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Abstract: Urban water bodies are limited by poor mobility, small surface areas, and little water supply;
thus, they are sensitive to atmospheric nutrient inputs, especially during the optimal period of algae
growth. This study investigated the impact of atmospheric deposition on the Quyang urban water
body in Shanghai. Observations that coupled atmospheric organic matter, nitrogen and phosphorous
and the actual urban water body (nutrient availability and Chlorophyll-a concentrations (Chl-a)) were
conducted during spring and summer. Atmospheric total organic carbon (TOC), total nitrogen (TN),
ammonia (N-NH4

+) and total phosphorus (TP) deposition ranged from 35–81, 3–40, 0.79–20.40 and
0.78–0.25 mg m−2 d−1, respectively. The soluble N/P molar ratios of the bulk deposition (ranging
from 56–636) were well above the Redfield ratio (N/P = 16). Nutrient inputs from atmospheric
deposition have been suggested to be a strong factor for increasing the likelihood of P limitation in
the water bodies. The actual loads to small, shallow urban water bodies were assessed and found to
be ~50, 130, 130 (the N-fixation contributes to the atmospheric deposition inputs especially during
the spring), and 80% of TOC, TN, N-NH4

+, and TP, respectively, representing nutrients transferred
into the water phase. The maximum primary production (evaluated as Chl-a) stock resulting in a
2-m-deep water column from the above inputs ranged from 2.54–7.98 mg Chl-a m−3. As a continuous
source of nutrients, atmospheric deposition should not be underestimated as a driving force for urban
water body eutrophication, and it potentially influences primary production, especially during the
optimal algae growth period.

Keywords: atmospheric deposition; urban water bodies; algal bloom; eutrophication;
ecological effects

1. Introduction

Urban water bodies are constructed water systems surrounded by structurally and functionally
continuous ecological units [1], such as in green spaces of parks and residential areas. As integral parts
of the urban ecology, urban water bodies have added value by improving urban landscape aesthetics,
ecology and human comfort [2,3]. However, most urban water bodies (especially landscape water
bodies) are closed or semi-closed catchments [4] and usually have poor mobility and limited surface
areas. Thus, they are susceptible to severe eutrophication and ecological deterioration with smaller
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water bodies experiencing more severe algae blooms. A previous study reported that nearly 62% of
monitored urban water bodies around Shanghai were eutrophic and had experienced harmful algae
blooms, while the rest were at high risk for blooms [5].

Nitrogen (N) and phosphorus (P) are widely believed to be the major nutrient, as well as the
limiting factors of aquatic ecosystems [6]. Moreover, compared to other sources of N and P, atmospheric
deposition was considered insignificant. However, recent studies suggest that atmospheric deposition
can be significant sources of N and P. For example, in West Lake (Hangzhou, China), the average
atmospheric nitrogen deposition between 2000 and 2004 was 4.45 mg m−2 d−1 [7]. From 2002 to
2003, over 48% of total nitrogen (TN) and 46% of total phosphorus (TP) supplied by rivers and
waterways were of atmospheric origin [8]. Research on coastal waters in North America and
Western Europe indicates that 20–40% or more of exogenous bioavailable nitrogen originated from the
atmosphere [9]. In Shanghai (2005–2017), the average dry depositional particle flux ranged between
134.8–289.3 mg m−2 d−1 [10], which is much higher than most atmospheric deposition around the
world [11,12]. Therefore, it is necessary to research the fluxes of atmospheric N and P deposition for
urban water bodies, and urban water body restoration should not underestimate the atmospheric
input of pollutants, especially nitrogen and phosphorus.

Usually, atmospheric deposition includes dry and wet deposition. Dry atmospheric deposition
arises from gaseous and particulate transport from the air, and wet deposition occurs through rain and
snowfall [13]. Numerous studies have shown that the atmospheric N deposition is mainly composed
of nitrate/nitrite (NOx) and ammonia (NH3) [4]. Furthermore, it is TP rather than phosphate (PO4-P)
being predominantly used in studies of the atmospheric P deposition, because the aquatic organisms
(algae, bacteria and zooplankton) are able to rapidly acquire P in numerous ways, such as from their
organic molecules and mineral sources [6,14].

