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Abstract: As the fifth largest freshwater lake in China, Lake Chaohu has drawn increasing
attention due to the decline in water quality and the occurrence of massive algal blooms. We
applied an algae pixel-growing algorithm to MODIS Terra or Aqua data (2100 images) to
characterize surface floating algae bloom dynamics from 2000 to 2013 with respect to
meteorological and lake nutrient conditions. The results show an increase in surface algal
bloom coverage, frequency, and duration with a trend toward earlier bloom formation.
Importantly, spatial and temporal patterns in the historically less compromised eastern and
middle lake areas show that water quality conditions are deteriorating. This has occurred at
the same time as lake management has made a catchment scale effort to reduce impact. Our
results show that nutrient concentrations were not the main driver of inter-annual bloom
variations. Local meteorological conditions, in particular wind speed and temperature,
played an important role in the dynamics of floating algal bloom. This highlights the
important challenges for lake management.
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1. Introduction

The eutrophication of freshwater water bodies has become a global environmental challenge [1,2].
Freshwater lakes provide fundamental ecological services, including water supply, fisheries, and flood
mitigation [3,4]. Following three decades of rapid economic development, eutrophication has become
the most important water quality problem in China. A recent investigation in 2013 from the China State
Environmental Protection Agency (SEPA) indicated that 57.4% of lakes surveyed were eutrophic, with
an additional 27.8% in a hypereutrophic state. Of the six largest freshwater lakes in China, all but Lake
Poyang and Lake Dongting were identified as eutrophic [5]. In these four lakes, massive algal blooms
have limited the availability of fresh water to the surrounding population [6-8].

Lake Chaohu, the fifth largest freshwater lake in China, with a surface area of 760 km? and an average
water depth of 3 m, was a major potable water source for Hefei City with its population of 7.6 million
(Figure 1a) [9]. In the 1980s, cyanobacterial blooms occurred throughout the lake from May to
November each year [10]. The cyanobacteria were up to 98.8% of total phytoplankton biomass in
1984 [11], 94.4% in 1987-1988 [10], 88.7% in 2002-2003 [12,13], 99.4% in 2011-2012 [14], and
99.3% in 2012-2013 (authors’ unpublished data). As a result of increasing eutrophication and the
reoccurrence of cyanobacteria-dominated blooms, the water supply for Hefei City was changed to
Dongpu Reservoir in 2007 [9]. In recent years, effluents were diverted and nutrient loads reduced, and
numerous dams/sluice gates and water transfer projects were built for flood control, navigation,
irrigation, and drinking water. To reduce the risk of floating algae blooms, a water transfer project was
initiated in 2012 to divert 300 m®/s water from Yangtze River to Lake Chaohu, shortening residence time
in the lake and reducing nutrient concentrations [15,16]. In fact, the construction of the sluice gate in
1962 at the outlet of Lake Chaohu, and the related increase in residence time, has been identified as one
of the potential causes of the increased eutrophication [17].

Satellite remote sensing provides rapid, synoptic, and regular information on important lake
characteristics (physical and biogeochemical). Over the past two decades, advances in sensor technology
and algorithm development have led to the use of remote sensing to monitor algal blooms in traditionally
challenging ecosystems such as coastal seas and lakes, where variable optically conditions are
present [18-24]. The normalized difference vegetation index (NDVI), the enhanced vegetation index
(EVI), and the floating algae index (FAI) have been shown to provide good estimates of floating algal
blooms coverage [25]. However, it has been found that NDVI and EVI are particularly sensitive to
aerosol characteristics (type and thickness), sun glint, and solar viewing geometry with respect to FAI.
The latter has been found to be relative stable under different environmental and observational
conditions [22], in particular with respect to atmospheric turbidity. According to recent research [26,27],
FAI derived from Moderate Resolution Imaging Spectroradiometer (MODIS) measurements can
provide not only the real-time but also long-term historical information about surface algal blooms.
MODIS has global coverage twice per day with medium resolution, which can be used to identify
sub-pixel information, particularly important for accurate identification of surface bloom coverage and
temporal dynamics [25].

The campaign to reduce eutrophication in Lake Chaohu would benefit from a better understanding of
the long-term dynamics of algal blooms and their underlying mechanisms. The present study was
undertaken to (1) identify and analyze the spatial and temporal trends in surface algal blooms at multiple
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temporal dimensions and (2) explore the underlying mechanisms influencing algal blooms in Lake
Chaohu with respect to nutrients and meteorological conditions.
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Figure 1. (a) Lake Chaohu, China, (source: 1:250,000 basic geographic information data
provided by the National Administration of Surveying, Mapping, and Geo-information of
China) and the three lake segments, West Lake (WL), Central Lake (CL), and East Lake
(EL). The red areas represent major cities. (b) Sampling sites of measurements made in
2008, 2012, and 2013 in Lake Chaohu.

