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Abstract

In this study, 101 and 102 rainwater samples were collected from April 2020 to February
2024 in a coastal and marine area, respectively. The results show that the Cl/Na ratios in
both study areas were lower than the seawater value (1.17), suggesting chloride depletion.
The chloride depletion rates in both areas decreased after the COVID-19 lockdown period.
The molar ratio of NH4

+ to non-sea-salt sulfate (nss-SO4
2−) was 1.54, with a mixture of

(NH4)2SO4 and NH4HSO4 in the coastal area, and 0.83, with NH4HSO4 as the main form, in
the marine area. A decreasing trend attributed to high O3 and relative humidity (RH) levels
occurred in 2022. Among the dissolved organic nitrogen (DON) species, DON accounted
for 24% and 32% of the total dissolved nitrogen (TDN) in the coastal and marine areas,
respectively, indicating a greater relative contribution under lower anthropogenic influence.
On the basis of the correlation between the species and source analysis results, NO3

− mainly
originated from fossil fuel combustion, NH4

+ originated from agricultural emissions and
secondary aerosols, and DON originated from secondary aerosols via combustion processes
and natural emissions. In terms of the flux, due to lockdown activities, the Dissolved
Inorganic Nitrogen (DIN) flux decreased significantly from 40.6 to 19.3 mmol m−2 yr−1

in the coastal area and from 27.7 to 15.1 mmol m−2 yr−1 in the marine area. Additionally,
a slight decrease occurred in the DON flux, from 21.6 to 19.3 mmol m−2 yr−1 and from
27.7 to 15.1 mmol m−2 yr−1, respectively. Regarding new production, based on nitrogen
input, the level in the coastal area decreased from 5.83 to 2.10 g C m−2 yr−1, and that in the
marine area decreased from 3.92 to 1.55 g C m−2 yr−1, indicating a significant reduction
during the COVID-19 lockdown.

Keywords: atmospheric deposition; wet deposition; chloride depletion; inorganic nitrogen;
organic nitrogen; new production; spatial pattern and influencing factors

1. Introduction
Over the past few years, with the rapid development of technology, heavy fertilizer us-

age and fossil fuel combustion have led to significant increases in the emissions of reactive
nitrogen (Nr) [1,2]. Nitrogen deposition in the environment leads to issues such as acidifica-
tion and eutrophication, posing challenges for normal biological growth and becoming an
important global concern. In recent years, with the rapid increase in agricultural and indus-
trial activities, anthropogenic emissions of reactive nitrogen have significantly increased,
surpassing natural emissions in 2010 (210 Tg N yr−1 compared with 203 Tg N yr−1) [3].
China, as one of the three major nitrogen deposition hotspots globally, exhibited an increase
of approximately 60% in nitrogen deposition during the 2010s compared with that during
the 1980s [2,4]. Wet deposition, as one of the main pathways for the atmospheric deposition
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of reactive nitrogen [3], carries approximately 40% to 80% of reduced nitrogen and 40%
to 70% of nitrogen oxides to the Earth’s surface globally [5]. In China, from 1980 to 1990,
approximately 67% of the total nitrogen (TN) deposition occurred through wet deposition,
and even from 2011 to 2015, wet deposition still accounted for more than 50% of the total
nitrogen (TN) deposition [2]. These findings indicate that wet deposition is an integral part
of atmospheric nitrogen deposition.

With respect to inorganic nitrogen (IN), which has been influenced by industrialization
since the 18th century, nitrogen oxide (NOx) emissions from industrial activities have
notably increased in areas such as Europe and America, becoming major hotspots of
nitrogen emissions at that time. Subsequently, areas in East Asia and Southeast Asia also
became emission hotspots after the 1990s due to increased fertilizer use and fossil fuel
combustion [6,7]. In terms of the atmospheric composition, nitrogen deposition in Europe
and North America was primarily dominated by NOx during the 18th century. However,
after efforts to reduce NOx emissions started during the 1990s in Europe and America,
NOx emissions decreased by approximately 50–60% by 2018 compared with those in 1980,
and similar control measures were implemented by the Chinese government after 2010,
resulting in an approximately 16% reduction in NOx emissions from 2012 to 2018 [8–10].
Conversely, in terms of NHy, there are almost no policy interventions to address NHy

emissions from food systems other than NOx generated by fossil fuel combustion, leading
to a steady increase in NHy emissions in both the United States and China [9]. Therefore,
nitrogen deposition in the atmosphere, which has been largely dominated by NOx since
the 1990s, has transitioned to dominance by NHy in recent years [8,11].

The sources of organic nitrogen (ON) are complex and include both anthropogenic
and natural sources. Anthropogenic sources include fertilizers used in agriculture, fossil
fuel combustion, and biomass burning, whereas natural sources include volatile organic
compounds (VOCs) emitted by vegetation, soil dust, bacteria, and pollen [12–14]. Previous
studies have indicated that a large portion of ON in rainwater is bioavailable and that
approximately 45% to 75% of ON can be rapidly utilized by microorganisms [15], suggesting
significant contributions of ON to primary and secondary productivity levels. Previous
research has shown that dissolved organic nitrogen (DON) accounts for an average of
25% to 35% of TDN globally [16], highlighting the importance of DON in atmospheric
nitrogen deposition calculations and suggesting that neglecting DON emissions can lead to
significant errors in nitrogen deposition calculations. Therefore, DON plays a crucial role
in determining wet deposition [11,17].

Previous studies have shown that the relative contribution of dissolved organic ni-
trogen (DON) to total dissolved nitrogen (TDN) varies across regions and is generally
about 30% worldwide [1,16,18,19]. Rural or less industrialized areas often exhibit higher
DON fractions because of lower anthropogenic emissions, whereas densely populated
urban centers tend to have lower DON/TDN ratios [20]. This spatial variability highlights
the significance of atmospheric dissolved inorganic nitrogen (DIN) derived from human
activities and its contribution relative to riverine nitrogen inputs, which is essential for
understanding how the unprecedented COVID-19-related emission reductions may have
influenced nitrogen delivery to coastal waters.

