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• Black water blooms have led to major problems in eutrophic waters and water supplies.
• The bio-optical properties of black water blooms were compared to typical lake waters.
• Low reflectance was associated with high CDOM absorption and low SPIM backscattering.
• The black water blooms are favored by macrophyte die back during periods of low wind speed.
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In the summer of 2007, blooms of “black”water in Lake Taihu entered into the potablewater supply ofWuxi City
and leftmore than 1 million peoplewithoutwater. Attempts tomonitor these blackwater blooms have not been
successful due to their irregular nature. In May 2012, two black water blooms were observed in one of the lake's
eutrophic bays. The bio-optical analyses of these blooms show that they were dominated by higher concentra-
tions of dissolved organicmatter and lower backscattering coefficients with respect to the surrounding lake con-
ditions.We show the contribution of each optically active component to the perceived radiance and demonstrate
that elevated absorption due to dissolved organic matter and phytoplankton combined with reduced backscat-
tering led to the perception of thesewater areas as “black”, while the true color was dark green. The present anal-
ysis indicates that formation of black water blooms is favored during springtime conditions in the macrophyte
dominated areas of the lake's hypereutrophic bays.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Water color was first used to define water masses by the Swiss
limnologist Francoise-Alphonse Forel in the late 1800s in a nonquan-
titative classification approach (Arnone et al., 2004). The color of
water is directly related to the concentrations and optical properties
of the dissolved and suspendedmatter in the water column and their
impact on the upward flux of scattered radiance perceived by the ob-
server (IOCCG, 2000, 2008). The most important of these are usually
phytoplankton, non-algal particulates, chromophoric dissolved or-
ganic matter (CDOM) and the water itself (Morel, 1988). In general,
CDOM increases absorption in the short visible wavelengths, reduc-
ing upwelling radiance and increasing overall attenuation (Battin,
1998; Berthon and Zibordi, 2010; Zhao et al., 2013). Phytoplankton
can also lead to significant changes in water color, with both increase
attenuation and increased scattered radiance (Dierssen et al., 2006).

The color of water perceived by the human eye can be numerically
described by the color matching functions defined by the Commission
.com (H. Duan).
Internationale de l'Ěclairage (CIE), which transpose radiometric mea-
surements onto a colorimetric coordinate system (Dierssen et al.,
2006; Watanabe et al., 2011). Differences in perceived color imply dif-
ferences in the underwater optical conditions. However, the underlying
relationship between apparent optical properties (AOPs) and water
color is still poorly understood in most coastal and inland waters due
to the complexity of optical conditions, where absorption and scattering
of phytoplankton pigments, non-algal particulates, and CDOM may
spectrally overlap (IOCCG, 2000).

Lake Taihu, the third largest freshwater lake in China, provides fun-
damental services to a large surrounding population, even though it is
one of the most severely polluted freshwater reservoirs in China
(Duan et al., 2009; Hu et al., 2010). Agricultural activities are the
major source of non-point pollution while the growing urban commu-
nities within the basin and the limited treatment of urban wastewater
represent the most important point pollution source (Qin et al., 2007).
In the summer of 2007, water quality problems, initially associated
with algal blooms, left more than 1 million people in the city of Wuxi
without drinking water (Guo, 2007). Further studies indicated that the
apparent cause was the intrusion of a black water bloom of unknown
origin into the main water intake of the city (Yang et al., 2008). While
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black water blooms had been previously reported (Lu andMa, 2010), it
was only after the 2007 occurrence that academic and government
authorities began to treat black water blooms as an environmental
priority.