2. Methods
2.1. MODIS Data Acquisition and Processing

A total of 2100 MODIS images covering the years 2000-2013 were obtained for Lake Chaohu from
the NASA EOS Data Gateway (EDG). Data were georeferenced to UTM projection with an error of less
than 0.5 pixel. The 500 m resolution data at 1240 nm were resampled to 250 m resolution (to match the
resolution at 645 nm).

2.2. FAI Algorithm
MODIS data were converted to Rayleigh-corrected reflectance (Rrc) by removing the molecular
(Rayleigh) scattering effects [28]. The Floating Algal Index (FAI) was used as [22]:
FAlyopis = Ryc(859) — RS

1
with R..(859) = R,.(645) + [R,.(1240) — R,.(645)] - (859 — 645)/(1240 — 645) @

2.3. Floating Algal Bloom Coverage Algorithm

Floating algal bloom coverage for each pixel was achieved using an algae pixel-growing algorithm
(APA) that expresses the FAI of the central pixel of a 3 %3 pixel window as a linear composition of the
maximum and minimum FALI in the window [25]:

FAIMomspixel =Y FAIMODIS(MaxpixEI) +(1-y)- FAIMODIS(Minpixel) (2

where v is the decomposition parameter of the 3 >3 pixel window.



Remote Sens. 2015, 7 10526

We defined the algae coverage as the proportion of floating algae in each pixel. Considering that the
thickness of floating algae is variable, the assumption is made that mixed pixels are covered by the
thinnest floating algae. The relationship of FAI and coverage of a mixed pixel can be expressed as

FAl = a - FAlygqe + (1 — ) - FALyon—qigae = 3
(FAIalgae - FAInon—algae) T FAInon—algae

where o is the coverage of the thinnest floating algae (FAI=FAlaigae) in a mixed pixel, and FAlaigae and
FAlnon-aigee are the thresholds of floating algae and non-algae, respectively. Consequently, FAI has a
linear relationship with floating algae coverage for mixed pixels. The FAI of a max pixel and a min pixel
in a 3 %3 pixel window could be expressed as

FAIMODIs:m'a‘l‘k, (4)

where m and k are the slope and intercept, respectively. Combining Equations (3) and (4), the coverage
of the mixed pixel is described as

ixel _

pxet =y - Uyax T (1 —¥) - Apin, (5)
where amax and amin are the maximum and minimum algal bloom coverage in a 3 <3 pixel window, and
amopisP™® is the basic data on algal bloom coverage for subsequent analysis. If amopis®™® is not zero,

then the algal bloom area of the pixel is 0.25 %0.25 x<amopisP>®. For the whole lake, the algal bloom area
is calculated by 0.25 X 0.25 X ¥; ayoprs? ek,

Apmopis

2.4. Analysis

It should be noted that algal blooms were defined in the present study as the rapid increase and
accumulation of algal biomass on the lake surface, with no intention of estimating total phytoplankton
biomass in the water column. From the 14-year dataset, three variables were determined regarding the
dynamics of the floating algae: bloom initiation, annual duration, and frequency. The annual cycle was
examined from the first of February to the end of January of the following year, based on annual
meteorological cycles and previous experience. Bloom initiation for each pixel was considered as the
first non-zero APA value after February 1, and bloom duration was defined as the number of days from
the initial date to the last date before January 31 of the following year. A significant lake-wide algal
bloom was defined as when 25% of the lake area contained non-zero amopis”™® values.

The bloom frequency for every pixel is defined as Equation (6):

= Gy
Fi’j - TCj’ (6)

where Fij is the relative frequency of bloom occurrence in the it" pixel during time j; Cij is the count of
bloom occurrence in same pixel; and TC; is the total count of MODIS images.

To avoid cloud-induced bias, bloom coverage of individual lake sections was considered only when
containing at least 75% cloud-free pixels. To avoid the impact of meteorological conditions on algal
bloom detection (wind, ice), daily information on wind speed, water temperature, and surface ice was
obtained. As wind speed greater than 4 m/s has been used as a threshold for determining the vertical
distribution of algal blooms, datasets where the synchronous average wind speed were greater
than 4.0 m/s were not used [29-31]. Water column temperatures below 5 <C inhibit cyanobacteria
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renewal [32] and floating ice negatively influences the accuracy of FAI and APA algorithm
performance [25,27]. Thus, datasets with an average temperature below 0 <C images were not utilized.