Atmospheric nitrogen cycling is strongly influenced by interactions between natural
marine processes and anthropogenic emissions. Marine aerosols containing Cl− can react
heterogeneously with acidic species such as NO3

− and SO4
2−, leading to chloride depletion

and the formation of reactive chlorine compounds (e.g., ClNO2, HCl, and Cl2) that alter
atmospheric oxidation and soil acidity [21–23]. Meanwhile, NH4

+ derived mainly from
agricultural activities readily reacts with non-sea-salt sulfate (nss-SO4

2−) originating from
fossil fuel combustion, producing secondary inorganic aerosols that affect aerosol mass,
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hygroscopicity, and acidity [24,25]. The NH4
+/nss-SO4

2− molar ratio is therefore a useful
indicator of atmospheric neutralization and regional emission characteristics—higher ra-
tios reflect NH4

+-rich agricultural influence, while lower ratios are typically observed in
industrial or marine-dominated regions [25,26]. Representative NH4

+/nss-SO4
2− molar

ratios reported for various regions are summarized in Table 1 to illustrate these contrasting
emission environments. In addition to inorganic nitrogen, dissolved organic nitrogen
(DON) plays an important but less understood role in atmospheric nitrogen cycling. DON
arises from both primary emissions (natural and anthropogenic) and secondary forma-
tion through reactions involving aldehydes, hydrocarbons, and nitrogen oxides [27,28].
Understanding the relative contributions of these sources is essential to assess how hu-
man activities—including energy consumption changes and reduced emissions during the
COVID-19 lockdown—have modified nitrogen composition and deposition in coastal and
marine atmospheres. Therefore, statistical techniques such as principal component analysis
(PCA) and positive matrix factorization (PMF) were applied in this study to identify the
major sources of DON and to evaluate their temporal and spatial variability under changing
anthropogenic conditions.

Table 1. NH4
+/SO4

2− molar ratios in various regions.

Locations NH4
+/SO42− Molar Ratio Remarks Reference

Eastern US 3 summer Silvern et al., 2017 [25]
Athens, Greece 1.2 Annual Remoundaki et al., 2013 [29]

Kanpur, India 3 Average of summer and
winter seasons Behera and Sharma, 2010 [30]

Durg, India 1.6 Annual Deshmukh et al., 2011 [31]
Gosan, Korea 1.8 Spring Stone et al., 2011 [32]

Singapore 2.2 Southwest monsoon Behera et al., 2013 [26]
Huaniao Island, China 2.3 Annual Zhu et al., 2013 [33]

South China Sea 1.4 Northeast monsoon Hsu et al., 2007 [34]
Dongsha Island, Taiwan 0.8 Annual Chen and Huang, 2018 [24]

Beijing, China 3.5 Annual Zhang et al., 2013 [35]

Global wet nitrogen (N) deposition shows strong spatial variability, with the Ameri-
cas, Europe, and Southeast Asia identified as major emission regions [36,37]. The global
average wet deposition rate is about 2.0 kg N ha−1 yr−1, but regional values differ
markedly—approximately 3–5 kg N ha−1 yr−1 in North America and Europe, and ex-
ceeding 15 kg N ha−1 yr−1 in parts of Asia [38]. In China, strict emission control poli-
cies implemented since 2016 have gradually reduced atmospheric nitrogen emissions
through 2020 [39,40].

In 2019, the COVID-19 pandemic occurred, leading to factors such as the closure of
factories and a significant reduction in transportation, indirectly reducing air pollution
emissions [41]. Previous studies have reported significant reductions in atmospheric
nitrogen emissions during the COVID-19 lockdowns, such as a 9.6% decrease in total
(dry + wet) nitrogen deposition in Danjiangkou in 2020 compared with 2019 due to China’s
strict containment measures [42]. However, most investigations have focused on urban
or terrestrial regions, while little is known about how these unprecedented emission
reductions affected wet-deposited nitrogen species in remote coastal and offshore marine
areas. Atmospheric nitrogen deposition is an important source of external nitrogen for
coastal ecosystems, potentially influencing primary productivity and nutrient cycling.

The aim of this work was therefore to quantify the changes in concentrations, sources,
and fluxes of dissolved nitrogen species (TDN, DIN, and DON) in rainwater at two repre-
sentative sites—Matsu (coastal) and Pengjiayu (offshore island)—before, during, and after
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the COVID-19 outbreak. By comparing these temporal changes with shifts in emission
sources, we sought to reveal how the pandemic-related emission reduction influenced
nitrogen input to the adjacent marine environment.

2. Methodology
2.1. Sampling

The coastal sampling station in this study was established on the Matsu Islands
(26.167◦ N, 119.917◦ E), located approximately 97 km west of mainland China and 220 km
east of Taiwan Island, adjacent to the Taiwan Strait. The marine sampling station was set
up at the Pengjiayu meteorological station (25.375◦ N, 122.041◦ E), which is surrounded by
ocean areas and is situated 56 km from Taiwan Island. Moreover, the island is uninhabited,
significantly reducing anthropogenic influences. Our sampling sites correspond to those
reported by Chen et al. [43] and Hsieh et al. [44], respectively, as shown in Figure 1.

 

Figure 1. Location of the sampling sites at Matsu (coastal area) and Pengjiayu (marine area), respectively.

Samples were collected from April 2020 to February 2024, with 101 and 102 samples
collected in the coastal and marine areas, respectively. During the sampling period, one
sample was collected in the coastal area during a typhoon event. This sample is considered
to reflect a special event that may affect the overall data accuracy, so it was not included in
the analysis. Rainwater samples were collected using stainless steel funnels with a diameter
of 27 cm and 5 L amber glass bottles. Samples with a volume smaller than 500 mL were not
collected to because this volume is insufficient for experimentation. Before experimentation,
the samples were filtered through pre-ashed quartz fiber filters (20 mm, Millipore) into
amber sample bottles and stored in a refrigerator at 4 ◦C. The samples were analyzed
within one week. To prevent changes in the chemical composition, the samples were stored
in a refrigerator for up to three weeks.

2.2. Chemical Analysis

In this study, two main experimental methods were employed:
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1. Ion chromatography (IC) for the analysis of major ions.
2. Spectrophotometry for the analysis of nitrogen species.

After sample pretreatment, ion chromatography was used to analyze both anions
and cations in the rainwater samples. Specifically, six ions were analyzed using ion chro-
matography: Na+, K+, Mg2+, Ca2+, Cl−, and SO4

2−. The purpose of studying these ions
was to better understand the sources of aerosols in the area. Aerosols can originate not
only from the ocean but also from external sources such as fossil fuel combustion, biomass
burning, and crustal sources. Therefore, measuring the concentrations of major ions can
help identify the sources of aerosols.

