MODELING STREAM MANAGEMENT ZONES AS DEFINED BY SOUTH CAROLINA BEST MANAGEMENT PROCTICES IN A GIS ENVIRONMENT

Donald J. Lipscomb

Research/Demonstration Forester

Department of Forest Resources

Clemson University

Clemson, SC

Phone (864) 656-7293

 Fax (864) 656-3304

 e-mail: dlpscmb@clemson.edu

ABSTRACT

Application of stream management zones (SMZs) is a common method of protecting water quality from non - point source pollution.  Most Forestry Best Management Practices throughout the southeast utilize SMZs that vary with slope.  Four GIS models are presented to calculate variable width SMZs.   Of these four, the most effective calculates SMZ that vary independently by slope on each side of a stream in a reasonable time period. 

INTRODUCTION

Best management practices (BMP) are widely used to minimize non-point source impacts on water quality.  The BMP guidelines referred to in this paper are all aimed at forestry practices. Forestry BMPs usually concentrate on several main activities that cause site disturbance including road construction, logging and site preparation. One of the most useful and effective practices recommended by BMP guidelines for protecting stream water quality is the maintenance of stream management zones (SMZs).

SMZs are zones of restricted activity on each side of perennial or continuously flowing streams.  The idea is to maintain an area of mature native vegetation on each side of the stream to give shade, stabilize soil, and filter runoff from adjacent areas where silvicultural activities disturb the site. While most southeastern states have stream management zones written into their guidelines, their recommendations differ with respect to width, allowable disturbance, and relation to other factors such as soil and terrain.

South Carolina, Georgia and Virginia all recommend an SMZ width that varies with the slope of the terrain immediately adjacent to the stream (SC Forestry Commission 1994;Georgia Forestry Commission 1999; Virginia Department of Forestry 1997). Slope is important in determining the width of the SMZ because of its relationship to surface water velocity and potential erosion. South Carolina’s BMP guidelines (SC Forestry Commission 1994) have been tested and proven to be effective in reducing sedimentation in piedmont streams where slopes and soils create watersheds very susceptible to erosion (Williams, et al 1999). South Carolina’s guidelines will be used as a basis for discussing approaches to mapping SMZs in this paper.

Description of  South Carolina’s SMZs:
South Carolina’s BMP guidelines recommend SMZs that are divided into two parts: a primary SMZ that is 40 feet on each side of perennial streams, and a secondary SMZ that varies in width for different slope zones.   For non-trout perennial streams with adjacent slopes of less than five percent there is no secondary zone.  For similar streams with perpendicular slopes that are from five to twenty percent the secondary SMZ is an additional forty feet added to the primary zone making the total SMZ 80 feet. For streams with slopes from twenty to forty percent the secondary SMZ adds 80 feet to the primary zone. Finally, for slopes which exceed forty percent the secondary zone is 120 feet making the total SMZ 160 feet wide.  Each side of streams is considered independently and the width of zones is illustrated as horizontal distance as opposed to slope distance. 

GIS  Implementation and data sources:
In order to have information that is effective for planning and decision making, SMZs need to be mapped with realistic areas and locations under any specific set of guidelines.  GIS is an excellent tool for planning forestry operations and making decisions about operations that impact the terrain and its environmental components. GIS has the capability of utilizing three dimensional digital elevation models (DEMs) to determine surface terrain factors such as slope. Therefore GIS should be useable for locating SMZ boundaries on planning maps and calculating decision-making information such as the amount and location of areas they occupy, or the quantity of timber contained in those areas. However, accurate results will require data of an appropriate resolution to locate streams and analyze slopes next to them.

There are several different approaches to developing data for the analysis of spatial relationships between streams and terrain.  The key data elements are stream networks (streams), watershed boundaries, and slope surfaces. Each data element can be determined from publicly available sources that can now be downloaded from internet sites in most southeastern states.  Some of the elements can be mapped directly from photographs or obtained from ground measurements.  Each source has its own accuracy and may impact the final map results.

