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Abstract
Blackwater events are frequently reported over the world and become a serious environmental problem. However, the mecha-
nisms of blackwater occurrence are not fully understood yet. This study simulated the process of blackwater with the combined
pollution in an orthogonal experiment, which had 4 factors (TOC, TP, NH4

+-N, and NO3
−-N) and 4 levels (None, Low, Middle,

and High). Results showed that the process of water condition changes was divided into two parts, which were “exogenous” and
“algae-derived” blackwater, and the influence of four different pollutants on the occurrence of the blackwater was ranked as
follows: TOC > TP > NO3

−-N > NH4
+-N. With the increase of organic matter addition, the anaerobic condition in water was

prolonged and the concentration of Fe2+ had a significant increase. In addition, under the None phosphorus condition, the descent
rates of DO and COD in the water were reduced, and the algae bloom was obviously deferred. Moreover, the addition of organic
matter or phosphorus changed the microbial community structure and led to different water processes. Particularly, only on the
condition of the high content of TOC and phosphorus, the diversity of sulfate-reducing bacteria (e.g., Pseudomonas,
Paludibacter, and Bacteroides) increased significantly, which accounted for 51.4%, causing the significant production of S2−

in the water. Water’s lack of phosphorus showed a low rate of decomposition of organic matter, which might be the result of a
considerable increase in the abundance of aerobic Trichococcus and Malikia. This study shows that organic matter and phos-
phorus have synergistic effect on blackwater occurrence. In the treatment of blackwater, the exogenous pollutant control should
reduce the discharge of organic pollutants, and endogenous control should focus on phosphorus abatement and reduce nitrogen
control.

Keywords Blackwater . Combined pollution . Orthogonal experiment . Phosphorus . Organic matter .Microbial community

Introduction

Blackwater is a serious phenomenon of water pollution, main-
ly caused by severe organic pollution or nitrogen and phos-
phorus nutrition pollution in water, resulting in the frequent
microbial activity, the rapid consumption of dissolved oxy-
gen, and the generation of malodorous gas and black matter
in the water. When blackwater occurs, the water ecology will

be seriously damaged, and human water sources will be pol-
luted, leading to the death of fish and causing serious econom-
ic losses (Freuze et al. 2004; Zhang et al. 2016). In the last few
decades, lakes, urban rivers, and some coastal areas in many
countries around the world such as Lower Mystic Lake in the
USA (Duval and Ludlam 2001), Taihu Lake in China (Zhang
et al. 2010), the Ganges River in India (Hamzeh et al. 2014),
and Florida’s coastal waters (Hu et al. 2003) have suffered
from the blackwater. Therefore, the process, the causes, and
key pollution factors of the blackwater under the combined
pollutants have become the key problems to solve the
blackwater.

At present, exogenous pollutants (e.g., untreated industrial
wastewater and non-point source pollution) and endogenous
pollutants (e.g., sediment release pollutants, algae decompo-
sition) are mainly considered the sources of pollutants that
cause blackwater (Rixen et al. 2008; Peter et al. 2009; Sharp
2010; Feng et al. 2014; Hua and Marsuki 2014; Mccoy et al.
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2015). Organic pollutants and excessive nutrients (e.g., N and
P) in the water body are considered to be important factors that
cause the blackwater (Rixen et al. 2008; Feng et al. 2014). Yu
et al. (2016) found that the occurrence of blackwater accom-
panied by low DO for 25 days and high concentration of
nutrients (nearly 40 mg/L for TN, 9 mg/L for TP, and 35
mg/L for NH4

+-N). Besides, the studies found that the algae
bloom caused by the high content of N and P nutrients is also
the main reason for the water body to turn black and odorous
(He et al. 2009; Duan et al. 2016; Chen et al. 2019).Moreover,
high concentrations of NO3

−-N and TN are usually regarded
as dangerous signs to produces odorous gas in water (Chen
et al. 2010).

In addition, a wide range of microorganisms decompose
the organic matter in the water, obtain electrons, and consume
the dissolved oxygen of water, resulting in an anaerobic state
in the water for a long time. The anaerobic state would obvi-
ously improve the growth of anaerobic microorganisms (e.g.,
sulfate-reducing bacteria and iron-reducing bacteria), which
are considered to be “the backstage manipulator” for black-
water events. Sulfate-reducing bacteria (SRB) such as
Novosphingobium, Acinetobacter were explicitly dominant
genera in a black-odor urban river (Cai et al. 2019), and there
is a significant positive correlation that exists between SRB
population density and the degree of blackness (Feng et al.
2014). Xu et al (2014) found that the abundance of
Actinobacteria in sediment would release odorous substances
such as geosmin and 2-methylisoborneol. FeRB can reduce
Fe(III) to Fe(II) for producing energy in an anaerobic state
(Lovley et al. 1996; Gounou et al. 2010). The microbial com-
munity structures are the vital part to show the water condi-
tion, and the different pollution situations have different im-
pacts on the microbial community of the water body. While
many studies focused on the microbial community distribu-
tion in the actual blackwater and analyzed the microorganisms
in a specific river (Cai et al. 2019;Wu et al. 2019), few studies
paid attention to the change of the microbial community dur-
ing the process from pure water to blackwater and the com-
parative analysis between different pollution conditions.
Therefore, it is necessary to study the connection between
microorganisms with blackwater process under different pol-
lution conditions.

