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Abstract

:

The Yeongsan River estuary was divided into freshwater and seawater zones by a sea dike constructed at its mouth in 1981. The freshwater zone, which flows through a metropolitan area, is eutrophic, causing frequent algal blooms with an expected increase in the concentration of refractory organic compounds such as humic substances (HS). Herein, the in situ freshwater zone phytoplankton community size and taxonomic composition were investigated in response to the addition of humic acids (HA) using seasonal mesocosm experiments. Phytoplankton (chlorophyll a) were fractionated into nano-(<20 µm) and net-size (>20 µm) classes and identified by species or genus. Their response to HA treatment was examined by repeated measures analysis of variance (RM-ANOVA). With the addition of HA, the concentrations of total and nanosized chlorophyll a increased significantly (p < 0.05), whereas that of net-sized chlorophyll a did not change significantly through the seasons. The abundance of Stephanodiscus sp. (diatoms) also increased significantly when this genus dominated the phytoplankton community. This suggests that the management of HS may be crucial in mitigating algal blooms in estuaries, such as in the Yeongsan River estuary, that are subjected to anthropogenic disturbances by engineered structures.
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1. Introduction


Humic substances (HS) are complex mixtures of biogenic, heterogeneous, and refractory organic compounds with high molecular weights and yellow to black colors that have been extensively transformed after their production in terrestrial and aquatic environments [1]. HS can be categorized into humic acids (HA; insoluble below pH 2), fulvic acids (soluble at any pH), and humin (insoluble in water) based on their solubility. HS are a major component of material cycling in aquatic systems (especially freshwater) accounting for 50–80% of the dissolved organic matter (DOM) in freshwater [2].



Although HS have been characterized as compounds recalcitrant to microbial degradation, dissolved HS have been established to interact with freshwater microorganisms and affect microbial growth in freshwater and estuarine systems [3,4,5,6]. For instance, the biomass of heterotrophic bacteria incubated in a culture based on humic lake water was double that of bacteria incubated in clear lake water [7], and pelagic bacterial yield increased with increasing humic content [8], indicating that HS form an important carbon source for heterotrophic bacteria. However, the behavior or ecological effect of HS on pelagic microbes in estuaries, including phytoplankton, is not well understood owing to the chemical complexity of HS and the highly limited information available for these systems [9].



It has been reported that HS addition stimulated the growth of Pseudokirchneriella subcapitata in cultures owing to the supply of bioavailable Fe from HS [10]. This species is used as a phytoplankton test species in aquatic toxicity bioassays. Humic nitrogen (N) derived from Spartina has also been reported to be taken up by estuarine phytoplankton isolates in non-axenic and axenic cultures, suggesting that humic N is an important source for phytoplankton growth [11]. The cultures in the studies were designed to be limited by nutrients such as Fe or N. However, it has not been fully explored how phytoplankton communities above the species level, especially in eutrophic estuaries (in situ), respond to HS addition.



The Yeongsan River estuary, one of the five major river estuaries in South Korea, is located in the southwestern part of the country (34° N, 126° E; Figure 1). Temperate estuaries are affected by Asian monsoons that record high rainfall in summer but low rainfall in other seasons. A sea embankment was formed in 1981 at the river mouth, which physically divided the system into freshwater and seawater zones. In 2012, two weirs were constructed in the upper regions of the freshwater zone, and subsequently harmful algal blooms developed more frequently [12]. The freshwater reservoir within the sea embankment is eutrophic compared to other freshwater systems in adjacent areas [13]. Freshwater is discharged into the seawater zone in wet seasons, affecting its trophic status and phytoplankton dynamics [14,15,16]. The aim of the present study was to investigate the response of the phytoplankton communities in situ in terms of size and taxonomic structure to the addition of a generic HS (commercially available) in the freshwater zone using mesocosm experiments. It was hypothesized that phytoplankton communities do not respond to HS addition because the dissolved inorganic nutrients available to phytoplankton remain relatively sufficient in the freshwater zone of the estuary.




