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Abstract A science-based geographic information sys-
tem (GIS) approach is presented to target critical source
areas in watersheds for conservation buffer placement.
Critical source areas are the intersection of hydrologically
sensitive areas and pollutant source areas in watersheds.
Hydrologically sensitive areas are areas that actively gen-
erate runoff in the watershed and are derived using a
modified topographic index approach based on variable
source area hydrology. Pollutant source areas are the areas
in watersheds that are actively and intensively used for
such activities as agricultural production. The method is
applied to the Neshanic River watershed in Hunterdon
County, New Jersey. The capacity of the topographic index
in predicting the spatial pattern of runoff generation and the
runoff contribution to stream flow in the watershed is
evaluated. A simple cost-effectiveness assessment is con-
ducted to compare the conservation buffer placement sce-
nario based on this GIS method to conventional riparian
buffer scenarios for placing conservation buffers in agri-
cultural lands in the watershed. The results show that the
topographic index reasonably predicts the runoff genera-
tion in the watershed. The GIS-based conservation buffer
scenario appears to be more cost-effective than the con-
ventional riparian buffer scenarios.
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Introduction

A large amount of water pollutants, such as nitrogen,
phosphorus and sediments, are sourced from a relatively
small hydrologically sensitive portion or critical source
areas (CSAs) in a watershed (Dickinson and others 1990;
Pionke and others 2000). Targeting CSAs in landscapes for
implementing best management practices (BMPs) has long
been recognized as an effective and efficient way to control
nonpoint source pollution and to improve environmental
quality (Maas and others 1985; Duda and Johnson 1985; Fox
and others 1990; Gburek and others 2002). In recent years,
there has been renewed interest in the targeting approach
under the banner of precision conservation because of the
advances in information technologies, such as geographic
information systems (GIS), global positioning systems,
remote sensing, environmental modeling and software, and
the increased availability of spatial data for topography,
soils, hydrology, land use/land cover and others (Berry and
others 2003). Polyakov and others (2005) presented a com-
prehensive review on such BMPs as precision conservation
buffer planning.

Conservation buffers have been used as a common
practice to control diffuse water pollution, repair impaired
streams and restore the ecosystem functions of a damaged
watershed. Practical questions concerning where the con-
servation buffer should be placed and how wide the buffers
should be are common. The most common practice is to
define the riparian areas for buffer placement and buffer
width by stream proximity (i.e., a fixed distance from the
stream). Reconstruction and/or preservation of riparian
buffers along stream banks are often blended into the local
land use planning process by creating and implementing
riparian buffer ordinances to control diffuse water pollu-
tion. The width of the stream buffer varies from 6.1 to
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61 m (20-200 feet) in the buffer ordinances throughout the
United States (Heraty 1993). The width chosen by a
jurisdiction usually depends on the sensitivity and charac-
teristics of the resource being protected and the political
environment in the community.

Although the fixed-width riparian buffer placement
strategy discussed above is simple, straightforward and
easy to implement and enforce, it does not necessarily
achieve full protection of streams (Bren 1998). Some stud-
ies show that conservation buffers are sometimes ineffec-
tive in removing diffuse water pollutants, such as sediment,
nutrients and chemicals, in watersheds (Daniels and Gilliam
1996; Dosskey and others 2002). Ineffectiveness is related
to the improper placement and size of buffers (Dosskey and
others 2002; McKergow and others 2003). Although a 4.6-
to 9.1-m (15- to 30-ft) wide buffer could be effective in
trapping sediments and removing nitrogen, phosphorus and
other pollutants in the short term (Dillaha and others 1989;
Magette and others 1989), much wider buffers are required
for long-term sediment retention (Cooper and others 1986;
Lowrance and others 1986).

There were several alternative conservation buffer strat-
egies that considered the topographic, soil and land use
conditions within and around the buffers in watersheds and
linked the location and size of buffers to the upland con-
tributing areas. Bren (2000) and Tomer and others (2003)
used the hydrologic and pollutant loading in delineating
areas for buffers. Areas where the computed hydrologic
loads exceed a threshold level were prioritized for buffer
placement. Dosskey and others (2006) developed a method
that uses soil survey attributes to guide the placement of
conservation buffers. Xiang (1993) developed a GIS pro-
cedure that used topographic and soil conditions within
buffers to derive the width for functioning buffers along
streams in North Carolina. Herron and Hairsine (1998)
developed two equations that defined the proportion of the
hillslope that needed to be set aside as a riparian zone to
stop overland runoff from reaching the stream under both
the storage-limiting (corresponding to the saturation-excess
runoff mechanism) and the infiltration-limiting (corre-
sponding to infiltration-excess runoff mechanism) condi-
tions, respectively. Their equations included climate, soil
and landscape convergence factors. A riparian zone width
not exceeding 20% of the total hillslope length was pro-
posed as a practical management option after examining
various hillslope, riparian zone and climate conditions in
Australia.

