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Severe droughts are increasingly prevalent under global climate change, disrupting watershed hydrology and
coastal nitrogen cycling. However, the specific effects of drought on nitrogen transport from land to sea and
subsequent nitrogen dynamics remain inadequately understood. In this study, we evaluated the consequences of
the 2020-2022 drought on nitrogen supply and N2O emissions in Xiamen Bay, Southeast China. The results
showed that drought significantly reduced annual NH4—N, NO;—N, and NO3—N concentrations in Xiamen Bay
by 49.4 %, 32.1 %, and 40.3 %, respectively, compared with the pre-drought year of 2019. The decline in
NH4—N concentration was mainly attributed to reduced surface runoff across all seasons. NO3—N and NO;—N
concentrations declined only during spring and summer, primarily due to increased potential evapotranspiration
(PET) hindering nitrogen supply via groundwater and concurrently enhancing land denitrification. Annual N,O
emission from Xiamen Bay decreased by 40.0~72.7 % during the drought, highly correlated with the decline in
the concentrations of NO3—N, DIN, and DTN (p < 0.001). Comparative analysis revealed that NO3s—N con-
centration exhibited consistent negative linear regressions with PET and declined as evaporative demand
drought conditions worsened across Xiamen Bay, Sansha Bay, and Chesapeake Bay throughout 2010-2022.
NH4—N concentration showed a positive regression with river discharge in Xiamen Bay, but negative regressions
in the other two bays. Our results indicates that drought reduces N»O emission primarily driven by nitrate
substrate reduction in the bay. This study provides new insights for predicting coastal nitrogen dynamics and
greenhouse gas emissions under global environmental change.

1. Introduction

Climate change, combined with pervasive human activities, is
accelerating the transition of El Nino Southern Oscillation (ENSO)
phases (Cai et al., 2021), escalating the incidence and intensity of
extreme weather events such as floods and droughts (Qu et al., 2020).
These changes alter water cycle and its distribution on regional and
global scales, affecting nutrient transport and transformation processes,
and introducing huge uncertainty to aquatic ecosystems (Clark et al.,
2015). Terrestrial nitrogen export to coastal waters has led to worldwide
nitrogen over-enrichment, resulting in widespread coastal eutrophica-
tion, hypoxia, and acidification (Dai et al., 2023). This also influences
global greenhouse gas emissions (e.g., N2O, CHy, CO,) (Hutchins et al.,

2022), particularly N,O, which has a radiative forcing nearly 300 times
that of CO4 (Zhou et al., 2023). Currently, the responses of nitrogen and
greenhouse gases in coastal waters to climate change are gaining
increased attention. Compared with floods, relatively less attention has
been paid to droughts, which however have increased frequency and
severity in recent decades (Yuan et al., 2023).

Drought, characterized by anomalously low rainfall and heightened
evapotranspiration (Zhao et al., 2022), significantly disrupts terrestrial
hydrological connectivity, defined as the ‘water-mediated transport of
matter, energy, and organisms within and between elements of the hy-
drological cycle’, and weakens the connectivity between land and sea
(Castello et al., 2016; Pringle, 2001). During the drought summer of
2006, the riverine nitrate flux into the Changjiang Estuary was only 36.5
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% of that observed during the flooding summer of 2020, with surface
dissolved inorganic nitrogen (DIN) concentration reaching merely ~9 %
of the latter (Sun et al., 2023). Despite an 86 % increase in
groundwater-to-surface water transport during extreme drought
compared to flood conditions, the reduced discharge during droughts
extends water retention times, thereby facilitating nutrient trans-
formation processes, as observed in the Lower Santa Fe River (Hensley
etal., 2019). Drought-induced soil moisture depletion exacerbates water
stress for evapotranspiration, effectively characterized by the Evapora-
tive Demand Drought Index (EDDI) (Hobbins et al., 2016), which out-
performs the traditional indices such as the Standardized Precipitation
Index (SPI) and the Standardized Precipitation Evapotranspiration Index
(SPEI) in predicting flash droughts over shorter timescales (Yao et al.,
2018). While many studies have focused on material transport within
river basins, few are designed for land-to-sea material transport
(Dwivedi et al., 2018; Liu et al., 2019; Nevison et al., 2016), especially
for groundwater transport, which is a critical yet often invisible
component of the global hydrological cycle (Wang et al., 2023). Drought
is an important factor influencing terrestrial hydrological conditions, yet
its impact on the transport of terrestrial nitrogen to coastal seas remain
unclear.

Coastal nitrogen primarily originates from river input, sewage ef-
fluents, groundwater discharges, and atmospheric deposition. Intensi-
fied human activities have significantly increased the contribution of
sewage and agricultural runoff to coastal nitrogen levels in recent de-
cades (Beusen et al., 2016; Li et al., 2023a; Luijendijk et al., 2020).
Approximately 80 % of municipal wastewater is discharged untreated
into coastal environments (Malone et al., 2020). Ammonia is usually the
dominant nitrogen form in sewage effluent (Li et al., 2021). In
semi-enclosed shallow bays such as Doha Bay, ammonia and nitrite
levels exceed the Kuwait Environment Public Authority’s maximum
limits due to sewage discharge, accompanied by excessive levels of fecal
coliform (Alkhalidi et al., 2022). Nitrate commonly holds high concen-
trations in groundwater owing to soil nitrification and subsequent
leaching, with nitrogen leached from agricultural and nonagricultural
sources contributing to widespread groundwater nitrate contamination
(Gutiérrez et al., 2018). N,O, a significant greenhouse gas, is predomi-
nantly produced through microbial nitrification and denitrification.
Many factors, including microbial activity, temperature, electrical con-
ductivity, and hydrologic conditions, influence N»O production.
Elevated N2O concentrations are usually associated with high electrical
conductivity, coinciding with higher nutrient levels and an abundance
of NyO-producing microbes across different land uses (Zhang et al.,
2023). Field studies indicate that substrate nitrate concentration is a
pivotal driver of NoO emissions, overshadowing the impact of temper-
ature (Yan et al., 2023b). Stream hydrology, particularly high-flow
shifts, enhances nitrification, rather than denitrification in aquatic sys-
tems, as observed in the Wilson River in Australia, underscoring the
control of hydrological factors on biogenic N»>O emissions (Wells et al.,
2021). Nevertheless, the effects of drought on coastal N,O emissions are
insufficiently elucidated.

