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Editor: R. Debora During the bloom seasons, the dissolved inorganic nitrogen declines, which results in the occurrence of nitrogen
Keywords: limitation. It is unclear where the nitrogen goes. Our enclosure experiments and batch tests suggested that
Nitrogen reduction Microcystis blooms could significantly reduce the nitrogen in water bodies and the key mechanisms for the
Water column nitrogen reduction in different layers were different. The assimilation was the main pathway for nitrogen re-
Denitrification duction in the surface layer, while denitrification played an important role both at the sediment-water interface
Microcystis blooms and in the overlying water. Stable nitrogen isotope experiments showed that the nitrate reduction efficiency at

sediment-water interface was enhanced by Microcystis, reaching to 76.5~84.7 %. Dissimilation accounted for
63.8 ~67.3 % of the nitrate reduction, and the denitrification rate was 7.4 ~ 8.5 times of DNRA rate. In the water
column, the Microcystis bloom facilitated the formation of dark/anoxic condition, which favored the deni-
trification. The Microcystis aggregates collected from the field showed a great potential in removing nitrogen,
and the TN in the overly water was reduced by 3.76 ~6.03 mgL ™' within two days. This study provided field
evidences and deeper insights into the relationship between Microcystis blooms and nitrogen reduction in the
whole water column and gave more details about the enhancing effects of Microcystis on nitrogen reduction.
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1. Introduction

Harmful cyanobacterial blooms occur worldwide due to the ex-
cessive external nutrient loading and global climate change (O’Neil
et al., 2012; Harke et al., 2016). Cyanobacterial blooms usually exert
positive feedback effect on nitrogen cycle (Finlay et al., 2013; Chen
et al., 2018a), as when blooms break out, the minimum concentrations
of total nitrogen (TN) and dissolved inorganic nitrogen are observed in
eutrophic lakes (Paerl et al., 2011). Previous studies suggested that
assimilation by cyanobacteria is the major mechanism for the nitrogen
reduction (Zhu et al., 2013; Harrison et al., 2009). Recently, more at-
tention was drawn to the interesting link between algae and deni-
trification. Studies had showed that eutrophic lakes removed over seven
times more nitrogen than oligotrophic lakes and were almost three
times more efficient in TN removal than unproductive lakes (Finlay
et al., 2013); while, the denitrification rate was far higher in the area
with severer cyanobacterial blooms (McCarthy et al., 2007). Never-
theless, in eutrophic lakes, the nitrogen reduction would be influenced
by the migration of cyanobacteria. During the bloom seasons, the
buoyant cyanobacteria float upwards forming dense surface blooms
(O’Neil et al., 2012). Meanwhile, cyanobacterial biomass sinks out of
water column onto the sediment-water interface (Visser et al., 1995;
Diehl, 2002; Pannard et al., 2007), and the sinking fluxes of cyano-
bacteria can exceed 10° cells m~2 d, with a maximum value of
3.7 x 10 cells m~2 d ! (Cirés et al., 2013). In surface layer, cyano-
bacteria proliferates through photosynthesis and assimilate inorganic
nitrogen quickly (Cardinale, 2011). At the sediment-water interface, the
sinking cyanobacteria might fuel high oxygen consumption through
biodegradation or respiration, and algal decomposition produced
abundant particulate and dissolved organic carbon (POC and DOC),
providing ideal conditions for denitrifiers to convert nitrate to N,
(Bernhardt, 2013; Chen et al., 2012; McMillan et al., 2010). In addition,
some recent studies further indicated that cyanobacteria aggregates
might be a hotspot for denitrification (Zhu et al., 2013; Chen et al.,
2012). However, the nitrogen reduction process in the whole water
column (including overlying water and sediment) with cyanobacterial
blooms is still unclear, and rare study has combined the assimilation
and denitrification process together to reflect the nitrogen reduction in
the whole water column.

To investigate the effects of Microcystis blooms on the nitrogen re-
duction in the whole water column, enclosure experiments were es-
tablished first in a small pond, and later in Lake Dianshan field site
where Microcystis bloom occurred. The distribution of nitrogen, dis-
solved oxygen (DO) and light intensity in the enclosures were mea-
sured. Furthermore, batch culture experiments were conducted to
evaluate the denitrification rate at the sediment-interface and the en-
hancing effect of Microcystis using stable nitrogen isotope (Na'®NOs3).
The potential of Microcystis aggregate on denitrification in the overlying
water was also studied under the dark/anoxic condition. The results of
this study can provide field evidences for where nitrogen goes during
the blooms, and help to gain deeper insights into the relationship be-
tween Microcystis blooms and nitrogen reduction in the whole water
column.

