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ABSTRACT

Using geographical information systems (GIS) technology as a preprocess platform for
nonpoint sources models provide an effective mechanism for performing watershed mana-
gement studies. Increasing use of distributed, physically based nonpoint sources model for
watershed management requires planner to acquire, maintain, and utilize the extensive, spati-
ally referenced data base necessary to support these efforts. GIS is ideally suited to preparing,
storing, updating, analyzing, and displaying these data in conjunction with nonpoint sources
modeling. In this paper, a nonpoint sources model is employed to link with a PC-based GIS
package to facilitate preparing, examination, and analysis of spatial distribution model input
and parameters.: Impact of watershed management strategies are performed for a small wat-
ershed of Techi reservoir in Taiwan. Linked with an interactive facility to evaluate spatial
distributed data and managing scenarios, the result is a powerful tool for watershed-wide
land use management.
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INTRODUCTION

Effective watershed management is lighly relied on
appropriate consideration or spatial variability of water-
shed characteristics. This realization has prompted in-
creasing use of physically based watershed models such
as Agricultural Nonpoint Sources Pollution Model (
AGNPS) (Young et al.,, 1987). The use of spatially dis-
tributed,physically based models enhances the ability to
simulate the runoff response of sediment yield, chemical
and nutrient loading of catchment. In addition,physically
based models provide a stronger basis for evaluating im-
pacts of watershed management strategies of land use
pattern, With this enhanced technical capability, however
, as well encounters an increased burden on planner to
satisfy the spatial data base requirements associated with
more realistic,physically based modeling.

GIS currently provides powerful capabilities for sup-
porting the spatial data base requirements of watershed
management. This technology has been widely utilized
for several years in natural resources management for
digital mapping,cartographic modeling, and analysis of
spatially referenced data. Several authors have applied
GIS in watershed modeling including Bondelid et al. (19
82),Berry and Sailor (1987), Goulter and Forrest (1987),
White (1988), and Stuebe and Johnston (1990). Remote
sensing techniques have been applied to watershed mod-
eling as well by Kuittinen and Suchsdorff (1987). Shamsi
et al. (1991) combined remote sensing and GIS to dev-
elop information layers at a 10 m resolution from satellite
and high altitude aerial photography for assessing a storm
sewer master plan. Meyer et al. (1993) employed GIS to
evaluate urban storm water management strategies.

Watershed impact management studies require signi-
ficant effort in terms of data organization, development
and calibration of model parameters, and presentation of
results. When land use patterns in the study area are
changing rapidly, the problem become even more com-
plex. To counter these Jifficuities, GIS was. applied to or-
ganize, store, and display spatial and nonsptial data for
the study. The capabilities of the GIS and the distributed

process watershed model, AGNPS, are exploited in this
paper to show the effectiveness in assembling model in-
put data and storing model output for later analysis and
display.

A procedure is presented for linking a commercially
available GIS package call ARC/INFO with a physically
based, spatially distributed watershed model, AGNPS, for
watershed land use management, A descriptive prepro-
cessing GIS utilizes digitized base map to prepare deri-
ved spatial data for model computation. Watershed runoff
, chemical constituents, and sediment yield are then com-
puted by AGNPS. Using derived maps of the most sensit-
ive model parameters, model results are incorporated into
a post processing GIS for examining consequences of
varies land use management strategies. This procedure
was applied to the Chichiawan and Yosheng stream wat-
ershed of Techi reservoir located in Taichung county, Ta-

iwan.

GEOGRAPHICAL INFORMATION
SYSTEMS

Geographical information systems (GIS) are a set of
computer tools for collecting,storing, retrieving, trans-
forming, and displaying spatial data about geographical
objects and their nonspatial attributes (Burrough, 1986).
Geographical objects include natural phenomena (such as
lakes, rivers, and forests), manmade structures(such as
dams, building, roads, agricultural fields and municipali-
ties), and other objects that may define the location and
extent of a geographical phenomenon(such as a special
soil type, or geological formation).

Spatial data specify the location and relative position
of objects. A vector representation uses points, lines, and
areas or polygons, and a raster representation uses an x-y
grid to define spatial location and the relative position of
objects (Parker, 1988).

