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Abstract:

 Riparian buffers can influence water quality in downstream lakes or rivers by buffering non-point source pollution in upstream agricultural fields. With increasing nitrogen (N) pollution in small agricultural watersheds, a major function of riparian buffers is to retain N in the soil. A series of field experiments were conducted to monitor pollutant transport in riparian buffers of small watersheds, while numerical model-based analysis is scarce. In this study, we set up a field experiment to monitor the retention rates of total N in different widths of buffer strips and used a finite element model (HYDRUS 2D/3D) to simulate the total N transport in the riparian buffer of an agricultural non-point source polluted area in the Liaohe River basin. The field experiment retention rates for total N were 19.4%, 26.6%, 29.5%, and 42.9% in 1,3,4, and 6m-wide buffer strips, respectively. Throughout the simulation period, the concentration of total N of the 1mwide buffer strip reached a maximum of 1.27 mg/cm3 at 30 min, decreasing before leveling off. The concentration of total N about the 3mwide buffer strip consistently increased, with a maximum of 1.05 mg/cm3 observed at 60 min. Under rainfall infiltration, the buffer strips of different widths showed a retention effect on total N transport, and the optimum effect was simulated in the 6mwide buffer strip. A comparison between measured and simulated data revealed that finite element simulation could simulate N transport in the soil of riparian buffer strips.
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1. Introduction


Agricultural non-point source pollution has emerged as a major source of pollution in water environments worldwide. Surface and subsurface runoff is a major mechanism for transporting sediments, fertilizers and pesticides to ground or surface water [1]. Organic forms and inorganic forms of N are transported with sediments and debris. Once released into the soil, N is transported with water and is discharged into rivers, leading to the eutrophication of rivers [2]. Use of fertilizers adds nitrate, ammonium, or various forms of organic N, including urea, to agricultural watersheds. Total N is often adopted to indicate N load in water bodies that are being investigated [3].



The Liaohe River basin (in the southwest of Northeast China) is one of the seven biggest basins in China. The distribution of surface runoff in the study area is corresponsive to precipitation. The river is recharged by groundwater as well as the slow flow in rainfall periods, while there is an even no flow recharge in dry periods [4]. With the stimulation of groundwater discharge, the runoff losses of nitrogen is 2088.39 t/a [5]. Consequently, the key problem in the Liaohe River basin is to address water pollution [6].



The establishment of riparian buffers can mitigate agricultural non-point source pollution in watersheds [7]. Width is an important factor which could determine the effects of pollutant reduction of a buffer strip. Castelle et al. designed different buffer widths ranging from 3 to 200 m that proved the buffer width effects depending on site-specific conditions [8]. More field experiments have been conducted to simulate pollutant transports in different widths of riparian buffers [9,10,11]. Those studies concluded that the wider filter strips could remove more total N discharged into the water body, and the reduction rate ranged from 30%~80% in different regions [12,13].



Numerous studies have investigated the pollutant transports in soils of riparian buffers at the watershed level, and many mathematical simulation models have been developed [14]. Some environment models could be used to simulate soil water infiltration [15]. An effective evaluation of Water Erosion Prediction Project (WEPP) has been proposed for grass buffer strips in controlling runoff and sediment resistance [16,17]. However, solute transport in unsaturated soil is affected by complex factors, such as soil heterogeneity, natural boundary conditions, and solute transport parameters, and so on. There are different methods used to solve flow and solute problems and usually these problems must be solved numerically [18]. Theoretical numerical models are used, such as FEFLOW, which is an advanced finite element subsurface flow and transport modeling system with an extensive list of functionalities [19]. Zhang et al. estimated a simultaneous velocity vector and water pressure head which can be used as direct input to transport models [8]. Moreover, the popular Visual Modflow, which is used to simulate groundwater flow and contaminant transport, by using the fully 3D finite differential method [20].



