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Abstract:

 To evaluate the effects of water velocity and artificial substratum characteristics on the growth rate and biomass accumulation of periphyton, an artificial stream mesocosm experiment was conducted using alternative water sources collected from the Mangwall Stream (MW), the Han River (HR), and bank filtration water (BFW) from the Han River in the Republic of Korea. The measured concentrations of organic matter and inorganic nutrients in the MW were higher than in the HR and BFW. The surface of tile is relatively smooth and nonporous, whereas the surfaces of concrete and pebble are rough with numerous isolated pores in which filamentous periphyton become immobilized against hydrodynamic shear stress and mat tensile strength. Compared with the periphyton biomass of the HR and BFW, the peak biomass in the MW was significantly higher due to higher nutrient concentrations in the MW. Reasonable linear relationships (R2 ≥ 0.69) between water velocity and total periphyton biomass/growth rate were obtained, indicating that water velocities above critical values can cause a reduction in biomass accrual. In addition, reasonable relationships (R2 ≥ 0.58) between specific surface area and total periphyton biomass were obtained for the HR and BFW, indicating that an increase in the specific surface area of the substratum can lead to an increase in periphyton biomass in a nutrient-poor water body. Principal components analysis (PCA) results indicate that nutrient concentrations were the first dominant limiting factor for the growth and accumulation of periphyton, and water velocity and the specific surface area of the substratum were determined to be potential limiting factors. Consequently, the growth rate and biomass accumulation of periphyton were considered to be a complex function of nutrient concentrations, water velocities, and substratum characteristics.
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1. Introduction

Periphyton and phytoplankton are dominant producers of organic matter and are responsible for carbon fixation and the sequestration of essential nutrients, such as nitrogen and phosphorus, in the aquatic ecosystem [1,2,3]. Periphyton have been reported to attach to various substrata and to form various types of biofilm [4,5]. Because periphyton can remain attached to various substrata for an extensive period, they can be used as a biological indicator to evaluate water quality by monitoring changes in biomass or species composition [6,7].

Although periphyton can serve as an important food source for invertebrates, tadpoles, and some fish and as natural habitats for benthos [8], periphyton also exhibit potential adverse effects or impairments of designated uses of rivers and streams. For example, high levels of periphyton growth and accumulation have impaired the use of rivers and streams for drinking water [9], damaged aquatic habitat [10], and degraded the aesthetic and recreational uses of rivers and streams [11]. Because many factors (i.e., water velocity, nutrient concentration, light intensity, substratum availability, and water temperature) have been reported to affect the growth and accumulation of periphyton, numerous established criteria and thresholds have been suggested to prevent the excessive growth and accumulation of periphyton in various environments [12,13].

Among many factors impacting the growth rate and biomass accumulation of periphyton, water velocity has been demonstrated to be an important factor in determining the ecological distribution of aquatic ecosystems and to affect the growth rate and biomass accumulation of periphyton [14,15]. For example, periphyton biomass increases as water velocity increases until critical velocities are reached (20–50 cm s−1) [13,16,17,18]. As the water velocity increases, the enhancement of nutrients and metabolite uptakes by periphyton accelerates the growth of periphyton communities and increases biomass accumulation. However, above critical velocities, both the physical disruption and displacement of periphyton communities result in a reduction of biomass accumulation [19,20].

Both the quality and stability of substrata have also been demonstrated as potential limiting factors, as evidenced by differences in periphyton biomass accumulation according to the characteristics of substrata. For example, a higher growth rate and biomass accumulation of periphyton has been observed on stones, cobbles, and gravel than on sand, clay, and organic materials [21,22,23]. The loss of periphyton from substrata can be enhanced by substratum instability and high water velocity. Thus, the integration of water velocity and substratum characteristics is required to estimate the periphyton biomass levels in rivers and streams.

The majority of urban rivers and streams in the Republic of Korea are closely connected to urban areas by drainage and discharge networks, which results in greater stormwater runoff and loading of contaminants [24]. Thus, the water quality of urban rivers and streams has deteriorated, and aquatic ecosystems have been impaired [25,26,27]. During the dry season in the Republic of Korea, which occurs from February to May, water flow significantly decreases and excessive nutrient concentrations persist, resulting in excess growth of periphyton, phytoplankton, and macrophytes. This excessive growth of algae directly impairs the habitat for aquatic organisms and degrades the aesthetic and recreational uses of urban rivers and streams.

