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Population growth is expected to increase, and the world population is projected
to reach 10 billion by 2050, which decreases the per capita arable land. More
intensive agricultural production will have to meet the increasing food demands
for this increasing population, especially because of an increasing demand for
land area to be used for biofuels. These increases in intensive production
agriculture will have to be accomplished amid the expected environmental
changes attributed to Global Warming. During the next four decades, soil and
water conservation scientists will encounter some of their greatest challenges to
maintain sustainability of agricultural systems stressed by increasing food and
biofuels demands and Global Warming. We propose that Precision Conservation
will be needed to support parallel increases in soil and water conservation
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1. INTRODUCTION

Jorge A. Delgado and Joseph K. Berry

practices that will contribute to sustainability of these very intensively-managed
systems while contributing to a parallel increase in conservation of natural areas.
The original definition of Precision Conservation is technologically based, requir
ing the integration of a set of spatial technologies such as global positioning
systems (GPS), remote sensing (RS), and geographic information systems (GIS)
and the ability to analyze spatial relationships within and among mapped data
according to three broad categories: surface modeling, spatial data mining, and
map analysis. In this paper, we are refining the definition as follows: Precision
Conservation is technologically based, requiring the integration of one or more
spatial technologies such as GPS, RS, and GIS and the ability to analyze spatial
relationships within and among mapped data according to three broad cate
gories: surface modeling, spatial data mining, and map analysis. We propose
that Precision Conservation will be a key science that will contribute to the
sustainability of intensive agricultural systems by helping us to analyze spatial
and temporal relationships for a better understanding of agricultural and natural
systems. These technologies will help us to connect the flows across the land
scape, better enabling us to evaluate how we can implement the best viable
management and conservation practices across intensive agricultural systems

and natural areas to improve soil and water conservation.

Population growth is expected to increase, and the world population is
projected to reach 10 billion by 2050, which will decrease the per capita
arable land from 0.23 ha in 1995 to 0.14 ha by 2050 (Lal, 1995). More
intensive agricultural production will have to meet the increasing food
demands for this increasing population, especially because of an increasing
demand for land area to be used for biofuels. These increases in intensive
production agriculture will have to be accomplished amid the expected
environmental changes attributed to Global Warming. Scientists are
projecting future changes of weather patterns that include regions with
higher evapotranspiration rates, lower precipitation in some areas, and
higher precipitation in other areas, which may contribute to higher erosion
rates (Hatfield and Prueger, 2004; Lal, 1995, 2000; Nearing et al., 2004;
Pimentel et al., 1995). During the next four decades, soil and water conser
vation scientists will encounter some oftheir greatest challenges to maintain
sustainability of agricultural systems stressed by increasing food and biofuel
demands.

Several scientists have reported on the potential impacts ofglobal popula
tion increase, increase in greenhouse gases, and potential effects of climate
change on soil and water quality and on soil erosion (Hatfield and Prueger,
2004; Lal, 1995, 2000; Nearing et al., 2004; Pimentel et al., 1995). There is a
concern that if precipitation patterns continue to change, certain future
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scenarios may cause conservation practices such as crop residue, no-till, and
incorporation of manure to lose effectiveness very rapidly, resulting in dra
matic increases in runoff, and higher impacts to soil and water quality (Hatfield
and Prueger, 2004). It is also estimated that for every 25.4 mm increase in
precipitation rate, erosibility increases by 1.7% (Nearing et al., 2004).

Nearing et al. (2004) reported that the relationship between increases in
rain, biomass production, and erosion is more complex. Although an
increase in rain could increase biomass production, a decrease in biomass
may also increase erosion rates. The more difficult area to evaluate was
effects of climate change on land use and erosion rates, yet they concluded
from their analysis that the average increase in erosibility will be 1.7% per
25.4 mm increase in precipitation. It is important to note that Meisinger and
Delgado (2002) reported an average 10-30% of total N inputs in cropping
systems are lost due to nitrate leaching. Thus, increases in precipitation and/or
more intensive storms could potentially contribute to higher nitrate leaching
rates as well. These assessments from Nearing et al. (2004) and Hatfield and
Prueger (2004) clearly show the continuing need for soil and water conser
vation scientists and practitioners to continue looking for alternatives for
managing future impacts to soil and water quality.

Scientists and conservation practitioners will have to work together with
farmers across all types of soils and weather to increase and sustain higher
production to meet the demands ofthe increasing population, while manag
ing for potential changes in weather patterns. This cooperation will also be
necessary to develop cropping systems that produce enough to meet the
increasing food and biofuel demands while maximizing soil and water
conservation. The implementation of soil and water conservation will be
necessary for the sustainability ofthese intensive efforts to maximize agricul
tural production. New technologies will help us to increase yields per hectare
and these technologies will also be applied to understand and manage
agricultural systems and to connect the flows from agricultural systems to
natural areas in an effort to manage these regions for maximum yield and
agroenvironmental sustainability.