The variable source area (VSA) hydrology had been
closely linked to the delineation of CSAs for managing
diffuse agricultural runoff (Johnes and Heathwaite 1997,
Heathwaite and others 2000). According to the VSA
hydrology, runoff is generated from saturated areas in
landscapes where soil saturation capacity is exceeded and

the runoff generation is controlled by the development,
expansion and contraction of these saturated areas (Hewlett
and Hibbert 1967). Qiu (2003) explicitly emphasized the
role of the VSA hydrology in planning conservation buf-
fers. He suggested that the pattern of VSAs in landscapes
provided a scientific basis for defining the location and size
of conservation buffers, which is applicable from field level
to watershed and regional levels. Installing conservation
buffers within the VSAs could potentially prevent the
formation of concentrated runoff flow and achieve both
environmental and cost effectiveness. However, Qiu (2003)
did not present a practical VSA modeling procedure that
implemented the VSA-based buffer placement strategy for
buffer planning and restoration.

The objectives of this study are to apply a topographic
index approach to evaluate VSAs and to develop a practical
GIS-based procedure that identifies CSAs in watersheds for
conservation buffer placement using readily available
spatial information. The procedure is illustrated by an
application in the Neshanic River watershed in Hunterdon
County, New Jersey that identifies agricultural lands in the
watershed for conservation buffer placement and riparian
restoration. The study will also validate the topographic
index through its application in predicting stream flow and
its two components (i.e., baseflow and runoff) in the
watershed, and finally compare the cost-effectiveness of
the GIS-based conservation buffer scenarios with the
conventional riparian buffer scenarios in the watershed.
Cost-effectiveness is a comprehensive economic frame-
work to evaluate environmental policy and conservation
management. It has gained widespread acceptance as a
method for evaluating alternative policies and best man-
agement practices for controlling nonpoint source pollution
(Ribaudo and others 1999). In this application, a simple
measurement on cost-effectiveness, as used by Prato and
Shi (1990) and Qiu (2003), will be developed to compare
different conservation buffer placement scenarios.

Methods
Deriving Topographic Index

The topographic index is the basis for the rainfall-runoff
model, TOPography based hydrological MODEL (TOP-
MODEL), which simulates the pattern of surface runoff
contributing areas following the VSA hydrology. The most
common form of the topographic index (4) is:

7= 10(%an ). (1)

where « is the upslope contributing area per unit contour
length to a given point in a watershed in meters and f is the
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local surface slope angle in decimal. The index measures
the propensity of a given point in watershed to become
saturated and act as a source area for surface runoff (Beven
and Kirkby 1979). The index is often called a wetness
index (Moore and others 1991). In practice, a watershed is
divided into small grids and the index is measured at each
grid. The index is often derived from a digital elevation
model (DEM) using terrain analysis in GIS (Tarboton
1997). The higher the index, the more likely the grid is
saturated during a storm event. The index was also used in
other VSA-based models, such as TOPOG (O’Loughlin
1986) and WET (Moore and others 1993).

Bren (2000) and Tomer and others (2003) implicitly and
explicitly used the index in their conservation buffer
planning approaches, respectively. Bren (2000) used two
slope convergence parameters (i.e., specific area and slope
index) as surrogate measures of hydrologic loading. The
specific area and slope indices used by Bren (2000) were
very similar to o and tan(f}), respectively. Tomer and others
(2003) used a wetness index and an empirical erosion index
to measure the hydrologic and sediment loading for buffer
planning. The wetness index was the same as this index and
the empirical erosion index was a function of o and tan(f3).

Because of its simplicity and the ability to visualize the
spatial predictions, TOPMODEL has been widely adopted
to simulate hydrologic processes with various modifications
and extensions. As noted by Beven (1997), TOPMODEL is
not a single model, but rather a set of conceptual tools that
can be used to simulate hydrological processes in a relatively
simple way, particularly the dynamics of surface or subsur-
face contributing areas. The original TOPMODEL implic-
itly assumed a water table below the entire watershed, which
did not conceptually apply to watersheds hydrologically
controlled by shallow interflow of perched groundwater.
Walter and others (2002) further re-conceptualized the
TOPMODEL by using soil moisture deficit instead of water
table depth as the state variable to make it applicable to
shallow, interflow-driven watersheds. Consequently, the topo-
graphic index that predicts the spatial distribution of runoff
contributing areas can be approximated as follows:

J=In (W) ~In (ﬁ) ~In(K,D), 2)

where D is the local soil depth in meters to the fragipan,
bedrock or other type of restrictive layer, K; is the mean
saturated hydraulic conductivity of the soil profile in
meters per day above the restrictive layer, and other
variables are defined as before. The redefined topographic
index is similar to the one defined by Ambroise and others

(1996). Equation 2 has two components: the wetness index,
In (ﬁ), and the soil water storage index, In(K;D). Unlike

Eq. 1, Eq. 2 considers the impacts on the index of soil
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water storage capacity (K D) above the restrictive layer. In
general, the deeper the topsoil (D) and the higher the
saturated hydraulic conductivity (K;), the lower the value
of A, which implies a lower likelihood of generating
surface runoff. In reality, there are several topsoil layers
with different K, values above a restrictive layer or bed-
rock. In this case, K| is defined as

d
>0 (difki)
where d is total thickness of the soil above the restrictive

layer; d; is the thickness of layer i, k; is the saturated
hydraulic conductivity of layer i (Freeze and Cherry 1979).