The numerical models mainly include finite difference (FD) and finite element (FE) methods. The difference of the FD method and FE method is that FD requires an iterative solution even for a linear problem, and its computation takes more time when compared with the FE method. The FD method suffers from low flexibility in terms of subdivision mesh, and thus proves to be ineffective in resolving complicated boundary conditions [21]. FE method is the main stream of numerical analysis methods applicable to arbitrary geometry and boundary conditions, material and geometric nonlinear problems, as well as anisotropic problems [22]. It is effective in solving boundary conditions and initial value problems in three-dimensional unsaturated flow under complex geometry [23]. A number of studies have proved that FE programs such as HYDRUS and Seep/w, which can accurately simulate water, energy, and solute transport in saturated and unsaturated porous media by using soil physical parameters [24]. The process of rainfall infiltration into unsaturated soil is complex due to the number of soil parameters involved, and the casual nature of water flow boundary conditions. The Richards’ equation is the most rigorous way to describe interaction between unsaturated and saturated zones [25,26,27]. In particular, the Hydrus package is a one-dimensional, two-dimensional and three-dimensional FE computer model that is obtained by combining Darcy-Buckingham’s law [28], and it ignores the effect of air on soil water movement and solves the governing equation for water flow by using a modified form of the Richards’ equation.



When designing uniform riparian buffers with appropriate models, the major difficulty lies in decisions about their actual width. In this study, we conducted a field experiment to monitor the retention rate of total N increased with the width of agriculture riparian buffer. Thereafter, a finite element model was developed for simulating the spatial variation of total N transport through the riparian buffer.



Core ideas:

	
Total N transport through riparian buffer was simulated by a finite element model.



	
The retention rate of total N increased with the width of buffer strips.



	
The highest rate was detected in a 6m-wide buffer strip.



	
Finite element simulation could be adopted to simulate N transport in riparian buffer strips.









2. Materials and Methods


2.1. Study Site


The study site is located in the Liaohe River Basin (E 123°18′–125°36′, N42°36′-44°10′) in Jilin Province, Northeast China (Figure 1). This basin covers an area of 15,746 km2 and constitutes an important part of China’s major commodity-grain planting base. The main agricultural use in the river basin is primarily for tillage crops, specifically corn and soybeans. The upper reaches are the segment above Erlongshan Reservoir, which is a low-mountain and hilly area with an altitude from 200 to 600 m. The middle reaches are the section from the Erlongshan Reservoir downwards to Chengzishang Hydrological Station, which is a hilly area with an altitude from 100 to 300 m. The lower reaches are the section from Chengzishang Hydrological Station downwards to the Sanjiangkou iron bridge on the Siping-Qiqihar railway line [26]. The whole river basin primarily consists of Loamy soils and the average slope is 8%. The annual mean temperature is 6.25 °C and annual average precipitation and evaporation figures are 450–700 mm and 700–1020 mm, respectively (2010–2014) (China Meteorological Data sharing Service System [29]). The climate change in the East Liaohe River Watershed of Jilin Province is controlled by Pacific low-pressure and Siberian high-pressure [30]. The upstream is rich in forest resources, which constitutes the main water resource for its residents, while the downstream area is based largely on agro-pastoral industry, rendering the whole region to be the main recipient of pollutant emission.


Figure 1. Location of the study area in the Liaohe River Basin, Jilin Province, Northeast China.
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2.2. Field Experiments


Field experiments were conducted on vacant land downstream of the basin. The land was a 120 m2 area adjacent to the riverbank with small amounts of grass. Crops were cultivated in the neighboring field. Experiments were performed to monitor the retention rate of total N in the soil of the riparian buffer under rainfall infiltration. Four buffer widths of 1, 3, 4, and 6 m were set up in the study area, in which 1- and 3-m-wide buffer strips were used to validate the results of model simulations.



The pollutant retention experiments were established as follows (Figure 2): A reservoir was set up between the river and experiments sites. Water was pumped from the river to a reservoir and dispersed into the experiments sites by flow pipes, where a pump was installed in the bottom of the reservoir to regulate the flow rate. Therefore, the flow rate was controlled at a constant 1.5 L/s. The reservoir was a water storage tank made of polyethylene and the experiments site had a steady flow slot made of white steel. We collected a 0–20 cm depth of undisturbed soil and covering the slot as the buffer strip soil. The duration of flow lasted 60 min. When the water flowed through the outlet, timing commenced, with samples collected at 5 min, 10 min, 20 min, 30 min, 40 min, 50 min and 60 min. At the same time, we also collected the inlet water samples from the reservoir as a control group. In total, 32 samples were collected using 500-mL plastic bottles, preserved by adjusting pH to 1–2 with concentrated sulfuric acid (1.84 g/mL), and stored at −20 °C. Total N concentration was determined using alkaline potassium persulfate digestion spectrometry [31].


