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Abstract

The exchange of inorganic nutrients at the coastal sediment-water interface (SWI) plays a crucial role in regulating the
nutrient budget in overlying water. The related studies mainly focus on the mid-to high-latitude regions, leaving a
significant gap in the quantitative assessment of nutrient exchange and environmental controls at the SWI in low-
latitude coastal regions. We quantitatively assess the exchange of inorganic nutrients at the SWI in three tropical bays
(Dongzhai Harbor, Xiaohai Lagoon, Qinglan Harbor). Sediments act as a source of ammonium, phosphate, and silicate,
but for nitrate, sediments can be both a source and sink, although with substantial spatial and temporal variations in
their fluxes. Labile organic matter is a critical regulator for the fluxes of inorganic nutrients at the SWI. The
sedimentary nutrients input with high N/P molar ratio will alter the nutrient stoichiometry to mitigate the nitrogen
limitation in coastal waters. However, the internal sediment release in these tropical bays plays a relative weak role in
contributing to the nutrient addition in comparison with the other external nutrient sources including riverine input,
submarine groundwater discharge, and atmospheric deposition. According to the global compilation on SWI nutrient
fluxes, we propose that water column primary production and external inputs to interpret the variation in exchange and
fluxes of nutrients at the SWI in different ecosystems. Such a conceptual understanding of these chain biogeochemical
processes involving external nutrient input, primary production, particulate organic matter settling, and the
accumulation and release of inorganic nutrients in sediments will be helpful for the scientific-based pollution prevent
and control in coastal waters.
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1 Introduction global marine biogeochemical cycles (Behrenfeld et al.,
2006). With the development of industry and intensifica-

Dissolved inorganic nitrogen (DIN), inorganic phos- tion of urbanization, the majority of fertilizers and
phorus (DIP), and silicon (DSi), as the essential elements wastewater discharge on land will ultimately deliver into
for the growth of phytoplankton and limiting factors for coastal waters via riverine input, groundwater discharge,
primary productivity, are important components of the and atmospheric deposition, mitigating the nutrient limita-
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tion to stimulate primary productivity and subsequently
enhancing the coastal carbon sink (Mackenzie et al.,
2002). In addition, aquaculture reclamation also con-
tributes nutrients into coastal bays (Lin and Lin, 2022).
However, these excess nutrients inevitably lead to envi-
ronmental issues such as eutrophication and the related al-
gal blooms, hypoxia, and acidification in coastal waters
(Devlin and Brodie, 2023). Therefore, understanding the
sources of major nutrients and their fates in nearshore en-
vironments will contribute to the water pollution preven-
tion at regional and global scales.

Coastal sediments are important sites for carbon sink.
Both terrigenous and marine produced organic matter
buries in coastal sediments and its degradation drives a se-
ries of carbon and nitrogen biogeochemical cycles, which
play significant roles in regulating the spatiotemporal dis-
tributions and budgets of nutrients in overlying water via
the sediment-water interface (SWI), particularly in
nearshore environments with a shallow water depth (Bur-
dige, 2011). For instance, ammonium (NH}-N) produced
from sedimentary organic matter respiration accumulates
in porewater and diffuse upward across the SWI to the
overlying water, which can promote primary production
and may potentially cause endogenous pollution. Con-
versely, the microbial-mediated processes including deni-
trification and anaerobic ammonia oxidation at the SWI
eliminate NO; -N (nitrite plus nitrate) to reduce their accu-
mulation in coastal waters, acting as a buffer against eu-
trophication (Denis and Grenz, 2003; Qiu et al., 2016;
Zhang et al., 2014, 2023). Thus, the source and sink pro-
cesses of major nutrients (DIN, DIP and DSi) and their
fluxes at the SWI play a crucial role in balancing nutrient
budgets and maintenance of primary productivity.

The SWI is one of the key interfaces in aquatic
ecosystems, more and more studies have focused on the
investigation of nutrient exchange fluxes and their envi-
ronmental factors at the SWI in various coastal habitats,
including estuaries, bays, lagoons and continental shelves
(Ben Mna et al., 2022; Lehrter et al., 2012; Mu et al.,
2017). Recent researches have indicated that abiotic and
biotic environmental factors in overlying water (tempera-
ture, dissolved oxygen, and nutrient concentrations) and
sediments (porosity, organic carbon-nitrogen contents,
C/N molar ratio, and microbial communities) affect the
nutrient exchange at the SWI by influencing both physi-
cal and biochemical processes such as adsorption-desorp-
tion, dissolution, diffusion, remineralization, and micro-
bial activities (Boynton et al., 2018; Dadi et al., 2023;
Wang et al., 2023; Zhao et al., 2018; Zhou et al., 2022; Zhu
et al., 2023). However, most of these studies have been
concentrated in mid-to high-latitude regions, leaving a
significant gap in the quantitative assessment of nutrient
exchange and environmental controls at the SWI in low-
latitude regions (Boynton et al., 2018). The low-latitude
ecosystems are experience greater and more sensitive to
climate change (Pinsky et al., 2019). Higher temperatures

will favor primary production and enhance sediment car-
bon-nitrogen biogeochemical processes, potentially alter-
ing the source-sink of nutrients, and amplifying or inhibit-
ing their fluxes at the SWI. In addition, the relative impor-
tance between internal exchange at the SWI and external
inputs (such as riverine delivery, atmospheric deposition,
and groundwater discharge) in coastal regions, especially
in shallow water ecosystems remains underexplored (Fen-
nel and Testa, 2019).

