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EFFECT OF VEGETATION COVER ON HYPORHEIC VELOCITY AND PHOSPHORUS REMOVAL IN A POOL-RIFFLE SEQUENCE
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Rivers are one of the essential sources of development in human societies, their optimum protection and management are the most important responsibilities to be made by human beings. Natural habitats in rivers are created and developed through pool-riffles sequences and vegetation cover has a great effect on river water and sediment quantities as well as water quality variables. The presence of vegetation in the riverbed and banks of increases the roughness of the mobile boundaries and reduces the average flow velocity. Hyporheic zone is the area of interaction between surface water and subsurface water that exists in the riverbed and banks with the potential to reduce scattered pollutions. Water moves inwards and outwards of the hyporheic zone, leading to interactions that are vital in biological and physiochemical processes. The morphology of the river bed affects the residence time in the hyporheic zone due to the pressure difference. The hyporheic zone controls important physicochemical processes such as filtration of pollutants and the cycle of phosphorus and creates a sustainable ecosystem that includes species live there temporarily and permanently. In this study, the effect of vegetation cover on the reduction of pollutants such as phosphorus in the hyporheic zone in a pool-riffle sequence is investigated to compare with non-vegetated cover. Data collected in a laboratory flume at Isfahan University of Technology with a length of 15 meters, width of 90 cm, height of 60 cm and a maximum flow of 50 liters per second. Completely submerged, dense and flexible artificial grass with a height of 30 mm is established to cover the entire bed on the top of the gravel surface. To trace the flow in the hyporheic zone, edible color and "GrapherTM from Golden Software, LLC" are used. It is observed that the vegetation cover increases the residence time, which in general, reduces the hyporheic velocity. As phosphorus removal is occurred by through flow in sediments which may reduce the hyporheic velocity and increase phosphorus removal. At a flow rate of 50 liters per second with the vegetation cover, the rate of phosphorus removal in the period of 12 hours is 93.7%, which is almost 30% higher than that of the none-vegetated bedform. . The amount of phosphorus removal reached 100% in a flow discharge of 30 liters per second and in the presence of vegetation cover in a period of 11 hours. The results clearly show that the vegetation cover in the hyporheic zone increases the phosphorus removal efficiency, in other words, the process of phosphorus absorption in the hyporheic region could be improved.
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1 INTRODUCTION
Rivers are one of the essential sources of development in human societies [1], their optimum conservation and management are the most important responsibilities to be made by human beings [2]. At equilibrium conditions, water and sediment discharges, bed and bank material size distributions, bank vegetation and valley slope control channel morphology [3]. Sediment erosion and deposition are created by the interaction between vorticities and sediment particles motion. When the velocity does not exceed the threshold of bed material motion, this leads to pool-riffle sequence formation in rivers [4]. Natural habitats are created and developed through pool-riffle structures, while quantity, quality and transfer of sediment are influenced by vegetation cover [5]. From a hydraulic standpoint, vegetation increases the flow resistance and decreases the carrying capacity of the river channel [6]. The vegetation effect on the channel processes is divided into two main components, the roughness effect on hydraulics and the resistance effect on sediment erosion [7]. Vegetation characteristics usually include height, density and flexibility of stem [8], and different plant species coefficients [9]. Understanding the interaction of flow and vegetation is important in the morphological development of the river [10]. Hyporheic zone is the area of interaction between surface and subsurface water that exists in the riverbed and has the potential to reduce scattered pollutions [11]. Water moves inwards (i.e. downwelling) and outwards (i.e. upwelling) of the hyporheic zone, leading to interactions that are vital in biological and physiochemical processes [12, 13]. The morphology of the river bed affects the residence time in hyporheic zone due to the pressure difference induced by variations in bed levels [14]. The hyporheic zone controls important physicochemical processes such as filtration of pollutants and the cycle of nitrogen, carbon, and phosphorus to create a sustainable ecosystem of species to live temporarily and permanently [15]. In recent years, non-point sources of phosphorus have become one of the most important factors in decreasing the water quality in the world [16]. Phosphorus is not only an essential nutrient for organisms but also a major contributor to the eutrophication of fluvial ecosystems [17]. Phosphorus uptake by plants in the hyporheic zone can significantly reduce the risk of water pollution [18]. In this study, attempts have been made to investigate the effect of vegetation cover on the reduction of pollutants such as phosphorus in the hyporheic zone in a pool-riffle sequence to compare with non-vegetated cover. As this could help to identify the effective parameters on hyporheic zone and  river self-purification.