An algal bloom is a long-term process of nutrient enrichment, algae growth, and buoyant and
biomass surge, all under appropriate conditions. According to prior field observations, Cyanobacteria
blooms have occurred most frequently from May to September in East Asia when the temperature
ranges from 20 to 35 ◦C [13]. A 18-year study of Emerald Lake (Sierra Nevada, CA, USA) [15] observed
a two- to three-fold increase in algal biomass under sustained atmospheric deposition as well as a shift
from P limitation toward more frequent N limitation for phytoplankton abundance. Recent studies
mainly focus on the depositional flux and chemical forms of TN and TP, size distribution, effects
of wildfire, and ecological implications [16] in natural water systems, and less on the impact of
this important nutrient source on local small, shallow urban water bodies. However, the effects of
atmospheric nutrient deposition load on shallow lakes should be more significant than on deeper
ones [13]. Eutrophication and ecological deterioration attributed to atmospheric deposition already
occur in many urban water bodies with increasing frequency, declining its social and landscape
aesthetic value.

In this study, the measurement of bulk deposition flux of organic matter, nitrogen and phosphorus
are reported for a site close to the Quyang water body (urban area in Shanghai) during spring
and summer, the optimal period for algal bloom formation. A simulated urban water body was
used to estimate the forms and components of deposited organics and nutrients when transferred
from the atmosphere to water bodies. Temporal variations in water quality and phytoplankton
biomass (Chlorophyll-a concentration (Chl-a)) were also tested in both the simulated and Quyang
water bodies simultaneously. The objectives of the present study can therefore be summarized as
follows: (1) to determine the atmospheric contribution of organic matter and nutrients to the urban
water bodies; (2) to investigate the reason for the forms and components differences among deposited
organic matter and nutrients; (3) to estimate pollutants input impact on water quality deterioration
of atmospheric deposition origin; and (4) quantify the maximum potential/possibility impact of
atmospheric deposition on algal growth, especially during algal bloom.
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2. Materials and Methods

2.1. Sampling Site

The Quyang water body (31.28◦ N, 121.48◦ E) is a typical shallow, middle-sized reservoir located
in an urban area of the Yangpu District, Shanghai. The circumference of the water body is about 370 m
and the area is about 8260 m2 with a mean depth ranging from 1.8 to 2.0 m. The water body is enclosed,
not connected to the river channels outside of the Quyang park, with the rainwater serving as the main
water source. In addition, interception pipes are built along the banks of the water body to intercept
natural rainfall and surface runoff to reduce water pollution.

Furthermore, we used the shoreline development factor (SDF) to estimate the shape of the water
body. SDF calculates an index of irregular shape by comparing each lake to a perfect circle based on its
area and perimeter length:

SDF =
shape length

2
√

π ××shape area
, (1)

Usually, the SDF approaches 1 as the shape becomes closer to a perfect circle, and increases as the
tortuosity of the shoreline increases. The SDF of Quyang water body is 1.15, which means the water
body has a simple shape (Figure 1).
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Figure 1. Sampling area in this study and monitoring sites set by Shanghai municipal department.
Note: The yellow dot in the left figure marks the site for the water sample where lies in the place
marked with a red star in the right figure; the black dots mark the regular monitoring sites set by
Shanghai municipal department.

Although annual average atmospheric deposition flux in the Yangpu District has experienced a
decline since 2001, it is still above the average of Shanghai (Figure 2). The water quality of the Quyang
has already deteriorated and it is sensitive to harmful Cyanobacteria blooms. Shanghai has a temperate
monsoon climate. The average precipitation is 1150 mm, about 70% of which is distributed during
May to September. Mei-yu, a special meteorological phenomenon in Shanghai (located in Yangtze
River Delta), has higher precipitation from June to early July, leading to greater aerosol removal by
wet deposition [13]. The averaged nutrient concentrations in wet deposition for N-NH4

+, N-NO3
−,
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TN, P-PO4
3−, and TP are 1.33 mg L−1, 0.53 mg L−1, 2.43 mg L−1, 0.016 mg L−1, and 0.030 mg L−1,
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Figure 2. Annual average atmospheric deposition flux in Shanghai (a) and the Yangpu District (b) from
2005 to 2017. [10,18].