2. Materials and Methods


2.1. Sampling and Experimental Designs


Water samples for incubation were collected from the surface water (0.5 m depth) at three stations along the channel of the freshwater zone (Figure 1A) in May, August, and November 2009, and in January 2010 based on the seasons. In addition, water samples were collected from one or two stations during March 2010 (Sts. A and C), and February 2011 (St. A). Water properties, including in situ water temperature (°C), turbidity (NTUs), and pH, were measured to examine the initial conditions before incubation using a YSI Model 6600 multiparameter probe. Water samples (15 mL) for dissolved inorganic nutrient analysis were filtered through Whatman® 25 mm GF/F glass microfiber filters (0.7 µm). Subsamples for ammonium (NH4+), nitrite + nitrate (NO2− + NO3−), orthophosphate (PO43−), and dissolved silica (DSi) analyses were frozen (<−20 °C) for storage. The ratios of dissolved inorganic N (DIN) to P (DIP) and DSi were analyzed to estimate the potential nutrient limitation, where DIN and DIP represent the sum of NH4+ and NO2− + NO3− and soluble reactive phosphate (SRP; PO43−), respectively.



The water samples were filtered through a 70 µm mesh to remove herbivores and were transported to the Mokpo National Maritime University, Mokpo, S. Korea. Incubation water (2 L) was placed in a transparent polycarbonate ester container for the mesocosm experiments. Two sets (replicates) of the control group containing natural water with no HA addition (control) and the HA treatment group containing HA (Sigma-Aldrich®, St. Louis, MO, USA) were incubated in the incubation pools made of transparent acrylic sheets (Figure 1B) for 9–20 days depending on the season. Incubation experiments were conducted at various concentrations (2.5, 5, and 10 ppm) of HA in March 2010. HA (5 ppm) obtained from the International Humic Substance Society (IHSS) and HS from Sigma-Aldrich® were used for the incubation experiment in February 2011. Minimum volumes (<10 mL) of subsamples were collected from the containers to investigate the changes in phytoplankton community structure and nutrient levels over the course of incubation.




2.2. Measurement of Nutrients and Phytoplankton Community


Subsamples (10 mL) were taken from the incubation container six times between the beginning and the end of the incubation period to measure dissolved inorganic nutrients by the method described earlier. Phytoplankton in the subsamples (10 mL) were filtered through a 20 µm Nytex® mesh and classified into two size classes: net (>20 µm) and nano (<20 µm). To measure the chlorophyll a (chl a) concentration, 10 mL of whole water and 10 mL of 20 µm filtrate were filtered through Whatman® 25 mm GF/F glass microfiber filters (with a 0.7 µm nominal pore size). The filters were placed in dark test tubes prefilled with 8 mL extraction solution (90% acetone and 10% distilled water). After storage for 12 h at 4 °C, chl a concentration was measured using a Turner Designs® 10 AU fluorometer. The concentration of chl a in each size fraction was estimated by subtracting the <20 µm fractions from the chl a concentration of the entire water sample. It was assumed that humic acids were not retained in the filters to interfere with the chlorophyll a measurement.



To identify phytoplankton species, subsamples (10 mL) were collected and fixed with Lugol’s solution (final I2 concentration: 250 µg mL−1). After mixing, 1 mL of the sample was dropped into a Sedgewick–Rafter counting chamber (50 × 20 × 1 mm), and phytoplankton species were identified and counted using a ZEISS® Axioskop 2 MAT microscope. Phytoplankton species were categorized into five distinct taxonomic groups: Bacillariophyta (diatoms), Cyanobacteria (blue-green algae), Cryptista/Cryptophyceae (cryptophytes), Chlorophyta (green algae), and others. Ambient concentrations of dissolved inorganic nutrients and phytoplankton communities in situ at the sampling stations were analyzed using the methods described by Sin et al. [15].




2.3. Statistical Analysis


Phytoplankton responses in terms of size and taxonomic composition to HA addition were analyzed by repeated measures analysis of variance (RM-ANOVA) using the statistical analysis program R software (ver. 6). Phytoplankton cell count data were transformed using log(x + 1) before statistical analysis.





3. Results


3.1. Physical, Chemical, and Phytoplankton Properties (In Situ)


The surface water temperature ranged from 3.41 to 27.60 °C during the water sampling, and spatial variations were relatively low (<1.61 °C) compared with other properties (Table 1). Turbidity in the water column ranged from 4.70 to 114.90 NTU with values in the upper region higher than in the lower region, except for samples taken in November 2009. PAR at 1.1 m water depth ranged from 1.07 to 363.40 (μmol m−2 s−1), and increased as turbidity decreased.