Precision Conservation was originally defined as a set ofspatial technol
ogies and procedures linked to mapped variables, which is used to implement
conservation management practices that take into account spatial and tem
poral variability across natural and agricultural systems (Berry et al., 2003).
Contrary to Precision Farming that was oriented to maximize yields in
agricultural fields, Precision Conservation connects farm fields, grasslands,
and range areas with the natural surrounding areas such as buffers, riparian
zones, forest, and water bodies (Fig. 1). The goal of Precision Conservation
is to use information about surface and underground flows to analyze the
systems in order to make the best viable decisions for application ofmanage
ment practices that contribute to conservation ofagricultural, rangeland, and
natural areas.



Figure 1 The site-specific approach can be expanded to a three-dimensional scale
approach that assesses inflows and outflows from fields to watershed and region scales.
(From Berry et aI., 2003.) (See Color Insert in the back of this book.)
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2. GEOSPATIAL TECHNOLOGIES
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Berry et al. (2003) acknowledged that there could be different degrees of
Precision Conservation such as the use ofnondigital, non-GIS maps and the
use ofsurvey methods that can help in the application ofspatial conservation
practices. However, the original definition of Precision Conservation is
technologically based, requiring the integration of spatial technologies
such as global positioning systems (GPS), remote sensing (RS), and
geographic information systems (GIS) and the ability to analyze spatial
relationships within and among mapped data according to three broad
map analysis categories: spatial analysis, surface modeling, and spatial data
mining (Fig. 2). Since Berry et al. (2003), several other papers related to the
topic ofPrecision Conservation have been published describing how these
new technologies can be applied for maximizing Precision Conservation.

New GIS, GPS, RS, modeling, and computer program technologies
are rapidly increasing our capacity to analyze large sets of information in
space and time. Traditional statistics used for soil and water conservation
studies and assessment of best management practices were initially nonspa
tial and analyzed a data set by fitting a numerical distribution (e.g., standard
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normal curve) to generalize the central tendency of the data. The values
used for soil and water conservation have traditionally used mean and
standard deviation to describe the responses to a traditional conservation
practice, informing its numerical distribution without any reference to the
spatial distribution ofthe data sources. The basic assumption for this method
of analysis was that these relationships among the data were randomly
(or uniformly) distributed in geographic space. Many ofthe analysistechniques
were considered less valid if the data exhibited spatial autocorrelation.

New methods and advances in models use spatial technologies to analyze
spatial relationships within and among mapped data for highly detailed
insight into the field of Precision Conservation and the potential for site
specific applications that can contribute to environmental sustainability
(Berry, 1999, 2003a,b; Mueller et al., 2005; Qiu et al., 2007; Renschler
and Lee, 2005; Schumacher et al., 2005). These new soil and water conser
vation analysis capabilities enabled by GIS can be grouped into two broad
map analysis categories: Spatial Statistics, involving numerical relationships
of surface modeling and spatial data mining and Spatial Analysis, involving
geographical relationships, such as proximity and terrain configuration
(Berry, 1999, 2003a,b). These new spatial techniques will contribute to an
integrated evaluation oftopography, hydrology, weather, management, and
other physical and chemical parameters, providing new insight into site
specific Precision Conservation for management of flow-interconnected
agricultural and natural resources.

Figure 3 outlines the fundamental differences between the traditional
GIS mapping approach and the map analysis approach used in Precision
Conservation. Most desktop mapping applications take a set of spatially
collected data (e.g., parts per million, kilogram per hectare, etc.), then
reduces the data set to a single value (total, average, median, etc.), and
"paints" a fixed set of polygons with colors reflecting the scalar statistic of
the field data occurring within each polygon.

For example, the left side ofFig. 3 depicts the position and relative values
for a set of field collected data; the right side shows the derived spatial
distribution ofthe data for an individual reporting parcel. The average ofthe
mapped data is shown as a superimposed plane "floating at average height of
22.0" and assumed to be the same everywhere within the polygon. But the
data values themselves, as well as the derived spatial distribution, suggest that
higher values occur in the northeast and lower values in the western
portion.

The first thing to notice in the figure is that the average exists hardly
anywhere, forming just a thin band cutting across the parcel. Most of the
mapped data is well above or below the average. That is what the standard
deviation attempts to reveal-just how typical the computed typical value
really is. If the dispersion statistic is relatively large, then the computed
typical is not typical at all. The limitation inherent in previous computer
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applications arises from the fact that most desktop mapping applications
ignore data dispersion and simply "paint" a color corresponding to the
average regardless of numerical or spatial data patterns within a parcel.