2. Methods and materials
2.1. Enclosure experiment

The experiment was conducted in the July 2017, when Microcystis
blooms frequently occurred in the northeast of the Lake Dianshan
(31°14’ 94" N, 121°02’ 40" E). Water with a high Microcystis biomass in
the surface was collected and immediately delivered to the lab.

Water containing high Microcystis biomass was treated with a
pressurization device according to our previous study (Huang et al.,
2018). When the pressure is under 0.6 MPa for 5min, all the gas ve-
sicles will be collapsed. After pressurization, a large portion of the
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Fig. 1. The schematic diagram of enclosure experiments.

biomass sank to the bottom, and the sinking biomass was collected for
the enclosure experiment.

The enclosure experiment was conducted in a small pond of East
China Normal University (31°01’37.40” N, 121°26’51.39” E). The ex-
perimental apparatus was three cylindrical enclosures (20 cm in dia-
meter), which were inserted vertically into the sediment at 50-80 cm.
The schematic diagram of enclosure experiments is shown in Fig. 1.

Before the experiment, water in the enclosures was drained, and
then the pond water was filtered through the No. 25 (64 um) plankton
net and refilled into the enclosures at approximately 1m in dept.
Nitrate concentrations in the enclosures were modified by NaNO; at
approximately 3mgN L', Untreated Microcystis (floating-Microcystis)
and treated Microcystis (sinking-Microcystis) was added to two en-
closures, respectively, at a concentration of 0.5 mg Chl a L% The 3rd
enclosure without Microcystis addition was used as control. A mixed
water sample was taken to measure the initial concentrations of nitrate
(NO5;~-N), ammonia (NH,"-N), nitrite (NO, -N) and dissolved total
nitrogen (DTN). One of light meters (HOBO; UA-002-64, Onset, USA)
was set to float on the water surface, and the other two meters were set
in 60 cm below the water surface and 10 cm above the sediment, re-
spectively, to measure light intensity every 10 min during the experi-
ment.

The experiment lasted for three days. Dissolved oxygen (DO) was
measured every day, and then 40 ml of water sample was taken in the
surface (10 cm below the water surface), middle (60 cm below the
water surface) and bottom (10 cm above the sediment) layers of the
water column, respectively. The water was sampled in the same posi-
tion as the DO measuring. A long soft plastic tube (diameter in 1 cm)
was used to sample different layer of water. When sampling the water,
one end of the tube extended to a certain depth below the water sur-
face, and water was pumped with a syringe at the other end. The water
samples were filtered through a 0.45 ym membrane filter paper, and the
filtrates were used to measure NO3 ~-N, NO, -N, and NH, " -N. At the
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end of the experiment, a well-mixed sample was also taken to measure
DTN.

2.2. The changes of nitrogen at the sediment- water interface

The experiment was conducted in darkened, airtight serum bottles
(5cm in diameter and 9 cm in height) at a temperature of 25 = 1°C.
The surface sediment samples (0 ~ 10 cm) and lake water were collected
from the same place as mentioned above. The gravel and plant and
animal residues in sediment samples were removed using tweezers. The
sediment samples were mixed and transferred to serum bottles with a
sediment layer approximately 2 cm in height. The lake water was fil-
tered with 0.45 pm filter membranes. A unicellular strain of Microcystis
aeruginosa (cyanobacterium) was used. This strain was provided by the
Freshwater Algae Culture Collection of the Institute of Hydrobiology,
the Chinese Academy of Sciences. Microcystis were incubated optimal
growth conditions with an autoclaved BG-11 medium (Rippka et al.,
1979) and maintained in an artificial climate chamber at 25 = 1°C,
with a light-dark cycle of 14:10h and an illumination of 50 pmol
photons m ™2 s~ 1. Microcystis cells were collected by centrifugation for
15 min at 3000 X g, the culture medium was decanted and the cells were
suspended in filtrated lake water. The cells were washed using the
process detailed above two more times.