Moreover, although many studies had focused on the ef-
fects of some typical factors such as organic matter content,
Fe, S concentration, and algae content on the occurrence of the
blackwater (Chen et al. 2010; Lu et al. 2013; Shen et al. 2014;
Wang et al. 2014; Duan et al. 2016; Yu et al. 2016), there are
relatively few studies on the blackwater caused by the com-
bined pollution from the perspective of the organic matter (C),
nitrogen (N), and phosphorus (P) pollutants. Under different
forms and contents of these pollutants, the process of
blackwater and the impact of each pollutant on blackwater
may be different. Sharp (2010) found that the organic

substance alone will cause the water hypoxia but will not
cause blackwater. Moreover, a large number of freshwater
and marine ecosystems suffered from an algae bloom, which
is considered a precondition for the occurrence of algae-
derived black bloom, for a long time with high concentrations
of N and P in the water body, and have not evolved into
blackwater (Smith et al. 2006; Smith and Schindler 2009).
Therefore, there are also some questions that need to be re-
solved, for example: (1) Which kind of pollutant plays the key
role in the blackwater? (2) How elements of N and P, which
are the most important factors for the algae bloom, contribute
to the blackwater? (3) What is the difference between NO3

−-N
and NH4

+-N on blackwater? (4) What is the connection be-
tween microorganisms with blackwater process under differ-
ent pollution conditions?

To reveal the formation mechanism of the blackwater un-
der combined pollutions and solve these above questions, this
study set up an L16 (4

4) orthogonal experiment with 4 factors
(TOC, TP, NH4

+-N, and NO3
−-N) and 4 levels (None, Low,

Middle, and High) on natural condition. Moreover, the whole
experiment last for 24 days and was divided into two parts,
“exogenous” and “algae-derived” blackwater. The general
water index was analyzed in the period of the whole experi-
ment, and the change of microbial community structures at the
initial and ultimate time of “exogenous blackwater” was char-
acterized. The result is helpful to have a new insight into the
main factors of blackwater and provides information for con-
trol and inhibition of blackwater occurrence.

Materials and methods

Reagents and materials

Glucose anhydrous (C8H16O8), potassium dihydrogen phos-
phate (KH2PO4), ammonium chloride (NH4Cl), and potassi-
um nitrate (KNO3) were of analytical grade and purchased
from Chengdu Kelong Chemical Reagent Company
(Sichuan, China). Deionized water was applied throughout
the experiment.

The sediment was collected from the Pi river (N 104° 4′
33″, E 30° 46′ 12″, Sichuan Province of China, detail in
Fig.S1) in March 2019. Pi river flows through the downtown
of Chengdu and is one of the typical black and odor rivers in
Chengdu. Store the collected sediment in the laboratory under
dark conditions, and homogenize it before the experiment.
The chemical properties of the initial sediment used in this
study are presented in Table S1.

Design of the experiment

This study used orthogonal experiments L16 (4
4) to study the

influence of various nutrients in the water on the blackwater
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process and the interaction between the various influencing
factors. The experiment was designed with 4 factors and 4
levels (Table S2). The values of each level were set by refer-
ring to actual measured values of typical blackwater bodies in
China (Table S3 for details). A total of 16 experimental groups
were obtained (Table S4 for details). To facilitate the analysis
of the water quality change during the black and odor process,
the experimental groups 1~16 were divided into None-
Organic Carbon (NC), Low-Organic Carbon (LC), Middle-
Organic Carbon (MC), High-Organic Carbon (HC), None-
Phosphorus (NP), Low-Phosphorus (LP), Middle-
Phosphorus(MP), and High-Phosphorus (HP) according to
the concentration of the initially added TOC and TP.

The size of each experimental device was 40 × 30 × 30 cm.
A small amount of sediment (50 g) was added to the experi-
ment device to provide microbial communities. Meanwhile,
20 L of purified water for each device were enriched with
glucose, dihydrogen phosphate, ammonium chloride, and po-
tassium nitrate, establishing different concentrations for TOC,
TP, NH4

+-N, and NO3
−-N. To simulate the real process of

blackwater occurrence, all the experiment devices were placed
outdoors, without any human interventions and were exposed
to the real natural environment, including air, sunlight, rain,
and evaporation. In this experiment, 50 mL of the water sam-
ple is taken for 17 times, a total of about 1 L of the water
sample is artificially consumed with the little sampling loss
during sampling.

