Science of the Total Environment 576 (2017) 617-627

journal homepage: www.elsevier.com/locate/scitotenv

Science of the Total Environment

Contents lists available at ScienceDirect

Fluxes, seasonal patterns and sources of various nutrient species

CrossMark

(nitrogen, phosphorus and silicon) in atmospheric wet deposition and
their ecological effects on Jiaozhou Bay, North China

Jianwei Xing *°, Jinming Song *“*, Huamao Yuan *¢, Xuegang Li *¢, Ning Li <, Liqin Duan ¢,

Xuming Kang *<, Qidong Wang *¢

2 Key laboratory of marine ecology and environmental sciences, Institute of Oceanology, Chinese Academy of Sciences, 266071 Qingdao, China
b University of Chinese Academy of Sciences, 100049 Beijing, China
¢ Function Laboratory of Marine Ecology and Environmental Sciences, Qingdao National Laboratory for Marine Science and Technology, 266237 Qingdao, China

HIGHLIGHTS

GRAPHICAL ABSTRACT

« Concentrations and fluxes of various
nutrient species were analyzed.

 The impacting factors of seasonal varia-
tions of nutrients in AWD were illus-
trated.

« DON, DOP occupied 24.3% and 62.0% of
the AWD fluxes of TDN and TDP, re-
spectively.

* AWD would aggravate the P- and Si-
limitation of surface waters.

 Sudden heavy rains affect PP and com-
munity structures of phytoplankton.

Atmosphere

2)
(N, P, Si)
T AR
Land (4) (Hydrosphere) (5)

Jiaozhou Bay
(Anthroposphere) ) (Biosphere) (1)

Legend
(1) Emi of anthrapogenic (NO, NH,)

(2) Long-distance transport of natural (dust) and anthropogenic
(No, NH,) pollutants

(3) Atmospheric wet deposition of various nutrients (N, P, Si)

chment effects on nutrient concentrations

sur aters

(5) Stimulating the growth of phytoplankton and enhancing
primary productivity

(6) Aggravating the P-limitation and Si-limitation of surface
walters

(7) Affecting the community structure and size-fractioned
structure of phytoplankton

ARTICLE INFO

ABSTRACT

Article history:

Received 18 August 2016

Received in revised form 9 October 2016
Accepted 18 October 2016

Available online 9 November 2016

Editor: Thomas Kevin V

Keywords:

Nutrient

Atmospheric wet deposition fluxes
Temporal variations

Sources

Atmospheric wet deposition (AWD) is an important pathway for anthropogenic and natural pollutants entering
aquatic ecosystems. However, the study on the magnitudes and ecological effects of AWD of various nutrient spe-
cies (nitrogen, phosphorus and silicon) on Jiaozhou Bay is scarce. To address these issues, in this study, wet de-
position samples were collected at a coastline site along Jiaozhou Bay from June 2015 to May 2016. Dissolved
inorganic nitrogen (DIN, including NH4-N, NOs-N and NO,-N), dissolved organic nitrogen (DON), dissolved in-
organic phosphorus (DIP, i.e. PO4-P), dissolved organic phosphorus (DOP) and reactive silicate (SiO5-Si) were
analyzed. The volume-weighted mean (VWM ) concentrations of NH4—N, NOs-N and DON in AWD were higher
compared with those of NO,-N, PO4~P, DOP and SiOs-Si. The annual influxes of NH4-N, NO3-N, NO,-N, DON,
DIP, DOP, and SiOs-Si via AWD were 92.8, 54.5, 0.427, 47.5,0.274, 0.448 and 1.73 rr1rr101~m*2-yr*1 respectively;
NH,4-N and DOP were the dominant species for N and P, and the roles of DON and DOP in AWD could not be
neglected. Significant seasonal variations were observed in concentrations and fluxes of all nutrient species
owing to the effects of rainfall, the intensities of local emission sources and the long-distance transports of natural
and anthropogenic pollutants. The major sources of N, Si and P in AWD were agricultural activities, soil dust and a
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Ecological effects
Jiaozhou Bay

mixing one involving both anthropogenic and natural sources, respectively. Though AWD represents relatively
low percentages of external inputs for nutrients and low contribution to primary productivity (PP) of Jiaozhou