Nonspatial attributes, such as the population of a mun-
icipality, the average water level in a lake, or the hydraul-
ic conductivity of a particular type of soil, are associated
with objects. In a vector based GIS, nonspatial attributes
are linked with a point, line, or polygon that is used to
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represent the object of interest. Spatial information and
nonspatial attributes are stored in separate data bases
within the GIS. The database allows the attributes to be
queried,and objects linked with the attributes, to be dis-
played. The database concept is central to GIS, and is the
main difference between GIS and drafting or computer
mapping systems, which can only provide a good graphic
output. Essentially,GIS give one the ability to associate
information with a feature on a map, and to create new
relationships that can determine the suitability of various
sites for development, evaluate effects on the environ-
ment, identify the best location for a new facility, and so
on. The relationship between spatial objects and their
related attributes, gives GIS powerful capabilities for
analyzing land and water resources problems.

Several components constitute GIS:its software tools
and database, .are two of the major modules within the
system. The user becomes part of GIS whenever compli-
cated analyses, such as spatial analyses and modeling,
have to be carried out. These usually require skill in sel-
ecting and using tools from the GIS toolbox, as well as
intimate knowledge of the data being used. At present,
and in the foreseeable future, general-purpose GIS will
require skilled and informed users; pressing a button will
not enough.

For applications in water resources, GIS technology in
general must handle data coverage relating to land use,
land cover, geology, and soils. Network-oriented data (
streams, water distribution systems, sewer systems) and
terrain information are very significant. Frequently, sub-
surface information is important (e.g. for groundwater
modeling). In the field of water resources, the major spat-
ial data base was EPA’s STORET water quality data base,
storing stream quality information that could be ref-
erenced by location primarily by river mile index or lati-
tude-longitude). EPA also maintains the reach file, a data
system initiated in the i970%, that is organized by
hydrologic structure and has significant spatial data retri-
eval and analysis capabilities organized by hydrologic
units (Horn and Grayraan, 1993).

Prediction of surface runoff is one of the most useful

hydrologic capabilities of a GIS system. The prediction
can be used to assess or predict aspects of flooding, aid
in reservoir operation, or to predict the path of pollutants.
De Vantier and Feldman (1993) reviewed the GIé appli-
cation in hydrologic modeling and described several ap-
plications in flood plain hydrology, erosion prediction,
and water quality prediction.

In considering the many spatial parameters affecting
non-point pollution that led to the development and use
of a number of geographical information systems,
Grayman (1975) presented an application of water quality
planning for the James River Basin. Using ADAPT (Ar-
eal Design and Planning Tool) he modeled waste water
treatment discharge and the waterborne wastes from land
development and pollution from an unknown source. The
system used a TIN (Triangular Irregular Network) data
structure for both the spatial data and model. Applying
ADAPT to urban runoff analysis, Grayman demonstrated
the cost effectiveness of automated spatial data analysis, (
Grayman et al., 1982). Recently, efforts have been
directed toward the development of models that utilize
spatial data more fully. Needham and Vieux (1989)
presented the application of a vector based GIS, using
ARC/INFO to generate an input file for AGNPS (A gri-
cultural NonPoint Source pollution model)and displayed
a model output for a small watershed in Michigan. Vieux
(1991)reviewed the application of GIS in water quality
and quantity modeling and presented an application using
TIN supplied nodal land surface slopes to the finite ele-
ment model for the direct surface runoff simulation.

The US Army Corps of Engineers has had a long in-
volvement with GIS technology,beginning with their
sponsorship of research on resource analysis methods by
Steintz et al. (1969). The Honey Hill study psing this
methodology (Corps of Engineers, 1971) was followed by
the Santa Ana River Basin Study (Corps of Engineers, 19
75) which used gridbased methods for river basin plan-
ning. The study which utilized an approach that combin-
ed GIS and hydrologic modeling technology, is notable.
Because the modeling wasn' simplified or subordinated
to the GIS aspects of the study, GIS served as a database



to feed the models used. The Corps Hydrologic Eng-
ineering Center (HEC) has continued to use spatial analy-
sis technology and has produced a variety of computer-
ized tools that make use of spatial databases. HEC is cur-
rently working on the development of the next generation
of these tools using GIS and database technology (Males
and Grayman, 1992), ’
Geographical information systems are gaining wides-
pread acceptance as important tools for decision support
in land, water resources, environmental management and
spatial analysis. GIS, aid in the preparation, analysis, dis-
play, and management of geographical information.
Clearly, GIS could improve the modeling capability of
water resources models, and such models would also
benefit from the spatial analysis and display capability of
GIS. Combining the strengths of each, will result in more
powerful tools for dealing with water resources planning

and management problems.

