetation
reconstructions (Yu et al., 2000), would provide
more credibility for modeling the future.
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Abstract Surficial sediments from 13 sites
throughout Lake Taihu, one of the largest urban-
ized freshwater lake systems in China, were
analyzed for biomarkers (e.g., n-alkanes and
hopanes) to track the origin of organic inputs
(biogenic or anthropogenic), and, thus, to identify
any ‘hot spots’ of hydrocarbon contamination. A
distinct spatial distribution of aliphatic hydrocar-
bons in sediments was observed in Lake Taihu.
At the northern tip of the lake (i.e., Meiliang and
Wauli Bays), the highest mean aliphatic hydrocar-
bon concentration, with a significant contribution
of an unresolved complex mixture (UCM), was
found, indicating possible anthropogenic petro-
leum contamination (mainly from untreated and
partially treated industrial and domestic sewage
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from Wuxi, Changzhou and other cities). This was
supported by the n-alkane indices (e.g., small
Carbon Preference Index and odd-to-even val-
ues) and a high degree of maturity of the hopane
biomarkers. However, hydrocarbons from East
Taihu were mainly biogenic, with the lowest mean
concentrations, negligible or no contribution of
UCM, abundance of vascular plant C,3—Cs; n-
alkanes with a high odd-to-even predominance,
and the presence of biogenic hopanes (e.g.,
175(H), 21p(H)-hopanes and hopenes). In the
other areas of the lake, however, the predomi-
nance of biogenic in combination with petrogenic
hydrocarbons was indicated by the biomarkers.

Keywords Lake Taihu - Sediment -
Biomarkers - Sources - Biogenic -
Anthropogenic

Introduction

Aliphatic hydrocarbons (AHCs) are ubiquitous in
aquatic sediments, and they derive from anthro-
pogenic and natural sources (Zanardi et al.,
1999). Potential long-term deleterious effects of
hydrocarbon pollutants to organisms and human
health, through trophic transfer, has driven inten-
sive research to study hydrocarbon pollutant
sourcing in aquatic environments using biomar-
kers and related indices (Albaiges & Albrecht,
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1979; Qu et al., 1998; Commendatore et al., 2000;
Barakat et al., 2002).

Lake Taihu is the third largest freshwater lake
in China (Sun & Huang, 1993; Qu et al., 1999;
Qin et al., 2007). Pollution is one of the key
environmental problems in Lake Taihu due to
recent urbanization and industrial development,
with associated increases in urban, industrial and
rural pollution (TBA, 1998). For example, Meili-
ang Bay (at the northern tip) receives large
amounts of untreated effluent from industries in
Changzhou and Wujin, mainly through Zhihu-
gang. Just beside Meiliang Bay, there is a small
lagoon (area ~10 km?) named Wuli Bay (Fig. 1),
which receives millions of tons of domestic and
industrial sewage each day, mainly via Liangxihe
from Wuxi, a large city located ~2 km northeast
of Wuli Bay (Zou et al., 1996). The southeast part
of Lake Taihu (East Taihu; area 131 km?) has
macrophytes covering ~97% of its total area and
is referred to as a macrophyte-type basin.

In this article, surficial sediments from 13
sites in Lake Taihu were analyzed for biomar-
kers (e.g., n-alkanes and hopanes) to track
origins of organic inputs (biogenic or anthropo-
genic) and identify ‘hot spots’ of hydrocarbon
contamination.

Fig. 1 Sampling sites in

Materials and methods
Sample collection

Surface sediments were collected using a metallic
bucket grab sampler in February 2000 at stations
shown in Fig. 1. Sites 1, 2 and 3 are located in
Wuli Bay. Site 1 is close to the mouth of
Liangxihe. Site 4 is located in west Meiliang Bay
near the mouth of Zhihugang. Site 5 is located in
central Meiliang Bay. Sites 11, 12, and 13 are
located in East Taihu, and the other sites (6-10)
are distributed in the West Basin. Sediment
samples were returned to the laboratory and kept
frozen until analyzed.