Bay, large amounts of nutrient inputs originating from sudden heavy rains may enhance PP prominently, as
well as aggravate P-limitation and Si-limitation and further affect phytoplankton community structures and
size-fractioned structures with the quite high DIN:DIP ratios and extremely low Si:DIN ratios in AWD.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen (N), phosphorus (P) and silicon (Si) are the major biogenic
elements that support primary productivity (PP) in aquatic ecosystems.
With great enhancement of human activities (Chen and Mulder, 2007;
Galloway et al., 2008) and natural changes (Izquierdo et al., 2012;
Kang et al., 2009; Min et al., 2011), increasing amounts of airborne
anthropogenic and natural nutrients (N, P and Si) are being deposited
into oceans through precipitation. Atmospheric wet deposition
(AWD) has been proved to be an important pathway for nutrients
being transported into marine ecosystem, particularly in the coastal
waters (Ayars and Gao, 2007; Duce et al., 2008; Liu et al., 2013;
Martinez-Garcia et al., 2015; Paerl et al., 2002; Song, 2010). In the Yel-
low Sea, AWD supplies 65% and 70% of total inputs for DIN and DIP, re-
spectively (Zhang, 1994; Zhang and Liu, 1994). The wet deposition flux
of N occupies ~70% of total inputs of total nitrogen (TN) in the coastal
waters of Singapore (He et al., 2011). As a result, AWD of nutrients
would strongly affect the marine ecosystem by stimulating the growth
of phytoplankton, promoting carbon (C) and N fixation, and eventually
enhancing PP (Duce et al., 2008; Martinez-Garcia et al., 2015; Paerl et al.,
2002; Srinivas and Sarin, 2013; Zou et al., 2000), even leading to eutro-
phication and red tide (Bergstrom et al., 2005; Zhang, 1994; Zou et al.,
2000). In the open oceans such as the tropical western Pacific Ocean,
the nutrients in atmospheric deposition may sustain ~10% of PP
(Martino et al., 2014). In the Yellow Sea, due to minor riverine inputs,
new productivity (NP) induced by TN deposition accounts for 0.3-
6.7% of PP, which is higher than the values of 1.1-3.9% found in the
East China Sea (Qi et al., 2013; Zhang et al., 2010). Meanwhile, dissolved
inorganic phosphorus (DIP) in atmospheric deposition could account
for up to 38% of NP in the eastern Mediterranean (Markaki et al.,
2003). Moreover, the increase in N availability resulted by atmospheric
deposition has switched parts of the Northwestern Pacific Ocean from
being N-limited to P-limited (Kim et al., 2011).
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Jiaozhou Bay, located in the southeastern of Shandong Peninsula and
western of the Yellow Sea, is surrounded by Qingdao, Jiaozhou and
Huangdao on three sides with an area of 370 km? and an average
depth of 7 m (Fig. 1). Jiaozhou Bay is a typical semi-enclosed bay
under the interactions between natural changes and human activities
in northern China, which is influenced by the natural factors such as
East Asia Monsoon, and the continually enhancing anthropogenic activ-
ities in coastal regions such as terrigenous pollutant emissions and
mariculture etc. (Sun and Sun, 2015). Owing to the collective influences
from the rapid-advancing economy, exploded population, and the fre-
quent haze/fogs and sandstorms, the role of AWD in the inputs of terrig-
enous nutrients into Jiaozhou Bay may be increasingly prominent.
Particularly in the recent years, the runoff and sediment discharges of
the rivers around Jiaozhou Bay have been reducing gradually (Liu et
al., 2005); in addition, the discharge amounts of nutrients e.g. NH4-N,
total phosphorus (TP) derived from industrial and agricultural waste-
water, domestic sewage have decreased over the past few years
(Qingdao Municipal Ocean and Fisheries Administration, 2014, 2015).
Thus, atmospheric deposition, especially AWD, will be more significant
relative to riverine input and discharge of non-point source pollution.
Hence, the study on AWD of nutrients is becoming more urgent. More-
over, reversal of eutrophication in Jiaozhou Bay requires the identifica-
tion of pollution sources and the reduction of nutrient inputs.
However, the data on AWD concentrations, fluxes, sources, transport
and ecological effects of various nutrients species (N, P and Si) in this re-
gion are quite scarce and remain uncertain, although some similar stud-
ies have been conducted in the adjacent Yellow Sea (Chung et al., 1998;
Zou et al., 2000) and Qingdao City (Zhang et al., 2011).

In this paper, dissolved inorganic nitrogen (DIN, including NH4-N,
NOs-N, NO,-N), dissolved organic nitrogen (DON), DIP, i.e. PO4-P (He
et al, 2011), dissolved organic phosphorus (DOP), and reactive silicate
(SiO3-Si) in AWD collected at a coastal site along Jiaozhou Bay were de-
termined, with an aim of the analysis of seasonal patterns and impacting
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Fig. 1. The location of Jiaozhou Bay (a) and sampling site for atmospheric wet deposition (b) (* represents the sampling site).
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factors of concentrations and deposition fluxes of various nutrient spe-
cies in AWD, as well as the exploration of relevant potential ecological
effects on Jiaozhou Bay ecosystem. This study provided a comprehen-
sive data set on AWD of major nutrient species into the Jiaozhou Bay,
which is beneficial for the systematic calculation of the budget of nutri-
ents in Jiaozhou Bay. Furthermore, the results will offer valuable data for
assessment of the effects of inorganic and organic nutrient wet deposi-
tion on the nutrient levels, PP and the community structures of phyto-
plankton in Jiaozhou Bay. Eventually, this study will also provide
fundamental information for the understanding of the biogeochemical
cycle of biogenic elements in Jiaozhou Bay.

2. Materials and methods
2.1. Sampling

The sampling site (36°03/19.46"N, 120°20'25.11"E) (Fig. 1b) was lo-
cated on the roof of a building in Institute of Oceanology, Chinese Acad-
emy of Sciences (IOCAS), where the linear distance to the nearest
coastline is approximately 20 m. As the prevailing wind directions in
Jiaozhou Bay are NW and SE (Sun and Sun, 2015), both of the two
types of prevailing winds would pass through the sampling site, either
entering or leaving the Jiaozhou Bay during the sampling period. Be-
sides, there are no obvious obstacles and pollution sources nearby. All
of those guarantee the AWD samples collected in this site represent
the actual status of atmospheric wet deposition into Jiaozhou Bay to
the greatest extent. An automatic sampler (DH-200, Qingdao-
Shengding Inc., China) was employed and mounted at 1.5 m above the
roof to prevent the impact from raised dust. A wetness detector was
triggered to open the lid of the wet deposition bucket once the rain
started during a rain event. After the cease of the rain, the lid was closed
and the bucket was sealed to shelter the rain samples from being pollut-
ed (Cui et al., 2014). Meanwhile, the rainfall was determined by a stan-
dard rain gauge, while the snowfall was measured using a clean
standard measuring cylinder when the snow samples were thawed
under room temperature.

Almost all the rain and snow events were considered except some
special cases when the rainfall amount was <1 mm, and the samples
were excluded from the study due to the fact that the amount was insuf-
ficient for analysis (Bartoli et al.,, 2005). In all, 49 AWD samples (48 rain-
water samples and 1 snow water sample) were collected from June
2015 to May 2016 except January 2016 when there was no
precipitation.

All the AWD samples were collected immediately after each precip-
itation events. Then, they were filtered through nucleopore membranes
(0.45 pm pore size) to remove particles. The filtrates were poured into
high density polyethylene bottles and sterilized with chloroform
(1 mL CHCl; per liter sample) to prevent chemical degradation by mi-
croorganisms (Zhang et al., 2012). Then the filtered samples were
stored in a refrigerator at — 20 °C until analysis. To minimize the loss
of nutrients, all samples were determined within a month. Prior to use
and after each collection, all of the containers (e.g. wet deposition
buckets, polyethylene bottles, etc.) used in the sampling and analysis
processes were soaked in 10% HCl solution for 3 d, and carefully rinsed
with Milli-Q water (resistivity: 18.2 MQ-cm™!). Field blanks were col-
lected monthly according to Guo et al. (2015) that the Milli-Q water
was flushed through the sampler and was then collected as a field
blank. Field blanks were treated with the same methods as samples.