Here, we analyzed the drought effect on the highly urbanized Xia-
men Bay in southeast China from 2020 to 2022, utilizing a compre-
hensive dataset encompassing meteorological and hydrological
conditions, concentrations and isotopes of multiple nitrogen species,
and other physicochemical parameters. The specific objectives of this
study were to: (1) explore drought-induced changes in the concentra-
tions of nitrogen species and N,O levels in Xiamen Bay; (2) decipher how
drought affects nitrogen dynamics in Xiamen Bay by altering land-to-sea
transport processes; and (3) reveal the semi-quantitative relationships
between drought characteristics and nitrogen concentrations in coastal
bays.
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2. Materials and methods
2.1. Study area

Xiamen Bay, a 390 km? marine expanse on the west coast of the
Taiwan Strait, is segmented into four sea areas: Southern Xiamen Bay
(SXB), Western Xiamen Bay (WXB), Tongan Bay (TAB), and Eastern
Xiamen Bay (EXB) (Fig. 1a). The Jiulong River flows into SXB through
the Jiulong River Estuary (JRE), with an annual freshwater discharge of
1.24 x 10'° m® (Chen et al., 2021). Xiamen bay is surrounded by the
cities of Xiamen, Quanzhou, and Zhangzhou, with a combined popula-
tion exceeding 5 million (Tab. S1). During the drought observation
period, the socio-economic conditions around Xiamen Bay remained
relatively stable. Built-up and agricultural lands adjacent to the bay
accounted for about 33.4 % and 9.7 %, respectively (Fig. 1b). The upper
Jiulong River basin is heavily agricultural, with excessive use of chem-
ical fertilizers (Yu et al., 2015). As a semi-enclosed bay, Xiamen Bay has
an average depth of ~10 m with almost no water stratification. The
average residence time is approximately 16.5 days, and the tidal regime
is predominantly semi-diurnal (Qian et al., 2023). Tidal systems in
Xiamen Bay include the South China Sea Warm Current, branches of the
Kuroshio Current and the Min-Zhe Coastal Currents (Cheng et al., 2021).
The multi-year annual average temperature and precipitation are 21.6
°C and 1239.1 mm, respectively, with over 85 % of the annual precip-
itation occurring from March to August. Dissolved oxygen (DO) levels
exhibited seasonal variability, with lower concentrations in spring and
summer (234.4 + 12.5 pmol LY and higher values in winter and fall
(278.1 + 28.1 pmol L™1). No significant annual changes were observed
in water salinity, temperature, DO and pH throughout the observation
period (Fig. S1, S2).

2.2. Sampling campaigns

A total of 12 sites were established around Xiamen Island (Fig. 1a).
Between 2019 to 2022, fifteen seasonal sampling cruises were con-
ducted onboard the “Ocean II”, with winter (Win.), spring (Spr.), sum-
mer (Sum.), and fall (Fal.) samplings primarily occurring in January,
April, July, and November, respectively. Seven cruises were selected to
measure ammonia and nitrate isotopes (2019-Win., 2020-Sum., 2021-
Spr., 2021-Sum., 2021-Fal., 2022-Win., and 2022-Fal.). Sediment sam-
ples were collected from four sites (X2, X7, X9, X12) in each sea area of
Xiamen Bay during summer (July 2022) and winter (February 2023).
Additionally, three sites (G1-G3) along the coast of WXB were designed
for groundwater sampling. Physicochemical parameters were measured
during spring (April 2022) and summer (July 2022), while nitrogen
isotopes were analyzed in summer (July 2022), fall (November 2022),
and winter (February 2023). Sampling for nitrogen isotopes of sewage
endmembers in WXB and TAB was conducted in February 2019.

2.3. Sample collections and pretreatments

During seasonal cruises in Xiamen Bay, salinity, water temperature,
DO, and pH were measured on board using a WTW multi-parameter
portable meter (Multi 3630, Germany). Chlorophyll a (Chl a) was
measured with an underway water ecological monitoring system (4H-
JENA, Germany). Water samples were collected using 5 L Niskin bottle
samplers, filtered through 0.7 pm pre-dried GF/F filters. Filtrates were
divided into two portions: one was placed in pre-acid clean 50 mL
centrifuge tubes, stored in cooling containers, and transported to the
laboratory for analysis of dissolved nutrient concentrations within one
week at 4 °C; the other portion was stored at —20 °C for subsequent
nitrogen isotope measurements. Additional water samples for dissolved
N,O analysis were introduced into 60 mL brown glass bottles via a sil-
icone tube directly from Niskin bottles, ensuring overflow of approxi-
mately three bottle volumes. To halt microbial activity, a final
concentration of 0.1 % of saturated HgCl, was added and the bottles
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Fig. 1. Map of sampling sites (a), land use and distribution of sewage outlets (b) in the Xiamen Bay region (XMB). JRE, SXB, WXB, TAB, and EXB denote Jiulong
River Estuary, Southern Xiamen Bay, Western Xiamen Bay, Tongan Bay, and Eastern Xiamen Bay, respectively.

were immediately sealed without air space.

Sediment samples were retrieved using a box corer, sealed in sterile
ziplock bags, and preserved in chilled containers during transportation
to the laboratory, where they were stored at —20 °C. Coastal ground-
water samples were collected from porewater in sandy beaches and
intertidal zones of WXB using a push-point piezometer. Salinity, con-
ductivity, water temperature, and DO were measured with the same
WTW multi-parameter portable meter (Multi 3630, Germany). Domestic
sewage samples were obtained with a 5 L plexiglass container.
Groundwater and sewage samples intended for nitrogen isotope analysis
were treated identically to the seawater samples from Xiamen Bay.

2.4. Sample measurements

Dissolved nutrient concentrations were measured using an Auto-
Analyzer 3 (Seal, Germany). Total dissolved nitrogen (DTN) was deter-
mined following digestion with 4 % alkaline potassium persulfate and
analyzed as NOs—N. Dissolved organic nitrogen (DON) was calculated
as the difference between DTN and DIN (DIN = NH4—N + NO>—N +
NO3—N). Measurement precision for nutrients was assessed by
repeating analysis on 10 % of the samples, with a relative error within 5
%. Isotopic ratios of 5'°N-NO3 and 5'80-NO3 were determined using the
denitrified method with an isotope ratio mass spectrometer 100 (IRMS,
UK) (Sigman et al., 2001), while §!°N-NHf was measured via the
diffusion method with an IRMS from Germany (Holmes et al., 1998).
Dissolved N3O concentration was analyzed with a gas chromatograph
(Agilent 7890A, US) using the headspace equilibration technique.
Detailed calculations for AN>O (net NoO concentration at the sea-air
interface) and Fyoo (net NoO flux at the sea-air interface) are outlined
in Text S1. Sediment parameters, including moisture content, pH, Eh,
total organic carbon (TOC), total nitrogen (TN), and nutrient contents
are detailed in Text S3.