2.5. In Situ Data Acquisition

Annual mean concentrations of total nitrogen and total phosphorus were derived from existing
literature [7,33-37]. The monthly mean TN and TP in 2008 were obtained from Jia [7]. Monthly
measurements of surface water (<0.5 m) in 2012 and 2013 were made across Lake Chaohu (Figure 1b).
TP and TN concentrations were determined using combined persulfate digestion [38], followed by
spectrophotometric analysis for soluble reactive phosphorus and nitrate. TN and TP recovery efficiencies
were 98.4% and 99.7%, respectively. The data of nutrient loadings and socioeconomic parameters
(2000-2010), including population, Gross Domestic Product (GDP), and total waste, were obtained from
the Anhui Province Statistics Bureau. Meteorological data, including temperature (T), sunshine hours (S),
wind speed (W), and precipitation (P), were obtained from meteorological station #58321 of the China
Meteorological Administration (Figure 1a), which is the nearest national station to Lake Chaohu. All
meteorological data were calculated as the difference between their daily average in the given year and a
standard value (the mean of the daily average of each variable from 2000 to 2013); these variables are
represented as ATmean, ATmax , ATmin, AW, AP, and AS, respectively [39].

3. Results
3.1. Time Series of Floating Algal Blooms

The accumulation of sub-pixel floating algal bloom area (a pixel area multiplied by its algal bloom
coverage) was used to estimate floating algal bloom-covered area. The daily variation of bloom area in
each lake section of Lake Chaohu was highly variable over the 14-year period (Figure 2). Because of the
variability of daily bloom area and its sensitivity to daily variations in wind speed, the monthly maxima
were used to analyze bloom area dynamics [26]. The monthly maximum bloom area demonstrated a
clear increase in bloom area over the study period, especially for the central lake and east lake sections.
Furthermore, a shift in bloom area occurred in 2005, making two distinct periods, 2000-2004 and
2006-2013. Between 2000 and 2005, there was an increasing trend in the yearly maxima in the central
lake section, while the west lake section had the highest coverage and the highest yearly maxima in all
years except 2005.

3.2. Floating Algal Bloom Frequency

The frequency of significant blooms increased from 6.6% of the total images for the year with
average bloom area of 69.3 km? in 2000 to 32.1% with 158.9 km? in 2007 (Tables 1 and 2). After 2007, the
frequency of significant blooms was stable around 20%, but the average bloom area reached 212.8 km? in
2012 (Table 2). Individual lake sections showed clear differences, with the west lake section showing the
highest number of days with significant bloom coverage throughout the study period with a maximum
coverage near the north shore, near the lower reaches of Nanfei River. The east lake section showed an
increase in bloom area throughout the study period. Most blooms occurred in the summer and fall. In
2007, blooms persisted in the west section of the lake throughout most of the year (328 days).
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Figure 2. Daily area coverage of floating algae blooms for each lake segment and for

the whole of Lake Chaohu. The solid circles represent the monthly maxima in floating

algae blooms.
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Table 1. Frequency of significant floating algae blooms in each lake segment of
Lake Chaohu *.

East Lake Middle Lake West Lake Lake Chaohu
Year  Number Percent Number Percent Number Percent Number Percent
of Images of Images ofImages of Images oflmages of Images oflmages of Images
2000 2 1.6 7 5.7 48 39.3 8 6.6
2001 16 10.2 17 10.8 48 30.6 22 14.0
2002 16 9.8 23 14.0 35 21.3 25 15.2
2003 15 9.8 23 15.0 47 30.7 22 14.4
2004 17 9.3 17 9.3 57 31.1 24 13.1
2005 19 11.7 22 135 58 35.6 30 18.4
2006 22 14.2 19 12.3 62 40.0 29 18.7
2007 27 17.0 44 27.7 87 54.7 51 32.1
2008 36 20.9 38 22.1 73 42.4 48 27.9
2009 27 18.5 29 19.9 62 425 39 26.7
2010 19 11.7 28 17.2 49 30.1 36 22.1
2011 31 19.3 32 19.9 47 29.2 36 22.4
2012 33 19.9 28 16.9 70 42.2 41 24.7
2013 23 14.1 21 12.9 56 34.4 29 17.8

* The values shown represent the number and percentage of images where significant algae blooms were found
from the cyanobacteria coverage imagery using Algae Pixel algorithm (APA) imagery. “Significant” was
defined as when the bloom pixel area (floating algae coverage > 0) exceeded 25% of the total surface area of
the lake segment.