Hainan Island is located in the southern China and ex-
periences a typical tropical monsoon climate, hosting di-
verse nearshore ecosystem types. We conducted field in-
vestigations in different seasons in Dongzhai Harbor, Xi-
aohai Lagoon, and Qinglan Harbor, representing the man-
grove, lagoon, and bay-type nearshore shallow-water
ecosystems in low latitude regions, respectively (Fig. 1).
Bottom water, surface sediments (1 cm), and pore water
were collected (1) to quantify the exchange and fluxes of
inorganic nutrients (DIN, DIP, and DSi) at the SWI, (2) to
identify the key environmental factors. Finally, historical
data on regional external inputs were integrated to com-
prehensively assess the relative importance of internal
sediment release in the nutrient budget in these coastal
shallow water ecosystems.

2 Sampling and methods

2.1 Study area

Dongzhai Harbor (DZG, Figs 1b and c) is the first
mangrove reserve in China with a depth ranging from ap-
proximately 4 m to 12 m. The annual average precipita-
tion is 1 700 mm, and the mean annual temperature is
23.8°C. DZG experiences an irregular semidiurnal tide
with a tidal height of 1.5-2.0 m (Li et al., 2017). Xiaohai
(XH, Fig. 1d) is the largest lagoon in Hainan Province
with an area of approximately 44 km? and a water depth of
1.5-4 m (Gong et al., 2008). Increasing human activities
exert a seasonal eutrophication in the southern and central
parts of XH, while the water quality has gradually im-
proved after banning aquaculture in recent years (Gong
et al.,, 2008; Luo et al., 2022). Qinglan Harbor (QLG,
Fig. le) exhibits a funnel-shaped entrance with a narrow
mouth and wide interior. The average water depth is ap-
proximately 1 m within the bay and 2—3 m in the south-
west near the entrance. QLG has an annual average tem-
perature of 23.9°C and an annual average rainfall of
1 799.4 mm (Chen et al., 2022). This region is subject to
intensive port trade and aquaculture activities throughout
the year, exerting a severe impact on the local ecosystems
(Chen and Teng, 1996; Zhen et al., 2019).

2.2 Sample collection and pretreatment

Sampling cruises at DZG were conducted in January
and May 2022, representing winter and summer, respec-
tively (Figs 1b and c). The sampling campaigns were on-
ly carried out in summer (June 2022) in the XH and QLG
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Fig. 1. Map of sampling stations at Dongzhai Harbor in winter and summer, Xiaohai Lagoon and Qinglan Harbor in

summer.

(Figs 1d and e). All samplings were completed during the
low tide and there was no rainfall before our campaigns.
The fundamental environmental parameters including wa-
ter depth, temperature, salinity and dissolved oxygen
(DO) at each station were measured on-site using a Con-
ductivity-Temperature-Depth profiler. Bottom water was
collected at 1 m above the sediment by using a portable
water sampler. The water samples were filtered through
0.45 um acetate fiber membranes and preserved in 50 mL
centrifuge tubes at —20°C for the determination of inor-
ganic nutrient concentrations, including NH;-N, NO;-N,
DIP, and DSi. Sediment samples were collected using a
grab-type sampler and the surface sediments (1 cm) were
then transferred into a glovebox with an anaerobic envi-
ronment to avoid the oxidation of NH;-N. One part of
these sediments was directly collected into 50 mL cen-
trifuge tubes and then centrifuged, then the supernatant
porewater was filtered and preserved at —20°C for nutri-
ent analysis. The remaining surface sediments were col-
lected for the determination of porosity, Total organic car-
bon content (TOC), Total nitrogen content (TN), carbon-
nitrogen ratio (C/N), and chlorophyll concentration.

2.3 Chemical analysis

The concentrations of NO;-N, NHj-N, DIP, and DSi
in bottom water and pore water were determined using a
AA3 continuous flow analyzer with detection limits of
0.01 umol/L, 0.06 umol/L, 0.09 umol/L, 0.03 umol/L, and
0.15 pumol/L, respectively (Liu et al., 2009). A known
weight and volume of wet sediment was freeze-dried to
determine the porosity (Boudreau, 1997). Then the dry
sediment sample was treated with 1 pmol/L HCI to re-

move inorganic carbon. After washing the sample with
deionized water to neutrality, the sample was dried again
and applied for TOC and TN measurement by using an
Elemental Analyzer (EA) (Tan et al., 2019). The C/N mo-
lar ratio was then calculated according to the TOC and TN
contents. The chllorophyll @ (Chl a) concentration in sedi-
ment was extracted by acetone and then analyzed using
spectrophotometry (Pinckney et al., 1994).