2.5. Auxiliary data collections

Land use was retrieved from the European Space Agency (http
s://viewer.esa-worldcover.org). Rainfall for Xiamen city and the Jiu-
long River watershed were sourced from the China Meteorological Data
Network (http://data.cma.cn). Discharge for the main rivers flowing
into Xiamen Bay and Sansha Bay were collected from local hydrological
stations. Groundwater levels around Xiamen Bay were provided by the
Institute of Hydrogeology and Environmental Geology, Chinese

Academy of Geological Science. Global potential evapotranspiration
(PET) was obtained from the Climatic Research Unit gridded Time Series
(CRU TS v4.07) (https://crudata.uea.ac.uk). Discharge for rivers flow-
ing into Chesapeake Bay were acquired from the Global Runoff Data
Centre (https://portal.grdc.bafg.de). Long-term nutrient concentrations
in Chesapeake Bay were obtained from the Chesapeake Bay Program
data resources (https://datahub.chesapeakebay.net).

Terrestrial nitrogen inputs into Xiamen Bay were quantified by
integrating five major sources: Jiulong River Estuary (JRE), sewage
effluent (SW), atmospheric deposition (AD), small rivers (SR), and
groundwater discharge (GW). Nitrogen inputs from JRE were calculated
by multiplying river discharge by the estuarine effective nitrogen con-
centration, which was extrapolated from the conservative mixed line of
nitrogen variation with salinity in the lower estuary. Nutrient sampling
and measurement in JRE were conducted concurrently with those in
Xiamen Bay. Nitrogen load from small rivers was yield by multiplying
river discharge by nitrogen concentrations at river outlets, with small
river discharge estimated based on Jiulong River discharge and the ratio
between two catchment areas. Nitrogen concentrations for small rivers
were obtained from the Xiamen City Environmental Monitoring Center
Station. Annual riverine nitrogen load was computed by summing sea-
sonal values. Annual sewage nitrogen load for 2021 was sourced from
the Fujian Provincial Coastal Environmental Monitoring Center, with
the assumption of stability throughout the study period given consistent
socio-economic conditions. Atmospheric nitrogen deposition for 2016
was referenced from Wu et al. (2018) and assumed to be constant during
the observation period. Groundwater nitrogen load was obtained by
multiplying groundwater water mass by its nitrogen concentration, with
annual groundwater discharge estimated using a water balance method
as detailed in Text S4. Groundwater nitrogen concentration was cited
from Hao et al. (2023).

2.6. Drought index calculations

Gamma distribution was applied to estimate the monthly Standard
Runoff Index (SRI), where the cumulative probability of monthly runoff
throughout the study period was obtained through maximum likelihood
estimation (Shukla et al., 2008).

A non-parametric approach was employed to estimate EDDI, where
empirically derived probabilities were obtained via an inverse normal
approximation (Abramowitz et al., 1988). This probability-based
method facilitated more consistent comparisons between EDDI against
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other standardized indices (Won et al., 2020).

i—0.33

P(PET) = =033

@
where P(PET)) is the empirical probability of PET;, which is aggregated
across the study period. i is the rank of aggregated PET in historical time
series (i = 1 for the maximum PET). n denotes the number of observa-
tions in the series being ranked.

Then, SRI and EDDI were both derived from inverse normal
approximation. Specifically, EDDI was calculated using the formula:

Co + CLW + C,W?

EDDL=W = W+ oW + WP

(2)
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where the constants are defined as follows: Cp = 2.515517, C; =
0.802853, C, = 0.010328, d; = 1.432788, d, = 0.189269, and d3 =
0.001308. For P < 0.5, W = (—2InP) /%, For P > 0.5, replace P with [1-P]
and reverse the sign of drought index.

2.7. Statistical analysis

One-way ANOVA was performed to test differences between sea
areas following the Kolmogorov-Smirnov test and variance homoge-
neous test. The contributions of various nitrate sources were determined
using the SIAR model, calculated in R 4.2.2 (as detailed in Text S2).
Mantel analysis was chosen to explore the relationships between mete-
orological and hydrological parameters and physiochemical parameters
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Fig. 2. Monthly variations of meteorological and hydrological conditions in the Xiamen Bay region (2019-2022). Groundwater level for 2022 is not available.
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in Xiamen Bay. Linear regressions between parameters were imple-
mented in Origin 2023 software, with significance levels indicated. All
statistical tests were performed in SPSS 21.0. Data calculations and
visualization were conducted using Origin 2023 and Python 3.11.

3. Results
3.1. Meteorological and hydrological conditions

The Nino 3.4 index remained positive throughout 2019, transition-
ing to negative from May 2020 until the end of 2022, indicative of the
triple La Nina event during 2020-2022 (Fig. 2a). Annual rainfall in the
Jiulong River watershed markedly decreased in 2020 (818.3 mm)
compared to 2019 (1638.3 mm), but rebounded in 2021-2022 (1091.2
mm, 1520.7 mm) (Fig. 2b). Similar rainfall patterns were observed in
Xiamen Bay (Fig. 2c), with reductions primarily occurring in spring and
summer. Jiulong River discharge, however, was asynchronous with
rainfall, registering 386.0, 203.2, 149.0, and 245.7 m?s~! from 2019 to
2022, reflecting a prolonged and delayed drought effect (Fig. 2b). Peak
discharges in 2020 and 2021 decreased by 60.4 % and 66.4 % compared
to 2019, with a time lag of 2~3 months. Annual PET increased in
2020-2022 (1040.1 mm, 1069.7 mm, 1044 mm) compared to 2019
(946.2 mm), with a ~20 % increase during spring and summer and
minimal changes during fall and winter (Fig. 2b). The annual tidal range
remained relatively constant throughout the study period, with higher
values predominantly in the latter half of the year (Fig. 2c). Average
groundwater levels around Xiamen Bay exhibited a slight decline from
2019 to 2021 (14.5 m, 13.8 m, 13.2 m) (Fig. 2d).

River discharge and PET were employed to characterize hydrological
drought conditions and evaporative demand drought conditions,
respectively (Fig. 3). SRI and EDDI were calculated to represent the
specific timing and intensity of the drought. SRI exhibited no clear
seasonal pattern, remaining almost entirely positive (indicating no hy-
drological drought) in 2019. In contrast, SRI turned negative (indicating
hydrological drought) from May to September in 2020, remained
negative for nearly the whole year in 2021 except for July and August,
and was negative in January, April, and from August to October in 2022.
EDDI generally was negative (indicating no evaporative demand
drought) during fall and winter, and positive (indicating evaporative
demand drought) during spring and summer. The average EDDI values
during spring and summer in 2020-2022 (1.63 + 0.53) were approxi-
mately double those of 2019 (0.83 + 0.21), highlighting the increased
evaporative demand drought during these periods.