DIN and DIP concentrations ranged from 119.47 to 297.66 μM and from 0.19 to 6.13 μM, respectively, decreasing downstream except for DIP in May 2009. The DSi concentrations ranged from 15.93 to 168.96 μM with no clear spatial variability. DIN/DIP ratios ranged from 41.63 to 1050.75 higher than the Redfield ratio (16:1), and DIN/DSi ratios ranged from 0.89 to 12.78. DIP and DSi concentrations were low in May 2009 compared to other seasons, which contributed to the high DIN/DIP and DIN/DSi ratios.



Total chl a concentration ranged from 3.26 to 109.04 µg L−1 decreasing downstream (Table 2). The net-sized chl a concentration ranged from 0.10 to 9.44 µg L−1. Nanosized chl a concentration ranged from 1.38 to 99.60 µg L−1 decreasing downstream, similar to total chl a, and the nanosized class dominated (65–99%) the size structure except at St. C in May 2009 (34%). Diatoms are the most ubiquitous taxonomic group in the freshwater zone. They displayed relatively high cell abundance and contribution percentages (>67%) during the dry and cold seasons (January–March), except at St. C in March 2010 (37%). The most dominant species was Stephanodiscus sp. (Bacillariophyta) during this period, especially in January 2010 at St. A (84%). Cell abundances of chlorophytes and cyanobacteria were high during the warm seasons, especially in May 2009. Cryptophytes abundance was consistently high during the sampling periods, except in August 2009, with the most dominant species being Teleaulax acuta (formerly Cryptomonas acuta), especially in November 2009. A list of genera/species that appeared at the stations during the sampling period is presented in Table S1.




3.2. Response of Phytoplankton Size and Taxonomic Classes to HA Addition


Phytoplankton biomass measured as fractionated chl a was stimulated by HA addition (Figure 2, Figure 3 and Figure 4 and Table 3). In May and August 2009, total and nanosized chl a increased significantly (p < 0.05) when HA was added, except nanosized chl a at St. B in May and St. C in August (Figure 2, Table 3). The net-sized chl a showed no significant increase during this period.



In November 2009 and January 2010, phytoplankton responded differently to HA addition depending on size class and location (Figure 3 and Table 3). In November 2009, total and net-sized chl a increased significantly at St. A with HA addition, whereas total and nanosized chl a increased at St. B. Total chl a increased significantly at Sts. B and C, whereas nanosized chl a increased at Sts. A and C in January 2010. In March 2010, total and nanosized chl a increased significantly (p < 0.05) with HA addition (Figure 4 and Table 3). Higher chl a levels were observed in the HA 10 ppm treatment compared to the 5 ppm treatment, which in turn had higher chl a levels than the 2.5 ppm treatment (Figure 4). In February 2011, total and nanosized chl a also increased with HA addition, especially after 5 days of incubation (Figure 4), although the increase was not statistically significant (p < 0.1; Table 3). The pattern of response was similar between the treatments of HA from IHSS and from Sigma-Aldrich® (Figure 4).



The abundance of total cells and diatoms increased significantly (p < 0.05; Table 4) with HA addition at St. C in January 2010, when diatoms dominated the phytoplankton community in situ (92%; Table 3). In particular, the abundance of Stephanodiscus sp. (Bacillariophyta), a dominant species among the diatoms (82%), increased significantly (p < 0.05; Table 4), whereas the abundance of other species did not increase (Figure 5). There was no significant increase in any of the phytoplankton groups or in Stephanodiscus sp. with HA addition between March 2010 and February 2011.



Nutrient levels were examined during the incubation period in January and March 2010 (Figure 6). NO2− + NO3− did not change significantly during incubation, whereas other nutrients, including NH4+, PO43−, and DSi, decreased over time. The preference of NH4+ to NO2− + NO3− was inferred from the different patterns of depletion. Depletion of DIP (PO43−) was apparent and initiated earlier than that of other nutrients during the experiment. However, no significant difference in nutrient measurement was observed between the HA treatment and control groups (Table 4). DSi levels showed a significant decrease in the HA treatment compared with the other nutrients and relative to the control groups, especially at St. C.