Black water blooms, black water agglomerates, black spots or dead
zones have been characterized as hypoxic and malodorous areas of
freshwater and marine ecosystems (Diaz and Rosenberg, 2008; Feng
et al., 2014; Pucciarelli et al., 2008). They often have elevated sulfide
concentrations, principally metal sulfides and hydrogen sulfide (Duval
and Ludlam, 2001; Lu and Ma, 2010; Stahl, 1979) associated with the
presence of sulfate-reducing bacteria and degrading organic matter
from algal blooms or sediment (Feng et al., 2014; He et al., 2013).
They present significant threats to drinking water safety. Black blooms
have occurred in many inland lakes and continental seas, such as Lake
Kasumigaura (Japan) (Sugiura and Nakano, 2000), Lower Mystic Lake
(USA) (Duval and Ludlam, 2001), Lake Garda (Italy) (Pucciarelli et al.,
2008), Florida Keys (USA) (Hu et al., 2004), Baltic (Europe) (Berthon
and Zibordi, 2010), and East China Sea (Bai et al., 2009).

In May 2012, black water blooms were observed during regular
in-situ algal bloommonitoring activities. Field measurements were
made immediately to characterize the bio-optical properties of two
31
°0

'0
"N

Zone 1

Fig. 1. Sampling sites in Gonghu Bay, Lake Taihu (China) near the potable water source forWuxi
with typical lake waters characterizing Zone 3 (stations 11–12).
of these black water masses. These data provided an opportunity to
explore the possible causes of their occurrence and potential
methods for their monitoring. To the best of our knowledge, this
is the first study to optically address the occurrence of black
water blooms in waters destined for human consumption.

2. Materials and methods

2.1. Fieldwork

Water samples and optical data were collected at 12 stations from
three areas of Gonghu Bay, Lake Taihu on 17th May, 2012 (Fig. 1).
Two areas (Zones 1 and 2) were identified as “black” water areas with
samples taken from an area of typical lake water (Zone 3) in the center.
At each station, remote sensing reflectance (Rrs) was measured with an
ASD hand-held spectrometer, following the NASA Ocean Optics proto-
cols (Mueller and Fargion, 2003). The viewing angle of the measure-
ment was ~40° from nadir, and the relative azimuth angle to the sun
was ~135°. Data from several stations (Nos. 1–3, 5–6) were removed
due to low signal to noise ratio. Water samples were collected just
below the surface with a standard 2-liter polyethylene water-sampler
120°0'0"E
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City. Blackwatermasseswere present in Zone 1 (stations 1–8) and Zone 2 (stations 9–10)
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immediately after Rrs measurement. The samples were stored with ice
bags in the dark for less than 4 h before chemical and optical measure-
ments were made in the laboratory.

2.2. Concentrations of optically active components

Chla concentrationswere extracted using 90%ethanol andmeasured
with a UV2401 spectrophotometer (Strickland and Parsons, 1972).
Suspended particulate matter (SPM) concentrations were determined
gravimetrically from samples collected on pre-combusted and pre-
weighed GF/F filters with a diameter of 47 mm, dried at 95 °C over
night. SPM was differentiated by gravimetric analysis into suspended
particulate inorganic matter (SPIM) and suspended particulate organic
matter (SPOM) after treating the filters at 550 °C for 3 h (Ma et al.,
2006). Dissolved organic matter (DOC) concentrations were deter-
mined after filtration through pre-combusted 47 mm GF/F filters, with
a Shimadzu TOC-5000A analyzer (Chen et al., 2004).

2.3. Optical characteristics

Spectral absorption coefficients of total particulate matter (ap(λ)),
phytoplankton pigments (aph(λ)), and non-phytoplankton particulate
matter (ad(λ)) were determined using the quantitative filter technique
with 47-mm GF/F filters and a Shimadzu UV2401 spectrophotometer
(Mitchell, 1990; Mueller and Fargion, 2003; Yentsch, 1962). CDOM ab-
sorption (ag(λ)) was determined following filtration (Millipore filter
with 0.22-μm pore size) using a spectrophotometer and distilled
water as the reference. The exponential absorption slope (S400–700) of
the CDOM spectra was calculated by a nonlinear fitting of absorption
from 400 to 700 nm as (Bricaud et al., 1981):

a400–700 λð Þ ¼ a400–700 λ0Þ exp −S400–700 λ0−λÞ�ð½ð ð1Þ

where λ0 is the reference wavelength (443 nm). The distribution of the
absorption spectral slope (Sλ) was calculated using a non-linear fitting
method based on least squares regression from 220 nm to 400 nm at a
20 nm wavelength interval (Loiselle et al., 2009).

