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Abstract: Agricultural Best Management Practices (BMPs) are effective ways to reduce agricultural nonpoint
source pollution from their source area to receiving water bodies. Characterization of BMPs in a watershed model is
a critical prerequisite for evaluating their impacts on water quantity and water quality in a complex system. However,
limited research has reported about the representation of BMPs in fully distributed models. This paper presents
a stepwise procedure for representation of several BMPs and assessment of their hydrologic impacts with a fully
distributed model, SEIM (Spatially Explicit Integrated Modeling). A case study is conducted in the 73 km® Luoyugou
watershed located in the Loess Plateau of China, where rainstorm erosion accounts for more than 60% of annual
sediment load in average. Three BMPs are selected in this study including (i) conversion from farmland to forest, (ii)
terrace, and (iii) no-till farming. These management practices are represented in the model through the alteration
of model parameters characterizing their physical processes in the field. The results of scenario assessment for
a historical storm event showed that the maximum sediment reduction after terrace is about 97.3%, the average
sediment reduction after no-till farming is about 9.5%, and the average sediment reduction after conversion from

farmland to forest is75.6%.
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1 Introduction

Flooding, hillslope soil loss and stream bank erosion by
storm events are critical land degradation problems and
environmental hazards in agricultural watershed both in
China and worldwide (Borah et al. 2004; Edwards and
Owens 1991; Kang et al. 2001). Agricultural conservation
practices, which often are called best management practices
(BMPs)(Logan 1993), are effective ways to reduce erosion,
nutrients, pesticides, animal waste, and other pollutant
loadings from their source area to receiving water bodies
within the complex processes. Watershed models that
simplify and simulate these complex processes are useful
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analysis tools for BMPs assessment and providing an
estimation of their impacts on soil erosion (Arabi et al.
2006). Therefore, characterization and representation of
BMPs in watershed models are critical prerequisite for
evaluation of soil and water conservation measures in a
complex system (Arabi et al. 2008).

Generally, the representation of BMPs in watershed
models can be classified into two ways. One is by modifying
the model parameters to reflect the impacts of the practice
on the processes simulated in the model, which is commonly
used to represent agricultural BMPs in the SWAT model for
long-term BMPs evaluation (Engel et al. 2006; Nejadhashemi
et al. 2011; Tuppad et al. 2010). The other is through a BMP
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module, which provides a process-based simulation of
flow and pollutant transport routing using a combination
of fundamental algorithms to represent the BMPs. This
approach was used in Lee’s study for representation of
BMPs in an urban watershed for stormwater management
(Lee et al. 2012).

Intense single-event storms are significant when most of
the yearly loads of sediment and pollutants are carried by
storm floods, especially on Loess Plateau of China (Liu et
al. 2012). In addition, due to the time scale of single-event
storms, the model must enable to provide location-specific
outputs and simulate the movement of water and sediment
explicitly along flow paths. Therefore, fully distributed
hydrologic models are preferable for an event-based
evaluation of agricultural BMPs. However, limited research
has reported about the representation of agricultural BMPs
in the fully distributed models.

The aim of this paper is to illustrate a stepwise procedure
for the representation of several BMPs and the assessment
of their hydrologic impacts within a fully distributed model.
A case study is conducted in Luoyugou watershed with
about 73 km’, located in Loess Plateau of China, where
soil loss has been a critical environmental problem in the
region. Three BMPs are selected in the case study including
(1) conversion from farmland to forest, (ii) terrace, and
(iii) no-till farming. They have been commonly used in
the Luoyugou watershed for soil and water conservation.
The model used here is the SEIM (Spatially Explicit
Integrated Modelling) model (Liu et al. 2014), which is a
modular-based, fully distributed hydrologic model. Two
scenarios including a baseline scenario and a test scenario
are evaluated with the model in a historical storm event,
and compared with each other to investigate the impacts of
the BMPs on infiltration, runoff and soil erosion after these
practices implemented.