Extraction and fractionation

Sediment samples were dried in the air and sieved
(100 mesh or 149 um) to remove large particles of
plant debris. About 50-100 g of sediment were
extracted in a Soxhlet (500 ml; (2:1) CH,Cly/
MeOH) solution for 72 h. Sulphur was removed
by activated copper. Extracts were fractionated
into aliphatic hydrocarbons and aromatic hydro-
carbons on an activated silica/alumina column
using hexane and benzene as eluents, respectively.
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Gas chromatography and mass spectrometry

Aliphatic hydrocarbons were analyzed on a gas
chromatography-mass spectrometry (GC-MS)
instrument (HP5890 capillary GC-HP5989A
quadrupole MS). Operating conditions were: a
HP-5 fused silica capillary column (30 m X
0.25 mm), high-purity He carrier gas (>4.6); gra-
dient temperature: 70 — 300°C, at 4°C/60 s; ion
source temperature: 250°C and electron energy:
1.12 x 1077 J (Qu et al., 1998). Biomarkers were
analyzed by monitoring m/z 85 (alkanes) and m/z
191 (hopanes) using the GC/MS in Selected Ion
Monitoring (SIM) mode (Qu et al., 1998).

Total organic carbon analysis

Total organic carbon (Org-C) was determined on
dried sediments by K,Cr,O5 volumetry (Marr &
Cresser, 1983).

Results and discussion

Gas Chromatography—total aliphatic
hydrocarbon fraction

Concentration of total aliphatic hydrocarbons
(AHGCs, defined as the sum of resolved peaks
plus the unresolved complex mixture, UCM) and
organic carbon for 13 surface sediments in Lake
Taihu are summarized in Table 1.

A distinct spatial distribution of aliphatic
hydrocarbons in surface sediments was observed.
High AHC concentrations (>300 ug g™ dw) were
found in sediments from Wuli Bay (Sites 1-3),
with the highest concentration (1,630 ug g dw)
occurring at Site 1 (Table 1). This may be because
Site 1 is close to the mouth of the Liangxihe,
which carries large amounts of untreated domes-
tic and industrial sewage from Wuxi and other
small cities near Wuli Bay (Fig. 1). AHC concen-
tration at Site 4 also was high (342 ug g' dw).
This may be explained by its proximity to the
mouth of Zhihugang, which carries about 20 mil-
lion tons of industrial effluents annually from
industrialized cities and towns (e.g., Changzhou
and Wujin) (Sun & Huang, 1993). AHC concen-
trations in sediments from other sites were lower

(<100 pug ¢! dw), with the lowest occurring in
East Taihu (36, 33 and 54 ug g' dw for Sites 11,
12 and 13, respectively) (Table 1), which is likely
due to the greater distance from major urban and
industrial areas and, thus, anthropogenic hydro-
carbon sources. The same spatial distribution
pattern was found for other micropollutants, such
as polycyclic aromatic hydrocarbons (PAHs) (Qu
et al., 2002).

To reduce variability from organic matter
dilution by inorganics and, thus, better evaluate
sediment hydrocarbon pollution, AHC concen-
trations (in ug g') were normalized to organic
carbon content (Org-C%). The ratio of AHC
concentration to Org-C% has been used as a
diagnostic tool, proposing that hydrocarbon
(petroleum) pollution is present when the ratio
is >50 (Boehm, 1984; Hong et al., 1995). In this
study, Sites 1-4 showed the highest Org-C-nor-
malized AHC concentrations (ranging from 144
to 426), indicating the presence of substantial
hydrocarbon contamination at the northern tip of
the lake. Sediments from East Taihu (Sites 11,12
and 13) had the lowest ratios (ranging from 14 to
52) and were considered unpolluted. AHCs in the
remaining sediment samples (mainly from the
West Basin) were intermediate relative to Org-C
and appeared to be slightly contaminated

GC/MS SIM analysis of alkane biomarkers
for AHC source tracing

To distinguish probable sources of AHCs
(anthropogenic or biogenic) in surface sediments,
different n-alkane evaluation parameters, such
as UCM index, carbon preference index (CPI)
and even-to-odd carbon number predominance
(OEP) ratios, were analysed in addition to
absolute concentrations.