To analyze nitrogen species, the indophenol blue method described by Bower et al. [45]
and the pink azo dye method described by Armstrong et al. [46] were utilized to determine
NH4

+ and NO2
− concentrations, respectively. NO3

− was determined using the method
described by Pai et al. [47], in which the reagents are mixed and added to the sample,
followed by a 25 min water bath at 55 ◦C, termination of the reaction in an ice bath, and a
10 min rest at room temperature before measurement.

In this study, inorganic nitrogen primarily consists of the sum of NO2
−, NO3

−, and
NH4

+, whereas organic nitrogen, owing to its diverse types in the environment, is relatively
challenging to quantify. Total nitrogen is the sum of inorganic nitrogen and organic nitrogen
and thus can be represented as follows:

[DIN] =
[
NO−

2
]
+

[
NO−

3
]
+

[
NH+

4
]

(1)

[TDN] = [DIN] + [DON] (2)

Owing to the complexity of DON in the environment, an oxidation method can be
utilized to convert all nitrogen species in rainwater samples into NO3

− species. The TDN
concentration can subsequently be determined via the measurement method described by
Pai et al. [47]. Finally, the DON concentration can be obtained by subtracting the sum of
DIN values from the TDN concentration using a deduction method.

To measure the concentration of DON in the samples, the method outlined by
Bronk et al. [13] was employed. Potassium persulfate was added to the samples, which
were then subjected to UV irradiation for 24 h to oxidize all the nitrogen species in the
samples into NO3

−. The NO3
− concentration was subsequently determined using the

aforementioned method for NO3
−. To reduce vanadium chloride, ethylenediaminete-

traacetic acid (EDTA), quinolone, and urea were employed as standard reagents to assess
the reduction efficiency for TDN in the samples. Table 2 presents the reduction efficiency
obtained in this experiment and the oxidation efficiency reported by Chen et al. [43] and
Bronk et al. [13] to confirm whether the experimental results occur within a reasonable
range. Although Bronk et al. [13] noted that the standard UV oxidation method can be
unpredictable in practice, the efficiencies obtained in this study fall within the reasonable
range reported in previous studies, indicating that the procedure was reliable under our
experimental conditions. Furthermore, although Chen et al. [43] did not explicitly describe
their analytical procedure, their research conducted on the Matsu Islands adopted the
same UV oxidation method for nitrogen determination as used in the present study. The
blank values and detection limits for anions, cations, and DIN species are listed in Table 3.
When all the samples were analyzed, the detected concentrations were at least 3 standard
deviations greater than the blank values.
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Table 2. DON percent recoveries compared with previous studies.

Reduction Efficiency (%) This Study Chen et al., 2021 [43] Bronk, 2000 [13]

Quinline 99 ± 4 92 ± 5 -
EDTA 97 ± 3 102 ± 4 94 ± 2
Urea 103 ± 6 100 ± 6 98 ± 6

Table 3. The blank values and detection limits in this study.

Blank (µM) Detection Limits (µM)

Na+ 3.32 ± 0.18 3.35
K+ 1.96 ± 0.09 1.97

Mg2+ 2.94 ± 0.06 2.92
Ca2+ 1.74 ± 0.06 1.75
Cl− 2.04 ± 0.08 2.08

SO4
2− 0.76 ± 0.03 0.78

NH4
+ 0.82 ± 0.29 0.88

NO2
− 0.01 ± 0.01 0.03

NO3
− 0.94 ± 0.04 0.12

TDN 0.94 ± 0.04 0.12

3. Results and Discussion
3.1. Meteorological Characteristics and Air Masses

The study period ranges from April 2020 to February 2024. The average temperatures
in the coastal and marine areas were 18.7 ± 6.2 ◦C and 22.7 ± 4.4 ◦C, respectively, and the
average wind speeds were 4.0 ± 0.7 m/s and 7.2 ± 1.2 m/s, respectively. The seasons in the
study area were categorized as follows: March to May (spring), June to August (summer),
September to November (autumn), and December to February (winter). Consequently, the
coastal and marine areas exhibited the lowest temperatures in winter (11.9 ± 1.66 ◦C and
16.8 ± 1.05 ◦C, respectively) and the highest temperatures in summer (27.5 ± 0.71 ◦C and
28.2 ± 0.79 ◦C, respectively).

In terms of air mass sources, air mass backward trajectories (AMBTs) were employed
to track the primary air mass sources. Data were obtained from the National Oceanic and
Atmospheric Administration (NOAA) of the United States and integrated with the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to better understand
the air mass sources during the study period. In analyzing the AMBTs in this study, the air
mass height was defined as 500 m to classify air mass sources [48]. Research has indicated
that wet deposition can be influenced by the washout and rainout effects of rainfall [16].
Therefore, the background information of air masses from AMBTs can be used to trace the
sources of nitrogen species in rainwater.

The air mass backward trajectory models in the coastal and marine areas are shown in
Figures 2a and 2b, respectively. Notably, 44% of the air masses in the coastal area originated
from coastal Northeast China, 16% from inland Northwest China, 12% from the Northwest
Pacific, and 27% from the coastal region of the South China Sea. In contrast, in the marine
area, 38% of the air masses originated from northeastern China and inland regions, 27%
from the southern East China Sea, 12% from the western Pacific, and 23% from Taiwan and
the northern South China Sea. Therefore, it can be inferred that 44% of the air masses in the
coastal areas were directly influenced by anthropogenic sources, whereas only 23% of the
air masses in the marine area were directly affected by anthropogenic emissions.
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(a) (b) 

Figure 2. HYSPLIT backward trajectory model in (a) coastal area and (b) marine area during
sampling time.

3.2. Major Ion Concentrations

According to Wang et al. [49], the correlation between species and major ions
can provide insights into the sources of species. Chen et al. [16,43] indicated that the
main ion sources in this area are sea salt, fossil fuel combustion, and biomass burning.
Figures 3a and 3b show the seasonal changes in major ions in the coastal and marine
study areas, respectively. The average concentrations of Na+ and Cl− in the marine area
are higher (326 ± 322 µM and 345 ± 499 µM, respectively) than those in the coastal area
(245 ± 133 µM and 255 ± 153 µM, respectively) because the marine area is surrounded by
seas, primarily encompassing marine sources [50].