Figure 2. Diagram (left) and photograph (right) of the field experiment design.
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In the field experiment, the removal efficiency in % (R) for N analysis in the buffer zone was calculated according to:


[image: there is no content]



(1)




where [image: there is no content] (mg/cm3) and [image: there is no content] (mg/cm3) are concentration of the control group and the experiments sample in the inlet and outlet, respectively.




2.3. Numerical Simulation


The FE method discretizes the continuous solution domain into a set of finite number of units, then uses the approximate function hypothesized within each unit to differently express the unknown field function to be solved in the entire solution domain. It calculates the approximate value of the field function within each unit by using the interpolation function, in order to obtain the approximate value of the field function in the entire solution domain [32].




2.4. Model Parameter Settings


In this study, we used a modified Richards’ equation to describe soil water flow. This equation can effectively express two-dimensional and three-dimensional flow motion in stable saturated–unsaturated porous media [33].


[image: there is no content]



(2)




where [image: there is no content] is volumetric water content (L3L−3); [image: there is no content] is pressure head (L); [image: there is no content] is dimensionless expression of anisotropic tensor; [image: there is no content] is time (min); [image: there is no content] is sedimentation coefficient (T−1); [image: there is no content] is unsaturated hydraulic conductivity (T−1); and [image: there is no content] is spatial coordination (i = 1, 2, 3) [L].



The HYDRUS 2D/3D software simulates soil water retention curve on the basis of Van Genuchten-Mualem’s equation [34,35]:


[image: there is no content]



(3)
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(4)




where [image: there is no content] is effective water content, [image: there is no content] (0 ≤ [image: there is no content] ≤ 1); [image: there is no content] is remaining water content; [image: there is no content] is the saturated water content; [image: there is no content] and [image: there is no content] are curve shape parameters; [image: there is no content]; [image: there is no content] is the saturated hydraulic conductivity of the soil (cm/min); and [image: there is no content] is an empirical fitting parameter, typically 0.5 [36].



We chose total soil N as the pollutant to establish the mathematical model of saturated–unsaturated solute transport in the soil [24]:


[image: there is no content]



(5)




where [image: there is no content] is diffusion coefficient (cm2/d); [image: there is no content] is solution mass concentration (g/cm3); [image: there is no content] is water flux (cm/d); and [image: there is no content] is spatial coordination (i = 1, 2, 3) [L].



Equation (3) was used to calculate flow motion in the three-dimensional horizontal cross-section, wherein [image: there is no content] = x represents the horizontal axis; [image: there is no content] = y represents the vertical axis; and [image: there is no content] = z represents the anterior–posterior axis.




2.5. Boundary Condition Settings


We simulated N transport in two buffer strips with different widths: 1 m (X, Y, and Z = 100 cm, 100 cm, and 20 cm) and 3 m (X, Y, and Z = 100 cm, 300 cm, and 20 cm). The mesh design and boundary conditions of the FE model are shown in Figure 3 (an example of the 1-m-wide buffer strip). Triangular prism meshes were discretized to generate the optimal FE model.


Figure 3. Mesh design and boundary conditions of the finite element model.
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Boundary conditions of the model were set as follows: with the blue color indicating the constant flux; bright green was set to the atmospheric boundary; dark green on the slope surface was set as seepage face and grey was set to no flux. A total of six observation nodes (N1–N6) were set up to measure total N content (Figure 3).




2.6. Model Parameter Values


Surface soil samples (depth: 0–20 cm) were collected in the experiments site to measure soil bulk density, field capacity (θr) and saturated soil moisture content (θs) in the laboratory. We collected samples in the river to measure the total N concentration as solute concentration. Other hydraulic parameters for water flow and solute transport parameters were taken from the soil catalog provided by the HYDRUS software [37] and the results are given in Table 1.