Stream networks can be obtained from USGS digital line graphs for Reach version one or version three streams.  These streams were mapped at different levels of resolution and have different levels of detail and accuracy. Reach version one streams were line graphed from images that had a representative fraction (RF) of  1:500,000 and version three streams were mapped from images with a RF of 1:100,000.  USGS seven and a half minute quadrangle maps are used as a standard for many operations and have a RF of 1:24000, therefore streams can be mapped from them at better resolution than the former sources.  However, the stream networks from quadrangle maps are not available for download as separate data layers and therefore must be digitized.  Streams can be digitized from georeferenced photographs or other local maps that are considered to be accurate.   Stream networks can also be mapped directly on the ground in digital form by use of a global position system (GPS).  Finally, streams may be mapped by calculating the hydrologic surface from a DEM and using it to determine flow channels. In most cases the determination of the stream network data source is left up to the planning organization, however, in some states the source is specified in the forestry BMP guidelines (Virginia Department of Forestry 1997).

 In a similar manner watershed boundaries can be obtained or derived from a number of different sources.  The USGS has watershed boundary delineations already mapped down to their fourteen-digit hydrologic unit code (HUC)(Seaber et al 1987) level and these are publicly available.  However, these same watershed’s boundaries can be calculated from DEMs of differing resolutions producing slightly different results.   Many foresters have traditionally determined watershed boundaries from contour maps, now available in digital formats as hypsograghics. It is also possible to map watershed boundaries directly on the ground by the use of a GPS device (Hook et al 1995).  Any of these sources may be acceptable, but the source must be selected to provide appropriate resolution data before the determination of the SMZ boundaries can begin.

While streams and watershed boundaries can be determined from flat maps, slopes must be derived from data having the third dimension.  This data also comes from different sources and in different digital formats.  USGS DEMs at 30 meter resolution are available for most of the United States and some areas outside.  These provide good information for large and medium sized water basins and are the present standard for all regional watershed models, however this resolution is too coarse for small stream areas.  It is possible to derive higher resolution DEM’s from hypsographics that have the contour elevations in their line or polygon attribute table (Turner and Liu 1998).  In Arc/Info the ‘TOPOGRIDTOOL’ makes this process fairly easy, however in flat topography where there are few contour lines the process may not add any information or may even be deceptive. There is a need for better guidelines to determine the correct resolution for a given density of contours.  Another approach to modeling the surface by a triangulated irregular network of elevation points is called TIN.  TIN models are reputed to give better information about the terrain surface than grids.  However, surface models in TIN are not readily available in public data sets and are frequently derived from DEMs or hypsographic data. The most desirable data set, of course is a grid of ground measured elevation points that result in a DEM resolution of ten meters or better, but these are not available to the public at this time. 

Preliminary Analysis:

Once the best available digital elevation model has been obtained a slope surface grid can be calculated.  Both ARC/INFO and ArcView with the spatial analysts extension are capable of performing these calculations and creating a grid coverage of slope.  The Arc/Info slope command allows calculation of slopes as angles or as percent rise.  ArcView will allow calculation of slope surfaces as percent rise in the map calculator dialog box, but the default surface is in angle degrees.  Most SMZs are defined in terms of slope percent.  The calculation of a slope surface from an elevation model seems to be a good starting point for defining the location and boundaries of SMZs that have their width defined by terrain slope.  After the surface of slope percents is created, there must be some way to connect the slope or zones of slope next to the stream to the stream vectors so a variable buffer can be calculated.

GIS functions available fall into two broad categories, grid and vector.  Grid functions are most useful in calculating surface parameters, but are awkward for buffers and mapping.  Grid functions process large areas quickly, but don’t lend themselves to loop processes that examine segments one at a time. Each set of functions has built in limitations and tradeoffs of time and accuracy.  This paper searches for a satisfactory combination of grid and vector functions in the ARC/INFO system that will reasonable expedite mapping of SMZs with respect to time and precision of location and area. We tested several approaches on small and medium size watersheds.