The experiment began in April 2019, and was conducted
for 24 consecutive days. Water samples were gathered every
day in the first 13 days, and were measured every 2 days from
13th day to 24th day. Measurement indicators of water sam-
ples included dissolved oxygen (DO), oxidation-reduction po-
tential (ORP), pH, COD, TP, Fe (II), S2-, transparency, and
chlorophyll-a (Chl-a). At the initial and 10th day of the exper-
iment, 16s DNA high-throughput sequencing was performed
on the microbes in the typical experimental groups.

Analysis of samples

The water samples were filtered through 0.45-μm Millipore
filters before chemical analysis. The chemical analysis
methods of the experimental water sample all used the
Chinese national standard methods. The detail of the measure
methods and the apparatus used in the experiment shows in
the Supplementary material (Table S5).

Twenty-five millimeter syringe filters (6794-2502,
Whatman, UK) and 0.22-micron microporous membranes
(Shanghai Bandao Industrial Co., Ltd., China) were used to
filter 200 mL of the experimental water sample for high-
throughput sequencing. Store the filter in a 15-mL sterile cen-
trifuge tube (430790, Corning, USA) for microbial measure-
ment. High-throughput sequencing was conducted with the
Illumina MiSeq system. The DNA extraction and PCR

procedures were followed by previous method and the detail
showed in Supplementary material (Cai et al. 2019).

Statistical analysis

Index method of water quality comprehensive pollution

To evaluate the degree of blackwater of each sample in the
experiment, Comprehensive Water Quality Pollution Index
(WQI) (Zhao et al. 2012; Matta et al. 2020) was used to eval-
uate the water quality of 16 groups of experiments, and the
evaluation results were orthogonally analyzed to obtain the
main factors of blackwater. The evaluation results were rep-
resented by the water quality in the whole experiment of each
group. The dimensionless method of different indicators and
the WQI value calculation of all samples are shown in the
Supplementary material.

Orthogonal experimental analysis method

Using these above evaluation results as the test indicators for
this orthogonal experiment, we performed orthogonal analysis
on 16 sets of experimental data, including the visual analysis
(range analysis) and the analysis of variance (ANOVA). As a
result, the primary and secondary relationship of the impact of
various factors on water quality were obtained.

Results

The result of orthogonal analysis

The index P of each experimental group was calculated by the
water quality comprehensive pollution index method (see
Supplementary material for detail). The calculation results of
each group are shown in Table S3.

The visual analysis of the orthogonal experiment results
(Table 1) showed that value of the range (Rj) followed the
order of TOC > TP > NO3

−-N > NH4
+-N, and the higher the

concentration of TOC, TP, and NH4
+-N, the worse the water

quality conditions during the experiment. However, it was

Table 1 The visual analysis of the orthogonal experiment

Factors TOC TP NH4
+-N NO3

−-N

Mean1 (Kj1) 0.5 7.7 17.7 20.6

Mean2 (Kj2) 15.2 17.9 14.7 18.2

Mean3 (Kj3) 20.9 18.6 13.8 14.4

Mean4 (Kj4) 27.9 20.3 18.3 11.3

Range (Rj) 27.4 12.6 4.5 9.3
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showed that the higher the addition concentration of NO3
−-N,

the better the water quality conditions.
As shown in Table 2, the variance analysis of the orthogo-

nal experiment showed that the P-value of factor TOC was
less than 0.01, the P-value of TP was in the range of
0.01~0.05, and that of NO3

−-N was in the range from 0.05
to 0.1. Moreover, there was no significant between NH4

+-N
and the water quality, where P-value of NH4

+-N was greater
than 0.1.

Analysis of water quality change process

According to the phenomenon in the experiment process and
the change process of the water quality index, the whole ex-
periment process was divided into two parts: Part 1 (P1), the
exogenous blackwater which is caused by exogenous pollu-
tion, and Part 2 (P2), the algae-derived blackwater which is
caused by algae residue pollution.

Variations in the dissolved oxygen and chlorophyll-a

The low concentration of dissolved oxygen in the water
body and the outbreak of algae had always been the im-
portant characteristics of the blackwater. In the P1 of the
experiment (from the 1st to 10th day), it was found from
Fig. 1a that when the water body lacked P nutrients (NP),
the higher the concentration of added organic carbon
(OC), the lower the dissolved oxygen level of the water
body. Due to the decomposition and utilization of organic
matter by microorganisms, the dissolved oxygen concen-
tration of the water body was decreased. Moreover, the
dissolved oxygen of MC + HP and HC + HP in the water
had been in an anoxic and anaerobic state (DO <2 mg/L)
from the 6th to the 12th day.

From Fig. 1b–d, it was found that the DO concentration of
all samples (excluding the NC group) decreased rapidly after
the initial day of the experiment, reaching an anaerobic state
on 2nd day (DO less than 0.5 mg/L), and the higher the OC
concentration was, the longer period the water stayed in the
anaerobic state (HC > MC > LC). However, regardless of the
P concentration in the water, the dissolved oxygen in the NC

groups had been maintained at a high level. In addition, com-
pared with NP groups and others, under the same OC concen-
tration, NP groups had a higher DO concentration, and the
decrease rate of DO was slow.