Table 2. Mean and standard deviation of monthly maxima of floating algae bloom area in
each lake segment of Lake Chaohu *.

East Lake Middle Lake West Lake Lake Chaohu
Year Standard Standard Standard Standard
Mean L Mean . Mean L. Mean .
Deviation Deviation Deviation Deviation
2000 11.25 11.02 20.92 23.03 58.44 42.42 69.30 55.46
2001 27.88 23.69 27.66 27.40 67.29 64.28 103.64 76.64
2002 18.45 22.43 20.73 22.99 51.58 62.50 73.14 78.62
2003 29.60 36.84 29.07 39.63 70.00 64.72 107.56 101.96
2004 30.04 25.47 39.62 48.21 87.66 56.50 126.55 90.90
2005 51.70 64.16 52.19 65.14 82.00 56.50 168.34 163.07
2006 37.71 32.50 36.16 29.69 82.56 55.39 139.26 98.85
2007 49.93 37.16 45.05 27.18 89.03 48.82 158.90 94.53
2008 58.71 48.95 42.43 22.49 98.71 59.91 166.93 92.93
2009 43.66 32.75 30.97 27.84 72.75 61.28 130.02 92.19
2010 38.45 45.08 35.08 35.56 69.08 64.97 114.21 97.05
2011 68.48 63.24 54.04 45.78 75.81 66.23 181.07 163.12
2012 73.50 57.35 60.46 32.34 96.05 74.50 212.77 135.83
2013 41.63 37.08 47.01 45.39 69.89 56.18 148.55 111.42

* This is based on the assumption that the monthly maxima (solid circles in Figure 2) can represent the monthly
bloom conditions after interference from the wind mixing is removed. The average of the monthly maxima is
the annual mean of bloom covering area. For reference, the size (total area) of each lake segment is given.
Annual coverage and standard deviation are given in km?,
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To examine changes in coverage, coverage frequency was defined as the ratio of the days where
coverage was elevated and the total days where MODIS images were available for the year (Figure 3).
Heavy blooms (bloom area >80 km?) occurred very frequently in 2007, 2008, and 2012. Moderate
bloom coverage (20-80 km?) was frequent throughout the study period. Low bloom coverage (<20 km?)
was most frequent except in 2007 and 2008.

70% 11 Algalbloomsarea B <20 km? B 20-80km? >80km?2
60% 1
50% A

40% A

Percentage

30% A

20% A

10% A

0% -

2000 2002 2004 2006 2008 2010 2012
Year

Figure 3. The percentage of days with different algal bloom areas in Lake Chaohu from
2000 to 2013, 80 km? and 20 km? lake algal bloom coverage, equivalent to 10% and 2.5% of
the total area of Lake Chaohu, respectively.

Table 3. Timing in Julian days and duration of significant floating algae blooms in each lake
segment of Lake Chaohu *.

East Lake Middle Lake West Lake Lake Chaohu
Year Initiation . Initiation . Initiation . Initiation .
Duration Duration Duration Duration
Day Day Day Day
2000 106 155 106 173 106 176 106 165
2001 131 125 95 161 61 295 115 279
2002 151 118 150 245 76 193 102 145
2003 155 111 140 126 105 291 145 130
2004 115 236 115 236 69 282 119 232
2005 69 260 117 147 67 267 69 234
2006 65 332 65 332 65 332 65 301
2007 54 319 45 328 45 328 45 328
2008 85 216 85 234 61 295 98 212
2009 68 242 69 235 68 307 68 242
2010 130 257 53 334 53 309 53 230
2011 70 276 99 292 70 288 70 261
2012 70 264 70 274 57 277 70 274
2013 101 258 101 258 66 293 101 258

* The values shown represent the starting days (1-366) and durations (in days) of significant algae bloom.
“Significant” was defined as when the bloom algae area (floating algae coverage> 0) exceeded 25% of the total
surface area of the lake segment. Duration was defined as the difference between the last and first days when
significant bloom occurred.
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3.3. Floating Bloom Initiation and Duration

Initial bloom date was later in the east and central lake sections from 2000 to 2003 (Table 3),
beginning an average of 12 days later each year. After 2003, initiation occurred earlier each year until
2013, excluding 2010 in the east and 2005 and 2013 in the middle lake section (Figure 4a). In most years,
the first blooms were observed in the north area of west lake section, while the center of East Lake was
usually last. In 2007, initiation occurred in a similar period throughout the lake and on the earliest date
for each section.