2.2. Sample Collection and Preparation

Atmospheric particulate matter samples were collected close to the Quyang water body during
spring and summer (from March to July). The study area is a typical integrated transportation,
residential and recreational area (Figure 1). As Figure 3 shows, 25 cylindrical polyethylene buckets
were used to collect bulk atmospheric deposition samples. The polyethylene buckets measured φ190
(diameter) × 260 (height) mm and were placed in steel sampling racks about 2 m above the water
surface [13].
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Figure 3. Schematic diagram of the experimental device.

At the same time, a simulated urban water body (L 0.5 m × W 0.5 m × H 0.3 m) was used
to estimate the fate of TOC and nutrients during the atmospheric deposition sampling period and
was placed in steel sampling racks as well. Deionized water (12.5 L) was added to the simulated
water body and was then collected together with the deposition samples. The final sample volume
was precisely measured. All samples were immediately brought to the laboratory for TOC, TN, TP,
and N-NH4

+ analysis.
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2.3. Sample Testing Method

Bulk atmospheric deposition was collected and monitored as Akkoyunlu [19] and Santos [20]
reported (Figure 4). Fifteen buckets were used for deposition flux testing, six for total organic carbon
(TOC) and total nitrogen, two for ammonia nitrogen (N-NH4

+) and total phosphorus, and two for
redundancy measurements. Samples were collected around every 10 days. Buckets were washed three
times with deionized water to ensure that the contents were completely transferred into a graduated
flask. Then, the sample volume was precisely measured.

Sustainability 2018, 10, x FOR PEER REVIEW  5 of 14 

three times with deionized water to ensure that the contents were completely transferred into a 
graduated flask. Then, the sample volume was precisely measured. 

Samples were filtered through a fiber glass membrane filter (0.45 μm pore-size). The filtrate was 
analyzed for soluble organic carbon, nitrogen, ammonia, and phosphorus content. The fiber glass 
filters were ultrasonically washed 2–3 times with deionized water then dried in porcelain evaporating 
dishes at 65–70 °C. This process was repeated three times until the weight of evaporating dishes 
remained constant for insoluble organic and nitrogen analysis. Total mixture and soluble phosphorus 
were determined by persulfate oxidation and spectrophotometry [13] (Figure 4). 

 
Figure 4. Sample preparation flow chart and analytical methods for organic carbon, nitrogen, 
ammonia, and phosphorus. 

Temporal variations in water quality and phytoplankton biomass (evaluated by Chl-a) were also 
tested in the Quyang water body. There are three sampling sites located in typical areas (Figure 1). 
Water samples were all collected at 0.5 m under the water surface around every 10 days 
simultaneously with the deposition samples. All samples were immediately brought to the laboratory 
for TOC, TN, TP and N-NH4+ analysis. TOC was analyzed by the combustion oxidation non-
dispersive infrared absorption method (Elementar Liqui TOC II). TN was analyzed using the 
Elementar Liqui TOC II. TP and N-NH4+ were analyzed by the molybdenum antimony 
spectrophotometry and the Nessler reagent spectrophotometry, respectively. Chl-a was analyzed on 
site by Modulated Chlorophyll Fluorescence (Walz, Germany). 

2.4. Calculation and Analysis 

Assuming no physical, chemical, and biological reactions occur in the bucket, the bulk 
atmospheric deposition flux calculation can be calculated as follows: 𝐹 = ∙ , (2)

where 𝐹 is the bulk atmospheric deposition flux for every sampling period (mg m−2 10 d−1), 𝑊  is 
the total weight (mg) of the porcelain evaporating dish and samples after drying at 105 °C ± 5 °C, 𝑊  
is the pre-analysis weight (mg) of the porcelain evaporating dish after drying at 105 °C ± 5 °C, 𝑆  is 
the surface area of the bucket (m2), and 𝑁  is the number of buckets collector for bulk atmospheric 
deposition flux testing. 