A HydroScat-6 backscattering sensor was used to measure total
backscattering coefficient (bb) at six wavelengths of 420, 442, 470,
510, 590 and 700 nm following the standard protocol (Maffione and
Dana, 1997). The particulate backscatter coefficient (bbp)was calculated
by subtracting the backscattering coefficient of pure water (bbw) and
expressed as (Ma et al., 2009; Sathyendranath et al., 2001; Wu et al.,
2011):

bbp λð Þ ¼ bbp λ0ð Þ λ0

λ

� �n

ð2Þ

where n is the wavelength dependence of particulate scattering, λ0 is
the reference wavelength (590 nm) corresponding to the mounted
band in HS-6 (IOCCG, 2006).

2.4. Visually perceived water color

Water color will depend on the quantity and spectral quality of up-
welling light at the water surface, Rrs, which is governed by the ratio
of backscattering (bb) to absorption (a) (Gordon and Morel, 1983):

Rrs λð Þ ¼ ft
Qn2

bb λð Þ
a λð Þ þ bb λð Þ ð3Þ

where a(λ) can be separated into the spectral absorption of each opti-
cally active component of the water column (aph, ad, ag) and pure
water (aw); while bb is the measurement of total backscattering. The
terms f and Q are parameters that depend on local optical conditions
and wavelength, and their ratio, f/Q varies less than f and Q individually
(Morel and Gentili, 1993) while still being influenced by solar angle and
the ratio of scattering to absorption in Case 2 waters (Loisel and Morel,
2001); t/n2 (t is the water-to-air diffuse transmittance and n is the re-
fractive index of water) is approximately equal to 0.54 (Austin, 1974;
Clark, 1981). A lake specific spectral correction factor γ(λ)[=0.54f/Q]
was determined from measurements of each optically active compo-
nent and the measured Rrs:

measured Rrs λð Þ ¼ γ λð Þ bb λð Þ
bb λð Þ þ ag λð Þ þ aph λð Þ þ ad λð Þ þ aw λð Þ : ð4Þ

The CIE color components (X, Y, and Z) were calculated as the prod-
uct of the water-leaving radiance (Lw) and the three tristimulus func-
tions integrated over the visible spectrum (400–700 nm), and then
transformed into RGB primaries using a matrix transform based on the
chromaticity coordinates and reference white of a standard computer
monitor (Dierssen et al., 2006):

R
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B
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3:240479 −1:537150 −0:498535
−0:969256 1:875992 0:041556
0:055648 −0:204043 1:057311
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4
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The resulting RGB values ranged from 0 to 1 and represented the
fractional amount of each primary needed to display a particular color
on a computer monitor. Values calculated to be less than 0 were set to
0 and values greater than 1 were set to 1 (Dierssen et al., 2006). The
human observer was assumed to look directly down at the water sur-
face with no sun glint or bright sky reflection.

3. Results

The two blackwater areas (Zones 1 and 2, Fig. 1) had an extension of
less than 1 km2. Both areas were surrounded by aquatic vegetation.
Zone 1 had emergent macrophytes at its borders (Phragmites australis),
while Zone 2 had submerged macrophytes (Potamogeton crispus). The
control area, Zone 3, had typical lake conditions for Gonghu Bay and
without nearby macrophyte stands.

An analysis of the optical and chemical properties of the two black
water areas showed significant differences in DOC and backscattering
coefficients compared to non-black waters of the lake (Zone 3) (t-test,
p b 0.05). DOC concentrations were highest in Zones 1 and 2
(Table 1). Chla concentrations were highest in Zone 2 and lowest in
Zone 3. The percentage of organic particulate matter (SPOM) in the
total particular matter was highest in Zones 1 and 2 (38% higher) with
respect to Zone 3, while SPIM and its ratio to SPM were highest in
Zone 3. SPM was strongly correlated with SPIM (r = 0.85, p b 0.01),
while Chla was well correlated with SPOM (r = 0.82, p b 0.01).