NONPOINT SOURCES MODEL

Nonpoint sources models as Vieux and Needham (199
3) mentioned, that address agricultural pollution sources,
range from statistically derived loading factors and deli-
very ratios to more complex models. Examples of field
scale water quality models are CREAMS (Chemicals,
Runoff, and Erosion from Agricultural Management Sys-
tems by Knisel, 1980), ACTMO (Agricultural Chemical
Transport Model by Free et al., 1975), HSPF (Hydrologic
Simulation Program Fortran by Barnwell and Johanson, 1
981), and NPS (Nonpoint Simulation Model by Donigian
and Crawford,1976). Watershed scale nonpoint models
have not been widely developed as field scale models.
However, two models for nonpoint sources pollutant dis-
tributed throughout a watershed are ANSWERS (Areal
Nonpoint Source Watershed Environment Response
Simulation by Beasley et al., 1980) and AGNPS (Agricul-
tural Nonpoint Source Pollution Model by Young et al., 1
987). Both models are based on grid cell structure to rep-
resent the conditions of watershed. The model is comput-
ed at the grid cell scale but distributed at the watershed

scale.

The distributed process model, AGNPS, computes
runoff, sediment yield, and chemical substance within
each grid cell. The model then routes the water,sediment
yield, and chemical constituents downslope from one cell
to the next until reaching the outlet of watershed. Sedi-
ment yield and attached phosphorus may be deposited or
transported to the next cell depending on hydrologic
characteristics of each cell. As such, the model applicabi-
lity extends beyond the edge of field to the watershed
basin scale (Vieux and Needham, 1993).

PROCEDURE
The options for development of integrated GIS and

nonpoint sources model for watershed management in-
clude: an integrated approach, an embedded approach,
and an interfaced approach (Horng, 1994).
Integrated approach

The integrated development approach, use customized
programs to assemble urban watershed model routines,
and GIS package modules, into an integrated environ-
ment. Efforts such as these are programmatically intense,
and typically use an efficient data exchange, at the func-
tion level, with a structure/array passing or dedicated file
exchange, for rapid system response (Meyer et al., 1993).
An example of this approach, would be utilization of a
public domain, GIS package such as, GRASS (Construc-
tion Engineering Research Laboratory, U.S. Army Corps
of Engineers, Champaign, IL), along with an interactive
screen and graphic tools, for decision support system
development. Implementation of these systems is not yet
a common engineering practice, because of the initial
computer hardware/software investment and the need for
skilled staff.
Embedded approach

GIS doesnt yet have the complete analytical capabilit-
ies necessary to conduct calculations currently available
in traditional models. It is likely, however,that the analy-
tical capabilities of many available GIS packages will
continue to improve, in both scope and computational ef-
ficiency in the future. This will allow realistic simulation
modeling within the GIS. Many popular GIS packages,
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mentioned by Meyer et al. (1993), include dedicated
language interfaces that facilitate embedded modeling:
ARC/INFO (Environmental Research Institute (ESRI) Inc
.» Redlands, CA)provides AML and SML languages;
PMAP (Spatial Information Systems, Inc. Arlington, VA)
supports marco playback; and GeoSQL (Generation 5
Technology, Inc., Westminster, CO) offers programming
in AutoLISP within the AutoCAD architecture (Autodesk
JInc., Sausalito, CA). These various environments, how-
ever, are primarily intended to provide interactive control
of the GIS, rather than serve as modeling platforms.
Interfaced approach

Perhaps the easiest method of exchanging information
is by flat data file transfer. Dissimilar data file formats
may be converted by utility programs,which are signific-
antly less complex than those required in the integrated
approach. As the applications of GIS increase, the avail-
ability and capability of a conversion program will in-
crease as well. The main drawback, is that flat file ex-
change may be more time consuming than integrated, or
embedded approach. In spite of the disadvantages, the in-
terfaced approach using model/GIS data file linkage is
considered to be the most effective one for this study.