2.4 Determination of nutrient diffusion fluxes at
sediment-water interface

The diffusive fluxes of NO;-N, NH; -N, DIP, and DSi
at the SWI were calculated according to the Fick’s first
law (Boudreau, 1997).

dc

F=¢-D—,
¢ 0z

(1)
where F represents the nutrient diffusion flux; ¢ denotes

. . dc
the surface sediment porosity; e represents the concen-

tration gradient at the sediment-water interface, the inter-
face depth was set to 1 cm. The diffusion coefficient (D)
in the sediment can be calculated using the following
equations (Ullman and Aller, 1982):

D =¢Dy, ¢<0.7, (2)

D=¢’Dy, ©>0.7. (3)

where D, represents the ideal diffusion coefficient of the
substance in an infinitely dilute solution. In this study, the
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ideal diffusion coefficients of NO_-N, NH}-N, DIP and
DSi were set to 1.91 x 1077 cm/s, 1.98 x 1077 cm/s, 7.34 x
1076 cm/s, 1.00 x 1077 cm/s, respectively (Nriagu, 1979).
Note that the positive values of the flux indicate that the
sediments release nutrients into the overlying water, while
the negative values represent the sediments act as a sink
for nutrients diffusing from the overlying water to the sed-
iments.

2.5 Statistic analysis

A one-way analysis of variance (ANOVA) was per-
formed to examine the spatial difference in environmental
parameters and nutrient diffusive fluxes. Pearson correla-
tion was applied to test the SWI fluxes and different envi-
ronmental factors. All statistical analyses were conducted
at a 0.05 significance level using Statistical Package of
Social Sciences (SPSS, version-19.0).

3 Results

3.1 Basic environmental parameters

During the sampling period, the water depth in winter

DZG, summer DZG, XH and QLG ranged from 1.0—4.0 m,
0.9-11.0 m, 0.5-4.2 m, and 1.3—7.3 m, respectively (Fig.
2a). The bottom water temperature in DZG during winter
[20.6-21.3°C, averaging (20.8 + 0.2)°C] was significantly
lower than the summer temperatures [25.6-28.8°C,
averaging (26.8 = 1.0)°C]. The average bottom water tem-
peratures in XH [(30.1 = 2.7)°C and QLG (29.5 +
1.35)°C] were comparable, but both were slightly higher
than that in DZG during the same season (Fig. 2b). The
bottom water salinity in DZG showed a small variation
between winter and summer with a range of 27.9-32.0
(average 30.8 £ 1.4) and 25.7-32.3 (average 30.6 £ 2.3),
respectively (Fig. 2c¢). In contrast, the salinity in XH
and QLG exhibited a broader range, spanning from 10.7
to 33.0 and 15.9 to 33.1, respectively (Fig. 2c). The bot-
tom water DO concentrations in DZG during winter
(283.1 + 3.9 umol/L) were significantly higher than those
during the other three cruises, including DZG [(213.4 +
5.2) pumol/L], XH [(252.2 + 46.9) umol/L] and QLG
[(185.7 £12.4) umol/L] in summer (Fig. 2d).

For surface sediment properties, the porosity in winter
DZG, summer DZG, XH and QLG varied from 0.47 to
0.86, 0.38 to 0.65, 0.39 to 0.81, and 0.46 to 0.84, respec-
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Fig. 2.

The spatial distribution of environmental parameters in the overlying water and sediments during the four

cruises. Subfigures (a—i) denote the water depth, temperature, salinity, DO, porosity, TOC, TN, C/N molar ratio and
Chl a concentration, respectively. The solid and dashed lines represent the median and average of values, respectively.
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tively (Fig. 2e). The TOC and TN contents showed a simi-
lar spatial variation during the four sampling campaigns
(Figs 2f and g). The highest and lowest organic matter
contents were observed in XH and DZG during summer,
with average values of 1.01% + 0.65% and 0.31% =+
0.19% for TOC, 0.11% =+ 0.07% and 0.03% =+ 0.02% for
TN, respectively. Both the TOC and TN contents were
comparable in winter DZG (0.80% + 0.77% for TOC and
0.07% £ 0.07% for TN) and in summer QLG (0.91% +
0.82% for TOC and 0.08% =+ 0.07% for TN). The highest
C/N ratio occurred in QLG with a range of 10.8 to 27.8
(average 13.5 + 4.4), followed by the summer DZG
(8.3—20.1, average 11.8 = 3.1), winter DZG (8.8—12.8, av-
erage 10.5 £ 1.3), and summer XH (8.6—13.5, average
10.2 £ 1.4; Fig. 2h). The average sediment Chl a concen-
trations in XH and QLG during summer were (20.0 +
11.8) ng/g and (24.2 + 33.2) ng/g, respectively, which
were 2—4 folds of those in winter DZG [(11.3 + 9.8) ng/g]
and summer DZG [(5.7 £+ 3.1) ng/g] (Fig. 2i). Regardless
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of the sampling cruises, the sediment TOC and TN con-
tent, C/N molar ratios, and Chl a content exhibited signifi-
cant spatial variations among the four cruises (p values of
0.015,0.013, 0.002, and 0.001, respectively).

