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Black blooms have been associated with ﬁsh-kills and the loss of benthic fauna as well as closure of
potable water supplies. Their frequency and duration has increased in recent decades in rivers, inland
lakes and reservoirs, and has often been associated with the decay and release of organic matter
(planktonic algae, aquatic macrophytes, sediment release, etc.). However, the interactions between microbial, chemical, hydrodynamic and optical conditions necessary for black blooms are poorly understood. The present study combines ﬁeld investigations and laboratory mesocosm studies to show that
black blooms are caused by a combination of high CDOM (chromophoric dissolved organic matter) absorption, the formation of CDOM-Fe complexes and low backscattering. Mesocosm experiments showed
that black bloom conditions occur after 4 days, with a signiﬁcant increase in the concentrations of Fe2þ
P
and S2. Total absorption (excluding absorption due to water) at 440 nm increased by 30% over this
time to 7.3 m1. In addition, the relative contribution of CDOM absorption to the non-water total absorption increased from 18% to 50%. Regression analyses between chemical and bio-optical data in both
ﬁeld and mesocosm experiments indicated that the concentrations of Fe2þ co-varied positively with
CDOM absorption ag(440) (R2 > 0.70), and the speciﬁc CDOM absorption (ag(440)/DOC). Conditions that
favored the development of black blooms were elevated algal or macrophyte biomass and limited water
column mixing.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
“Black blooms”, also known as “black water agglomerates”,
“black spots” or “dead zones”, are a reoccurring phenomenon in
eutrophic freshwater and marine ecosystems (Diaz and Rosenberg,
2008; Frazier and Page, 2000). Black blooms are highly hypoxic
(DO < 2 mg/L), geographically and temporally limited and often
malodorous (Feng et al., 2014; Shen et al., 2013; Yang et al., 2008).
Their origin has been linked to the decay of planktonic algae,
aquatic macrophytes or multiple sources of organic matter which
increase microbial respiration (Rabalais et al., 2002). They represent a serious management challenge in many rivers, inland lakes
and continental seas, including Rio Negro River (Brazil) (Dierssen
et al., 2006), Lake Garda (Italy) (Frazier and Page, 2000), Lake
Taihu (China) (Duan et al., 2014b), Florida Keys (USA) (Hu et al.,
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2004), Baltic Sea (Europe) (Berthon and Zibordi, 2010), and
northern Gulf of Mexico (Rabalais et al., 2002).
Black blooms follow a predictable pattern (Diaz and Rosenberg,
2008): (1) excessive organic matter production favors increased
microbial activity and increased oxygen demand; (2) hypoxia occurs with a buildup of nutrients and organic matter in the sediments and in the water column; (3) anoxia is established and H2S
and Fe2þ begin to accumulate; (4) a bloom of dark colored water
occurs. Blooms are considered black because of the reduced lightness (brightness) experienced by a particular section of a water
surface with respect to its surroundings. This somewhat subjective
deﬁnition is directly related to the concentrations and optical
properties of the dissolved and suspended matter and their impact
on the upward ﬂux of scattered radiance perceived by the observer
(IOCCG, 2000, 2008). These optically active components are usually
limited to phytoplankton, non-algal particulate matter, chromophoric dissolved organic matter (CDOM) and the water itself
(Morel, 1988). Reduced water leaving radiance (Lw) results from an
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increase of absorbing particulate or dissolved substances, or a
reduction of backscattering constituents within the effective upwelling depth of the water column (Ma et al., 2011). However, the
links between the dissolved and particulate fractions, and their
optical properties in black blooms is poorly understood.
Recent research has pointed to several possible causes for black
blooms: (1) increased absorption due to CDOM production
(Dierssen et al., 2006; Duan et al., 2014b); (2) increased absorption
associated to the presence of high amounts of ferric and ferrous
€ m, 2012; Weyhenmeyer et al., 2014), and
ions (Kritzberg and Ekstro
(3) reduced suspended particulate inorganic matter (SPIM) backscattering from a reduction of particulate matter (Duan et al.,
2014b). In this study, we aim: 1) to characterize the bio-optical
and chemical properties of natural black bloom events compared
to background lake water; 2) to demonstrate the variations of optical, biological and chemical conditions during the process of black
bloom formation in laboratory mesocosm studies; 3) to compare
ﬁeld investigations and laboratory mesocosms studies to identify
typical conditions that favor black bloom formations. To the best of
our knowledge, this is ﬁrst study to explore the links between
optical and chemical causes of black blooms in both natural and
controlled conditions.