Some basic criterion for a GIS model to map SMZ buffers are reasonable time, realistic location, and consideration of adjacent slopes in a manner that meets the definitions under foresty best management practices for a particular state (South Carolina in this case).  Time is of course relative to the size of the watershed and more specifically to the length of the stream network.  Watershed boundaries of USGS’s fourteen digit HUCs which average 30 square miles nationally are the smallest mapped units publicly available. Stream networks for these watersheds were considered medium size for the purpose of this study.  However, since forestry operations usually impact areas much smaller than this, shorter stream networks were also used for testing the models.  Models being tested in this paper focus on the location and size of the combined primary and secondary zone which changes in width with change in slope. All the models in this study provide a way to separate the primary and secondary zones, and the zones on each side of the stream independently because streams are frequently used as boundaries for timber operations.  Finally, the GIS models attempt to measure slope adjacent to streams for determining buffer width at any given location. The GIS functions chosen to calculate the buffers combine with the resolution and accuracy of the base data to determine how each model meets the success criterion. 

METHODS

This paper purposes four models to determine width and location of SMZs where slope is determined from DEMs and ESRI’s Arc/Info system is used for GIS spatial analysis.  The techniques are compared to each other and discussed in terms of some basic criterion for a GIS model to approximate SMZs for planning and decision making purposes. 


MODEL1 (fig 1) is the simplest method and produces a uniform width buffer on both sides of the stream that varied by intersect of the stream network with different slope-zones.  It is accomplished  by reclassifying the grid slope surface into zones that correspond to the SMZ slope categories and then recoding the cells in each zone to contain widths.  A vector polygon coverage of the SMZ width zones was then intersected with the stream, thus assigning a width to each stream segment.  The Arc/Info buffer function used the width item to determine buffer width for both sides of the stream where the stream network intersected each zone.  This system is relatively fast, however, it does not separate the slopes on one side of the stream from those on the other side and it does a very poor job of using slope adjacent to the stream.
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Figure 1.  Flow chart of steps involved in calculation of Stream management zone using MODEL1.


MODEL2 (fig 2) was the most  intensive model tested. The first step was to  intersect the stream network with the raw slope surface. Then search each segment (cell intersect) of the stream calculating a weighted (number of cells) average of the slope for 100 feet on each side unless the watershed boundary was encountered.  This weighted average slope was then used to determine the SMZ width for that segment of the stream.  After determining the SMZ width for each stream segment that intersected a cell on the slope grid and putting the left and right values into separate items, they were used to create a variable width buffer.  
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Figure 2. Flow chart of steps involved in calculation of Stream management zone using MODEL2.


MODEL3 (fig 3) attempted to divide the stream network into 100 foot segments and then calculate a square zone on each side of the stream.  This square was used as a zone to get a ‘zonal mean’ from the slope surface and the resulting mean slope was used to determine the width of the SMZ.  The zonal means were made to overlap the stream vectors by the use a conditional statement to fill in null data cells on the edge of the grids representing the squares.  This model was an attempt to imitate model number 2, but reduce the intensity and time of calculation.
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Figure 3. Flow chart of steps involved in calculation of Stream management zone using MODEL3.


MODEL4 (fig 4), used a moving window that was 5 grid cells by 5 grid cells in size to calculate a neighborhood mean for a 100 foot zone on the left and right sides to the stream network separately.  A 100 foot buffer on a single side of the stream network was used to clip the slope grid, thus confining the calculations to that zone.  The moving window calculated a mean slope using only the slope values in the clipped zone, but overlapping the stream line network, so the results could be used to determine the SMZ widths.  This model reduced the area used in calculations and utilized the grid function called ‘focal mean’ to speed up calculations.
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Figure 4. Flow chart of steps involved in calculation of Stream management zone using MODEL4.


Each of the four models was put in an Arc Macro Language (AML) program for the purpose of testing.  Each program was designed to start with the same base data.   The base data included a forty foot digital elevation model (DEM) in the Arc/Info grid coverage format.  The x, y, and z units of the DEM were in feet and the projection was South Carolina NAD 83.   The base data also included a watershed boundary projected from a USGS fourteen digit HUC data set to be in the same coordinate system as the DEM for the two larger watersheds.  The smaller watershed boundaries were digitized from USGS quadrangle map images, because there was no standard available.  The final element in the base data set was a line coverage of the stream network which was digitized from USGS quadrangle map images for each stream.  


