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• Coupled nitrification-denitrification can
occur around SPS in oxic waters.

• 15N2 production rate from 15NH4
+ in-

creased with SPS concentration as a
power function.

• Nitrifying and denitrifying bacteria pop-
ulation increased with SPS as a power
function.

• 1 g L−1 SPS will lead to N-loss enhance-
ment by approximately 25–120%.

• N-loss enhancement caused by SPS in-
creased with organic carbon content of
SPS.
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Present-day estimations of global nitrogen loss (N-loss) are underestimated. Commonly, N-loss from rivers is
thought to be caused by denitrification only in bed-sediments. However, coupled nitrification-denitrification oc-
curring in overlyingwater with suspended sediments (SPS)where oxic and anoxic/low oxygen zonesmay coex-
ist is ignored for N-loss in rivers. Here the Yellow and Yangtze Rivers were taken as examples to investigate the
effect of SPS,which exists inmany rivers of theworld, onN loss through coupled nitrification-denitrificationwith
nitrogen stable (15N) isotopic tracer simulation experiments and in-situ investigation. The results showed even
when SPS was surrounded by oxic waters, there were redox conditions that transitioned from an oxic surface
layer to anoxic layer near the particle center, enabling coupled nitrification-denitrification to occur around SPS.
The production rate of 15N2 from 15NH4

+-N (R15N2-production) increased with increasing SPS concentration
([SPS]) as a power function (R15N2-production= a·[SPS]b) for both the SPS-water and bed sediment-SPS-water sys-
tems. The power-functional increase of nitrifying and denitrifying bacteria population with [SPS] accounted for
the enhanced coupled nitrification-denitrification rate in overlying water. SPS also accelerated denitrification
in bed-sediment due to increased NO3

− concentration caused by SPS-mediated nitrification. For these two rivers,
1 g L−1 SPS will lead to N-loss enhancement by approximately 25–120%, and the enhancement increased with
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organic carbon content of SPS. Thus,we conclude that SPS in overlyingwater is a hot spot for nitrogen loss in river
systems and current estimates of in-stream N-loss are underestimated without consideration of SPS; this may
partially compensate for the current imbalance of global nitrogen inputs and sinks.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nitrogen (N), a major element required by all organisms, is widely ap-
plied in industry, agriculture, and domestic activities, but excess N can
cause eutrophication and hypoxia in water bodies, destruction of habitats
for resident organisms, and reduction of species diversity (Lenihan and
Peterson, 1998; Mallin et al., 2006; Liu et al., 2013a; Roberts et al., 2014).
Therefore, understanding the processes controlling N budget, such as the
Nfixation, assimilation, nitrification, anddenitrification is vital. Yet, despite
decades of research, the global N budget remains out of balance, with in-
puts exceeding losses (Galloway, 1998; Gruber and Galloway, 2008;
Schlesinger, 2009). This imbalance indicates that some unknown process-
es might contribute to N losses, thus resulting in major uncertainties in
model simulations and limiting the accuracy of forecasts of future river N
export caused by climate change, urbanization, and human population
growth.

Rivers are subject to high loads of nitrogen and can convert approxi-
mately 40% of terrestrial nitrogen (N) runoff (~47 Tg per year) to biologi-
cally unavailable dinitrogen gas (Galloway et al., 2004). Nitrogen loss from
rivers plays an important role forNdelivery to coastal ecosystems (Donner
andKucharik, 2008),which often controls eutrophication and thedevelop-
ment of pelagic “dead zones” (Turner and Rabalais, 1994; Rabalais, 2002;
Diaz and Rosenberg, 2008). Studies of N loss from river systems have
mainly focused on bed-sediment denitrificationwhich is currently consid-
ered as the main in-stream N loss process (Boyer et al., 2006; Johannsen
et al., 2008; Li et al., 2010; Liu et al., 2013b). Nitrification, the aerobic oxida-
tion of NH4

+ to NO3
− via NO2

− performed primarily by ammonia-oxidizing
bacteria and archaea, is an important nitrate supply that is subsequently
transported to anaerobic zones in bed-sediments and reduced by denitri-
fication in river systems (Seitzinger, 1988; Pina-Ochoa and
Álvarez-Cobelas, 2006; Mulholland et al., 2008; Liu et al., 2013b). This
suggests that nitrification and denitrification in rivers might be tightly
coupled, however the timescale of nitrate diffusion at the water-
sediment interface is thought to limit the role of bed-sediment denitrifica-
tion in river systems (Venterink et al., 2003; O'Connor andHondzo, 2007).

Although several studies suggested that coupled nitrification-
denitrification (CND) might occur in water column of some estuaries
with high turbidity (Abril et al., 2000; Sebilo et al., 2006), N loss in river
systems by CND occurring in water column containing suspended
sediments (SPS) where possible anoxic/low oxygen microsites may
exist has been largely ignored. SPS exists in many rivers around the
world (Mulder and Syvitski, 1995; Sivakumar, 2002; Billi and Ali, 2010;
Water Conservancy Committee of the Yellow River, 2013), and it has
been shown that nitrification rates increase with SPS concentration (Xia
et al., 2004, 2009, 2013). Additionally, it has been proven that
denitrification rate increases linearly with SPS concentration in oxic wa-
ters according to the results of incubation experiment with added
15NO3

−-N (Liu et al., 2013b), and Reisinger et al. (2016) found
denitrification occurring in the water column of certain rivers. The
anoxic/low oxygen microsites were assumed to exist in suspended
particles surrounded by oxidized waters according to the theories of
transport limitations and multispecies biofilms (Lamontag et al., 1973;
Bianchi et al., 1992; Michotey and Bonin, 1997; Falkowski et al., 2008).
Building on these recent findings, we hypothesized that a gradient of
oxic and anoxic/low oxygen conditions exists within SPS particles with
oxic conditions at the surface layer and anoxic/low oxygen conditions
near the center of particle. Then CND could occur in oxic waters in the
presence of SPS, with nitrification occurring at the surface layer and
nced nitrogen loss from rive
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denitrification occurring in the inner layer of SPS. In addition to providing
oxygen-limitedmicrosites for denitrification, SPSwill also accelerate river
denitrification rates by generating more NO3

− from SPS, which increases
NO3

− concentration gradients between overlying water and bed-
sediment and thus enhances diffusion rates, promoting bed-sediment de-
nitrification in river systems.