2. Materials and methods
2.1. Field study of black blooms
Black blooms were found in two separate nearshore zones in the
Gonghu Bay of Lake Taihu in May 2012 (Fig. 1aeb). Water samples
were collected from two black water areas (Zones 1 and 2) and an
area of unaffected lake water (Zone 3) by two independent groups
on 16e17th May 2012. Bio-optical data included remote sensing
reﬂectance (Rrs), spectral absorption coefﬁcients of CDOM (ag(l)),
total particulate matter (ap(l)), phytoplankton pigments (aph(l)),
and non-phytoplankton particulate matter (ad(l)) and total backscattering coefﬁcient (bb) (Duan et al., 2014b). Geochemical data
included the concentrations of chlorophyll-a (Chla), suspended
particulate matter (SPM), SPIM, suspended particulate organic
P
matter (SPOM), dissolved organic carbon (DOC), Fe(II), S2, dissolved oxygen (DO), and pH (Shen et al., 2014a).
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2.3. Measurements
2.3.1. Optical characteristics
Rrs was measured in the ﬁeld with an ASD hand-held spectrometer, following the NASA Ocean Optics protocols (Mueller and Fargion,
2003). Spectral absorption coefﬁcients of total particulate matter
(ap(l)), phytoplankton pigments (aph(l)), and non-phytoplankton
particulate matter (ad(l)) 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 absorption (ag(l)) was determined following
ﬁltration (Millipore ﬁlter with 0.22-mm pore size) using a spectrophotometer and distilled water as the reference and spectral slope
curves were calculated (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).
2.3.2. Chemical characteristics
Chla concentrations were extracted using 90% ethanol and
measured with a UV2401 spectrophotometer (Duan et al., 2012;
Taranu and Gregory-Eaves, 2008). SPM concentrations were
determined gravimetrically from samples collected on precombusted and pre-weighed 47 mm GF/F ﬁlters, and dried at
95  C overnight. SPM was differentiated by gravimetric analysis
into SPIM and SPOM after heating the ﬁlters at 550  C for 3 h (Duan
et al., 2014a; Duan et al., 2012). Dissolved organic matter (DOC)
concentrations were determined after ﬁltration through precombusted 47 mm GF/F ﬁlters, with a Shimadzu TOC-5000A
analyzer (Jiang et al., 2012). DO and pH were determined using a
P
portable analyzer (Mettler Toledo Seven-Go). S2 (aqueous sul
2
phides: H2S, HS and S ) was determined by the methylene blue
method, and Fe(II) was determined using the Ferrozine spectrophotometry method (Shen et al., 2014a).
2.4. Statistical analysis
Correlations between chemical and bio-optical data in both ﬁeld
and mesocosm were conducted using SigmaPlot 12.5. Liner or power regressions were performed based on the data distribution and
their precision.
3. Results

2.2. Mesocosm simulations of black blooms
3.1. Field studies of black blooms
Sediment cores were positioned at the bottom of six tube
shaped 2.5 m mesocosms made with clear Plexiglas (Fig. 1c) (Feng
et al., 2014; Liu et al., 2010). Water samples were collected from
Lake Taihu and injected slowly over the sediment surface without
disturbance. The sediment core and overlaying water column
extended 20 cm and 160 cm in the mesocosm, respectively. To
simulate algal conditions of the lake waters, 47.5 g of drained algae
from the lake were added to each overlying water column to
achieve Chla concentrations of 40 mgL1. To simulate typical
mixing conditions due to background wind (3.2 m/s) of Lake Taihu
Side, the side and upper mixing motors were set to 6.4 and 7 Hz
respectively from 13:00 to 17:00 each day. The surrounding temperature was maintained at (29 ± 1)  C to simulate summer
temperatures, and daylight illumination was provided by neon
lighting. Water samples (48) were taken from each water column
at the same time each day during all 6 running days and stored at
4  C until analysis. Bio-optical and geochemical data were
measured together. Rrs and bb data were not obtained due to the
limited available space for measurements at the mesocosm
surface.