(a) 

(b)

 

Figure 3. Seasonal variations in major ions in the (a) coastal (b) marine area. The red dashed lines
represent the separation between each year.
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According to Chen et al. [16] and Chen and Huang [24], Na+, Mg2+, and Cl− are
considered marine ions, whereas non-sea-salt ions (nss-ions), such as K+, Ca2+, and SO4

2−,
can serve as indicators of biomass burning, crustal elements, and fossil fuel combustion.
The concentration of nss-ions can be determined as follows:[

nss − SO2−
4

]
=

[
SO2−

4

]
− 0.060 ×

[
Na+

]
(3)

[
nss − Ca2+

]
=

[
Ca2+

]
− 0.022 ×

[
Na+

]
(4)[

nss − K+
]
=

[
K+

]
− 0.022 ×

[
Na+

]
(5)

Among these ions, nss-SO4
2− is derived mainly from fossil fuel combustion and is

considered an indicator of anthropogenic sources; nss-K+ is considered an indicator of
biomass burning sources; and nss-Ca2+ is a component of dust and can thus be used as an
indicator of crustal sources [51,52].

In Figure 3a, the highest peaks of nss-ions in the coastal area are mainly concentrated
in winter because of the prevailing northeast monsoon, which brings continental sources
and anthropogenic pollution to the coastal area. In summer, the concentrations are lower
because the air masses are influenced by the southwest monsoon, which originates from
marine sources and is thus less notably affected by anthropogenic and continental influ-
ences. According to Figure 3b, the trend in the marine area is less distinct, likely because
the area is farther from the continent and thus less affected by continental pollution.

Throughout the year, the concentration of nss-ions in both study areas showed an
increasing trend in 2021. This could be attributed to the increase in human activities during
the easing period after the first outbreak of the pandemic in 2021, which led to higher
concentrations. In 2022, the second outbreak of the pandemic resulted in reduced human
activities, causing a sharp decrease in the concentration of nss-ions. It was not until 2023,
when the pandemic had stabilized, that human activities began to increase.

In the atmosphere, Na+, Mg2+, and Cl− ions are primarily sea-salt ions originating
from sea spray. However, when air masses transition between land and sea, sea-salt ions
can react with acidic substances (e.g., sulfuric acid and nitric acid) to form HCl gas, which
then dissipates, leading to a reduction in the Cl− ion concentration. This phenomenon is
referred to as the chloride depletion reaction [21,53]. The reaction for chloride depletion in
the atmosphere is as follows [21]:

HA(g or aq) + NaCl(aq or s) → NaA(aq or s) + HCl(g or aq) (6)

where HA(g or aq) denotes acidic species (e.g., sulfuric acid or nitric acid), and NaA(aq or s)
denotes salts formed after the chloride depletion reaction. On the basis of the above
chemical equation, nitric acid and sulfuric acid can react with sea-salt ions to form salts,
and sulfuric acid and nitric acid in the atmosphere are considered to originate from fossil
fuel combustion and anthropogenic sources [24]. Therefore, chloride depletion can be
determined through the molar concentration ratio of [Cl−]/[Na+] in rainwater samples to
that in seawater.

Figure 4 shows the molar concentration ratio of [Cl−]/[Na+] in the two areas compared
with that in seawater. In the coastal and marine areas, the [Cl−]/[Na+] ratios are 1.07 and
1.12, respectively, both of which are lower than the [Cl−]/[Na+] ratio in seawater (1.17). This
result indicates that chloride depletion reactions occur in both areas. To better understand
the seasonal variations and annual changes in chloride depletion in the two study areas,
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calculations were performed on the basis of the equation of Su et al. [21], and the results
are shown in Figure 5. The calculation is as follows:

Cl−(%)dep =
(
1.174 ×

[
Na+

]
−

[
Cl−

])
/
(
1.174 ×

[
Na+

])
× 100% (7)

 

Figure 4. Cl−/Na+ molar ratio in the coastal and marine areas. The black line represents the Cl−/Na+

ratio in the ocean (1.17).

 

Figure 5. Seasonal variations in Cl−/Na+ ratio in the coastal and marine area. The red dashed lines
represent the separation between each year.



J. Mar. Sci. Eng. 2025, 13, 2148 10 of 23

In Figure 5, the average chloride depletion in the coastal area was 33%, whereas
in the marine area, it was 28.1%. This result indicates that the coastal areas was more
greatly affected by anthropogenic activities than the marine area was. In terms of seasonal
variations, both study areas exhibited greater depletions in spring and summer. This is due
to enhanced photochemical reactions that facilitate the conversion of nitrogen dioxide (NO2)
and sulfur dioxide (SO2) gases into NO3

− and SO4
2−, respectively, leading to increased

chloride depletion reactions [34,54].
In terms of annual changes, chloride depletion in the coastal area decreased by approxi-

mately 30% after the pandemic compared with that before the pandemic; in the marine area,
chloride depletion decreased by approximately 37%. This could be attributed to the impact
of the COVID-19 outbreak, when the Chinese government implemented home isolation
policies, significantly reducing emissions from factories and vehicles. Consequently, the
concentrations of NO3

− and SO4
2− in the atmosphere decreased, leading to a reduction in

chloride depletion reactions.

3.3. TDN, DIN, and DON Species Concentrations

Tables 4 and 5 provide the monthly average DIN and DON concentrations in the coastal
and marine areas, respectively. Because typhoon events are considered special cases that
can affect data accuracy, they were not considered in this study. The average concentrations
of TDN in the coastal and marine areas during the study period were 160 ± 77.4 µM
and 63.8 ± 58.1 µM, respectively. In the coastal area, the highest TDN concentration was
348 µM (in April 2021), and the lowest value was 9.8 µM (in July 2022). In the marine
area, the maximum TDN concentration was 280 µM (in January 2021), with a minimum
value of 9.4 µM (in September 2023). The average DIN concentrations were 118 ± 54.6 µM
and 41.1 ± 33.7 µM, whereas the average DON concentrations were 35.0 ± 27.6 µM and
21.4 ± 27.6 µM in the coastal and marine areas, respectively. According to the above results,
DIN (p = 0.04) in wet deposition is significantly influenced by climatic conditions and
aerosol sources. Lower DIN concentrations occurred in summer because of the southwest
monsoon, whereas the higher concentrations during the other seasons were caused by the
northeast monsoon. In contrast, there was no clear seasonal variation in the DON (p > 0.05)
concentration, suggesting complex sources of DON in the atmosphere [1,11,17].