For urban rivers and streams with low water flow or excessively deteriorated water quality, the augmentation of new water sources should be considered for the preservation and sustainability of urban environments [28]. Thus, alternative water sources with improved accessibility should provide sufficient amounts of water, especially during the dry season, and should not cause problems such as an excessive growth of algae, increased turbidity, and a reduction in the perceived aesthetic value of recreational water uses [29,30,31,32].

In the present study, an artificial stream mesocosm experiment was conducted to evaluate the effects of water velocity and substratum characteristics on the growth rate and biomass accumulation of periphyton. The experiment employed alternative water sources collected from the Mangwall Stream, the Han River, and bank filtration water from the Han River. The specific objectives of this study were as follows: (1) to investigate the water quality of alternative water sources; (2) to evaluate the effect of water velocity on the growth rate and biomass accumulation of periphyton; (3) to evaluate the effect of substratum characteristics on the biomass accumulation of periphyton; and (4) to define the mutual correlations of nutrient concentration, water velocity, and substratum characteristics with the growth rate and biomass accumulation of periphyton.



2. Materials and Methods


2.1. Research Site Overview

The Mangwall (MW) Stream is a stagnant urban stream that exhibits a relatively low flow rate (i.e., 7603 m3 d−1). As shown in Figure 1, the extended flow path of MW is 5.7 km; it interflows with the Godeok Stream downstream and ultimately flows into the Han River (HR). The slope of the bed is approximately 0.02%–0.033%, the average width is 4.0 m, and the average depth is 0.32 m. To augment the water supply of MW to prevent the excessive growth and accumulation of periphyton, three different water sources [i.e., Mangwall Stream (MW), Han River (HR), and bank filtrate water (BFW) from the HR] were considered.

Figure 1. Site description and sampling points investigated in this study (gray area: Hanam-Misa New City, located in Hanam-si, South Korea; MW: Mangwall Stream; HR: Han River; BFW: bank filtration water).
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2.2. Artificial Stream Mesocosm Apparatus

In this study, an artificial stream mesocosm apparatus that brings stagnant artificial stream under controlled conditions was developed to investigate the variation in the grow rate and biomass accumulation of periphyton in terms of different water velocities and substrata for the three water sources. As shown in Figure 2, the artificial stream mesocosm apparatus consisted of a flow rate adjustor, waterway, pumping and reservoir facility, and temperature controller. Four flow rate adjustors with lengths of 20 cm, widths of 25 cm, and depths of 30 cm were utilized. The flow rate adjustor was connected with four waterways for which the water velocity could be adjusted, and a v-notch weir was installed to enable water velocity adjustments. The flow-rate estimation using the v-notch weir was based on Equation (1), proposed by Kindsvater and Carter [33], and the different water velocities were adjusted based on Equation (2) when passing through the waterway with a width of 5 cm and a depth of 1 cm.

Figure 2. The artificial stream mesocosm apparatus used for periphyton cultivation.
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Q (cm3 s−1) = 15.5·H2.47



(1)






V = Q/A



(2)




where Q denotes the flow rate (cm3 s−1); H denotes the height of the v-notch weir (cm); V denotes the water velocity in the waterway (cm s−1); and A denotes the cross-sectional area of the waterway (cm2).
A total of 12 waterways, with lengths of 100 cm, widths of 5 cm, and depths of 5 cm, were prepared. The waterways were composed of transparent acrylic to enhance light transmissivity. Water that passed through the waterway was transferred to a 25-L reservoir and subsequently pumped to the temperature controller for recycling. To adjust and control the light intensity during the artificial stream mesocosm experiment, a lighting device was installed on the upper part of the apparatus.



2.3. Experimental Procedures

The experimental procedures were conducted in the following order: (1) water sampling from the three water sources; (2) periphyton inoculation; (3) cultivation; (4) harvesting; and (5) analysis. As shown in Figure 1, sampling was initially conducted based on a total of five points (MW1 to BFW) for the three water sources (i.e., MW, HR, and BFW). A Van Dorn sampler was used for sampling, and the collected water was transported to the lab in a 2 L polyethylene bottle. Samples from the MW were collected from three different points (MW1–MW3). However, only MW1 (upstream of the MW) was used for periphyton cultivation. Samples from the HR were collected from one designated point, and samples from the BFW were directly collected from the BFW facility, which was located 20 m below ground level.