2 Material and methods
2.1 Study area

Luoyugou watershed is located in the north suburb of
Tianshui City, Gansu Province in northwestern China.
The watershed covers an area of approximately 73 km’
with remarkable conditions of climate, terrain and soil

—

¢ Study area

erosion, and forms the boundary between the Longxi Loess
Plateau hill-ravine region and the Longnan Mountains (see
Fig.1). The gully system is feather-shaped and the length
of the main channel is about 21.8 km. The watershed is
characterized by high mountains and steep slopes with
an average slope of 18°, Average annual temperature is
around 10°C, and annual precipitation is about 560mm. The
representative storm events in the history were on July 7,
1965, August 7, 1988, and August 17, 1999, with maximum
precipitation of 100, 116 and 151mm, respectively. Soil
erosion caused by storm events accounts for more than 60%
of annual sediment loading in average (Wang et al. 2008a).
Soil types in the watershed are reclassified as sandy loam,
silt loam and loamy sand soils. Land uses in the watershed
are slope farmlands (68.8%), forest (10.7%), grass land
(8.6%) and others. Intensive agricultural activities have
seriously led to soil loss in the watershed.

2.2 SEIM model

SEIM is a grid-based, flexible, object-oriented, and
parallelized fully distributed model (Liu ef al. 2014).
The assumptions of the model are: (i) a watershed can be
divided into grid cells for which hydrological processes
can be simulated to a level of detail desired; (ii) In each
grid, land use and soil type are assumed homogeneous
to represent the landscape in digital form; (iii) Each grid
can be assigned with a 1-dimentional topography-based
flow direction derived from the DEM. Compared to
lumped and semi-distributed models, it provides location-
specific outputs, and is suitable for various watershed
management purposes. It can simulate major watershed
processes including precipitation distribution, snowmelt,
evapotranspiration, infiltration, surface runoff, subsurface
runoff, groundwater recharge, soil water content, plant
growth, soil erosion, nutrient cycle, and water and pollutant
movement on land surface and in streams in a spatial
explicit manner using process-based algorithms and at
different time intervals (i.e. minutely, hourly, and daily).
Thus, it has capabilities of both storm event and long term
simulation. The model uses an object-oriented, modular-
based structure to perform dynamic modeling routines
supported by five databases including geographical, BMP,

Fig. 1 Location and
elevation maps

for Luoyugou
watershed.
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Fig. 2 Structure of the modeling system (SEIM).

parameter, hydrometeorological, modular, and output
database (Fig. 2). It provides a framework for users to apply
or develop new algorithms for specific purposes. Inputs to
the model are geospatial data of DEM, soil, and land use,
and climate data of precipitation and temperature, while
outputs of the model are time series and spatial distribution
of hydrologic variables at user defined location, spatial and
time scales.

Table 1 lists the methods/algorithms selected for the
model to simulate storm events hydrologic and erosion
processes in the Luoyugou watershed. The method for
interception process is the mass balance method taken from
the WetSpa model (Liu and De Smedt 2004). The Green-
Ampt method is used to simulate infiltration and surface
runoff processes. The algorithm selected for overland flow,
interflow and erosion processes is the one-dimensional
kinematic wave method, which can simulate the movement
of water and sediment explicitly along flow paths. Because
of the fully distributed model structure, water and sediment
could be trapped at the BMP sites on the way to streams.

2.3 Representation of BMPs

Process-based models should be used where hydrologic
impacts of practices are evaluated based on their physical
characteristics and spatial locations (Arabi et al. 2008).
Accordingly, hydrologic and erosion processes that
are affected by BMPs need to be identified for their

Table 1 The processes and methods/algorithms.