In terms of the annual variation in the DIN concentration, the DIN concentration in the
coastal area decreased from 138 µM in 2020 to 104 µM in 2023, whereas that in the marine
area decreased from 46.1 µM in 2020 to 45.5 µM in 2023. This indicates a declining trend
in the DIN concentration in the coastal area following the impact of COVID-19 in 2020.
However, in the marine area, the DIN concentrations were low in 2022 (27.3 µM) because
of the impact of the second outbreak of the COVID-19 pandemic. In other years, the DIN
concentrations did not significantly change and were less greatly affected by anthropogenic
influences in marine areas.

With respect to DIN species, Figure 6 shows the annual percentage trends of NO3
−

and NH4
+ in the two study areas. In the coastal area, NO3

− and NH4
+ accounted for

60.4 ± 11.5% and 39.6 ± 11.5% of the total DIN, respectively. In the marine area, NO3
−

and NH4
+ accounted for 57.8 ± 14.9% and 42.2 ± 14.9%, respectively, of the total DIN.

Figure 6 revealed that the contribution of NO3
− in both study areas decreased during the

study period. This suggests that after the outbreak of the COVID-19 pandemic in 2020
and the restrictions on nitrogen emissions implemented by the Chinese government, the
concentration of anthropogenic NO3

− decreased. The atmosphere began to shift from
nitrogen oxides (NOx) to reduced nitrogen (NHy) as the primary form [12,55].
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Table 4. Nitrogen species monthly concentration in coastal area (µM).

Month n = 101 NO3− NH4
+ DIN DON TDN

20 April 2 55.2 56.4 111.6 60.5 172.1
20 May 5 46.3 48.9 95.1 32.6 127.7
20 June 4 57.9 37.6 95.5 30.5 126.0
20 July 1 53.5 15.8 69.3 41.3 110.6

20 August 3 153.3 26.9 180.2 48.8 228.9
20 September 10 83.7 35.9 119.6 50.5 170.1
20 December 5 151.4 61.9 213.3 72.5 285.8
21 February 4 82.5 44.3 126.9 16.9 143.8

21 March 4 96.5 95.6 192.1 16.5 208.7
21 April 5 125.9 83.2 209.1 138.6 347.8
21 May 3 42.3 30.1 72.4 8.1 80.5

21 August 2 21.3 9.9 31.2 2.8 34.0
21 November 4 84.8 35.6 120.4 23.6 144.0
21 December 2 84.7 30.0 114.6 20.4 135.0

22 January 2 134.5 82.8 217.3 14.4 231.8
22 February 4 52.1 41.4 93.5 17.2 110.7

22 March 2 62.4 73.4 135.8 8.5 144.3
22 April 1 95.8 94.6 190.3 23.8 214.1
22 May 4 19.1 14.8 33.8 2.4 36.2
22 July 1 4.5 2.7 7.2 2.5 9.8

22 November 5 74.3 48.7 123.0 24.3 147.3
23 January 4 89.5 52.8 142.2 33.5 175.8

23 February 4 79.0 45.8 124.8 35.7 160.5
23 March 1 47.2 35.8 83.0 26.1 109.1
23 April 3 65.4 66.7 132.1 26.5 158.6
23 May 2 152.1 36.9 70.4 19.9 321.7
23 June 5 32.1 30.1 62.2 31.3 93.5
23 July 1 21.4 21.8 43.2 28.7 71.9

23 August 1 53.8 57.4 111.1 61.2 172.4
23 November 1 57.3 21.1 78.4 46.9 125.4
23 December 1 148.3 40.0 188.3 95.1 283.4

24 January 1 137.8 33.9 171.7 53.3 224.9
24 February 3 81.2 62.5 143.7 38.9 182.6

Avg. 77.2 44.7 118.3 35.0 160.3
Std. 41.1 23.1 54.6 27.6 77.4

As described by Feng et al. [56] and Zhang et al. [39], NH4
+ reacts with SO4

2− and
NO3

− to form secondary aerosols. A comparison of the NH4
+/nss-SO4

2− ratios in both
areas is shown in Figure 7. The black lines represent the molar ratios of (NH4)2SO4 and
NH4HSO4 in the atmosphere. The results indicate that in the coastal area, air masses
originate from both land and sea sources and are more influenced by human activities.
Therefore, NH4HSO4 and (NH4)2SO4 are present primarily in the atmosphere in the coastal
area. In contrast, in the marine area, due to the notable maritime influences and lower
anthropogenic influences, NH4

+ is not sufficient to react completely with nss-SO4
2−. As a

result, NH4HSO4 is present primarily in the atmosphere in the marine area.
Figure 8 shows the annual variations in [NH4

+]/[nss-SO4
2−] for the two study areas.

According to previous research, O3 and the relative humidity (RH) are the main factors
influencing the oxidation of SO2 gas to nss-SO4

2− in the atmosphere [57]. In 2022, the
[NH4

+]/[nss-SO4
2−] ratios in both study areas were significantly lower because, during

the second outbreak of the COVID-19 pandemic, anthropogenic activities that produced
NO2 and SO2 gases decreased. This led to an increase in the atmospheric O3 concentration
and a higher RH that year. The atmospheric SO2 gas is more significantly influenced by
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RH and O3, resulting in a higher efficiency of oxidation to nss-SO4
2−. Consequently, the

[NH4
+]/[nss-SO4

2−] ratios were lower in both study areas in 2022.

Table 5. Nitrogen species monthly concentration in marine area (µM).

Month n = 102 NO3− NH4
+ DIN DON TDN

20 April 1 74.9 88.5 163.5 52.5 216.0
20 May 9 19.6 18.3 37.8 16.7 54.5
20 June 4 11.3 9.7 21.0 11.5 32.5
20 July 2 15.7 5.0 20.7 10.6 31.3

20August 5 16.8 6.7 23.6 12.1 35.6
20 September 7 24.6 27.8 52.4 21.2 73.6

20 October 1 9.1 2.5 11.6 2.9 14.5
20 November 1 36.5 18.5 55.0 17.0 72.0
20 December 5 13.4 7.6 21.0 10.5 31.5

21 January 3 84.6 63.4 148.0 132.0 280.1
21 February 2 34.2 20.5 54.8 81.2 136.0

21 March 3 22.8 24.8 47.6 37.4 85.1
21 April 5 51.9 40.3 92.2 106.2 198.4
21 May 2 11.5 11.2 22.7 24.5 47.2
21 June 2 11.8 23.5 35.3 38.2 124.1