3.1. Optical characterization

The measured Rrs spectra showed large variations in magnitude
and shape with clear differences between lake areas (Fig. 2a–c).
Zone 1 Rrs curves were the lowest, with a relatively wide peak
around 500–550 nm (b0.008 sr−1). Zone 2 Rrs showed a peak
around 550 nm (b0.014 sr−1) with significant attenuation between
650 and 700 nm. Zone 3 Rrs curves had the highest reflectance with
a peak around 550 nm (b0.035 sr−1). Rrs(555)/Rrs(412) increased
from Zone 1 (b1.3) to Zone 2 (N2.1) to Zone 3 (N2.4). With respect
to the typical lake waters of Zone 3, the waters of Zones 1 and 2 had
a lower average reflectance (400–700 nm) (Fig. 2d).

CDOM absorption at 443 nm (ag(443)) was two times higher in
Zones 1 and 2 with respect to Zone 3 (Fig. 3a). Regression analyses be-
tween ag(443) and DOC showed significant power and linear relation-
ships; ag(443) = 0.0054DOC2.91 (R2 = 0.77, p b 0.01), and ag(443) =
0.34DOC–0.98 (R2 = 0.68, p b 0.01) (Fig. 4a). The absorption spectral
slope distribution (Sλ) showed significant differences between the



Table 1
Bio-optical water quality parameters of black water blooms and typical lake waters in Lake Taihu.

All (n = 12) Zone 1 (n = 8) Zone 2 (n = 2) Zone 3 (n = 2)

Mean Range Mean Range Mean Range Mean Range

DOC (mg L−1) 5.49 ± 1.11 3.53–7.02 5.95 ± 0.88 4.32–7.02 5.31 ± 0.91 4.67–5.96 3.84 ± 0.44 3.53–4.15
Chla (μg L−1) 21.44 ± 22. 47 3.05–78.32 13.39 ± 6.55 3.05–20.34 58.38 ± 28.20 38.44–78.32 3.88 3.88
SPM (mg L−1) 15.93 ± 5.83 7.80–26.20 14.15 ± 4.45 7.80–22.40 21.08 ± 3.29 18.75–23.40 17.88 ± 11.77 9.55–26.20
SPOM (mg L−1) 6.72 ± 3.13 3.25–12.10 6.57 ± 3.00 3.30–11.40 9.93 ± 3.08 7.75–12.10 4.13 ± 1.24 3.25–5.00
SPIM (mg L−1) 9.20 ± 5.34 4.50–21.20 7.58 ± 3.63 4.50–15.95 11.15 ± 6.36 6.65–15.65 13.75 ± 10.54 6.30–21.20
ag(443) (m−1) 0.86 ± 0.45 0.37–1.68 0.97 ± 0.50 0.38–1.68 0.90 ± 0.17 0.78–1.03 0.42 ± 0.06 0.37–0.46
Sg (nm−1) 0.0160 ± 0.0049 0.0096–0.0251 0.0168 ± 0.0059 0.0096–0.0251 0.0142 ± 0.0003 0.0140–0.0145 0.0143 ± 0.0002 0.0142–0.0144
ad(443) (m−1) 0.70 ± 0.31 0.32–1.52 0.72 ± 0.36 0.32–1.52 0.68 ± 0.21 0.53–0.83 0.60 ± 0.25 0.42–0.78
aph(443) (m−1) 1.07 ± 0.58 0.50–2.58 0.88 ± 0.31 0.50–1.36 1.92 ± 0.93 1.26–2.58 0.95 ± 0.63 0.51–1.40
aph⁎(443) (m2 mg−1) 0.07 ± 0.05 0.03–0.16 0.08 ± 0.05 0.04–0.16 0.03 ± 0.00 0.03–0.03 0.13 0.13
ap(443) (m−1) 1.76 ± 0.65 0.93–3.40 1.80 ± 0.65 1.30–3.40 2.60 ± 1.13 1.80–3.40 1.55 ± 0.88 0.93–2.17
at(443) (m−1) 2.63 ± 0.86 1.31–4.43 2.57 ± 0.67 1.82–3.43 3.50 ± 1.31 2.58–4.43 1.97 ± 0.94 1.31–2.64
bbp(590) (m−1) 0.18 ± 0.09 0.11–0.42 0.13 ± 0.01 0.11–0.15 0.24 ± 0.03 0.22–0.26 0.29 ± 0.18 0.17–0.42
n (Eq. 2) −2.16 ± 0.35 −3.00–−1.68 −2.04 ± 0.20 −2.1–−1.68 −2.05 ± 0.24 −2.22–−1.88 −2.78 ± 0.31 −3.00–−2.56