2 MATERIALS AND METHOD
Experimental setup
Laboratory flume of the Isfahan University of Technology with a length of 15 m, a width of 0.9 m, a height of 0.6 m and a maximum discharge of 50 liters per second is used to carry out the experiments to collect the required data. The flow in the channel is circulated by a pump (Figures 1-a and b). The bottom and sidewalls of the flume are made of plexiglass. The flow is directed from the downstream reservoir to the inlet tank which is upstream of the flume by a pump. There is a flow calming chamber made of perforated bricks and honeycomb in the inlet tank. A sluice gate in the channel downstream is controlling the water surface. The flow is directed to the outlet tank after crossing the overflow and then enter the downstream reservoir. Flow discharge is adjusted by a digital flow meter which is installed downstream of the pump, and the flow is starting by a pump through an electrical panel (Figure1-b).
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Figure 1. Schematic diagram of the laboratory flume (a) plan view, (b) longitudinal profile [5]

The bed material size frequency curve has been obtained from Figures 2 that was explained in details in [5] and the bed material size parameters are defined in Table 1.

Table 1. Grain Size Parameters [5]
	Dg
	Gr
	σg
	d84 )mm)
	d50 )mm)
	d16 )mm)

	19.7
	1.16
	1.16
	23
	20
	17



Dimensions of the bedform (i. e. wavelength, height and angle) were selected based on studies on the Kaj River by an upstream slope of less than 12° (Figure 2). The ratios of channel width (W) to the flow depth (H) which is called aspect ratio were 9 and 3 at crest and trough, respectively. The bedform was made at a distance of 8.46 m away from the entrance, where the boundary layer thickness was fully developed [5]. Flume sidewalls were joined by a thin metal plate.
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Figure 2. Non-vegetated bedform in the laboratory

Fully submerged, densed and flexible artificial grass with a height of 30 mm (Figure 3-a) was established to cover the entire bed on the top of the gravel surface, tightened by clips (Figure 3-b).
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Figure 3. (a) Artificial grass and (b) The modeled vegetated bedform [5]

Tracing hyporheic path
To trace the path in the hyporheic zone, edible color and video recording at 29 frames per second are used and the residence time and length of hyporheic path were calculated by "GrapherTM from Golden Software, LLC". Tracing is measured 3 times for each path line in both vegetated and non-vegetated bedform and the average value of that was calculated to use for rest of computation. The path lines for vegetated and non-vegetated bedforms are shown in the stoss (upstream of the crest) (Figures 4-a and 4-c) and the lee (downstream of the crest) (Figures 4-b and 4-d).
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Figure 4. Tracing hyporheic path with edible color; (a) non-vegetated bedform in the stoss, (b) non-vegetated bedform in the lee, (c) vegetated bedform in the stoss and (d) vegetated bedform in the lee

Phosphorous  Test
Time duration of each experiment was 12 hours and the phosphorus sampling was made every hour to measure the concentration. The initial concentration of phosphorus was 1.8 mg/lit, which was selected based on maximum value of the studies in Iranian rivers [19, 20, 21]. The concentration was measured using the 4500-p method presented in the standard method [22] and DR6000 HACH device.

In Table 2, the summary of laboratory conditions and calculated parameters are presented, the Froude and Reynolds numbers are calculated, showing that the flow is subcritical and turbulent. To make sure of the fully developed flow, vertical velocity profiles were measured at 8.46, 8.56 and 8.66 meters away from the channel inlet (Figure 5).

Figure 5. Vertical velocity profiles of flow where z = point depth, u = streamwise velocity, u max = maximum streamwise velocity

Table 2. Summary of Laboratory Conditions
	
	Non-vegetated bedform
	Vegetated bedform

	Flow depth (H), m
	0.10 (crest)
	0.10 (crest)

	Flow discharge (Q), Lit/s
	50 and 30
	50 and 30

	Bedform height (Δ), m
	0.2
	0.2

	Δ/λ (λ is the bedform length)
	0.09
	0.09

	Stem density (number of stems/m2)
	_
	8900

	Froude number
	0.56 and 0.33 (crest)
	0.56 and 0.33 (crest)

	Reynolds number*103
	55.56 and 33.33 (crest)
	55.56 and 33.33 (crest)