Therefore,wehypothesized that therewill be enhancedN-loss through
CND and other nitrogen transformation processes in river systems where
there are significant amounts of SPS. The influences of SPS concentration
on N loss in the Yellow River and the Yangtze River were investigated
using isotopic and chemical techniques; the SPS concentration of these
two rivers ranged from 0.01 to 54.8 g L−1 and from 0.01 to 10.5 g L−1, re-
spectively (ChangjiangWater Resource Committee, 2014; Xia et al., 2016).
In detail, thepresent study aimed to: 1) examinewhether CNDcouldoccur
at SPS particles, and explore the relevant mechanisms; 2) investigate and
model the relationship between CND rate and SPS concentration; 3) esti-
mate the impacts of enhanced CND by SPS on N-loss from river systems.

2. Materials and methods

2.1. Sample collection

Sediment and water samples used in incubation experiments were
collected from five sites including Longmen (LM, 110°36′06.4″E, 35°39′
33.9″N), Huayuankou (HYK, 113°41′07.7″E, 34°54′16.8″N), and Aishan
(AS, 116°16′39.7″E, 36°13′44.4″N) Stations in the Yellow River and 37-
Dock (37-Dock, 114°20′09.5″E,30°36′30.5″N) and Wanzhou (WZ,
108°22′56.30″E, 30°48′39.85″N) Stations in the Yangtze River (Fig. 1).
To avoid being contaminated by surface pollutants, water samples at
0.2 m below the water surface were collected with a TC-Y sampler
(TECH Instrument in Shenyang, China), and analyzed for properties in-
cluding the content of organic carbon and nitrogen species (see below).
The top 10-cm bed-sediment samples, which are more easily re-
suspended during flow fluctuation, were collected with a sediment grab
sampler. In addition, SPS and water samples were collected from 17
sites of the Yellow River to study the effect of SPS concentration on in-
situ nitrifying and denitrifying bacteria abundances (Fig. 1). Then all the
above sampleswere kept under 4 °C in a cooler and shipped to laboratory
for further analysis. Incubation experiments beganwithin 48 h after sam-
pling. The sediment characteristics at the five sampling sites of the Yellow
River and the Yangtze River are shown in Table 1.

2.2. Incubation of SPS-water systems with various SPS concentrations

Taking the samples collected from site AS as an example to examine
whether CND could occur on SPS particles, a set of chambers containing
SPS and water but no bed-sediment were designed. The experimental
design was similar to our previous study (Liu et al., 2013b). A series of
chambers containing 800-ml artificial overlying water with 5 mgL−1

15NH4
+-N as 15NH4

+Cl (99.0 atm% 15N, Shanghai Research Institute of
Chemical Industry, China) were designed to obtain a 20-cm-deep water
column. The artificial overlying water contained indigenous bacteria in
the Yellow River and its preparation is shown in Supplementary
Section S1. Triplicate experiments were conducted for each incubation
set. A certain amount (0, 0.8, 2, 6.4, 12 and 16 g) of homogenized bed-
sediment was respectively added into each chamber, whichwere then in-
cubated at 25 °C. All the added sediment was suspended by setting agita-
tion rates at 50, 150, 200, 400, 550, and 700 r min−1, obtaining SPS
rs through coupled nitrification-denitrification caused by suspended
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Fig. 1. The sampling sites of the Yellow River and the Yangtze River. Red triangles mark sampling sites for simulation experiments (Y8: Longmen= LM, Y11: Huayuankou= HYK, Y14:
Aishan = AS; C1: Wanzhou = WZ, C2: 37-Dock), and black circles represent locations for investigation of in-situ bacteria abundances (Y1: Lanzhou, Y2: Xiaheyan, Y3: Qingtongxia, Y4:
Shizuishan, Y5: Sanhuhekou, Y6: Toudaoguai, Y7: Wubao, Y9: Tongguan, Y10: Sanmenxia, Y12: Kaifeng, Y13: Gaocun, Y15: Luokou, Y16: Lijin, Y17: Kenli). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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concentrations of 0, 1, 2.5, 8, 15, and 20 g L−1, respectively. The chemical
conditions of water in each chamber were the same (Supplementary
Table S1), and they are similar to that of riverwater. At pre-determined in-
tervals (every three days), gas fromheadspace produced during each incu-
bation period was sampled using a gas-tight syringe for themeasurement
of δ15N-N2, and then the concentration excess 15N-N2 was calculated. The
remaining 15N2 produced during previous incubation period was purged
by aerating the water phase for 30 min, and the aeration also helped
keep oxygen level at saturation. The dissolved oxygen concentration was
determined after each sampling and itwas approximately 8.2mg L−1 dur-
ing experiment. At the end of experiment, sediment and water were sep-
arated by letting the sediment settle out, and the density of denitrifying
bacteria in the SPS and water samples was measured using the most-
probable-number-PCR (MPN-PCR) method (Section 2.6 and Supplemen-
tary SectionS3). The control setswereperformedusing sterilized sediment
and water samples, and mercuric chloride was added to the control sets
with a final concentration of 0.5% to inhibit the microbial activities. The
production of 15N2 caused by microbial activities was calculated by
subtracting 15N2 produced in the control systems from that in each incuba-
tion set.
Table 1
Summary of sediment characteristics at the five sampling sites of the Yellow River and the Yan

Site name River Particle size (%)

b20 μm 20–50 μm

Huayuankou The Yellow River 2.9 22.8
Longmen The Yellow River 4.0 24.9
Aishan The Yellow River 23.2 46.4
37-Dock The Yangtze River 23.0 18.6
Wanzhou The Yangtze River 55.7 17.4
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In addition, the mechanisms accounting for the occurrence of CND
on SPS particles were analyzed by examining the O2 flux and profile
around the SPS particle. To do this, onemore set of chambers containing
800 mL solution with 5 mg L−1 NH4

+-N and 20 g L−1 SPS of different
sizes (b20 μm, 20–50 μm, 50–100 μm, and N100 μm), which were sep-
arated bywet screening and sedimentationmethods using samples col-
lected from the site AS, were incubated at 25 °C. The detection of O2 flux
and profile around SPS particles was performed using Non-invasive
Micro-test Technology and microelectrode technology (Jaffe and
Nuccitelli, 1974; Revsbech, 1989; Smith, 1995), respectively. The details
for the determination are described in Supplementary Section S2.