2.2. Chemical analysis and quality control

To calculate the content of suspended particle matters (SPM) in rain-
water and snow water, the filters were weighed before and after the fil-
tration (continuously weighed until constant weight after being placed
in a desiccator several days). Prior to the analysis, all of the samples
were thawed at room temperature. Subsequently, the concentrations

of NH4-N, NO3-N, NO,-N, PO4-P and SiO5-Si were determined photo-
metrically following the standard procedure using a continuous flow
analyzer (QuAAtro, Bran-Luebbe Inc., Germany). DIN is the sum of
NH4-N, NO3-N and NO,-N. The detection limits for NH;-N, NO3-N,
NO,-N, PO4-P, and SiO3-Si were 0.25, 0.40, 0.01, 0.03 and
0.01 umol-L™", respectively. National standard references were used
to determine the precision and accuracy of the analysis, and the preci-
sions and recoveries for all nutrient species were better than 5% and be-
tween 95.0 and 105.1%, respectively.

A microwave-assisted persulfate oxidation method was employed
to convert all N and P containing species to NO3™ and POz~ for the deter-
mination of TDN and TDP, respectively (He et al.,, 2011; Karthikeyan et
al., 2009; Qi et al., 2013). Then, TDN and TDP concentrations were mea-
sured using the same methods as described above. Ethylenediaminetet-
raacetic acid (EDTA), quinoline, urea, NH4Cl and NaNO, were employed
as the standards to perform the standard addition tests for TDN (Chen et
al., 2015), while KH,PO,4 and organic phosphorus mixed standard mate-
rial were used for the standard addition tests of TDP. The recoveries for
TDN and TDP were all found to be higher than 90%. The concentrations
of DON and DOP were computed by the differences of TDN and DIN, TDP
and DIP, respectively. Field blanks and reagent blanks were determined
in parallel to the wet deposition sample treatment by the same
methods, and these blanks were all below the detection limits of the
measured species, suggesting negligible contamination.

2.3. Data analysis

In this study, the concentrations of all nutrient species refer to the
volume-weighted mean (VWM) concentrations. The VWM and AWD
fluxes of different nutrient forms were calculated using the following
formulae:

Cowm = > (G xQ)/> Qi (1)
i1 i1
Fuw = 0.001 x zn:ci « Q; 2)

i=1

where Cywy and Fy are the VWM concentrations (umol-L™ ') and AWD
fluxes (mmol-m™2) calculated from the n samples within a month/sea-
son/year, respectively, and n refers to the times of precipitation events
in a certain period; C; (umol-L™ ') and Q; (mm) are the measured con-
centration and rainfall amount of individual precipitation event,
respectively.

3. Results and discussion
3.1. Concentrations and temporal variability of nutrients in AWD

In this study, June-August was defined as summer, September-No-
vember was defined as autumn, and December-February and March-
May were defined as winter and spring respectively. The seasonal and
1-year VWM concentrations of SPM and different nutrient species in
AWD were presented in Table 1. Obviously, compared with P and Si,
the N species i.e. NH4-N, NO3-N and DON constituted the main body
of the nutrients in AWD with VWM concentrations of 107.1, 62.9 and
54.8 umol-L™ !, respectively. These data were notably higher than
those obtained during 1988-1993 (73.3 umol-L™' for NH4-N,
12.0 umol-L~" for NO3-N, and 0.11 pmol-L™" for NO,-N) and 1998
(48.5 umol- L~ ! for NH4-N, 24.8 pmol- L~ for NO3-N) in the coastal re-
gions of Qingdao, Maidao and Laoshan (Zhang et al., 1999; Zhang et al.,
2000; Zhang and Liu, 1994). Moreover, the results of our study were sig-
nificantly higher than the values of investigation carried out in 2009-
2010 (Zhu, 2011). It was reported that the overall distribution trend of
N species in rainwater in the marginal sea of China was that the
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Table 1
Seasonal and annual VWM concentrations of SPM (mg-L~") and nutrients (umol-L~") in AWD in Jiaozhou Bay.
Year Season Volume-weighted mean concentrations References
SPM NH4-N NO5-N NO,-N DIN DON DIP DOP Si05-Si
2015-2016 Summer 8.08 161.5 86.0 0.58 248.1 67.4 0.16 0.63 0.10 This study
Autumn 530 743 41.2 0.09 1154 53.8 0.27 0.52 0.13
Winter 19.9 89.8 83.0 1.70 1745 39.0 0.55 0.45 3.87
Spring 31.2 104.1 66.4 0.72 171.2 449 0.55 0.37 8.28
1-year average 123 107.1 62.9 0.49 170.5 54.8 0.32 0.52 2.00
2009-2010 2-year average 54.8 36.3% 91.1 0.12 512 Zhu, 2011

2 Refers to the sum of NO3-N and NO,-N.

concentrations in coastal urban areas (e.g. Qingdao, North China) were
higher than those on the remote islands (Zhang et al., 2011). That im-
plies that the anthropogenic N pollution in the air around Jiaozhou
Bay is becoming more serious following the fast-advancing economy
and continuous population expansion. By contrast, the concentrations
of DIP and SiO3-Si in AWD were very low, which may be partially attrib-
uted to the relative less sources and the low solubility of soil dust
(Bartoli et al., 2005; Izquierdo et al., 2012). Meanwhile, the concentra-
tions of DIP and SiO3-Si in AWD have decreased significantly since
1980s (0.93 umol-L~! for DIP and 6.0 umol-L~! for SiOs-Si, Zhang
and Liu, 1994), indicating the emission sources and emission intensities
of DIP and SiOs-Si may have decreased over the past three decades.
Nevertheless, the slight increase of DIP concentration in the present
study relative to those in 2009-2010 may be related to anthropogenic
influence and biomass burning. In addition, the annual VWM concentra-
tion of DOP exceeded that of DIP, thus DOP constituted the main body of
P wet deposition, revealing the role of DOP in AWD may be more impor-
tant than that of DIP. Unfortunately, the measurements of DON and DOP
in AWD were ignored in the previous studies (Zhang and Liu, 1994; Zhu,
2011).