With the rapid DO enrichment of the water body (Fig.
1) and the rapid increase of the chlorophyll-a concentra-
tion of the water body (Fig. 2), the experiment entered the
second stage, P2 (from the 10th to 24th day). The con-
centration of DO and chlorophyll-a in the water began to
increase rapidly on the 10th day, especially DO concen-
tration of the LP, MP, and HP groups all exceeded 18 mg/
L on the 11th day. By the 15th day, the chlorophyll-a
concentration of LP, MP, and HP groups reached its peak
(Fig. 2b–d), and the peak chlorophyll-a concentrations in
LC + LP, MC + MP, HC + LP, HC + MP, and HC + HP
were 80.02, 108.2, 100.7, 61.11, and 85.1 μg/L, respec-
tively. After the 15th day, due to the death of algae,
chlorophyll-a and DO concentrations showed a decreasing
trend.

However, the chlorophyll-a concentration in Fig. 2a exhib-
ited a consistently increasing trend in the whole experiment,
compared with Fig. 2b–d, in which the highest concentration
was only 20.22 μg/L at the end of the experiment.

Variations in Fe2+ and S2- concentration

Fe2+ and S2− are the most important factors for the black
matter and odorous gas. When the water is under anaerobic
conditions, the reduced Fe2+ and S2− can produce black FeS
and volatile sulfides with malodorous odor, such as hydrogen
sulfide gas (Duval and Ludlam 2001; Lu et al. 2013; Shen
et al. 2014; Wang et al. 2014).

As shown in Fig. 3, the Fe2+ concentration for all sam-
ples exhibited an increasing trend at the beginning of the
experiment. The peak value of Fe2+ concentration in HC+
NP reached 0.65 mg/L on the 9th day, and the values in
HC+LP, HC+MP, and HC+HP were 0.65 mg/L on 3rd
day, 0.95 mg/L on 4th day, and 0.67 mg/L on 3rd day,
respectively. What’s more, there was a strong correlation
between the added OC concentration and the peak of Fe2+

concentration (R2 = 0.806), while the correlation coeffi-
cient between added TP concentration and the peak of
Fe2+ concentration was only 0.101 (shown in Table S6).
From the 11th to the 13th days, the Fe2+ concentration in
LP, MP, and HP groups had a small peak again, which
might due to the release of Fe2+ from algae residues.

It could be found from Fig. 4 that under HC conditions,
only the S2− concentration of the MP and HP water groups
increased significantly, and the sulfide concentration was low
under low P conditions. Moreover, the S2− concentration
remained at low value from the initial to the 5th day and began
to increase significantly after the 6th day. On the 10th day, the
S2− concentration of HP reached the peak value, 1.19 mg/L.

Table 2 The analysis of variance of the orthogonal experiment

Sources of variation SS Df MS F P

TOC 1627.0 3 542.3 59.5 < 0.01

TP 393.3 3 131.1 14.4 0.01 ~ 0.05

NH4
+-N 58.4 3 19.5 2.1 Non-significant

NO3
−-N 201.3 3 67.1 7.4 0.05~0.1

variation 27.4 3 9.1

Total variation 2307.5 15
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After the 10th day, the S2− concentration began to decrease,
and the sulfide was completely oxidized on the 15th day.
Besides, the remaining sulfide concentration of each other
group was at a low value (Table S7) during the entire exper-
imental period. Only when the water body was polluted by
organic matter and P at the same time, the S2− content would
increase significantly (shown in Fig. S2).

Variations in TP and COD concentration

It was found that the TP concentration in Fig. S3A had been at
a low value (TP <0.25 mg/L), and there was a small fluctua-
tion during the whole experiment. This was due to the release
of a small amount of bottom mud added in the water. In Fig.
S3 (B–D), the TP concentration in the water body changed

Fig. 1 Variations in dissolved
oxygen on different organic
carbon and phosphorus
conditions: (a) NP condition; (b)
LP condition; (c) MP condition;
(d) HP condition (P1 refers to the
process of the exogenous
blackwater and P2 refers to the
process of the algae-derived
blackwater)

Fig. 2 Variations in chlorophyll-a
concentration on different organic
carbon and phosphorus condi-
tions: (a) NP condition; (b) LP
condition; (c) MP condition; (d)
HP condition
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similarly during the experiment, showing a gradually decreas-
ing trend overall. From the initial time to the 4th day, the TP
concentration decreased rapidly. From the 4th day to the 7th
day, the LP group fluctuated greatly, while the TP concentra-
tion of the MP and HP groups remained stable. From the 7th
day to the 15th day, the concentration of TP decreased rapidly.
After the 15th day, TP was at a stable stage, and some exper-
imental groups had a slow downward trend.