In each program the DEM was used to calculate a slope surface (percent rise) which was clipped with the stream’s  watershed boundary in order to minimize the size of the grid being used for calculations.  This clip also made areas outside the watershed of interest no-data cells in the grid.  When possible the grids were further reduced in size to speed calculations, but each program varied in utilizing the three base data sets.


Each program contained a performance timer that was activated after the initial inputs and read to the screen at the end of calculations.  This timer gave the elapsed time since it was initiated and was used to evaluate calculation speed of each model.


Each model was tested on six stream networks of different lengths.  The same streams were used for all four models.  Kennemore-one was the shortest stream and was approximately 0.3 miles long. Kennemore-two, Holly Springs and Ramsey Bridge were approximately one half mile. Ramsey bridge had more tributaries and was slightly longer (.6 miles). Golden creek was approximately 33 miles long and Three & Twenty creek was 180 miles long. These last two stream networks  proved to be too large for the second and most intensive model, but were used in testing the other three models.  All five streams were located in the upper piedmont of South Carolina.  The programs containing the four models were tested on a 500 MHZ computer with Arc/Info running under the NT 4.0 operating system.


Data recorded included the average time to run each model on each stream network and the area of the primary plus the secondary SMZ for each stream network.  The maps resulting from each model were compared to each other, then evaluated against the basic criterion, and USGS quadrangle images with contours.

RESULTS


MODEL1 provided the fastest results on short and intermittent length streams, but not on the longest stream (fig 5). It took only 43 seconds to calculate the SMZ for Golden Creek, however it took 199 seconds to calculate the zones for Three & Twenty Creek.  The results do not meet all of the basic criterion in that the width of the SMZ on different sides of the streams does not correspond to the slope on that side of the stream.  This results in buffer strips that are wider than contour maps indicate are needed in some places and too narrow in others.  The result is a SMZ that is mapped imprecisely with respect to size and boundary location. This model (MODEL1) resulted in the largest area being allocated to stream management zones for small stream networks, but not necessarily for intermediate and larger ones (fig 6). However, the area allocated to SMZs is not directly related to stream length alone, since the width varies with slope.  


MODEL2, the second and most intensive model took an unacceptable amount of time to run even the shortest stream (fig 5).  It took 33 minutes to calculate the SMZ for Kennemore-one, which was a stream with less than one third mile in its network.  In addition, the time to calculate longer streams was not linear to the time for the short stream.  It took an estimated 385 hours to calculate the 33 mile Golden Creek network and proved too time consuming to attempt the 180 mile stream. The results of the calculations completed appeared to comply with the South Carolina definition of SMZs when used as overlays on contour coverages of the watersheds. However, this method of overlay analysis does not predict SMZ width changes with a high degree of spatial accuracy.
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MODEL3, the third model  was six times as fast as MODEL2 in calculating the zones on short streams and almost a hundred times as fast on longer ones (fig 5).  However, 3.4 hours to calculate a 33 mile stream network is still not very acceptable, if a reasonable level of precision can be reached in less time.  This approach requires a number of passes through the reduced data sets to calculate the zones for each side of the stream by 100 foot segment and then calculate zonal means and variable buffers.  The zonal mean function can produce rapid results, but the parallel buffer zones must be segmented to produce meaningful results.  This method arbitrarily segments those zones irrespective of change in slope.  Ideally the SMZ should change width only in response to a change in slope on its side of the stream.


MODEL4, the fourth model, was almost as fast as the first (MODEL1) for the short and intermediate streams and faster for the long stream (fig 5). This model not only made more efficient use of grid functions to determine mean slope, but was also able to respond to changes in slope on each side of the stream channel. MODEL4 produced similar size and located stream management zones to the other models, in ideal time frames.  SMZ areas resulting from this model were only slightly larger than those produced by MODEL2 (fig 6).  The zones were more generalized, taking out many of the abrupt changes in boundaries produced by MODEL2.  Since the moving window does not weight its mean in the same manner as MODEL2, the zones did not agree on width in many places.  In overlay inspection MODEL4 responded to changes in slope on both sides of streams as depicted by contour maps.
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CONCLUSIONS