For three water sources, three different types of artificial substrata (i.e., tile, concrete, and pebble) were deployed with four different water velocities, as displayed in Figure 2. Artificial substrata of specific sizes (2.5 cm × 2.5 cm) were prepared and stored in distilled water for 48 hours. The substrata were rinsed several times using distilled water and air dried. The periphyton used for inoculation was collected from the sediments in MW1. To promote the attachment of periphyton, the artificial substrata were arranged in the artificial stream mesocosm apparatus and the periphyton was seeded for 24 hours under dark conditions.



Cultivation was performed for 30 days. The collected MW1 for periphyton cultivation was screened with a 60-µm mesh to exclude interference by zooplankton and other suspended solids. In the artificial stream mesocosm experiment, water velocities of 5 cm s−1 (HRT = 3.4 s & Re = 50,000), 10 cm s−1 (HRT = 5.2 s & Re = 100,000), 20 cm s−1 (HRT = 10.1 s & Re = 200,000), and 30 cm s-1 (HRT = 20.6 s & Re = 300,000) with different substrata were applied. Other experimental conditions that were consistently maintained included a light intensity of 100 µmol m−2 s−1, light:dark intervals of 14:10, and water temperatures of 20 °C. The three water sources were continuously recycled with pumps, and approximately 1 L of water was supplemented daily to compensate for the evaporated water.

Harvesting was periodically performed by detaching periphyton from the artificial substrata using soft brushes. The periphyton biomass was analyzed by separating it into chlorophyll-a (chl-a) and phaeopigment, which was extracted from periphyton per area of substrata. The chl-a of the periphyton was extracted using the acetone method, and the phaeopigment was measured using a 2N HCl application [34,35]. The growth rate (µ) of periphyton was calculated using Equation (3):



µ (day−1) = ln(X2/X1)/(T2 − T1)



(3)




where µ is the growth rate of periphyton (day−1); X2 is the periphyton chl-a concentration at time T2 (mg chl-a cm−2); and X1 is the initial periphyton chl-a concentration at time T1 (mg chl-a cm−2).
Water temperature, pH, DO, and electrical conductivity were measured on site using a DO device (YSI 85, Yellow Springs, OH, USA) and a conductivity device (YSI 63, Yellow Springs, OH, USA), and additional water quality analyses were performed in the lab according to standard methods [34,35]. An optical microscope (Zeiss Axioplan, Oberkochen, Germany) was used to observe the periphyton, and the specific surface area of the substratum was measured using the BET method (BELSORP–mini II, Osaka, Japan) [36].



2.4. Principal Components Analysis (PCA)

To interpret the quantitative results of the experimental data, a Principal Components Analysis (PCA) was performed. Because PCA is a method for expressing multiple information with mutual correlations with few principal components [1], mutually independent and unique patterns can be constructed for both the growth rate and biomass accumulation of periphyton. In this study, the PC-ORD program V. 5.0 was used for the PCA, and the eigenvalue and factor loadings for each variable (i.e., NH4+, NO3−, PO43−, chl-a, water velocity, and specific surface area) were used to quantify the data.




3. Results and Discussion


3.1. Water Quality

The results of the annual water quality analysis are summarized in Table 1. The measured concentrations of organic matter and inorganic nutrients for the MW were greater than the measured concentrations of organic matter and inorganic nutrients for the HR and BFW. The flow regime and characteristics differed among the potential water sources.


Table 1. Summary of annual water quality analysis results for three water sources from January to December in 2010 (n = 4).



	
Description

	
MWa

	
HRb

	
BFWc




	
MW1

	
MW2

	
MW3






	
Water depth (cm)

	
6.3 ± 1.5d

	
20.5 ± 1.7

	
31.5 ± 1.9

	
85.3 ± 9.1

	
N.De




	
Water velocity (cm s−1)

	
1 ± 1

	
6 ± 4

	
7 ± 4

	
16 ± 4

	
N.D




	
Temperature (°C)

	
24.4 ± 6.8

	
24.4 ± 6.9

	
24.4 ± 6.5

	
21.5 ± 5.5

	
17.3 ± 3.8




	
pH

	
7.6 ± 0.4

	
7.6 ± 0.4

	
7.6 ± 0.3

	
7.8 ± 0.3

	
7.4 ± 0.5




	
DO (mg O2 L−1)

	
6.5 ± 1.3

	
6.7 ± 1.3

	
6.5 ± 1.3

	
8.1 ± 0.4

	
7.0 ± 0.1




	
Conductivity (µS cm−1)