	Initial phosphorous concentration, mg/lit
	1.8
	1.8

	Phosphorous removal time, hr
	12
	12



3 RESULT AND DISCUSSION
Hyporheic path lines of a non-vegetated pool-riffle sequence for flow discharge of 50 L/s are shown in Figure 6. Distance between each injection point is 10 cm. No hyporheic path observed at points 15, 16, 17, 18, 19, 20 and 21, which was also observed by [23, 24]. No injection point selected in between pairs points of 7 and 9, and 19 and 20, due to the presence of sidewalls joints (Figure 2). Some injection points are traced in depth like 4, 6, 8 and 10. A comparison of the flow pattern is also made for discharge value of 30 L/s for both vegetated and non-vegetated bedforms [Figure 7]. This indicates that the difference between the patterns is not noticeable with an average relative difference of 7.6%, maximum of 14.3% and minimum of 1.7%. It is worth noting that for both of the bedforms, the hyporheic flow patterns are comparable, however, their residence times appear to be different (Figure 9). This, in-turn, highlights effective role of vegetated cover in the residence time of hyporheic path. Therefore, it is wise to deduce that for a pool-riffle sequence bedform, flow pattern in the hyporheic zone will remain the same, while bed roughness (i.e. vegetation cover) affects residence time of hyporheic flow pattern.
In general, when excess shear stress is less than zero, no motion occurs in the bed and static equilibrium is resulted which shows effect of bed roughness on the residence time of hyporheic flow pattern. Meanwhile, dynamic equilibrium of the bedform where excess shear stress is greater than zero could lead to both variations in flow pattern and residence time.

Figure 6 illustrates two sets of hyporheic flow path lines. The first set includes lines of 1-14 and second set 22-29. The former has formed on the first crest which indicates subsurface flow occurrence in the direction of surface flow (from upstream to downstream) while the latter is formed downstream of the crest with the difference that subsurface flow occurs in opposite direction of the surface flow. The point at which the formers and the latters converge may lead to a hypothetical line which is called flow divide line [24]. Hyporheic flows consist of downwelling flows supplying dissolved oxygen and organic matter to microinvertebrates inhabiting the subsurface region underneath river beds, while upwelling flows supplying nutrients to stream organisms [25, 26].
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Figure 6. Hyporheic lines of a non-vegetated pool-riffle sequence for Q=50 L/s
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Figure 7. Hyporheic lines of a vegetated and non-vegetated pool-riffle sequence for Q=30 L/s

Hyporheic velocity is defines as hyporheic distance along the path line divided by residence time. Hyporheic velocity values for both vegetated and non-vegetated bedforms for two flow discharges of 30 and 50 L/s are shown in Figure 8. It illustrates that increasing flow discharge causes increasing hyporheic velocity for the same bedformm. Howerver, vegetation cover may decreases the hyporheic velocity an average 22.71% and 10.24% for Q=50 L/s and Q=30 L/s, respectively. It is conventional to note that the negative velocity values are related to hyporheic path lines, which occure downstream of flow divide line. No hyporheic path observed at points 15, 16, 17, 18, 19, 20 and 21 for both vegetated and non-vegetated bedforms, and also the same thing at points 14, 22 and 23 only for vegetated bedform. This could be justified by low residence time (Figure 9).


Figure 8. Hyporheic velocity values for vegetated and non-vegetated bedforms for Q=50 L/s and Q=30 L/s

Figure 9 shows the residence time for two vegetated and non-vegetated bedforms for two flow discharges of 30 and 50 L/s. Increasing flow discharge leads to decrease time residence for the same bedform. Vegetation cover increases the residence time about 31.18% and 13.48% for Q=50 L/s and Q=30 L/s, respectively comparing with non-vegetated cover. This means that for a constant discharge, vegetation cover may cause an increase in residence time. The higher the discharge value, the lower the time of residence appears to be.


Figure 9. Residence time values for vegetated and non-vegetated bedforms for Q=50 L/s and Q=30 L/s

Figure 10 shows the effect of flow discharge and vegetation cover on phosphorus removal. In the non-vegetated bedform, at a flow discharge of 30 and 50 liters per second and at a residence time of 12 hours, the phosphorus removal was 64.2% and 75.1%, respectively. So, it can be concluded that the amount of phosphorus absorption increases with the decrease of the flow discharge. Also, the effect of vegetation cover on phosphorus removal in the hyporheic zone was investigated and shown that vegetation cover increases phosphorus removal. At a flow dischatge of 50 liters per second and with the presence of vegetation cover, the amount of phosphorus removal in 12 hours was 93.7%, which has increased the efficiency by almost 30% compared to the non-vegetaed bedform. In addition, the amount of phosphorus removal reached 100% in a flow discharge of 30 liters per second and in the presence of vegetation cover in a period of 11 hours. The results clearly show that the presence of vegetation cover in the hyporheic zone increases the efficiency of phosphorus removal, in other words, the absorption process is improved in the hyporheic zone [28]. Vervier et al. (2009) suggested that in downwelling zones, surface-derived dissolved phosphorous can be trapped in hyporheic sediments, and that much of this phosphorous becomes stored in refractory particulate forms [27]. By increasing residence time, more pollutants like phosphorous will be absorbed and rivers self-purification will be resulted with high efficiency.