K, =

(3)

Evaluating the Topographic Index

Since it was first introduced, the wetness index had been
subject to intensive investigation on its ability to predict
the spatial pattern of runoff contributing areas in the
hydrology literature. The predicted spatial patterns were
compared to the measured soil moisture pattern (Grayson
and Western 1998; Grayson and others 2002), the shallow
groundwater table (Moore and Thompson 1996; Seibert
and others 1997) and the observed wetland occurrence
(Rodhe and Seibert 1999; Merot and others 2003). How-
ever, the validation results were mixed. While some rea-
sonable match was reported, many found the predicted and
observed spatial patterns did not always match well. The
mismatch was not entirely unexpected because the soil
moisture, shallow groundwater table and wetland forma-
tion were subject to many micro and macro natural and
man-made conditions such as soil, geology, climate and
land use in addition to the topographic condition in water-
sheds. Many variants of the wetness index were developed
by incorporating those factors and conditions to therefore
improve their capacity to predict the spatial pattern of
runoff contributing areas.

The revised topographic index used here represented
one of many variants of the wetness index. It had been
extensively evaluated in terms of its ability to predict the
spatial pattern of runoff contributing areas, and to predict
stream flow in the Catskill Mountains of New York. Lyon
and others (2004) and Agnew and others (2006) compared
the predicted runoff potential pattern by Eq. 2 to the field
monitored moisture pattern and to the predicted runoff
pattern given by a fully distributed Soil Moisture Routing
(SMR) model in the Town Brook watershed in the region.
SMR is a mechanistic physical-based, spatially distributed
model that captures the VSA hydrology of humid, tem-
perate regions like the Northeastern United States that have
highly permeable, sloping soils over a restricting layer
(Frankenberger and others 1999). They concluded the
topographic index given in Eq. 2 is a good indicator of the
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risk of runoff, especially in the Northeastern United States.
Schneiderman and others (2007) developed a variable
source loading function (VSLF) model that modified the
soil conservation curve number (SCS-CN) rainfall-runoff
method by incorporating the index. Their model was pre-
cise and accurate in predicting runoff, stream flow and
water quality in Cannonsville watershed in the region. de
Alwis and others (2007) derived the normalized difference
water index from medium resolution Landsat 7 ETM+
images to delineate the saturated area using an unsuper-
vised classification method and found that the delineated
pattern of saturated areas matched well the predictions
made using the revised topographic index in the Town
Brook watershed.

In this application, the VSLF model developed by
Schneiderman and others (2007) is used to evaluate how
well the derived topographic index can be incorporated to
predict the stream flow and its runoff and baseflow com-
ponents in the study area. Following Schneiderman and
others (2007), the watershed is divided into 10 different
saturation classes based on the spatial pattern of the topo-
graphic index derived using Eq. 2. The resulting runoff is
predicted by

10
0=> qihA,;, 4)
i=1

where i is the index of saturation class, AA,; is the fraction
of the watershed in the saturation class i and ¢; is the per
unit runoff depth for saturation class i predicted by the
traditional SCS-CN rainfall-runoff method based on land
use and soil conditions within the saturation class.

Determining Critical Source Areas (CSAs)

In this application, the topographic index given in Eq. 2 is
used to determine CSAs for conservation buffer placement
and riparian restoration in a watershed. The general proce-
dure for determining CSAs consists of three steps. In step 1,
Eq. 2 was used to derive the topographic index and identify
the spatial patterns of VSAs from a DEM and a soil database.
GIS software, such as ArcGIS, was used to process these
data. When applied to a watershed, Eq. 2 generates a topo-
graphic index for every grid of the watershed (the grid size is
depended upon the resolution of the DEM) that indicated the
propensity or probability of generating overland runoff of
each grid.

It is always challenging for land and resource managers
to use probability-based VSAs patterns to make manage-
ment decisions. They tend to prefer well-defined, static
HSAs for targeting BMPs, such as conservation buffers.
Therefore, step 2 delineates HSAs from the predicted VSA
pattern in step 1. HSAs are defined as the parts of VSAs

that most actively contribute to generation of overland
runoff in landscapes. Various subjective and objective
criteria can be used to delineate the HSA pattern. For
example, the HSAs should be delineated to control the
impacts of a specific storm event (Lyon and others 2006).
Given natural conditions, such as topography, soil, land
use/cover and hydrology, in landscapes, a series of VSA
patterns corresponding to dynamic rainfall events can be
identified in the watershed (Gérard-Marchant and others
2003; Qiu 2003). Agnew and others (2006) suggested using
the average saturation probability to delineate the HSAs.
One can also simply apply the practical option suggested
by Herron and Hairsine (1998), which is to target 20% of
the watershed area with the highest topographic index to
prevent the concentrated overland flow from entering the
stream and therefore achieve the potential effectiveness of
the buffers. Other criteria include the local preferences,
feasibility, and funding availability. The most practical
way for delineating the HSAs is to choose a threshold level
of the topographic index and to classify the areas that have
higher topographic indices than the threshold level as
HSAs. Several threshold levels can be experimented to
derive the HSAs. The subjective and objective criteria
discussed can be then applied to select the most proper
threshold level in the study area.