Watershed processes Methods/algorithms

Mass balance method

Interception
Infiltration/surface runoff ~ Green-Ampt method

Depression storage Fill and spill method (Liu and De

Smedt 2005)

Percolation Modified Darcy Equation (Liu and
De Smedt 2004)

Interflow One-dimensional kinematic wave

(OKW) method (Chow et al. 1988)
Overland flow Same as the interflow

Erosion Foster equation (Foster 1982) and
OKW method (for routing)
Channel flow routing Muskingum-Cunge method

Channel sediment routing OKW method

representations in the model. The BMPs selected in this
study include terrace, no-till farming and conversion from
farmland to forest, which are typical management practices
in hillslope farmlands. Implementation of terrace will result
in a reduction of surface runoff and erosion by reducing
slope and increasing infiltration. Implementation of no-till
farming will influence the hydraulic properties of soils and
the soil surface conditions, and therefore higher infiltration
and lower surface runoff from rainfall and irrigation.
Similarly, implementation of conversion from farmland
to forest can result in a reduction of surface runoff and
soil erosion by increasing infiltration capacity and surface
roughness.

Representation of these three practices is implemented
through the alteration of parameters characterizing their
physical properties in the field. If a BMP is implemented
in a field, the location (grids within the field) with altered
parameters can be decided. The representation of BMPs for
simulating hydrologic and erosion processes in the SEIM
model for the Luoyugou watershed is listed in Table 2.
For example, if the practice of terrace is implemented in
a field, model parameters, such as hydraulic conductivity

Table 2 Representation of BMPs in the SEIM model for the Luoyugou watershed.

BMP types Process Parameters (at grids level) Suggested value
No-till farming Infiltration/surface runoff Conductivity (mm h™") 3 times of the original (Azooz and Arshad 1996)
Overland flow Manning’s n 0.14
Erosion USLE C 0.03

Conversion from farmland Infiltration/surface runoff

Conductivity (mm h™)

5 times of the original (Yang et al. 2006)

to forest Overland flow Manning’s 7 0.4
Erosion USLE C 0.05

Terrace Infiltration/Surface runoff Conductivity (mm h™) 10 times of the original (Wang et al. 2008b)
Overland flow Slope 0.001

Manning’s n 0.3

Erosion USLE C 0.2

Note: the values of Manning’s n and USLE_C were taken from SWAT document (Neitsch et al. 2005).
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(infiltration related parameter), slope, Manning’s roughness
coefficient and USLE land cover factor (USLE C) for
all grids within the field will be changed. The suggested
parameter value in Table 2 is obtained from previous
studies. The parameter value can also be obtained from
prior experience in the study area, or model calibration if
field measurement data are available.

2.4 Model calibration and scenario assessment

A historical storm event on August 7, 1988 was selected
to test the model for BMPs simulation. This storm event
is selected because it is representative in the region after a
historical data analysis. In addition, data of land use, hourly
precipitation, and observed flow and sediment loading are
available for the model input. The total precipitation is
116 mm from 3 p.m. to 12 p.m. which had caused serious
soil erosion in the watershed. The time step in the model
simulation is 1 minute. The Nash-Sutcliffe efficiency
coefficient (Nash and Sutcliffe 1970) was used in the model
calibration. The equation for calculating Nash-Sutcliffe
efficiency coefficient (ENS) can be written as:

2. (0-P)
>..(0,-0y
where, O, is the observed value on day i, P; is the simulation
value, and 0O is the mean of observed values.

After calibration for the baseline scenario, the
spatial distribution of infiltration, runoff and erosion (a
raster map) can be obtained for the storm event in the
Luoyugou watershed. A test scenario then was created by
implementing the three BMPs into three separate fields (see
Fig. 3). The three representative fields with high erosion
rates were created based on the land use map and slope
map with land use of crop land and slope higher than 15°.
Afterwards, the test scenario was evaluated with the model
to obtain the spatial distribution of infiltration, runoff,
and erosion for the storm event after implementing the
three BMPs. Ideally, implementation of a BMP in the field
would result in an increase of infiltration and reduction of
surface runoff and erosion. Thus, reduction rate was used
in this study to represent the effects of BMPs for different
scenarios. The reduction rate was calculated by the baseline
results subtracted by the test scenario results, and then
divided by the baseline scenario results. Note that the
reduction of infiltration is negative, meaning an increase
of infiltration rate. Lastly, ArcGIS software was used to
calculate the reduction (increase) rate using spatial analysis
tools.