3.2. Annual nitrogen loads from different external sources into Xiamen
Bay

JRE and GW were the primary nitrogen sources during the study
period, contributing on average 68.9 % and 23.5 % of the total DIN load,
respectively (Fig. 4). SW was another significant source of NH4—N,
contributing an average of 15.9 %. The contributions of AD and SR to all
nitrogen loads were less than 10 %. In the pre-drought year 2019, annual
NH,;—N, NO3—N, and DIN loads were 8300, 45,389, and 57,399 t yr *,
respectively, with JRE being the largest nitrogen source, contributing 69
% of NH4—N, 77 % of NOs—N, and 77 % of DIN. All nitrogen loads
significantly decreased in 2020, with annual NH4—N, NO3—N, and DIN
loads reducing to 5206, 19,020 and 26,312 t yr, respectively, although
JRE remained the largest nitrogen source. There was a gradual increase
in annual nitrogen load from 2020 to 2022. Nevertheless, both nitrogen
load and contributions from JRE decreased from 2019 until 2021, while
those from GW increased from their minimum in 2020 to their peak in
2021 and kept relatively stable in 2022. The maximum NH4—N,
NOs—N, and DIN loads from GW was 1369, 11,278 and 12,693 t yr‘l,
contributing an average of 21 %, 28 %, and 26 %.
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Fig. 3. Monthly variations of the Standardized Runoff Index (SRI) (a) and the
Evaporative Demand Drought Index (EDDI) (b) in the Xiamen Bay region
(2019-2022). Drought conditions are indicated by SRI values below —0.5 or
EDDI values above 1, with drought severity increasing in line with the
magnitude of the respective index.

3.3. Nitrogen species, N2O, and nitrogen isotopes in Xiamen Bay

NOs—N was the dominant nitrogen species in Xiamen Bay, ac-
counting for 42.4~58.3 % of DTN (Fig. 5a-5d). The proportions of DON
and NH4—N in DTN were 24.0~29.5 % and 11.1~22.7 %, respectively.
In 2019, NH4,—N and NO,—N concentrations were higher during spring
and summer than that in winter and fall. NO3—N concentration peaked
in winter and decreased until summer, then increased again after
reaching a minimum in summer. Compared with 2019, annual con-
centrations of NH4—N, NOy—N, NOs—N, and DON in 2020-2022
decreased on average by 49.4 %, 32.1 %, 40.3 %, and 16.6 %, respec-
tively. Seasonally, NH4—N concentration decreased across all seasons,
while NO—N and NOs—N mainly decreased substantially (77.3 %)
during spring and summer and changed little during winter and fall.
Spatially, nitrogen concentrations were higher in SXB, WXB, and TAB
compared to EXB (Tab. S2), but the temporal variations among these
four sea areas were generally consistent. Additionally, no significant
differences in nitrogen concentrations were observed between surface
and bottom water (Fig. S3a-S3d). The interannual and seasonal varia-
tions of AN,O and Fyzo were consistent with NO3—N (Fig. 5c, 5e, 5f),
with AN3O concentrations in the surface layer (22.1 + 15.7 nmol L™
being about 10 % higher than those in the bottom layer (19.9 + 15.0
nmol LY.

The nitrogen isotope results are shown in Fig. 6. In Xiamen Bay,
515N—NO§ steadily increased from winter 2019 (5.8 £+ 2.0 %o) to fall
2022 (19.9 4 1.8 %o). 6180-NO§ showed a similar trend, peaking at 14.5
=+ 4.5 %o in spring 2021, and then stabilizing (7.1 £ 3.4 %o). The AS'N-
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Fig. 4. Annual nitrogen inputs into Xiamen Bay from various external sources (2019-2022). Column values indicate the significant (>10 %) contributions to the
annual nitrogen load. Riverine nitrogen loads were calculated by multiplying river discharge by measured nitrogen concentrations. Sewage nitrogen loads for 2021,
sourced from the Fujian Provincial Coastal Environmental Monitoring Center, are assumed to be consistent throughout the study period, given the stable socio-
economic conditions. Atmospheric nitrogen deposition data for 2016 are referenced from Wu et al. (2018). Groundwater discharge was estimated using the
water balance principle described in Text S4, with corresponding nitrogen loads determined by applying the nitrogen concentrations reported by Hao et al. (2023).

NO3 : A8'®0-NOj3 ratio during the study period ranged from 1.65 to
3.58. 81°N-NH{ decreased during the drought observation. For end-
members, groundwater 5'°N-NO3 and 5'80-NO3 were 15.5 + 8.4 %o and
11.7 + 4.8 %o, respectively, while sewage 615N—NO§ s 618O—NO§ , and
5'°N-NHf were 16.6 + 6.5 %o, 1.0 + 2.6 %o, and 11.1 £ 3.2 %o,
respectively.

3.4. Sedimentary characteristics in Xiamen Bay

Sediments in Xiamen Bay were predominantly composed of silt,
averaging 66.5 + 5.8 %o (Tab. S3). Sediment pH and Eh values were
7.318 £+ 0.142 and —17.7 + 8.5 mV during summer, and 6.850 + 0.155
and 10.3 £+ 9.5 mV during winter (Tab. S4). The TN and TOC contents in
sediments were 0.07 £ 0.01 % and 1.10 + 0.06 % in summer, and 0.08
+ 0.04 % and 1.09+0.32 % in winter (Tab. S5). The C/N ratio averaged
15.6 + 1.4 in summer and 15.9 + 4.4 in winter. Contents of NHs;—N,
NOy;—N, and NO3—N were 137.2 + 42.6, 0.23 + 0.15, and 0.91 + 0.17
pmol kg~! in summer, and 106.1 + 41.0, 0.49 + 0.22, and 2.69 =+ 1.00
pmol kg™! in winter (Tab. $6). Ammonia was the dominant nitrogen
species in the sediments accounting for approximately 98.1 %.

3.5. Relationships between physicochemical parameters with
meteorological and hydrological conditions

A Mantel test was performed to show how meteorological and hy-
drological conditions affected physicochemical parameters in Xiamen
Bay (Fig. 7). Salinity and pH displayed negative correlations with ni-
trogen species. Temperature was positively correlated with NH4—N, but
negatively correlated with NOs—N, DIN, and DTN. The correlations
between DO and nitrogen were the inverse of those between tempera-
ture and nitrogen. AN5O showed a significant positive correlation with
NOs—N but no correlation with NH4—N. Specifically, a per-unit in-
crease in NOs—N concentration (pmol L) resulted in a 1.25-fold in-
crease in AN,O concentration (nmol L’l) (Fig. S9b). Rainfall and tidal
range did not significantly affect nitrogen species and AN20O in Xiamen
Bay (p > 0.05). The Nino 3.4 index and PET had significant impacts on
NOs—N, DIN, DTN, and ANO (p < 0.05). Discharge was the only factor
with a significant impact on NH4—N (p < 0.05).