The analysis of the optical and geochemical properties of the
three ﬁeld sites showed clear differences in the black bloom zones
(1 and 2) with respect to background lake water (Table 1). The black
bloom zones were characterized by high CDOM absorption and low
SPIM backscattering with respect to the surrounding lake conditions. These conditions led to an elevated difference in reﬂectance
(Rrs) with the surrounding lake waters. The black blooms were
P
characterized by a markedly higher Fe2þ and S2 concentrations
as well as lower DO concentration and pH. Interestingly, the concentration of FeS increased in the black bloom zones while the
concentration of total inorganic particulates (SPIM) decreased.
3.2. Mesocosm simulations of black blooms
All mesocosms turned black after 4 days. Concentrations of Fe2þ
increased to a maximum concentration (0.59 mgL1) on the 4th day
P
after incubation, while S2 concentrations increased throughout
the experiment (Fig. 2a). DO showed an irregular trend but
remained low (<0.68 mgL1).
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Fig. 1. (aeb) Sampling sites in Gonghu Bay, Lake Taihu (China) near the potable water source for Wuxi city, partly adopted from Duan et al. (2014b); (c) Mesocosms used for the
black water simulation.

The concentrations of Chla increased from 40 to 69 mgL1 in ﬁrst
4 days, and then dropped back to 40 mgL1 (Fig. 2b). Inorganic
Table 1
Geochemical and bio-optical characteristics (average and standard deviation) of the
water samples from ﬁeld measurements in black water blooms (Zone 1 and 2) and
unaffected lake water (Zone 3) obtained in May 2012 in Lake Taihu, China. Note:
repeat samples of DO and pH were not made.

Fe2þ (mgL1)
P 2
S (mgL1)
DO (mgL1)
pH
Chla (mgL1)
SPIM (mgL1)
ag(443) (m1)
bbp(590) (m1)

Zone 1

Zone 2

Zone 3

0.37 ± 0.02
0.46 ± 0.08
0.83
7.82
13.39 ± 6.55
7.58 ± 3.63
0.97 ± 0.50
0.13 ± 0.01

0.18 ± 0.01
0.25 ± 0.04
0.45
7.74
58.38 ± 28.20
11.15 ± 6.36
0.90 ± 0.17
0.24 ± 0.03

0.04 ± 0.00
0.17 ± 0.04
8.30
8.10
3.88 ± 0.10
13.75 ± 10.54
0.42 ± 0.06
0.29 ± 0.18

particulate matter concentrations were high at the beginning of the
experiment (>14 mgL1), but dropped quickly from day 3 and then
remained stable (~9 mgL1). DOC concentrations were initially low
and increased to reach a maximum on day 4. There was a strong
negative correlation between the concentrations of SPIM and DOC
(r ¼ 0.87).
Phytoplankton pigment absorption spectra aph(l) had the expected bimodal distribution around 440 and 665 nm, with aph(440)
following a similar trend to Chla concentrations (Fig. 2c), while
aph(665) showed small daily variations. The absorption of nonphytoplankton particulates, ad(440), reached a minimum on day
4 (Fig. 2c). Absorption spectra for CDOM, ag(440) increased for the
ﬁrst 5 days, and was larger than aph(440) on day 5. Total absorption
(excluding absorption due to water) atw(440) increased from
5.6 m1 on day 1e7.3 m1 on day 6 (Fig. 2c). It's worth noting that,
after day 4, atw(440) was signiﬁcantly higher than the typical
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Fig. 2. Changes in geochemical and bio-optical characteristics during mesocosm simulations: (a) chemical data; (b) water color variables; (c) absorption coefﬁcients; (d) relative
contributions of the three optically signiﬁcant constituents to non-water total absorption coefﬁcient.

conditions of Lake Taihu (Duan et al., 2010; Ma et al., 2006).
CDOM contributed to an increasing amount to the non-water
total absorption, from 18% to 50% (Fig. 2d). The DOC-speciﬁc absorption (ag(440)/DOC) increased throughout the measurement
period (Fig. 3a), while the spectral slope decreased at 280 nm and
increased at 450 nm (Fig. 3b), indicating that the absorption characteristics of the available dissolved organic matter changed.
3.3. Links between chemical and bio-optical data
Regression analyses between chemical and bio-optical data in
both ﬁeld and mesocosm experiments indicated that the concenP
trations of Fe2þ and S2 had a positive relationship with CDOM
absorption ag(440) (Fig. 4aed). Using mesocosm data,
[ag(440)] ¼ 4.887[Fe2þ]0.983 (R2 ¼ 0.71, p < 0.01). A signiﬁcant
negative relationship between Fe2þ and SPIM was also observed;
[SPIM] ¼ 6.132[Fe2þ]0.735 (R2 ¼ 0.83, p < 0.01) (Fig. 4c). RelationP
ships between S2 and ag(440) and SPIM were similar (Fig. 4d), as
P
2þ
Fe were correlated with S2 (R2 ¼ 0.84, p < 0.01).
4. Discussion
Algal blooms can be optically identiﬁed as an increase in backscattering from particulate organic matter modiﬁed by absorption
due to photosynthetic pigments. In black blooms, a different optical
trend occurs; particulate backscattering decreases and general
absorption increases in the short visible wavelengths. Both optical
phenomena may be related, as the microbial degradation of particulate organic matter formed during phytoplankton blooms may