4. Discussion


In estuaries, nutrient inputs from river discharge are a major source of inorganic nutrients, especially NO2− + NO3− and DSi [17]. Riverine nutrients contribute to the production of new phytoplankton in coastal areas [18]. In the Yeongsan River estuary, nutrients are supplied mainly from riverine inputs that are affected by discharge water from urban wastewater treatment [19]. Despite the trophic state of the estuary being classified as hypereutrophic during the wet seasons based on Nürnberg’s criteria [20] because of riverine inputs, the freshwater zone has been reported to be subject to P limitations during dry seasons [21] similar to other freshwater systems. A significant increase in chlorophyll a resulted from the addition of phosphate in the mesocosm experiments conducted in the freshwater zone of the estuary.



In this study, DIN and DSi in situ reached high levels and generally decreased downstream, whereas orthophosphate (DIP) levels were relatively low (Table 1), which could be attributed to the effect of riverine inputs. Seasonally, the ambient nutrient concentrations of DIP and DSi were relatively low during the dry season, especially in May 2009, compared to the wet season in August 2009. DIP was especially low (≤0.40 µM) in May 2009. This resulted in a high N:P molar ratio of ambient nutrients available to phytoplankton (>16:1, Redfield ratio), suggesting that phytoplankton growth at the sampling sites was potentially limited by P.



HS are mixtures of complex chemical compounds with different functional groups and molecular configurations that exert abiotic and biotic interactions in water [22]. Among these, HS are known to modulate P uptake by phytoplankton by stimulating or inhibiting P regeneration resulting from alkaline phosphatase activity (microbiologically mediated) and UV light photorelease in the epilimnetic water of lakes [23]. HS also interact with orthophosphates bound to high molecular weight HS aggregates in the presence of Fe [24]. Colloidal aggregates can release orthophosphates into water via displacement reactions. Additionally, Fe can be transferred to larger molecular weight fractions to form HS–Fe–P complexes through complexation reactions, and orthophosphate can be released into the water via UV radiation, as reviewed by Steinberg [22]. However, the importance of HS as stimulators or inhibitors depends on water systems, and further studies are needed to elucidate their interaction with orthophosphate and microbes in water [9,22].



In this study, HA addition resulted in a significant increase in phytoplankton biomass through the seasons, especially nanosized chl a, possibly by stimulating (not inhibiting) the regeneration and uptake of P by phytoplankton. This can be inferred from the observation that, unlike other nutrients, such as DSi (Table 4), no significant decrease in DIP levels resulted from the significant increase in chl a levels. The positive algal response was also similar to that of phytoplankton to DIP addition during the dry season in mesocosm experiments conducted in January and April 2011 [21]. In the present study, among the phytoplankton taxonomic groups, the nanosized diatoms, Stephanodiscus sp. which is dominant during the cold and dry seasons, responded to HA addition, whereas no significant response of Stephanodiscus sp. to DIP addition was observed [21].



Martine et al. [25] reported that HS naturally stimulated the growth rates of marine benthic diatoms, probably because of the enhanced bioavailability of trace metals or other nutrients. HA extracted from Spartina-derived humic nitrogen also stimulated the growth of estuarine and marine species through photochemical and microbial regeneration rather than direct uptake [11]. HA extracted from the Yeongsan River also increased the growth of Raphidocelis subcapitata (formerly Pseudokirchneriella subcapitata) (Chlorophyta), a common test species for aquatic toxicology because of its complexation reactions with Fe [10]. The direct HS uptake of Miozoa (dinoflagellates) through pinocytosis has also been reported [26,27]; however, this has not been considered in the present study because dinoflagellates did not appear at the study sites.