CSAs are areas where pollution sources and transport
coincide (Walter and others 2000; Heathwaite and others
2005; Agnew and others 2006). In step 3, CSAs can be
determined as the intersection of the identified HSAs in
step 2 and a set of pollutant source areas in landscapes. The
pollutant source areas are generally the areas in landscapes
that have been actively generating pollutants because of
intensive land use activities such as agricultural and silvi-
cultural production, residential development, and industrial
and commercial uses. Walter and others (2001) presented
an example of determining CSAs based on HSAs in an
agricultural field. For an agricultural field in the Catskill
Mountain region of New York State in which dairy manure
is spread, CSAs were the intersection of the HSAs and the
manure spread areas in the field. At a large landscape such
as a watershed, the pollutant source areas can be inter-
preted from an existing land use map. In particular, CSAs
for conservation buffer placement and riparian restoration
are a subset of HSAs identified in step 2 that have intensive
land use activities, such as agricultural production and
urban development, which have the high potential to
degrade stream water quality. It should be noted that land
use activities have the impacts not only on sources, but also
on patterns of VSAs and HSAs. Examples are roads,
stormwater infrastructures, tramlines, tracks and field
drainage systems (Tomer and others 2003; Heathwaite and
others 2005). The impacts of such land use activities on the
VSAs and HSAs patterns are ignored in this application,
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but offer opportunities for future research. The identified
CSAs provide the basis for targeting BMPs, such as con-
servation buffers.

The Study Area

The general GIS procedure of determining CSAs for con-
servation buffer placement and riparian restoration was
applied to the 8,029-ha (31-mi”) Neshanic River watershed
in the Raritan River Basin located in Hunterdon County,
New Jersey. The Neshanic River is a tributary to the South
Branch of the Raritan River, which drains to the Atlantic
Ocean. The Neshanic River was listed in the New Jersey
2008 Integrated Water Quality Monitoring and Assessment
Report for impaired aquatic life, and nonpoint source
pollution in bacteria, phosphorus, and total suspended
solids (NJDEP 2008). The Neshanic River had either the
highest concentrations of constituents or the highest fre-
quency of not meeting water quality standards for 13 of the
17 constituents and was considered to be one of the worst
water bodies in terms of overall water quality in the Raritan
River Basin (Reiser 2004). Like many other parts in New
Jersey, this watershed had been experiencing rapid subur-
banization during the last two decades. Based on the land
use/cover database compiled by the New Jersey Depart-
ment of Environmental Protection (NJDEP), the percentage
of the urban land in the watershed had increased from
17.4% in 1986 to 30.7% in 2002. The increases in urban
land primarily came from agricultural land in the water-
shed. While other land uses were relatively steady, the
agricultural lands in the watershed had decreased from
55% in 1986 to about 40% in 2002. While much of the
water quality problems were attributed to the rapid urban
development, agriculture was still an important source of
water pollution in the watershed. The Neshanic River
watershed had the highest percentage of agricultural lands
among all watersheds in the Raritan River Basin. There-
fore, controlling agricultural nonpoint source runoff is
important for achieving the overall water quality goals in
this watershed.

The Neshanic River watershed was recognized as one of
the priority watersheds to implement agricultural best
management practices including conservation buffers to
improve water quality because of its relatively poor water
quality and high percentage of agricultural lands (NJWSA
2002). Although there are many federal, state and local
programs that fund conservation buffer placement and
riparian restoration efforts in impaired watersheds, the $100
million New Jersey Conservation Reserve Enhancement
Program (CREDP) is still the primary funding mechanism for
implementing conservation buffers on agricultural lands
in New Jersey. New Jersey CREP covers 100% of the
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implementation costs of installing buffers and offers land
rental payments to the enrolled landowners for 15 years.
New Jersey CREP supports four types of conservation buffer
practices on agricultural lands: grass waterways (CP8A);
contour grass strips (CP15A); filter strips (CP21); and
riparian buffer (CP22). So far, landowners had requested and
received support for only three practices (i.e., CP8A, CP21
and CP22). Identifying CSAs for placing conservation buf-
fers is expected to significantly improve the efficiency of
CREP and the water quality in the watershed.

Data Analyses
Deriving Topographic Index

Two spatial datasets were used to derive the topographic
index using Eq. 2 in the watershed: a digital elevation
model (DEM), and a soil survey database. The 10-m res-
olution DEM was downloaded from NJDEP website. The
NRCS Soil Survey Geographic (SSURGO) soil database
for Hunterdon County was downloaded from the NRCS
Soil Data Mart website.

The DEM was first processed using the open source
ArcGIS extension Terrain Analysis Using Digital Elevation
Models (TauDEM) by Tarboton (2005) and the ArcGIS

Raster Calculator to obtain a wetness index grid, In (ﬁ)

There was a problem in calculating the wetness index when
the local surface slope angle, f3, is zero. To ensure the full
coverage of the topographic index, we assumed a minimum
surface slope of 0.0001 for all grids with surface slopes less
than 0.0001.

The soil depth (D) and the mean saturated hydraulic
conductivity (K,) were extracted for each soil type from the
Hunterdon County SSURGO soil database. There were two
types of data associated with the county soil database: an
ArcGIS shapefile showing the spatial distribution of all soil
types in the county and a Microsoft Access database con-
taining the attributes of those soil types. The Access
database was first inquired to determine there was any
restrictive layer such as fragipan or bedrock under each soil
in the corestrictions table in the database. Then, the layer
thickness and the associated K; in the different soil layers
of each soil were extracted from the chorizon table in the
database. For a soil type that had a restrictive layer, only
the layer thickness and the associated K, of the soil layers
above the restrictive layer were extracted. The soil depth D
was calculated as the sum of the soil layer thickness and the
geometric mean of the saturated hydraulic conductivity, K,
in different soil layers was calculated using Eq. 3. The
product (K *D) for each soil finally was calculated and
linked to the soil spatial distribution GIS layer through the



Environmental Management (2009) 44:968-980

973

name of the soil mapping unit MUSYM. The soil layer was
converted into a soil water storage index raster layer based
on the value of In(K;D). The converted raster layer had
the same resolution as and was in alignment with the
wetness index raster layer. About 149 ha or 1.87% of the
watershed was classified as water, rough broken land,
shale, quarry, and pits, sand and gravel for which there
was no attribute value on K in the soil database. Since
these soil classifications did not have any soil water
storage capacity, the grids with these soil classifications
were assigned a soil water storage index of —3, which was
about 1.2 lower than the highest calculated soil water
storage index of —1.8 in the watershed. Although the
index of —3 was arbitrary, it was not expected to have a
significant impact on the resulting topographic index
because 90% of those grids were water, which generally
had high wetness indices.