Table 1. Soil water and solute transport parameters.



	
Water parameters

	
θr (cm3/cm3)

	
θs(cm3/cm3)

	
Α (cm−1)

	
n

	
l

	
KS (m/s)




	
0.1695

	
0.5091

	
0.036

	
1.56

	
0.5000

	
0.0173




	
Solute parameters

	
Di (cm)

	
Dj (cm)

	
C (mg/cm3)

	
Bulk Density (g/cm3)

	
Migration Pattern in Fracture Media

	
-




	
0.5

	
0.1

	
0.69

	
1.29

	
Balanced

	
-











2.7. Accuracy of Model Simulation


In the simulation, the numbers of nodes for the FE model were 840 and 2400, and the numbers of triangular FE meshes were 1178 and 3563. The maximum iterative time for the 1- and 3-m-wide models was: 1.51 × 101 and 5.16 × 101 s, respectively; and the minimum iterative time was 0.6 s for both models.



As shown in Table 2, the 1- and 3-m-wide models showed a small proportion of variables that could not be explained. Probabilities (Sig.) for the significance test of regression equations were 0.047 and 0.000 (<0.05), indicating that the simulation results are valid.


Table 2. Accuracy test of model simulation by linear regression analysis.


	Width
	R
	R2
	Adjusted R2
	Sig
	n





	1 m
	0.976
	0.951
	0.944
	0.007
	1500



	3 m
	0.889
	0.884
	0.883
	0.031
	1500










2.8. Data Processing


SPSS 17.0 Statistics (SPSS Inc., Chicago, IL, USA) was used for data processing. To check the accuracy of data, the boxplots (Figure 4) were made for the 1- and 3-m-wide buffer strips obtained by model simulation and standard deviation was made for experiments data.


Figure 4. Boxplots of model data. (A) 1-m-wide riparian buffer strip and (B) 3-m-wide riparian buffer strip.
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3. Results


3.1. Retention Capacity of Buffer Strips with Different Widths


The retention rate for total N in the buffer strips changed as a function of time during the rainfall process in the field experiments (Figure 5). In the 1-m-wide buffer strip, the retention rate for total N initially increased from 15.6% at 5 min to a maximum of 19.4% at 30 min; the value then decreased gradually and dropped to 17.2% at 60 min. Similar trends were found in the retention rates for total N of 3- and 4-m-wide buffer strips, which increased as the duration of rainfall erosion increased, from 17.9% and 20.4 at 5 min to 26.6% (3 m) and 29.5% (4 m) at 60 min.


Figure 5. Changes in the retention rate for total nitrogen in riparian buffer strips of different width as a function of rainfall time.
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The 6-m-wide buffer strip showed a markedly higher retention capacity than the other buffer strips; its retention rate for total N increased from 29.7% at 5 min to 42.9% at 60 min. The average retention rate of the 6-m-wide buffer strip was 2.3-fold that of the 1-m-wide buffer strip and 1.7- and 1.5-fold those of the 3- and 4-m-wide buffer strips, respectively. This indicates that the 6-m-wide buffer strip had the highest retention capacity for total N throughout the rainfall erosion process.




3.2. Temporal Variation in Total N


Numerical simulation showed the variations in soil solute transport as a function of rainfall time in 2 buffer strips with different width (1 and 3 m, Figure 6). Total N in the soil of the 1-m-wide buffer strip initially increased and then decreased before leveling off, indicating a retention effect of the buffer strip. However, total N constantly increased in the soil of the 3-m-wide buffer strip and did not reach an equilibrium state within 60 min, indicating a trend of further increasing over a longer period.


