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The Pearl River Estuary (PRE) has long received tremendous amounts of anthropogenic nitrogen, and is facing se-
vere environmental problems. Denitrification and anaerobic ammonium oxidation (anammox) are known to be
two major nitrogen removal pathways in estuarine sediments. Through the use of slurry and intact sediment core
incubations, we examined the nitrogen removal pathways and quantified the in situ denitrification and
anammox with associated gaseous nitrogen production rates. Sedimentary nitrogen removal was predominated
by denitrification (93-100%) relative to a minimal contribution (<7%) from anammox. Among the detected en-
vironmental factors, salinity, bottom water NO, (nitrate and nitrite) concentration, sedimentary organic matter
and dissolved oxygen consumption rates showed good correlations with denitrification and anammox rates. Sed-
imentary nitrogen loss was mainly supported by endogenic coupled nitrification-denitrification (6.0 4= 1.5
x 10° mol N d™1), with water-column-delivered NOx (2.1 & 0.6 x 10° mol N d~!) as the secondary source.
Such results suggested that sedimentary nitrogen removal involved mainly particulate organic form (allochtho-
nous or autochthonous) deposited onto sediments, rather than inorganic forms in overlying water. Meanwhile,
total N,O production from sediments was estimated to be 7.3 & 2.1 x 10* mol N d ', equivalent to ~35% of
the daily N,O emissions in the PRE.

© 2018 Elsevier B.V. All rights reserved.
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irreversible ecological problems (Rockstrom, 2009). A tremendous
amount of anthropogenic fixed nitrogen generated on continents is
discharged into estuaries as excess nitrogen and ultimately delivered
into the coastal oceans (Schlesinger, 2009). Estuaries, standing at the
frontal zone of the ocean to the excess nitrogen input from land, serve
as a natural bioreactor that transforms and removes reactive nitrogen,
which is one of the key driving forces for coastal ecosystem develop-
ment and degradation (Seitzinger et al., 2010). As a consequence of
anthropogenic impacts, growing numbers and coverage of hypoxia
and harmful algal blooms occur in the coastal oceans (Deegan et al.,
2012; Qian et al., 2018). Thus, an improved understanding of the fate
of excess nitrogen during transport in estuaries may facilitate for miti-
gation and control of nitrogen pollution and harmful algal blooms in
coastal seas.

Nitrogen removal processes are critical in aquatic systems for main-
taining homeostasis (Pennino et al.,, 2016). Microbially mediated deni-
trification and anaerobic ammonium oxidation (anammox) are the
two most important nitrogen removal pathways (Mulder et al., 1995;
Seitzinger, 1988). In a marine system, denitrification in continental
shelf sediments was estimated to account for approximately 44% of
total global denitrification (Seitzinger et al., 2006). For the estuarine
ecosystems, Nixon et al. (1996) analyzed the annual total nitrogen
budget for various estuaries around the North Atlantic and revealed
that nitrogen removal can reach 30-65% of total input via sedimentary
denitrification. However, recent research showed that in addition to
denitrification, the presence of anammox could be crucial, although
the relative importance of anammox to total sedimentary nitrogen re-
moval varied significantly (Devol, 2015). For example, in the North
Atlantic and the Cascadia Basin, anammox was found to contribute
~35-68% (Trimmer and Nicholls, 2009) and 12-51% (Engstrom et al.,
2009) of sedimentary nitrogen removal, respectively. In contrast, the
contribution of anammox was considered less important in estuarine
sediments. For example, anammox contributed <1 to 11% in the estuar-
ies of southeast England (Nicholls and Trimmer, 2009), whereas in
many other estuaries, such as the Goa Estuary in India and Southwest
Pacific island estuaries, anammox was found to be unimportant (Dong
et al,, 2011; Fernandes et al,, 2012). Recent studies pointed out that or-
ganic matter and inorganic nitrogen concentration might be two impor-
tant factors regulating anammox (Brin et al., 2014; Teixeira et al., 2016;
Teixeira et al., 2012); however, factors controlling the relative impor-
tance of denitrification and anammox processes are still not well
understood.

The Pearl River Estuary (PRE) is located in one of the most densely
populated and industrialized areas of China. The PRE shares similar
environmental problems with other major estuaries, such as eutro-
phication and hypoxia (Dai et al., 2006; Huang et al., 2003). The
nitrogen pollution in the PRE has also become one of the most
serious environmental issues. Previous studies focused mainly
on the distribution of nutrients and their biogeochemical impacts
on water bodies within the PRE (Huang et al., 2003; Qian et al.,
2018) with less efforts paid to the sedimentary nitrogen removal
processes.

Nitrous oxide (N,O) is oversaturated (163-905% saturation)
throughout the entire PRE, with high spatial variation (Lin et al.,
2016). However, the sources of N,O, which is derived from water col-
umn nitrification or sedimentary denitrification are not well elucidated
in the PRE.

To provide a novel insight into the nitrogen fate in PRE sediments,
including the pathways and mechanisms of nitrogen removal and asso-
ciated N,O emission, we applied the '°N isotope pairing technique onto
sediments in the highly nitrogen polluted PRE (1) to identify and quan-
tify major nitrogen removal pathways, (2) to quantify the sedimentary
N,0 production rate, and (3) to evaluate the effective environmental
factors for nitrogen removal, thus to articulate the role of sediments in
the estuarine nitrogen cycle and in climate under the context of anthro-
pogenic influence.