	
674 ± 93

	
670 ± 95

	
722 ± 74

	
167 ± 34

	
156 ± 29




	
Salinity (‰)

	
0.5 ± 0.1

	
0.5 ± 0.0

	
0.5 ± 0.0

	
0.1 ± 0.0

	
0.1 ± 0.0




	
SS (mg L−1)

	
4.3 ± 1.2

	
5.3 ± 1.5

	
5.2 ± 1.2

	
5.2 ± 1.7

	
N.D




	
BOD (mg O2 L−1)

	
6.3 ± 1.9

	
6.4 ± 2.0

	
6.6 ± 1.4

	
2.0 ± 0.7

	
0.9 ± 0.6




	
CODMn (mg O2 L−1)

	
7.3 ± 1.1

	
6.9 ± 1.1

	
7.0 ± 1.1

	
3.1 ± 0.6

	
2.1 ± 0.6




	
TN (mg N L−1)

	
6.9±1.5

	
7.1±1.6

	
7.0±1.5

	
2.6±0.7

	
2.2 ± 0.6




	
NH4+ (µg N L−1)

	
1241 ± 121

	
1384 ± 98

	
1395 ± 96

	
258 ± 55

	
183 ± 52




	
NO3− (µg N L−1)

	
716 ± 121

	
720 ± 128

	
707 ± 150

	
1644 ± 142

	
1649 ± 56




	
TP (µg P L−1)

	
632 ± 160

	
605 ± 192

	
620 ± 188

	
74 ± 7.7

	
59 ± 12.7




	
PO43− (µg P L−1)

	
425 ± 43

	
417 ± 50

	
413 ± 40

	
34 ± 8

	
28 ± 4




	
Phytoplankton (µg chl-a L−1)

	
2.0 ± 0.0

	
4.1 ± 1.8

	
5.6 ± 1.5

	
9.9 ± 0.0

	
N.D




	
Periphyton (mg chl-a cm−2)

	
7.0 ± 1.6

	
6.7 ± 1.3

	
6.5 ± 1.7

	
1.2 ± 8.3

	
N.D






Notes: a MW: Mangwall Stream; b HR: Han River; c BFW: Bank filtration water; d average ± standard deviations for four measured data; e N.D: No data.




No considerable difference was observed in the water quality of the MW among the three sampling points (i.e., MW1–3). The MW exhibited water depths ranging from 5 to 34 cm and water velocities ranging from 0 to 12 cm s−1. The average water temperature of the MW was approximately 24.4 °C, which was approximately 2.9–7.1 °C higher than the average water temperature of other water sources. The MW exhibited relatively high organic matter (i.e., BOD and CODMn), inorganic nutrient (i.e., NH4+, NO3− and PO43−), and periphyton concentrations. Table 1 illustrates the excessive growth of periphyton stimulated by high nutrient levels and low water velocities.



Compared with the MW, the HR exhibited relatively deep water depths of 85.3 ± 9.1 cm and faster water velocities of 16 ± 4 cm s−1. The concentrations of organic matter consisted of a BOD of 2.0 mg O2 L−1 and a CODMn of 3.1 mg O2 L−1, and the concentrations of inorganic nutrients consisted of 258 µg N L−1 (NH4+), 1644 µg N L−1 (NO3−), and 74 µg P L−1 (PO43−). These values indicate that the average concentrations of contaminants in the HR ranged from 57.5% to 92.0%, which were lower than the average concentrations of contaminants in the MW. In contrast with the MW, the HR exhibited higher concentrations of phytoplankton than periphyton. Due to the bank filtration through the sediments to remove both organic and inorganic contaminants, the concentrations of organic matter in the BFW were significantly lower than the concentrations of organic matter for other water sources, whereas the concentrations of inorganic nutrients for BFW were slightly lower than the concentrations of inorganic nutrients for other water sources. No algae were observed in the BFW.

Samples from the three water sources used in the artificial stream mesocosm experiment were collected in April 2010. Similar to the results of the annual water quality analysis summarized in Table 1, the nutrient concentrations related to periphyton growth and biomass accumulation were in the increasing order of BFW < HR < MW, as summarized in Table 2. No considerable difference in water quality of the MW was observed for the three sampling points (i.e., MW1–3); thus, MW1, near the headwaters, was used for the artificial stream mesocosm experiment.


Table 2. Summary of water quality analysis results for three water sources sampled in April 2010 (n = 1).