All four models produced SMZs that varied only slightly in size (fig 6) and even less in the percent of the watersheds occupied by the zones (fig 7).  MODEL2 and MODEL3 took unacceptable amounts of time to perform the calculations on most streams tested.  MODEL1 and MODEL4 were the fastest models tested and took less than four minutes to calculate the longest stream network.  Of these two models, MODEL4 is the only one that met all of the criterion by responding to differences in slope on opposite sides of streams, increasing SMZ width where contour maps indicated the need, and producing all the needed map elements in an acceptable amount of time (fig 8).  MODEL4 appears to be the best all around model tested; it produced reasonable results in a relatively short amount of time.  MODEL4 also takes into consideration the different slopes on opposite sides of the streams.  It appears to produce SMZs that are consistent with the South Carolina guidelines at a reasonable level of precision. However, in the present model all slopes that fall within the 100 foot buffer and the moving window at the same time are averaged into the mean.  Whether or not the occurrence of backslopes would have a significant impact on SMZs is not known at this time.  I recommend further testing to the model and further refinement and clarification of SMZ definitions for mapping in the GIS environment.
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Sheet1

				TIME TO RUN STREAMS IN MODELS

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model one (SMZ2):

		Kennemore one		0.31		11		12		10		11		0.18		KN1

		Kennemore two		0.48		15		16		16		16		0.26		KN2

		Holly Springs		0.52		15		15		15		15		0.25		HS

		Ramsey Bridge		0.59		17		15		16		16		0.27		RB

		Golden Creek		33.10		43		43		43		43		0.72		GC

		Three & Twenty Creek		180.00		197		199		200		199		3.31		TTC

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model two (SMZ3):

		Kennemore one		0.31		1984		1985		1956		1975		32.92

		Kennemore two		0.48		2657		2677		2774		2703		45.04

		Holly Springs		0.52		3287		3226		3289		3267		54.46

		Ramsey Bridge		0.59		3164		3245		3278		3229		53.82

		Golden Creek		33.10

		Three & Twenty Creek		180.00

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model three (SMZ7):

		Kennemore one		0.31		300		299		298		299		4.98

		Kennemore two		0.48		518		521		522		520		8.67

		Holly Springs		0.52		506		498		495		500		8.33

		Ramsey Bridge		0.59		552		564		551		556		9.26

		Golden Creek		33.10		12270		12184		12512		12322		205.37

		Three & Twenty Creek		180.00

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model four (SMZ8):

		Kennemore one		0.31		14		14		18		15		0.26

		Kennemore two		0.48		20		21		20		20		0.34

		Holly Springs		0.52		22		21		21		21		0.36

		Ramsey Bridge		0.59		22		21		21		21		0.36

		Golden Creek		33.10		44		45		44		44		0.74

		Three & Twenty Creek		180.00		168		166		167		167		2.78





Sheet2

				AREAS FOR EACH STREAM'S WATERSHED AND SMZ

				Watershed		Watershed		SMZ		SMZ		Percent

				(sq. ft.)		(acres)		(sq. ft.)		(acres)		SMZ/WS

		Model one (SMZ2):

		Kennemore one		4548960		104.43		1044662		24.0		23

		Kennemore two		3961230		90.94		1490115		34.2		38

		Holly Springs		7297861		167.54		1511191		34.7		21

		Ramsey Bridge		6286877		144.33		1853992		42.6		29

		Golden Creek		446169984		10242.65		21180260		486.2		5

		Three & Twenty Creek		2571088256		59024.06		108171646		2483.3		4

		Model two (SMZ3):

		Kennemore one		4548960		104.43		895911		20.6		20

		Kennemore two		3961230		90.94		1391364		31.9		35

		Holly Springs		7297861		167.54		1407038		32.3		19

		Ramsey Bridge		6286877		144.33		1703788		39.1		27

		Golden Creek		446169984		10242.65

		Three & Twenty Creek		2571088256		59024.06

		Model three (SMZ7):

		Kennemore one		4548960		104.43		980060		22.5		22

		Kennemore two		3961230		90.94		1447063		33.2		37

		Holly Springs		7297861		167.54		1485869		34.1		20

		Ramsey Bridge		6286877		144.33		1757171		40.3		28

		Golden Creek		446169984		10242.65		21843058		501.4		5

		Three & Twenty Creek		2571088256		59024.06

		Model four (SMZ8):