ENS =1- (D

3 Results and discussion

After calibration, the Nash-Sutcliffe efficiency coefficient
in the simulation period was 0.894 and 0.875 for flow and
sediment, respectively. This indicates that simulation for
stream flow and sediment is pretty good. Fig. 4 shows the
distribution of infiltration increase, runoff reduction and

Field 2: Conversion from farmland to forest

Field 1: No-till farming Field 3: Terrace

— Reach
[] Field
DEM

1896

o
1199

Fig. 3 Location of the three BMPs implemented.

sediment reduction after the implementation of three BMPs
in the three fields.

Fig. 4(a) shows the spatial distribution of infiltration
increase after the three BMPs implemented. Infiltration
increase in Field 3 (68.3% in average) is much higher than
that in other two fields (9.1% in Field 1, and 34% in Field
2) as a result of terrace practice in this field. Terrace is the
most effective practices of the three BMPs on infiltration
increase, because storm water is trapped by the terrace
leading to an increase of retention duration and infiltration
rate. Fig. 4(a) also indicates that conversion from farmland
to forest is more effective than no-till farming on infiltration
increase. This result is reasonable that the infiltration rate
commonly higher in forest land than in farmland on the
loess plateau of China (Liu and Huang 2003).

The spatial distribution of runoff reduction in the three
fields is showed in Fig. 4(b). After the implementation of
three BMPs, the surface runoff reduction in Field 2 (22.4%
in average) and Field 3 (20.6% in average) is much higher
than that in Field 1 (7.1% in average). This indicates that,
compared with terrace, conversion from farmland to forest
could be a more suitable practice in this study area to reduce
runoff. No-till farming is limited in runoff reduction in this
study area for the test storm event. The simulated maximum
runoff reduction of no-till farming in Filed 1 is about 8.3%.
This result is close to Lv’s study (Lv2003).

The spatial distribution of sediment reduction in the three
fields is displayed in Fig. 4(c). The sediment reduction in
Field 3 (92.7% in average), much higher than that in other
two fields, indicates that terrace might be the most effective
practice of the three practices for decreasing erosion in
the Luoyugou watershed. The average simulated sediment
reduction of no-till farming is about 9.5% in Field 1, and
the average simulated sediment reduction after conversion
from farmland to forest is 75.6% in Field 2. The simulated
maximum sediment reduction of terrace in Filed 3 is about
97.3% for this storm event. This result is close to Wu’s
study (Wu et al. 2004).

In addition, the spatial pattern of infiltration increase,
runoff reduction and sediment reduction within each field
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after BMPs implementation was also provided by SEIM
model as shown in Fig. 4, while in previous studies a
lumped value for the field was estimated. This is a key
advantage for BMPs assessment by using a fully distributed
model. The reason for such spatial pattern of infiltration
increase, runoff reduction and sediment reduction within
the fields is rather complex associated with different
management practices, land use, topography, and soil types.
Further field and modeling studies are required to identify
the main reason for the spatial pattern.

Due to the lack of observation data for BMPs in the study
arca, model validation was not conducted in this study.
However, a comparison with previous studies in the same
watershed can be a valuable reference for model validation.
Besides, some additional parameters, such as practice
factor, needed to be added in the representation of BMPs
for calibrating the impacts on soil erosion. Future studies
shall focus on the identification of appropriate spatial and
temporal scales for representation of BMPs on soil erosion,
and the assessment of model’s sensitivity and uncertainty
on the evaluation of BMPs.