2.3. Incubation of bed sediment-SPS-water system with various SPS
concentrations

A10-cm-deep sediment columnwas constructed by adding a certain
amount of homogenized bed-sediment into the gastight polymethyl
methacrylate (PMMA) incubation chambers, as described by Liu et al.
(2013b). Then the sediment was covered by 800 mL artificial overlying
water with 5 mg L−1 15NH4

+-N. Triplicate experiments were conducted
gtze River.

TOC Total organic nitrogen

50–100 μm N100 μm (%) (%)

37.5 19.9 0.167 0.02
50.8 15.8 0.186 0.01
25.1 4.3 0.215 0.02
35.9 16.0 0.599 0.05
12.7 6.1 0.668 0.06
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for each incubation set. The SPS concentrationswere set at 20, 15, 8, 2.5,
1, and 0 g L−1 by adjusting the agitation rates at 700, 550, 400, 200, 150,
and 0 r min−1 respectively, simulating the real rivers containing differ-
ent concentrations of SPS. The variation of measured SPS concentration
in each chamber was b5% of the pre-set one. The particle size of SPS in
the systems containing different concentrations of SPS was similar to
that of SPS in real rivers (Supplementary Table S2). All the chambers
were incubated at 25 °C. At pre-determined intervals (every one to
three days), water samples were sucked out of the chamber using a co-
lumnar sampler as described in Liu et al. (2013b); the other procedures
including gas sampling and aeration were the same as that mentioned
at Section 2.2. At the end of incubation, the water phase containing
SPS was decanted; SPS and water were separated by standing for 12 h.
The denitrifying and nitrifying bacteria densities in the water phase,
bed-sediment, and SPS samples were measured using MPN-PCR meth-
od. The CND rate was calculated according to the production of 15N2,
while nitrification rate was calculated according to the variation of
NH4

+-N concentration in the systems. To distinguish the contribution
of SPS itself and agitation to the increased N loss through CND caused
by the presence of SPS, another experiment set was carried out for sys-
tems containing bed-sediment and water (BS-WS) without agitation
using samples collected from site AS. The control sets were conducted
as the same as that mentioned at Section 2.2.
2.4. Incubation of bed sediment-SPS-water system with various nitrate
concentration

To investigate the influencing mechanisms of SPS concentration on
CND, the effect of initial NO3

− concentration ([NO3
−]) on denitrification

was investigated by using samples collected from the site HYK. The
10-cm-deep sediment columnswere constructed using the samemeth-
od as Section 2.3, then 800mL artificial overlyingwater containing 10, 6,
4.5, 3 and 1 mg L−1 NO3

−-N as KNO3were respectively added into each
chamber. These concentrations arewithin the range of NO3

− concentra-
tion detected in the Yellow River (Xia et al., 2002). Triplicate experi-
ments were conducted for each incubation set. The SPS concentration
in each column was set at 8 g L−1 by adjusting agitation rate, which
Table 2
Incubation experiment conditions.

Research purpose System composition

Occurrence of CND at SPS SPS + water (samples from site AS)

O2 flux and profile around SPS particle SPS + water (samples from site AS)

Effect of SPS concentration on CND in BS-SPS-WS Bed-sediment + SPS + water (sam
AS, 37-Dock, and WZ)

Effect of initial nitrate concentration on
denitrification in BS-SPS-WS

Bed-sediment + SPS + water (sam

CND in BS-WS Bed-sediment + water (samples fro

Please cite this article as: Xia, X., et al., Enhanced nitrogen loss from rive
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occurred in the temperate seasons (October–November and March–
June) in the Yellow River. Then all the chambers were incubated at
25 °C. At pre-determined intervals (every two to four days), bed-
sediment, SPS, and water samples were collected by using columnar
samplers, and the samples were then put into tubes to separate sedi-
ment (including SPS and bed-sediment) and water phases by centri-
fuge; sediment and water samples were subsequently analyzed for the
concentrations of N species. The denitrification rate was calculated ac-
cording to the variation of [NO3

−] in the systems including SPS, bed-
sediment, and water phases. The other experimental procedures were
the same as that in Section 2.3. All the above mentioned experimental
conditions are summarized in Table 2.
2.5. Chemical analysis

Water sample was filtrated through 0.45 μm filters (Millipore Corp.
USA), and analyzed for NO3

−-N, NO2
−-N, and NH4

+-N concentrations im-
mediately. The NO3

−-N, NO2
−-N, and NH4

+-N contents in sediment were
analyzed after extraction with KCl solution (2 M). Dissolved nitrogen
(NO3

−-N, NO2
−-N, and NH4

+-N) concentrations were detected using an
Autoanalyser-3 (Bran & Luebbe, France). Organic nitrogen contents in
the sediment andwaterweremeasured after Kjeldahl digestion. Analyt-
ical reagents were used throughout the chemical analysis. The standard
deviations for standards and replicate analysis were b4.4%, 2.8%, 5.4%,
5.0% for NH4

+-N, NO2
−-N, NO3

−-N and organic nitrogen, respectively.
The 15N2 in gas samples was detected through using an isotopic ratio
mass spectrometer (Thermo Delta V Advantage), in line with an auto-
mated gas PreCon unit. Nitrogen isotope ratios (including 29/28 and
30/28) of the samples were expressed as standard δ notation (‰) rela-
tive to atmospheric N2. The standard deviation for standards and repli-
cate analysis of the δ15N measurement was better than 0.2‰.