21 August 1 5.6 2.0 7.6 15.5 23.1
21 October 3 21.2 10.4 31.5 8.2 39.8
22 January 1 11.7 4.9 16.6 3.6 20.2
22 March 2 26.3 22.2 48.5 15.4 64.0
22 April 1 19.6 20.3 39.9 10.6 50.6
22 May 1 10.2 5.1 15.3 5.1 20.4
22 July 1 11.5 5.1 16.6 4.2 20.9

22 August 2 23.9 25.4 49.3 15.8 65.1
22 September 2 20.1 6.8 26.9 9.9 36.8

22 October 3 10.5 2.7 13.2 6.4 19.6
22 November 4 17.2 10.1 27.3 10.8 38.1
22 December 2 25.4 18.2 43.6 19.0 62.7

23 January 3 6.8 8.2 15.0 5.2 20.2
23 March 1 24.2 16.4 40.6 17.9 58.5
23 April 4 35.8 49.3 85.1 21.0 106.1
23 May 1 14.3 16.9 31.2 6.1 37.2
23 June 1 10.9 6.9 17.8 4.5 22.3

23 August 2 14.5 16.7 31.2 11.8 43.0
23 September 2 5.1 2.3 7.4 2.0 9.4

23 October 6 15.0 11.0 26.0 5.8 31.8
23 December 2 20.8 7.0 27.8 5.4 33.2

24 January 1 35.6 24.1 59.7 11.2 70.9
24 February 4 36.0 40.9 76.9 22.8 99.7

Avg. 22.7 18.5 41.1 21.4 63.8
Std. 16.9 17.7 33.7 27.6 58.1

The DON concentration in the coastal area was more than twice as high as that in
the marine area. This difference can be attributed to the proximity of the coastal area
to mainland China, which experiences greater anthropogenic influences (such as fossil
fuel combustion and biomass burning) and natural emissions (biogenic sources), leading
to higher DON concentrations. Tables 4 and 5 indicate that from 2021 to 2022, both
areas experienced lower DON concentrations, which may be attributed to the significant
reduction in human activities during the COVID-19 outbreak.
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Figure 6. The trend of NO3
− and NH4

+ in DIN annual percentage in the coastal and marine area.

 

Figure 7. The molar ratio of [NH4
+]/[nss-SO4

2−] in the coastal and marine area. The black lines
represent the molar ratio of 2:1 and 1:1.

Previous studies have indicated that DON accounts for approximately 15% to 30%
of the total TDN in the atmosphere [58,59]. In this study, the DON/TDN ratios reached
24% in the coastal area and 32% in the marine area. Figure 9 shows the yearly proportions
of the DON concentration in the two study areas. In 2022, both study areas experienced
the lowest proportion of DON, which could be attributed to the impact of the COVID-19
pandemic leading to a lower DON proportion. Compared with that in 2021, the DON
concentration in the marine area decreased by 35.4 µM compared with that in 2021, with a
proportional decrease of approximately 21%. These findings indicate that the reduction
in the DON proportion in the marine area is related to reduced anthropogenic activities.
However, in the coastal area, the DON concentration decreased by approximately 17.4 µM
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in 2022, but the proportional decrease in DON was only approximately 5.8%. On the basis
of these results, it can be inferred that the coastal area contains more complex sources of
DON species, resulting in a less decreasing trend in the DON proportion.

 

Figure 8. The annual variation in the molar ratio of [NH4
+]/[nss-SO4

2−] in the coastal and ma-
rine area.

 

Figure 9. The yearly variation in DON concentration and DON/TDN molar ratio in coastal and
marine area.

3.4. Correlations and Source Identification of Nitrogen Species

To better understand the sources and correlations of nitrogen species, non-sea-salt
ions were utilized as source-specific indicators for correlation and source analysis. In
this study, the source indicators of non-sea-salt ions were identified based on previous
studies [16,24,60,61]. In this study, the Pearson correlation coefficient, principal component
analysis (PCA), and positive matrix factorization (PMF) methods were used. Notably, the
correlation method used by Chen and Chen [62], the PCA method outlined by Chen and
Chen [62] and the PMF method used by Chen et al. [51] were adopted. Table 6 presents the
correlations for both study areas, while Table 7 summarizes the nitrogen sources during
the pandemic and non-pandemic periods.
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Table 6. Correlation analysis (r) of wet deposition in sampling site. The pink color represents the
marine area and the blue color represents the coastal area. (* indicates p-value < 0.05, and bold type
indicates correlation coefficient > 0.7).

Variables Na+ K+ Ca2+ Mg2+ Cl− SO42− nss-
K+

nss-
Ca2+

nss-
SO42− NO3− NH4

+ DIN DON TDN

Na+ 1 0.37
* 0.81 0.98 0.96 0.89 0.25

* 0.79 0.86 0.82 0.52 0.75 0.49 0.74

coastalarea
(n

=
100)

K+ 0.48 1 0.37
* 0.39 0.45 0.44 0.99 0.37

* 0.44 0.40 0.42 0.42 0.31
* 0.41

Ca2+ 0.78 0.45 1 0.82 0.77 0.87 0.29
* 1.00 0.86 0.81 0.58 0.77 0.52 0.77

Mg2+ 0.99 0.44 0.77 1 0.97 0.92 0.28
* 0.80 0.89 0.84 0.54 0.77 0.53 0.78

Cl− 0.96 0.42 0.67 0.96 1 0.88 0.34
* 0.74 0.85 0.82 0.54 0.75 0.47 0.74

SO4
2− 0.94 0.46 0.82 0.95 0.90 1 0.34

* 0.85 1.00 0.90 0.74 0.88 0.69 0.93

nss-K+ 0.32 0.98 0.33 0.27 0.26 0.30 1 0.29
*

0.35
*

0.31
* 0.38 0.35

*
0.27

*
0.34

*
nss-Ca2+ 0.68 0.42 0.99 0.68 0.56 0.75 0.31 1 0.85 0.80 0.58 0.76 0.52 0.76

nss-
SO4

2− 0.91 0.44 0.82 0.92 0.87 1.00 0.29 0.75 1 0.89 0.76 0.89 0.71 0.94

NO3
− 0.58 0.33 0.78 0.61 0.50 0.75 0.24 0.77 0.78 1 0.81 0.98 0.47 0.91

NH4
+ 0.38 0.24 0.58 0.41 0.33 0.59 0.18

* 0.59 0.64 0.86 1 0.92 0.40 0.84

DIN 0.51 0.30 0.71 0.54 0.44 0.70 0.22 0.71 0.74 0.97 0.96 1 0.46 0.92
DON 0.53 0.35 0.70 0.55 0.43 0.67 0.27 0.69 0.69 0.88 0.78 0.87 1 0.79
TDN 0.53 0.34 0.73 0.56 0.45 0.71 0.25 0.73 0.74 0.96 0.90 0.97 0.96 1

marine area (n = 102)

Table 7. The major sources of NO3
−, NH4

+, and DON species during pandemic and non-pandemic
period in coastal and marine areas.