fuel the optical and chemical conditions necessary for the formation of black blooms.
CDOM, the optically-active fraction of the dissolved organic
matter is a combination of allochthonous (e.g., terrestrial) and
autochthonous (e.g., phytoplankton and aquatic macrophytes)
organic matter inputs (Inamdar et al., 2012). In Lake Taihu, the
overall increase in CDOM in black blooms (Table 1) was related to a
net increase in autochthonous organic matter (Duan et al., 2014b).
For the mesocosm experiments, sources of organic matter were the
exudates and degradation products of phytoplankton and the
organic matter present in the sediment (Rochelle-Newall and
Fisher, 2002). Studies have demonstrated that sediments can
contribute to the amount of dissolved organic matter present in the
overlying water. This benthic release depends on the concentration
of oxygen at the sediment-water interface as well as on the penetration of solar ultraviolet radiation. In anoxic conditions, an increase in the concentration of particulate and dissolved organic
matter as well as iron in the water column has been reported
(Skoog and Arias-Esquivel, 2008; Skoog et al., 1996). This increase is
reversed when oxic conditions are restored. In Lake Taihu, previous
studies have shown that black bloom conditions occur near anoxic
sediments (Shen et al., 2013) and favor the release of Fe2þ and PO3
4
as compared to the surrounding areas (Shen et al., 2014b). The covariation of CDOM and Fe3þ (as well as phosphate) concentrations
is also inﬂuenced by photodegradation (Francko and Heath, 1982).
4.1. CDOM-Fe complex
The microbial degradation of dissolved organic matter favors an
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Fig. 3. (a) Changes in the speciﬁc absorption of CDOM and the speciﬁc absorption of the inorganic particulate fraction over time with respect to the concentration of Fe2þ; and (b)
relationship between spectral slope 285e305 nm and the speciﬁc absorption of CDOM.

increase in activity of anaerobic organisms that use a cascade of
alternative terminal electron acceptors (Middelburg and Levin,
2009; Shen et al., 2014a) during the oxidation process (Thullner
et al., 2007). Sulfate reduction is an important microbiallymediated anaerobic oxidation pathway in marine environments,
but is also important in the deeper anoxic layers of lake sediment
(Jorgensen et al., 2001; Sass et al., 1997) during which high-valence
sulfur is reduced to a variety of sulfur-containing compounds
including hydrogen sulﬁde (H2S, HS and S2) (Chen et al., 2010).
This process was clearly evident in the mesocosms experiments as
shown by the increase in S2 concentrations throughout the black
water formation (Fig. 3a).
Natural lake sediments are rich in dissolved iron. Ferrous ions,
Fe2þ (Oxal-Fe(II)), can be present in signiﬁcant concentrations in
reduced environments. On the other hand, ferric ions, Fe3þ (OxalFe(III)), are mostly present in well oxidized environments (Couture
et al., 2010). The absorption of ferrous ions is elevated in the ultraviolet wavelengths, in particular below 300 nm (Potterill et al.,
1936), while that of ferric ions occurs at higher wavelengths close
to 400 nm. When conditions change from anoxic to oxic, dissolved
Fe2þ is oxidized to Fe3þ which may precipitate out of the water
column into the sediment but may also remain in solution when
bound to dissolved organic matter (Maloney et al., 2005). The formation of CDOMeFe complexes is important for the solubility of
Fe3þ in non-acidic waters (Xiao et al., 2013), but may also have a
€ m,
signiﬁcant impact on CDOM absorption (Kritzberg and Ekstro
2012; Weyhenmeyer et al., 2014).
To examine the inﬂuence of Fe2þ and Fe3þ on CDOM absorption,