3.2 Spatiotemporal distribution of nutrient con-
centration in bottom water

The highest NO;-N concentrations during the four
cruises were observed in DZG during winter with a
range of 7.4—26.7 pmol/L [average (13.1 £ 6.0) umol/L;
Fig. 3a], followed by the summer DZG ranging from
2.8 umol/L to 14.9 umol/L [average (7.5 £ 3.9) umol/L;
Fig. 3c]. Relatively, the NO7 -N concentrations in the XH
and QLG were one order of magnitude lower with a range
of 0.1-4.2 pumol/L and 0.1-0.6 umol/L, respectively
(Figs 3e, i). For the bottom water NH;-N, comparable
concentrations were observed in DZG during winter and
summer with a range of 1.8—13.6 pmol/L and 0.5—
9.9 umol/L, respectively (Figs 3b, d), followed by the
summer QLG with concentration of 0.3—5.6 pmol/L
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Fig. 3. Spatiotemporal distribution of nutrient concentration in bottom water. Subfigures a—b, c—d, e—h, and i—1 repre-
sent the cruises in winter DZG, summer DZG, XH, and QLG, respectively. Subfigures from the first to fourth column
represent the NO_ -N, NH; -N, DIP, DSi concentrations, respectively, unit in pmol/L.
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(Fig. 3j). The lowest NH} -N concentrations occurred dur-
ing the cruise in XH with concentration of 0.2—0.5 pmol/L
(Fig. 3f). Overall, the NO_-N predominated the forms of
DIN in winter DZG, summer DZG, and the XH, while in
QLG, NH; -N was the primary species for DIN.

The bottom water DIP and DSi concentrations in DZG
during winter and summer were not measured due to some
objective reasons. The DIP concentrations in XH (with a
range of 0.05—2.5 umol/L, average (1.0 = 0.9) umol/L;
Fig. 3g) were nearly two-fold of those in QLG (0.1—
1.3 pumol/L, average (0.5 + 0.4) umol/L; Fig. 3k). The
concentrations of DSi in XH and QLG varied from
2.5 pmol/L to 65.5 umol/L [average (35.8 + 31.2) umol/L]
and from 3.2 pmol/L to 28.4 pumol/L [average (12.2 +
8.7) pumol/L], respectively (Figs 3h, ).

3.3 Spatiotemporal distribution of nutrient con-
centration in porewater

The concentrations of NO;—N in the surface porewa-
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77

ter varied from 0.7 umol/L to 4.5 pmol/L, 1.7 pmol/L to
73.5 pumol/L, 0.1 umol/L to 19.9 pmol/L, and 0.5 pmol/L
to 46.5 pumol/L in winter DZG, summer DZG, XH, and
QLG, respectively (Figs 4a, e, i and m). Excepting for
some extremely high values, the average NO-N concen-
trations were relatively consistent across the four cruises
with values of (2.1 £ 1.5) pumol/L, (3.5 + 1.9) pumol/L,
(1.2 £ 1.1) pmol/L, and (1.2 £ 1.9) umol/L, respectively.
The concentrations of NH;-N in porewater were 2—3 or-
ders of magnitude higher than NO7 -N concentrations with
concentrations of 11.1-75.4 umol/L, 14.3-253.5 pmol/L,
48.9—698.1 pumol/L, and 34.3—875.4 pumol/L in winter
DZG, summer DZG, XH, and QLG, respectively (Figs 4b,
f, j and n). Obviously, NH;-N was the dominant DIN
species in sediment porewater throughout the four cruises.