Fig. 2 listed the monthly variations of all the nutrient species in AWD
with rainfall amount in Jiaozhou Bay, from which, distinctly monthly
variations can be observed among all of nutrient species. In general,
the highest monthly concentrations of nutrients can be several times
the lowest values, and especially for NO,-N and SiO3-Si, the highest
values of 1.72 umol-L~" and 11.4 umol-L~" are 2 and 3 orders of
magnitude higher than the lowest values (0.04 pmol-L~' and
0.07 umol-L™ 1, respectively). On the whole, most nutrient species pre-
sented contrary variation trends with rainfall amounts that the lower
concentrations occurred in the wet season (Jun.-Nov.) and the higher
values appeared in the dry season (Dec.-May) (Fig. 2). This is partially
ascribed to the strong dilution effects of the higher rainfall in the wet
season and the longer residency time of ambient aerosols in the dry sea-
son (Qiao et al., 2015; Zhang and Liu, 1994). The long residency time
may facilitate the accumulation of particles that are rich in nutrients.
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Similar results were also found in the southwestern United States
(Sorooshian et al., 2013). It should be noted that the maximum concen-
trations of DON and DOP occurred in June, a month with relatively more
rainfall in the wet season. Further study found that the VWM concentra-
tions of these two organic nutrient species also had higher contents in
the wet season (59.4 umol-L™ ! and 0.56 pmol-L™ !, respectively) than
those in the dry season (43.1 umol-L™ ! and 0.40 ymol-L™', respective-
ly), which was contrary to the most inorganic nutrients, revealing that
there may exist quite strong emission sources in summer and autumn
for DON and DOP. Similarly, the fact that the peak values of NH4-N oc-
curred in spring and summer (Table 1) may be associated with the vol-
atilization of N fertilizer under relatively high temperature (Zhao et al.,
2009). To sum up, rainfall amount and the intensities of local emission
sources dominate the concentrations of nutrients in AWD in Jiaozhou
Bay.

3.2. Fluxes and seasonal patterns of nutrients in AWD

The annual AWD fluxes of NH4-N, NOs-N, NO,-N, DON, DIP, DOP
and SiO3-Si were estimated to be 92.8, 54.5, 0.427, 47.5, 0.274, 0.448,
and 1.73 mmol-m™~2-yr~ !, respectively. Compared with the findings
of 2009-2010 that the annual fluxes of NH4-N, (NO3-N + NO,-N),
DIP and SiO5-Si were 28.3,18.8,0.07 and 2.56 mmol-m~2-yr~ !, respec-
tively (Zhu, 2011), the results of the present study are observably higher
but SiO3-Si, which indicate the fluxes and roles of AWD of N and P spe-
cies have been significantly enhanced in recent years. High AWD fluxes
are closely associated with high rainfall, as rainwater is the carrier of
various airborne nutrients. The similar variation trends were found be-
tween rainfall and the monthly AWD fluxes of different nutrient species
(Fig. 3), indicating that rainfall is a crucial contributor to the wet depo-
sition fluxes of all nutrient species. Similar results were also found in the
coastal regions of the Yellow Sea (Qi et al., 2013; Zhang et al., 1999).
However, AWD fluxes of nutrients were not always in direct proportion
with rainfall concertedly, especially SiO3-Si, which possess relatively
high AWD fluxes in the dry season (e.g. February, May). This is
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Fig. 2. Monthly variations of various nutrients species concentrations (umol-L~") in AWD with rainfall (mm) in Jiaozhou Bay. (a): NH4-N, NOs-N, DIN and DON; (b): NO,-N, DIP, DOP and
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Fig. 3. Monthly variations of atmospheric wet deposition fluxes (mmol-m™?2) of various nutrient species with rainfall amount (mm) in Jiaozhou Bay. (a): NH4~N, NOs-N, DIN and DON;

(b): NO»-N, DIP, DOP and SiO5-Si.

coincident with the peak concentration of SiO3-Si in the same period
(Fig. 2b). Consequently, the concentration of nutrient species in AWD
is also a factor affecting AWD fluxes, which in turn implies that there ex-
ists seasonal sources of SiO3-Si. The Yellow Sea (including Jiaozhou Bay)
is below the major route of East Asian dust storms affecting the interior
of the Northwestern Pacific Ocean (Zhang et al., 2011), which mainly
occurs in the dry season when the northwest monsoon is prevailing.
Thus the AWD fluxes of DIP and SiO3-Si were higher in the dry season
than those in the wet season. The AWD of N species from the coastal
urban regions of East Asia to the remote regions of the Northwestern Pa-
cific Ocean suggests a pattern of flux consistent with regulation by emis-
sion sources and rainfall, and with species-specific character (Zhang et
al.,, 2011), which provided support for our hypothesis.

Among the annual AWD fluxes of various nutrient species, TDN
accounted for approximately 98.8% of the total nutrient wet deposition
fluxes, which is higher than the value of 86.3% in Daya Bay (Chen et al.,
2014). However, the percentages of AWD fluxes for P (0.37%) and Si
(0.88%) were very low. In TDN fraction, DIN and DON showed a propor-
tion of 3:1 (Fig. 4), which is different from that in Pearl River Estuary
(DIN:DON = 1:1) (Fan et al., 2010), indicating DIN is the main body
of N species in AWD in Jiaozhou Bay, and the wet deposition flux of
DON cannot be neglected. DOP wet deposition flux exceeded DIP and
accounted for 62.0% of TDP flux in this study, which is consistent with
the result obtained in the coastal region of Singapore (He et al., 2011),
highlighting the importance of DOP in P wet deposition. NH4-N, NO3;-
N and DON represented 47.5%, 27.9% and 24.3% of the TDN flux, respec-
tively. For DON, the percentage was lower than the average value of 30%
of DON accounting for TDN in rainwater in Qingdao coastal urban area
during the years of 1997-2005 (Zhang et al., 2011), and also lower
than the average contribution of DON to TDN (~30%) in 15 rural,

I NH,-N
I NO,-N
INO,-N
I DON

27.91%

0.22%

Fig. 4. The relative proportions of AWD fluxes for different N species in Jiaozhou Bay.

suburban and urban sites of China (Zhang et al., 2008). The low DON
percentage in the present study may be ascribed to the differences
among study periods as well as study areas. DON is a ubiquitous and im-
portant component in rainwater (Cornell et al., 1995). However, the wet
deposition of DON has been ignored in the past studies (Zhang et al.,
2010; Zhao et al., 2009; Zhu, 2011). With the high concentration and
proportion of DON in rainwater in East Asia, particularly in the coastal
zone of China (Chen et al., 2015), the AWD flux of N might have been
underestimated in previous studies owing to the exclusion of DON.