The Raster Calculator in ArcGIS was used to manipulate
the raster layers for the wetness index from the DEM and
the soil water storage index from the SSURGO soil data
and to calculate the topographic index based on Eq. 2.
Figure 1 presented the spatial distribution of the derived
topographic index for the watershed, which ranged from 1
to 28. The darker color indicated a higher topographic
index. Figure 2 gave the area distributions of the wetness
index and the topographic index after rounding the index
value of each grid to the nearest integer. The wetness index
ranged from 3 to 25 and had a bell-shaped distribution with
a longer right tail. The areas with an index value of 7, 8,
and 9 accounted for about 26, 31 and 18% of the total area
of the watershed, respectively. The calculated soil water
storage index ranged from 2 to —3, but mainly had values

Legend
Streams High : 28
A USGS Neshanic Station .
:l Watershed for VSLF Modeling Low ;1
D Neshanic Watershed

Fig. 1 Spatial distribution of the derived topographic index in
Neshanic River watershed, Hunterdon County, New Jersey

of 0, —1, and —2. The areas with a soil water storage index
of 0, —1, and —2 comprised 45, 25, and 21% of the total
area of the watershed, respectively. The added impacts of
the soil water storage index on the wetness index resulted
in an almost perfect bell-shaped distribution in the topo-
graphic index. Most areas in the watershed had a topo-
graphic index of 6, 7, 8, 9 or 10. The areas corresponding to
these indices comprised 12, 19, 20, 17 and 12% of the total
area of the watershed, respectively.

The higher the topographic index, the higher the likeli-
hood of saturation and runoff. During a storm event, runoff
would first be distributed among the grids with the higher
topographic indices and then to the grids with the lower
indices (Lyon and others 2004). Figure 2 also indicated the
proportion of the areas of saturation in a watershed versus
the measured topographic indices in the Neshanic River
watershed. The proportion of the areas of saturation cor-
responding to a specific topographic index is measured as
the accumulated area distributions of all greater topo-
graphic indices. For example, as indicated in Fig. 2, the
proportion of runoff contributing areas is about 13.7%
when all grids with the topographic index greater than or
equal to 11 are saturated and 25% with the topographic
index greater than or equal to 10. The curve presented in
Fig. 2 can be theoretically connected to the probability of
saturation based on more detailed hydrological modeling
and measured climate data and provides a basis for defining
HSAs (Agnew and others 2006).

VSLF Modeling

The VSLF model was applied to a 6,493-ha portion of the
watershed that drains to the USGS Reaville stream flow
gage station at the intersection of Reaville Road and the
Neshanic River as shown in Fig. 1. Following Schneider-
man and others (2007), the watershed was divided into 10
saturation classes with equal areas based on the topo-
graphic index. The 2002 land use/cover data developed by
NJDEP was overlapped with the derived saturation class
layer to identify the land use distribution in each saturation
class. The land use/cover data were compiled from the
aerial photographs taken in the spring of 2002 and were
downloaded from NJDEP website. NJDEP land use/cover
data used a modified Anderson classification system. The
land uses in this watershed were classified into six broad
land use categories including agriculture, barren, forest,
urban, water and wetlands, and 50 subcategories that were
further distinguished using a 4-digital land use classifica-
tion codes. The NJDEP land use/cover data also contained
the information on the impervious rate for each land use
polygon. The impervious surface rate was used to separate
the total area of each land use category in each saturation
class into two parts: pervious and impervious areas. Based
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Fig. 2 Area distribution of the 35.00
derived topographic index and —— Topographic Index
the wetness index in Neshanic
River watershed 30.00 A — Wetness Index
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on its NJDEP 4 digital land use classification codes, the
pervious areas in each saturation class were reclassified
into the following land use categories required by VSLF
model: forest deciduous; coniferous forest; mixed forest;
brushland; cropland and pasture; residential; commercial
and industrial, roads; wetlands; and water. The impervious
areas in all saturation classes were lumped into the fol-
lowing land use categories: barnyard, residential impervi-
ous, commercial and industrial impervious, and roads, for
the watershed. For example, the impervious areas from all
agricultural lands and residential land uses were lumped
into barnyard and residential impervious, respectively. The
NIJDEP land use classification did not distinguish the spe-
cific uses of agricultural lands. In the application, the total
agricultural lands in each saturation class were further
divided into pasture, permanent hay, and cropland based on
the following percentages, 30, 20 and 50%, respectively.
Those percentages were based on the field observation data
obtained through two rounds of agricultural land use
inventories throughout the watershed during the period
2007-2008. The precipitation, maximum and minimum
temperature during 1960-2006, solar radiation and relative
humidity during 1960-2004 in the Flemington weather
station, which was just outside of the watershed boundary,
were collected for the modeling. The stream flow observed
at the gage station during 1960-2006 was also compiled
into the model. Although there were long-term weather and
stream flow data, VSLF model was calibrated for the per-
iod 1992-2000. The calibrated model was then used to
evaluate its capacity to predict the stream flow during the
period 2001-2005.
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Applying Conservation Buffer Planning Strategies