Bloom duration was defined as the difference between the first and last day that surface blooms were
observed (Table 3 and Figure 4b). The west lake had the longest bloom duration and the center had the
least. For the whole lake, 2007 had the longest duration, as more than 3/4 of the entire lake was covered
with blooms for more than 10 months. Persistent blooms were also found in the west lake section in 2012
and 2013.
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Figure 4. (a) Initial date of floating algae blooms in Lake Chaohu = Julian day when the
bloom algae area exceeded 25% of the total surface area of the lake. (b) Duration of floating
algae blooms in Lake Chaohu, defined as the difference between the last day and the initial
day when blooms were identified (coverage > 0) using the algal bloom pixel growing
algorithm (APA) and MODIS data.

3.4. Bloom Frequency

The west lake section experienced more frequent blooms than the other two sections (middle and east)
(Figure 5). Figure 2 indicates that 2007 was the worst year, which is quite similar to Lake Taihu [26,39].
For the west lake section, the blooms fluctuated after 2007. The northern area close to the mouth of Nanfei
River was the location of the first floating algae blooms (Figure 6). After April, the blooms expanded to the
center of the west section. The most extensive bloom coverage occurred in August and September, after
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which the blooms receded to the northern area of the west lake section. The elevated algal bloom coverage
in the west section is consistent with the results of the distribution of pigments and nutrients [13,14]. The
western region of Lake Chaohu is near the city of Hefei, which is the capital of Anhui Province, where
elevated population and industry activities are present. A large number of pollutants (particularly nitrogen
and phosphorus) are discharged into Lake Chaohu by the Nanfei River, Shiwuli River, Tangxi River, and
Pai River, resulting in significantly higher nutrient concentrations in the west section compared to the
middle and east section of the lake. This nutrient pattern is the primary reason for obvious decreasing
trends from the western to eastern regions for the annual average bloom coverage.
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Figure 5. (a) Annual surface bloom frequency of Lake Chaohu from 2000 to 2013.
(b) Annual average frequency of floating algae blooms in each lake segment of Lake
Chaohu, including West Lake (WL), Central Lake (CL), and East Lake (EL), when algal
bloom coverage > 0, using the algal bloom pixel growing algorithm (APA) and
MODIS images.

Frequency
»n
=3
3

Algal blooms frequency 0 ; ,; ('; s,g 1'0 12
- o
0% 20% 10% 60% 80% 100% a b
Figure 6. (a) Monthly surface bloom frequency of Lake Chaohu. (b) Monthly average
frequency of floating algae blooms in each lake segment of Lake Chaohu, including West
Lake (WL), Central Lake (CL), and East Lake (EL), when algal bloom coverage > 0, using
the algal bloom pixel growing algorithm (APA) and MODIS images.
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4. Discussion
4.1. Environmental Drivers of Inter-Annual Surface Bloom Dynamics

General increases in phytoplankton biomass, as well as increases in the frequency and duration of
algal blooms, have been associated with an overall increase in nutrient inputs [40]. Similar to other lakes
in eastern China, Lake Chaohu is undergoing eutrophication due to the increase in population, economic
activity, and wastewater generated in its catchment [9]. Population, GDP, and waste increased from
7.88 million people, 53.9 billion RMB, and 18.7 million tons in 2000 to 33.3 million people,
342.6 billion RMB, and 118.8 million tons in 2010, respectively, with a significant increase after 2004
(Figure 7). However, nutrient concentrations have behaved less uniformly: TN ranged from 1.5 to
3.0 mg/L and TP ranged from 0.15 to 0.23 mg/L [7,33-37]. TN showed a reduction from 0.33 mg/L in
2003 to 0.20 mg/L in 2011, and TP showed a decreasing trend. Despite these reductions, the average
nutrient concentrations (TN: 2.20 £0.42 mg/L; TP: 0.18 +0.03mg/L) exceeded cyanobacteria growth
requirements [39,41]. Although nutrient enrichment is a prerequisite to bloom formation, the role of
nutrient concentrations in controlling floating algae bloom dynamics might be limited due to elevated
concentrations and low inter-annual variation [23,27].
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Figure 7. Social and economic indices including GDP, population, and total waste in Lake
Chaohu Basin, 1996 to 2010.