The experiment consisted four treatments with different Microcystis
biomass, and each treatment had three duplicates. Microcystis was
added in the three treatments, and the 4th treatment without
Microcystis addition was used as control. The Chl a concentrations in the
three treatments were approximately 0.2mgL~!, 0.4mgL~! and
0.8mgL~!. Isotope Na'®>NO; was used to modify the nitrate con-
centrations at approximately 3mgN L™,

All samples were flushed with N5 for 10 min to remove O, (until the
DO concentration decreased to approximately 0.2mgL™"). Under N,
atmosphere, anoxic samples were injected into each bottle by head-
space, slowly to avoid the suspension of sediment. Aluminum caps of
silicone seal gasket with PTFE membrane were used in the lid to pre-
vent gas exchange. The experiment lasted three days, and NO3;™ -N,
NO,™-N, NH,*-N, DTN and'°N-labeled products (**N,, 3*°N,, >NH,*-
N) were measured between the final and initial experimental samples.

2.3. The Changes of nitrogen in the overlying water

The experiment was conducted in darkened, airtight serum bottles
(5cm in diameter and 9 cm in height) at a temperature of 25 = 1°C.
Microcystis and water samples were collected from the same place as
mentioned above. The water with high biomass was passed through a
200-mesh sieve and then washed carefully with pure water. The lake
water was filtered with 0.45 pum filter membranes.

Microcystis was diluted by the filtered lake water to a Chl a con-
centration of approximately 1.5mg Chl a L™!. The experiment con-
sisted four treatments, and each treatment had nine replicated samples.
NaNO; was used to modify the nitrate concentrations at approximately
1mgN L', 2mgN L™!, and 4mgN L™, respectively. The 4th treat-
ment without NaNO; addition was used as control. All samples were
flushed with N, for 10 min to remove O, (until the DO concentration
decreased to approximately 0.2 mgL~"). Under N, atmosphere, anoxic
samples were injected into each bottle. Aluminum caps of silicone seal
gasket with PTFE membrane were used in the lid to prevent gas ex-
change. The experiment lasted three days. Triplicate bottles of each
treatment were chosen at random every day. The concentrations of
NO; ™ -N, NO, ™ -N, NH,*-N, TN were measured every day.

2.4. Field experiment
The field experiment was conducted in the same place as sampling

on August 2018. The experimental apparatus was nine cylindrical col-
umns (40 cm in diameter), which were inserted vertically into the
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sediment at 50-80 cm. Before the experiment, water in the enclosures
was drained, and then the lake water was filtered through the No. 25
(64 um) plankton net and refilled into the enclosures at approximately
1.5m in dept.

The experiment lasted for three days. In each enclosure, NaNO3 was
added to a NO3™-N concentration of approximately 2mgL~". There
were three treatments with different Microcystis biomass, and each
treatment had three duplicates. Microcystis biomass was added in the
two treatments, and the 3rd treatment was without extra Microcystis
addition. Eventually, the Chl a concentrations in the three treatments
were approximately 0.09mgL™?, 0.18 mgL ™' and 0.22mgL™".

The experiment lasted three days. When sampling overly water, a
plastic tube (160 cm in height and 8 cm in diameter) with a honeycomb
structure was used. The tube was situated approximately 5cm above
the sediment. Water in the tube was well mixed for 1-2 min with an
airflow rate of 40-50 mL min~'. Sediment would not re-suspend during
mixing. A mixed water sample was taken to measure the concentrations
of Chl a, NO3-N, NO,-N, NH,*-N and TN.

2.5. Analyses

NO5; ™ -N, NO, -N, NH,"-N and TN was measured according to
Standard Methods (APHA, 1995). DTN, DO, light intensity and Chl a
was measured by a Total Organic Carbon (TOC) Analyzer (Multi N/C
3100, Analytik Jena, Germany), a Dissolved oxygen meter (HACH
LDO101, USA), HoBo (UA-002-64, Onset, USA) and a hand-held
AquaPen (AP-C 100, Photon Systems Instruments, Czech Republic),
respectively. 28N,, 2°Na, °N,, '°NH,*-N was measured according to
the method of Deng et al. (2015) and Yin et al. (2014), analyzed with a
membrane inlet mass spectrometer (MIMS). Denitrification rate and
dissimilatory nitrate reduction to ammonium (DNRA) rate was calcu-
lated according to the following equations:

Denitrification rate (mg m > d ™ ") =(["*Nlgnarr ["*Nlinitia) XH / T

)
DNRA rate (mg m~2d ™ ") =(["*NH, " -Nlginar- [*® NHy " -Nlinitia) X H /
T 2)

where [**Nlgna and [*®*Nliniga (mg L™ 1) denote the concentrations of
15N (in 2°N, and *°N,) in the final and initial samples of the experiment,
respectively; [*°NH,*-Nlgna and [°NH,4 " -Nlinitiar (mg L™ 1) denote the
concentrations of >NH,"-N in the final and initial samples of the ex-
periment, respectively; H (m) denotes the height of the overlying water
in the serum bottle; T (d) denotes the experiment duration.