During a 4-year (2003-2006) measurements in the Eastern Mediter-
ranean, the contributions of various N species to TDN in rainwater were
31.6% for NH4-N, 45.7% for NO3-N and 22.7% for DON, respectively
(Violaki et al., 2010). Similarly, in the Neuse River estuary, North Caroli-
na, a fairly even distribution of NH4-N, NOs-N and DON (32%, 32%, and
36%, respectively) were observed (Whitall et al.,, 2003). All of these re-
sults are different from our study that NH4—N was the dominating N
species in AWD of Jiaozhou Bay.

3.3. Source identification of nutrients in AWD

3.3.1. Air mass backward trajectory analysis

By means of the latest HYSPLIT-4 (HYbrid Single-Particle Lagrangian
Integrated Trajectory) online transport and dispersion model developed
by the U.S. National Oceanic and Atmospheric Administration (NOAA),
backward air mass trajectories were established to analyze the origins
of air masses passing through Jiaozhou Bay during the sampling period
(He et al,, 2011). Based on the meteorological data from NCEP's Global
Data Assimilation System (GDAS, global, 09/2007-present), backward
air mass trajectory was generated for 72 h back in time with 500 m-
agl ending level (Erel et al., 2007), which is a level frequently used to
guarantee the trajectory starts in the atmospheric boundary layer
(ABL) (Dvorska et al., 2008). By this means, 4 representative trajectory
groups were recognized and classified roughly according to the origi-
nating directions (NW, NE, SW and SE) from all the air masses trajecto-
ries during the one-year sampling period (Fig. 5).

(1) Fig.5a: thisis a typical category of continental air mass character-
ized with higher contents of dust (Table 2) and anthropogenic
pollutants originating from the northwestern of Chinese Main-
land. It passed through the arid/semiarid regions of Northwest-
ern China and the developed areas in North China (e.g. North
China Plain) with high mixing depth and reached Jiaozhou Bay.
The occurrence frequency of this type of air mass was 34.7%
and it occurred mainly in spring and winter during the sampling
period.

Fig. 5b: a category mixed with continental and marine air masses
passed through the Sea of Japan and Korean Peninsula and
reached the sampling site. Both anthropogenic and marine

~—
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Fig. 5. Typical backward trajectories for different air masses reached the study region during June 2015-May 2016: (a) NW; (b) NE; (c) SW; (d) SE.

aerosols may affect the chemical compositions of these air
masses to some degree. The occurrence frequency of this type

of air mass was 14.3% and
study.
(3) Fig. 5c: this category of air

it occurred mainly in autumn in this

mass originated from the South China

Sea, passing through the South of China with lower mixing depth
and reached the study area. Thus, it may also bring Jiaozhou Bay

Table 2
VWM concesntrations of SPM (mg-L™!) a
pacts of different categories of air masses.

nd nutrients (umol-L™ ') in AWD under the im-

Air mass SPM VWM concentrations

type NHs-N NO3-N

NO,-N DIN DON DIP DOP SiOs3-Si

NW(n =17) 262 1854 107.9
NE(n=7) 46 1199 666
SW(n=4) 148 1288 58.1
SE(n=21) 72 704 449

0.84 294.1 63.0 0.34 047 1.61
0.28 186.7 63.6 0.21 049 0.18
0.81 187.8 428 032 0.68 1.40
033 1156 523 032 0.51 247

Note: NW, NE, SW and SE refer to the air masses during the rain events stemming from the
northwestern, northeastern, southwestern and southeastern of the sampling site, respec-
tively. The letter n represents the occurrence times of different categories of air masses.

marine pollutants (e.g. exhaust emission from steamship. Beyn et
al., 2015) and anthropogenic pollutants. However, it occurred
fewer during the sampling period.

(4) Fig. 5d: itis a type of air mass derived from the East China Sea or
Japan with highly randomness and uncertainty indirections. The
extremely low mixing depth implies both anthropogenic and
marine aerosols exerted strong impacts on these air masses. It
was the most frequent type of air mass with an occurrence fre-
quency of 42.8% and primarily occurred in summer and autumn.

Based on the classification above, the VWM concentrations of SPM
and nutrients in AWD under the influences of different categories of
air masses were calculated and the results were listed in Table 2. The
rainwater under the influences of air masses stemming from NW and
SW were characterized with higher concentrations of SPM, DIN, DIP
and SiOs-Si (Table 2), while the higher DON concentrations presented
in the rainwater were affected by NW and NE air masses, and DOP
high values were mainly affected by SW and SE air masses. These char-
acteristics were partially in accordance with seasonal distribution of nu-
trient species (Table 1), based on the main occurrence seasons of
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different categories of air masses mentioned above. As a result, the air
masses originating from different directions probably exert great effects
on the contents of nutrient species in AWD by means of the long-dis-
tance transports of pollutants from the emission sources to the study
area. Surprisingly, the extremely high value of SiO3-Si appeared in the
rainwater under the influence of SE air mass. That is a complicated prob-
lem needing to be further studied.

3.3.2. Correlation analysis

Pearson correlation analysis was conducted using SPSS (version
16.0, SPSS Inc., Chicago) among the concentrations of various nutrients
species and rainfall (Table 3). The varying degrees of negative correla-
tions between rainfall and all nutrient forms proved the dilution effects
of high rainfall amount on nutrient concentrations described above
(Section 3.1). Previous study demonstrated wet deposition of atmo-
spheric reactive nitrogen mostly originates from anthropogenic NH;
and NO, (Beyn et al.,, 2015). As a result, significant positive correlations
were found among all N species, especially the DIN species (NH4-N and
NO3-N), indicating anthropogenic N emissions were their common
dominating sources. However, the moderate correlations between
DON and DIN implies that DON may be partially derived from anthropo-
genic sources. Previous study indicated that DON in atmosphere may be
related with the application of organic fertilizers such as livestock ma-
nure (Zhang et al., 2012). It should be noted that DON is constitutive
of a variety of organic compounds, of which many originate from di-
verse natural and anthropogenic sources, and even some of them may
stem from secondary aerosols formed by means of gas-to-particle reac-
tions in the atmosphere (Cornell et al., 2003).