UCM is a mixture of chromatographically
unresolved components (e.g., many structurally
complex isomers and homologues of branched
and cyclic hydrocarbons) seen as a ‘hump’ in the
chromatogram (Hostettler et al., 1989; Hong
et al., 1995). UCM magnitude is related to the
degree of anthropogenic (petroleum) contribu-
tion (Mazurek & Simoneit, 1984; Commendatore
et al., 2000). UCM is shown clearly in gas chro-
matograms of aliphatic hydrocarbons in heavily
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Table 1 Concentrations of total aliphatic hydrocarbons (AHCs), organic carbon (Org-C), alkane and hopane biomarker
parameters for 13 sediment samples in Lake Taihu

Locations Org-C AHC UCM*(%) AHC/ Odd/ CPI>,, % Cso-hopenes/  Tm/ Cspfo/ Csopl C31S/
(%) ugg Org-C Even 34 total hopanes Ts®  (af + Po) off (S+R)
U dw (OEP)
1 3.83 1630 80 426 1.6 1.8 1.1 0.90 0.08 0.00 0.53
2 2.05 337 60 164 1.9 2.4 4.9 091 0.10 0.00 0.54
3 2.16 312 65 144 2.0 2.0 4.7 0.92 0.10 0.00 0.55
4 1.86 342 60 184 1.6 2.1 1.6 0.80 0.06 0.00 0.58
5 1.06 93 45 87 2.1 2.6 6.0 0.94 0.18 0.00 0.53
6 0.87 66 15 76 23 3.7 6.9 1.50 0.18 0.00 0438
7 0.82 73 40 89 2.8 3.7 6.3 1.00 0.13 0.00 0.52
8 0.81 74 35 91 2.1 2.8 5.1 1.00 0.11 0.00 0.53
9 0.94 52 15 55 23 33 9.6 1.70 0.15 0.00 0.52
10 0.81 112 45 138 2.5 3.8 9.7 1.00 0.11 0.00  0.50
11 1.99 36 6 18 31 5.8 36.1 2.00 0.20 050 041
12 231 33 8 14 34 8.0 13.1 328 0.19 012 046
13 1.04 54 7 52 2.9 4.4 10.0 1.80 0.18 010 048

# UCM = Unresolved complex mixture

® CPlyy_34 = 1/2([(Cas+Car+CaotCs1+Cs3)/(Caa+ Cag+ Cag+Caot Cao) [+[(Cas+Caz+ Caot C31+Cs3)/(Cag+ Cag+ Cao+ Can+ Caa)])
¢ Tm/Ts = 17a(H)-22,29,30-trisnorneohopane /18c(H)-22,29,30-trisnorneohopane (Please refer to the text for more

explanations)

AHC polluted sediments (e.g., Site 4, Fig. 2a).
Table 1 suggests that UCM accounted for >60%
of total AHCs in sediments from Sites 1 to 4,
indicating possible petroleum contamination. In
contrast, sediments from East Taihu (Sites 11, 12
and 13) showed negligible UCM contribution
(<10%) (Fig. 2b), indicating absence of petrogen-
ic inputs. UCM in other samples contributed
about 10-50% to total AHCs, suggesting pre-
dominance of biogenic in combination with
petrogenic hydrocarbons.

The CPI and OEP indices also are used as
diagnostic criteria of hydrocarbon sources
(anthropogenic or biogenic) in sediments (Ho-
stettler et al., 1989). In most plant waxes, odd-
chain alkanes are 8-10 times more abundant than
even-chain n-alkanes. Thus, vascular plants and
unpolluted sediments usually show high OEP and
CPl,4 34 values (ranging from 3 to 6). However,
petrogenic hydrocarbons often show a wide dis-
tribution range of n-alkanes, and the even/odd
ratio shows no predominance, with CPI values
around 1 (Colombo et al., 1989). As expected,
samples from Wuli and Meiliang Bays displayed
low CPI (ranging from 1.8 at Site 1 to 2.6 at Site
5) and OEP (ranging from 1.6 at Site 1 to 2.1 at
Site 5) ratios (Table 1, Fig. 2c¢), which evidenced

@ Springer

the presence of (riverine) petroleum residues in
surface sediments at the northern tip of the lake.
Lower CPI and OEP values occurred in samples
from the West Basin (Sites 6-10), which indicates
decreased contribution of petrogenic hydrocar-
bons. Samples from East Taihu (Sites 11, 12 and
13) showed the highest CPI (5.8, 8 and 4.4,
respectively) and OEP ratios (3.1, 3.4 and 2.9,
respectively) (Table 1, Fig. 2d), confirming that
these sediments contain mainly contributions
from biogenic sources (i.e., vascular plants).