3. Results

3.1. The effects of Microcystis on the nitrogen reduction in different layers
of water column

During the experiment, the NO3; ™ -N in all layers of the three en-
closures decreased gradually (Fig.2a—c). In the surface layer of the
water column, a sharp decrease of NO; ™ -N concentration was observed
in the floating-Microcystis addition enclosure, from 2.94mgL~! to
0.11 mgL™!, with a reduction efficiency of 96.2 %. This reduction ef-
ficiency was much higher than that value in the surface layer of sinking-
Microcystis addition enclosure (67.3 %) and the control enclosure (21.3
%). In the middle layer of the enclosures, NO3; -N concentrations
showed similar trends as in the surface layer. On the contrary, in the
bottom layer of the enclosures, a highest NO3 ™ -N reduction efficiency
was observed in the sinking-Microcystis addition enclosure, which
reached 86.8 % on the 1st day and increased to 90.0 % on the 3rd day.
It should be noted that the floating-Microcystis addition enclosure
showed a similar decreasing trend with the control enclosure within the
first two days, and on the 3rd day, the decrease of NO3; -N con-
centration in its bottom was much faster than the control.
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Fig. 2. The changes of nitrogen in different layers of water column.

During the experiment, NO, -N accumulation was found in all
enclosures (Fig. 2d-f), especially in the floating-Microcystis addition
enclosure in which the highest value of 0.54 mgL~! was observed in
the middle layer on the 2nd day. In the floating-Microcystis addition
enclosure, the NO, ™ -N concentration decreased after two days in the
surface and middle layer but remained high level in the bottom layer.
Comparatively, in the control enclosure and the sinking-Microcystis
addition enclosure, the NO, ™ -N concentration decreased after one day
in the bottom layer but remained still in the surface and middle layer.

NH, " -N concentration kept stable in the surface layer and increased
gradually in the bottom layer of all enclosures (Fig. 2g and i). In the
middle layer, NH;"-N concentration kept stable in the control en-
closure and increased gradually in the two enclosures with Microcystis
(Fig. 2h).

As shown in Table 1, the two enclosures with Microcystis addition
showed higher DTN reduction efficiency. A sharply decrease of DTN
was observed in the surface layer of the floating-Microcystis addition
enclosure, with a reduction efficiency of 91.6 %. This value was much
higher than that in the other enclosures. In the middle layer of the
enclosures, the floating-Microcystis addition enclosure also showed the
highest DTN reduction efficiency. Comparatively, in the bottom layer of

Table 1
Nitrogen reduction efficiency in different layers of the water enclosures.

DTN (mgL™1) DTN reduction efficiency %
Control Initial 3.26 -
Surface 2.66 18.28
Middle 2.57 21.15
Bottom 1.75 46.30
Sinking-Microcystis Initial 2.96 -
Surface 1.20 59.46
Middle 1.63 44.96
Bottom 0.50 83.00
Floating-Microcystis Initial 3.05 -
Surface 0.25 91.63
Middle 0.74 75.78
Bottom 1.40 53.92

the enclosure, the highest DTN reduction efficiency was observed in the
sinking-Microcystis addition enclosure. These results suggested that
Microcystis enhanced the DTN reduction in the water column.

As shown in Fig. 3, light intensity in the surface and middle layer of
the water column showed obvious diurnal variation. The light intensity
of the control enclosure and sinking-Microcystis addition enclosure
showed the similar changes; while the light intensity of the floating-
Microcystis addition enclosure was lower than that of the other two
enclosures, suggesting that the Microcystis accumulated on the water
surface has a light-shading effect. The bottom layer of the three en-
closures was almost dark during the whole day.

During the experiment, the DO in all layers of the floating-
Microcystis addition enclosure decreased rapidly below 0.4 mg L~ ! after
one day, and afterwards maintained a low level (Fig. 4). The DO in the
bottom layer of the sinking-Microcystis addition enclosure and control
enclosure showed the similar trends as the floating-Microcystis addition
enclosure. However, in the surface layer of the two enclosures, the DO
showed an increasing trend. In the middle layer, the DO in the sinking-
Microcystis addition enclosure fluctuated; while the DO in the control
enclosure showed little changes during the experiment.