Compared to the N species, moderate correlations between P and N
species were observed, suggesting DIP and DOP may have other sources
in addition to human activities. However, the poor correlation between
SiO3-Si and DIN shows that SiO3-Si is not mainly stemming from an-
thropogenic activities. The strong correlation between DIP and SiO3-Si
implies they may have similar sources, which is similar to the report
of the tropical western Pacific Ocean (Song and Li, 1997a). Previous
study has indicated continental or terrigenous origins (e.g. the dissolu-
tion of soil dusts) made significant contribution to atmospheric DIP
and Si (Zhang and Liu, 1994), which can be proved by similar seasonal
patterns between DIP, Si and SPM shown in Table 1. Also, some recent
studies have proved atmospheric P is derived from multiple sources
that combine crustal (dust), biogenic and biomass burning (Izquierdo
et al., 2012; Markaki et al., 2010; Ridame and Guieu, 2002), which can
be proved by the coexisting obvious correlations of DIP with DIN and
SiO5-Si in this study (Table 3).

3.3.3. NH;~N/NO3~-N ratio

In general, NH4—N mainly originates from agricultural activities
(Beyn et al.,, 2015; Qiao et al., 2015), including the ammonium volatili-
zation loss from N fertilizer, animal production and human/livestock

excrements (Gu et al.,, 2012; Paerl et al., 2002; Zhao et al., 2009), where-
as NOs-N is regarded to be related to industrial and traffic emissions
(Chen et al., 2011; Cui et al., 2014; Gu et al., 2012). Thus, NH4~N/NO3-
N ratio is a reliable indicator for the evaluation of the relative contribu-
tions of industrial and agricultural origins to N wet deposition on the
local/regional scale (Pan et al., 2012; Xu et al., 2015). If NH4~N/NO3-N
ratio is <1 for N deposition, the industrialization of the surveyed region
is high; on the contrary, the surveyed region is characterized with inten-
sive agriculture (Zhao et al., 2009).

As expected, in this research, an average value of 2.2 for the NH,-N/
NO3-N ratios was estimated, implying reduced N (NH4-N) originating
from agricultural production dominated N wet deposition in Jiaozhou
Bay, which is consistent with the overall status in China (Xu et al.,
2015). In addition, the seasonal mean values of NH4,—~N/NOs-N ratios
were 1.6, 1.7,3.3 and 1.2 in spring, summer, autumn and winter, respec-
tively. The maximum value occurred in autumn, which corresponds to
the autumn harvest and the widely use of chemical fertilizer and live-
stock excrement as the additional fertilizer for summer grain crops
and the base fertilizer for winter wheat, respectively. Moreover, the
high temperature in summer and autumn also accelerate the volatiliza-
tion of NHs in N fertilizer (Zhao et al., 2009), revealing the contribution
of agricultural activities was maximal in autumn around Jiaozhou Bay.
Further, recent studies have shown that NH; concentration in the atmo-
sphere was related to population, anthropogenic discharges and biolog-
ical sources (e.g. the emissions from humans, sewage systems and
garbage containers) (Reche et al., 2012; Yang et al., 2010), especially
in summer, the volatilization of NH3 from the aerosol phase was appar-
ent (Reche et al,, 2012). That may be also used to explain the higher con-
tent of NH4—N in summer to some extent.

To summarize, the dominating sources of N, Si and P in AWD were
local agricultural activities, soil dust and a mixing one combining an-
thropogenic and natural sources, respectively. In addition, the industrial
emission, anthropogenic waste discharge and vehicle exhaust may be
other sources of atmospheric N.

3.4. Contribution of AWD to the annual nutrient input in Jiaozhou Bay

The quite narrow mouth limits the water exchange between Jiao-
zhou Bay and the Yellow Sea (Sun and Sun, 2015). Consequently, the
nutrient inputs via AWD would increase nutrient loads in Jiaozhou
Bay undoubtedly. To illuminate the role of AWD in the total external
input of Jiaozhou Bay, we compared the AWD with the point source dis-
charge (refers to riverine input and wastewater drainage) and maricul-
ture discharge (Table 4). The results indicated that AWD accounted for a
lower percentage in the total external inputs of nutrients in Jiaozhou
Bay, indicating the major source of nutrients in Jiaozhou Bay is terrige-
nous point source discharge (Liu et al., 2005). With respect to DIP, the
percentage is similar to the result from Sun and Sun (2015) that atmo-
spheric DIP accounts for <1% of the total input. Furthermore, the AWD

Table 3
Correlation matrix of the various nutrient species and rainfall in wet deposition.
Parameters Rainfall NH4-N NO5-N NO,-N DIN DON DIP bor SiO5-Si
Rainfall 1.000
NH4-N —0322" 1.000
NO;-N —0.333" 0.904"" 1.000
NO,-N —0.221 0.406"" 0.366"" 1.000
DIN —0.336" 0.979"" 0.972" 0.402"" 1.000
DON —0.034 0.532"" 0.615™ 0.178 0.584"" 1.000
DIP —0.335" 0.693"" 0.790"" 0.481™ 0.757"" 0.410™ 1.000
DOP —0.208 0.287" 0.417" 0.210 0.356" 0.338" 0.313" 1.000
Si05-Si —0.032 0.038 0.010 0.364" 0.028 —0.011 0327 —0.244 1.000

* Refers to the correlation is significant at P < 0.05 (two-tailed).
** Refers to the correlation is significant at P < 0.01 (two-tailed).
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Table 4

Comparison of nutrient input loads of wet deposition and point source discharge and mariculture discharge in Jiaozhou Bay.