As showed in Fig S4, the COD concentration for all sam-
ples decreased rapidly from the initial day of the experiment.
The COD concentration of the MC-NP and HC-NP groups
reached the lowest value on the 19th day, while the HC group
and the MC group in Fig. S4 (B–D) reached the lowest value

on the 12th day and 10th day, in which the decreasing rate was
significantly increased. The results showed that the decreasing
rate of COD concentration (K) on HC+NP was 19.79 mg·L−1·
d−1, while the K on HC+LP, HC+MP, and HC+HP were
36.08, 40.73, and 38.67 mg·L−1·d−1, respectively.

When the water entered the algal-derived black odor (P2),
the COD concentration of MC and HC groups in Fig. S4 (B–
D) increased slightly and leveled off after the 19th day. This
might be due to the continuous death and regeneration of algae
after an algae outbreak, which could lead to a slight increase in
the amount of organic matter in the water.

Analysis of microbial changes in water

To further explore the mechanism of adding different pollut-
ants to the blackwater, the initial water sample (Control) and
the NC + NP, NC + HP, HC + NP, and HC + HP four groups
of water samples in 10th days were analyzed by high-
throughput sequencing to determine water body microbial flo-
ra abundance, diversity and flora structure.

Analysis of microbial diversity

Table 3 showed the microbial sequence number, species abun-
dance, and diversity in the control group and the 10th day. The
number of effective sequences ranged from 44750 to 74044,
the number of OUT was between 357 and 912, and the cov-
erage of the sample reached 100%, indicating that the results
of this microorganism sequencing could truly express the di-
versity of microorganisms in the sediment.

Fig. 3 Variations in Fe2+

concentration on different organic
carbon and phosphorus
conditions: (a) NP condition; (b)
LP condition; (c) MP condition;
(d) HP condition

Fig. 4 Variations in S2- concentration of different phosphorus
conditioning, under HC condition
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Chao index and ACE index are commonly used in ecology
to estimate the number of species. From the above table, it
could be found that the Chao and ACE indexes between the
experimental groups were 380.1~986.1 and 395.3~1034.5,
respectively, indicating that the microbial community abun-
dances among the groups are quite different. Among them,
Chao and ACE in NC + NP group and control group were
between 939.1 and 1034.5 and Chao and ACE index of NC +
HP and HC + NP were between 677.5 and 742.8, while Chao
and ACE in HC + HP group were at the lowest value, 380.1
and 395.3, respectively. It showed that after 10 days of the
experiment, the abundance of microbial communities lacking
organic matter and phosphorus-containing compounds
changed little compared with that at the beginning of the ex-
periment, and the increase of organic matter or phosphorus-
containing compounds in the water body would reduce the
abundance of the microbial community. However, the sample
with higher values of phosphorus-containing compounds had
lower microbial community abundance.

Shannon index and Simpson index are commonly used to
reflect the diversity of microbial species. The larger the
Shannon index, the higher the community diversity, while
the larger the Simpson index, the lower the community diver-
sity. It was found from the table above that, compared with
control, the Shannon index of each experimental group de-
creased, while the Simpson index increased and the diversity
of the microbial community decreased. Among them, the
Shannon and Simpson indexes of the NC +NP group changed
little, and the diversity of the microbial community lacking
organic matter and phosphorus-containing compounds
changed little, while the addition of organic matter or
phosphorus-containing compounds reduced the diversity of
the microbial community.

Analysis of microorganism community structure in genera
level

Figure 5 showed the relative abundance of microorganisms in
water samples of control, NC + NP, NC + HP, HC + NP, and
HC + HP on the 10th day. The main bacteria in the control
were Curvibacter (7.8%), Novosphingobium (6.1%),
Pseudarc i ce l l a (5 .6%) , Bac te r iovorax (5 .3%) ,
Flavobac t e r ium (4 .2%) , Pseudomonas (4 .2%) ,

Herbaspirillum (3.4%), Methylophilus (3.4%), and
Brevundimonas (2.3%).

Compared with the control group, the abundance of
Brevundimonas or Pseudomonas in each group of the ex-
per imenta l group increased . The abundance of
Brevundimonas in NC + NP group increased from 2.3 to
7.9%, the abundance of Pseudomonas increased from 4.2
to 6.1%, the abundance of Pseudomonas in NC + HP
group increased from 4.2 to 6.1%, the abundance of
Brevundimonas in HC + HP group increased from 2.3 to
3.6%, and the abundance of Pseudomonas in the HC +
HP group increased from 4.2 to 11.5%. Pseudomonas
belongs to the genus Heterotrophic Denitrifying Bacteria
under Proteobacteria . The study had shown that
Pseudomonas and Brevundimonas can stimulate the
growth of algae by reducing the photosynthetic oxygen
tension (Park et al. 2008).

The comparison between the control group and the NC
+ NP group found that the main genus species of the NC
+ NP was similar to the control after 10 days of the ex-
periment, indicating that with the absence of OC and P in
water, the microbial environment remained unchanged.