4. Discussion
4.1. Major nitrogen sources in Xiamen Bay

In 2019, prior to the drought, the inconsistent seasonal timing in
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nitrogen species suggested different terrestrial sources. Sewage was
identified as the predominant NH4—N source in Xiamen Bay, with the
average 8'°N-NHj during winter measured at 12.7 %o + 0.4 %o, aligning
closely with the range of domestic sewage (11.1 + 3.2 %) (Fig. 6¢).
NH4—N from the Jiulong River is primarily derived from secondary
sewage effluent and animal wastes (Lin et al., 2022). Despite JRE
contributed the largest NH4—N load overall (Fig. 4a), the highest con-
centrations were observed in TAB, followed by WXB and SXB (Tab. S2).
This distribution is likely due to Jiulong River discharge mainly affecting
SXB and the south area of WXB, with minimal impact on the north area
of WXB and TAB (Cheng et al., 2021). The higher proportion of built-up
land use in WXB (47.4 %) and TAB (39.4 %) compared to SXB (13.7 %)
resulted in a significant local sewage contribution (Tab. S9). The
elevated sewage NH4;—N load corresponded with higher NH4—N con-
centration in the Bay (Fig. S7). NOy—N exhibited a seasonal pattern akin
to NH4—N, likely due to shared sources, as nitrification produces nitrite
as an intermediate (Fig. 5a, 5b). During spring and summer, increased
surface runoff generated larger nitrogen fluxes, which may not be
diluted upon entering Xiamen Bay, as revealed in studies on watershed
(Gao et al., 2018) and coastal bays (Xu et al., 2010), causing higher
NH4—N and NO,—N concentrations than in other seasons.

Fresh groundwater affected by agricultural activities is an important
NOs—N source in coastal bays (Wang et al., 2021). Nitrate in fresh
groundwater primarily originates from the nitrification of N fertilizers
applied to farmland (Hao et al., 2023), natural soil organic nitrogen
(Wang et al., 2021), and surface ammonia pollutants (Han et al., 2023).
In Xiamen Bay, groundwater NO3—N concentrations range from 0.39 to
367.6 mg L1, with an average of 70.1 mg L2, largely due to agricul-
tural activities (Hao et al., 2023). Results from the SIAR model, based on
nitrate dual isotopes during winter 2019, indicated that ammonium
fertilizer accounted for 66.7 % of nitrate sources in Xiamen Bay (Tab.
$10), underscoring the substantial influence of terrestrial groundwater.
Similarly, the Jiulong River’s NO3—N predominantly stems from excess
ammonium fertilizer applied to upstream fields (Lin et al., 2022).
NO3—N concentrations were highest in WXB, followed by SXB and TAB

(Tab. S2), with the combined effect of nitrate transport from Jiulong
River discharge and local groundwater input likely contributing to the
elevated nitrate concentrations in WXB compared to other sea areas.
Winter is likely a period of great terrestrial fresh groundwater output, as
sea level, driven by long-period solar tides, temperature, and winds,
dominates over groundwater head as the largest contributor to the hy-
draulic gradient (Gonneea et al., 2013). Correspondingly, the highest
NOs—N concentration in Xiamen Bay was observed during winter
(Fig. 5c¢). As seasons transitioned from winter to summer, NO3—N
concentration gradually decreased, likely due to the diminishing nitrate
export from terrestrial fresh groundwater. Similarly, DIN fluxes from
submarine groundwater discharge (SGD) were much higher during
winter and fall than in spring and summer in both the Pearl River Es-
tuary and the Changjiang River Estuary (Liu et al., 2018).

4.2. Drought reduces terrestrial nitrogen input in Xiamen Bay

Drought conditions curtailed surface runoff and diminished terres-
trial ammonia load, consequently decreasing NH4s—N concentration and
altering its seasonal and annual distributions within Xiamen Bay.
Riverine NH4—N loads from the Jiulong River Estuary and small rivers
into Xiamen Bay substantially declined during the drought (Fig. 4).
Compared to 2019, annual NH4—N concentration decreased by 44.3 %
in 2020, 42.8 % in 2021, and 61.0 % in 2022 (Fig. 5a). The unusual
seasonal timing in 2020 showed unexpectedly low NH4—N concentra-
tions during spring and summer, reaching only 76.9 % of the fall within
the same year, despite a decrease in fall NH4—N concentration
compared to the same period in 2019. This suggested that the impact of
hydrological drought on the transport of surface materials may be
particularly pronounced during spring and summer. Notably, both
NH4—N flux of Jiulong River and NH4—N load from Jiulong River Es-
tuary to Xiamen Bay during these seasons from 2020 to 2022 reduced by
approximately 60 % relative to 2019, while remaining relatively
consistent during winter and fall (Fig. S4-S5). These ammonia pollut-
ants, which should have been flushed into the bay during wet seasons,
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accumulated in the catchment due to the drought. This accumulation
likely led to nitrification and subsequent leaching into deep ground-
water during the following fall and winter (elaborated in next para-
graph). In 2022, NH4—N concentration was strikingly low from winter
to summer, despite the recovery of riverine nitrogen load. Dynamic
shifts in phytoplankton communities likely played a significant role in
the observed reduction in NH4—N concentration. Comparing with 2019,
DON concentration elevated during the fall in 2020 and 2021, and the
winter in 2022 (Fig. 5d). Correspondingly, there was also an increase in
Chl a concentration during these periods compared with 2019
(Fig. S11). Interestingly, DON varied seasonally synchronously with Chl
a (p < 0.05), yet inversely with NH4—N in 2022 (p < 0.01). This may be
due to changes in phytoplankton community structure, as Chl a con-
centration did not rise significantly. In July 2022, a marked transition in
the phytoplankton community of Dongting Lake from diatoms to green
algae and cyanobacteria was observed, coinciding with the most severe
hydrometeorological drought since 1961 (Yan et al., 2023a). Chlor-
ophyta is often accompanied by ammonia depletion, mainly driven by
the simultaneous occurrence of cryptophyte blooms (Maria Concepcion
Lora, 2022). Phytoplankton blooms contribute to DON production in
coastal waters, but the accumulation of DON contingents upon the type
of phytoplankton bloom, particularly the species involved (Suksomjit
et al., 2009). Consistently, DON fluxes from both the Jiulong River and
its estuary significantly increased due to an approximately 4-fold in-
crease in DON concentrations from winter to summer in 2022 (Fig. S4d,
S5d). This suggests that the drought may also have caused notable
changes in riverine phytoplankton community structures, warranting
further comprehensive investigation. During the fall of 2022, cumula-
tive rainfall five days preceding sampling was 125.2 mm in Jiulong
River watershed and 11.3 mm in Xiamen Bay. Affected by this, NH4,—N
concentration in Xiamen Bay approximated that observed in 2019,
corresponding to a positive SRI value (no hydrological drought).
Collectively, these findings underscore the role of hydrological drought,
as indicated by river discharge, in modulating terrestrial nitrogen
pollutant transport via surface runoff into the sea, and in governing the
seasonal and interannual variability of NH4—N concentration in Xiamen
Bay. The potential impact of prolonged hydrological drought on
phytoplankton community structure in nearshore continuum warrants
serious consideration.