GC/MS SIM analysis of hopane biomarkers
for source tracing

Chromatograms of the hexane fraction (Fig. 2)
also showed some hopane biomarker peaks.
Therefore, GC/MS SIM analysis of hopanes
(m/z 191) was conducted to provide more infor-
mation on AHC sources and spatial patterns,
since these biomarkers are more resistant to
degradation than alkanes and isoprenoids and
retain their composition and distribution during
various processes (Barakat et al., 2002).

In the AHC polluted sediments (Sites 1-4), the
thermodynamically stable 17«(H), 21p(H)-ho-
pane (that is, ofi-hopane) series were more
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Fig. 2 Capillary column gas chromatograms of the hexane
fraction of sediment samples from (a) Site 4 (representa-
tive of locations with mainly anthropogenic contributions)
and (b) Site 13 (representative of locations with mainly

abundant than the less stable fa-hopane series,
natural biogenic f-hopane series or mono-unsat-
urated hopanes (e.g., Csg-hopenes) (Fig. 3a).
These samples thus had a high degree of hopane
biomarker maturity (e.g., lower ratios of Cszofo/
(aff + po), Csopplafp and %  Czg-hopenes)
(Table 1), suggesting a contribution of petrogenic
hydrocarbons. Further confirmation of petrogenic
pollution was obtained from other geochemical
maturity and source indicators. Mature sediments
often have low 17ax(H)-/18x(H)-22,29,30-tris-
norneohopane (Tm/Ts) ratios; extended of-ho-
panes (i.e., series with more than 30 carbon
atoms) are resolved into two diastereomers (225
and R) with high S/(S+R) ratios near values for
full maturity (equilibrium distribution) (e.g.,
approximately 0.6 for Cs;a8-hopanes) (Hostettler
et al., 1999). This is the case in samples from Sites
1 to 4 (Fig. 3a, Table 1).

However, hopane in East Taihu sediments
were biogenic (e.g., ff-hopane series and mono-
unsaturated hopanes) (Fig. 3b). These samples

biogenic contributions); the m/z 85 ion chromatograms of
sediment samples from (c¢) Site 4 and (d) Site 13 in Lake
Taihu. Peaks labeled are the n-alkanes from Cy4 to Cs;
(14-33), pristine (Pr), phytane (Ph), and hopanes (0)

had the highest ratios of Czoffa/(a.f + fo) (ranging
from 0.18 to 0.20), C5off/ofs (0.10 to 0.50) and %
Cso-hopenes (10.0-36.1%) (Table 1). Mass chro-
matograms (m/z 191) of these samples (e.g., Site
13, Fig. 3b) also showed extended ofi-hopane
epimers and trisnorhopanes, Ts and Tm, indicat-
ing lower maturity (i.e., higher Tm/Ts and lower
Cs1 S/(S+R) epimer ratios) (Table 1). All these
features are indications of low geochemical
maturity and biogenic hydrocarbon sources. In
addition, the rest of the samples, mainly from the
Western Basin, showed a mixture of mature and
immature constituents (Table 1), supporting the
conclusion that these sediments contain both
biogenic (i.e., vascular plants) and anthropogenic
(i.e., petrogenic) sources.