4 Conclusion

This paper provides an approach for the representation
of three agricultural BMPs including conversion from
farmland to forestland, terrace, and no-till farming for soil
and water conservation in a fully distributed model. The
result of Luoyugou case study indicated that the BMPs
parameters used for Luoyugou watershed are acceptable
compared with the modelling results from previous studies.
In addition, the spatial pattern of infiltration increase, runoff
reduction and sediment reduction within each field after
BMPs implementation was also provided by the model.

e el =

N
s

This is important information for decision making of BMPs
placement at watershed scale. The recommended BMP
parameter values were acceptable Luoyugou watershed
or watersheds with similar hydrologic and climate
characteristics. For watersheds with distinct different
climate and landscape conditions, these parameter values
could be different significantly. By the proposed approach,
other BMPs, such as filter strips, riparian buffers, and
sediment deposition ponds could also be represented and
evaluated by using a fully distributed model.

The field validation of the model was not conducted
for BMPs simulation in this study, because of the lack
of field observation data. This is a limitation for spatial
validation of fully distributed models, which might result
in a high uncertainty of the modelling result in terms of
spatial distribution. To limit this uncertainty, information
of previous studies, literature, prior experience, and
particularly field measurement are essential for validating
the model. Besides, additional parameters, such as various
land practice factors, need to be accounted for in the model
to represent the impact of BMPs appropriately on runoff and
soil erosion. Future studies shall focus on the identification
of appropriate spatial and temporal scales of the model for
representing and evaluating BMP’s effect on erosion, and
the assessment of sensitivity and uncertainty of the model
on the BMP evaluation results.

References

Arabi M, J R Frankenberger, B A Enge, ef al. 2008. Representation of
agricultural conservation practices with SWAT. Hydrological Processes,
22(16): 3042-3055.

Arabi M, R S Govindaraju, M M Hantush, ef al. 2006. Role of watershed
subdivision on modeling the effectiveness of best management practices




Journal of Resources and Ecology Vol.5 No.2, 2014

with SWAT. Journal of the American Water Resources Association, 42(2):
513-528.

Azooz R and M Arshad. 1996. Soil infiltration and hydraulic conductivity
under long-term no-tillage and conventional tillage systems. Canadian
Journal of Soil Science, 76(2): 143-152.

Borah D, M Bera and Xia R. 2004. Storm event flow and sediment
simulations in agricultural watersheds using DWSM. Transactions of the
ASAE, 47(5): 1539-1559.

Chow V T, D R Maidment and L W Mays. 1988. Applied hydrology.New
York: Tata McGraw-Hill Education, 1-572.

Edwards W and L Owens. 1991. Large storm effects on total soil erosion.
Journal of Soil and Water Conservation, 46(1): 75-78.

Engel B A, K S Bracmort, M Arabi, et al. 2006. Modeling long-term water
quality impact of structural BMPs. Transactions of the ASABE, 49(2):
367-374.

Foster G R. 1982. Modeling the erosion process. In:HaanCT, HP Johnson,
DL Brakensiek (eds.). Hydrologic Modeling of Small Watersheds.
Michigan: ASAE, 297-365.

Kang S, ZhangL, SongX, et al. 2001. Runoff and sediment loss responses to
rainfall and land use in two agricultural catchments on the Loess Plateau
of China. Hydrological Processes, 15(6): 977-988.

Lee J G, A Selvakumar, K Alvi, ef al. 2012. A watershed-scale design
optimization model for stormwater best management practices.
Environmental Modelling & Software, 37(11): 6-18.

Liu J, ZhuA, LiuY, et al. 2014. A layered approach to parallel computing for
spatially distributed hydrological modeling. Environmental Modelling &
Software, 51(1): 221-227.

Liu X Z and Huang M B. 2003. Hydrologic behavior and effect of forest
on regulation of river runoffin loesshilly and gully region. Agricultural
Research in the Arid Areas. 21(2) : 72-76. (in Chinese)

Liu Y B and F De Smedt. 2004. WetSpa extension, documentation and user
manual.Department of Hydrology and Hydraulic Engineering, Vrije
Universiteit Brussel, Belgium.

Liu Y B and F De Smedt. 2005. Flood modeling for complex terrain using
GIS and remote sensed information. Water Resources Management,

19(5): 605-624.