Chla: chlorophyll-a; SPM: suspended particulate matter; SPOM: suspended particulate organic matter; SPIM: suspended particulate inorganic matter; ag(443): CDOM absorption coeffi-
cient at 443 nm; Sg: the spectral slope of CDOM absorption; ad(443): detritus absorption coefficient at 443 nm; aph(443): phytoplankton absorption coefficient at 443 nm; at(443): total
absorption coefficient at 443 nm; bbp(590): the particulate backscatter coefficient at 590 nm. Blackwater bloomswere present in Zone 1 (stations 1–8) and Zone2 (stations 9–10); typical
lake waters were present in Zone 3 (stations 11–12).

Fig. 2. Reflectance spectra (sr−1) for surface waters from stations in: (a) Zone 1; (b) Zone 2; (c) Zone 3; and (d) average reflectance spectra of Zone 1, Zone 2 and Zone 3.

177H. Duan et al. / Science of the Total Environment 482–483 (2014) 174–183



Fig. 3. The average absorption spectra from 400 to 700 nm for each zone related to: (a) chromophoric dissolved organic matter (ag(λ)), (b) detritus (ad(λ)), (c) phytoplankton pigments
(aph(λ)), and (d) the coefficient for particulate backscattering (bbp(λ)).
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black water zones and Zone 3 in most wavelengths (t-test, p b 0.05)
with a maximum difference at 298 nm. Differences between Zones 1
and 2 were evident in a limited wavelength range (262–264 nm). The
relationship between S400–700 and ag(443) indicated a similarity be-
tween CDOM sources in Zones 1 and 2 (Fig. 4b).

The particulate backscatter coefficients were significantly higher in
Zone 3, in all wavelengths. bbp(590) was lowest in Zone 1, 80% higher
in Zone 2, and more than double in Zone 3 (Fig. 3d). bbp(590) values
were significantly correlated with SPM (R2 = 0.52, p b 0.01) and SPIM
(R2 = 0.61, p b 0.01), but not correlated to SPOM (p N 0.50), indicating
the relative importance of inorganic detritus in backscattering (Le et al.,
2013; Tzortziou et al., 2007). It should be noted that the bbp(λ) spectra
in Zone 1 (stations 1–8) varied over a narrow range, compared to more
significant variation between stations in Zones 2 and 3. The bbp(λ) spec-
tra of station 11 had the highest value which coincided with elevated
concentrations of SPM and SPIM.

The ad(λ) values were highest in Zones 1 and 2, while aph(λ) showed
the expected bimodal distribution (Fig. 3b, c). The specific-absorption co-
efficient for phytoplankton pigment at 443 nm (aph⁎(443)) was between
0.03 and 0.16 m2 mg−1. Previous studies have associated this variation
withpackage effects (Bricaud et al., 2004;Naik et al., 2013). ap(λ) showed
the greatest variation of any of the component spectra (Fig. 3d) with the
value ap(443) ranging from 0.93 to 3.40 m−1. This variable was
significantly correlated with Chla (r = 0.86, p b 0.01) and SPOM (r =
0.57, p b 0.01), but poorly with SPM and SPIM (r b 0.4, p N 0.10).