From the comparison between the control group and
the NC + HP group, it was found that after adding high
concentrations of phosphorus-containing compounds to
t h e w a t e r , F l a v o b a c t e r i u m , C u r v i b a c t e r ,
Novosphingobium, Sediminibacterium, and other fungi
disappeared, while Malikia (22.5%), Anaerocella (9.9%),
Paludibacter (7.2%), etc. became the dominant genus of
NC + HP. Malikia is strictly aerobic chemoorganotrophic,
always occurring in activated sludge and river water
(Leifson 1962; Spring et al. 2005). Under carbon-limited
conditions, Malikia can degrade polyhydroxyalkanoates
granules, and accumulate polyphosphate granules. This
capacity for storage makes Malikia a potentially important
player in the enhanced biological phosphorus removal
(EBPR) process used in some wastewater treatment plants
(Spring et al. 2005).

From the comparison between the control group and
the HC + NP group, it was found that after adding high
concentrations of organic matter to the water body,
Pseudomonas, Novosphingobium, Sediminibacterium,
and other bacteria disappeared. Flavobacterium increased

Table 3 Microbial diversity index analysis

Groups Seq num OUT num Chao index ACE index Shannon Simpson coverage

Control 44750 912 986.1 1034.5 4.5 0.02 100%

NC+NP 64279 908 939.1 948.3 4.4 0.04 100%

NC+HP 60599 508 677.5 701.9 3.5 0.08 100%

NC+NP 74044 698 731.5 742.8 3.0 0.19 100%

HC+HP 59708 357 380.1 395.3 3.3 0.06 100%
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from 4.2 to 12.8%, and new major genera such as
Trichococcus (39.7%) and Malikia (8.4%) were newly
produced. Trichococcus is the microorganism using dis-
solved organic to form activated sludge, which includes
the filamentous type (Scheff et al. 1984), and cause poor
settling properties of the activated sludge, so-called
“bulking sludge” (Eikelboom 1975). Moreover, in a
nutrient-rich condition with Malikia, filamentous cells of
up to 50 mm length may occur (Spring et al. 2005).

From the comparison between the control group and
the HC + HP group, it was found that after adding high
concentrations of phosphorus compounds and organics,
the Pseudomonas genus increased from 4.2 to 11.5%,
and new major genera such as Paludibacter (35.9%),
Clostridium sensu stricto (11.6%), Psychrosinus (6.7%),
and Bacteroides (4.1%) were newly produced. Among
them, Clos t r i d i um sen su s t r i c t o ( 11 .6%) and
Psychrosinus were the genus of anaerobic bacteria. In
the action of high organic matter and phosphorus-
containing compounds, the water body was in an anaero-
bic state for a long time, and the abundance of anaerobic
bacteria in the water body increased. Pseudomonas,
Paludibacter, and Bacteroides were common sulfate-
reducing bacteria (Cai et al. 2019), which together
accounted for 51.4% of the abundance of HC + HP bac-
teria. They were able to reduce SO4

2− in water to S2−, and
might be an important cause of blackwater in the HC +
NP group.

Discussion

The water body changed from the exogenous
blackwater to algae-derived blackwater

From the variations of dissolved oxygen and chlorophyll-a
concentration (Fig. 1 and Fig. 2), it was found that the change
in water quality during the experiment was divided into two
parts, namely, “the exogenous blackwater” (P1) and “the
algae-derived blackwater” (P2).

A schematic diagram, highlighting the blackwater process-
es occurring after a serious exogenous pollution, including the
exogenous blackwater and the algae-derived blackwater, is
shown in Fig. 6. In the process of exogenous blackwater
(Fig. 6a–b), the added organic matter would be quickly con-
sumed (Fig. S4), and dissolved oxygen would rapidly fall into
an anaerobic state (Fig. 1). Under long-term anoxic and an-
aerobic conditions, the number of anaerobic organisms began
to rise rapidly (Fig. 5). Some microorganisms (such as
Pseudomonas, Paludibacter, and Bacteroides) used SO4

2−,
Fe3+, and other high-valence elements in the water body as
electron acceptors, reducing them to low-valence S2− and Fe2+

to generate odorous gases such as H2S and black substances
such as FeS.

This blackwater caused by metal sulfides and volatile sul-
fides (e.g., FeS, MnS, and H2S) was common in rivers and
urban rivers (Duval and Ludlam 2001; Hua and Marsuki
2014). The wastewater generated by human activities (such

Fig. 5 The relative abundance of bacterial communities in the genus level
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as industry, agriculture, and living) was directly discharged
into rivers or urban rivers, resulting in local enrichment of
large amounts of organic pollutants in the rivers. Within a
few days, the water quickly became black and odor.

The distinguishing factors between “exogenous” and “al-
gae-derived” blackwater are the consumption of organic mat-
ter in the water body and the change of Chl-a content. On the
10th day of the experiment, the COD content of the experi-
mental group with P added dropped to the lowest point and the
Chl-a content began to rise, and the exogenous blackwater
process ended and entered the algae-derived blackwater.