HS can also affect phytoplankton growth by changing light availability in the water column through light absorption, especially at high concentrations [28,29]. The Yeongsan River estuary study sites showed high turbidity, where the Secchi disk depth was low (0.88 ± 0.30 m) during water sampling. The chl a levels increased as the concentration of HA increased from 2.5 to 10 ppm (Figure 4), suggesting that HA addition probably changed the light regime slightly to the extent of no effect on phytoplankton growth during incubation. No apparent effect of HS on the light regime has also been reported for a shallow lake with a similar latitude to the study sites, where the algal community was dominated by phytoplankton growing well at low light levels [30]. The intracellular inhibitory effects of HA on photosynthesis have also been studied but remain controversial. Extracellular and stimulating effects are now emphasized more than before [31]. In this context, HA was probably capable of stimulating phytoplankton growth, possibly by increasing the regeneration or algal uptake rate of P in the mesocosm experiments. Further studies are required to elucidate the mechanisms of P regeneration and algal uptake of P based on the interaction with HS in the estuary.



Recently, the concentrations of orthophosphate have decreased significantly in the freshwater zone of the Yeongsan River estuary because of the improved P treatment of municipal sewage, although DIN nutrients did not decrease significantly [19]. However, the significant decrease in orthophosphate concentrations did not lead to the mitigation of algal blooms. The N:P ratios increased and resulted in more potential P limitation than before. The algal bloom magnitude and frequency have considerably increased, particularly after the construction of weirs in the upper region of the freshwater zone [32]. Furthermore, HS fractions are expected to increase in the estuary, considering the significant increase in COD relative to BOD in the freshwater zone [32]. Therefore, in the freshwater zones of the estuary, a reduction in HS, as well as dissolved inorganic nutrient (P) levels, may be required to control algal biomass, especially that of nanosized phytoplankton, such as Stephanodiscus sp., which are sensitive to HS inputs. Thus, the management of HS based on a better understanding of HS behavior may be crucial in mitigating algal blooms in eutrophic estuaries, such as the Yeongsan River estuary, that are subjected to anthropogenic disturbance by engineered structures such as weirs and sea embankments.




5. Conclusions


The response of an in situ phytoplankton community in terms of size and taxonomy to humic acid (HA) addition was investigated using enclosed mesocosms for a eutrophic freshwater zone, physically divided by a sea embankment, within the Yeongsan River estuary. Phytoplankton biomass estimated by chl a, especially nanosized (<20 µm), increased significantly (p < 0.05) with HA addition through the seasons. The abundance of nanosized Stephanodiscus sp. also significantly increased when the species dominated phytoplankton taxonomy (67%). Because the zone generally maintained its eutrophic status during the wet seasons, this response was unexpected. The pattern of phytoplankton response is similar to the results of a previous mesocosm study of DIP addition which showed a significant increase in phytoplankton biomass (chl a) during dry seasons. The results suggest that HA can contribute to algal blooms in estuaries where HS levels are expected to increase, although the underlying mechanisms remain to be explored. The management of HS and a better understanding of HS behavior may be vital in mitigating algal blooms in eutrophic estuaries that are disturbed by engineered structures, such as the Yeongsan River estuary.
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Figure 1. Sampling stations in the freshwater zone of the Yeongsan River estuary (A) and incubation bath (B) used in the mesocosm experiments to simulate the natural environments by circulating estuarine water inside the bath using an electric pump. Two baths were interconnected for the experiments. 
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Figure 2. Size-fractionated chl a concentration (µg L−1) and contribution percentage (%) of nanosize class during the mesocosm experiments (control vs. HA treatment) for water samples collected at Sts. A, B, and C in May and August 2010. 
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Figure 3. Size-fractionated chl a concentration (µg L−1) and contribution percentage (%) of nanosize class during the mesocosm experiments for water samples collected at St. A, B, and C in November 2009 and January 2010. 
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Figure 4. Size-fractionated chl a concentration (µg L−1) and contribution percentage (%) of nanosize class during the mesocosm experiments for water samples collected at Sts. A and C in March 2010 and at St. A in February 2011. Treatments of 2.5, 5, and 10 ppm HA (Sigma-Aldrich®) and 5 ppm HA obtained from IHSS were designed for the experiments in March 2010 and February 2011, respectively. 
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Figure 5. Size-fractionated cell abundance of a dominant species, Stephanodiscus sp. and other species in log scale and their contribution percentage (%) for treatments of control and HA addition (5 ppm) designed for the mesocosm experiments in January 2010, March 2010, and February 2011. 
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Figure 6. Nutrient concentrations, including nitrite + nitrate (NO2− + NO3−), ammonium (NH4+), orthophosphate (PO43−; DIP), and dissolved silica (DSi), over the incubation periods of experiments conducted in January and March 2010. 
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Table 1. Physical properties of, and nutrient concentrations in surface water at the sampling stations (Sts A, B, and C) in the freshwater zone of the Yeongsan River estuary: Temp, water temperature; Turb, turbidity; PAR, photosynthetically active radiation at 1.1 m; DIN, dissolved inorganic nitrogen (NO2− + NO3− + NH4+); DIP, dissolved inorganic phosphate (PO43−); DSi, dissolved inorganic silicate.
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Sampling