	
Description

	
MWa

	
HRb

	
BFWc




	
MW1*

	
MW2

	
MW3






	
Water depth (cm)

	
7

	
22

	
34

	
85

	
N.Dd




	
Water velocity (cm s−1)

	
0

	
7

	
5

	
15

	
N.D




	
Temperature (°C)

	
19.2

	
18.9

	
19.1

	
18.7

	
13.3




	
pH

	
8.1

	
7.9

	
7.9

	
8.7

	
8.4




	
DO (mg O2 L−1)

	
7.3

	
7.2

	
7.7

	
8.3

	
7.2




	
Conductivity (µS cm−1)

	
925

	
1161

	
1079

	
220

	
147




	
Salinity (‰)

	
0.5

	
0.5

	
0.6

	
0.1

	
0.1




	
SS (mg L−1)

	
10.3

	
13.0

	
6.1

	
5.4

	
N.D




	
BOD (mg O2 L−1)

	
4.0

	
4.6

	
6.1

	
2.4

	
0.5




	
CODMn (mg O2 L−1)

	
6.3

	
6.7

	
7.0

	
3.2

	
0.9




	
TN (mg N L−1)

	
9.7

	
10.5

	
9.6

	
2.3

	
1.8




	
NH4+ (µg N L−1)

	
1512

	
1750

	
1664

	
302

	
189




	
NO3− (µg N L−1)

	
771

	
420

	
502

	
1550

	
1610




	
TP (µg P L−1)

	
823

	
842

	
790

	
52

	
45




	
PO43− (µg P L−1)

	
614

	
688

	
652

	
21

	
16




	
Phytoplankton (µg chl-a L−1)

	
2.5

	
5.2

	
6.0

	
9.9

	
N.D




	
Periphyton (mg chl-a cm−2)

	
8.8

	
8.3

	
8.2

	
2.3

	
N.D






Notes: * Water sources for artificial stream mesocosm experiment; a MW: Mangwall Stream; b HR: Han River; c BFW: Bank filtration water; d N.D: No data.








3.2. Species Composition

The species compositions of periphyton that were collected from the sediments in the three water sources are summarized in Table 3. Although filamentous Cyanophyceae were dominant in all sections of the MW, Bacillariophyceae of diverse species were dominant in the HR. In particular, the dominant species Phormidium sp. (family Oscillatoriaceae) formed a thick algal mat in the MW. Similar studies have reported that Phormidium sp. is a filamentous cyanophyte that is known to rapidly settle in polluted and stagnant water bodies [37] and dominates stagnant freshwater lentic systems with high temperatures and high nutrient concentrations [29] and freshwater environments with low depths and high nutrient concentrations [38,39]. In the present study, the periphyton inoculated in the artificial stream mesocosm experiment was composed of mixed cultures collected in MW1.


Table 3. Summary of species compositions (%) for periphyton collected from the sediments in three water sources sampled in April 2010.



	
Class

	
Species

	
MWa

	
HRb

	
BFWc




	
MW1*

	
MW2

	
MW3






	
Cyanophyceae

	
Microcystis aeruginosa

	
N.Dd

	
+e

	
+

	
+

	
N.D




	

	
Phormidium sp.

	
92.0

	
85.0

	
77.0

	

	
N.D




	
Chlorophyceae

	
Closterium sp.

	
N.D

	
N.D

	
3.0

	
4.0

	
N.D




	

	
Oedogonium sp.

	
N.D

	
N.D

	
4.0

	
+

	
N.D




	

	
Scenedesmus acuminatus

	
5.0

	
5.0

	
+

	
13.0

	
N.D




	
Bacillariophyceae

	
Achnanthidium sp.

	
N.D

	
N.D

	
N.D

	
+

	
N.D




	

	
Asterionella formosa

	
N.D

	
N.D

	
5.0

	
23.5

	
N.D




	

	
Cymbella minuta

	
N.D

	
N.D

	
N.D

	
5.5

	
N.D




	

	
Fragilaria rumpens

	
N.D

	
N.D

	
N.D

	
9.0

	
N.D




	

	
Melosira varians

	
N.D

	
N.D

	
+

	
5.2

	
N.D




	

	
Navicula cryptocephala

	
N.D

	
N.D

	
N.D

	
+

	
N.D




	

	
Nitzschia amphibia

	
+

	
10.0

	
4.0

	
22.5

	
N.D




	

	
Stephanodiscus hantzschii

	
N.D

	
N.D

	
4.0

	
6.3

	
N.D




	

	
Synedra ulna Ehrenberg

	
3.0

	
+

	
3.0

	
11.0

	
N.D




	
Total (%)

	
100.0

	
100.0

	
100.0

	
100.0

	
N.D






Notes: * Periphyton biomass inoculated in artificial stream mesocosm experiment; a MW: Mangwall Stream; b HR: Han River; c BFW: Bank filtration water; d N.D: No data; e Species identified with trace amounts.