Conclusions

In summary, Lake Taihu surficial sediments
showed different levels and sources of aliphatic
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Fig. 3 Mass chromatograms of m/z 191 (hopanes) of
surface sediment samples from (a) Site 4 and (b) Site 13
in Lake Taihu. Peaks identified are hopanes: Ts = 18c(H)-
22,29,30-trisnorneohopane; Tm = 17a(H)-22,29,30-tris-
norneohopane; T, = 17(H)-22,29,30-trisnorneohopane;
Cyoofp = 170(H), 21B(H)-30-norhopane; 29Ts = 18x(H)-
norneohopane; Cyfiar = 17p(H), 21a(H)-30-normoretane;

hydrocarbons, and biomarkers and related indices
can provide information on anthropogenic con-
tamination, especially related to petrogenic
sources, as well as recent biogenic materials.
Near urban (e.g., Wuxi and Changzhou) and
riverine (e.g., Zhihugang and Liangxihe) dis-
charges, anthropogenic petrogenic AHC inputs
were predominant. This was supported by: (1)
high Org-C-normalized AHC concentrations;
(2) significant contributions of UCM; (3) low
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Cspofp = 170(H), 21 (H)-hopane; Csofo = 17(H), 21a(H)-
moretane; S- and R-C3;2 = S and R isomers of 17a(H),
21p(H)-homohopanes; C;off=17(H), 21p(H)-hopane;
S- and R- Csxff = S and R isomers of 17a(H), 21(H)-
bishomohopanes; C;p=17(H), 21p(H)-homohopane;
S- and R- Cs3¢f = S and R isomers of 17a(H), 21(H)-
trishomohopanes

n-alkane CPI and OEP; and (4) the high degree of
maturity of hopane biomarkers. On the contrary,
East Taihu sediments exhibited: (1) the lowest
level of AHCs; (2) negligible or no contributions
of UCM; (3) high n-alkane CPI and OEP; and (4)
low degree of maturity of hopane biomarkers.
These features suggested that AHCs in these
sediments have a dominant biogenic (vascular
plants) origin. Biomarker parameters for Western
Basin sediment samples, however, indicated the
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predominance of biogenic in combination with
petrogenic hydrocarbons.

Information on sources and spatial variations
of AHCs, together with other micropollutants,
such as PAHs and heavy metals, may be useful in
designing future strategies for protection and
management of Lake Taihu.
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Abstract Spatio-temporal distribution of nitro-
gen was examined along the gradient from open
water to lakeshore in Lake Taihu, China. Two
types of undulating littoral zones were selected:
natural reed belt and bare lakeshore. The reed
belt affected nitrogen transformation and was
sink for internal-lake nitrogen, whereas the bare
lakeshore showed little effect. During the growing
season, NO3-N concentration increased by up to
3-5 times from open water to reed belt, while
NH-N concentration decreased. It suggested that
nitrification was the main nitrogen process in reed
belt. Total dissolved nitrogen (TDN) showed
little spatial variation, indicating that most of
nitrogen released from sediment did not move
into open water again. Significant temporal
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variation of dissolved nitrogen occurred and was
similar in both the littoral zone and the open
water. Maximum TDN and NHZ-N concentra-
tions occurred in January, and NO3-N in March.
Minimum NH}-N and NO3-N concentrations
occurred in July and August, respectively. An
increasing total soil nitrogen was found in the
surface sediments from reed belt to open water.
This further suggested that the reed-covered
littoral zone had strong nitrogen transformation
potential.

Keywords Nitrogen - Distribution - Spatial -
Temporal - Littoral zone

Introduction

Riparian zone, the transitional boundary between
terrestrial and aquatic ecosystems, influences
water movement and waterborne contaminants
(Fennessy & Cronk, 1997) and is the principal
route for transport of allochthonous matter from
terrestrial to aquatic systems (Naiman et al.,
1989). Many studies have shown that riparian
buffer strips with small dimensions but playing a
disproportionately large role, can attenuate ter-
restrial non-point source pollutants, including
sediment, phosphorus and nitrogen (Cooper
et al., 1987, Yin & Lan, 1995; Bratli et al.,
1999). Recent industrial growth and intensive
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agriculture have resulted in many riparian zones
being disturbed or destroyed (Mitsch, 1995). If
70-95% of natural riparian systems are disturbed
or destroyed, the landscape would lose much of
its water purification and protection capacity
(Fennessy & Cronk, 1997). In China, many lakes,
such as Lake Taihu (Hu et al., 1998) and Lake
Chaohu (Xu et al., 2003), have deteriorated with
nutrient loading sufficiently high to maintain a
eutrophic state, even after external nutrient
source reduction (Xu et al., 2003). Removing
internal nutrients from aquatic systems may help
control eutrophication. Dredging sediment from
lakes is a direct, physical method (Xu et al.,
2003), but it is expensive and difficult to apply to
the whole lake. Instead, it is urgent to find
alternative biological techniques based on natural
processes.