When the water entered the algae-derived black odor (Fig.
6b–c), the organic matter in the water was exhausted, and the
dissolved oxygen concentration in the water began to rise
(Fig. 1 and Fig. S4). Accordingly, algae contained in the sed-
iment began to use the remaining N and P substances in the
water body. The amounts of algae increased exponentially,
and the concentration of chlorophyll-a in the water body in-
creased rapidly (Fig. 2), resulting in a serious algal bloom. At
this time, with the death of algae, abundant organic matter and
nutrients were released from the algae residues. In this way,
the water might return to anoxic or anaerobic conditions, caus-
ing a vicious blackwater cycle.

This algae-derived blackwater, caused by an algal bloom,
often occurred in lakes and some urban rivers (Pucciarelli
et al. 2008; Zhang et al. 2010). Due to the slow water flow
rate and poor water exchange capacity of lakes, nutrients such
as nitrogen and phosphorus in the water were concentrated in
the sediment. When the temperature rises, the nitrogen and
phosphorus nutrients in the sediment were released, and the
algae in the lake began to multiply. A large number of algae
released high concentrations of organic matter and nutrients

when they die, resulting in the blackwater in the water (He
et al. 2009; Wang et al. 2014; Yu et al. 2016).

Organic matter is the main cause of the blackwater in
the water

Organic matter factors were considered the main cause of
blackwater. Excessive concentration of organic matter would
cause the concentration of dissolved oxygen in the water to
stay at a low level (Rixen et al. 2010; Feng et al. 2014; Cai
et al. 2019). According to the results of the orthogonal analy-
sis, it indicated that TOCwas the most important factor affect-
ing the water quality during the blackwater, followed by TP,
and finally NO3

−-N and NH4
+-N.Moreover, the concentration

of organic matter in the water body also has an important
influence on the Fe2+ and S2− concentration. As shown in
Fig 3, the higher concentration of added organic matter, the
higher the Fe2+ concentration produced by the reduction in the
water. In the blackwater, organic matter acted as an electron
donor during decomposition, while high-valence metals and
sulfur acted as electron acceptors (Ghattas et al. 2017), and
metal ions and sulfur-containing compounds in water were
reduced, resulting in black suspended substances (metal
sulfides).

Besides, it was found through experiments that the sulfide
concentration of the HC+MP and HC+HP increased signifi-
cantly only. According to the energy theory, in the anaerobic
state, microorganisms would preferentially use ferric salts
with higher redox potential, and then used sulfates with lower
potential (Ghattas et al. 2017). As shown in Fig. S5(A), Fe
was reduced in the water body from the initial to the 4th day,
while the sulfide concentration of the water body began to

Fig. 6 Exogenous blackwater and
algae-derived blackwater oc-
curred in the HC + HP: (a) the
beginning of the experiment; (b)
the 10th day of the experiment;
(c) the 15th day of the experiment
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increase after the 6th day. In the black zone (BZ) period, the
water of HC + HP kept an anaerobic condition and generated
FeS black substance. However, in the BZ period of MC +MP
(Fig.S5 B), the dissolved oxygen in the water body had been
restored from the 6th to 11th day, and the low concentration of
Fe2+ and S2− would not blacken the water. Therefore, the
excessively high concentration of organic matter in the water
was the deep reason for the generation of reduced sulfur and
the most important factor that caused the blackwater.

Moreover, different components of organic matter ex-
hibited different bioavailability, which may cause differ-
ent effects on the formation of blackwater. Sulfur-
containing protein (e.g., methionine and cysteine) can
provide available sulfur for SRB, and produce the volatile
organic sulfur compounds (VOSCs) (Landaud et al.
2008). However, the presence of glucose might stimulate
the degradation of methionine, an important precursor of
the VOSCs, while postponing the occurrence of the black-
water and inhibiting the production of VOSCs (Lu et al.
2013). Kiene and Hines (1995) also found that high con-
centrations of glucose would enhance CO2 or CH4

production and inhibit the thiol methylation potential
and ultimately DMS formation. Starch is also one of the
common organic pollutants in the water bodies. Rusch
et al. (1998) carried out the field experiment in coastal
sandy land by adding starch, and found that blackwater
occurred in a large area and caused the sulfide concentra-
tion to be high for a long time.

Also, some studies had found that when black odor occurs,
chromophoric dissolved organic matter (CDOM) in the water
body was significantly higher than that of ordinary water bod-
ies, which made the water body became low scattering and
high absorption, resulting in the significantly lower reflectiv-
ity of the blackwater water body than surrounding normal
water bodies (Duan et al. 2014, 2016). In the eutrophic water,
the organic matter formed from the algae residues, which lead
to the reduction of the backscattering of the particles and the
increase of the absorption of the short visible wavelength,
would provide favorable conditions for the blackwater
(Inamdar et al. 2012).