we used the change in the speciﬁc CDOM absorption (ag(440)/DOC)
over time (Fig. 3a). In the absence of new sources or sinks, the
speciﬁc CDOM absorption should not change, yet there was a
constant increase in all mesocosms. Interestingly, this increase
closely followed the increase in Fe2þ ions. Past studies have shown
that an increase in CDOM-Fe complex results from an increase in
available Fe ions (Xiao et al., 2013). An increase and accumulation of
Fe2þ was measured in the mesocosms while high concentrations of
Fe2þ were measured in the lake areas undergoing black blooms. The
impact on speciﬁc CDOM absorption was further demonstrated by a
decrease in CDOM spectral slope in the 285e305 nm wavelength
range and an increase in spectral slope in the 365e385 nm (Fig. 3b).
4.2. SPIM
The inorganic particulate fraction in the water column contained Fe and Mn. In aerobic conditions, Fe and Mn remain as oxide
particles in the water due to their slow reduction reactions. When
conditions become anoxic, with low Eh values, Fe and Mn oxides
are used as terminal electron acceptors for the decomposition of
organic matter, and their reduction leads to an increase in Fe2þ and
Mn2þ (Regnier et al., 2011; Thullner et al., 2007; Yamanaka et al.,
2007).
Fe2þ and S2 combine to precipitate FeS, ﬁne grained and black
particles (Davison and Heaney, 1978) which may inﬂuence absorption of the particulate fraction of the water column. It should be
noted that the speed of reductive decomposition FeS is often
greater than its generation. We examined the speciﬁc absorption of
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Fig. 4. Relationships between geochemical and bio-optical data in Lake Taihu (a, b) and during 6 days laboratory simulations (c, d).

the inorganic particulate fraction as ad(440)/SPIM. Both SPIM and
ad(440) decreased over time, but ad(440)/SPIM did not change,
indicating that the production of FeS did not strongly inﬂuence the
optical properties of the particulate fraction (Fig 3a).

4.3. An optical, biological and chemical synergy
Decaying plant matter, whether from phytoplankton or
macrophyte sources, promotes the production of dissolved organic
matter. If the production of optically active DOC is greater than its
loss by photodegradation or microbial degradation (Galgani et al.,

2011), an increase in labile organic matter and related microbial
activity occurs. The resulting conditions of hypoxia and anoxia
favor the presence of the reduced Fe2þ which binds with CDOM to
€ hler
increase absorption of visible light (Brezonik et al., 2015; Ko
et al., 2013; Kutser et al., 2015). The production of CDOM-Fe complexes depends on the availability of iron, which is inﬂuenced by
local catchment and sediment conditions, as well as the oxic/anoxic
boundary in sediments and local mixing of the water column. Local
hydrodynamics can also modify SPIM concentrations and backscattering, as particle settling and buoyant velocities are sensitive
to mixing energy (Duan et al., 2014b; Tzortziou et al., 2007).

Fig. 5. Changes in total spectral absorption and speciﬁc spectral absorption of CDOM (ag), SPIM (ad) and phytoplankton related absorption (aph) in mesocosm experiments over four
days: (a) Day 0 and (b) Day 4. The average absorption values from 8 mesocosms.
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In Lake Taihu, low wind speeds were typical before the formation of black blooms, favoring the sedimentation of SPIM particles
and the production of CDOM-Fe complexes. In the simulated mixing conditions in the mesocosms, particulate related absorption
ad(440) decreased and the production of CDOM-Fe complexes
increased (Fig. 2). As it was not possible to make in-situ measurements of backscattering during the mesocosm experiments, we can
only assume that a reduction in backscattering, through reduced
SPIM, combined with increased absorption to create the optically
perceived “black” conditions on day 4 (Fig. 5).
5. Conclusions
Black blooms are important indicators of extreme conditions in
many rivers, inland lakes and continental seas. The present study
shows that their occurrence is related to increasing CDOM and
CDOM-Fe complexes and decreasing SPIM, all inﬂuenced local
conditions of low mixing and elevated organic matter. Climate
related changes in precipitation (CDOM and nutrient inﬂux) and
wind speed (mixing) are expected to modify the frequency and
duration of black blooms. However, due to their limited spatial
dimension and temporal duration, monitoring these events remains challenging. Further efforts are needed to identify the
combination of mixing conditions, sediment content and organic
matter loading that favor the formation of black blooms to improve
our ability to identify and mitigate their occurrence in natural
waters.
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