Lake Taihu is an important drinking water
source and supports local agriculture, tourism and
fisheries. Since the 1980s, rapid industrial devel-
opment, heavy application of chemical fertilizers
and intensive use of water resources have resulted
in nutrient-rich water discharge into the lake,
causing hyper-eutrophication. According to the
Chinese environmental quality standards for sur-
face water (GB 3838-2002), Lake Taihu water
quality has deteriorated from grade I-II to grade
IV-V, affecting life and economic development.
Thus, studies on improving water quality, via non-
point and point pollutant attenuation schemes,
have been carried out in Lake Taihu (Dou et al.,
1995; Pu & Hu, 1996). While internal pollution
and sediment/water interactions are stronger in
shallow versus deep lakes (Threlkeld, 1994),
internal loading may result from accumulation
of pore water nutrients and subsequent release
across the sediment-water interface in shallow
lakes (Kleebery & Kozerski, 1997). Internal
nutrient loading from sediments may have an
equal or greater contribution than external load-
ing from the watershed (Detenbeck et al., 1993).
Reducing internal nutrient loading is difficult,
especially with respect to nitrogen, which is
comparatively active.

Riparian zones can decrease the energy of
flowing water, often resulting in increased sedi-
mentation (Naiman et al., 1989). Finer suspended
or resuspended sediment with abundant labile
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nutrient and absorbed pollutants (Naiman &
Décamps, 1997) carried by flowing water enrich
riparian sediments proportionally (Johnston et al.,
1984). Whether riparian zones will be a sink or
source to open water is not clear. A review of
nutrient budgets for lacustrine wetlands revealed
that the lakeshore could be a net sink for nitrogen
and phosphorus either seasonally or annually
(Van der Valk et al., 1978). Prentki et al. (1978)
suggested that wetland plants and macrophytes
act as nutrient pumps from the sediment, while
Sager et al. (1985) implied that lakeshore marshes
act as nutrient transformers rather than nutrient
sinks. If plant-covered littoral zones can act as
nutrient sinks, with nutrients mostly converted to
inactive forms with low mobility and bioavailabil-
ity or removed completely, then the riparian zones
could mitigate internal pollution. However, little
information is available, since most researchers
have focused on non-point source or external
pollutant removal (Mitsch, 1995). To explore this
problem, two types of littoral zones with different
plant coverage and lacking terrestrial inputs were
selected. In the first year, we mainly developed
some fundamental work for our further long-term
research in the two littoral zones, involving water,
sediment, plant and phytoplankton, and focused
on nitrogen in this paper.

Riparian zones are biogeochemical hot-spots
for nitrogen (Cirmo & McDonnell, 1997), where
complicated nitrogen transformations take place.
Nitrogen distribution is a function of physical,
chemical and biological processes in the water
column and sediments (Watts et al., 1998).
Spatio-temporal distribution of nitrogen in
mesocosmic environments may be representative
of such processes. This paper presents results of a
13-month field study on spatio-temporal nitrogen
distribution in the littoral zone of Meiliang Bay,
Lake Taihu.