The SPS concentration in each water sample was obtained by filter-
ing a certain amount of water through a Pall membrane (0.45 μm) and
weighing the filter residue after drying at 60 °C for 7–8 h. A Laser Parti-
cle Sizer (Microtrac, S3500)was used tomeasure the size characteristics
of SPS. A TOC analyzer (Shimadzu TOC-500)was used to detect the total
organic carbon (TOC) in water and sediment samples. An oxygenmeter
15NH4
+-N

(mg L−1)
NO3

−-N
(mg L−1)

SPS
concentration
(g L−1)

Particle size of
SPS (μm)

5 0 0 Homogenized
sediment1

2.5
8
15
20

5
(NH4

+-N)
0 20 b20

20–50
50–100
N100

ples from sites HYK, LM, 5 0 0 Homogenized
sediment1

2.5
8
15
20

ples from site HYK) 0 1 8 Homogenized
sediment3

4.5
6
10

m site AS) 5 0 0 Homogenized
sediment
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(Mettler Toledo, SG9-FK2) was used to monitor dissolved oxygen con-
centration of water. Redox potential, temperature, and pH of water
were detected using a pH meter (Mettler Toledo, SG23).

2.6. Biological and statistical analysis

To investigate the abundances of denitrifying and nitrifying bacteria
in SPS particles, bed-sediment, and overlying water samples, DNA from
thewater and/or sedimentwere extracted using anUltra Clean Soil DNA
Isolation Kit (Mo-bio Laboratories, Inc., Carlsbad, CA, USA). The extract-
Fig. 2. Influence of suspended sediment concentration on 15N2 emission (A), population of ni
incubation (26 days). Data represent the average of three replicates ± SD; the a, b, c and a
multiple range test, respectively.

Please cite this article as: Xia, X., et al., Enhanced nitrogen loss from rive
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ed DNAwere stored at−20 °C until analysis bymost-probable-number
(MPN)-PCR (Cochran, 1950; Rotthauwe et al., 1997; Liu et al., 2003).
The detailed procedures on MPN-PCR are shown in Supplementary
Section S3.

SPSS 18.0 for windows (SPSS Inc., Chicago IL, USA) was used for all
statistical analyses in this research, including correlation analysis, non-
linear fitting, and variance analysis. The significance of correlation be-
tween each two variables was tested by calculating the Pearson
correlation coefficient, and the significant differences among groups
were tested with Duncan's multiple range test.
3. Results and discussion

3.1. Effect of SPS concentration on CND in oxic SPS-water system

3.1.1. Dependence of CND rate on SPS concentration
The presence of CND in SPS-water system (SPS-WS)was assessed bymeasuring the 15N2-N production from a 15NH4

+-N addition, which can only
occur by 15NO3

− production through nitrification of 15NH4
+-N followed by its reduction to 15N2 during denitrification or anammox. According to our

research (submitted to Biogeochemistry), the 15N2 production from anammox was very low in SPS-water system of the Yellow River, thus the 15N2

production was primarily from CND in the present research. The average CND rate, expressed as 15N2-N production, followed a power function
with SPS concentration, and jumped from 25 to 264 μg-N m−2 d−1 when the concentration of SPS was elevated from 0 to 20 g L−1 (Fig. 2A).
Even a low concentration of SPS (1 g L−1) resulted in an 8-fold increase in the 15N2-N production relative to water without SPS. In addition, both ni-
trifying and denitrifying bacteria populations increased with increasing SPS concentration (Fig. 2B) as power functions respectively (p b 0.05), and
they were positively correlated with the average CND rate (Fig. S1). This data suggest SPS was providing conditions for CND to occur.

3.1.2. Conditions provided by SPS for CND
The activity of SPS particle was investigated by determining the O2 flux and dissolved O2 (DO) around the particle. The observed high O2 influx

around SPS particles and decrease in DO concentrations (Figs. 3, S2 and S3) suggest that oxygen was being consumed near SPS particle surfaces by
nitrification and/or microbial respiration. The DO concentration in the bulk solution was approximately 8.2 mg L−1 (100% air saturated), but it de-
creased to b53% O2 saturation near the surface for particles with size b100 μm, and the decrease was the sharpest near the surface of particles. Sim-
ilarly, maximum increases in the O2 influx (−2.073 to −0.612 pmol cm−2 s−1) occurred near particle surface regardless of particle size. Particles
with diameters smaller than 20 μm had the largest overall increase in O2 influx (Fig. S3); this is likely caused by the higher organic carbon content
(%) and larger specific surface area of smaller particles compared with particles with larger sizes (Table S3). Despite differences in O2 influxes
among particles of different sizes, the above results indicate a gradient of oxic and low oxygen conditions exists within SPS particles with oxic con-
ditions at the surface layer and low oxygen conditions near the center of particle. It infers that SPS particles can act as activated redox sites for mi-
crobial nitrification and denitrification because some bacteria can conduct denitrification under limited/low oxygen conditions. According to our
previous research (Liu et al., 2013b), most of the denitrifying bacteria in the Yellow River are facultative bacteria and can conduct denitrification
trifying and denitrifying bacteria (B) in suspended sediment-water system at the end of
′, b′, c′ in (B) mean the significant differences among the 6 groups based on Duncan's
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Fig. 3.Net O2 flux (A) and O2 gradient (B) around suspended sediment particles in relation to the distance fromnear the surface of SPS particle. Note: J indicates theflux (pmol cm−2 s−1);
negative values of net O2 flux in (A) indicate net influxes; negative values of distance in (B) indicate the distance away from particle surface in bulk solution, and positive values of distance
in (B) indicate the distance away from particle surfacewithin particle. Oxygen levels of 53% and 70% air saturation represented the levelswhere facultative bacteria, whichwere identified
as Alcaligenes faecalis and Paracoccus denitrificans on the SPS in the Yellow River, can conduct denitrification (Liu et al., 2013a,b).
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under limited/lowoxygen conditions (oxygen level b53% and b70% of the saturated O2 concentration, respectively). Therefore, the presence of SPS in
the Yellow River can provide microsite redox conditions needed for CND. In addition, because the SPS used in our incubation experiment had lower
organic carbon contents than other rivers (Table S4), the SPS in other rivers might provide low/limited oxygen even anoxic micro-environments for
denitrification.