In high nutrient conditions, studies show that the magnitude, spatial extent, and duration of blooms
are influenced by temperature, wind conditions (mixing), and solar insolation [30,42—44]. The average
temperature had no significant trend in Lake Chaohu (Figure 8a), even though ATmean in 2002 and 2007
were 0.3 <C higher. ATmax Showed two patterns: before 2008, it declined at a rate of 0.23 <C per year,
except in 2003; after 2008 it increased by 0.29 <C per year (Figure 8b). ATminincreased weakly except
2007, and the ATmin of 2007 is much higher than the other years (Figure 8c). AP had no significant trend
(Figure 8d). The daily mean wind speed decreased by 1.1 m/s, and sunlight hours increased by 0.8 h over
the 14 years. We compared the relationship between meteorological variables (ATmean, ATmax, ATmin,
AW, AP, and AS) and algal bloom dynamics (initiation date, duration, bloom significant days, and
average bloom area) (Table 4). As expected, wind anomaly had the highest correlation with the initial
bloom date, bloom days, and average bloom area (Table 2), with a poor correlation with duration
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(Table 4). Precipitation was inversely correlated to duration. Sunlight hours from the meteorological
station had a significant relationship with bloom coverage area and duration. This favors cyanobacteria
accumulation at the water surface [45,46]. ATmax and ATmin Were correlated with the initial bloom date
and duration (p < 0.05) (Table 4).

8 30 b
6 a b . 25 4 .
20 -
6 4 815 i
§ . o .
2 * — 10 1 .
8 ® * 9, 5 e o o . .
g0 . 30
2 £
c . e .
L ] - L4 < A
< . -10 1 .. ¢
4 . .
. 15 1 .
-6 T T T T T T T 20 T T T T T T T
1998 2000 2002 2004 2006 2008 2010 2012 2014 1998 2000 2002 2004 2006 2008 2010 2012 2014
50 12
c |d .
10
40 A ° —~
€ 8- L
30 A S i
—~ = 6
© 20 S 4
i =
910 1 e g 2 . o
E 0 hd - * « * . % 01 . .
= . . L 2 . . . L4 .
<10 . ° % 4 . .
20 - . -6 .
L]
30 : . . . . . . -8 T T T T . : .
1998 2000 2002 2004 2006 2008 2010 2012 2014 1998 2000 2002 2004 2006 2008 2010 2012 2014
10 8
e f
2 81 = .
IS = 4
— 67 =)
=4 2
7] X
(<5} = 7
& 2 [
.E 0 5 4 *
= N=14 S . N=13
< -2 1 P<0.01 - [97] P<0.01
R2=-0.98 < R2=0.76
-4 : : : : : : : -8 T T T T T T T
1998 2000 2002 2004 2006 2008 2010 2012 2014 1998 2000 2002 2004 2006 2008 2010 2012 2014

Figure 8. Trend in daily average anomalies of mean (a), maximum (b), and minimum
(c) temperatures; precipitation (d); wind speed (e); and sunshine hours (f) during the period
20002013 for Lake Taihu. The line shows the linear regression against year.

Table 4. Relationship between initial bloom date, duration, bloom significant days, and
frequency of floating algae blooms in Lake Chaohu and climate variables.

Initial Date  Duration ~ ATmean ATmax ATmin AP AW AS
Initial date r 1.000 —-0.665 ™ —0.095 0.531 —0.534" 0.074 0597 —0.318
Duration r -0.665"" 1.000 0.243 —0538" 0.701™ -0.497 —0.476 0.464
Significant days r -0.640~ 0.564 " 0.007 —0.495 0.530 -0.065 -0.772™ 0.332
Mean bloomarea™ r  —0.486 0.583 " -0.368 —0.464 0.308 -0.203 -0.796 " 0.592

* represents p < 0.05; ** represents p < 0.01. ***Mean bloom area is based on the assumption that the monthly
maxima (solid circles in Figure 2) can represent the monthly bloom conditions after interference from the wind
mixing is removed.
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Average air temperature, winter temperature (including the previous December to February) and
effective temperatures for one week, two weeks, and a month before the initial bloom date were
compared to the annual initial bloom date (Table 5). No temperature thresholds were identified for
average air temperature, winter temperature, and effective temperatures regarding the initial bloom date.
In winter, the average temperature in the last decade was 4.6 (1.0) <C, and the average chlorophyll a
concentration was about 16.0 pg/L, allowing for enough cyanobacteria in the water column to create
limited surface blooms with favorable conditions (Figure 6).