Figure 10. Effect of flow discharge and vegetation cover on phosphorus removal in a pool-riffle sequence

4 CONCLUSION
This study shows that the bedforms have no significant effect on hyporheic flow pattern under the same flow condition. Increasing flow discharge causes an increase in hyporheic velocity and a decrease in residence time for the same bedform. However, vegetation cover may decreases the hyporheic velocity and increases in residence time for different flow discharges. The quantity of phosphorus absorption increases with the decrease of the flow discharge and vegetation cover. The results show that the presence of vegetation cover in the hyporheic zone increases the efficiency of phosphorus removal. In other words, the absorption process is improved in the hyporheic zone as a result of which rivers self-purification efficiency could be increased.
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z/H



Q=50 L/s without vegetation cover	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	1.0174418604651164E-2	1.2384615384615385E-2	1.380952380952381E-2	1.6455696202531647E-2	1.575E-2	1.5942028985507249E-2	1.846153846153846E-2	2.2619047619047618E-2	2.2972972972972971E-2	2.6666666666666668E-2	0.03	3.9285714285714292E-2	3.4444444444444444E-2	4.9999999999999996E-2	0	0	0	0	0	0	0	-1.2777777777777779E-2	-1.3333333333333334E-2	-8.3333333333333332E-3	-8.3333333333333332E-3	-8.8571428571428568E-3	-7.619047619047619E-3	-7.9646017699115043E-3	-8.461538461538463E-3	Q=30 L/s without vegetation cover	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	4.3209876543209872E-3	5.4999999999999997E-3	6.9047619047619049E-3	7.4999999999999997E-3	8.4375000000000006E-3	8.5000000000000006E-3	9.3283582089552231E-3	9.4999999999999998E-3	8.5714285714285719E-3	1.2999999999999999E-2	1.5909090909090907E-2	1.8518518518518517E-2	2.1428571428571429E-2	0.03	0	0	0	0	0	0	0	-8.6206896551724137E-3	-4.2352941176470585E-3	-5.3846153846153844E-3	-4.0000000000000001E-3	-3.8888888888888888E-3	-4.263157894736842E-3	-4.827586206896552E-3	-5.3846153846153853E-3	Q=50 L/s with vegetation cover	8.1081081081081086E-3	9.8305084745762706E-3	1.0512820512820513E-2	1.5882352941176472E-2	9.4594594594594582E-3	0.01	1.4117647058823528E-2	2.0652173913043477E-2	2.0454545454545454E-2	2.34375E-2	2.7586206896551727E-2	2.9545454545454545E-2	3.7499999999999999E-2	0	0	0	0	0	0	0	0	0	0	-6.7500000000000008E-3	-6.0000000000000001E-3	-5.0537634408602148E-3	-4.3624161073825508E-3	-4.1666666666666666E-3	-5.0000000000000001E-3	Q=30 L/s with vegetation cover	3.8888888888888888E-3	5.0000000000000001E-3	6.3043478260869567E-3	7.0000000000000001E-3	7.9411764705882362E-3	8.0000000000000002E-3	8.9285714285714281E-3	8.0000000000000002E-3	7.8260869565217397E-3	1.2E-2	1.3999999999999999E-2	1.6666666666666666E-2	1.4999999999999999E-2	0	0	0	0	0	0	0	0	0	0	-4.8999999999999998E-3	-3.7499999999999999E-3	-3.6842105263157894E-3	-4.1538461538461538E-3	-3.7547892720306512E-3	-4.6999999999999993E-3	Point Number

Hyporheic Velocity (m/s)



Q=50 L/s without vegetation cover	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	172	130	105	79	80	69	65	42	37	30	25	14	9	3	0	0	0	0	0	0	0	18	30	54	60	70	105	113	130	Q=30 L/s without vegetation cover	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	405	300	210	187	160	153	134	116	105	61	44	27	14	5	0	0	0	0	0	0	0	29	85	91	150	180	190	203	195	Q=50 L/s with vegetation cover	222	177	156	85	148	130	85	46	44	32	29	22	12	0	0	0	0	0	0	0	0	0	0	40	60	93	149	180	190	Q=30 L/s with vegetation cover	450	330	230	199.99999999999997	170	162	140	137	115	66	50	30	20	0	0	0	0	0	0	0	0	0	0	100	160	190	195	261	200	Point Number

Resident Time (s)



Q = 50 L/s, without vegetation cover	0	1	2	3	4	5	6	7	8	9	10	11	12	0	12	17	27	36	43	44	46	50	53	56	60.5	64.2	Q = 30 L/s, without vegetation cover	0	1	2	3	4	5	6	7	8	9	10	11	12	0	14	24	32	45	51	62	65	70	71	73	74.599999999999994	75.099999999999994	Q = 50 L/s, with vegetation cover	0	1	2	3	4	5	6	7	8	9	10	11	12	0	16	28	33	48	57	69	74	81	89.9	92.1	93	93.7	Q = 30 L/s, with vegetation cover	0	1	2	3	4	5	6	7	8	9	10	11	12	0	18	30	38	51	59	71	78	86	96.5	99.5	100	100	Time (hr)
Phosphate Removal (%)
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