LiuY, Fu B J, Lii Y H, ef al. 2012. Hydrological responses and soil
erosion potential of abandoned cropland in the Loess Plateau, China.
Geomorphology, 138(1): 404-414.

Logan T J. 1993. Agricultural best management-practices for water-pollution
control - Current issues. Agriculture Ecosystems & Environment, 46(1-4):
223-231.

LvJJ, Yao Y Q, Wang Y H, ef al. 2003. Effects of soil tillages on soil
moisture in slop land. Chinese Journal of Soil Science, 34(1): 74-76. (in
Chinese)

Nash J E, J V Sutcliffe. 1970. River flow forecasting through conceptual
models. Part 1: A discussion of principles. Journal of Hydrology, 10(3):
282-290.

Neitsch S, J Arnold, J Kiniry, et al. 2005. SWAT theoretical documentation
version 2005. Temple, TX: Blackland Research Center.

Nejadhashemi A P, S A Woznicki, and C M Smith. 2011. Assessing best
management practice implementation strategies under climate change
scenarios. Transactions of the ASABE, 54(1): 171-190.

Tuppad P, N Kannan, R Srinivasan, et a/. 2010. Simulation of agricultural
management alternatives for watershed protection. Water Resources
Management, 24(12): 3115-3144.

Wang R F, Qin B S, Huang C Z, et al. 2008a. Characteristics of typical
rainstorm, flood and sediment yield in Luoyugou Watershed. Science of
Soil and Water Conservation, 6(4): 12-17. (in Chinese)

Wang Z K, He J J, Cai Q G. 2008b. Integrated Control Measures and Their
Effects of Small Watershed inthe Rocky Area of Northern China. Bulletin
of Soil and Water Conservation, 28: 11-16. (in Chinese)

Wu Q F, Zhang Y B, Wang J. 2004. Study on the benefits of level terrace
on soil and water conservation. Science of Soil and Water Conservation,
2(1): 34-37. (in Chinese)

Yang G, Ding G D, Chang G L, ef al. 2006. Study on improving soil
properties of forest vegetation in different land where returning farmland
to forests in loess plateau. Research of Soil and Water Conservation, 13:
204-207. (in Chinese)

APV fre HEA B R A2 20 A1 UK SO I A ——UA D R Rt U il

F oY, AT, EFY, RFAT

1 AR E R B R 5 BRI P S IR S PR R S R S R A S0 %, dbat, 1001015

2 R ERR2EBERY:, JEET100049;

3SR AR IRRFMIIR, ISR K NIG 2W1;
4 TR ITE KA BB 224 B, FIRT, 210097;

5 BT R RS, S I g B A A2 il W 53706

W OE: RLEZFHEEEREE (BMPs) AA TR B RLEFHFIALGESLSRTE, FiLiFEPBEANZHKAG—F5] 4
Ho A KoK SRR AR BOR 5 R A BMPsIFE 0 % T A AR 54 XK A IR EBMPs 2K LR 3, 2 3m 51

AEHE, FREEBEA PHABMPsHEATR EF kit 22, EooA XRIBER P, efMiHFBMPsEF AR R LR HZ . AL
Vst £ 5 R EFAR R BANART BRRBAH, A T—A20H XA, SEIM ( Spatially Explicit Integrated Modeling ) #£
A, BTN B Al EZALE P HFHITBMPsHI A, ABARAE TR A L, F E2ARBERY AH73km’, ABAGZESE, £
P RAAZIRE T EH I B60% A L, ABFRIEE T 3HBMPs, 2R REBHEEM, WAL HIAE, SRR P xfix sk 5w
AT RE . B R A0 7 ik R B PO AT 3k 09 BB AH, DO RFE R A RBOK LR Hea, @il E—
AMEBRFHGETED, SREAABIORTAERG, RAFKX7.3%, LHEEGTHBYERD, 4495%, BTk
TRy FENTEAEZN, H75.6%,

KEEIF: RAETHHEGE; 1334k FRREEA; BMPs# kik; SEIM