Date

	
Station

	
Temp

(°C)

	
Turb (NTU)

	
PAR

(μmol m−2 s−1)

	
DIN

(µM)

	
DIP

(µM)

	
DSi

(µM)

	
DIN/DIP

	
DIN/DSi






	
May 2009

	
A

	
19.76

	
12.30

	
38.01

	
272.63

	
0.31

	
23.23

	
888.76

	
11.74




	
B

	
19.64

	
8.90

	
219.80

	
214.45

	
0.40

	
20.47

	
531.33

	
10.48




	
C

	
19.08

	
6.50

	
224.40

	
203.57

	
0.19

	
15.93

	
1050.75

	
12.78




	
Aug 2009

	
A

	
26.68

	
36.20

	
1.07

	
205.48

	
4.20

	
124.17

	
48.95

	
1.65




	
B

	
27.60

	
23.10

	
52.38

	
150.05

	
3.33

	
168.96

	
45.12

	
0.89




	
C

	
27.07

	
15.30

	
146.53

	
137.92

	
3.07

	
148.02

	
44.96

	
0.93




	
Nov 2009

	
A

	
9.45

	
14.70

	
20.41

	
255.43

	
6.13

	
116.06

	
41.63

	
2.20




	
B

	
10.22

	
114.90

	
78.33

	
155.88

	
1.74

	
131.72

	
89.40

	
1.18




	
C

	
11.06

	
12.50

	
272.70

	
119.47

	
1.16

	
127.95

	
102.77

	
0.93




	
Jan 2010

	
A

	
3.69

	
11.40

	
6.36

	
297.66

	
4.52

	
80.42

	
65.85

	
3.70




	
B

	
3.62

	
9.20

	
25.22

	
251.74

	
1.78

	
38.59

	
141.75

	
6.52




	
C

	
3.41

	
4.70

	
363.40

	
157.82

	
0.90

	
84.69

	
174.56

	
1.86




	
Mar 2010

	
A

	
9.64

	
11.80

	
23.04

	
219.04

	
3.00

	
120.72

	
72.94

	
1.81




	
C

	
8.94

	
8.70

	
98.78

	
216.09

	
2.52

	
131.47

	
85.80

	
1.64




	
Feb 2011

	
A

	
3.56

	
9.80

	
7.25

	
329.41

	
2.26

	
231.22

	
145.74

	
1.42
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Table 2. Total, net- and nanosized chl a concentrations (µg L−1) and cell abundance (cells mL−1) in taxonomic groups and their contribution percentages (% in parenthesis) in the surface water at stations A, B, and C in the freshwater zone of the Yeongsan River estuary: S Date, Sampling date; Chloro, Chlorophytes; Cyano, Cyanobacteria; Crypto, Cryptophytes; Others, Other groups.
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Sampling Date

	
Station

	
Total

	
Net

	
Nano

	
Diatoms

	
Chloro

	
Cyano

	
Crypto

	
Other

	
Dominant Species






	
May 2009

	
A

	
10.84

	
0.76 (7.0)

	
10.08 (93.0)

	
370

(24.3)

	
510 (33.6)

	
170

(11.2)

	
260 (17.1)

	
210 (13.8)

	
Coelastrum microporum

(18.4)




	
B

	
6.70

	
0.10 (1.5)

	
6.60 (98.5)

	
60

(11.3)

	
100 (18.9)

	
120

(22.6)

	
250 (47.2)

	
0

	
Teleaulax acuta

(34.0)




	
C

	
4.10

	
2.72 (66.3)

	
1.38 (33.7)

	
65

(21.3)

	
45

(14.8)

	
65

(21.3)

	
130 (42.6)