Soluble and insoluble matter have different fates and transformation pathways from the 
atmosphere into water [12]. Thus, both aspects were tested in this study. The atmospheric deposition 
flux of soluble and insoluble TOC, TN, TP and N-NH4+ can be calculated as follows: 

Figure 4. Sample preparation flow chart and analytical methods for organic carbon, nitrogen, ammonia,
and phosphorus.

Samples were filtered through a fiber glass membrane filter (0.45 µm pore-size). The filtrate was
analyzed for soluble organic carbon, nitrogen, ammonia, and phosphorus content. The fiber glass
filters were ultrasonically washed 2–3 times with deionized water then dried in porcelain evaporating
dishes at 65–70 ◦C. This process was repeated three times until the weight of evaporating dishes
remained constant for insoluble organic and nitrogen analysis. Total mixture and soluble phosphorus
were determined by persulfate oxidation and spectrophotometry [13] (Figure 4).

Temporal variations in water quality and phytoplankton biomass (evaluated by Chl-a) were also
tested in the Quyang water body. There are three sampling sites located in typical areas (Figure 1).
Water samples were all collected at 0.5 m under the water surface around every 10 days simultaneously
with the deposition samples. All samples were immediately brought to the laboratory for TOC, TN,
TP and N-NH4

+ analysis. TOC was analyzed by the combustion oxidation non-dispersive infrared
absorption method (Elementar Liqui TOC II). TN was analyzed using the Elementar Liqui TOC II.
TP and N-NH4

+ were analyzed by the molybdenum antimony spectrophotometry and the Nessler
reagent spectrophotometry, respectively. Chl-a was analyzed on site by Modulated Chlorophyll
Fluorescence (Walz, Germany).

2.4. Calculation and Analysis

Assuming no physical, chemical, and biological reactions occur in the bucket, the bulk atmospheric
deposition flux calculation can be calculated as follows:

F =
W1 −W01

N f lux·S0
, (2)
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where F is the bulk atmospheric deposition flux for every sampling period (mg m−2 10 d−1), W1 is the
total weight (mg) of the porcelain evaporating dish and samples after drying at 105 ◦C ± 5 ◦C, W01

is the pre-analysis weight (mg) of the porcelain evaporating dish after drying at 105 ◦C ± 5 ◦C, S0 is
the surface area of the bucket (m2), and N f lux is the number of buckets collector for bulk atmospheric
deposition flux testing.

Soluble and insoluble matter have different fates and transformation pathways from the
atmosphere into water [12]. Thus, both aspects were tested in this study. The atmospheric deposition
flux of soluble and insoluble TOC, TN, TP and N-NH4

+ can be calculated as follows:

Fj = (Fs)j + (Fi)j =
(Cs)j·V + (Ai)j·M

Nj·S0
, (3)

(Fi)TP = FTP − (Fs)TP =
[(Cbulk)TP − (Cs)TP]·V

NTP·S0
, (4)

where Fj is the bulk atmospheric deposition flux of TOC, TN, TP or N-NH4
+ for every sampling period

(mg m−2 10 d−1); (Fs)j is the flux of soluble TOC, TN, TP or N-NH4
+ (mg m−2 10 d−1); (Fi)j is the flux

of insoluble TOC, TN or TP (mg m−2 10 d−1); (Cs)j is the concentration of soluble TOC, TN, TP or
N-NH4

+ (mg L−1); (Ai)j is the percentage of insoluble TOC, TN or TP in total weight (%); (Cbulk)TP is
the concentration of TP in the bulk deposition samples (mg L−1); V is the filtrate volume (m3); M is the
weight of total insoluble matter (mg); S0 is the surface area per cylindrical polyethylene bucket (m2);
and Nj is the number of buckets used for sample collection.