The DIP concentrations in porewater were nearly
in the same magnitude with concentrations of 1.4—
3.3 umol/L, 2.3-8.5 pmol/L, 1.2-29.0 pmol/L, and 0.7—
20.4 pmol/L in winter DZG, summer DZG, XH, and
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Fig. 4. Spatiotemporal distribution of nutrient concentration in porewater. Subfigures a—d, e—h, i—1, and m—p repre-
sent the cruises in winter DZG, summer DZG, XH, and QLG, respectively. Subfigures from the first to fourth column
represent the NO_ -N, NH; -N, DIP and DSi concentrations, respectively.
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QLG, respectively (Figs 4c, g, k and o). On average,
the highest and lowest porewater DIP concentrations
occurred during the cruises in summer QLG [(9.3 =+
7.7) umol/L; Fig. 40)] and winter DZG [(2.0 =
0.6) umol/L]; Fig. 4c), respectively. For the DSi concen-
trations, the highest concentration appeared in summer
XH [44.1-163.1 umol/L, average (98.8 = 35.9) umol/L],
followed by summer QLG [36.2—159.4 umol/L, average
(88.0 + 38.5) umol/L], summer DZG [48.9-57.9 pmol/L,
average (52.6 = 3.7) umol/L], and winter DZG [41.5—
66.3 umol/L, average (49.9 + 8.9) umol/L] (Figs 4d, h, 1
and p).

4 Discussion

4.1 The fluxes of nutrient exchange at SWI

We observed distinct source/sink features for NO;-N
at the SWI in these three tropical bays. In DZG, the
SWI consistently acts as a sink for NO,-N throughout
the sampling sites with fluxes of —111.2 pumol/(m?-d)
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to —12.0 pmol/(m?-d) and an average of (—61.2 =+
34.0) pmol/(m?-d) during the cruise in winter (Fig. 5a).
During the summer cruise in DZG, negative fluxes for
NO;-N [-54.0 pmol/(m?-d) to —4.3 pmol/(m?-d)] were
obtained at the SWI within the bay, suggesting that the
bay sediments act as a sink for NO;-N. However, the
sediments release NO;-N to the overlying water with
fluxes ranging from 0.9 umol/(m2-d) to 199.6 umol/(m2-d)
outside the bay (Fig. 5¢). The NO_ -N fluxes at the SWI in
XH varied from —24.6 umol/(m2-d) to 49.1 pumol/(m?-d)
with negative values observed in the central of lagoon
(Fig. 5e). In the QLG, the sediments mainly serve as a
source for NO;-N, with fluxes ranging from —0.11
umol/(m?-d) to 186.0 pmol/(m2-d) (Fig. 5i). Coastal sedi-
ments function as hotspots for nitrogen removal with a
proportion of 50%—70% to total nitrogen loss in marine
environments (Seitzinger et al., 2006). The substrates for
sediment nitrogen removal were primarily derived from
the nitrification-produced nitrate in acrobic sediments and
the physical-diffused nitrate from overlying water (Tham-
drup and Dalsgaard, 2008), with the latter is a more im-
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Fig. 5. Spatial distribution of nutrient diffusion fluxes in sediment-water interface, unit: pumol/(m2-d) (a—b and c—d
represent the cruises of Dongzhai Harbor in winter and summer, respectively, e—h represent the cruise of Xiaohai La-
goon, i—1 represent the cruise of Qinglan Harbor in summer.
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portant pathway particularly in nitrate abundant environ-
ments (Devol, 2015). In this study, the sediment within
the DZG consistently acts as a sink for NO; -N regardless
of the season, directly indicating the key role of sediment
in removing nitrate from the overlying water in eutrophic
environments. However, the finding of nitrate release at
the SWI in XH and QLG implies that a strong nitrifica-
tion occurs in surface sediments. This sediment nitrifica-
tion-produced nitrate may diffuse downward to support
nitrogen removal in anaerobic layer and upward to the
overlying water to fuel primary production.

The SWI was consistently a source for NH;-N, DIP
and DSi regardless of seasons and regions, even though
their fluxes showed significant spatial variations (p <
0.05). The NH;-N fluxes in winter DZG, summer DZG,
XH, and QLG varied in range of 51.6—807.7 umol/(m?2-d),
18.9-1 159.9 pmol/(m?2-d), 204-3 520.9 umol/(m?2-d),
and 12.4-8790.6 pumol/(m?-d), with average values of
(207.3 £248.2) umol/(m?2-d), (317.9 + 311.0) pmol/(m?-d),
(1 067.9 + 945.6) umol/(m?-d), and (1 378.6 + 2 444.4)
umol/(m?-d), respectively (Figs 5b, d, f and j). The aver-
age fluxes of both DIP and DSi in QLG [(28.8 £+ 32.8)
umol/(m?2-d) for DIP and (294.2 + 283.2) pumol/(m?-d) for
DSi] were higher than those in XH [(13.8 + 16.7)
pmol/(m?2-d) for DIP and (200.5 + 158.2) pmol/(m?-d) for
DSi], regardless of the spatial variations (Figs 5g, k, h and
1). Such results indicate that the abundant organic matter
in sediments contributes to the accumulation of inorganic
nutrients via respiration and remineralization. The subse-

quent upward release of nutrients at the SWI plays a cru-
cial role in maintaining the carbon and nitrogen biogeo-
chemical processes such as photosynthesis and nitrifica-
tion in the overlying water (Dan et al., 2021) .