3.2. The effects of Microcystis on nitrate reduction at the sediment-water
interface

During the experiment, the Chl a concentrations ranged from
0.2~0.3mgL™!, 0.4~0.5mgL™ ! and 0.8~0.9mgL~? for the treat-
ments with 0.2mg Chl a L™, 0.4mg Chl a L™ ! and 0.8 mg Chl a L7,
respectively. Table 2 shows the changes of nitrogen at sediment-water
interface. After three days, the NO3-N reduction efficiency reached
76.5 %, 77.8 %, 84.7 % for the treatments with 0.2mg Chl a L™%,
0.4mg Chl a L™, 0.8 mg Chl a L1, respectively; while this value was
73.5 % for the control. A slight NO,—N accumulation was observed for
the treatments with 0.4 mg Chla L™ ! and 0.8 mg Chl a L~ '. Meanwhile,
NH4"-N in the treatments increased by 1.31~1.37mgL™?, and the
increasing amount for the control was a little lower at 1.29 mgL ™.

2N,. %N, and ®NH,*-N was detected for all the treatments and
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Fig. 3. The diurnal variation of light intensity in the different layers of water column.

control, and the denitrification rate and DNRA rate was calculated ac-
cordingly (Fig. 5). Total **N (**N,. *°N, and '*NH,*-N) accounted for
59.3 % of the nitrate reduction for the control, and this value reached
63.8 %~ 67.3 % for the treatments, suggesting that nitrate reduction at
the sediment-water interface was dominated by dissimilatory reduction
but not assimilatory reduction. The products of denitrification
(**N,,%°N,) showed a proportion of NO3~-N dissimilatory reduction at
88.2 % for the control and this value increased slightly to 89.3 % ~91.0
% for the treatments, and thus denitrification was considered as the
main NO3; ™ -N reduction process at the sediment-water interface. The
denitrification rate significantly elevated with Microcystis addition
(p < 0.05). The highest value was observed for the treatment with
0.8 mg Chl a L™, which increased by 22.7 % compared to the control.
However, there was no significant difference of the DNRA rate between
the treatments and control (p > 0.05). These results suggested that
Microcystis enhanced the NO3; ™ -N reduction process at the sediment-
water interface by promoting the denitrification effect but not DNRA
effect.

3.3. The effects of Microcystis on nitrate reduction in the overlying water

During the experiment, the Chl a concentration ranged from
1.4~1.6mgL~". The results shows the similar trends for the three
treatments with different NOs—-N addition (Fig. 6). A sharply decrease of
NO3-N was observed within one day or two days, and maintained a low
level less than 0.3 mg L~ 1. Meanwhile, NO>-N accumulation was found
for the three treatments with NOs-N addition, and this phenomenon
soon disappeared in the second day. The highest NO5 ~-N concentration
of 2.50 mg L.~ ! occurred for the treatment with 4 mg N L™ '. The NH,*-
N concentration increased in the control and the treatments with NO3—
N addition. Different from NO3;™ -N, TN decreased quickly within two
days but then maintained a high level greater than 10 mg L™ *. After two
days, TN was reduced by 4.43mgL~?, 3.76 mgL "}, 5.33mgL ! and
6.03mgL"™ 1 for the control and the treatments with NO3 ~-N addiction,
respectively. These results indicated that the occurrence of Microcystis
affected the denitrification effect in the overlying water. Additionally,
the total amount of TN reduction was much greater than that of NO3-N
reduction, indicating that the nitrogen might partly originated from

Microcystis cells (e.g. intracellular nitrate and ammonia, microcystin,
phycocyanin) (Klotz et al., 2016; Gorl et al., 1998; Forchhammer and
Schwarz, 2019).

3.4. The effects of Microcystis blooms on the nitrogen reduction in the field
experiment

After three days, NO3 -N and TN concentrations decreased in the
three treatments, and nitrate and TN reduction efficiencies increased
with the increasing Microcystis biomass in the water column, showing
the highest values at 70.5 % and 40.3 %, respectively (Fig. 7a and b). In
addition, in the high-biomass enclosure, nitrate and TN reduction rates
reached 0.65gN m~2d™* and 1.08 gN m~2 d~?, respectively. Micro-
cystis biomass increased in the low- and middle-biomass enclosure, with
a specific growth rate at 0.27 d~* and 0.07 d~?, respectively (Fig. 7c).
By contrary, Microcystis biomass in the high-biomass enclosure re-
mained with no significant change. These results suggested that ni-
trogen was reduced not only through assimilation of Microcystis but also
denitrification, especially when the biomass was high.