3.3. Surface Characteristics of Artificial Substrata

The specific surface areas of artificial substrata used in this study ranged from 0.004 to 6.8 m2 cm−2. For example, the specific surface areas of tile, concrete, and pebble were 0.004 ± 0.0001 m2 cm−2, 2.1 ± 0.2 m2 cm−2, and 6.2 ± 0.4 m2 cm−2, respectively. The SEM images of the evaluated substrata are shown in Figure 3. As shown in Figure 3a, the surface of tile is relatively smooth and nonporous. Therefore, limited space was available for periphyton immobilization, and the periphyton easily sloughed when mature periphyton decayed. Compared with tile, concrete exhibits rough surfaces and contains numerous isolated pores with diameters ranging from 10 to 50 µm, in which filamentous periphyton become strongly immobilized on the surface (see Figure 3b). Similar to concrete, pebble exhibits rough surfaces and contains numerous isolated small pores with diameters ranging from 10–100 µm (see Figure 3c), which enable filamentous periphyton to inhabit the pores. Considering that the diameter of filamentous periphyton is approximately 10 µm, the pore sizes of concrete and pebble were sufficient to support filamentous periphyton against both hydrodynamic shear stress and mat tensile strength.

Figure 3. The SEM images of three substrata: (a) tile; (b) concrete; and (c) pebble.
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3.4. Periphyton Biomass Accrual Curves

During the artificial stream mesocosm experiment, periphyton biomass accrual curves with different water sources were constructed in terms of chl-a and phaeopigment concentrations. As shown in Figure 4, the periphyton biomass accrual via colonization occurred in the initial phase followed by exponential growth limited by nutrients, light, and temperatures. The periphyton biomass naturally began autogenic sloughing in the loss phase [19]. The time to attain peak periphyton biomass varied from 23 to 30 days depending on the water resources. Similar studies have reported that the time to achieve peak periphyton biomass was approximately 30 days [4,19]. Compared with the biomass of the HR and the BFW, a faster and larger peak periphyton biomass of MW1 resulted due to the higher nutrient concentrations of MW1 under identical light intensity and water velocity conditions.

Figure 4. The periphyton biomass accrual curves in terms of chl-a and phaeopigment concentrations for 30 days with different water sources: (a) MW1; (b) HR; (c) BFW; and (d) trend lines of chl-a for MW1, HR, and BRW (Experimental conditions: water velocity = 5 − 30 cm s−1, type of substratum = tile, concrete, and pebble, and number of observation for each water source = 12).
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Figure 4 also reveals that the growth trend of phaeopigment is similar to the growth trend of chl-a. Periphyton exhibited excessive growth due to the high nutrient concentrations in MW1 and were quickly deposited on the substrata, whereas periphyton developed slowly due to the low nutrient concentrations in the HR and the BFW. The phaeopigment values of MW1, the HR, and BFW measured 25 days after cultivation were 15.3 ± 3.0 µg cm−2, 2.7 ± 1.4 µg cm−2, and 1.1 ± 0.8 µg cm−2, respectively, and the ratios of phaeopigment concentration to chl-a concentration for MW1, the HR, and BFW were 128.6%, 31.4% and 25.6%, respectively. The differences in ratios may be attributed to the fact that higher inactive pigment concentrations in MW1 were caused by higher nutrient concentrations in MW1 [40]. In nutrient-enriched MW1, periphyton biomass increased significantly and produced a thick algal mat. Thus, periphyton biomass repeated cycles of accrual and loss more quickly, and phaeopigment continued to deposit in the substrata. As a result, relatively high concentrations of phaeopigment were measured in nutrient-enriched MW1 [41,42,43].