The accumulated TOC, TN, TP and N-NH4
+ amounts via atmospheric deposition into the

simulated urban water body can be calculated as follows:

F0 =
C′·V′ − C0·V0

S′
, (5)

where F0 is the accumulated TOC, TN, TP or N-NH4
+ amount via atmospheric deposition into the

simulated urban water body (mg m−2 10 d−1); C′ and C0 are the concentrations of each component
(mg L−1) in the beginning and end of the simulated water experiment; V′ and V0 are the volumes of
the simulated water (m3) in the beginning and end; and S′ is the bottom area (m2) of the simulated
water body.

3. Results and Discussions

3.1. Deposition Rates of Atmospheric TOC, Nitrogen and Phosphorus

“Time series” of total and nutrient-specific atmospheric deposition rates are shown in Figure 5.
Atmospheric deposition flux during the study ranged from 285–566 mg m−2 d−1 with a mean
value of 392 ± 92 mg m−2 d−1. The average flux in summer (June–July) was higher than in spring
(from March to May) and was a combined result of precipitation influences and air mass origins [21].
Fuel combustion emissions from urban transportation are the main sources of pollutants that are
affected by traffic flow, exhaust particulate matter and road dust emission [22]. Shanghai has a
temperate monsoon climate. Mei-yu, a special meteorological phenomenon in the middle and lowland
areas of the Yangtze River in China, has higher precipitation from June to early July, leading to greater
aerosol removal by wet deposition [13].
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Atmospheric TOC deposition ranged between 35 and 81 mg m−2 d−1 and was mostly composed
of insoluble TOC (TOCIN) (32 ± 8 mg m−2 d−1). TN atmospheric deposition (12 ± 11 mg m−2 d−1)
had an enrichment period in June–July. Atmospheric ammonia deposition ranged between 1
and 25 mg m−2 d−1 with an average of 49 ± 15% of ammonia accounting for soluble TN (TNS).
Atmospheric TP deposition averaged 0.40 ± 0.15 mg m−2 d−1, which is nearly an order of magnitude
higher than values observed in northern Lake Taihu [21] and in the Sierra Nevada National Park [23].
However, these areas are less urbanized and relatively sheltered from local sources of aerosol particles
compared with Shanghai. Therefore, potential nutrient sources from atmospheric deposition and
its subsequent eutrophication deserve more attention [11,12]. During the optimal algal growth
period (June–July), the average TN deposition rate was 20 ± 14 mg m−2 d−1 and average TP was
0.43 ± 0.24 mg m−2 d−1. Such values are nearly three-fold higher than those observed in northern
Lake Taihu [13], but similar to those in Lake Sihwa (South Korea) [24].

There were some differences between atmospheric TN and TP deposition. Soluble TN (TNS) and
soluble TP (TPS) in aquatic ecosystems were assumed to be more biologically available for algae growth
with regard to eutrophication studies. However, the percentage of TNS and TPS within the overall
TN and TP differ. TP apparently varies with ranges from 64–91% and 5–38%, while the percentage of
TNS changed little and averaged 83%. Similar to Lake Taihu [13], atmospheric TN deposition samples
above the Quyang urban water body were mostly composed of TNS with a small amount of insoluble
TN (TNIN). Further isotope analysis showed that δ15N values derived from deposited NH3 ranged
from −1.8 to 1.0% and nitrate varied between −0.2 and 2.4% in July. This is closely linked to increasing
emissions from the volatilization of human and animal excreta and vehicle fuel combustions during
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the summer in urban areas, where it is then removed from the atmosphere by wet deposition during
frequent precipitation [25,26]. Compared with TN, the percentage of TPS averaged 24%, indicating
that more insoluble TP (TPIN) is present in atmospheric deposition samples during this period [16].
Strong human activity could increase the release of TPIN, which is then removed by frequent rainfall in
summer [8]. The average percentage increased from 19% in spring to 30% during the optimal period
for algal bloom formation.

3.2. Estimation of Atmospheric Nutrient Input Loading to Shallow Urban Water Body

“Time series” of atmospheric deposition inputs of TOC, TN, N-NH4
+ and TP are shown in Figure 6.