The HSAs were defined as areas where the topographic
index was greater than a specific threshold level. Corre-
sponding to each threshold level, the spatial distribution of
the HSAs could be identified from Fig. 1 and the aggregate
area distribution in the watershed from Fig. 2. Several sets
of HSAs could be produced by using several different
threshold levels. The HSAs information could then be
presented to a local watershed stakeholder group to evaluate
and select the most proper set of HSAs. In this application,
the areas with a topographic index of 11 or higher were
considered to be HSAs, which is about 1,069 ha, i.e., 13.7%
of the watershed. Although the topographic index 11 was
arbitrarily selected as the threshold level for illustration
purpose, it was considered to be reasonable. The 13.7% was
considered to be more practical to achieve in the watershed
(1998).

The identified HSAs were overlaid with a 2002 land use/
cover layer to identify the CSAs for conservation buffer
placement in the watershed. In the application, CSAs were
the agricultural lands within the identified HSAs. The
spatial distribution of the identified HSAs and CSAs in the
watershed is presented in Fig. 3a. The distribution clearly
indicated that the majority of the HSAs and CSAs were
located in the upland areas outside the immediate riparian
areas of the existing streams.

Figure 3 presents the distribution of the agricultural land
for targeting conservation buffer under the two conservation
buffer placement strategies. As shown in Fig. 3a, the VSA-
based conservation buffer strategy was to place conservation
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Fig. 3 Spatial distribution of Legend Legend
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conservation buffer placement ® CShs - Agriculture B ~gricultural Lands
under two buffer placement ® HSAs [ Fixed-width Riparian Area
strategies. a VSA buffer O Watershed [ watershed

placement strategy. b Riparian
buffer placement strategy

L
(a) V/SA Buffer Placement Strategy

buffers in the identified CSAs, i.e., the agricultural lands
located within the identified HSAs. It should be realized that
the distinction among the different types of agricultural
lands should be made when actually placing conservation
buffers. This assumption was made for simplicity due to the
data limitation. Figure 3b shows the conventional riparian
conservation buffer strategy that placed conservation buf-
fers in the agricultural lands within the riparian areas of the
streams. This application considered two scenarios under the
riparian buffer strategy: establishing riparian buffers in all
agricultural lands within the 54-m, for which the riparian
areas were equivalent to the HSAs in the VSA strategy in
size; and 30.5-m, which was commonly adopted by local
communities for non-trout streams, of riparian corridors of
the streams in the watershed.

Assessing Cost-Effectiveness

This application compared the cost-effectiveness of differ-
ent scenarios for placing agricultural lands into conservation
buffers supported by New Jersey CREP based on two buffer
placement strategies discussed above. The cost-effective-
ness of those scenarios was compared for achieving partic-
ular environmental benefits, such as improvements in water
quality. The environmental benefits of different scenarios
were approximated by the controlled runoff potential, which
is measured by the average value of the topographic indices
in these agricultural lands converted into conservation buf-
fers. The costs for establishing and maintaining buffers were
based on the average costs of the buffer installation and
maintenance costs in the agricultural lands enrolled in the
New Jersey CREP. For agricultural lands enrolled in New
Jersey CREP, USDA, NJ Department of Agriculture and
other agencies offered a one-time sign-up incentive, 100%
of the installation costs, and 15 years of buffer maintenance

4 Miles

(b) Riparian Buffer Placement Strategy

costs and soil rental costs. The soil rental costs were the
governmental payment to the land owners for the agricul-
tural lands enrolled in the CREP. The annual soil rental rate
was calculated based on the soil types of the converted
agricultural lands and the associated soil rental rate pub-
lished by the USDA Farm Service Agency. The soil types of
those agricultural lands were compiled from the NRCS soil
SSURGO database for Hunterdon County. The program
costs were based on the actual average costs of the existing
enrolled CREP lands in New Jersey during the period 2004—
2007. The average installation costs of the three buffer
practices supported by the program were quite different.
CP8A (grass waterway) was the most expensive practice
with an average installation costs of $40,402 per ha in New
Jersey. CP21 (filter strips) was the cheapest buffer practice
with an average installation costs of $974 per ha. Average
installation costs for CP22 (riparian buffers) was $3,430 per
ha. The average maintenance costs were $9.88 per ha for
CP8A and CP21 and $14.83 per ha for CP22. The cost-
effectiveness was measured by the average controlled runoff
potential divided by the average program costs. The cost-
effectiveness ratios were used to compare the cost-effec-
tiveness of the riparian buffer strategy to the VSA-based
conservation buffer strategy.