		Kennemore one		4548960		104.43		955257		21.9		21

		Kennemore two		3961230		90.94		1428921		32.8		36

		Holly Springs		7297861		167.54		1524245		35.0		21

		Ramsey Bridge		6286877		144.33		1747606		40.1		28

		Golden Creek		446169984		10242.65		22253136		510.9		5

		Three & Twenty Creek		2571088256		59024.06		111531564		2560.4		4
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				TIME TO RUN STREAMS IN MODELS

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model one (SMZ2):

		Kennemore one		0.31		11		12		10		11		0.18		KN1

		Kennemore two		0.48		15		16		16		16		0.26		KN2

		Holly Springs		0.52		15		15		15		15		0.25		HS

		Ramsey Bridge		0.59		17		15		16		16		0.27		RB

		Golden Creek		33.10		43		43		43		43		0.72		GC

		Three & Twenty Creek		180.00		197		199		200		199		3.31		TTC

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model two (SMZ3):

		Kennemore one		0.31		1984		1985		1956		1975		32.92

		Kennemore two		0.48		2657		2677		2774		2703		45.04

		Holly Springs		0.52		3287		3226		3289		3267		54.46

		Ramsey Bridge		0.59		3164		3245		3278		3229		53.82

		Golden Creek		33.10

		Three & Twenty Creek		180.00

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model three (SMZ7):

		Kennemore one		0.31		300		299		298		299		4.98

		Kennemore two		0.48		518		521		522		520		8.67

		Holly Springs		0.52		506		498		495		500		8.33

		Ramsey Bridge		0.59		552		564		551		556		9.26

		Golden Creek		33.10		12270		12184		12512		12322		205.37

		Three & Twenty Creek		180.00

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model four (SMZ8):

		Kennemore one		0.31		14		14		18		15		0.26

		Kennemore two		0.48		20		21		20		20		0.34

		Holly Springs		0.52		22		21		21		21		0.36

		Ramsey Bridge		0.59		22		21		21		21		0.36

		Golden Creek		33.10		44		45		44		44		0.74

		Three & Twenty Creek		180.00		168		166		167		167		2.78
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				AREAS FOR EACH STREAM'S WATERSHED AND SMZ

				Watershed		Watershed		SMZ		SMZ		Percent

				(sq. ft.)		(acres)		(sq. ft.)		(acres)		SMZ/WS

		Model one (SMZ2):

		Kennemore one		4548960		104.43		1044662		24.0		23

		Kennemore two		3961230		90.94		1490115		34.2		38

		Holly Springs		7297861		167.54		1511191		34.7		21

		Ramsey Bridge		6286877		144.33		1853992		42.6		29

		Golden Creek		446169984		10242.65		21180260		486.2		5

		Three & Twenty Creek		2571088256		59024.06		108171646		2483.3		4

		Model two (SMZ3):

		Kennemore one		4548960		104.43		895911		20.6		20

		Kennemore two		3961230		90.94		1391364		31.9		35

		Holly Springs		7297861		167.54		1407038		32.3		19

		Ramsey Bridge		6286877		144.33		1703788		39.1		27

		Golden Creek		446169984		10242.65

		Three & Twenty Creek		2571088256		59024.06

		Model three (SMZ7):

		Kennemore one		4548960		104.43		980060		22.5		22

		Kennemore two		3961230		90.94		1447063		33.2		37

		Holly Springs		7297861		167.54		1485869		34.1		20

		Ramsey Bridge		6286877		144.33		1757171		40.3		28

		Golden Creek		446169984		10242.65		21843058		501.4		5

		Three & Twenty Creek		2571088256		59024.06

		Model four (SMZ8):

		Kennemore one		4548960		104.43		955257		21.9		21

		Kennemore two		3961230		90.94		1428921		32.8		36

		Holly Springs		7297861		167.54		1524245		35.0		21

		Ramsey Bridge		6286877		144.33		1747606		40.1		28

		Golden Creek		446169984		10242.65		22253136		510.9		5

		Three & Twenty Creek		2571088256		59024.06		111531564		2560.4		4
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Sheet1