However, the central tendency assumption can be misleading. Assume
the data is characterizing a toxic chemical in the soil that, at high levels,
poses a serious health risk. The mean values for both the parcel on the left
(22.0) and the right (28.2) are well under the "critical limit" of 50.0.
Desktop mapping would paint both parcels a comfortable green tone, as
their typical values are well below the level ofconcern. Even when consid
ering the upper-tails of the standard deviations, the limit is not exceeded
(22.0 + 18.7 = 40.7 and 28.2 + 19.8 = 48.0). So from a nonspatial perspec
tive, the aggregated results indicate acceptable levels of the chemical in
both parcels.

However, the lower right portion of the figure portrays a radically
different set of conditions. The left and right parcels are displayed as an
increasing gradient from low levels (green) through areas that are above the
critical limit (red tones). The high regions, when combined, represent a
contiguous subarea of nearly 15% of the combined area that likely extends
into adjacent parcels. The aggregated, nonspatial treatment of the spatial
data fails to uncover the spatial pattern by assuming the average value is
everywhere within the parcels.

Similar surface modeling investigations can be used to compile point
data into a continuous surface representation of data across the landscape to
explain any variance. Point density mapping, spatial interpolation, and map
generalization are examples of uses of surface modeling. Point density
mapping can be used to evaluate the number of aggregate points within a
specified distance (e.g., number of occurrences per hectare). Conservation
practitioners and scientists will collect point-sampled data to derive maps of
nutrient concentrations such as soil carbon. For example, we could use
kriging for spatial interpolation of weight-average measurements within a
localized area to assess carbon sequestration potential. An example of map
generalization is the use of polynomial surface fitting to the entire data set.

There are new techniques for spatial data mining that can be used to try
to uncover relationships within and among multiple mapped data layers
such as water tables, erosion potential, topography, soil texture, yields,
vegetative cover, soil depths, and others (Berry, 1999, 2003a). Berry
(2002) reported that these procedures, including coincidence summary,
proximal alignment, statistical tests, percent difference, level-slicing, map
similarity, and clustering can be used to assess similarities in data patterns.

Another type of spatial data mining is the use of predictive models that
use crop biomass cover (straw biomass production-dependent variable) and
the soil nutrient values [soil texture, soil carbonates, topography, hydrology,
water levels, and runoff (independent variables)], then quantify the data
pattern. As thousands of map locations are analyzed, a predictable pattern

8 Jorge A. Delgado and Joseph K. Berry
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between crop biomass and the variables may appear. This crop residue
production may be correlated to potential for reduction of erosion, of
surface runoff, and other soil and water conservation outcomes. Scientists
and practitioners can analyze the numerical relationships of spatial patterns
inherent in mapped data using surface modeling and spatial data mining.
These approaches can be used to explain variance by mapping and analyzing
spatial distributions (Berry, 2002).

3. IDENTIFYING SPATIAL PATTERNS
AND RELATIONSHIPS

For more than 8000 years, we have been using maps with features that
identify special locations in the landscape to help us navigate. Precision
Conservation is a new way to use advanced technologies to integrate
thousands of data points and multiple layers of information contained in
maps for management and conservation ofthe agricultural and natural areas.
Specifically, Precision Conservation allows us to identify those management
landscape combinations that produce or receive significant impact. Scien
tists have been using spatial information for soil and water conservation for
decades. However, since the development of new computers and GIS
technology in the early 1970s, mapped data have changed to digital repre
sentations that are linked to larger databases, thereby increasing the number
of possible applications for Precision Conservation.

These new developments and the capability to integrate thousands of
points and multiple map layers ofinformation to analyze spatial and tempo
ral relationships are providing new answers for applications of Precision
Conservation. There is even potential to use these map analyses to contrib
ute to air quality conservation. We could use these new analyses to evaluate
how conservation practices could be applied to reduce wind erosion from
the most sensitive areas. Spatial emissions oftrace gases such as nitrous oxide
(NzO) and ammonia (NH3) volatilization could also be managed using
Precision Conservation. There is potential to use these layers ofinformation
to develop Precision Conservation Management plans (Kitchen et al., 2005;
Knight, 2005; Lerch et al., 2005).