4. Discussion
4.1. The overall nitrogen reduction affected by Microcystis blooms

Nitrogen dynamics in eutrophic lakes usually change seasonally
(Pina-Ochoa and Alvarez-Cobelas, 2009), and the nitrogen limitation
commonly occurs in the summer and fall (Bullerjahn et al., 2016;
Michalak et al., 2013). Until now, it has been unclear where the ni-
trogen goes. When surface bloom occurs in the water column, cyano-
bacteria can assimilate nitrogen efficiently and quickly; however, its
short turnover time indicates that it is only a transient storage pool and
has a short-term effect on nitrogen reduction (Baulch et al., 2011). On
the other side, studies suggest that denitrification takes place at the
sediment-water interface, and it is considered to be one of the main
mechanisms for the nitrogen reduction in lakes (Xu et al., 2015). Ac-
cordingly, there should be different pathways for nitrogen reduction in
the whole water column, and the assimilation and denitrification pro-
cess should be combined together to investigate the relationship
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between cyanobacterial bloom and nitrogen reduction.

This study clearly showed the Microcystis blooms could significantly
reduce the nitrogen in water bodies, and illustrated the pathway that
how the nitrogen goes with the blooms. Field experiment revealed the
impacts of Microcystis on the nitrogen reduction in the water column.
The high-biomass enclosure showed the highest TN removal rate at
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1.08gN m~2d~?, and this value was only 0.72gN m~2d"! in the
enclosure without extra Microcystis addition. Moreover, the enclosure
experiment indicated that the main mechanisms for the nitrate reduc-
tion in different layers were not the same. In control enclosure, low
nitrate reduction efficiency was observed at approximate 20 % in the
surface and middle layers, and increased to 62.6 % in the bottom due to
the denitrification at sediment-water interface. Meanwhile, Microcystis
showed an enhancing effect on the nitrate reduction. It was showed that
the highest nitrate reduction efficiency in the surface was 96.2 %, in the
middle was 92.4 % (the floating-Microcystis addition enclosure) and in
the bottom was 90.0 % (the sinking-Microcystis addition enclosure).
Assimilation should be the main nitrate reduction pathway in the sur-
face, since biomass mostly accumulated in this layer. However, assim-
ilation only temporarily stores nitrogen in algal tissues (Cardinale,
2011). In aquatic environment, nitrogen can be removed permanently
by denitrification (Bruesewitz et al., 2011; Burgin and Hamilton, 2007;
Reinhardt et al., 2006). The nitrite accumulation was observed in all
different layers of enclosures, suggesting that nitrate dissimilation re-
duction might occur both at sediment-water interface and in the over-
lying water, and denitrification might be one of the main pathways. For
the denitrification process in the water, the anoxic condition, deni-
trifiers and the bioavailable carbon source are the three key controlling
factors. Based on the previous studies and the results of this research, it
could be inferred that the ideal conditions for denitrification could form
both at sediment-water interface and in the overlying water during the
blooms, and thus favored the nitrogen reduction.

4.2. Denitrification at sediment-water interface

In aquatic environment, denitrification is considered to occur
mostly at the sediment-water interface, where denitrifying bacteria are
plentiful, DO is consumed by sediment respiration, and organic carbons
are sufficient (Sweerts et al., 1991; Jensen et al., 1993; Wilson et al.,
2013). During the blooms, there would be a great amount of cyano-
bacterial biomass sinking onto the sediment-water interface (Visser
et al., 1995; Diehl, 2002; Pannard et al., 2007), and the biodegradation
of dead cyanobacteria and the respiration of living cyanobacteria con-
sume the DO in bottom water. Under such condition, the oxygen con-
sumption rate of sediment along with cyanobacteria should be much
higher than cyanobacterial photosynthetic oxygen evolution rate, and
led to an anaerobic condition at the sediment-water interface (Rinke
et al., 2010). Meanwhile, the organic substrates originated from the
degradation of sinking cyanobacteria could also directly enhance de-
nitrification rates (Chen et al., 2012; McMillan et al., 2010). Furtherly,
our previous studies demonstrated that not only dead cells, living Mi-
crocystis cells could also enhance nitrate reduction at the sediment-
water interface through secreting biodegradable hydrophilic DOC as
carbon source to denitrifiers (Chen et al., 2018a). However, these re-
sults were obtained in lab or under a manipulated dark/anoxic condi-
tions, and it lacks the whole water column and field evidence.