Results

Topographic Index Evaluation

The topographic index was evaluated two ways. First, a
field visit to the HSAs in watershed as indicated by the high
topographic index was conducted with a group of local

watershed specialists and soil conservationists in the
morning of April 29, 2008 after a light storm in the evening
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Fig. 4 A snapshot of the HSAs
distribution in Neshanic River
watershed

Legend
~——— Streams D Land Parcels
—— Roads [ HSAs

of April 28, 2008. Figure 4 presented a snapshot of the
HSAs overlaid with the boundaries of land parcels and the
2002 aerial photography. As shown in Fig. 4, while some
HSAs were located along the streams, some were in the
middle of the fields. The field visit was to evaluate whether
such pattern held especially after the light storm. It was
quite convincing that the modified topographic index
model gave good indication on runoff generation. Where
the predicted HSAs were located, there were clear evi-
dences of accumulated water and/or historical water
problems, such as tile drainage pipes or ditches in the
particular parts of fields.

Second, the topographic index was incorporated into the
VSLF model to predict the stream flow and its baseflow and
runoff components in a major portion of the watershed.
Following Schneiderman and others (2008), seven param-
eters that significantly affected watershed hydrology were
calibrated using the streamflow observed at the USGS
Reaville gage station in the Neshanic River during the
period 1992-2000. The original and calibrated values of the
seven parameters were presented in Table 1. The Nash-
Sutcliffe coefficient measures the goodness-of-fit between
model predictions and measured data on the [0, 1] interval.
The closer the coefficient is to 1, the better the fit. The
coefficients of the calibrated model were 0.18, 0.47 and
0.66 for the daily stream flow, baseflow and runoff and 0.72,
0.73 and 0.70 for monthly stream flow, baseflow and runoff
during the calibration period, respectively. The calibrated
model was used to predict the stream flow, baseflow and
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runoff for the period 2001-2005, which was then verified by
the measured stream flow and the derived baseflow and
runoff from the measured stream flow in the period. The
Nash-Sutcliffe coefficients during the 2001-2005 verifica-
tion period were 0.41, 0.54 and 0.32 for the daily stream
flow, baseflow and runoff and 0.65, 0.60 and 0.48 for
monthly stream flow, baseflow and runoff, respectively.
Those measurements indicated the VSLF model that
incorporates the topographic index reasonably predicts the
stream flow in the watershed.

Cost-Effectiveness Assessment

The cost-effectiveness assessment assumed that agricultural
lands were enrolled in conservation buffers following the
New Jersey CREP. It was assumed that CP22 were installed
in the agricultural lands in both the 30.5- and 54-m riparian
buffer scenarios under the conventional riparian buffer
strategy. The buffer practices in agricultural lands under the
VSA strategy would be different. As presented in Fig. 3a,
the CSAs for conservation buffers, i.e. the agricultural lands
in the HSAs were located not only within the immediate
riparian areas of the streams, but also the upland beyond the
riparian area. The VSA strategy would assume that CP22
were placed in the agricultural lands in the riparian areas
(which is about one-third of the total agricultural lands)
while CP21 and/or CP8A were installed in the remaining
agricultural lands in the upland areas. Two VSA scenar-
ios were evaluated depending on the conservation buffer
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Table 1 Original and

calibrated values of seven VSLF VSLF parameter

Affected output variable Original value Calibrated value

model parameters Precipitation correction factor

SMIN factor

SMAX factor

Runoff recess coefficient
Melt factor

Recess coefficient

Bypass coefficient

Stream flow 0.951625 0.934834
Runoff per (day dormant) 0.170942 0.191209
Runoff per (day growing) 1.343430 0.952385
Runoff 0.412917 0.561485
Stream flow 0.409741 0.979910
Base flow 0.061885 0.112644
Stream flow (during lowflow) 0.059946 0.025477

Table 2 Cost-effectiveness of three buffer restoration strategies in Neshanic River watershed, New Jersey

Units Riparian buffer strategy® VSA buffer strategy
100-foot riparian 177-foot riparian VSA Scenario I VSA Scenario II°
Riparian or hydrologically sensitive areas ha 610.34 1074.14 1069.44 1069.44
Agricultural lands ha 130.06 285.20 280.07 280.07
Average runoff potentials controlled” per ha 1011.50 970.45 1236.68 1236.68
Annual soil rental rate $/ha 95.30 93.97 98.90 98.90
Signing incentive payments $/ha 247.11 247.11 247.11 247.11
Installation costs $/ha 3429.82 3429.82 1792.33 5735.14
Annual maintenance $/ha 14.83 14.83 11.53 11.53
Average program costs® $/ha 5328.87 5308.84 3695.86 7638.66
Total program costs’ $million 0.69 1.51 1.04 2.14
Cost effectiveness® per $ 0.19 0.18 0.33 0.16
Cost-effectiveness ratio™ 0.57 0.55 1.00 0.48

* Agricultural lands within the riparian areas are placed into riparian forest buffer (CP22)

" Agricultural lands beyond the riparian areas are placed into filter strips

¢ For the agricultural lands beyond the riparian areas, 85% is placed into CP21 and 15% into grassed waterway (CP8A)

9100 times the average runoff potential controlled per grid (i.e. 100 m?)

¢ 15 times (annual average soil rental rate + annual average maintenance cost) + average signing incentive payment + average installation

cost

' Average program costs times the total area of agricultural lands

& Average runoff potential controlled per hectare divided by the average program cost

" Cost-effectiveness divided by 0.33, which is the cost-effectiveness of the VSA Scenario 1

specifications in the agricultural lands in the upland areas.
VSA Scenario 1 assumed all agricultural lands in the upland
areas were placed into CP21 (filter strips). VSA Scenario II
assumed 85% of these agricultural lands in the upland areas
would be placed into filter strips (CP21) and 15% into
grassed waterways (CP8A).