2. Materials and methods
2.1. Study area

The Pearl River is the second largest river in China and the thir-
teenth largest in the world, in terms of discharge. The water dis-
charge shows significant seasonal variation with an average
discharge of 330 x 10° m® y~!, and ~80% of the discharge takes
place in the wet season from April to September (Dai et al., 2006).
The river discharges into the South China Sea through three estuar-
ies, namely, Lingdingyang Bay, Maodaomen Bay and Huangmaohai
Bay. The focus of this study was on the Lingdingyang Bay, which oc-
cupies the largest part of the estuary and is traditionally referred to
as the PRE. The width of the horn-shaped PRE ranges from ~5 km in
the north estuary to ~50 km in the south estuary (Fig. 1). Most of
the PRE is shallow, with a depth range from 2 to 5 m in the upstream
and going deeper to ~20 m around the seaside entrance. The
mean annual temperature across the PRE catchment ranges from
14 to 22 °C and the mean annual precipitation ranges from 1200 to
2200 mm (Zhang et al., 2008). The tidal cycle is dominated by a
semi-diurnal mixed tidal regime with a mean tidal range of
1.0-1.7 m (Mao et al., 2004). A perennial salt wedge exists in the
PRE, due to the seaward freshwater discharge and tidal cycle. The
Pearl River delivers approximately 80 x 10° tons of sediments annu-
ally, and ~50% of the sediment is trapped inside the estuary (Liu et al.,
2009). Consequently, sediment types in the PRE vary depending
upon the hydrodynamics of the sedimentation environment. Overall,
the PRE is an area of fine-grained sediments (~10 pm) and exhibits
muddy patches with relatively coarse sediments (60-100 um) in
the north (Zhang et al., 2013).

2.2. Sampling and pretreatment
In this study, sediments and near-bottom water were collected dur-

ing a cruise onboard R/V “Tianlong” to the PRE, from 16 through 27 No-
vember 2013, representing the dry season. Six sites along the salinity
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Fig. 1. Map of the Pearl River Estuary. Red triangles indicate sampling sites.
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gradient in the PRE were sampled (Fig. 1). The bottom water for incuba-
tions and nutrient analyses was collected by using 12 L Niskin bottles
attached to a conductivity-temperature-depth rosette sampler. Sedi-
ments were taken using a standard box corer (20 x 20 cm). The overly-
ing water in the box corer was removed carefully to ensure that the
sediment-water interface was not disturbed. Fifteen intact cores were
then sub-sampled by inserting PVC tubes (inner diameter of 5 cm and
length of 30 cm) into the bulk sediments. Subsequently, the near-
bottom water in the same station was added to these intact cores to ad-
just to a height of 7 cm above the sediment surface. Among the 15 intact
sub-cores, fourteen were incubated and the remaining one was probed
for a dissolved oxygen profile in porewater. After the intact core sam-
pling, the surface sediments (1 cm) were collected carefully in the resid-
ual box corer for slurry incubation and sediment characteristics analysis.
All incubations were conducted immediately onboard. The surface sed-
iments and bottom water samples were stored at —20 °C for physical
and chemical characteristic analyses.

2.3. Determination of the dissolved oxygen microprofile and sedimentary
consumption rates

Dissolved oxygen (DO) in the overlying water and porewater were
measured for the intact cores by using an automated motorized micro-
manipulator, fitted with an oxygen sensor (OX 50, Unisense AS) and
controlled by micro-profiling software (SensorTrace PRO, Unisense
AS). A two-point calibration of the DO microsensor in water with a DO
saturation of 0 and 100% was performed prior to usage. Measurements
were done with high spatial resolution intervals of 0.2 mm. The DO pro-
files were measured initially at 0.3 cm above the sediment-water inter-
face and ended at the depth with no oxygen. The oxygen penetration
depth (OPD) is a measurement of infiltration of oxygen from the over-
lying water to the surface sediments, representing the thickness of the
aerobic sediment layer. Based on the DO profile, the OPD was deter-
mined from the sediment-water interface, to the depth where no oxy-
gen was detected.

Two methods were applied to calculate the sedimentary DO con-
sumption rate. Firstly, we applied a conventional method (hereafter re-
ferred to as the diffusion method) supported by Fick's first law under
steady state conditions (Schulz, 1999),

J=éxDegx™/ . (1)

0z

Dt =""/ . @)

0 —1— In (4)2), 3)

where | represents the DO consumption rate. ¢ is the sediment po-
rosity. Dseq and D°* represent the molecular diffusion coefficient for
oxygen in sediments and seawater, respectively. Here, D°" is fixed
tobe 1.91 x 1079 m? s~ ! at 20 °C in seawater. 6 is the calculated sed-
iment tortuosity. 0C/0z is the DO concentration gradient under
steady state conditions. dC/0z is derived from the DO profile, where
it exhibits the highest inclination below the sediment surface
(Schulz, 1999).

For cross-checking comparison, we calculated the DO consumption
rate by using the difference of DO concentration in the overlying
water before ([DOlpefore) and after ([DO]qser) the sediment intact core in-
cubation (hereafter referred to as the incubation method).

J= h x [Do]before;[DO]after 7 (4)

where h is the height of water column in the sediment intact core and T
is the incubation time.