These advances in evolving technologies will continue to increase
during the next four decades, which will facilitate and speed the collection
and use of thousands of data points and multiple map layers. An example of
these new technologies is the mote, a quarter-sized wireless smart sensor
that fits anywhere. These smart sensors, initially developed by researchers at
University of California at Berkeley and Intel, could have future applica
tions in soil and water conservation. These sensors, called "smart dust" by
their developers, Professors Kristofer Pister and]oseph Kahn of University



of California at Berkeley, can be scattered, sending information from
remote locations. These and other new developments may contribute to
the collection of information that will be used to generate maps for use in
analysis in the field of Precision Conservation (Berry et al., 2003).

Map analysis procedures can be used to study landscape relationships
among map features. These analyses can assess the relative position of
features in the landscape and their connectivity to flows in the environment.
We can use these map analyses to evaluate effective distances, indexes,
optimal path connectivity, flows, biomass cover, soil texture, microterrain
analysis, elevation, distances to water bodies, and other landscape character
istics. We could simulate the flows over an elevation map to estimate the
erosion potential as described by Berry et al. (2003) by using an analysis that
follows the downhill path over a terrain. Berry (2003b) described this type
of map analysis as a method to account for all the areas sharing common
paths (Fig. 4).

The ability to model flows and interconnected cycles will benefit from
the current evolutionary phase of GIS involving new geo-referencing
approaches. In the 1970s, the research and early applications centered on
Computer Mapping (display focus) that yielded to Spatial Data Management
(data structure/management focus) in the next decade as we linked digital
maps to attribute databases for geo-query (left side of Fig. 5). The 1990s
centered on GIS Modeling (analysis focus) that laid the groundwork for whole
new ways ofassessing spatial patterns and relations, as well as for entirely new
applications such as Precision Agriculture.

Today, in its fourth decade, GIS is centered on Multimedia Mapping
(mapping focus) which brings the technology full circle to its beginnings
(Berry, 2007b). While advances in virtual reality and three-dimensional
visualization can "knock your socks off," they represent incremental prog
ress in visualizing maps that exploit dramatic computer hardware/software
advances. Radical innovation is being addressed by current geospatial
research that is refocusing on data structure and analysis (Berry, 2007a).

The bulk of the current state of geospatial analysis relies on "static
coincidence modeling" using a stack of geo-registered map layers. However,
the frontier of GIS research is shifting focus to "dynamicflows modeling" that
tracks movement over space and time in three-dimensional geographic
space. But a wholesale revamping of data structure is needed to make this
leap. The impact of the next decade's evolution will be huge and will shake
the very core of GIS-the Cartesian coordinate system itself, a spatial
referencing concept introduced by mathematician, Rene Descartes over
400 years ago.

The current two-dimensional square for geographic referencing is fine
for "static coincidence" analysis over relatively small land areas, but is
woefully lacking for "dynamic three-dimensional flows." It is likely that
Descartes' two-dimensional squares will be replaced by hexagons

10 Jorge A. Delgado and Joseph K. Berry
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Figure 5 Current GIS research focuses on revolutionary changes in geo-referencing,
data structures, and analytical operations that will greatly advance dynamic flows and
cycles modeling directly applicable to Precision Conservation.

(analogous to the pentagon patches forming a soccer ball) that better
represent our curved earth's surface. Current three-dimensional referencing
using cubes will be replaced by nesting polyhedrons for a consistent and
seamless representation of three-dimensional geographic space (Peterson,
2007). This change in referencing extends the current six sides of a cube
for flow modeling to the 12 sides (facets) of a polyhedron (hexagonal
polyhedron)-radically changing flow and cycle algorithms, as well as our
historical perspective of mapping.

4.1. Variable erosion and transport (flows of gases,
nutrients, and water)

Quine and Zhang (2002) reported that eroded areas of the field with
depleted nutrients had lower yields. This spatial relationship between ero
sion and crop yield is complex since other areas with high soil aggregation
were also found to show lower yields (Quine and Zhang, 2002). Evaluation
of variable erosion on yield production was more clear when long-term
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simulations of the field were conducted. Quine and Zhang (2002) con
ducted a long-term evaluation of 40 years that clearly showed the future
effects ofspatial erosions, identifying that the more eroded areas of the field
will also have lower yields. These model simulations clearly showed that
there is a need to manage fields differently in order to reduce these higher
site-specific erosion rates, which will eventually reduce yields in the most
affected areas (Quine and Zhang, 2002).

The data from Quine and Zhang (2002) show the underlying theory that
informs the concepts of Precision Conservation on a field scale. Different
spatial patterns of erosion that will affect yield productivity are clearly
apparent. If all fields are managed with similar conservation practices, the
higher erosion rates from the most affected areas may still continue to lower
the yields as crop intensity increases. Precision Conservation proposes that
there is a need in those affected areas for conservation managers to consider
variable conservation as a means of increasing the sustainability of these
systems (Berry et al., 2003, 2005; Mueller et al., 2005; Quine and Zhang,
2002; Schumacher et al., 2005).