3.5. Relationships between Water Velocity and Periphyton Biomass

Because relatively high concentrations of phaeopigment were measured in nutrient-enriched MW1, the periphyton biomass was calculated based on the total periphyton biomass (total pigment = chl-a + phaeopigment). As shown in Figure 5 and Figure 6, the total periphyton biomass and growth rate were greater when the water velocity was lower, regardless of the characteristics of water sources and substrata. For example, the largest periphyton biomass observed was 23.0 ± 9.9 µg cm−2 for a water velocity of 5 cm s−1, whereas the smallest biomass observed was 1.0 ± 0.1 µg cm-2 for a water velocity of 30 cm s−1. Consistent with this study, in previous studies, the appropriate range of water velocity for various filamentous algae, as measured both in the field and the laboratory, was in the range of 5.5–14 cm s−1, and the majority of filamentous algae preferred low water velocities [6,19,29,44,45]. Based on the data from 16 duplicate experiments, relatively robust linear relationships (R2 ≥ 0.69) between water velocity and the total periphyton biomass/growth rate were obtained, which indicates that increased water velocity can reduce biomass accrual.

Figure 5. Relationships between water velocity and periphyton biomass with different water sources and substrata (a): MW1; (b): HR; (c): BFW; (1: tile; 2: concrete; 3: pebble; n = 16).
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Figure 6. Relationships between water velocity and periphyton growth rate with different water sources and substrata (a): MW1; (b): HR; (c): BFW; (1: tile; 2: concrete; 3: pebble; n = 16).
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When the water velocity increases, nutrient transport to the periphyton mat accelerates by thinning the existing boundary layer between the periphyton mat and the nutrient-poor water body. Thus, an increase in water velocity causes an increase in biomass accrual by enhancing nutrients and metabolite uptake in a nutrient-poor water body [17,46,47]. However, water velocities higher than critical values can also induce the loss of periphyton biomass, such as the physical disruption and displacement of the algal mat. In addition, the loss of periphyton due to high water velocities can be enhanced by substratum instability and associated abrasion.





As shown in Figure 5 and Figure 6, under conditions of identical water velocity and/or substratum, the periphyton biomass and growth rate demonstrated the increasing order of BFW < HR < MW1 due to the greater concentrations of nutrients in MW1. Because increasing nutrient concentrations in water cause increased diffusive transport to periphyton mats, biomass accrual rates increased in response to enhanced nutrient uptake, regardless of water velocity and type of substrata. In a nutrient-enriched water body, greater periphyton biomass and growth rates resulted primarily from the greater concentrations of nutrients, which indicates that nutrient level is the dominant factor affecting periphyton accrual rates in a nutrient-enriched water body.



3.6. Relationships between Specific Surface Area of Substratum and Periphyton Biomass

Filamentous periphyton exhibit different inhabitation densities depending on the type of substratum [48]. In particular, the biomass exhibited close relationships with specific surface areas, which can immobilize the algal mat. As shown in Figure 7, relatively weak relationships (R2 = 0.24) between specific surface area and total periphyton biomass were obtained for MW1, whereas stronger relationships (R2 ≥ 0.58) between specific surface area and total periphyton biomass were obtained for the HR and BFW. These results indicate that an increase in the specific surface area of the substratum can increase periphyton biomass in a nutrient-poor water body, whereas increasing the specific surface area of the substratum does not significantly affect periphyton biomass in a nutrient-enriched water body. MW1 exhibited high nutrient levels, which facilitated sufficient growth and biomass accumulation for periphyton, especially in low-surface-area substrata. However, the HR and BFW exhibited relatively low nutrient levels, and an increase in the specific surface area of the substratum resulted in a significant increase in periphyton biomass.

Figure 7. Relationships between specific surface area of substratum and periphyton biomass with different water sources and substrata. (a): MW1; (b): HR; (c): BFW; (d): box plot results for different substrata (n = 12).
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3.7. Species Composition of Periphyton after the Artificial Stream Mesocosm Experiment

An analysis of the dominant species of periphyton after the artificial stream mesocosm experiment, in which an optical microscope was utilized, revealed the dominance of cyanophyceae such as Phormidium sp. (family Oscillatoriaceae) (>98%); bacillariophyceae such as Nitzschia amphibia, Navicula cryptocephala, and Achnanthidium sp. were also observed (<2%). Phormidium sp., which was dominant in this study, frequently appeared in eutrophic stagnant waters, and Phormidium sp. rapidly formed colonies and reproduced well under low-light intensities [49,50]. Higher reproduction capacities have been reported for Phormidium sp. compared with other species [50].