The procedure for linking GIS and the AGNPS for
watershed management,involves the following steps:

1.  Acquisition and development of base map data
layers and the coverage required for AGNPS modeling.

2.  Preprocessing of the model input data and para-
meters and the development of GIS techniques suitable
for input of spatial information into the AGNPS model.

3. Interfacing GIS to the AGNPS model through the
development of a program for converting GIS coverages
to AGNPS model input paramenters.

4.  Simulating runoff, sediment yield, and chemical
substance distribution, of the study basin, by the AGNPS
model.

S. Postpossessing of AGNPS model output, by ret-
urning total amount to the GIS, for spatial display and
analysis.

6.  Analysis of Scenarios, including a change in
land use, and spatial distribution maps with different

sediment yield for the basin within the GIS.

The risk zone maps, can be produced based on related
criteria and previous prepared coverage including, land
use, and catchment boundary.

In this approach, the model and GIS operate indep-
endently and are linked through jointly shared data files,
such as these listed in Table 1, that show the model used
the curve number of the corresponding hydrological soil
type,combined with different land use, in GIS database.
Again, smoother linkages may be envisioned, such as
link integration and structure passing; however,propri-
etary rights of commercial software, limit the feasibility

of these approaches.

Table 1. Curve number of corresponding soil type for dif

ferent land use

Land use code Hydrologic soil

A B C D
1 89 92 94 95
2 77 85 90 92
3 77 85 90 92
4 77 85 90 92
5 81 85 91 93
6 81 85 91 93
7 77 85 90 92
16 62 71 78 81
19 72 81 88 91
20 39 61 74 80
25 100 100 100 100

CASE STUDY
Study area

The study area, Chichiawan and Yosheng stream wat-
ershed as shown in Fig. 1, is a 10858 hectare (ha) water-
shed operated by the Techi reservoir watershed
conservation commission of Taiwan. The land use in the
catchment area is mainly forested land with some agricul-
tural activities. Digitized soils, land use/cover,river sys-
tem and topography for the watershed were used to build
the AGNPS input parameter database. Using DTM data
from Agricultural Aerial Survey Institute, a topography
of watershed at a scale of 1:25,000 can be produced. Soil
types coverage was digitized from Soil Conservation

Bureau at a scale of 1:25,000. The land use/cover maps



were digitized from Building and Construction Admini-
stration at a scale of 1:25,000 and modified with field in-
-vestigation. The model parameter which must be compil-
ed for watershed and each grid cell are given as:
Watershed
. Watershed identificaion
. Area of each cell
. Number of cells
. Precipitation
. Energy-intensity value

A W AW N -

. Description
Grid cell
1. Cell number
2. Receiving cell number
3. SCS curve number
4. Land slope
5. Slope shape factor
6. Field slope length
7. Channel slope
8. Channel sideslope
9. Manning roughness coefficient for the channel
10. Soil Erodibility factor
11. Cover and management factor
12. Support practice factor
13. Surface condition constant
14. Aspect
15. Soil texture
16. Fertilization level
17. Fertilizer availability factor
18. Point source designator
19. Gully source level
20. Chemical oxygen demand factor
21. Impoundment factor
22. Channel indicator
Many parameters are not necessarily related to any of
the spatial information contained in the digitized databa-
se. To generate input data for AGNPS, parameters are
grouped as they related to the availability within the spat-
ial database with proper format. A short description of
each parameter follows as it relates to the model para-

meter extraction using GIS.