Figure 6. Variations in total N in the soil of 1- and 3-m-wide riparian buffer strips over 60 min of rainfall (measured at 6 observation nodes, N1–N6).
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In the 1-m-wide buffer strip, total N reached maximum levels of 1.11 and 1.09 mg/cm3 at nodes N1 and N4, respectively, after 20 min of rainfall; the maximum levels of total N at nodes N2 (1.01 mg/cm3) and N3 (0.99 mg/cm3) were found after 40 min of rainfall. At nodes N5 and N6, total N showed an upward trend after 10 min of rainfall, with the maximum levels of 0.96 and 0.76 mg/cm3 being found after 60 min of rainfall. The observations of total N transport at the six nodes indicate that total N infiltrated in the soil with rainfall water, from the surface to a greater depth, and from the margin to the interior of the buffer strips.




3.3. Spatial Distribution of Total N


Figure 7 shows the spatial distribution of total soil N content across the 1-m and 3-m-wide riparian buffers. In the 1-m-wide buffer strip, total soil N content initially increased before decreasing over 60 min of rainfall. The highest solute content was 1.27 mg/cm3 at 30 min of rainfall, and the values decreased thereafter. In the 3-m-wide buffer strip, total soil N content progressively increased over time.


Figure 7. Spatial distribution of total nitrogen in riparian buffer strips over 60 min of rainfall infiltration. (A) 1-m-wide riparian buffer strip and (B) 3-m-wide riparian buffer strip.
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4. Discussion


4.1. Insights on the Retention Capacity of Riparian Buffer Strips


In this study, the field experiment showed that the retention rates for total N were 19.4%, 26.6%, 29.5%, and 42.9% in 1-, 3-, 4-, and 6-m-wide buffer strips, respectively. Other field experiments have also shown that the retention rates for N range from 40% to 94% in buffer strips of 10–60-m width [38,39,40], and 50% removal efficiencies have been observed in buffers that were approximately 3 m in width [41]. The variability in N retention and removal is due to two factors: variation in the position of the riparian zone with respect to local, intermediate, and regional groundwater flow systems and variation in the hydrogeological properties among riparian zones [41]. For example, high water tables may be found in a buffer in a lower landscape position, which can lead to anaerobic conditions that are more conducive for denitrification. On the other hand, the presence of drains, ditches, and/or movement of groundwater along deep flow paths can allow groundwater to bypass the buffer entirely or decrease denitrification potential [42,43].



A recent study used the riparian ecosystem management model (REMM) to simulate the hydrology and water quality of a field and riparian buffer adjacent to a mangrove wetland in Jobos Bay watershed, Puerto Rico. REMM reduced the total N load by 31%, and a total of 380 kg·N·ha−1 was transported in 2008; 13 kg·N·ha−1, in 2009; and 12 kg·N·ha−1, in 2010 [44]. Moreover, NO3−-N reductions at a second buffer ranged from 76% to 92% across shallow and deeper groundwater, although some of the reduction was probably due to dilution [45].The dilution of NO3−-N enriched shallow groundwater can occur if it mixes with deeper groundwater that may upwell near the stream (if a subsurface confining layer is not present or continuous within the buffer) [40]. REMM takes into consideration subsurface flow and sediment yield. Therefore, the model proposed in the present study can be improved by considering slope, groundwater, and sediment yield, in order to achieve a more accurate simulation.



A previous study showed that the impact of riparian buffer zones was clearly observed in higher-order streams where the observed NO3− levels are 43.7% less than that of the upland [46]. For buffer site selection, landscape position is a more important defining variable than buffer width if NO3–N reduction is the primary goal [47]. However, we inferred that buffer site selection should be determined according to different situations: for relatively wide buffers (>30 m), landscape position is the major factor for reducing pollution; for relatively narrow buffers (<15 m), width is a major factor that affects retention capacity.




4.2. Effect of Width on the Retention Capacity of Riparian Buffer Strips


Since narrow buffers were more suitable for our terrain conditions, we studied pollution control in 1-, 3-, 4-, and 6-m-wide buffers in the present study. The 6-m-wide buffer strip showed the highest retention capacity for total N throughout the rainfall erosion process. This is because the water absorption ability of the soil gradually decreased, due to soil moisture increase in buffer strips during rainfall; different equilibrium time for infiltration and saturation led to the variations in the retention rates for total N in the riparian buffers with different widths.