Since irrigation was reported to be the predominant process in con-
trolling solute transfer across the sediment-water interface in the PRE
(Cai et al., 2015), we thought that the diffusion method underestimated
the DO consumption rate, because it does not consider the influences of
physical and/or bio-irrigation processes in the sediments. Thus, the
incubation-derived sedimentary DO consumption rate was applied to
analyze the correlation with the in situ nitrogen removal rate.

2.4. Sediment slurry incubation for potential rate determination

Potential rates of denitrification and anammox in the surface sedi-
ments were measured via slurry incubations, a simplified version of
the technique devised by Thamdrup and Dalsgaard (2002). In brief,
the slurry was prepared by mixing the surface sediments with the fil-
tered (0.2 um) bottom water ina 1:1 (v/v) ratio, and then homogenized
and purged by helium gas for ~1 h to ensure an anoxic condition for the
slurry tube (500 mL). Subsequently, 3 mL of premixed anoxic slurry was
transferred into 12 mL gas-tight vials (Exetainers, Labco); the head-
space of each vial was then purged with helium for approximately
1 min. In total, 15 vials for each sampling site were prepared, and all
of the samples were pre-incubated for more than 24 h to completely
eliminate the residual oxygen and background concentration of NOj .
After the pre-incubation, '°N-labeled substrates ('>NH4Cl and
Na!>NO;) were injected into the vials and the slurries were again thor-
oughly mixed. Incubations were performed in the dark at room temper-
ature (25 °C).

Three sets of tracer addition experiments (5 vials for each set) were
designed. For sets A and B, °NO3 (Sigma-Aldrich, 98 >N at%) or '>NH
(Sigma-Aldrich, 98 '°N at%) were added to the slurries, and the final
concentrations were 100 umol >N L™, respectively. For set C, both
I5SNH{ and NO3 were added and the final concentrations of both
were 100 pmol L.

For each set of slurry incubations, one of the five vials was fixed
immediately after the '°N tracer addition and assigned as initial
(time of zero). All of the remaining vials were then fixed together
after 2 h incubations. To terminate the incubation, 100 pL of
saturated HgCl, solution was added to the vials to kill microbes. All
of the fixed samples were kept upside down at room temperature
(25 °C) in the dark before isotopic measurement. The rates were cal-
culated from the incremental amount of the '>N-labled product over
the incubation time.

2.5. Sediment intact core incubation for in situ rate measurement

To obtain denitrification and anammox rates in undisturbed surface
sediments, core incubations according to Trimmer et al. (2006) were
used. Note that the intact core incubation was not applied to P3 due to
logistical reasons. The intact sediment cores were equilibrated with
oxygen-saturated bottom water in a tank overnight to rebuild sediment
profiles after core collection. At each sampling site, fourteen intact cores
in total were applied to perform the '>NO3™ concentration series exper-
iment. Before the tracer addition, we measured the overlying water DO
concentration in each intact core, and then the >NO3 (Sigma-Aldrich,
98 >N at%) was added into the overlying water to final concentrations
of 20, 40, 60, 80, 120, 140, and 160 umol L™, Each concentration occu-
pied two intact cores as duplicate. All cores were sealed, with overlying
water stirred by using a small stir bar (4 cm length) below the surface of
the overlying water, driven by a large external magnet inside the incu-
bation tank following the design of Trimmer et al. (2006). About 30 min
of pre-incubation time were adopted to ensure a constant ratio between
14NO3 and '>NOj3 in the denitrification zone (Hsu and Kao, 2013). Im-
mediately following pre-incubation, one core of each concentration
treatment was sacrificed and taken as initial, while the remaining
cores were stopped after ~2 h incubation at in situ temperature
(21-23 °C). To stop the incubation, we measured the DO concentration
again and subsampled the sediment cores by mixing the overlying
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water and the top 2 cm of sediments gently with a glass rod (Dalsgaard
et al., 2000). A total of 3 mL of mixed slurry was sampled into a 12 mL
gas-tight vial (Exetainer, Labco) containing 100 pL saturated HgCl, solu-
tion and a glass bead. Five replicates were sampled for each intact core.
All of the vials were capped, and the headspace was quickly flushed
with helium for approximately 1 min to replace the redundant air.
Lastly, the samples were kept upside down at room temperature for
later analysis. The difference of DO concentration in each core was ap-
plied to calculate the sedimentary DO consumption rate.

2.6. Chemical analysis

The concentration of NOx was analyzed by vanadium (III) reduction
with chemiluminescence detection (Braman and Hendrix, 1989). Sedi-
ment porosity was measured from the weight loss of a known amount
of wet sediment after drying at 60 °C to a constant value. The dry sedi-
ment was acidified with 1 N HCI to remove inorganic carbon for 16 h,
then organic carbon (OC) and organic nitrogen (ON) contents in the
sediments were determined with a Carlo-Erba EA 2100 elemental ana-
lyzer (Kao et al.,, 2008). The >N labeled products in fixed samples, in-
cluding the 2°N,, 3°N,, °N,0, and “°N,0, were quantified using a
Thermo Finnigan DeltaP“* Advantage isotope ratio mass spectrometer,
equipped with a Gas-Bench II and a PoraPlot Q GC column (Hsu and
Kao, 2013).