Fig. 1. The catchment of Chichiawan and Yosheng
stream watershed

Topography

The Topography affects the flow directions assigned
among the cells of the drainage network. Each cell is as-
signed a unique identifying cell number (CE) which is
then used as the receiving cell number (RC) by other
cells. This may be done by generating cell coverage of
watershed. Aspect (A) which is classified in eight
directions (neighboring cells including diagonals), affects
the flow path length across a cell and is used in routing
sediment yield across the cell. A unique slope direction
and magnitude within a single grid cell must be calcul-
ated to avoid ambiguous flow directions. Aspect and slo-
pe (SL) are computed from digitized elevation contours
by overlaying the grid cell coverage onto the TIN repres-
enting the land surface. An areally averaging slope is ex-
tracted for each AGNPS grid cell. Slope factor (SF) can
be generated using aspect and the slope for each grid cell
as well.
Soil types

The parameters closely related to soil types are SCS
runoff curve number which has to be calculated consider-
ing both soil types and land use condition,erodibility fac-
tor (K), and soil texture (T). Each of these parameters can
be derived from the digitized soil maps by using a lookup
table for each soil related to its K-value.
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Land Use

The land use classification schemes are often not suf-
ficiently detailed for ﬁonpoint source modeling. Depend-
ing on the classification detail model, parameters may not
be identified for a particular land use category. Model
parameters that are closely related to land use/cover are
the cover and management factor (C), surface practice
factor (P), surface condition constant(SCC), ferti]izatipn
level (F), fertilizer availability factor (AF), Manning’s
roughness coefficient (N), and chemical oxygen demand (
COD).
River system

The parameters of channel index (CI), channel slope (
CS), and channel side slope (CSS) are calculated from the
digitized river system maps by over laying the cell cover-
age of watershed. Using lookup table, CS and CSS can be
assigned for model input.
Field survey

Some factors can only be found through the field sur-
vey. These factors, such as point source indicators (PS),
which allow the addition of known point sources to a cell
; gully erosion amount (GS);impoundment factor (IF), are
best determined in the field. While uniikely, aerial
photography or other sources may offer some of this in-
formation. Using field information, the spatial data of
these parameters can be digitized and overlayed with cell
coverage to assign PS, IF,and GS values for model input.
GIS data presentation

The ARC/INFO, a GIS package for PC version is used
in this study to offer various software modules with proc-
edures for output from all stored data and analyses, in the
form of thematic maps and map-like representations. The
following thematic maps in the scale of 1:25,000 for the
study watershed have been compiled to visualized the
data collected and evaluated during this study of water-
shed land use management.
Topography
1. Surface system of the study watershed
2. Catchment border of the study watershed
3. Land use of the study watershed
4. Aspect of the study watershed

5. Land slope of the study watershed

6. Soil type distribution

Hydrology

1. Point source location in the study watershed

2. Impoundment terrace location in the study watershed
3. Gully source location in the study watershed
Lookup Table

1. River classification and channel side slope

2. Landuse classification and related its parameters

3. Soil type and related its parameters including T,K

4. Curve number related to land use classification and
soil type

LAND USE ANALYSIS

The completed GIS database and linked nonpoint
sources model were used to perform land use analysis for
the entire watershed. Prior to actual analyses,the AGNPS
mode] was calibrated so that the response would accura-
tely simulate the given condition of watershed. There was
gauged flow station to be used for testing three storms
occurred in 1987. Because runoff was the only available
records in the study area, hydrograph of Typhoon Alex,
Jerude, and Linen were used for the mode! calibration
and verification. Using the linkage model and database of
GIS,an iterative process was performed to fine-tune sel-
ection of routing parameters.The results of runoff calibra-

tion and verification are shown as listed in Table 2.

Table 2. The results of runoff calibration and verification

Typhoon Alex Jerude Linen
calibrate) j(verify)  |(verify)
Rainfall (mm) 121.9 201.2 107.4
IDuration (hr) 28 55 52
[Runoff measured (mm) 26.4 59.7 28.4
|Runoff simulated (mm) 26.7 76.20 19.1

For analysis, the study watershed was subdivided into
several grid cells with an area of 16 ha as -illustrated in
Fig. 2. The model parameter database was compiled for a
grid-cell size of 16 ha resolution. AGNPS was run for
each of six scenarios to evaluate the impact of land use
management. The storm used in the simulation was the
Typhoon Alex, 28 hours storm with a total rainfall of
12.2 cm. The GIS proved to be advantageous because it
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could quickly update parameter values related to land use
such as CN, F, AF, etc. where they can be easily adjusted
for various combination of land use and hydrologic soil
group.
Scenarlos

The land use impact analyses examined existing and
future conditions using six modeling scenarios. The base
case scenario was based on year 1987 land use condition
(see Fig. 3). The results of these scenarios provide an as-
sessment of baseline condition. Through analysis of res-
ult, it was possible to identify existing potential erosion
area of watershed. Such problem can be managed with a

proper land use management scenario through model

simulation.
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Fig. 3. Land use distribution of year 1987

The analyses of projected land use involved five scenari-
os as follows:

»  Scenario 1: shifted agricultural area with land
slope greater than 55% to forest land.