3.2. Optical closure

The relationship between the inherent optical properties (IOPs) of
the components of the water column and apparent optical properties
(AOPs) was explored using in situ measured IOPs as inputs to Rrs(λ)
(Eq. 4) and γ(λ) = 1. The overall agreement between the variation in
the estimated Rrs(λ) values and measured Rrs(λ) values was elevated
(r N 0.88, p b 0.005). It should be noted that multiple sources of uncer-
tainty may contribute to an imperfect agreement between estimated
Rrs(λ) and measured Rrs(λ), including potential errors in the measure-
ments of bbp(λ), a(λ), and Rrs(λ). Moreover, the simple radiative trans-
fer expression (Eq. 4) and correction factor do not consider variations in
ambient conditions between stations, related to surface roughness,
cloud cover, solar angle, and vertical effects within the upper waters
(O'Donnell et al., 2010). The spectral correction factor for the lake,
γ(λ), was then determined (Eq. 4) and found to spectrally vary within



Fig. 4. The relationships between (a) CDOM absorption at 443 nm (ag(443)) and dissolved organic carbon (DOC); (b) between CDOM absorption at 443 nm (ag(443)) and absorption
spectral slope (S400–700). The solid line represents the power model on all data. Open circles represent station numbers.

Fig. 5. Contributions of individual optical components to Rrs−1 in: (a) Zone 1; (b) Zone 2; and (c) Zone 3. (d) Integrated Rrs
−1 over 500–600 nm considering the photonic luminous efficiency

of the human eye. Note that Rrs−1 is defined by Eq. (6).
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values (0.05–0.08) expected for model Case 2 waters (Loisel andMorel,
2001).

The contribution of individual optically active components was ex-
plored utilizing the inverse of the radiative transfer expression, Rrs−1

(Eq. 4) and the spectral correction factor for the lake, γ(λ):

Rrs−1 λð Þ ¼ 1
Rrs λð Þ ¼ γ λð Þ−1 bb λð Þ þ ag λð Þ þ aph λð Þ þ ad λð Þ þ aw λð Þ

bb λð Þ ð6Þ

By separating the individual contributions of each term, it was possi-
ble to identify the optical components that dominated Rrs

−1 and there-
fore the reduction in reflectance. The total Rrs−1 at each λ (Eq. 6)
provided the expected relationship between zones, with the largest
43210
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Fig. 6. (a) Modeled surface color based on water-leaving radiance using the CIE color match
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Rrs
−1 occurring in Zones 1 and2with respect to Zone 3 in all wavelengths

(Fig. 5a–c).
Considering that the photonic luminous efficiency of the human eye

is maxima between 500 and 600 nm, the individual contributions to
Rrs
−1 were integrated over this waveband to identify the relative differ-

ence in total perceived color of each area. Zone 1 had an Rrs
−1
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that was 3 times that of Zone 3 and 28% higher than Zone 2 (Fig. 5d).
Given these conditions in the Rrs and Rrs

−1, Zone 1 would appear the
darkest to the human eye, followed by Zone 2.

The water surface color, transposed using the CIE color matching
functions from in situ measured water-leaving radiance, indicates that
the color of the lake water from Zone 1 should appear dark olive drab
green and the Zone 2 should appear olive-green, while Zone 3 would
appear sea-green (Fig. 6a).
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4. Discussion

4.1. Why do black waters appear black?

The color perceived by the human visual system depends largely
on the total radiance incident upon each type of cone and the com-
parative response (i.e., contrast) between the three cone classes
(red, green, and blue) (Dierssen et al., 2006). The water surface
color, transposed using the CIE color matching functions from in
situ measured water-leaving radiance, indicates that the color of
the upwelling radiance observed in the black water zones was not
black, but different shades of green (Fig. 6a). Although black is gen-
erally defined as the visual impression experienced when no visible
light reaches the eye, water masses look “black” when there is a sig-
nificant reduction in the light reflected back to the observer with re-
spect to the surrounding surfaces. Zones 1 and 2 appeared “black”
due to the high contrast with the surrounding lake waters with a rel-
atively higher Rrs (Fig. 3). This contrast allows for the determination
of an edge, basic for the recognition of shapes (McCollough, 1965).