2.7. Nitrogen removal rates calculation and uncertainty analysis

For the slurry incubation, the potential rates of denitrification and
anammox were quantified using the 2°N, and *°N, production rates,
since no N,O was detectable. We applied the quantification technique
of Thamdrup and Dalsgaard (2002) for calculation. In set A, 28N,, 2°N,
were assumed to be the products from both denitrification and
anammox, while *°N, was solely sourced from denitrification. As only
insignificant anammox rates were observed in sets B and C, the follow-
ing equations were adapted to calculate the potential denitrification
rate.

#) 727 (5)

Dpotential = P30 x (
P 1+Tr14-n,

r14-N, = D29/2 x D3y, (6)

where Dyorentiar 1S the potential denitrification rate. P3q represents the
production rate of °Ns. r4-N, is the ratio between *NO3” and '°NO3"
undergoing nitrate reduction, derived from N, production under the
assumption that denitrification produces 2®N,, 2°N, and 3°N,
through random isotope pairing (Hsu and Kao, 2013). The assump-
tion of ignorable anammox throughout the study area was justified
later.

In set C, 2°N, was only produced from anammox in anaerobic sedi-
ments, thus the potential anammox rate was,

Apotential = P9 x Fy, (7)

where Aporentiar denotes the potential anammox rate. Pog and F, repre-
sent the production rate of 2°N, and the labeling fraction of >NHJ in
each experimental set, respectively.

For intact core incubations, the in situ denitrification and anammox
rates were quantified based on the 2°N,, 3°N,, °N,0 and “°N,0 produc-
tion rates. To avoid the effect of 2°N, that was produced from anammox
on the rq4, we applied the r;4-N,O ratio instead of r14-N to calculate the
denitrification and anammox rates. For the purposes of this technique,
denitrification was assumed to be the only quantitatively significant
source of *°N,0 and “°N,O during the intact core incubations
(Trimmer et al., 2006). The total denitrification and anammox rates

were derived from the sum of N, and N,O production rates, using the
following equations (Hsu and Kao, 2013),

D14 = 2(r1a—n,0 + 1) X I14—=N,0 X P30 + T'1a—n,y0 X (2Pag + Pas), (8)
14-N,0 = P45/2 x Pg, 9)
A1s =2 x T14-N,0 ¥ (P29—2 X '14-n,0 X P3o), (10)

where D4 and Aq4 represent the in situ denitrification and anammox
rates, respectively, supported by the *NO3 in the environment. Pys
and P, denote the production rates of °N,0 and “°N,0, respectively. Fi-
nally, the genuine nitrogen removal rates (P;4) were calculated by sum-
ming D14 and Aq4.

P14 = D14+ A1s = 2r14-n,0 % [Pag + (1—T14-n,0) x P30]
+1'14-N,0 X (2P4g + Pys). (11)

To separate the sources of nitrate to fuel nitrogen removal in sedi-
ments, we applied the following equations to calculate the genuine ni-
trogen removal rate supported by the water-column-delivered nitrate
(P14w) and by the sedimentary coupled nitrification-denitrification
(P14n) (Hsu and Kao, 2013):

14w

P14W:P14 X (]2)

T'14—N,0 ’
P14 = P14—Pyaw, (13)

where r14w is the ratio of *NO3 to '>NO3™ concentration in the water
column.

Using error propagation, we conducted the uncertainty analysis of
the calculated fluxes in the following context based on Eqs. (14) and
(15).

F = f(x1,X2,X3), (14)

A \? af\? Ar\?2
”mﬁ) cot e (LY o+ (U)o, )

where F is the flux of sedimentary nitrogen removal and N,O produc-
tion. X1, x, and x3 represent different error sources and 6_x;, 6_x;, and
&_x3 denote the uncertainty of each error source. 6_F is the uncertainty
of the calculated flux.

2.8. Statistical analysis

Pearson correlation analysis was applied to examine the correlations
between nitrogen removal rates and environmental variables. A one-
way analysis of variance (ANOVA) was performed to examine the spa-
tial difference in relative magnitude of denitrification and anammox

Table 1

Environmental characteristics of the sampling sites in the Pearl River Estuary.
Sites Depth T Sb [NOx], [OCls [ON]s C/Ns Porosity OPD

(m)  (°0) (umol  (mg  (mg (mm)
L) Cg) Ngh

P3 9 209 02 1903 11.77 0.77 1535 0.66 0.8
Al 20 215 195 113.0 1196 1.05 1144 0.65 24
A3 7 212 216 904 2.79 0.16 17.15 0.59 4.0
A4 8 223 139 1385 238 0.12 19.72  0.69 6.0
A6 9 231 26,6 550 3.39 0.24 1421 0.57 2.0

A9 26 227 319 222 391 0.29 1326 0.71 22

Ty and S, denote temperature and salinity in the bottom water. Subscripts “b” and “s” rep-
resent bottom water and surface sediments, respectively. OPD is the oxygen penetration
depth.
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rates. All statistical analyses were conducted by using Statistical Package
of Social Sciences (SPSS, version-19.0) at a 0.05 significance level.

3. Results
3.1. Environmental setting

The water depth of the sampling sites ranged from 7 to 26 m
(Table 1). The bottom water temperature varied in a narrow range of
20.9-23.1 °C, while a distinct salinity gradient (0.2-31.9) was observed
longitudinally. The concentrations of NOx in bottom water ranged from
22.2 t0 190.3 umol L~ and were significantly correlated to water salin-
ity (r = —0.995, p = 0.0004), with higher concentration in low salinity
water. The content of organic carbon and nitrogen in the surface sedi-
ments ranged from 2.38 to 11.96 mg C g~ ' and from 0.12 to
1.05 mg N g~ !, respectively, displaying a large variation with higher
content in the upper estuary. The porosity of sediments varied between
0.59 and 0.71. The additional descriptions of pore water chemistry, such
as the concentrations of dissolved inorganic carbon, NOy and ammo-
nium, were detailed in Cai et al. (2015).