Table 2 presented the total HSAs considered, the acreage
of the agricultural lands that were converted to buffers, the
average runoff potential, annual soil rental rate, signing
incentive payments, installation and annual maintenance
costs, average and total NJCREP program costs, cost-
effectiveness and cost-effectiveness ratio for the two ripar-
ian buffers and two VSA conservation buffer scenarios. The
total acreages of the HSAs evaluated were 610, 1,074
and 1,069 ha under the 30.5- and 54-m riparian buffer
and VSA conservation buffer scenarios, respectively. The
corresponding agricultural lands for conservation buffer

placement were 130, 285 and 280 ha, respectively. The
average runoff potentials on those agricultural lands were
1,012 units, 970 units and 1,237 units per ha, which were
converted from the average runoff potentials per grid cal-
culated from the topographic index layer. The annual soil
rental rates in those agricultural lands were about $95 per ha
under the riparian buffer strategy and $99 per ha under the
VSA buffer strategy.

Average and total NJCREP program costs were also
presented in Table 2. The average costs were $5,329 per ha
and $5,309 per ha for the 30.5- and 54-m riparian buffer
scenarios and $3,696 per acre and $7,639 per acre for the
VSA conservation buffer Scenario I and II, respectively.
The corresponding total program costs were $0.69 and
$1.51 million for the 30.5- and 54-m riparian buffer sce-
narios, respectively, and $1.04 and $2.14 million for the
VSA conservation buffer Scenario I and II, respectively.
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The cost-effectiveness for these four Scenarios was 0.19,
0.18, 0.33 and 0.16 units of runoff potential controlled for
every New Jersey CREP program dollar spent, respec-
tively. VSA Scenario I achieved the highest cost-effec-
tiveness of the four cases considered. Other scenarios
achieved only half of the cost-effectiveness of the VSA
Scenario I. The causes of the low cost-effectiveness were
quite different for those scenarios. For the two riparian
buffer scenarios, the lower cost-effectiveness was
explained primarily by the lower runoff potential in the
targeted agricultural lands. Including substantial amounts
of expensive conservation buffer practice (CP8A) in the
upland areas caused the lower cost-effectiveness for the
VSA Scenario II. The CP8A installation costs in New
Jersey appeared to be much higher than in other states
because there are limited acres enrolled in CP8A in New
Jersey CREP and the engineering structure at the end of the
grassed waterway that disperses water to streams was very
expensive and was considered to be the part of the instal-
lation costs. If an installation costs of $9,884 per ha in
CP8A, which was more comparative to other states, was
used in the analysis, the cost-effectiveness of VSA Sce-
nario II were 0.27 units of runoff potential controlled for
every CREP program dollar spent.

Discussion and Conclusion

The science-based GIS procedure proposed here for
implementing the VSA-based conservation buffer strategy
is a powerful screening tool for identifying the potential
sites for the placement of conservation buffers and riparian
restoration in watersheds. Contrary to the conventional
wisdom that buffers should always be in the riparian areas
of existing stream corridors, the patterns of HSAs and CSAs
in the Neshanic River watershed show that many upland
areas should be targeted for conservation buffer placement
because of their active role in generating runoff. The cost-
effectiveness assessment clearly showed the economic
advantages of the VSA-based buffer placement scenario
(VSA Scenario I). However, the economic advantage of the
VSA buffer strategy does not warrant targeting conserva-
tion buffers to CSAs alone. Placing expensive buffer prac-
tices, such as grassed waterways (CP8A), in the targeted
CSAs could significantly decrease the cost-effectiveness of
the VSA buffer scenario (VSA Scenario II).

The proposed strategy not only has a strong theoretical
foundation in VSA hydrology, but also extends several
empirical conservation buffer placement strategies dis-
cussed in literature. The modified topographic index model
is the core of the VSA-based conservation buffer place-
ment strategy. The assessment showed the derived topo-
graphic index not only provided reasonable predictions of
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the spatial pattern of runoff generation, but also helped
improve the prediction of runoff amounts in the watershed.

Since there are obvious economic and environmental
benefits to target CSAs in watersheds for conservation buffer
placement, government programs, such as the New Jersey
CREP, should encourage farmers to install and construct
conservation buffers in CSAs by providing higher financial
and other incentives than on non-CSA lands. Because of the
profound impacts of runoff on environmental quality, the
spatial pattern of CSAs may provide a basis for prioritizing
areas of a watershed for other conservation efforts, in addi-
tion to conservation buffer placement. Such efforts include
conservation easements, open space and farmland preser-
vation that target CSAs for achieving higher environmental
benefits. Various land use planning tools and ordinances can
be used to protect and preserve CSAs from urban develop-
ment. Since the HSAs and CSAs can be spatially presented at
high resolution, they can be valuable information for
designing on-site BMPs that mitigate the negative environ-
mental impacts of runoff.

The cost-effectiveness assessment presented here was
preliminary. This assessment only used the runoff potential
controlled by conservation buffers as a proxy for the water
quality benefits achieved by conservation buffers. Different
conservation buffer practices might achieve different water
quality impacts. Future research could incorporate site-
specific water quality effects of various buffer practices in
a more comprehensive cost-effective assessment frame-
work to optimally allocate buffer practices to various
locations in a watershed, thereby achieving the protection
of streams and water quality in a cost-effective manner.
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