Therefore, the mechanisms about the influence of SPS on CND in oxic waters can be analyzed as follows. The nitrifying bacteria distribute on the
outer layer of particles and performnitrification under high oxygen conditions, and the denitrifying bacteria reduced nitrate to N2 at the deep layer of
particles under lowoxygen conditions. That is to say,firstly, the oxic conditions andNH4

+-N adsorbed on the surface layer of suspendedparticles favor
nitrification, and the nitrification rate rises with SPS concentration as a power function due to the fact that the percentage of NH4

+-N sorbed on SPS
increases with SPS concentration following a power function (Xia et al., 2009). Secondly, not only respiration by heterotrophic bacteria but nitrifica-
tion at SPS particles lead to the presence of microsites with limited/low oxygen around/inside SPS particles, providing conditions for denitrification.
The existence of both oxygen-limited microsites and denitrifying bacteria within the SPS particles promotes denitrification. These relationships be-
tween nitrification and denitrification at SPS particles lead to the occurrence of CND at SPS particles, as well as the accelerated CND rate with SPS
concentration.

The positive correlation of nitrificationwith SPS concentration has been observed for river systems (Xia et al., 2009; Hsiao et al., 2014), and such a
correlation has been reported in the relatively turbid region of estuaries with higher nitrification activities (Helder and De Vries, 1983; Owens, 1986;
Berounsky and Nixon, 1993). In addition, although denitrification ismost commonly observed in anoxic sediments, this process has also been report-
ed for oxic environmentswhere anoxicmicro environments are thought to be associatedwith suspended particle surfaces and/or biofilms (Rao et al.,
2008; Liu et al., 2013b; Reisinger et al., 2016). Furthermore, for the high-turbidity river mouth, the amoA and nirS genes abundances of the particle-
associated (N3 μm) were found to be significantly higher than the free-living communities (0.2–3 μm) (Zhang et al., 2014). These research results
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suggest that the suspended particles and biofilms can promote both nitrification and denitrification in freshwater and seawater systems, which is
probably due to the fact that the particles and biofilms can provide microsite redox conditions for both nitrification and denitrification.

3.2. Influence of SPS concentration on CND in bed sediment-SPS-water system

3.2.1. Increased 15N2 production from 15NH4
+ with SPS concentration

The production of 15N2 produced by CND increasedwith incubation time and SPS concentration for the bed sediment-SPS-water system (BS-SPS-
WS) using samples collected from five sites of the Yellow and Yangtze Rivers (Figs. 4 and S4). The average 15N2 production rate increased dramati-
cally with SPS concentration at low SPS concentrations and the increase tapered off at higher SPS concentrations. For the HYK sample, the 15N2

production rate increased by 0.1 mg-N m−2 d−1 when SPS concentration increased from 0 to 1 g L−1, but only increased by an additional
0.008 mg-N m−2 d−1 when SPS increased from 1 to 20 g L−1.

The average 15N2 production rate (R15N2-production, mg-N m−2 d−1) during incubation in BS-SPS-WS increased with SPS concentration ([SPS],
g L−1) as a power function for all of the five study sites (Fig. 5):

R15N2‐production ¼ a � SPS½ �b ð1Þ

This indicates the universality of the relationship between N-loss rate and SPS concentration. As shown in Fig. S5, the constant a, reflecting the
nitrogen loss rate with 1 g L−1 SPS, was positively related to the TOC content of SPS and the percentage of particles smaller than 20 μm (p b 0.05).
The constant b, reflecting the dependence of N-loss on SPS concentration, was also positively related to the TOC content of SPS (p b 0.05). This
was probably due to the fact that high TOC content favored the growth of heterotrophic denitrifying bacteria. Smaller particles might provide
more favorable conditions for CND due to the sharper decrease of O2 concentration near the particles and provided more sites for bacteria to
grow due to larger specific surface areas. According to our previous research, the denitrification rate was negatively related to particle size of SPS
in oxic waters (Jia et al., 2016). The enhancement of the N-loss rate by the presence of SPS differed among samples collected from various sites, in-
dicating local biogeochemical conditions can control N-loss. For example, the sediments at siteWZ of the Yangtze River that had the highest fine par-
ticle (b20 μm) percentage and TOC content among the five study sites also had the highest N-loss rate.

3.2.2. Influence of SPS concentration on nitrogen transformation
The presence of SPS accelerated the transformation of NH4

+-N to NO3
−-N (Figs. 6 and 7). For the HYK sample, NH4

+ concentration ([NH4
+]) de-

creased nearly to zero by the 11th day in systems when SPS concentrations were between 8 and 20 g L−1, while it remained over 1.5 mg L−1 in
the system without SPS after 31 days of incubation. The average NH4

+-N loss rate at the first nine days ascended with SPS concentration by a
power function (r = 0.921, p b 0.01, Fig. 7). Correspondingly, the NO3

− concentration ([NO3
−]) increased and the 15N2 evolved from each column

along with the decrease in [NH4
+] (Fig. 6), supporting the hypothesis of coupled nitrification-denitrification. However, a certain amount of NO3

−-N
was accumulated in systems, which meant not all of the NO3

−-N produced from nitrification was denitrified immediately.
In the incubation experiments of bed sediment-SPS-water system, ammonification, anammox, dissimilatory nitrate reduction to ammonium

(DNRA), and inorganic nitrogen uptake may occur simultaneously in addition to nitrification and denitrification processes. Overall, approximately
1.8%, 3.6%, 6.4%, 12%, and 20% of the added 15N in the form of NH4

+-N has been transformed into N2 after incubation for 31 d for the bed
sediment-SPS-water system containing 20 g L−1 SPS collected from HYK, LM, AS, 37 Dock, and WZ Stations, respectively. In detail, taking the HYK
for example (Table S3), approximately 1.80% and 71.8% of the added 15N in the form of NH4

+-N has been transformed into N2 and NO3
− for the incu-

bations with 20 g L−1 SPS, respectively; approximately 5.09% remained as NH4
+ and 21.3% assimilated by organisms based on the mass balance of

added NH4
+-N.