3.2. Dissolved oxygen

The DO concentrations in bottom water remained high at the sam-
pling sites and ranged from 84.1 to 262.5 umol L~ (Fig. 2a). The highest
DO concentration occurred at A3, while the lowest concentration ap-
peared at the most upstream station, P3.

Below the sediment water interface, the DO concentration decreased
dramatically downward to zero (Fig. 2a) with different OPDs. The OPD
in the sampling sites varied from 0.8 to 6.0 mm (Table 1). The
shallowest oxygen penetration appeared at P3, corresponding to the
lowest bottom water DO concentration, while the deepest depth ap-
peared at A4, corresponding to the lowest OC and ON contents in sur-
face sediments (Fig. 2a and Table 1).

The sedimentary DO consumption rates, based on the diffusion
method, ranged from 4.1 to 9.3 mmol m~2 d™!, with the highest DO
consumption rate occurring at A9 and the lowest rate at A4 (Fig. 2b).
However, the DO consumption rates derived from the incubation
method (7.3-42.0 mmol m~2 d~') were 1-6 times greater than those
from the diffusion method, with higher rates appearing at the upstream
stations (Fig. 2b).

Oxygen concentration (pmol L‘l)

0 50 100 150 200 250 300

04 | Il 1 1 1 1

Depth (cm)

Oxygen consumption rates (mmol m?d?

3.3. Presence of anammox in surface sediments

Anaerobic slurry incubations were performed to confirm the pres-
ence of anammox metabolism, designated as sets B (incubation with
I5NHZ) and C (incubation with ">’NHZ and '“NO3") for the PRE surface
sediments. Theoretically, no >N, would be produced in set B since ni-
trite for anammox was absent after pre-incubation. While remarkable
29N, production rate should be detected after *NO3" addition in set C
if anammox was present. Experimental results showed that the °N,
production in set C (0.6-4.5 nmol N mL~! h~!) were two orders of mag-
nitude higher than that in set B (0-0.1 nmol N mL™! h™!), thus
confirming the presence of anammox in the PRE surface sediments.

3.4. Potential denitrification and anammox rates

Potential denitrification and anammox rates varied from 26.9 to
94.4 nmol NmL™" h™! and from 0.6 to 4.5 nmol N mL™" h™', respec-
tively (Fig. 3). The potential denitrification rates were two orders of
magnitude greater than potential anammox rates in the PRE sediments.
Significant spatial differences in the potential denitrification and
anammox rates were observed among the sampling sites (one-way
ANOVA, n = 6, p = 0.0002 for potential denitrification and one-way
ANOVA, n = 6, p < 0.0001 for potential anammox). The highest denitri-
fication potential was detected at the most upstream station, P3,
whereas the lowest rate was at A3, in the middle estuary. For the
anammox potential, the highest rate occurred at A6, in the middle-
lower estuary while the lowest appeared at nearby A4.

For the two nitrogen removal pathways in slurry incubations,
anammox contributed only 1.27-5.11% to the total nitrogen loss, indi-
cating that denitrification dominated the nitrogen removal pathway in
the PRE sediments. This result validated the appropriateness of the as-
sumption for the potential denitrification rate calculation in set A.

3.5. In situ denitrification and anammox rates

The in situ denitrification rates presented a downstream decreasing
pattern in the PRE sediments and varied by over one order of magnitude
from 32.2 to 707.7 umol N m~—2 h~!, with the highest rate at A1 and the
lowest at A9 (Fig. 4a). The rate was significantly negatively correlated to
bottom water salinity (r = —0.892, p = 0.042), positively correlated to
bottom water NOy concentration (r = 0.928, p = 0.022) and sedimen-
tary DO consumption rate (r = 0.881, p = 0.048) (Table 2). The in situ
anammox rates ranged from 0 to 2.5 umol N m~2 h™! and were

I Diffusion method
[ Incubation method
50

(b) I
40 -
30 A
20 A
10
LD

P3 Al A3 A4 A6 A9
Stations

Fig. 2. The (a) profiles and (b) consumption rates of dissolved oxygen for the Pearl River Estuary sediments. The dashed line in (a) represents the sediment water interface. Vertical bars

denote standard deviation.
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Fig. 3. The spatial distribution of potential rates for denitrification and anammox. Potential
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appreciably lower than the in situ denitrification rates, suggesting that
anammox was a minor contributor (0-6.8%) to sedimentary nitrogen
removal. Except for A3 and A4, where no anammox process was
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Table 2

Pearson correlation analysis between in situ nitrogen transformation rates and environ-
mental factors in the Pearl River Estuary (n = 5). Only the coefficients are shown in the
table. Bold numbers represent statistically significant correlations (p < 0.05).