Boynton et al. (2018) have compiled the nutrient flux
data at the SWI from different coastal ecosystems (such as
bay, estuary, and lagoon) globally. We also supplemented
the studies which published since 2018 with relation to
SWI flux particularly in tropic regions (Table 1). The
NO_-N, NH;-N, DIP, and DSi fluxes showed significant
spatiotemporal variations among ecosystems and lati-
tudes by several orders of magnitude (Table 1 and Boyn-
ton et al., 2018). In comparison, our nutrient fluxes at the
SWI from tropical bays were within the range of the ob-
servations in mid to high latitude regions, but were 1-3
orders of magnitude lower than fluxes in some eutrophic
regions (Table 1 and Boynton et al., 2018).

4.2 Environmental regulators of nutrient fluxes
at the sediment-water interface

Among the detected environmental factors, our corre-
lation analysis indicated that water temperature, DO con-
centration, TOC and TN contents, C/N molar ratio,
chlorophyll concentration, and sediment porosity were
key regulators for the fluxes of inorganic nutrients at the
SWI in tropical bays (Fig. 6). Temperature is one of the
fundamental environmental factors regulating microbial
activities and thus the carbon-nitrogen biogeochemical cy-
cles. The positive correlation between the NO,-N flux

Table 1. Comparison of nutrient fluxes at the sediment-water interface from different coastal regions globally

Climate Nutrient fluxes/(pmol-m=2-d-1)
Study site Type -
zone NH} NO; DIP DSi Reference
Biscay Bay bay temperate —453 528 200 - Hulot et al., 2023
Bohai Bay bay temperate -17.6 241.2 0.065 132.5 Mu et al., 2017
Gulf of Finland gulf temperate 590 40 2 580 - Niemistd et al., 2018
Marano and lagoon temperate 1080 305 —27.68 -9 630 Petranich et al., 2018
Grado Lagoon
Long Island estuary temperate 964.8 £202.8 29.8+38.6 175.0+36.5 - Mazur et al., 2021
Brittany Mudflat estuary temperate 2424 +2 808 - 408 + 480 - Louis et al., 2021
Daya Bay bay  subtropic 330 + 249 - —1.3£16 549 £ 301 Zhang et al., 2019
Laguna de lagoon  tropic 364.8 £261.6 117.6 £84.0 672+31.2 2188.8+4644 Grenzetal., 2019
Términos
Mandovi River  estuary  tropic 182370 220-660 —26—6 1-3 050 Pratihary et al., 2021
Estuary
Amazon estuary  tropic 683 - 26 - Matos et al., 2020
Wiso River estuary  tropic - 17 545 4110 - Maslukah et al., 2019
Estuary
Dongzhai Harbor  bay tropic 51.6—807.7 -95.7-8.1 - - This study
(winter) (207.3£248.2) (-50.2£26.5)
Dongzhai Harbor  bay tropic 18.9-687.7 -39.2-176.4 - - This study
(summer) (317.9+£311.0)  (12.4+64.0)
Xiaohai Lagoon lagoon  tropic 204.0-3 520.8 -21.7-23.4 -3.7-73.3 —26.9-297.8 This study
(1067.9+945.6) (-1.2+13.1) (13.8+16.7) (200.5+ 158.2)
Qinglan Harbor  lagoon  tropic 12.4-8 790.6 —0.5-186.0 -0.6-103 35.9-522.2 This study

(1378.6+2 444.4)

(20.6 £52.3) (28.8+32.8) (294.2+283.2)

Note: — represents no data.
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and temperature (Fig. 6) may suggest that rising tempera-
ture stimulates the sediment organic matter respiration and
nitrification, leading to the accumulation of nitrate in
porewater and promoting its diffusion into the overlying
water. Temperature manipulation experiments also found
that an increase in temperature within a certain range can
enhance the sediment NO_-N efflux (Zhu et al., 2023).
The DO concentration in water determines the oxygen
penetration depth in sediments, regulating aerobic respira-
tionandtherelease ofinorganicnutrientsatthe SWI(Boynton
et al., 2018). However, we only observed a negative corre-
lation between NO_-N flux and DO (Fig. 6) may be due
to the small variations in oxygen concentration during our
cruises (Fig. 2d).

The fluxes of NH;-N, DIP and DSi at the SWI
showed significant positive correlations with the concen-
trations of TOC, TN and Chl « in sediments (Fig. 6). The
NH;-N flux negatively correlated with the C/N ratio
(Fig. 6). These results indicated that both the quality and
quantity of organic matter govern the nutrients exchange
at the SWI. Liable organic matter drives various biogeo-
chemical processes and then the release of inorganic nutri-
ents, especially the NH} -N, DIP and DS;i, in sediments by
supplying energy and substrates (Percuoco et al., 2015).
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The sediment NO_-N flux was positively correlated to
C/N ratio (Fig. 6), suggesting that fresh organic matter
with low C/N ratio prefers to remove NO} -N via promot-
ing the coupled nitrification-denitrification processes in
sediments (Tan et al., 2022).