Phosphorus limitation suppresses the occurrence of
blackwater in the water

Phosphorus was an essential element of life, and the concen-
tration of phosphorus in the water body affected the structure
and function of the water ecosystem. When phosphorus stress
or phosphorus limitation occurred in the water body, it will
lead to fundamental changes in the structure and function of
the ecosystem (Karl 2014; Guan et al. 2018).

According to the variations of DO, Chl-a, Fe2+, and
COD concentration through the whole experiment, there
was an obvious delay of blackwater occurrence under the

None-Phosphorus condition. Phosphorus limitation would
affect the microbial community structure. Under the High-
C and None-P condition, Trichococcus and Malikia be-
came the dominant genera, which could form filamentous
cells and might reduce the rate of degradation of organic
matter and the rate of decrease of oxygen in the water
(Eikelboom 1975; Scheff et al. 1984).

What’s more, under the phosphorus stress or phospho-
rus limitation, the production of Fe2+ and S2− in the water
body was significantly inhibited (Figs. 3 and 4). As
shown in Fig. 3, the concentration of Fe2+ on HC+NP
reached a peak at 9th day, while those on HC+LP, HC+
MP, and HC+HP were 3rd day, 4th day, and 3rd day,
respectively. Yang et al. (2015) found that the concentra-
tion of organic matter and TP in water was closely related
to the diversity of sulfate-reducing bacteria communities.
Pseudomonas, Paludibacter, and Bacteroides, the typical
sulfate-reducing bacteria, which together accounted for
51.4% of the abundance of HC + HP bacteria, might be
the reason for blackwater on HC+HP. Therefore, control-
ling the phosphorus concentration in the water could ef-
fectively control and inhibit the occurrence of exogenous
blackwater.

Besides, phosphorus was also the main factor
restricting the growth of algae in the water. During the
experiment of algae-derived black odor, it was found from
Fig. 2a that chlorophyll-a was always at a low value in
the NP group throughout the experiment, and the growth
of algae in the water body was suppressed. A study of 227
lakes in Northwest Ontario, Canada, found that as long as
there is enough phosphorus in the water body, the water
body would remain eutrophic (Schindler et al. 2008).
However, after controlling the concentration of phospho-
rus, the chlorophyll-a of archipelago estuary decreased
from 30 to 16 μg/L (Karl 2014). When the input of phos-
phorus was restricted, the microorganisms could not ob-
tain phosphorus through other channels, and the number
of algae in the water would decline rapidly. When the
input of nitrogen was restricted, the water body would
stimulate the growth of nitrogen-fixing bacteria and had
little effect on the number of algae in the water body
(Wang and Wang 2009). Studies indicated that some spe-
cies of non-heterocellular filamentous cyanobacteria and
unicellular cyanobacteria could contribute considerable
fixed N even under aerobic conditions in marine and
coastal ocean (Zehr et al. 2001; Newell et al. 2016).
Therefore, phosphorus was the main factor to adjust the
algae in the water (Wang et al. 2008; Xu et al. 2010). For
lakes with algal-derived blackwater, priority should be
given to limiting the TP concentration of the water and
controlling the phosphorus concentration of the water,
which could slow down and inhibit the occurrence of
algal-derived blackwater.
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Conclusion

This paper studies the changes of water quality and the pro-
cess of blackwater under the cooperation of different content
and pollutants (organic matter, phosphorus-containing, and
nitrogen-containing). The conclusions from the results are
the following:

(1) The influence of four different pollutants on the occur-
rence of the blackwater was ranked as follows: organic
matter > phosphorus pollutants > nitrate-nitrogen pollut-
ants > ammonium nitrogen pollutants (TOC > TP >
NO3

−-N > NH4
+-N).

(2) The high concentration of organic matter in the water,
causing the longer anaerobic condition and a higher con-
centration of Fe2+, was the deep reason for the generation
of reduced sulfur, and the most important factor that
caused the blackwater.

(3) The addition of organic matter or phosphorus-containing
compounds may reduce the diversity of the microbial
community, while the abundance of sulfate-reducing
bacteria, such as Pseudomonas, Paludibacter, and
Bacteroides, will increase, which accounted for 51.4%
on HC + HP.

(4) Phosphorus stress or phosphorus limitation had a signif-
icant delay for the occurrence of the blackwater by re-
ducing the rate of DO, Chl-a, and Fe2+ concentration
variation. Moreover, it can significantly reduce the rate
of decomposition of organic matter in water, which may
due to the poor settling properties of Trichococcus and
Malikia.

(5) In the prevention and control of exogenous pollution,
more attention should be paid to the control of organic
matter discharge, and the TOC content should be con-
trolled below 100mg/L, which can effectively reduce the
time of being anaerobic water. For endogenous pollu-
tion, it is helpful to reduce nitrogen control and focus
on phosphorus abatement. Controlling the phosphorus
content below 1mg/L can effectively control the out-
break of algae and delay the occurrence of black odor.
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