The variation of NH4
+ concentrationwas affected by ammonification, nitrification, anammox, DNRA, and its uptake by heterotrophic organisms. As

shown in Fig. 6 for the HYK sample, NH4
+ concentration increased during the first three days of the incubation systems with SPS concentration

b2.5 g L−1; this might be ascribed to the ammonification. After that, NH4
+ concentration decreased significantly, suggesting that nitrification,
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Fig. 6. Variations of NH4
+, NO3

−, NO2
−, and N2 in bed sediment-suspended sediment-water system (BS-SPS-WS) containing different concentrations of suspended sediment for samples

collected from site HYK of the Yellow River. Data represent the average of three replicates, and the standard deviation is b0%.
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anammox, and uptake by heterotrophic organisms controlled the variation of NH4
+. Although Lansdown et al. (2016) found that anammox can rep-

resent an important nitrogen loss pathway in permeable river sediments, some researchers reported that the contribution of anammox process, in
the riverine sediments, to the N-loss was approximately 10% (Dale et al., 2009;Wang et al., 2012; Zhu et al., 2015). The anammox process might be
less significant than nitrification in the present research because the sediment was different from that studied by Lansdown et al. In addition, the
fraction of NH4

+ transformed to NO3
− (55.6%–89.5%) wasmuch higher than the assimilation (3.71%–28.9%) (Table S5). The variation of NO3

− concen-
tration would be affected by nitrification, DNRA, and denitrification. DNRA has been shown as significant in many organic rich sediments and for in-
stance during oxic-anoxic oscillations (Abril et al., 2010). As b23% of the added NH4

+ remained as NH4
+, the DNRAmust bemuch less significant than

nitrification in the present research. In addition, the TOC content of the sediment sample was low (Table 1), therefore, the DNRA might be not sig-
nificant in the incubations of the present research. However, SPS might provide oxic-anoxic oscillations for DNRA in other rivers, andmore research
should be conducted in this regard.

According to the above analysis, the variations of NH4
+ and NO3

− in the incubation systems resulted from several processes. However, the trans-
formation of added NH4

+ was mainly controlled by nitrification and denitrification. Therefore, the processes were simplified as nitrification and
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denitrification to study the nitrogen transformation kinetics of the present research. The following logistic model was used to analyze NH4
+-N vari-

ation during nitrification:

−
dSNHþ

4

dt

 !
nitrification

¼
μ max‐nitrifierSNHþ

4
SNHþ

4 0
þ X0‐nitrifier−SNHþ

4

� �
ks‐nitrifier

ð2Þ

the integral form of Eq. (2) is:

SNHþ
4
¼

SNHþ
4 0

þ X0‐nitrifier

1þ X0‐nitrifier=SNHþ
4 0

� �
� eknitrification SNHþ

4
0þX0‐nitrifier

� �
t

ð3Þ

where SNH4
+ represents the [NH4

+] at time t (mg L−1); SNH4
+0 represents the [NH4

+] in the beginning (mg L−1); X0-nitrifier represents the bacterial pop-
ulation quota in the beginning (mg L−1); knitrification represents the nitrification rate constant (d−1 (mg L−1)−1), knitrification = μmax-nitrifier/Ks-nitrifier;
μmax-nitrifier represents themaximum specific growth rate of nitrifying bacteria (d−1); Ks-nitrifier represents the half-saturation growth constant for ni-
trifying bacteria (mg L−1). The NH4

+-N variation in systems containing various SPS concentrations fit well with the Logistic model shown in Eq. (2)
(p b 0.01), and the nitrification rate constant (knitrification) increased with SPS concentration conforming to a power function (p b 0.01, Fig. 7 and
Table 3).

The variation of nitrate during CNDdepends on relative nitrification and denitrification rates, and the latter was described by theMonod kinetics:

dSNO−
3

dt
¼

d SNHþ
4 0
−SNHþ

4

� �
dt

−
μ max‐denitrifierSNO−

3
SNO−

3 0 þ X0‐denitrifier−SNO−
3

� �
Ks‐denitrifier þ SNO−

3

� �
 !

ð4Þ

where SNO3
− represents the [NO3

−] at time t (mg L−1); SNO3
−0 represents the initial [NO3

−] (mg L−1); μmax-denitrifier represents the maximum specific
growth rate of denitrifying bacteria (d−1); X0-denitrifier represents the denitrifying bacterial population quota in the beginning (mg L−1); Ks-denitrifier

represents the half-saturation growth constant for denitrifying bacteria (mg L−1). As shown in Fig. 6, the kinetics of nitrate in system could be divided
into two stages. At thefirst stage, [NO3

−] increasedwith time; the denitrifying bacteriawasmuchhigher than [NO3
−] at time zero (X0-denitrifier≫ SNO3

−0)
and the Ks-denitrifier wasmuch higher than [NO3

−] as well (Ks-denitrifier≫ SNO3), accordingly Eq. (4) could be simplified as Eq. (4-1). At the second stage,

[NO3
−] decreased with timewhile [NH4

+] kept constant at ~0.3 mg L−1 (i.e.,
dðSNHþ

4
0−SNHþ

4
Þ

dt ¼ 0); Ks-denitrifier wasmuch higher than nitrate concentration
Table 3
Nitrification and denitrification rate constants in bed sediment-SPS-water systems for samples collected from site HYK of the Yellow River.