Nutrient ~ Wet deposition/(mol-yr~!)  Point source discharge/(mol-yr~')  Mariculture discharge/(mol-yr—!)  Wet deposition percentages in the total input loads/%
DIN 5.46 x 107 5.19 x 108 147 x 107 9.52
DON 1.76 x 107 2.03 x 10® - 7.98
DIP 1.01 x 10° 2.18 x 107 1.16 x 10° 0.44
Si03-Si 6.42 x 10° 2.67 x 107 - 2.35

Note: The point source discharge data of N and P refer to Yang (2014) and Wang (2009); the point source discharge data of SiO3-Si are from Liu et al. (2014), which excludes wastewater

drainage; the mariculture discharge data refer to Sun and Sun (2015).

load of DIN in the present study is approximately 1.5 times that by Sun
and Sun (2015), and the percentage may be doubled if the dry deposi-
tion was added. All of these suggest the contribution of atmospheric de-
position to the nutrient levels in Jiaozhou Bay is enhancing gradually.

3.5. Ecological effects of nutrient input via AWD on Jiaozhou Bay

3.5.1. Enrichment effects of AWD on nutrient concentrations in Jiaozhou
Bay

The above have proved that AWD is an important pathway for ter-
rigenous N entering Jiaozhou Bay. Thus, the contributions of AWD nutri-
ents to the surface seawater of Jiaozhou Bay were estimated based on all
of the individual rain events. In this study, we suppose the nutrient de-
posited into Jiaozhou Bay via AWD could affect only 2 m depth of the
surface water over a short period (Du et al., 2008), then the enrichment
effects of AWD on the nutrient concentrations of Jiaozhou Bay can be
calculated by the wet deposition fluxes of individual precipitation
events divided by the depth (2 m). The nutrient inputs via AWD can in-
crease the surface concentrations of all nutrient species in varying de-
grees (Table 5), of which, the average contribution of NH4-N was the
most prominent. Although the average contributions were low, the in-
dividual short-term heavy rains may result in significantly increase in
nutrient concentrations of surface water. A case on July 31, 2015
showed that the contributions of the nutrient inputs via 1-h heavy
rain to the concentrations of DIN, DIP and SiO5-Si could reach 19.3%,
1.2% and 0.02%, respectively. Similar results were also found in the
coastal waters of Xiamen (Du et al., 2008) and the tropical western Pa-
cific Ocean (Song et al., 1997b). Owing to the restriction of narrow bay
mouth to water exchange, the inputs of large amounts of nutrients in
short-term heavy rain may increase the risk of eutrophication in Jiao-
zhou Bay.

3.5.2. The contribution of AWD to PP

It has been discovered that owing to the abundant nutrient inputs by
wet deposition, the growth of phytoplankton could be stimulated and
accelerated by rainwater (Zhang, 1994; Zhang and Liu, 1994; Zou et
al., 2000). Moreover, NH4-N is the N species assimilated in preference
to NOs-N by phytoplankton (Zou et al., 2000), which corresponding to
the fact that NH4-N is the most abundant nutrient species in wet depo-
sition. Consequently, PP may be enhanced rapidly after the rain events

Table 5
The enrichment effects of atmospheric wet deposition on the nutrient concentrations
(umol-L~") in Jiaozhou Bay.

Nutrients Enrichment  Average nutrient
concentration concentrations in
Jiaozhou Bay

Average contribution of AWD
to the surface nutrients
concentrations/%

NH4-N 0.95 8.00 13.0
NO;-N 0.56 11.5 4.87
NO,-N 0.0044 1.36 0.20
DIN 1.51 216 7.45
DON 0.48 17.11 3.27
DIP 0.0028 0.30 0.70
DOP 0.0046 0.50 0.92
Si0s-Si 0.0177 7.00 0.02

Note: The average nutrient concentrations in the surface water of Jiaozhou Bay refer to
Kang (2014) and Ding et al. (2013).

(Zhang, 1994; Zou et al,, 2000). Just in the East China Sea, according to
the simulative results from the MM5/CMAQ model, a NP of 100-
200 mmol C-m~2-yr~ ' can be triggered by the input of atmospheric
total N, which occupied 1.1-3.9% of NP in the East China Sea (Zhang et
al., 2010). The nutrient addition experiment conducted in the coastal
Yellow Sea showed that phytoplankton species flourished and chloro-
phyll-a concentration significantly increase when rainwater was
added (Zou et al., 2000).

It has been reported that the annual DOP deposition into oceans is
~0.35Tg P-yr~!, and ~10% of the DOP deposition (~0.04 Tg P-yr—!)
can constitute “new” P to support PP in P-limited waters (Kanakidou
etal,,2012; Okin et al.,2011). Considering P-limitation for photosynthe-
sis in Jiaozhou Bay, supposing that all of DIP and 10% of DOP could be as-
similated by phytoplankton, then NP supported by AWD could be 1.38,
0.803, 1.69 and 0.631 mg C-m~2-d~! for spring, summer, autumn and
winter respectively, according to Redfield ratio C:P = 106 (Redfield et
al., 1963). That accounted for 0.48%, 0.10%, 0.68% and 0.62% of the aver-
age PP measured by Sun et al. (2005) in Jiaozhou Bay. These were lower
than the percentage (14%) found in the open western Mediterranean
Sea (Ridame and Guieu, 2002), where the DIP flux was high owing to
the frequent Saharan dust events.

Although the average contribution of AWD to PP was low, the sud-
den heavy rain in the wet season may greatly stimulate the rapid
growth of phytoplankton, causing the fast increase of PP in a short
time. In this study, a case of sudden heavy rain event occurred on Nov.
5-6, 2015, NP triggered only by DIP in AWD could reach up to
60.6 mg C-m~2-d~ !, accounting for approximately 25% of the average
PP of Jiaozhou Bay in autumn (247.81 mg C-m~2-d~ !, Sun et al.,
2005). Moreover, the transitory peak value (7213.5 mg C-m~2-d~ ')
for PP in the east coastal region of Jiaozhou Bay in June 2003 may also
be associated with the heavy rain occurred one week ago (Sun et al.,
2005).

It should be noted that all of those were just a rough calculation for
the NP induced by nutrient input via AWD, owing to the ecological ef-
fects of AWD on aquatic ecosystem depend not only on amounts of
the nutrients, but also on the nutrient structures and compositions of
the surface water to a large extent (Zhang et al., 2004). Moreover, that
rainwater stimulates the growth of phytoplankton generally does not
just rely on a single nutrient species but on the synthetic action of mul-
tiple major nutrients and trace elements (Zou et al.,, 2000).