Materials and methods

Lake Taihu is a shallow, eutrophic lake in Jiangsu
Province, East China. Monsoon climate domi-
nates this region with annual mean air tempera-
ture of 14.9-16.2°C and a growing season lasting
from April to November. Meiliang Bay, in the
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Fig. 1 Sampling station
distribution in Sites A
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northern part of the lake, is hyper-eutrophic. Two
types of littoral zones with differing plant cover-
age and one open water site (control) were chosen
in Meiliang Bay (Fig. 1). Site A is a reed-covered
littoral zone with an above-ground dry biomass
density of 3-4 kg m™, and Site B is a bare zone
without plants. Site A is covered by a well-
developed reed population with few other
macrophytes. From open water, the first 25 m is
inundated continuously, and the next 20 m is
inundated intermittently. Toward land, the first
50 m are dominated by a reed (Phragmites
australis) community and Gramineae, then a
change from herbs to shrubs toward hills. All
shrub stands are at least 30 years old, dominated
by Myrica rubra, Symplocos setchensis, Loropeta-
lum chinense and FEurya murica, and without
visual evidence of recent natural or human
disturbance, such as fire, wind-throw, logging or
widespread insect infestation. In the lake-ward
zone, there are sparse macrophytes with Myrio-
phyllum verticillatum predominant in spring. The
lake bottom is overlain by 30—40 cm soft sediment.
Site B is a bare zone with little bottom sediment,
and the interface between water and hills is cliff
rock about 10 m wide. Shore vegetation resembles
Site A with abundant shrubs. The open water site
(C) is regarded as a control point. Initially, Site C
was about 500 m from shore. After three pre-
liminary surveys, due to little variation from 100 to

500 m, another station about 200 m from Site A
was chosen as the control point.

To collect water and sediment and reduce
sampling disturbance, a sampling bridge (50 cm
width, 60 m long) was built from dry shore to
open water at Site A. To investigate subsurface
water in the supralittoral zone, a soil auger
(@ =11.5 cm) was used to dig 5 vertical holes
about 2 m deep as monitoring wells, and poly-
propylene pipes (@ =11 cm) equipped with
nylon netting (< 300 um) at the bottom were
inserted into the wells.

Nine sampling stations at Site A and three at
Site B were established for monthly sampling
along open water to lakeshore (Fig. 1), named
A1-A9 and BI1-B3, respectively. The interval
distances of stations A1-A9 were 100, 50, 15, 15,
5, 5, 5 and 5 m, respectively, with A9 10-15 m
from the lake edge at high water, AS at the fringe
of the reed belt, and A1-A4 in the water without
macrophytes. On occasion, low water levels left
A9 out of water. At Site B, the interval was 50 m.
Sampling stations were selected after an extensive
survey of hydrochemistry reflecting the fringe
effect of reed belt.

Monthly water sampling was carried out from
Sep. 2003 to Sep. 2004. At each sampling, after
4-5 days of calm water, triplicate samples were
taken using a 3-m long tube providing a vertical
sample from the whole water column (Présing
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et al., 2001). Samples were placed in acid-washed
polyethylene bottles and stored in a heat-preser-
vation box on site. Dissolved oxygen (DO), pH,
and Eh were measured in situ using an oxygen
meter (YSI Model 57) and a pH/Eh meter (HI
8424 Microcomputer HANNA), respectively. In
the laboratory, 250 ml from each water sample
was filtered within 24 h for analyses of nutrient
and chlorophyll-a concentrations. Ammonium
nitrogen (NHZ-N), nitrate nitrogen (NO3-N),
nitrite nitrogen (NO3-N), and chlorophyll-a (chl-
a) were determined using APHA standard meth-
ods (APHA, 1998). Total nitrogen (TN), total
phosphorus (TP), total dissolved nitrogen (TDN),
and total dissolved phosphorus (TDP) were
determined by peroxodisulfate oxidation (Ebina
et al.,, 1983) in original water samples and fil-
trates, respectively. Total particulate nitrogen
(TPN) and total particulate phosphorus (TPP)
were calculated as the difference between TN and
TDN, and TP and TDP, respectively.

About 300-400 g wet weight of mixed sedi-
ment (0-10 cm) and surface sediment (0-1 cm)
was collected in duplicate using an Ekman-
bottom sampler (Hydro-Bios, Kiel, Germany).
At Site B, no sediment was present or collected.
Sediment samples were stored in polyethylene
bags and air-dried in the laboratory. Dried
sediments were sieved (<150 pm) for analyses of
soil organic matter (OM) and total soil nitrogen
(TSN) contents. OM was obtained from the loss
on ignition (500°C, 2 h; Zhu & Car