				TIME TO RUN STREAMS IN MODELS

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model one (SMZ2):

		Kennemore one		0.31		11		12		10		11		0.18		KN1

		Kennemore two		0.48		15		16		16		16		0.26		KN2

		Holly Springs		0.52		15		15		15		15		0.25		HS

		Ramsey Bridge		0.59		17		15		16		16		0.27		RB

		Golden Creek		33.10		43		43		43		43		0.72		GC

		Three & Twenty Creek		180.00		197		199		200		199		3.31		TTC

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model two (SMZ3):

		Kennemore one		0.31		1984		1985		1956		1975		32.92

		Kennemore two		0.48		2657		2677		2774		2703		45.04

		Holly Springs		0.52		3287		3226		3289		3267		54.46

		Ramsey Bridge		0.59		3164		3245		3278		3229		53.82

		Golden Creek		33.10

		Three & Twenty Creek		180.00

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model three (SMZ7):

		Kennemore one		0.31		300		299		298		299		4.98

		Kennemore two		0.48		518		521		522		520		8.67

		Holly Springs		0.52		506		498		495		500		8.33

		Ramsey Bridge		0.59		552		564		551		556		9.26

		Golden Creek		33.10		12270		12184		12512		12322		205.37

		Three & Twenty Creek		180.00

				Stream Length		Time1		Time2		Time3		Mean Time		Mean Time

				(miles)		(seconds)		(seconds)		(seconds)		(seconds)		(minutes)

		Model four (SMZ8):

		Kennemore one		0.31		14		14		18		15		0.26

		Kennemore two		0.48		20		21		20		20		0.34

		Holly Springs		0.52		22		21		21		21		0.36

		Ramsey Bridge		0.59		22		21		21		21		0.36

		Golden Creek		33.10		44		45		44		44		0.74

		Three & Twenty Creek		180.00		168		166		167		167		2.78
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				AREAS FOR EACH STREAM'S WATERSHED AND SMZ

				Watershed		Watershed		SMZ		SMZ		Percent

				(sq. ft.)		(acres)		(sq. ft.)		(acres)		SMZ/WS

		Model one (SMZ2):

		Kennemore one		4548960		104.43		1044662		24.0		23

		Kennemore two		3961230		90.94		1490115		34.2		38

		Holly Springs		7297861		167.54		1511191		34.7		21

		Ramsey Bridge		6286877		144.33		1853992		42.6		29

		Golden Creek		446169984		10242.65		21180260		486.2		5

		Three & Twenty Creek		2571088256		59024.06		108171646		2483.3		4

		Model two (SMZ3):

		Kennemore one		4548960		104.43		895911		20.6		20

		Kennemore two		3961230		90.94		1391364		31.9		35

		Holly Springs		7297861		167.54		1407038		32.3		19

		Ramsey Bridge		6286877		144.33		1703788		39.1		27

		Golden Creek		446169984		10242.65

		Three & Twenty Creek		2571088256		59024.06

		Model three (SMZ7):

		Kennemore one		4548960		104.43		980060		22.5		22

		Kennemore two		3961230		90.94		1447063		33.2		37

		Holly Springs		7297861		167.54		1485869		34.1		20

		Ramsey Bridge		6286877		144.33		1757171		40.3		28

		Golden Creek		446169984		10242.65		21843058		501.4		5

		Three & Twenty Creek		2571088256		59024.06

		Model four (SMZ8):

		Kennemore one		4548960		104.43		955257		21.9		21

		Kennemore two		3961230		90.94		1428921		32.8		36

		Holly Springs		7297861		167.54		1524245		35.0		21

		Ramsey Bridge		6286877		144.33		1747606		40.1		28

		Golden Creek		446169984		10242.65		22253136		510.9		5

		Three & Twenty Creek		2571088256		59024.06		111531564		2560.4		4
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Figure 6. AREA OF SMZ FOR EACH MODEL
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Figure 7. SMZ AREA AS PERCENT OF WATERSHED AREA
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