Rates Salinity OC* ON* (/N NOx®  OPD DO flux®
Denitrification —0.892 0.449 0423 0.263 0.928 0.583 0.881
Anammox 0.585 0.669 0.690 —0.946 —0.516 —0.839 —0.116
N> —0.921 0.386 0359 0.334 0.950 0.647 0.841
N,O —0.228 0.994 0990 —0.659 0.322 —0.336 0.848
Piqw —0.675 0.798 0.783 —0.192 0.741 0.187 0.923
Py4n —0.897 0.189 0.160 0.488 0911 0.731 0.740

¢ The content in surface sediments.
b The concentrations in bottom water. OPD is the oxygen penetration depth.
¢ The incubation-derived DO consumption rate.

detected, the anammox rates were comparable across all sites, showing
no downstream decreasing pattern (Fig. 4b). The only correlation ob-
served for anammox against multiple environmental parameters was
a negative relationship with respect to the corresponding C/N (r =
—0.946, p = 0.015) and OPD (r = —0.839, p = 0.076) (Table 2). A
higher proportional contribution of anammox to nitrogen removal
was observed in the seaward sediments (Fig. 4b), where in situ denitri-
fication became lower (Fig. 4a).

On the other hand, N,O production was observed during the intact
core incubation, ranging from 0.2 to 21.6 pmol N m—2 h™!, The highest
N,0 production rate occurred at A1, while the lowest appeared at A4
(Fig. 4d), differing from the seaward decreasing pattern for in situ
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Fig. 4. The spatial distribution of in situ rates for (a) denitrification and the relative contribution of denitrification to total nitrogen removal, (b) anammox and the relative contribution of
anammox to total nitrogen removal, (c) N, production rates and the proportional contribution of N, to total nitrogen loss, and (d) N,O production rates and the proportional contribution
of N0 to total nitrogen loss in intact core incubations. Vertical bars denote standard deviation.
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denitrification. In contrast, the total N, production rates were much
higher, varying from 33.6 to 688.6 umol Nm~2h™" (Fig. 4c). The contri-
butions of N,O to total nitrogen loss ranged from 0.03 to 3.04% among
the five sites, with a lower contribution in the middle estuary
(Fig. 4d). Up to 3% of removed nitrogen was transformed to N0, indi-
cating that the PRE sediment might play an important role in N,O emis-
sion. Of the detected environmental factors, N,O production rate
correlated significantly with the contents of organic carbon (r =
0.994, p = 0.001) and nitrogen (r = 0.990, p = 0.001) in surface sedi-
ments (Table 2).

The nitrogen removal rates supported by sedimentary coupled
nitrification-denitrification (Py4n) ranged from 31.1 to 466.8
umol N m~2 h~! (Fig. 5), and their contribution to total nitrogen re-
moval was estimated to be as high as 56-90% (average of 76%). Obvi-
ously, nitrification in the aerobic sediments was the major source of
NOy for nitrogen removal in PRE sediments. Additionally, nitrogen re-
moval supported by water-column-delivered NOy (P;4w, via physical
diffusion) contributed 10-44% (average of 24%) to total nitrogen loss
with rates of 3.5-308.8 umol N m~2 h™' (Fig. 5), suggesting that phys-
ical diffusion of NOx from the water column was significant but less im-
portant for nitrogen removal in the PRE sediments.

Among environmental parameters, P14n was negatively correlated
to salinity (r = —0.897, p = 0.039) and positively correlated to sedi-
mentary DO consumption rate (r = 0.740, p = 0.153) (Table 2), while
P14w was positively correlated to the sedimentary organic carbon con-
tent (r = 0.798, p = 0.105), sedimentary organic nitrogen content (r
= 0.783, p = 0.117), and the bottom water NO, concentration (r =
0.741, p = 0.152) (Table 2).

4. Discussion
4.1. Nitrogen removal and environmental regulators

In the PRE sediments, denitrification was dominant, although rates
varied among the different sites (Figs. 3 and 4a). The highly variable de-
nitrification in space appeared to be driven by different environmental
factors. The potentially effective environmental factors include bottom
water NOyx concentration, bottom water salinity and sedimentary DO
consumption rate. As stated previously, NOy transported to sediments
by diffusion was another important source for sedimentary nitrogen re-
moval, accounting for 10-44% (Fig. 5). A positive correlation was ob-
served between P;4w and NO, concentration (Table 2), which in turn
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Fig. 5. The spatial distribution of the total nitrogen removal rates, supported by physical
diffusion (P;4w) and coupled nitrification-denitrification (Py4n), and the proportional
contribution of individual processes to the total nitrogen removal rate.

demonstrated the importance of NOy diffusion in the regulation of sed-
imentary denitrification.

In addition to the effect of bottom water NOy concentration, in situ
denitrification rates were observed to be negatively correlated with bot-
tom water salinity, indicating that salinity was another important regu-
lator for sedimentary denitrification (Table 2). A significant inverse
relationship of sedimentary denitrification rate and bottom water salin-
ities was also observed in the Parker River Estuary and Rander Fjord Es-
tuary (Giblin et al.,, 2010; Rysgaard et al., 1999). Moreover, in the
Louisiana estuary, Seo et al. (2008) found that the sedimentary denitri-
fication rate at the upstream sites was ~300% higher than that observed
in the most downstream station, with the highest salinity. Rysgaard
etal. (1999) proposed a mechanism by which salinity may diminish de-
nitrification rates by cutting down the supply of nitrate from salinity-
sensitive nitrification. Many previous studies indeed found that the ni-
trification rates decreased significantly as salinity increased in estuaries
(Bernhard et al.,, 2005; Mondrup, 1999), indicating that salinity may in-
hibit nitrification in overlying water or sediments. Since in this study,
sedimentary nitrification was the major process for fueling substrates
for sedimentary nitrogen removal (Fig. 5), it could be inferred that
high salinity constrains the nitrification and subsequently, the sedimen-
tary denitrification rate.