	
0

	
Microcystis aeruginosa

(21.3)




	
Aug 2009

	
A

	
14.36

	
3.96

(27.6)

	
10.40

(72.4)

	
149

(46.9)

	
22

(6.9)

	
120

(37.7)

	
0

	
27

(8.5)

	
Microcystis aeruginosa

(21.1)




	
B

	


6.50

	
1.06

(16.3)

	
5.44

(83.7)

	
63

(66.3)

	
19

(20.0)

	
0

	
0

	
13

(13.7)

	
Discostella stelligera (formerly Cyclotella stelligera)

(24.2)




	
C

	
4.68

	
1.66

(35.3)

	
3.03

(64.7)

	
60

(55.0)

	
6

(5.5)

	
40

(36.7)

	
0

	
3

(2.8)

	
Microcystis sp.

(36.7)




	
Nov 2009

	
A

	
13.24

	
1.36

(10.3)

	
11.88

(89.7)

	
57

(17.0)

	
0

	
0

	
153

(45.5)

	
126

(37.5)

	
Teleaulax acuta

(35.7)




	
B

	
5.54

	
0.16

(2.9)

	
5.38

(97.1)

	
40

(21.9)

	
0

	
0

	
130

(71.0)

	
13

(7.1)

	
Teleaulax acuta

(50.8)




	
C

	
3.26

	
0.18

(5.6)

	
3.08

(94.4)

	
73

(39.5)

	
3

(1.6)

	
3

(1.6)

	
103

(55.7)

	
3

(1.6)

	
Cryptomonas erosa

(37.8)




	
Jan 2010

	
A

	
109.04

	
9.44

(8.7)

	
99.60

(91.3)

	
2550

(94.4)

	
0

	
0

	
110

(4.1)

	
40

(1.5)

	
Stephanodiscus sp.

(84.1)




	
B

	
50.96

	
1.60

(3.1)

	
49.36

(96.9)

	
1240

(91.2)

	
10

(0.7)

	
0

	
80

(5.9)

	
30

(2.2)

	
Stephanodiscus sp.

(35.3)




	
C

	
7.08

	
0.95

(13.4)

	
6.12

(86.6)

	
1720

(91.5)

	
20

(1.1)

	
0

	
130

(6.9)

	
10

(0.5)

	
Stephanodiscus sp.

(42.0)




	
Mar 2010

	
A

	
26.12

	
4.88

(18.7)

	
21.24

(81.3)

	
1310

(78.9)

	
70

(4.2)

	
0

	
250

(15.1)

	
30

(1.8)

	
Stephanodiscus sp.

(35.5)




	
C

	
8.08

	
1.26

(15.6)

	
6.82

(84.4)

	
230

(36.5)

	
80

(12.7)

	
10

(1.6)

	
180

(28.6)

	
130

(20.6)

	
Stephanodiscus sp.

(17.5)




	
Feb 2011

	
A

	
8.28

	
1.48

(17.9)

	
6.80

(82.1)

	
580

(66.7)

	
25

(2.9)

	
0

	
205

(23.5)

	
60

(6.9)

	
Stephanodiscus sp.

(29.9)
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Table 3. Results of the RM-ANOVA analyses on HA addition treatments for total, net-, and nanosized phytoplankton at a significance level of 0.05. Time and Trt (treatment) represent the differences over time and between the treatments (control vs. HA (5 ppm) addition), respectively and T*Trt represents differences between the treatments and over time. Significant p-values (<0.05) are highlighted in gray.
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Sampling