NOs—N concentration exhibited distinct temporal changes from
NH4—N during the drought, probably due to different terrestrial sources
and transport mechanisms. A negative regression (p < 0.01) between
NOs—N concentration and PET indicated a decrease in NOs—N con-
centration in Xiamen Bay as surrounding PET increased (Fig. S8b). It has
been shown that evapotranspiration frequently increases during
droughts (Zhao et al., 2022). Compared to 2019, PET increased by ~5 %
and ~30 % during spring and summer from 2020 to 2022, respectively
(Fig. 2b). High evapotranspiration could deplete groundwater and
damage shallow groundwater connectivity (Condon et al., 2020),
resulting in lower soil moisture and weaker groundwater connections
that produce longer hydraulic residence time and foster soil denitrifi-
cation, especially during warmer seasons. In 2022, fresh groundwater
DO (8.8 pmol L) was lower than that saline groundwater (107.2 pmol
L™Y) during summer (Tab. S7), potentially facilitating denitrification. In
the adjacent Jiulong River Estuary, intense denitrification in the anoxic
subterranean estuary led to high nitrate removal during summer (Hong
et al., 2017). Denitrification rates in Xiamen Bay catchment were an
order of magnitude higher during the drought summer of 2012 (Gao
et al., 2013) than in the extremely wet year of 2016 (Zhang et al., 2018).
Drought conditions, characterized by low soil moisture and elevated soil
electrical conductivity, enhance denitrification potential and capacity
(Lietal., 2018; Zhang et al., 2023). During severe droughts in managed
grasslands, enhanced chemo- or co-denitrification dominates N,O
emissions due to reversible, drought-induced enrichment of
nitrogen-bearing organic matter on soil microaggregates, despite
well-oxygenated soils (Harris et al., 2021). Pérez et al. (2018) reported a
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70 % increase in surface soil in-situ denitrification rates during rainless
summers compared to wetter winters, with concurrent reductions in
free-living diazotrophic activity and net N mineralization rates. It is
hypothesized that the drought not only impeded nitrate transport to-
wards the sea via subsurface pathways by disrupting groundwater
connectivity but also reduced the nitrate pool through intensified
denitrification, leading to a substantial decrease in NO3—N concentra-
tion during spring and summer in Xiamen Bay (Fig. 5c). These processes
likely altered the isotopic composition of transported nitrate, resulting
in increased 5'°N-NO3 and §'80-NO3 in Xiamen Bay (Fig. 6a, 6b).
During winter and fall, relatively normal PET and robust oceanic hy-
drodynamics facilitated greater groundwater nitrogen output, counter-
acting the NOs—N concentration decrease from spring and summer and
maintaining long-term stability. Notably, NOs—N concentration was
even higher in fall 2020 and winter 2021 compared to 2019, suggesting
ammonium accumulated during drought was converted to nitrate
through nitrification, replenishing the groundwater nitrate pool. Sea-
sonal droughts reduce annual NO3—N leaching, with non-spring
droughts having legacy effects that increase NOs—N leching in subse-
quent seasons (Liu et al., 2022). Correspondingly, the estimated NO3—N
load from GW was obvious high in 2021 (Fig. 4b). These processes may
have altered terrestrial NO;—N sources, which varied synchronously
with NOs—N following the drought onset. NO,—N produced by nitri-
fication from sewage effluents may have been consumed by enhanced
denitrification and replenished by groundwater. Thus, the interaction of
surface and groundwater, predominantly influenced by PET, likely
regulates terrestrial nitrate transport to the coastal sea via groundwater,
affecting NOs—N concentration in Xiamen Bay. Further studies are
necessary to elucidate the spatial-temporal distribution and regulatory
mechanisms of groundwater nitrogen export to coastal sea.

4.3. Comparative analysis with other coastal systems globally

Linear regressions were employed to quantify significant changes in
NH4—N and NOs—N concentrations in relation to river discharge and
PET from 2019 to 2022 (Fig. S8). To verify these relationships, we in-
tegrated long-term monitoring data spanning 2010 to 2022 from three
distinct coastal bays: Sansha Bay, an enclosed aquaculture bay in
southeast China; Chesapeake Bay, the largest bay in the United States
and a valley estuarine system; and Xiamen Bay. The comparative anal-
ysis revealed contrasting relationships between NH4—N concentration
and river discharge for Xiamen Bay versus Sansha Bay and Chesapeake
Bay (Fig. 8a). Conversely, a consistent negative regression was observed
between NOs—N concentration and PET across all three bays (Fig. 8b).
Concurrently, NH4—N concentration did not exhibit discernible changes
in response to the intensification of hydrological drought conditions
(Fig. 8c), whereas NO3—N concentration uniformly decreased as evap-
orative demand drought conditions worsened (Fig. 8d). This dichotomy
suggests that ammonia is less sensitive to drought-induced hydrological
alterations compared to nitrate. The uniform relationship between
NOs—N concentration and PET across the bays hints at a potential
global prevalence of groundwater as an important source of nitrate in
coastal bays, as per our previous analysis. Further data and evidence are
required to confirm this hypothesis. Studies have indicated that nitrate
inputs, driven by intensive anthropogenic activities and entering coastal
waters through SGD, have escalated from 1.0 to 1.4 Tg per year over the
second half of 20 century. This nitrate influx has become a significant
contributor to the proliferation of harmful algal blooms (HABs) in
coastal areas (Beusen et al., 2013; Lecher et al., 2015).