3.8. PCA Results

Multivariate statistical approaches, such as PCA, are extensively used to identify significant factors for characteristics of environmental conditions [51]. In the present study, the variation for a correlation matrix was generated, and three factors were extracted by rotating Varimax by the centroid method. According to Figure 8a, the first three eigenvalues were extracted for significant factors (i.e., eigenvalue >1), which explained 96.7% of the total variation.

Figure 8. Principal components analysis (PCA) results using the experimental data from this study: (a) Extracted eigenvalues and cumulative percentage of factors by PCA; (b) Rotated factor loading matrix for factors 1 and 2; (c) Rotated factor loading matrix for factors 2 and 3; (d) Rotated factor loading matrix for factors 1 and 3.
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Generally, the factor loadings can be classified into three types, including “strong (>0.75)”, “moderate (0.50–0.75)”, and “weak (0.30–0.50)” [52]. Factor 1 explained 66.6% of the total variation and exhibited a high negative loading in NH4+, PO43−, and chl-a and a high positive loading in NO3− (absolute values in the range of 0.76–0.97) (Figure 8b). Because high loading values indicated a robust linear correlation between the factors and parameters [53], nutrient salts (i.e., NH4+, NO3−, and PO43−) were determined to be the most dominant limiting factor for developing filamentous periphyton. Factor 2 explained 17.5% of the total variation and exhibited a high positive loading in water velocity (absolute value of 0.75) (Figure 8c). Factor 3 explained 12.6% of the total variance and was negatively correlated with the specific surface area of the substratum (absolute value of 0.81) (Figure 8d). Therefore, the water velocity and specific surface area of the substratum should be considered as potential limiting factors for the growth and accumulation of periphyton.



Consequently, the growth rate and biomass accumulation for periphyton were considered to be complex functions of nutrient concentrations, water velocities, and substratum characteristics. Even in the same streams and rivers, variations in these factors affecting periphyton accrual and loss may produce heterogeneity in periphyton biomass levels in space and time.




4. Conclusions

For urban rivers and streams with low water flow or excessively deteriorated water quality, the augmentation of new water sources for the preservation and sustainability of urban environments should be considered. In this study, an artificial stream mesocosm experiment was performed to evaluate the effects of water velocity and substratum characteristics on the growth rate and biomass accumulation of periphyton. The experiment was conducted using alternative water sources collected from the Mangwall Stream (MW), the Han River (HR), and bank filtration water (BFW) from the Han River. Based on the results of the annual water quality analysis, the measured concentrations of organic matter and inorganic nutrients in the MW were greater than the measured concentrations of organic matter and inorganic nutrients in the HR and BFW. The specific surface areas of tile, concrete, and pebble were 0.004 ± 0.0001 m2 cm−2, 2.1 ± 0.2 m2 cm−2, and 6.2 ± 0.4 m2 cm−2, respectively. The surface of tile is relatively smooth and nonporous, whereas concrete and pebble exhibit rough surfaces and contain numerous isolated pores with diameters ranging from 10 to 50 µm, in which filamentous periphyton become strongly immobilized on the surface against hydrodynamic shear stress and mat tensile strength.

Based on the results of the artificial stream mesocosm experiment, the periphyton biomass accrual via colonization occurred in the initial phase, followed by exponential growth limited by nutrients, light, and temperature. Compared with the biomass of the HR and BFW, the faster and greater peak periphyton biomass in the MW can be attributed to the higher nutrient concentrations in the MW. Acceptable linear relationships (R2 ≥ 0.69) between water velocity and the total periphyton biomass/growth rate were obtained, which suggests that an increase in water velocity greater than critical values can cause a reduction in biomass accrual. Relatively weak relationships (R2 = 0.24) between specific surface area and total periphyton biomass were obtained for MW1, whereas stronger relationships (R2 ≥ 0.58) between specific surface area and total periphyton biomass were obtained for the HR and BFW. These results indicate that an increase in the specific surface area of the substratum can cause an increase in periphyton biomass in a nutrient-poor water body, whereas an increase in the specific surface area of the substratum does not significantly affect periphyton biomass in a nutrient-enriched water body. Based on the PCA results, nutrient salts (i.e., NH4+, NO3−, and PO43−) were the most dominant limiting factor for the growth and accumulation of periphyton, and the water velocity and specific surface area of the substratum should be considered as potential limiting factors. Consequently, the growth rate and biomass accumulation for periphyton were considered to be a complex function of nutrient concentrations, water velocities, and substratum characteristics. The potential relationships between water velocity/substratum characteristics and the biomass accumulation of periphyton should be considered in the selection of alternative water sources.
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