Salinity is a proxy for the nutrients concentration in
overlying water and thus can act as one of the controlling
factors for nutrients exchange at the SWI (Lin et al.,
2013). Meanwhile, salinity regulates the SWI flux by
altering the microbial community in sediments (Gardner
et al.,, 1991). However, we observed no correlations be-
tween flux and salinity (Fig. 6) may be due to the narrow
salinity variation in the study regions (25.7-32.3 in DZG
and 25.5-33.1 in QLG, excepting for XH with a range of
10.7-33.0; Fig. 2c). The porosity, which is determined by
the sediment particle size, directly determines the perme-
ability regulating the molecular diffusion process of nutri-
ents in sediments (Wan et al., 2023). The highly perme-
able sediment is conducive to nutrient exchange at the
SWI (Fig. 6). Currently, most of the related studies focus
on nutrient exchange at the SWI of muddy sediments with
low permeability (Boynton et al., 2018). However, the
permeable sediment accounts for more than 50% of sedi-
ment area in marginal seas (Hall, 2002). The source/sink
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Fig. 6. Pearson’s correlation analysis between nutrient flux at the sediment-water interface and the detected environ-

mental parameters. *, p < 0.05; **, p < 0.01.
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structure of nutrients exchange at the SWI and their eco-
logical and biogeochemical impacts in these ecosystems
need further quantitative assessment. In addition, finer
sediments organic matter with high quality, thereby influ-
encing the production, absorption, desorption of nutrients,
and their fluxes at the SWI (Huang et al., 2022; van Rijn,
1984).

This study only explored the influence of environmen-
tal factors on the physically diffusion-derived SWI fluxes.
In actual environments, bioturbation, irrigation and tide-
induced sediment resuspension are also crucial factors to
promote/inhibit the nutrient exchange at the sediment-wa-
ter interface. Mu et al. (2017) have found a significant in-
crease in nutrient fluxes at the SWI after the addition of
biology inhibitor. McTigue et al. (2016) also indicated
that bioturbation enhances the sediment denitrification to
remove nitrate in Arctic shelves. We need to evaluate the
effects of these macrobiotic activity on SWI nutrient ex-
change in the future.

4.3 The importance of sediment-water interface
fluxes to the nutrient sources in tropic bays

The average DIN/DIP molar ratios in bottom water in
XH and QLG were 8.5 = 12.4 and 8.0 + 7.0 (Table 2), re-
spectively, indicating a nitrogen-limited ecosystem when
considering a 16:1 of N/P ratio for phytoplankton assimi-
lation (Redfield, 1958). However, the average DIN/DIP
ratios in porewater ranged from 16.8 to 29.1 (Table 2),
which were 3 times higher than the N/P ratios in the bot-
tom water. Notably, the sediments act as a source for the
DIN, DIP and DSi in these three tropical bays. Here the
DIN flux was calculated by the sum of NH;-N and NO, -
N fluxes. The sedimentary nutrients input with high N/P
ratio will alter the structure of nutrient composition in

overlying water (Diez et al., 2013), mitigating the nitro-
gen limitation and influencing the phytoplankton commu-
nities and subsequent carbon sink in coastal ecosystems
(Lee et al., 2010; Oelsner and Stets, 2019).

To assess the relative importance of the SWI fluxes
to the total nutrient input, we collected historical data
on the other external nutrient sources, including river
input, submarine groundwater discharge (SGD), and
atmospheric deposition in XH and QLG (the DZG lacks
the external inputs data). In XH, the SWI fluxes of DIN,
DIP, and DSi were 2—4 orders of magnitude lower than
nutrient fluxes from river and SGD, but were 4, 8, and
20 times higher than the atmospheric deposition for DIN,
DIP, and DSi fluxes, respectively (Table 3). In contrast,
the DIN, DIP, and DSi fluxes at the SWI were nearly
one order of magnitude lower than riverine and SGD
fluxes, and comparable to the atmospheric deposition
(Table 3). Such comparison results suggested that river
input and SGD were two primary sources of inorganic
nutrients, with a minor contribution from SWI in these
two bays.