The observed negative regressions between NH4—N concentration
and discharge in Sansha Bay and Chesapeake Bay, in contrast to the
positive regression in Xiamen Bay, were likely associated with the
relatively modest river discharge in the former bays (Fig. 8a). During
periods of reduced river discharge, such as those experienced during
droughts, internal sources of ammonia, including benthic fluxes and
reactions within porewaters, may become more pronounced. Murgulet



M. Zhang et al.
Chesapeake Bay | SanshaBay | Xiamen Bay
I I
204 () | I
I I
| : @
~ 15 : :
"_] I | O
= ! | 8
£ 101 | |
S 1 | ©
Z : YN
I" 54 1 O
- =
| 0! ©
I I
Yospk = -0:001x+0.53 1 ygy =-0.002x42.75 1 yyup=0.01x+4.05
R2=0.150 | R2=0035 | R2=0257
—5 1 p<000 L p>005 L p<0001
17.4~405.3 7.56~373.0 74.6~1682.1
Discharge (m? s'!)
20
(C) [ Xiamen Bay
[] Sansha Bay
[] Chesapeake Bay
15
O
E
= 101
%
Iﬂ’
Z
54
SRI<-2 -2<SRI<-1  -1<SRI<0 SRI>0
Increased drought condition No drought

Water Research 266 (2024) 122362

Chesapeake Bay | Sansha Bay | Xiamen Bay
I I
504(b) : :
| |
404 : @) : (9
~— 1 7o)
"_1 1 (@) 1 O
5 307 | . 1 03° @
] I
g ' o ! fB&Lo
- 20 _ I I
“ o ° %
[ O
S Y
Z | | @
| ¢ | o O@
I I
|y =-0.19x+35.40 1 yyp=-023x+42.32
R2=0221 | R2=0483 | RT=0.440
—10 Lp=0001 L p<0001 L p<0.001
27.5~154.5 31.8~142.6 37.7~140.5
PET (mm mon!)
50
(d)
40
O
< 301 —
g
2 L
Z.M 20
o
Z
10 4
l—l 1 || —
EDDI<0 0<EDDI<I 1<EDDI<2 EDDI>2
No drought Increased drought condition

Fig. 8. Regression analysis of NH4;—N versus discharge (a) and NO3—N versus potential evapotranspiration (PET) (b) in Xiamen Bay, Sansha Bay, and Chesapeake
Bay (2010-2022). Normalized nitrogen concentrations in seawater under different drought conditions for NH4—N (c) and NO3—N (d). Nitrogen concentration was

adjusted to a standard salinity of 35 for comparison.

et al. (2024) reported an increase in NH4—N concentration during the
hot and dry summer months, particularly within porewater, under
increasingly reducing conditions in Baffin Bay. This increase was pri-
marily attributed to sediment dissimilatory nitrate reduction to
ammonia (DNRA), modulated by the degradation or mineralization of
organic matter. In Xiamen Bay, sediment NH4—N concentrations were
also notably higher during the summer of 2022 (137.1 + 42.9 pmol
kg~!) compared to the winter (106.4 + 40.7 pmol kg 1), contrary to the
seasonal distribution of NO3—N (Tab. S6). In contrast to the behavior of
nitrate dual isotopes, 5'°N-NHJ decreased during the drought observa-
tion (Fig. 6¢), suggesting a potential enhancement of mineralization or
DNRA processes. The typical 8'°N-NH{ signature for ammonia derived
from mineralization ranges from —7 %o to —1 %e, significantly lower than
that originating from domestic sewage (7 %o~17 %o) and manure (21 %o
~35 %o) (Cao et al., 2022). The observed increase in DNRA may be
mainly attributed to the increased proportion of autochthonous organic
matter, resulting from reduced man-made pollution (Aalto et al., 2021).
Nevertheless, despite these processes, the apparent NH,—N concentra-
tion in Xiamen Bay still decreased during the drought, probably due to
the minor contribution of sediment DNRA to the overall ammonia load.
This observation indirectly underscores the pivotal role of terrestrial
exogenous input in determining ammonia concentrations in the bay.

10

4.4. Drought conditions regulate N2O emission in Xiamen Bay

The alleviation of drought-induced nitrogen pollution weakened
N,O emissions in Xiamen Bay (Fig. 5e, 5f), with the annual N5O flux at
the sea-air interface decreasing by 40.0~72.7 % compared to 2019,
averaging a reduction of 52.0 %. This decline was primarily attributed to
reduced concentrations of NO3—N, DIN, and DTN (Fig. 7), indicating
denitrification as a significant NoO source in Xiamen Bay. Traditionally,
nitrification has been considered the largest marine NoO source (Frame
et al.,, 2014). However, recent studies have highlighted that in oxic
coastal waters and sediments, particle-associated denitrification (Wan
et al., 2023) and chemo-denitrification (Li et al., 2023b) are the main
sources of N20. Employing a global warming potential (GWP1q0)
calculated over a 100-year time scale, the reduction in GWP;¢g of N2,O
during the drought in Xiamen Bay was estimated to be 5.0~9.1 x 108
mol yr‘l, equivalent to 67.6~350 % of the recorded CO5 emission
(2.6~7.4 x 108 mol yr’l) (Dai et al., 2009). This suggested that the
drought, triggered by the triple La Nina in 2020-2022, exerted negative
feedback on global warming at a local scale by attenuating the nitrogen
linkage between terrestrial and marine ecosystems.

The regression relationships (Fig. S8b, S9b) established in this study
correlated PET and N5O emissions, with NO3—N concentration serving
as a bridge, offering novel insights for predicting N2O emissions under
future climate change in analogous coastal bays, where nitrate was the
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predominant nitrogen species. Drawing on the anticipated increase in
PET trends within the humid and semi-humid regions of China, as
gleaned from seven CMIP6 Shared Socioeconomic Pathway-
Representative Concentration Pathway (SSP-RCP) scenarios (SSP119,
SSP126, SSP434, SSP245, SSP460, SSP370, and SSP585) (Su et al.,
2021), it was projected that NOs—N concentrations in seawater of both
Xiamen Bay and Sansha Bay would exhibit a declining trend from 2022
to 2100. For Xiamen Bay, specifically, an increment in PET per unit (mm
mon ') was associated with an approximate reduction of 0.25 pmol L!
in NO3—N concentration. Consequently, the AN,O concentration at the
sea-air interface was projected to decrease from an average of 22.5 nmol
L ! during the current study period to 20.0 nmol L ! in the timeframe of
2081-2100 (Table 1). Furthermore, the net N5O flux emanating from
Xiamen Bay was anticipated to decline from an average of 2.8 x 10% mol
yr ! to 2.6 x 10% mol yr !, considering the rise in future surface
seawater temperature (SST) (Varela et al., 2023). Nonetheless, given the
nonlinear response of N,O production to nitrate removal, considerable
uncertainty remains in forecasting NoO emission in coastal bays (Yan
et al., 2023b).