*  Scenario 2: shifted agricultural area between
stream and T7 road to grass land.

+  Scenario 3: employed a combination Scenario 1
and 2.In addition,remaining agricultural area of
the watershed was shifted to forest land.

¢ Scenario 4: shifted all bear ground to grass land.

«  Scenario 5: employed a combination of Scenario
3and 4.

The five scenarios provided a management infor-
mation for assessing the impacts of land cover shifting
measures (see Table 3). AGNPS input data files represen-
ting the five scenarios were generated for the study wat-
ershed. The simulation results of runoff, peak flow, sedi-
ment yield, and chemical constituents for each scenario
are summarized in Table 4. It was found that all scenarios
in the study watershed reduce the total peak flow, runoff,
and sediment yield of watershed.

It was shown that employing design scenario 5 will
reduce sediment loading up to 57% compared with base
case. Fig. 4 illustrates how these results were presented
using the GIS. It was proved that integration of nonpoint
source model and GIS technology is a powerful tool for

land use management assessment in a watershed.

Table 3. Land use statistics for management scenarios(ha)

2 |6 4 5
- |
J6327.31 ]g_zzm 632731 [6327.31 [6327.31 [6327.31
302368 13132.01 [3023.68 [3243.80 |3023.68 [3243.80
14278 12883 |117.50_ J61.21  J14278 6121
3138~ [21942 25050 (11340 [313.80 |113.40
21925 [21925 21925 Jare2s |- -
a1l J2a11 411 Janr P4y 21
3.30 330 3.30 3.30 330 3.30
7259|7259 1259|7259 1259 [712.50
10858.08

Table 4. Simulation results of management scenarios for

study watershed
Scenarios 0 1 2 3 4 5

Runoff (mm) 27.69 26.92 26.92 25.40 27.18 25.15
Peak flow (cms) 50.26 48.99 49.21 46.32 49.53 45.76
Sediment yield (ton) 3134 2374 2352 1376 2613 990
Nitrogen (kg) - 5416 4403 4403 3040 4787 2446

Ph e 2341 1887 1887 1223 2062 943
COD tkg) 60831 55345 56428 47763 60516 47623
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Fig. 4. The distribution of sediment yield for scenario 5

Analysis

The values of model output change due to land cover
pattern shifting. Referring to Table 4, most model output
including sediment yield, runoff, total peak flow,nitrogen
, phosphate, and COD exhibited important variations
with different scenarios. Sediment yield and phosphate
show an interesting variation with managing scenarios.
Sediment yield and phosphate are reduced dramatically to
60% due to the shifting of agricultural and bear ground to
forest. Sediment yield is a key issue for watershed mana-
gement, In this study, the AGNPS is shown as a capable
model to simulate the watershed response and evaluated

the management scenarios of land use.

SUMMARY AND CONCLUSION

During the case study of this research, the developed
GIS has proven to be an extremely efficient too} for data
integration of land use management. The relational dat-
abase of GIS, through dedicated interface, provides a
powerful tool in the intermediate graphical data evalu-
ation, as well as the final layout,and data presentation.

Though the GIS development required a major com-
mitment in terms of time and labor, much of the data col-
lection and processing tasks would have been required in
any event to conduct the land use management study. The

advantage of the GIS was that many of repetitive tasks of

number crunching and bookkeeping were automated.
Storage and retrieved of the characteristic data in the rela-
tional database speeded up the assembly of input data fil-
es and execution of modeling runs. Other advantages
were that: (1) It was possible to examine the watershed in
much finer detail. (2) It was possible to rapidly evaluate
the impacts of different managing scenarios; and (3)
Calibration of model parameters was efficient and rapid.
Analyzing the results of AGNPS, it was possible to ident-
ify areas where changing land cover would be detrimental
to reduce runoff, total peak flow, sediment yield, and to
improve surface water quality.
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