3.5.3. The effects of AWD on phytoplankton structure

On average, the molar ratios of DIN:DIP and Si:DIN were 1234 and
0.01 in AWD during the sampling period in Jiaozhou Bay, respectively,
which were notably higher and lower than those in seawater of Jiao-
zhou Bay (69.5 and 0.34, respectively, calculated by the data in Table
5) and the Redfield ratios (16 and 1, respectively. Redfield et al.,
1963), revealing the excessive input of rainwater from short-term
heavy rain may intensively elevate the molar ratio of DIN:DIP and de-
crease Si:DIN molar ratio of surface waters in Jiaozhou Bay. For that rea-
son, the status of P-limitation and Si-limitation in Jiaozhou Bay will be
further exacerbated, which is in agreement with the studies conducted
in lakes in Norway, Sweden, and Colorado, United States (Elser et al.,
2009a, 2009b) and the Mediterranean Sea (Markaki et al., 2010),
where the nutrient limitations were shifting from N to P owing to the
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increase in anthropogenic N wet deposition. Similar result was also
found in the Yellow Sea (Zou et al., 2000).

Further, the changes of nutrient structure may give rise to the suc-
cession for dominant species of phytoplankton. The long-term unbal-
anced N:P ratio may cause the rise of the percentage of dinoflagellate
in phytoplankton (Zhou et al., 2008). Correspondingly, the probability
that dinoflagellate becomes the dominant species in Jiaozhou Bay has
been increasing in recent years (Sun and Sun, 2015). Besides, consider-
ing the extremely high DIN:DIP in AWD and the relative deficiency of P
and Si in AWD, AWD may be responsible for the succession of the dom-
inant species from diatom to dinoflagellate to some extent. Similar re-
sult was also found in alpine lakes of the Rocky Mountains of Colorado
(USA), suggesting that sustained N deposition may have significant ef-
fects on phytoplankton communities as well as plankton-based food
webs (Elser et al., 2009b). In addition, the growth of nano-phytoplank-
ton is closely related to the high concentration of NH4-N, while high
concentration of NO3-N may facilitate the growth of micro-phytoplank-
ton to some degree (Sun and Sun, 2012). The fact that the percentage of
micro-phytoplankton has decreased while the fact that of the nano-
phytoplankton has increased since 1998 (Sun and Sun, 2012) may
also be associated with the higher percentage of NH4-N than that of
NOs-N in wet deposition. This is consistent with the incubation exper-
iment conducted by Seitzinger and Sanders (1999). In conclusion,
AWD is likely to have an impact on the community structure as well
as on the size-fractioned structure of phytoplankton by shifting the nu-
trient regimes of the surface water in Jiaozhou Bay.

It should be noted that under an anthropogenically warmed climate,
extreme precipitation events will become more frequent in the present
and future over the Northern Hemisphere (Allan and Soden, 2008; Min
et al.,, 2011). Accordingly, the inputs of nutrients, especially N, via wet
deposition would be increasingly enhanced. Eventually, the status of
AWD of nutrients in total external input of Jiaozhou Bay, together
with their ecological effects on Jiaozhou Bay ecosystem, would be fur-
ther enhanced. The indirect AWD flux, however, was not calculated
owing to the deficiency of data. That is limited by the sampling technol-
ogy and the complicated terrain in the drainage basin of Jiaozhou Bay.
Research has shown that indirect wet deposition is approximately 2.5
multiple of the direct wet input (Whitall et al., 2003). That highlights
the prominent status of the indirect import of wet deposition nutrient
from watershed. Therefore, the recognition and assessment of indirect
wet deposition processes and fluxes will be our research focus in the
near future.

4. Conclusions

The concentrations of N species in AWD of Jiaozhou Bay during
2015-2016 were significantly higher than that in 1980s, which is oppo-
site to the trends of P and Si concentrations. The annual AWD fluxes of
NH,4-N, NO3-N, NO,-N, DON, DIP, DOP, and SiO5-Si were 92.8, 54.5,
0.427,47.5,0.274, 0.448 and 1.73 mmol-m~2-yr~ !, respectively. The
VWM concentrations and fluxes of NH4-N, NO3-N and DON in AWD
were relatively higher compared with NO,-N, PO4-P, DOP and SiO3-
Si. NH4-N and DOP were the dominating N and P species, respectively.
DON and DOP occupied 24.3% and 62.0% of TDN and TDP, respectively,
revealing their roles in AWD cannot be neglected. Partially owing to
the intense perturbation by human activities and meteorological fac-
tors, significant seasonal/monthly variations were observed for all nu-
trient species. Rainfall and the intensities of local emission sources as
well as the long-distance transports of natural and anthropogenic pol-
lutants dominated wet deposition of nutrients in Jiaozhou Bay.

The dominating source of N species in precipitation was agricultural
activities (e.g. fertilization and livestock excrements, etc.), while fossil
fuel combustion, anthropogenic discharge (e.g. sewage systems, etc.)
and biological sources (e.g. emissions of garbage containers, etc.) may
also make great contributions. By contrast, atmospheric P in Jiaozhou
Bay has a complex source mixed with natural (mineral dusts) and

anthropogenic sources (fossil fuel and biomass combustion), and the
dissolution of soil dusts make significant contribution to the wet depo-
sition of SiO5-Si.

AWD occupied relatively low percentages of total external input
loads of nutrients in Jiaozhou Bay. The average NP supported by the
sum of DIP and bio-available DOP were 1.38, 0.803, 1.69, and
0.631 mg C-m?-d~ ! in spring, summer, autumn and winter, respective-
ly. Furthermore, the average DIN:DIP and Si:DIN molar ratios in AWD
were greatly deviated from Redfield ratios and the actual ratios of
those in seawater of Jiaozhou Bay. However, large amounts of nutrient
inputs originating from sudden heavy rainfall may stimulate the rapid
growth of phytoplankton and promote the increase of PP prominently,
as well as aggravate P-limitation and Si-limitation and further affect
the community structures and size-fractioned structures of phytoplank-
ton in Jiaozhou Bay. Under the dual influences from the climate change
and anthropogenic activities, the contribution of AWD to the nutrient
budgets and possible potential ecological effects on Jiaozhou Bay eco-
system would become increasingly apparent. Considering the impor-
tance of indirect wet deposition, the recognition and assessment of
indirect wet deposition processes and fluxes will be the focus of our re-
search in the near future.
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