SPS concentration
(g L−1)

Nitrification rate constant (knitrification,
(mg L−1)−1 d−1)

Denitrification rate constant in the first stage
(kdenitrification-1, d−1)

Denitrification rate constant in the second stage
(kdenitrification-2, (mgL−1)−1 d−1)

0 0.013 0.015 /
1 0.023 0.034 0.0203
2.5 0.048 0.063 0.0278
8 0.053 0.075 0.0281
15 0.054 0.081 0.0298
20 0.057 0.079 0.0290
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Fig. 8. Relationship between SPS concentration and nitrifying bacteria population (A), between nitrification rate constant and nitrifying bacteria population (B), between suspended
sediment concentration and denitrifying bacteria population (C), and between average denitrification rate and denitrifying bacteria population (D) in bed sediment-suspended
sediment-water system (BS-SPS-WS) for samples collected from site HYK.
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(Ks-denitrifier ≫ SNO3), accordingly Eq. (4) could be simplified as Eq. (4-2) as follows:

dSNO−
3

dt
¼
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dt

−
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3
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3 0 þ X0‐denitrifier−SNO−

3
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>>>>:

the integral forms of Eqs. (4-1) and (4-2) are:
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3
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4
0þX0‐nitrifier

� �
t
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FirstStageð Þ 5‐1ð Þ
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0þX0‐denitrifier

� �
t

SecondStageð Þ 5‐2ð Þ

8>>>>>>><
>>>>>>>:

where kdenitrification-1 is the denitrification rate constant during the first stage (d−1), kdenitrification‐1 ¼ μmax‐denitrifier �X0‐denitrifier
Ks‐denitrifier

; kdenitrification-2 is the denitrifica-
tion rate constant during the second stage (d−1 (mg L−1)−1), kdenitrification-2 = μmax-denitrifier/Ks-denitrifier.

Based on the variations of [NO3
−] shown in Fig. 6, the kinetics of nitrate fit the Eqs. (5-1) and (5-2) very well (p b 0.01). According to the results

shown in Table 3, the denitrification rate constant (Kdenitrification-1) ascended with SPS concentration conforming to a power function during the first
stage (Fig. S6), coincidingwith the relationship betweennitrification rate constant (knitrification) and SPS concentration asmentioned before. It implied
that the denitrification rate might be tightly related to nitrate available produced by nitrification. For the system containing 0 g L−1 SPS, the second
stage did not occur obviously; the denitrification rate constant (kdenitrification-2) in systems containing 1, 2.5, 8, 15, and 20 g L−1 SPS also ascendedwith
SPS concentration conforming to a power function (R2 = 0.72) during the second stage, indicating the enhanced effect of SPS on denitrification.
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Fig. 9. The in-situ nitrifying and denitrifying bacteria population in water samples (containing suspended sediment) collected from the Yellow River (15 sites).

11X. Xia et al. / Science of the Total Environment xxx (2016) xxx–xxx
3.3. Mechanisms about the influence of SPS on CND in bed sediment-SPS-water system

3.3.1. Influence of SPS concentration on bacterial abundances
The SPS's nitrifying bacteria populations increasedwith SPS concentration also following a power function (R2=0.93, Fig. 8A), whichwas similar

to the nitrification rate dependence on the SPS concentration. Nitrification rates were positively correlated to nitrifying bacteria populations in SPS
(p b 0.01, Fig. 8B). The nitrifying bacteria population in the bed sediment, however, was smaller than that in the SPS and did not show an obvious
relationship with nitrification rate (Fig. S7). This implies that NH4

+-N loss in the system was mainly caused by nitrification occurring on SPS, not in
the bed-sediments.

For both SPS and bed-sediment, the denitrifying bacteria population increased with SPS concentration as a power function (Fig. 8C). When SPS
concentration was elevated from 15 to 20 g L−1, the denitrifying bacteria in SPS jumped from 1.6 × 104 to 2.1 × 106 gene copies while the bed-
sediment decreased from 4.9 × 105 to 3.0 × 104 gene copies. This might have been caused by abrupt increase in oxygen-limited microsites at SPS
phase due to cohesions of SPS particles and the increased oxygen diffusion into the sediment caused by increasing agitation rate. Overall, when
SPS concentration increased from 0 to 20 g L−1, the total denitrifying bacteria in system (bacteria in SPS plus that in bed-sediment) increased
with SPS concentration and was positively related to denitrification rate (p b 0.05, Fig. 8D). Therefore, it suggests that denitrification in systems
was related to denitrifying bacteria in not only SPS but also bed-sediment.

3.3.2. Influence of SPS concentration on denitrification in bed-sediment
Some of the NO3

− produced by nitrifying bacteria on SPS was subsequently reduced to N2 in oxygen-limited microsites of SPS and the remaining
NO3

− diffused into bed-sediment where it was denitrified. Therefore, the NO3
− produced by nitrification at SPS would exert influences on the deni-

trification process occurring not only in SPS but also in bed-sediment phases. As shown in Fig. S8, the average removal rate of NO3
− (including deni-

trification and other process) increased linearly with initial NO3
− concentration (p b 0.01, Supplementary Section S4) in bed sediment-SPS-water

system, suggesting that denitrification rate was influenced by nitrate availability. According to the results shown in Fig. S9, the average CND rates
were 248, 634, 1515 μg m−2 d−1 in systems containing only 8 g L−1 SPS, containing bed-sediment but without SPS, containing both 8 g L−1 SPS
and bed-sediment, respectively. Based on our estimations (Supplementary Section S5), compared to the systemwith bed-sediment covered by static
water, roughly 28% of the increased N-loss in bed sediment-SPS-water system was ascribed to N-loss at SPS and 72% to N-loss in bed-sediment ac-
celerated by elevated nitrate supply produced by overlying-water nitrification which was enhanced by the presence of SPS. Because agitation, sim-
ulating the river flow and causing the presence of SPS,would pose effects on the diffusion of nitrate fromwater to bed-sediment, the increased nitrate
supply in bed-sediment was also caused by the agitation conditions in addition to the presence of SPS itself which accelerated the production of ni-
trate. Since SPS concentration also depends on hydrodynamic conditions including river flow velocity in natural rivers (Xia et al., 2016), the results
obtained under different agitation rates in this study can reflect the effect of SPS concentration on N-loss from natural rivers.

3.4. The in-situ nitrifying and denitrifying bacteria abundances in the Yellow River

Both the in-situ nitrifying and denitrifying bacteria populations in water (including aqueous and SPS phases) in the Yellow River rose with SPS
concentration following a power function (Fig. 9, despite approaching linearity, a power function still fit these data better), whichwas in accordance
with the relationship between bacteria population and SPS concentration observed in the lab experiments. This implies that theN-loss rate in natural
rivers will increase with SPS concentration as we have observed in the incubation experiments.