Table 5. General temperature features of floating algae at time of bloom formation in Lake
Chaohu from 2000 to 2013.

Julian Day . Winter Average Effective Temperature (C) *
Year of Alr Temperature Temperature  One Week before Two Weeks before  One Month before

Initial Time (T) () Initial Time Initial Time Initial Time
2000 106 11.7 4.4 54.9 97 181.4
2001 115 18.6 4.7 38.2 81.7 139.8
2002 102 12 6.3 52.8 120.7 243.7
2003 145 224 4.6 96.1 177.7 3414
2004 119 18.4 53 68.5 140.9 246.4
2005 69 16.8 3.3 1.2 24 -133.6
2006 65 14.9 3.8 -18.8 -33.2 -109.7
2007 45 8.5 5.7 2.6 -0.9 -84.7
2008 98 19.1 3.4 43 75.4 138.9
2009 68 12.2 53 -23.1 -55.5 -54.1
2010 53 11.4 4.8 -35.3 -77.6 -125.2
2011 70 10.2 4.1 -4.5 -28.7 -103.4
2012 70 6.2 35 -22.9 -54.2 -135.1
2013 101 14.9 39 39.6 80.4 108

* Effective temperatures of one week, two weeks, and one month before initial time, which were defined
as) (Ti-To ), and To was the average winter temperature.

4.2. Environmental Drivers of Monthly Surface Bloom Dynamics

Comparing monthly nutrient ratios and concentrations from three separate years (2008, 2012, and
2013) to monthly maximum bloom coverage (using monthly maxima), a significant negative correlation
with TN (r =-0.503, N = 34) and TN/TP (r = —0.512, N = 34) was found (Table 6). TN concentration
increased in the spring when water levels were lowest and decreased in the summer when water levels
were the highest, showing opposite trends to that of the bloom coverage. During periods of heavy surface
blooms, TN:TP ratios ranged from 5:1 to 20:1 and TN concentrations were between 1.0 and 3.0 mg/L
(Figure 9a). Previous studies indicated that low TN:TP mass ratios favor both nitrogen-fixing and
non-nitrogen-fixing cyanobacteria [47]. In competition experiments, Microcystis dominates at a TN: TP
supply ratio < 44 [48].

Due to the typical subtropical monsoon climate, only air temperature and precipitation showed
seasonal behavior, as the seasonality of wind speed and sunshine hours was relatively weak (Figure 9b).
Temperature was hypothesized as a key factor in the growth and cessation of floating algae
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blooms [49,50]. Our results indicated that monthly average temperature covaried with maximum
monthly bloom coverage (r = 0.677, n = 156). Microcystis aeruginosa was shown to grow and enter the
water column at 9 <C, resulting in a close correlation between algal recruitment and cumulative
temperatures (sum of effective temperatures) [32]. In Lake Chaohu, bloom expansion occurred from
May to October when air temperatures were near or above 20 °C. Cyanobacteria exhibit optimal growth
rates at higher temperatures and compete more effectively with diatoms, chlorophytes, and
cryptophytes [51]. In a recent study of phytoplankton in Lake Chaohu, the photosynthetic rate of M.
wesenbergii was found to be greater than that of M. viridis as temperature increased between spring and
summer [7]. When the temperature decreased between summer and autumn, this favored the growth of
M. aeruginosa. Similar changes occurred between autumn and winter, as M. viridis replaced
M. aeruginosa.

While monthly average precipitation was also correlated with maximum monthly bloom coverage
(r = 0.298, N = 156), a clear direct cause is unlikely and coincident temperature increases are a more
likely determinant. Increases in cloudiness and direct precipitation inhibit the formation of floating algae
blooms [52].

The monthly average wind speed in Lake Chaohu was at its maximum in March (2.72 m/s) and at its
minimum in October (1.92 m/s). Blooms occurred most frequently with a south wind before August, while
an east wind prevailed in autumn, favoring an accumulation of surface blooms on the north coast of the
west section.

Table 6. Bivariate correlation analysis between monthly maxima algal bloom area and
monthly water quality parameters.