The contribution of each optically active component to the con-
trast between different waters (Eq. 6) indicated that the elevated
Rrs
−1 of Zone 1 was strongly controlled by CDOM (ag) below

500 nm and by Chla absorption (aph) between 500 nm and
600 nm (Fig. 5a). Above 600 nm, water related absorption dominat-
ed Rrs

−1. Zone 2 high Rrs
−1 was strongly controlled by both Chla ab-

sorption and CDOM below 500 nm (Fig. 5b). Above 500 nm, Rrs
−1

was dominated by Chla related absorption. Zone 3 had the lowest
Rrs
−1, which was dominated by backscattering and Chla absorption

below 500 nm (Fig. 5c). Above 500 nm, backscattering was the
largest contributor to Rrs

−1 until 600 nm, after which water related
absorption became the largest contributor.

The integrated contributions of each optically active component,
considering the photonic luminous efficiency of the human eye con-
firmed that Zone 1 had the highest Rrs−1, dominated by aph (34%) and
CDOM (31%). Zone 2was dominated by aph (45%). From thesemeasure-
ments, the higher absorption by CDOM in Zone 1 and phytoplankton
biomass in Zone 2 were the cause of the perceived darkness with re-
spect to normal lake waters (Zone 3), where backscattering dominated
(37%) radiative transfer. The relative spectral qualities of each section
agreed with the estimated color water-leaving radiance using the CIE
matching functions (Fig. 6b–d).
4.2. Why do black waters occur?

Water color is directly related to the optically properties of its dis-
solved and particulate components. These components are, in turn,
influenced by local biogeochemical processes, including leaf litter
decomposition (IOCCG, 2000, 2008). In most water bodies, aquatic
plants follow an annual cycle of growth, reproduction and senes-
cence. However, surveys in Lake Taihu have found that aquatic mac-
rophytes often undergo a spring die-back and a subsequent release
of residual plant matter into surrounding lake areas, including
Zones 1 and 2 (Shen et al., 2014). According to Diaz & Rosenberg
(2008), black blooms require a large quantity of degrading organic
matter, from either autochthonous sources (phytoplankton, aquatic
macrophytes) or allochthonous organic matter. With the combined
occurrence of phytoplankton blooms and macrophyte die-back, the
possibility of hypoxia and black blooms is enhanced in the spring.

Under natural conditions, macrophyte die-back should not
occur in the spring. However, local fisherman often use steel fish-
ing nets to harvest benthic fauna which cause extensive damage
to areas of submerged plants. While the use of this equipment is
prohibited in the spring, our consultations with the local environ-
mental protection department and fisherman indicate that steel
fishing nets continue to be widely used.
4.2.1. High CDOM
CDOM, the optically active fraction of DOC, may originate from ter-

restrially derived materials from plant degradation (allochthonous), as
well as frommicrobial sources within the water body (autochthonous)
(Clark et al., 2008; Loiselle et al., 2012; Zhang et al., 2009). The overall
increase in CDOM in Zones 1 and 2,with respect to the open lakewaters
suggests that there is a net production of CDOM in these areas. This is
confirmed in the relationship between spectral slope and absorption,
indicating that the CDOM in Zones 1 and 2may have origins that are dif-
ferent than those of the CDOM in Zone 3 (Fig. 4b). This would suggest
that the large stands of P. australis and P. crispus may contribute
CDOM to nearby waters (Barber et al., 2001; Stabenau et al., 2004;
Tzortziou et al., 2008). Leaf litter decomposition typically occurs in
three, often simultaneous phases: (1) leaching of soluble components,
(2) microbial oxidation of refractory components, and (3) physical
and biological fragmentation. The initial rapid weight loss observed
has been attributed to leaching of soluble organic compounds
(Chimney and Pietro, 2006; Davis et al., 2003; Valiela et al., 1985),
which contribute to increasing the concentrations of DOC and CDOM
(Wang et al., 2007). The second and third phases include themicrobially
mediated breakdown of labile organicmaterial and refractory structural
components, which make up the bulk of leaf mass (Davis et al., 2003;
Valiela et al., 1985). The ‘labile’ fraction of organic matter, such as glu-
cose, is rapidly decomposed within a few days while the ‘refractory’
fraction is decomposed more slowly (Mostofa et al., 2013). These latter
stages of decay can result in a significant accumulation of N and P
(Pascoal and Cassio, 2004). “Black water” generally occurs in extreme
anaerobic environments, accompanied often by strong septic and
marshy odors (Yang et al., 2008), which were observed in Zones 1 and
2 (Shen et al., 2014). During anoxic conditions, a significant amount of
protein-like and humic-like DOMmay accumulate due to slower bacte-
rial utilization (Wang et al., 2007). The largest differences in the distri-
bution of the absorption spectral slope (Sλ) occurred at 298 nm, with
the lowest in Zone 1 (0.018) and highest in Zone 3 (0.026) and indicat-
ing differences in the molecular characteristics of the residual CDOM
present (Loiselle et al., 2009).
4.2.2. High Chla
The release of DOC from macrophytes or phytoplankton has been