In addition, oxygen in porewater may stimulate denitrification indi-
rectly by enhancing sedimentary nitrification (Rysgaard et al., 1994), al-
though denitrifiers undergo anaerobic metabolism. In our study, the in
situ denitrification rate was positively correlated to the sedimentary
DO consumption rate (Table 2), supporting the findings of Rysgaard
et al. (1994). Indeed, the contribution of internal coupled nitrification-
denitrification in sediments to total nitrogen loss ranged from 56% to
90% (Fig. 5). Previous studies also reported that coupled nitrification-
denitrification played significant roles in nitrogen removal in various
ecosystems, such as subtidal permeable sediments (Marchant et al.,
2016), riverine suspended particles (Xia et al., 2016), and constructed
wetland sediments (Tan et al., 2017).

Many studies have shown that organic matter is a significant factor
regulating denitrification in sediments (Brin et al., 2014; Plummer
et al,, 2015). However, no significant correlations were observed
between denitrification rates and the quantity or quality of sedimentary
organic matter in our study (Table 2), indicating that organic
matter was not a control factor for denitrification in PRE sediments.
Moreover, temperature showed no correlation with the nitrogen re-
moval rates (r = —0.761, p = 0.135 for denitrification and r = 0.271,
p = 0.659 for anammox) in our study. Qian et al. (2018) reported that
the PRE water body has distinct seasonal variations, rising from ~15 °C
in the winter to ~30 °C in the summer. Such fluctuant temperature
might play a critical role on the rates of nitrogen removal and associated
N,O production on a seasonal scale. As temperature showed
little variation site to site (Table 1), its effects were not obvious in this
study.

Relative to denitrification, anammox was a minor contributor to
total sedimentary nitrogen removal at all the locations sampled
(Fig. 4a and b). At A3 and A4, the anammox rate was not detectable
via intact sediment core incubation, although anammox activity was ob-
served in the anaerobic slurry incubation of the corresponding surface
sediments (Fig. 3). The low content and quality of organics (high sedi-
mentary C/N) and deep OPD might be responsible for the spatial varia-
tion of anammox rates in intact core incubations. Anammox rates were
negatively correlated to the sedimentary C/N (Table 2), and it was spec-
ulated that the most important driver could be the high sedimentary C/
N, since the partitioning of nitrogen loss between denitrification and
anammox has been reported to be directly dependent on the C/N of
the organic matter supply (Babbin et al., 2014; Babbin and Ward,
2013). Similarly, the anammox rate was negatively correlated to the
OPD (Table 2). Since the OPD in sites A3 and A4 was the deepest
(Fig. 2), it could therefore be inferred that the absence of anammox
was caused by the inhibition of oxygen. Strous et al. (1997) also
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Table 3

A comparison of sedimentary nitrogen removal rates at various regions. n.d. means not determined. Note that nitrogen removal rates in all listed studies were determined by using intact

core incubation and isotope pairing technique.

Anammox (umol Nm~—2h™") References

Regions Denitrification (umolNm~2h~")
Constructed wetland, Australia 651.5-965.9

Apalachicola Bay, Mexico 1.4-123

Jinpu Bay, China 0.1-13.7

Coastal Greenland 1.5-104

Arctic Shelf 3.6-16.1

Danshuei River, Taiwan 125.7

Tama River Estuary, Japan 214-1260

Thames Estuary, England 6.1-192.9

St. Lawrence Estuary, Canada 113
Pearl River Estuary, China 32.2-707.7

66.1-199.4 (Erler et al., 2008)
04-1.1 (Gihring et al., 2010)
0-1.5 (Yinet al., 2014)
0.1-3.8 (Rysgaard et al., 2004)
0.1-0.3 (McTigue et al., 2016)
13.0 (Hsu and Kao, 2013)
n.d. (Usui et al,, 2001)
6.6-48.9 (Trimmer et al., 2006)
5.5 (Crowe et al., 2012)

0-2.5 This study

indicated that the anammox process appears only under strict anaero-
bic conditions, according to their experimental results, in which
anammox activity was reversibly inhibited when the oxygen level in-
creased to 1 umol L™'. However, the C/N and OPD were synergistic,
and the anammox activities in natural sediments were thus co-
affected by those two variables.

4.2. Hotspot of nitrogen loss and the role of particulate organic matter

If we compared our results with other estimations at various regions
globally, the nitrogen removal rates we estimated in the PRE sediments
were higher than most of the other regions, including continental shelf
and estuarine sediments (Table 3). However, our sedimentary denitrifi-
cation rates were comparable to those reported in constructed wetlands
(Erler et al., 2008) and Tama River Estuary (Usui et al., 2001). We thus
concluded that the PRE sediments acted as an important hotspot for ni-
trogen removal.