N Species
Coastal Area Marine Area

Pandemic Non-Pandemic Pandemic Non-Pandemic

NO3
− fossil fuel combustion fossil fuel combustion

NH4
+ agricultural secondary aerosols secondary aerosols

DON natural emission secondary aerosols secondary aerosols

In Table 6, NO3
− in the coastal and marine areas was strongly correlated with nss-Ca2+

(r = 0.80 and 0.77, respectively) and with nss-SO4
2− (r = 0.89 and 0.78, respectively). NO3

−

also exhibited high and moderate correlations (r = 0.50~0.84), respectively, with marine
ions. This result indicates that NO3

− in both regions originates from inland fossil fuel
combustion and is transported to the study areas via the ocean. The NH4

+ ions in the coastal
and marine areas exhibited moderate and low correlations with marine ions (r = 0.52~0.54
and 0.33~0.41, respectively) and high and moderate correlations with nss-SO4

2− (r = 0.76
and 0.64, respectively). Therefore, it could be inferred that the primary source of NH4

+ in
both regions is the reaction of NH4

+ with nss-SO4
2− to form secondary aerosols (NH4HSO4

and (NH4)2SO4), hence resulting in a greater correlation [24].
Notably, DON in both areas exhibited moderate correlations with marine ions

(r = 0.49~0.53 and 0.43~0.53, respectively), moderate correlations with nss-Ca2+ (r = 0.52
and 0.69, respectively), and high and moderate correlations with nss-SO4

2− (r = 0.71 and
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0.69, respectively). This result suggests that DON mainly originates from inland fossil fuel
combustion and is carried to the study areas by air masses.

Table 7 provides the sources of nitrogen species during the pandemic and non-
pandemic periods. During the non-pandemic period, NO3

− in both study areas was
associated with the same sources as those of nss-SO4

2− and nss-Ca2+, reflecting a fossil
fuel combustion source from inland China. For NH4

+ species, nss-K+ exhibited the same
factor during the non-pandemic period in the coastal area, reflecting an agricultural source.
However, nss-SO4

2− exhibited the same source as NH4
+ during the COVID-19 pandemic

period in both study areas and during the non-pandemic period in the marine area, reflect-
ing secondary aerosols of NH4HSO4 and (NH4)2SO4 compounds in the atmosphere, as
previously discussed. For DON, DIN species (NH4

+ and NO3
−) attained the same factor in

the coastal and marine areas during the pandemic period and in the marine area during
the non-pandemic period, whereas nss-Ca2+ attained the same factor as that of DON in
the coastal area during the pandemic period. The results suggest that natural emissions
from inland China are the major source in the coastal area during non-pandemic periods,
whereas secondary aerosols from the atmosphere are the major source during pandemic
periods during both the pandemic and non-pandemic periods in the marine area.

3.5. Fluxes of Nitrogen Species

According to the methods outlined in Zhang et al. [52] and Chen et al. [16] for cal-
culating the flux of wet deposition species, the nitrogen species flux in both areas can be
calculated as follows:

Fw = Ci × Pi (8)

where Fw denotes the wet deposition flux (µmol m−2 d−1), Ci denotes the ion concentration
in an individual sample (µmol L−1), and Pi denotes the rainfall amount at the time of
sample collection (mm day−1).

Because the wet deposition flux is the product of rainfall and nitrogen species concen-
trations, there was no significant difference in the annual rainfall during the study period.
During the sampling period, the cumulative rainfall amounts in the coastal and marine
areas were 3122 and 5051 mm, respectively. The highest TDN, DIN, and DON daily fluxes
in the coastal area occurred in September 2020, with a TDN flux of 18.0 µmol m−2 d−1,
a DIN flux of 11.6 µmol m−2 d−1, and a DON flux of 6.9 µmol m−2 d−1. In the marine
area, the highest TDN and DIN daily fluxes occurred in May 2020, with a TDN flux of
12.6 µmol m−2 d−1 and DIN flux of 11.4 µmol m−2 d−1, whereas the highest DON flux
occurred in September 2020, with a value of 1.64 µmol m−2 d−1.

To better understand the impact of the COVID-19 pandemic on nitrogen deposition
in the two study areas, the annual flux variations in the coastal and marine areas were
determined, as shown in Figures 10a and 10b, respectively. During the study period, there
was a significant decreasing trend in the TDN, DIN, and DON concentrations from 2021
to 2022 in both study areas. This decline was due to the COVID-19 pandemic, during
which the government of China implemented home isolation policies that significantly
reduced anthropogenic emissions. By the end of 2022 and the beginning of 2023, as the
pandemic began to subside, human activities gradually increased. However, the nitrogen
emission levels remained lower than those before the pandemic outbreak in 2020. In the
coastal area, the annual variation trends of the TDN, DIN, and DON fluxes are −16.7,
−12.1, and −5.05 mmol m−2 yr−1, respectively. In the marine area, the trends are −8.42,
−4.32, and −4.11 mmol m−2 yr−1, respectively. According to the above results, there
an overall negative growth trend in nitrogen deposition. This decline can be attributed
to the impact of the COVID-19 pandemic from 2020 to 2023, during which the Chinese
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government implemented home isolation policies. This led to a significant decrease in
nitrogen deposition in both study areas [40–42].

(a) 

(b) 

Figure 10. The annual flux variations for TDN, DIN, and DON in the (a) coastal and (b) marine area.