linked to changes in phytoplankton biomass and productivity (Clark
et al., 2008; Hu et al., 2004; Zhang et al., 2009). Macrophyte die off, in
particular Potamogeton spp. has been associatedwith increased nutrient
and chlorophyll-a concentrations in shallow lakes (Sayer et al., 2010).
The significant release and accumulation of nutrients during the last
stage of leaf decomposition will stimulate algal growth, either phyto-
planktonic or epiphytic (Pedersen and Borum, 1996; Twilley et al.,
1985). Jansson et al. (1996) showed that the increased bacterial produc-
tion in colored lakes may supply phosphorus to potential autotrophic
organisms.
4.2.3. High SPOM and Low SPIM
Local hydrodynamics will have a strong effect on the concentration

of suspended particulates, both plankton and detritus related. The pres-
ence of aquatic macrophytes reduces wave energy, flow velocities and
sediment resuspension (Madsen et al., 2001; Squires et al., 2002). Re-
duced turbidity and increase light availability create a positive feedback
to promote further growth and reproduction of macrophytes. With re-
duced flow velocities, macrophyte beds are often areas of sediment ac-
cumulation, as deposition is favored over resuspension (Losee and
Wetzel, 1993). This is particularly important for the deposition rate of
SPIM, which is higher than that of SPOM. Measurements in Lake Taihu
indicted that the settling velocity of SPIM is 2.5–5.5 times higher than
that of SPOM for low wind speeds (b3.5 m/s) similar to those present
in the days prior to black water event (Xiang et al., 2008).
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4.3. Optical monitoring of black water blooms

Regular measurements using satellite based remote optical sensors
(MODIS) in Lake Taihu over the last decade indicate that the lowest
Rrs occurs in the spring, yet satellite identified that black water blooms
have not been reported (Duan et al., 2012, 2010) (Fig. 7). This suggests
that the radiometric, temporal or spatial thresholds of available sensors
may be insufficient to identify black water events, typically limited in
size (0.01 to 2 km2) and of short duration (in 2–3 days). One potential
approach to identify these areas is may be to focus on areas of particu-
larly high CDOM. Several algorithms have been proposed to investigate
the spatial and temporal dynamics of CDOM in inland and coastal
waters (Lee et al., 2002; Morel and Gentili, 2009; Shanmugam, 2011),
including one for Lake Taihu (Jiang et al., 2012). With additional obser-
vations of black water blooms, a better identification of potential causes
would be possible.

In situ optical (including visual) measurements in areas where mac-
rophyte stands are present would allow for observational data with a
higher temporal frequency. These measurements would be particularly
useful during periods of elevated algal blooms and lowwind. While the
spatial, temporal and spectral resolution of remote optical sensors are
insufficient to meet this challenge, the identification of macrophyte
stands as potential areas for the formation of black water blooms
opens up the possibility for their in-situ monitoring.
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