We found that nitrogen was removed via N, and N,O release,
with N as the dominant product in the PRE sediments (Fig. 4c and
d). To quantify the sedimentary nitrogen removal flux, we zoned
the study area into five rectangles, with an area of 105, 179, 211,
383, and 302 km?, respectively, as indicated in Cai et al. (2015).
Total nitrogen removal flux was estimated by integrating the site-
specific fluxes over the study area. We derived a nitrogen removal
flux of 8.1 & 2.0 x 10° mol N d~!, implying that the PRE sediments
were significant nitrogen removal hotspots. Our finding was ~4
times lower than the estimate in Cai et al. (2015) during the
same cruise, which demonstrated a benthic nitrogen removal flux
0f 3.6 & 0.3 x 10" mol N d~! based on the ?>*Ra/?*®Th disequilibrium
approach. Cai et al. (2015) demonstrated that the dominant nitrogen
removal pathway in sediments was derived from non-local transport
or bio-irrigation. However, only the nitrogen removal that was
fueled by organic matter remineralization and physical diffusive
NO; was constrained in this study. Bio-irrigation promotes the diffu-
sion of DO and NOy from overlying water to sediments by increasing
the incurvate interface area and subsequently stimulates the sedi-
mentary nitrification and denitrification. As mentioned above,
both water column and sediment-produced NOy sustained denitrifi-
cation and anammox in the PRE sediments. Based on our study, the
removal flux that was supported by sedimentary nitrification was
6.0 £+ 1.5 x 10° mol N d~!, suggesting that nitrogen was mainly re-
moved via allochthonous or autochthonous particulate organic mat-
ter in sediments. The riverine input fluxes of NHZ and particulate
organic nitrogen (PON) were approximately 8.5 x 106 mol N d~!
and 1.1 x 10" mol N d~ ! (Cai et al., 2015; He et al., 2010), respec-
tively. Since that PON undergoes ammonification before sedimen-
tary nitrification, we assumed that all the riverine inputted NH{
was converted to PON, and ~31% of the total PON (allochthonous
and autochthonous) input (~2.0 x 107 mol N d~!) was thus
removed via sedimentary nitrification-denitrification. This estimate
likely to be on the conservative side, and the actual PON

removal via sedimentary nitrification-denitrification plays a
greater role than suggested above. Another removal flux of 2.1 +
0.6 x 10° mol N d~! in sediments was supported by the water-
column-delivered NOy, accounting for ~8% of the riverine input if
the riverine flux was 2.5 x 107 mol N d~! for nitrate (Cai etal., 2015).

The total nitrogen input into the estuary is ~4.5 x 10’ molNd ™!,
with 24.7% of it represented by PON. The total nitrogen removal is
8.1 & 2.0 x 108 mol N d~'; ~74% of total nitrogen removal depends
on PON linking nitrogen in the water column to sedimentary nitro-
gen pool. Generally, the PRE sediments performed as a significant
filter of organic nitrogen; however, the major parts of riverine re-
active nitrogen were still retained in the ecosystem.

4.3. Sedimentary N>O emission

Much higher N, production than N,O production rates indicated
that N, was the dominant end-product of nitrogen removal (Fig. 4c
and d). In addition to N, production, the sedimentary N,O production
yielded 0.03-3% of the total nitrogen loss, with rates of 0.2-21.6
umol N m—2 h™! during the intact core incubation (Fig. 4d). Similar in-
tertidal sediment N,O production rates were reported in other studies,
such as 0.2-25.2 pmol N,O m~2 h™! in the Humber Estuary (Barnes
and Owens, 1999) and 0.01-0.9 pmol N0 m~2 h™! in the Yellow
River Estuary (Sun et al.,, 2014). The N,O production rates in this study
were positively correlated to the sedimentary OC and ON contents
(Table 2), and the N,O/N, was significantly correlated to the C/N (r =
—0.950, p = 0.013), indicating that the quantity and quality of organic
matter likely had significant impacts on the N,O yield in the PRE
sediments.

Similarly, we calculated the N,O flux to be 7.3 4+ 2.1 x 10*mol Nd ™!
by multiplying production rate by sediment area. The relative high un-
certainties in the fluxes of nitrogen removal and N,O release were
mainly caused by the spatial variations in nitrogen removal rates and
N,O production rate. A total N,O flux of 2.1 & 1.1 x 10° mol Nd ! in
the PRE was reported by Lin et al. (2016), in which spatiotemporal var-
iation of N0 in surface water had been documented. Dividing the N,O
emission flux that produced from sedimentary denitrification by the
total N,O emission flux, the sedimentary N,O production would occupy
~35% of the daily N0 emission, indicating that the PRE sediments might
also acted as a N,O source. However, nitrification or nitrate reduction in
the water column was other significant N,O contributors in the PRE.
Further studies are still needed to elucidate the roles of nitrification
and denitrification in the N,O budget.

5. Conclusions

We examined the nitrogen removal pathways and quantified the in
situ denitrification and anammox with associated gaseous nitrogen
production rates in the PRE sediments by applying slurry and intact sed-
iment core incubations. Sedimentary nitrogen removal was predomi-
nated by denitrification relative to a minimal contribution from
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anammox. Among the detected environmental factors, salinity, bottom
water NOx (nitrate and nitrite) concentration, sedimentary organic
matter and dissolved oxygen consumption rates were important deni-
trification and anammox rates regulators. We found that sedimentary
nitrogen removal involved mainly particulate organic form (allochtho-
nous or autochthonous) deposited onto sediments, rather than inor-
ganic forms in overlying water. Meanwhile, the PRE sediments also
acted as a N,O source with a flux of 7.3 + 2.1 x 10 mol N d ™', equiva-
lent to ~35% of the daily N,O emissions in the PRE.
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