Width is an essential factor that affects the performance of buffers, and it is often related to the composition of the strip [8]. There are contrasting reports about this factor in the literature. Some authors suggest a minimum limit of 10 m [48], while others demonstrate satisfactory results even with 3–5-m-wide buffers [12,49]. Maurizio and Elisa established a buffer composed of a 5-m-wide grass strip and a 1-m-wide row of trees in a private farm in Marano, with maize and wheat cultivated in the neighboring field. The determination of their experiment was that NO3–N concentrations in the agricultural waters showed that nitrate removal was effective even with buffer strips as narrow as 3 m [50]. The discrepancy in the above results may be due to the different vegetation types used in the buffers.



Plant roots can effectively prevent and absorb pollutants in the soil. Soils with woody vegetation have a higher content of organic matter than soils with grass and shrubs because of the leaves and wood deposited and degraded in the soils [51]. Indeed, 60-m-wide buffers composed of woody soils were more effective in N removal (99.9%) than areas with shrub (83.9%) or grass vegetation (61.6%) [52]. For nitrate however, 20-m-wide woody vegetation showed a good capacity for removing pollutants (65%), while the riparian zone composed of shrubs and grasses did not show good results [53,54]. The abovementioned findings indicate that woody or forest vegetation is suitable for pollutant retention by wider buffers, whereas shrubs and grasses are suitable for narrower buffers. In the present study, we have focused on N retention during the infiltration of rainfall water into the soil. Future studies need to include different vegetation types for thoroughly assessing the retention capacity of riparian buffer strips.



Furthermore, retention rates for total N in buffer strips of different widths showed that total N was affected by the duration of rainfall infiltration in the soil. The soil of the 1-m-wide buffer strip reached an equilibrium state in a short period; thus, the retention rate for total N peaked after 5 min of rainfall and then decreased thereafter. In comparison, the soil of the wider buffer strips (3–6 m) required a longer period to reach equilibrium; as a result, the retention rates for total N gradually increased over time during 60 min of rainfall. Then, do wider buffer strips always have a better retention effect? Historical data show that buffers wider than 7 m produce a marginal increase in terms of Nonpoint-source pollution (NPSP) removal in runoff [55,56]. A recent study has proposed that buffers in row-cropped sites should be 3–4 m in width, whereas buffers in grazed sites should be 15 m in width [57]. In the present study, we only investigated N retention by buffer strips of 1–6 m in width and assessed the applicability of the proposed model. In our next study, we will combine different types of vegetation to assess the retention capacity of buffers with a wider range of widths and screen the optimal width for buffer strips.




4.3. Social and Economic Implications


Conservation buffers provide a number of benefits to society. Although most conservation practices can benefit both landowners and the public, they also result in some costs. The costs and benefits may not be shared equally by landowners and the public [58]. Meanwhile, farmers, landowners, and non-farm residents express different preferences for the management of agricultural land. Farmers tend to prefer a more neatly manicured setting, while non-farm residents prefer more naturalized settings in rural areas [59,60,61].



Buffers result in some cost to landowners. Because farming is a tremendously competitive occupation, many farmers feel forced to make management decisions based on short-term profitability, rather than long-term sustainability. For designers, this information suggests that if more attention is paid to the design of conservation buffers, more farmers would be willing plant buffers [62]. Future research efforts that focus on environmental benefits, social and economic issues, and aesthetics and design of buffers offer good opportunities. Scientists need to better understand the ways in which the environmental benefits of buffers interact with economic factors and stakeholder preferences. The implications for policy makers are complex, but equally important.





5. Conclusions


In this study, we used measured data as basic parameters to simulate solute transport in the soil of riparian buffer strips. By using the FE method, we elucidated the patterns of total N transport and pollutant retention in the soil of buffer strips characteristic to the Liaohe River Basin. The results indicate that riparian buffers play a role in the retention of soil pollutants. The width of buffer strips affects the effects of N retention under the same rainfall infiltration conditions. The 6-m-wide buffer strip showed the best retention effect under the experimental conditions. Finite element numerical simulation is accurate in simulating soil pollutant migration in riparian buffers of watersheds. The simulation results provide a reference for the prevention of agricultural non-point source pollution and riparian buffer construction in agricultural watersheds.
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