The protracted retention of land-based pollutants due to droughts
will inevitably alter nitrogen cycling within terrestrial ecosystems and
associated carbon cycles, thereby influencing the spatial distribution of
greenhouse gas emission hotspots, and exerting either antagonistic or
synergistic effects on the mitigation of nitrogen pollution in coastal bays
(Ham et al., 2023; Qing et al., 2023). A meta-analysis demonstrates that
drought conditions typically enhance the accumulation of soil DON,
NH4—N, and NO3—N while concurrently reducing soil organic carbon
and overall CO, emissions (Deng et al., 2021). Microbial activities in
both temperate and tropical soil ecosystems are more susceptible to
simulation under drought, leading to increased CO5 and N3O emissions,
thus providing a robust positive feedback to global warming (Emmett
et al., 2004). Additionally, with the increasing frequency of transitions
between drought and flood events under climate change, accumulated
bioavailable nitrogen is likely to be laterally transported offshore or
vertically leached into deep groundwater during subsequent heavy
precipitation events. This process could accelerate coastal eutrophica-
tion and foster the expansion of HABs (Paerl et al., 2018). It is impera-
tive to conduct long-term studies on coastal water quality and
greenhouse gas emissions throughout and after drought events to better
understand and mitigate these complex environmental dynamics.

4.5. Uncertainties and limitations

The data used in this study predominantly comprised ground-based
measurements and satellite remote sensing data (e.g., PET). The credi-
bility of the findings can be influenced by the disparate origins of remote
sensing databases. We performed a comparative analysis of the

Table 1
Prediction results of NO3—N, AN,O, and Fyso in Xiamen Bay based on PET
evolution under CMIP6 SSP-RCP scenarios.

Parameter Reference 2021-2040 2041-2060 2081-2100 Source

PET 78.4 81.7 (77.4, 83.8 (79.6, 87.0 (82.9, (Su
(mm (74.1, 86.0) 88.2) 92.9) et al.,
mon™") 82.0) 2021)

NOs;—N 23.1 (3.8, 22.4 (3.0, 21.9 (2.5, 21.1 (1.8, This
(pmol 45.6) 44.6) 44.1) 43.1) study
L

AN,O 22.5 21.5 (-1.3, 20.9 (-2.0, 20.0 (-2.9, This
(nmol (-0.4, 43.6) 43.0) 41.7) study
L 44.8)

Fnoo 28.0 27.0 (1.7, 26.6 (—2.5, 26.4 (—3.8, This
(10°mol (0.5, 54.7) 54.8) 54.9) study
yr'h 55.8)

Note: The data format is average (minimum, maximum). PET denotes potential
evapotranspiration. A positive AN,O and Fy»0 indicate net emission into the air,
whereas negative values indicate net absorption by the sea.
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relationships between PET from various providers and nitrate concen-
trations across Xiamen Bay, Sansha Bay, and Chesapeake Bay for the
period spanning 2010 to 2022. Our analysis revealed that the spatial
resolution of remote sensing data significantly affected the quality of the
derived PET. A notable discrepancy was observed between PET from the
CRU TS v4.07 dataset with a 0.5° resolution and PET from the National
Centers for Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis 1 dataset with a 2.5° resolution
(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html)  (Tab.
$13). This discrepancy was particularly pronounced for smaller coastal
bays such as Xiamen Bay and Sansha Bay, whereas it was less evident for
the larger Chesapeake Bay (Tab. S14). To enhance the accuracy of our
comparisons for Xiamen Bay and Sansha Bay, we incorporated an
additional dataset, the National Tibetan Plateau / Third Pole Environ-
ment Data Center (TPDC) with a 1 km resolution (https://data.tpdc.ac.
cn/zh-hans/data). Ultimately, the results indicated that the standard
deviations in the relationships between PET derived from different
sources and nitrate concentrations were less than 3 %.

This study acknowledges several potential limitations. Due to con-
straints in data collection and observation (e.g., groundwater
discharge), the comparative analysis was restricted to four coastal bays.
Our results indicated both negative and positive regressions between
coastal NH4—N concentration and river discharge, whereas a consis-
tently negative regression was observed between coastal NO3—N con-
centration and PET. Additionally, the predictive accuracy of coastal
nitrate concentrations and NoO emissions under varying climate change
scenarios was contingent on the reliability of PET and SST. The effec-
tiveness of PET and SST predictions inherently rely on the choice of
appropriate climate models and how well they perform. Future research
should pay more attention to drought effects on the transport of mate-
rials from diverse terrestrial sources to coastal bays, focusing on the
response of terrestrial nitrogen or carbon cycling to different hydro-
climatic conditions, and exploring the global universality of drought
effects.

5. Conclusions

The 2020-2022 drought had a marked impact on nitrogen concen-
trations and N2O emissions in Xiamen Bay, Southeast China. Throughout
this period, NH4,—N concentration experienced seasonal reductions
year-round, while NO,—N and NO3—N concentrations declined only
during spring and summer. A negative correlation between AN>O and
NO3—N, DIN, and DTN, suggests a significant role of denitrification. The
observed increases in 615N-N0§ and 6180-N0§ , alongside a decrease in
5'°N-NH{, indicate changes in nitrogen sources and transformations
driven by the drought. Despite the drought conditions, variations in
rainfall and tidal range had minimal influence on nitrogen dynamics. In
contrast, Nino 3.4 index and PET exhibited significant negative corre-
lations with NOs—N, DIN, DTN, and AN,O, whereas NH4,—N was
positively correlated only with river discharge, highlighting its distinct
behavior relative to NO3—N. The reduction in surface runoff due to the
drought led to decreased terrestrial pollutant inputs, notably affecting
NH4—N concentration and its seasonal variations. Phytoplankton com-
munity changes, especially in 2022, likely contributed to the observed
NH4—N reductions. Increased PET during spring and summer was
linked to declines in NOs—N concentration, attributed to reduced
groundwater nitrogen supply and enhanced land denitrification. In
contrast to NH4—N, NO3—N concentration was proved to be more
sensitive to drought-induced changes in hydrological processes, which
exhibited consistent negative linear regressions with PET and decreased
as evaporative demand drought conditions worsened across Xiamen
Bay, Sansha Bay, and Chesapeake Bay throughout 2010-2022. NH4;—N
concentration held positive regression with river discharge in Xiamen
Bay, but negative regressions in the other two bays.

Our study implied that alterations in nitrogen source supply and
greenhouse gas emissions in coastal bays, driven by droughts, constitute


https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://data.tpdc.ac.cn/zh-hans/data
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one of the crucial feedback mechanisms for global climate change. This
underscores the intricate interplay among hydrological conditions,
biological processes, and nutrient dynamics within coastal ecosystems.
A particular emphasis is placed on the role of PET in modulating nitrate
availability and the potentially far-reaching impact of groundwater on
nutrient concentrations in coastal bays. The observed correlations be-
tween terrestrial nitrogen inputs and the bay’s nitrogen dynamics
illustrate the profound influence of land-derived nitrogen pollution on
the water quality and ecological health in these coastal environments.
These insights underscore the critical need for an integrated land-sea
management approach and the imperative to foster a resilient bay
ecosystem.
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