This study provided a deeper insight into the nitrate reduction
process. The results of enclosure experiments suggested that sinking-
Microcystis enhanced the nitrate reduction in the bottom layer, since in

Table 2
The changes of nitrogen at sediment-water interface. Data were presented as mean = SD.
3d
Initial Control 0.2mg ChlaL™! 0.4mg ChlaL™! 0.8mg ChlaL™!
NO; ™ -N (mg L'h 2.88 = 0.06 0.77 = 0.03 0.68 = 0.02 0.64 = 0.08 0.44 = 0.07
NO,™-N (mg LY 0.05 = 0.02 0.01 = 0.00 0.01 = 0.01 0.03 = 0.01 0.06 = 0.01
NH4*-N (mg L™1) 0.25 = 0.14 1.48 += 0.07 1.49 + 0.07 1.55 £ 0.07 1.56 = 0.04
DTN (mg L™ 3.12 = 0.18 1.97 = 0.05 1.90 = 0.07 1.94 + 0.08 1.79 = 0.07
5N (**Np,*°N,) (mg L™ - 1.11 + 0.11 1.33 = 0.11 1.33 + 0.01 1.36 + 0.03
>NH,*-N (mg L™ - 0.15 + 0.00 0.13 * 0.02 0.16 = 0.04 0.16 *+ 0.02
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Fig. 5. The denitrification rate and DNRA rate at the sediment-water interface.
Data represent the mean (n = 3) with associated error bars (SD).

sinking-Microcystis addition enclosure, the nitrate reduction efficiency
reached 80.9 % in the bottom layer within only one day, while in the
bottom of the control, the value was only 42.2 %. The changes of nitrate
concentration in the bottom of the floating-Microcystis addition en-
closure furtherly supported this idea. The nitrate concentration de-
creased similarly as the control enclosure during the first two days, and
then a rapider decrease was observed. The nitrate reduction efficiency
increased from 53.1 % on the 2nd day to 81.0 % on the 3rd day.
There are various pathways for nitrate reduction (Otte et al., 1999;
Preisler et al., 2007), and denitrification should be distinguished from
other nitrate reduction pathway, such as assimilation and DNRA. In this
study, isotope experiment gave more details about the nitrate reduction
process at the sediment-water interface. Total >N (*°N,. *°N, and
15NH,*-N) accounted for 59.3 % of the nitrate reduction for the con-
trol, and this value reached 63.8 %~67.3 % for the treatments
(Table 2), suggesting that nitrate was reduced mainly through dissim-
ilatory reduction but not assimilatory reduction. Denitrification rate

= Control

- 1mgL!

= 2mgL! * 4mg L'
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1.8
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was 7.4-8.5 times of DNRA rate (Fig. 5), suggesting that denitrification
was the main pathway of dissimilatory reduction. Such results indicated
that Microcystis could enhance denitrification effect and help permanent
nitrate reduction from water column.

4.3. Denitrification in the overlying water

To date, some researches paid attention to the denitrification effect
in the presence of anoxic zone in water column (Wenk et al., 2014; Peng
et al.,, 2017). However, there is a lack of understanding on the deni-
trification effect in the overlying water, especially during cyano-
bacterial blooms. In this study, the enclosure experiment showed the
efficient nitrate reduction, together with a highest nitrite accumulation
in the middle of the floating-Microcystis addition enclosure (Fig. 1). This
result indicated that the denitrification could occur in the overlying
water. Furthermore, in the batch tests, a sharp decrease of nitrate and
TN was observed with Microcystis aggregates collected from a natural
lake (Fig. 4). Nitrogen could only be removed from such a closed system
through converting to N,, which indicated that there was denitrifica-
tion driven by Microcystis occurring in the overlying water.