3.6. The Impact of COVID-19 Lockdowns on Marine New Productivity

To investigate the impact of the COVID-19 lockdown on marine primary productivity,
we estimated the yearly primary productivity of nitrogen species in both study areas.
According to Yan and Kim [19], IN species can be fully bioavailable, whereas ON species
exhibit a lower bioavailability, ranging from 20 to 80%. The new production equation
method by Chen and Huang [63] is as follows:

New production = [(FIN + αFON)]× 6.625 (9)

where FIN and FON denote the inorganic and organic nitrogen fluxes in wet deposition,
respectively, α is the ON bioavailability parameter, which ranges from 0.2 to 0.8, and
6.625 denotes the constant ratio of C:N in marine phytoplankton proposed by Redfield
in 1934.
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This method was adopted in the present study because the environmental condi-
tions and regional characteristics in Chen and Huang’s research are highly comparable to
those of our study area, making it suitable for evaluating new production under similar
marine settings.

With this approach and on the basis of the coastal East China Sea particulate organic
carbon flux (21.6 g C m−2 yr−1) calculated by Wang et al. [64], the new products supplied
from the atmosphere via wet deposition in this study are listed in Table 8. In 2020, the level
of new production in the coastal and marine areas was 5.83 and 3.92 g C m−2 yr−1, respec-
tively. By 2023, the primary productivity in the coastal and marine areas had decreased to
2.10 and 1.55 g C m−2 yr−1, respectively. According to the results, the coastal area exhibited
a lower new productivity of DIN and DON than that obtained by Chen et al. [43], which
further demonstrates the significant effectiveness of China’s energy policies in reducing
nitrogen emissions. In terms of the annual variation, the coastal and marine areas exhibited
reductions of 17.3% and 11.0%, respectively. These results show that the reduction in
anthropogenic activities led to a significant decrease in marine primary productivity in
both the coastal and marine areas during the COVID-19 lockdown period.

Table 8. The yearly new production (g C m−2 yr−1) and the proportion of new production from
nitrogen species via wet deposition in coastal and marine areas.

Study Areas Year DIN DON TDN
Wet Deposition New

Production

%

coastal 2020 4.13 1.70 5.83 8.9%
2021 3.21 0.77 3.60 5.5%
2022 1.31 0.25 1.56 2.4%
2023 1.56 0.53 2.10 3.2%

marine 2020 2.56 1.37 3.92 6.0%
2021 0.77 0.59 1.36 2.1%
2022 1.29 0.49 1.78 2.7%
2023 1.24 0.31 1.55 2.4%

4. Conclusions
In this study, rainwater samples were collected from the selected coastal and marine

areas for concentration, correlation, and source analyses of TDN, DIN, DON, and major
ions. In terms of major ion concentrations, the Cl−/Na+ ratio in both the coastal (1.07)
and marine (1.12) areas was lower than that in the ocean (1.17), indicating that reactions
between anthropogenic pollutant emissions such as SO4

2− and NO3
− and sea salt ions

(NaCl) led to chloride depletion reactions. The yearly chloride depletion rate decreased
after the COVID-19 lockdown period in 2020.

With respect to the DIN (NO3
− and NH4

+) concentrations and seasonal analysis,
higher values were observed in spring and winter because of the influence of the northeast
monsoon (continental air masses), whereas lower values were observed in summer because
of the southwest monsoon (marine air masses). The NH4

+/nss-SO4
2− ratio analysis indi-

cated values between 1 and 2 in the coastal area, reflecting mixed sources of air masses
(land and ocean), whereas the values were less than 1 in the marine area because of marine-
influenced air masses and relatively minor anthropogenic impacts. In terms of yearly
changes, the NH4

+/nss-SO4
2− ratio in both study areas decreased during the lockdown

period because of reduced anthropogenic activities, resulting in higher O3 concentrations
and RH levels in 2022.
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Previous studies have revealed complex sources of DON, including anthropogenic
emissions (biomass burning and fossil fuel combustion) and natural emissions (land/plant
emissions) [11,13,14]. The average DON concentration in the coastal area was higher than
that in the marine area, with higher values observed in autumn in the coastal area and in
winter and spring in the marine area. The DON/TDN ratio was 24% in the coastal area and
32% in the marine area. At the yearly scale, DON/TDN decreased by 40% in the coastal
area and by 78% in the marine area in 2022, indicating complex sources of DON in the
coastal area and the major contribution of anthropogenic sources in the marine area.

According to the correlation analysis results, NO3
− was highly correlated with nss-

SO4
2−, indicating that it is a fossil fuel combustion source. NH4

+ also attained a high
correlation with nss-SO4

2− because of the acid-base neutralization reactions between NH4
+

and nss-SO4
2− in the atmosphere. DON in both study areas exhibited moderate to high

correlations with nss-Ca2+ and nss-SO4
2−, indicating that fossil fuel combustion and natural

emissions are the major sources of DON in the coastal and marine areas, respectively.
According to PCA and PMF results, it is evident that during the COVID-19 pandemic

period, NO3
−, NH4

+, and DON in the coastal area were associated with the same factors.
This indicates that the nitrogen species primarily originated from secondary aerosols
formed through atmospheric reactions following fossil fuel combustion. However, during
non-pandemic periods, DON in the coastal area was distinctly separate from NO3

− and
NH4

+ in the different components and was found in the same component as nss-Ca2+ in
the PMF results. These findings suggest that the primary source of DON in the coastal
area is natural emissions from inland regions. In the marine area, DON, NO3

−, and NH4
+

all occurred within the same component, indicating that the primary source of DON in
the marine area was secondary aerosols formed through atmospheric reactions following
anthropogenic activities.

In terms of flux, the wet deposition flux is calculated as the product of rainfall and
concentration, suggesting that months with higher rainfall exhibit higher wet deposition
fluxes. On the yearly average, the coastal area exhibited higher DIN and DON fluxes
than the marine area did because of the closer anthropogenic emission sources, and DON
originated from both anthropogenic and natural sources. In terms of annual flux changes,
the DIN and DON fluxes in the coastal area (−12.1 and −5.05 mmol m−2 yr−1, respectively)
and the marine area (−4.32 and −4.11 mmol m−2 yr−1, respectively) showed a decreasing
trend. In regard to new productivity, wet deposition supported 27.1% and 18.2% of new
production in the coastal and marine areas, respectively, in 2020. Compared with that
noted by Chen et al. [43], lower new productivity was found in this study because of
China’s energy policies. On a yearly basis, new production decreased by 17.3% and 11.0%,
respectively, from 2020 to 2023. These results indicate that, due to the impact of the COVID-
19 pandemic, reduced anthropogenic activities significantly impacted the nitrogen cycle
in biogeochemistry.
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