Total amounts of atmospheric TOC, TN and TP deposition above the Quyang urban water body from
March to July were 66, 16 and 0.52 kg, respectively. Nutrient input via atmospheric deposition can
reach 8–12% in Lake Taihu [21] and 22% in Waquoit Bay [27], and enhance phytoplankton biomass by
16–26% [12,24]. Its effect on water quality deterioration and eutrophication deserves more attention,
especially in small, shallow urban water bodies [13].
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Figure 6. Atmospheric deposition input (mg m−2 d−1) to the simulated water body (from March
to July).

The simulated water body was used to estimate the fate of TOC and nutrients by considering
only one factor, the atmospheric deposition input. Total amounts of TOC, TN, N-NH4

+ and TP in the
simulated water body are shown in Figure 7. The average utilization ratio of TOC, TN, N-NH4

+ and
TP inputs into waters via atmospheric deposition were 49 ± 14%, 132 ± 68%, 139 ± 73% and 80 ± 24%
of that in the atmospheric samples, respectively. The values could be influenced by the differences
of the distribution coefficient, physical solubility and diffusive velocity among those contaminants,
as nitrogen is higher than organic matter and phosphorus [28]. It is worth noting that the utilization
ratio of TN and N-NH4

+ exceed 100% in spring (March and April), while TP exceed 100% in summer
(June). The reason may be the nitrogen fixation of cyanobacteria in surface water [29,30] and the release
of sediments, which require further study. Literature shows that the total nitrogen fixation rate of
surface water in Shanghai was between 0.95 and 2.6 mg m−2 d−1, and the total density of algae in
the surface water of rivers showed such a relationship between quantity and time (season): spring >
summer > autumn > winter [29].
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In addition, much organic matter is released through fuel combustion in urban areas as complex
polar organics with a low solubility in water, such as polycyclic aromatic hydrocarbons. Therefore,
only 50% of TOC deposition is transferred into the water. Inorganic phosphorus, phosphate and
phosphite concentrations in POM are other significant sources of bioavailable phosphorus in addition
to organic matter decomposition [12]. The simulated water body study showed that nearly 80% of the
total atmospheric phosphorus deposition can be captured by water bodies and then utilized.

Gravity, aerodynamic resistance and molecular diffusion resistance might influence insoluble
matter transfer from the atmosphere into water bodies [28]. Insoluble organic matter (IOM)
contains nutrients, which during the breakdown and production of dissolved organic matter (DOM),
are transferred to the dissolved phase and remineralized [12]. The production of nutrients associated
with DOM is based on a first order breakdown mechanism for IOM and dependent on the IOM levels:

dNH+
4

dt
= DOM_N ·Remin_N , (6)

dPO3+
4

dt
= DOM_P·Remin_P, (7)

where DOM_N and DOM_P are the amounts of N and P in the DOM, respectively, and Remin_N and
Remin_P are the remineralization rates of N (0.45) and P (1.0) in DOM, respectively, assuming P is
remineralized at twice the rate of N (Remin_P > Remin_N) [31].

Atmospheric deposition features of organic matter, TN, N-NH4
+ and P should be considered

when assessing the loads to small, shallow urban water bodies. In urban areas similar to Shanghai
that have wet and dry seasons and are vulnerable to eutrophication and harmful algal blooms (HAB)
in surface water, the amounts of TOC, TN, N-NH4

+ and TP transferred into the water phase via
atmospheric deposition account for 50, 130, 130 and 80% of those in collected air samples, respectively.
Despite potential additional nutrient sources, atmospheric deposition is still expected to contribute
significantly to nutrient loadings in shallow urban water bodies. For instance, accounting for N-fixation
based on the estimated rates reported in Reference [29], springtime utilization ratios of atmospheric
TN are still larger than 60% and near 100% for some months.
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3.3. Potential Impacts of Nitrogen Deposition to Primary Production in the Lake