For the denitrification process in the overlying water, the anoxic
condition, denitrifiers and the bioavailable carbon source should be
three main factors that regulate the whole process. The anoxic condi-
tion can occur during the blooms, since the respiration of cyanobacteria
can accelerate the oxygen consumption (Chen et al., 2012; Bouffard
et al., 2013). Light attenuates exponentially through the water column
(Loiselle et al., 2008), and light shading caused by the dense surface
blooms aggravated the light attenuation (Rinke et al., 2010). Therefore,
even in the overlying water, the low light condition or dark condition
can form. Under such condition, the respiratory oxygen consumption
rate of cyanobacteria will be much higher than its photosynthetic
oxygen evolution rate. As shown in the Figs. 3 and 4, there was a dark/
anoxic area in the water column, which providing an ideal condition for
denitrification.

In natural lakes, cyanobacteria, especially Microcystis, usually ag-
gregated to form colonies, and numerous and varieties of heterotrophic
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Fig. 6. The changes of nitrogen driven by Microcystis under anoxic/dark conditions Data represent the mean (n = 3) with associated error bars (SD).
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bacteria were found to be associated with cyanobacteria (Li et al., 2011;
Cai et al., 2014; Tang et al., 2017). Recent studies have found deni-
trifiers and denitrifying genes in cyanobacteria aggregates. Cai et al.
(2017) isolated a bacterial strain from cyanobacterial aggregates in
Taihu Lake (China), which were found to be positive for nitrate re-
duction and denitrification. Metatranscriptome analysis showed that
the denitrifying genes (nirK, nirS, norB, norZ, napA, et al.) were ex-
pressed in the Microcystis aggregates (Chen et al., 2018b). The results of
this study showed that when the Microcystis aggregates incubated under
ideal condition, a high nitrogen reduction efficiency was observed.
Accordingly, it could be assumed that when the Microcystis aggregates
stayed in the dark/anoxic area of water column for a certain period, its
associated bacteria could act as a denitrifiers to reduce nitrogen
quickly. However, further studies should be conducted to investigate
the community structure of Microcystis aggregates, as well as the
functional structure and the gene transcriptional activity.

Besides, cyanobacteria could release an abundance of organic
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matters, which can be used by bacteria as carbon and energy source (Xu
et al., 2014; Gongcalves et al., 2017; Xiao et al., 2018). The similar re-
sults were also obtained in our previous study (Chen et al., 2018a).

For the above reasons, Microcystis-driven denitrification is likely to
happen in the water column, and it should be taken into account when
studying the nitrogen cycle during the blooms. Further studies should
focus on the combined mechanisms and the nitrogen reduction flux
driven by cyanobacteria in the whole water column.

4.4. The changes of ammonia reduction in the water column

The experiments of this study and our previous study showed an
extra ammonia produced by Microcystis at the sediment-water interface
with anoxic condition (Chen et al., 2018a). However, in our enclosure
experiment, Microcystis didn’t lead to the ammonia accumulation. This
phenomenon was also observed in field experiment with low Microcystis
biomass. In a natural water column, ammonia is directly released from
the sediment and Microcystis or produced through DNRA pathway.
Thereafter, it diffuses to the up layer and would be assimilated by Mi-
crocystis, or oxidized to nitrate through nitrification at aerobic layer and
then further removed through denitrification (Dalsgaard et al., 2005;
Chen et al., 2016). Besides denitrification, the coupled nitrification-
denitrification process in water column might also influence by Micro-
cystis blooms. Further studies combining with nitrogen stable isotope
tracer method were needed to distinguish the ammonia reduction
pathway and illustrate their linkage with cyanobacteria.

5. Conclusion

This study investigated the nitrogen reduction in the whole water
column and its response to Microcystis bloom. Although assimilation
was the main pathway of nitrogen reduction in the surface layer of the
water column, denitrification played an important role in the nitrogen
reduction both at the sediment-water interface and in the overlying
water. At the sediment-water interface, nitrate was reduced mainly
through dissimilatory reduction, especially denitrification; while
Microcystis could significantly enhance denitrification effect. In the
overlying water, the Microcystis bloom could help to form a dark/anoxic
condition, and thus the Microcystis aggregates would directly affect the
nitrate reduction. The field experiments verified the enhancing effects
of Microcystis bloom on the nitrogen reduction, and the batch tests
further proved that the Microcystis aggregates had a great potential in
removing nitrate. This study illustrated the mechanisms for the nitrogen
reduction in the whole water column, and provided field evidences and
deeper insights into the relationship between nitrogen cycle and cya-
nobacterial blooms. Further study should focus on quantifying the
partition of nitrogen removal between the overlying water and the se-
diment-water interface during cyanobacterial blooms, especially in the
long-term scale.
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