TN (mg/L) TP (mg/L)  Transparency (cm) TN/TP
. Pearson Correlation —-0.503 0.229 0.098 -0.512
Maximum algal . .
Sig. (2-tailed) 0.002 0.192 0.582 0.002
bloom area (km?)
N 34 34 34 34
40 T T 35 - -
maxima monthly bloom coverage (km?) (a) —o—Average air temperature (C) (b)
| e 6 <7> . ‘O 1 30 | -O-Average pr‘ecipitation (mm)
—n—Average wind speed (m/s)
% ~ 25 J -O-Sunshine hours (h)
25} 4
% )
: o QO O o 20 A
é 20r . /,,,\() °
N ot D) 15 1
8 T (BN =5 O
\X\@.z o
NS ]
LU )
5¢ < } \/\9> K\,f J 5 4
b 0.‘5 1 1:5 2 2:5 3 A‘t 0 + T T
TN (mg/L) 1 2 3 4 5 6 10 11 12

Figure 9. (a) Nutrient concentration (TN) and stoichiometry (TN to TP ration) with monthly
maximum algal bloom coverage in Lake Chaohu during three different years (2008, 2012,
and 2013). Bubble size is monthly maximum algal bloom area. (b) Monthly variations of
temperature, wind speed, precipitation, and sunshine hours from 2000 to 2014.
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4.3. Environmental Drivers of Daily Surface Bloom Dynamics

Using consecutive daily images, it was possible to examine bloom dynamics in more detail
(Figure 10). When the temperature was stable (consecutive days in September 2001, August 2010, and
August 2013), a negative relationship between bloom area and daily wind speed occurred, confirming
earlier observations in shallow waterbodies by George and Edwards [29], and Hunter [30]. Weak winds
do not produce the needed turbulence to mix the algae cells [31,53], allowing them to congregate at the
surface to a depth of 0.3 m [54]. This was captured in the decrease in surface bloom area for 5-6
September 2001, showing a decrease from 237 km?with a wind speed of 1.0 m/s to 33 km? next day with
a wind speed of 3.5 m/s (Figure 10Db).

Similar dynamics occurred for 12-13 September 2001, 10-12 August 2010, and 2-3 August 2013
(Figure 10). It is unlikely that an extensive floating algae biomass could appear or disappear in a single
day. In fact, without knowledge of the vertical distribution of the algae, the surface biomass delivered
from satellite data cannot be used to determine the total cyanobacteria biomass. We can only assume that
total biomass values are underestimated when wind conditions are elevated [44].
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Figure 10. Three examples of daily algal bloom area, wind speed, temperature, and sunshine
hours. The blue circles mark the examples where floating bloom area changed because of the
wind speed. The red circle shows an example where low winds were not followed by
severe blooms.

The results show that severe algal blooms (>80 km?) took place when wind speed was below 3.0 m/s.
However, low winds were not always followed by severe blooms, under appropriate temperature and
insolation conditions. For example, algal bloom area was no more than 50 km? with persistent low wind
(<2 m/s) for 10-17 August 2013, with air temperatures above 32 <C and sunshine hours of 10 hours each
day. In this case, heavy blooms did not occur even with the low average wind, high temperature, and
insolation, possibly due to a lag in bloom formation due to daily variability in wind speed, observed to
have an amplitude of 0.6-1.1 m/s [55]. In the present study, we use the daily average wind speed, which
might be not sufficient to explain instantaneous bloom conditions during the satellite passage. Another
possibility may be that elevated temperatures may be above the optimal temperature for the species
present, even while favoring thermal stratification [56].

5. Conclusions

Lake Chaohu has undergone growing eutrophication and more frequent occurrences of toxic algae
blooms, posing an increased risk for recreational and potable water supplies. In recent years, the
provincial and national governments made major efforts to control nutrient loads and modify
hydrological inputs and outputs. In the present study, we used the APA approach with MODIS data to
determine the spatial and temporal distribution of floating algae blooms over a 14-year period. The most
striking result was the disconnection between the increase in bloom coverage and the dynamics of
nutrient concentrations.

Local meteorological conditions (wind speed and sunlight hours) were seen to play a determining role
in the changes over the study period in bloom coverage (increasing), bloom frequency (increasing),
bloom duration (increasing), and bloom initiation (earlier). This is particularly evident in the eastern
section of the lake, previously less impacted by algal blooms. The bloom characteristics of 2007 were
unique in timing, duration, and coverage in Lake Chaohu and were similar to those of Lake Taihu.

Lake Chaohu has become a top national environmental priority and policy makers are exploring
additional actions to address algal bloom management in Lake Chaohu. The APA approach using daily
satellite coverage provides a new tool for analysis and validation of mitigation and management approaches,
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as well as an early warning system for lake authorities. As a major freshwater ecosystem in a catchment
undergoing rapid economic and demographic expansion, the approaches developed in the present study
contribute to the study and management of inland freshwater lakes in many areas of the world.
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