Temporal variations of organic matter, nitrogen and phosphorus in waters are determined
by combined microorganism assimilation and dissimilation, detritus and particulate dissolution,
sediment release, and total deposition flux [32]. Coupling observations of atmospheric P and N to
the actual urban water body (nutrient availability and chlorophyll-a) during spring and summer
(from March to July) shows that nutrients accumulated from early June–July and water quality
strongly deteriorated (Figure 8). This is consistent with the trend of atmospheric deposition and
the simulated water body, where Chemical Oxygen Demand (COD), TN, and TP showed peaks of
119, 5.3, and 1.34 mg L−1, respectively, at the end of June. Chl-a exceeded the algal bloom threshold
(30 mg m−3) [27] with values greater than 45 mg m−3. This was in addition to the detection of
strong odors and observed Microcystisincerta Lemm blooms. Christodoulaki et al. [12] investigated the
impact of atmospheric deposition on the marine ecosystem of the East Mediterranean Sea through
operational biogeochemical models (ERSEM-2004 and 3-D POSEIDON) that simulated the transport
and mechanisms of atmospherically deposited nutrients into a water body. The phytoplankton biomass
was enhanced by 2–26% because of atmospheric deposition, whereas bacteria biomass was calculated
to be enhanced 7% monthly; these model results are consistent with this study. Therefore, atmospheric
deposition plays an important role in determining the nutrient levels in water on a longer time
scale [13,33].
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Furthermore, a Redfield ratio N:P of 16:1 by moles in general indicates a roughly balanced supply
of N and P, and algae assemblages tend to mirror this ratio fairly closely when growing under balanced
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growth conditions [34]. Obviously, the N/P ratio of the Quyang water body is lower than 16:1 in most
cases, which indicates that the water body is predominantly limited by N, during the algal growth
(Figure 9).Sustainability 2018, 10, x FOR PEER REVIEW  11 of 14 
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Algae, bacteria and fungi could use the atmospheric nitrogen deposited into water. HABs in urban
water bodies are frequent consequences of N-driven eutrophication. Assuming that phytoplankton
uptakes all of the N from atmospheric deposition with no losses, potential impacts of nitrogen
deposition to primary production in the Quyang water body (Table 1) were calculated as follows [24,27]:

Chl − a =
DepoN
Depth

× 1 mg N
14 mg N

× 106 mg C
16 mg N

× 12 mg C
1 mg C

× 1 mg Chl
30 mg C

, (8)

Table 1. Contribution of atmospheric nitrogen to chlorophyll-a concentrations in Quyang Lake during
spring and summer (from March to July).

Sampling Date (M/D) Calculated New Production
of Chl-a (µg L−1)

Measured Chl-a
(µg L−1)

Contribution of
Atmospheric Nitrogen (%)

14 March–24 March 9.82 62.07 15.8
24 March–3 April 4.44 68.08 6.5
3 April–13 April 9.10 52.37 17.4

13 April–23 April 6.91 54.35 12.7
23 April–3 May 5.17 89.63 5.8
3 May–13 May 3.65 64.69 5.6

13 May–23 May 12.62 114.41 11.0
23 May–2 June 2.54 67.81 3.8
2 June–12 June 27.69 151.68 18.3
12 June–22 June 9.92 150.01 6.6
22 June–2 July 17.62 165.49 10.6
2 July–12 July 37.98 191.15 19.8

Clark and Kremer [27] reported that the maximum primary production (evaluated by Chl-a)
stock in a 1-meter-deep water column with an input of 65 mg N m−2 can reach a calculated
12.3 mg Chl-a m−3. Since a Chl-a between 10 and 30 mg m−3 can be considered as algal blooms,
estimates of new Chl-a production as a result of episodic atmospheric N deposition (ranging from
2.54–37.98 mg m−3) indicate it might stimulate minor blooms. Jung et al. [24] used the same estimation
and found a relatively similar result that the calculated monthly Chl-a s contributes 1.1–16% of the
average Chl-a measured. Urban water bodies in Shanghai have been subjected to HABs in the past
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decade [5]. Thus, as a continuous source of nutrients, the potential impacts of atmospheric deposition
on primary production should not be underestimated.