Date

	
Station

	
Total

	
Net-sized

	
Nanosized




	
Time

	
Trt

	
T*Trt

	
Time

	
Trt

	
T*Trt

	
Time

	
Trt

	
T*Trt






	
May 2009

	
A

	
0.002

	
0.028

	
0.178

	
0.014

	
0.645

	
0.205

	
0.003

	
0.026

	
0.279




	
B

	
<0.001

	
0.016

	
0.019

	
0.089

	
0.734

	
0.199

	
0.003

	
0.168

	
0.060




	
C

	
<0.001

	
0.001

	
0.004

	
0.073

	
0.021

	
0.281

	
<0.001

	
<0.001

	
0.005




	
Aug 2009

	
A

	
0.001

	
0.023

	
0.133

	
0.052

	
0.716

	
0.430

	
0.011

	
0.014

	
0.296




	
B

	
0.003

	
0.018

	
0.227

	
0.017

	
0.974

	
0.445

	
0.003

	
0.049

	
0.157




	
C

	
0.001

	
0.019

	
0.200

	
0.052

	
0.194

	
0.514

	
0.001

	
0.133

	
0.165




	
Nov 2009

	
A

	
<0.001

	
0.006

	
0.039

	
0.130

	
0.001

	
0.424

	
0.001

	
0.066

	
0.169




	
B

	
0.006

	
0.015

	
0.139

	
0.130

	
0.827

	
0.446

	
0.001

	
0.001

	
0.016




	
C

	
0.008

	
0.587

	
0.317

	
0.123

	
0.976

	
0.391

	
0.009

	
0.223

	
0.388




	
Jan 2010

	
A

	
0.003

	
0.062

	
0.165

	
0.026

	
0.096

	
0.122

	
0.006

	
0.034

	
0.223




	
B

	
0.002

	
0.009

	
0.178

	
0.068

	
0.985

	
0.426

	
0.037

	
0.161

	
0.401




	
C

	
0.002

	
<0.001

	
0.006

	
0.073

	
0.098

	
0.196

	
0.003

	
<0.001

	
0.007




	
Mar 2010

	
A

	
0.001

	
<0.001

	
0.017

	
0.066

	
0.381

	
0.541

	
<0.001

	
<0.001

	
0.011




	
C

	
<0.001

	
<0.001

	
0.002

	
0.050

	
0.031

	
0.354

	
<0.001

	
<0.001

	
0.004




	
Feb 2011

	
A

	
0.022

	
0.090

	
0.093

	
0.261

	
0.956

	
0.371

	
<0.001

	
0.052

	
0.077
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Table 4. Results of the RM-ANOVA analyses on HA addition treatments for total, net-, and nanosized phytoplankton at a significance level of 0.05. Time and Trt represent the differences over time and between the treatments (control vs. HA (5 ppm) addition), respectively, and T*Trt represents differences between the treatment and over time. Significant p-values (<0.05) are highlighted in gray. Chloro, Chlorophytes; Cyano, Cyanobacteria; Crypto, Cryptophytes; Others, Other groups; NA, No appearance; ND, No data.
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Phytoplankton Group

	
Jan 2010 (St. C)

	
Mar 2010 (St. A)

	
Mar 2010 (St. C)

	
Feb 2011 (St. A)




	
Time

	
Trt

	
Time

	
Trt

	
Time

	
Trt

	
Time

	
Trt






	
Total abundance

	
0.378

	
0.042

	
0.031

	
0.173

	
0.025

	
0.185

	
0.019

	
0.412




	
Diatoms

	
0.389

	
0.045

	
0.046

	
0.184

	
0.037

	
0.209

	
0.021

	
0.431




	
Chlorophytes

	
0.032

	
0.222

	
0.006

	
0.248

	
0.007

	
0.380

	
0.029

	
0.391




	
Cyanobacteria

	
0.121

	
0.809

	
NA

	
NA

	
0.497

	
0.381

	
NA

	
NA




	
Cryptophytes

	
0.005

	
0.363

	
0.608

	
0.983

	
0.541

	
0.203

	
0.016

	
0.161




	
Others

	
0.727

	
0.782

	
0.594

	
0.975

	
0.728

	
0.311

	
0

	
0




	
Stephanodiscus sp.

	
0.445

	
0.049

	
0.081

	
0.188

	
0.093

	
0.230

	
0.023

	
0.374




	
NO2− + NO3−

	
0.788

	
0.893

	
0.017

	
0.080

	
0.166

	
0.127

	
ND

	
ND




	
NH4+

	
0.336

	
0.324

	
<0.001

	
0.004

	
0.013

	
0.417

	
ND

	
ND




	
DIP (PO43−)

	
<0.001

	
0.571

	
<0.001

	
0.582

	
<0.001

	
0.884

	
ND

	
ND




	
DSi

	
0.147

	
0.034

	
<0.001

	
0.461

	
<0.001

	
0.032

	
ND

	
ND
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