4.4 The interpretation of data on nutrient fluxes
at the global marine sediment-water interface

According to our tropical nutrient fluxes and the com-
pilation in Boynton et al. (2018), the sediments basically
act as a source for NH; -N, DIP, and DSi with substantial
temporal and spatial variations. While for NO_-N, the
sediments can be a source or sink in coastal ecosystems
with shallow water depth (<20 m), but in deep water envi-
ronments (>20 m), the sediments are generally a sink for
nitrate (Boynton et al., 2018). The exchange direction and
flux of nutrients at the SWI are largely determined by the
concentration difference between porewater and overly-

Table 2. The stoichiometry of DIN and DIP in bottom water and porewater at Dongzhai Harbor, Xiaohai Lagoon and

Qinglan Harbor in different seasons

Bottom water Porewater
Study site Season
DIN/DIP molar ratio Average DIN/DIP molar ratio Average
Dongzhai Harbor Winter NA NA 8.5-42.8 16.8 £10.6
Dongzhai Harbor Summer NA NA 6.3-35.8 17.3+10.4
Xiaohai Lagoon Summer 0.1-45.8 85+124 6.6-56.2 29.1+13.9
Qinglan Harbor Summer 1.3-23.6 8.0+7.0 5.1-72.7 26.2+21.9

Note: NA represents not applicable.

Table 3. Comparison of nutrient fluxes from different sources including the SWI flux, SGD flux, river input and atmo-
spheric deposition in Xiaohai Lagoon (XH) and Qinglan Harbor (QLG), unit in 10 mol/d

DIN DIP DSi Reference
SWI flux 43+42 0.08 +0.09 0.6+0.5 This study
XH SGD flux 157.0 8.5 2 561.6 Wang and Du, 2016
River input 183.6 24 275.3 Wang and Du, 2016
Atmospheric deposition 1.2 0.01 0.03 Wang and Du, 2016
SWI flux 2.8+49 0.07 +£0.07 04+0.3 This study
QLG SGD flux 15.5+25.1 0.17+0.38 12.1+18.4 Suetal., 2011
River input 13.4+6.6 0.12 £ 0.07 247+3.6 Liuetal., 2011
Atmospheric deposition 43+7.6 0.15+£0.22 3.6+3.0 Liuetal., 2011
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ing water. We thus proposed that primary production in
overlying water and external nutrient inputs interpret the
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conversion between source and sink for nutrients (particu-
larly for nitrate) exchange at the SWI in marine ecosys-
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Fig. 7. The conceptual diagram of the effects of external inputs and primary production on nutrient exchange at the

SWI in shallow water (a) and deep water ecosystems (b).

tems with different water depths (Fig. 7).

In coastal shallow water ecosystems, the abundant
light and eutrophic environments are conducive to the pri-
mary production to consume nutrients in the entire water
column. Most of the terrigenous and local produced or-
ganic matter is buried and degraded in coastal sediments
and contributes to the accumulation of inorganic nutrients
in porewater. The NO,-N exchange at the SWI in this
scenario depends on the external nitrate source including
riverine input, SGD and atmospheric deposition (Fig. 7a).
The sediment exhibits a nitrate sink especially in eutroph-
ic environments (e.g., upstream estuaries) with adequate
external nutrient supply, while the sediment releases ni-
trate to the water in environments with no or low external
nutrient supply (Fig. 7a). In deep-water ecosystems, large
part of photosynthesis-produced organic matter in euphot-
ic zone will degrade into inorganic nutrients in the aphot-
ic zone and then accumulated in bottom water. Only a
small proportion of organic matter settles to the surface
sediment to restrict nitrate accumulation in porewater. The
sediments thus adsorb and remove NO; -N from the over-
lying water (Fig. 7b). For the NHj-N, DIP, and DSi, the
NH; -N is easily nitrified to nitrate and thus difficult to ac-
cumulate in the bottom water (Hutchins and Capone,
2022). Both DIP and DSi are more likely to be preserved
in sediments due to their own biochemical characteristics
(Ingri et al., 1991; Spiteri et al., 2008). As a result, sedi-
ment usually acts as a source for these three inorganic nu-
trients regardless of the regions (Fig. 7).

5 Conclusions

We quantitatively assess the exchange of NO.-N,
NH; -N, DIP, and DSi at the SWI in three tropical bays.
Sediments act as a source of NH;-N, DIP, and DSi, but
for NO; -N, sediments can be both a source and sink, al-

though with substantial spatial and temporal variations in
their fluxes. Labile organic matter is a critical regulator
for the fluxes of inorganic nutrient at the SWI. The sedi-
mentary nutrients input with high N/P ratio will alter the
structure of nutrient composition to mitigate the nitrogen
limitation in coastal waters. However, the internal sedi-
ment release in these tropical bays plays a relative weak
role in contributing to the nutrient addition in comparison
with the other external nutrient sources such as riverine
input, SGD, and atmospheric deposition. Integrating our
findings into global compilation in Boynton et al. (2018),
we propose that water column primary production and ex-
ternal inputs to interpret the variation in exchange and
fluxes of nutrients at the SWI in different ecosystems.
Such an understanding of these chain biogeochemical pro-
cesses involving external nutrient input, primary produc-
tion, particulate organic matter settling, and the accumula-
tion and release of inorganic nutrients in sediments will be
helpful for the scientific-based pollution prevent and con-
trol in coastal waters.
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