3.4. Water Quality Maintenance, HAB Early Warning and Emergency Measures in Urban Water Bodies

Shanghai is the most urbanized metropolis in China with an area of 6,340.5 km2 and a population
of 24.2 million (i.e., human population density of 3816 inhab. km−2) [35]. Urban water bodies
are usually close to well-developed transportation infrastructure and densely populated areas.
Atmospheric organic matter and nutrients originating from fuel combustion and anthropogenic sources
are a significant source of the total input that influences eutrophication [21,22]. Isotopic analysis of
nitrogen deposition shows that it is closely linked to increasing emissions from the volatilization of
human and animal excreta and vehicle fuel combustion during the summer in Shanghai near the
urban water bodies. Although annual average atmospheric deposition in the Yangpu District has
dramatically declined since 2001, total amounts of atmospheric nitrogen and phosphorus deposition
are still 4453 and 146 kg km−2 a−1, respectively. These values are about three times higher during
June and July (the optimal period of algae growth) than during spring. Furthermore, the TNS and
TPS fractions account for 83% of TN and 24% of TP, respectively. Atmospheric deposition is a strong
driving force for both water quality deterioration and HABs [12].

Many low-cost and eco-friendly technologies, such as bio-filters [36], constructed wetlands [37],
and multistage floating beds [38], are used in urban water body restoration. Early warning and
prediction measures can also be applied to describe variations in water quality and algae growth
rates [39] or to estimate the potential efficiency of PSII by Maximal Photochemical Efficiency FV/FM [5].
Once algae dramatically grow in moderate conditions, then accumulate and bloom, algaecide or other
physical controls should be adopted to reduce algal bloom duration. The addition of copper sulfate
(CuSO4) can be beneficial in eliminating harmful algae, but it may come at the cost of ecosystem
toxicity as well as other risks [40]. The consequences of this dampening are currently not well
understood [41]. Gravitational separation, coagulation and flotation are usually used for suspended
solids removal. Considering the relatively low algae density, high-density micro-bubble flotation
enhanced by micro-flocculation was tested for its effectiveness in algae removal using the Quyang
water in this study during a bloom. The average diameter of micro-bubbles ranged from 40–100 µm.
The dense and thick micro-bubbles collide and adhere to micro-flocculants (40–60 µm) of algae and
suspended matter, then are separated from the water. The best algae separation, as determined by
Chl-a, was 88.46% with an outflow concentration of 13.84 mg m−3, when hydraulic loading, flocculation
dosage and the micro-bubble layer height were 5 m h−1, 4 mg L−1 and 130 cm, respectively [42].

4. Conclusions

Atmospheric deposition in urban water bodies was investigated in the present study.
While different techniques for storm water runoff control and point source pollution truncation
can be used to protect water quality, nutrient input from atmospheric deposition is still hard to
control. Atmospheric TOC, TN, N-NH4

+ and TP deposition ranged from 35–81, 3–40, 0.79–20.40 and
0.78–0.25 mg m−2 d−1, respectively. The actual loads to small and shallow urban water bodies were
assessed to be around 50, 130, 130, and 80% of TOC, TN, N-NH4

+, and TP, respectively, indicating
nutrients transferred into the water phase. It is assimilated by phytoplankton and bacteria and acts as an
essential driving force for algae growth, accumulation and blooms, especially in small, shallow urban
water bodies located in densely populated and highly industrialized areas. Furthermore, atmospheric
deposition plays an important role in determining the nutrient level of waters on a longer time scale.

Because there is a lack of effective controls in urban atmospheric deposition currently, atmospheric
nutrient deposition cannot be ignored or underestimated in algae growth, aggregation and blooms
in urban water bodies. Ecological restoration measures can, to some extent, eliminate nutrients and
slow down the bloom rate and be used together with Maximal Photochemical Efficiency FV/FM to
indicate potential algae blooms. Once there is a HAB, high-density micro bubble flotation enhanced by
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micro-flocculation can be applied to separate algae from the water body, thereby protecting the role of
urban water bodies in improving the urban landscape aesthetics and ecosystem health.
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