3.5. Importance of SPS to N loss from river systems

As the N-loss in the incubation systems might also be caused by anammox processes in addition to denitrification, the N-loss caused by coupled
nitrification-denitrification might be lower than the emission of 15N2 observed in the incubation experiments of the present research. However, our
data show that SPS enhances the nitrification and denitrification processes as well as N-loss from rivers. NH4

+ and NO3
− are the main inorganic ni-

trogen species in the Yellow River and Yangtze River, and they mainly come from nitrogenous fertilizer application and wastewater discharge (Xia
et al., 2002; Li et al., 2010; Liu et al., 2013a), with a relatively low atmospheric deposition contribution. This is significantly different from the ocean
where up to one third of the external nitrogen supply comes from the atmospheric anthropogenic fixed nitrogen (Duce et al., 2008). NH4

+ and NO3
−

can be removed through CND, anammox, and denitrification processes in natural rivers. In the present research, although the initial NH4
+
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concentration was much higher while NO3
− concentration was much lower than their concentrations in natural rivers, respectively, the results

showed that the SPS can enhance CND as well as N-loss from rivers if N exists as NH4
+. In addition, our previous study showed that if N exists as

NO3
−, N loss through denitrification increases with the SPS concentration as well (Liu et al., 2013b). Therefore, according to the results of this

study and our previous study, it is suggested that the total N-loss in the Yellow River and the Yangtze River will increase with the SPS concentration.
However, more research should be carried out to study the effect of SPS on N-loss in natural river systems.

Based on the 15N2 emission rate in the SPS-water system obtained in this study, the CND rate is estimated at 730 kg-N/km2·yr

(200 mg=m2 �d�365d�200cm
20cm ¼ 730 kg N=km2 � yr) for rivers with 1 g L−1 SPS and a depth of 2 m. Previous study reported that denitrification occur-

ring in river networks (including continental shelf, terrestrial, oceanic oxygen minimum zones, groundwater, rivers, lakes, and estuaries
globally) has an average denitrification rate of 0 to 2173 kg-N/km2·yr (Seitzinger et al., 2006). This is at comparable scales to the N-loss
caused by CND occurring on SPS in the present study, suggesting that CND on SPS cannot be neglected in river N removal.

We defined the increased proportion of N-loss (Δ%Nloss) caused by SPS as follows:

Δ%Nloss ¼
Nloss in BS‐SPS‐WS containing SPS‐Nloss in BS‐WS without SPS

Nloss in BS‐WS without SPS
� 100 ð6Þ

If SPS concentration was assumed to be 1 g L−1, the Δ%Nloss in the samples collected from the HYK, LM, AS, WZ, and 37-Dock location were 25%,
53%, 53%, 80%, and 122%, respectively; they were positively related to the TOC of SPS (Fig. S10). The above results indicate that the accelerated effect
of SPS on N-loss was impacted by both concentration and properties of SPS. In addition, according to the above results, the increased proportion of N
loss caused by SPS reached 100% when SPS concentration increased to 1 g L−1 in the Yangtze River (TOC≈ 0.64%). Approximately 46% of the rivers
around theworld has SPS concentration higher than 1 g L−1 (Xia et al., 2016), and the TOC content inmost of these rivers are higher than that in the
Yangtze River (Table S4), thus the nitrogen loss in these rivers might increase at least by one time due to the presence of SPS.

The importance of water column processes becomes increasingly remarkable with the increase of stream size according to the river continuum
concept (Vannote et al., 1980), and Reisinger et al. (2015) also reported that the water column nutrient uptake including assimilation and dissimi-
latory transformation increasewith stream size. Therefore, for the large rivers of theworld,where the interaction between thewater column and the
bed sediment is limited, coupled nitrification-denitrification and other nitrogen transformation processes in the overlying water containing SPS will
act as a crucial role in nitrogen loss in river systems. Traditional frameworks of global N cycle have not considered coupled nitrification-denitrification
and other processes occurring on SPS, leading to an underestimation of N-loss from rivers, especially for the large rivers. The observation of the pres-
ent research is consistent with recent research that the estimated global N budget is out of balance, with inputs exceeding losses (Galloway et al.,
2004; Schlesinger, 2009). Therefore, the enhanced effect of SPS on N-loss from rivers need to be factored into the new generation model of N
cycle. Because spatio-temporal and vertical variations in SPS concentration and composition exist for each river (Bouchez et al., 2011a, 2011b; Xia
et al., 2016), more research should be conducted to estimate the contribution of water column containing SPS to N-loss in rivers by considering
the SPS concentration and composition aswell as other environmental conditions and climatic factors including temperature. In addition, the linkage
between SPS and emission of N2O, an important greenhouse gas produced by nitrification/denitrification, should be examined to determine the role
of SPS in nitrogen cycle under the context of climate change.
4. Conclusion

Taking the Yellow and Yangtze Rivers as examples, this study dem-
onstrates that SPS, amajor component of rivers, is a hot spot for both ni-
trification and denitrification through simulation experiments and in-
situ investigation. CND could occur on SPS in oxic waters because of
the presence of oxic and anoxic/low oxygen microsites around SPS;
the nitrogen loss rate (RN-loss) increased with SPS concentration ([SPS])
as a power function (RN-loss = a ∗ [SPS]b). The influencing mechanisms
of SPS on CND rate have been analyzed; the nitrifying and denitrifying
bacteria population was elevated with SPS concentration conforming
to a power function for both the lab simulation experiments and in-
situ investigation of the Yellow River. This study suggests that 1 g L−1

SPS will lead to an enhancement in nitrogen loss by approximately
25–120% in the Yellow and Yangtze Rivers, and the enhancement in-
creases with organic carbon content (TOC) of SPS. Thus N-loss from riv-
ers in previous studies might be underestimated due to non-
consideration of the presence of SPS; this may partially compensate
for the current disequilibrium between N inputs and N sinks. The future
N research regarding SPS needs to aim at estimating the role of SPSmore
accurately by considering other nitrogen transformation processes, and
the SPS concentration and composition as well as other environmental
conditions.
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