Schumacher et al. (2005) used a soil displacement ofCesium-137 and the
Water and Tillage Erosion model to assess the erosion losses due to water
and tillage across the field. They found that both methods were strongly
correlated. The areas showing the higher slope were those areas showing the
higher tillage and water erosion rates (Fig. 6).

Spatial variability of nitrogen dynamics has previously been reported by
several scientists. An example ofthe spatial variability ofresidual soil NOrN
was presented by Delgado (2001) and Delgado et al. (2001) in a study of the
spatial variability for vegetable and small grain systems grown in similarly
managed center pivot irrigated systems. The average residual soil NOrN in
the sandy loam zone ofthe center pivot system was higher than in the loamy
sand. Delgado (2001) reported that for center pivot irrigated barley, canoIa,
and potato grown on the loamy sand zone, the average residual soil NOrN
was 20, 44, and 109 kg N ha-l, respectively. The residual soil NOrN for
barley, canola, and potato grown on the sandy loam zone was 42, 51, and
136 kg N ha:", respectively. Figure 7 shows similar results for residual soil
NOrN for center pivot irrigated corn grown on a sandy coarse soil of
Northeastern Colorado (Delgado and Bausch, 2005). Residual soil NOrN
was negatively correlated with the percent sand content across the field.

Spatial variability of NOrN due to leaching has also been reported
(Delgado, 2001; Wylie et al., 1995). Delgado (2001) reported that for center
pivot irrigated barley, canola, and potato grown on a loamy sand zone, the
average NOrN leached was 32, 39, and 91 kg N ha-l, respectively. The
amounts of N03-N leached from the loamy sand zone were higher than
the amounts leached from the sandy loam zone. The average NOrN leached
from center pivot irrigated barley, canoIa, and potato grown on the sandy
loam zone was 29,13, and 72 kg N ha-l, respectively. Figure 8 shows similar
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results for N03-N leaching for center pivot irrigated com grown on a sandy
coarse soil of Northeastern Colorado (Delgado and Bausch, 2005). Higher
NOrN leaching increased as the percentage sand increased across the field
(Delgado and Bausch, 2005). Best management practices, modeling, and GIS

Figure 6 Erosion patterns developed from tillage, water, tillage-water, and total
erosion (137Cs) modeling of the research field are displayed. Cesium sampling sites
are also displayed on a contour map ofslope percentage for the field. (From Schumacher
et al., 2005.) (See Color Insert in the back of this book.)
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can be used to evaluate the effects of management practices on spatially
variable NOrN transport and dynamics across regions (Hall et al., 2001).

Spatial variability in emissions oftrace gases such as N zo and in methane
(CH4) uptake and sink were reported by Mosier et al. (1996). Mosier et al.
(1996) reported that for a clay catena of the short grass steppe, the NzO
emissions from the swale catena position were 2.5 flg N m-z h-1 higher
than the mid or top slope position of the catena, which averaged 1.4 and

Figure 7 Spatial distribution of sand content in the top 1.5 m of soil across different
productivity zones (A). Spatial distribution of observed residual soil N03-N in the top
1.5 m ofsoil across the different productivity zones during the 2000 growing season (8).
(From Delgado and Bausch, 2005.) (See Color Insert in the back ofthis book.)
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Figure 8 Spatial distribution ofpredicted N03-N leaching from the root zone ofcom
(1.5 m depth) across the different productivity zones during the 2000 growing season.
(From Delgado and Bausch, 2005.) (See Color Insert in the back of this book.)

1.3 flg N m-2 h", respectively. Methane uptake rates were lower in the
swale position than the mid and upper catena. Similar spatial observations in
trace gas emissions have also been reported for Canada by Goddard (2005)

and Pennock (2005).

Jorge A. Delgado and Joseph K. Berry

4.2 . Precision conservation for management of flows

Schumacher et al. (2005) reported that spatial assessment offield erosion and
the development of maps from the resultant data can be useful to identify
highly sensitive areas of the fields. They recommended that these maps
could then be used to develop site-specific conservation practices, including
cover crops, organic matter additions, and no till for the site-specific areas
that have higher rates oferosion. Berry et al. (2005) reported that creation of
Precision Conservation Management Zones (PCMZ) might be a viable
approach to enhance soil and water conservation practices. They reported
that a combination of Site-Specific Management Zones (SSMZ) (Fleming
et al., 1999; Khosla et al., 2002) and PCMZ could maximize economic
returns, resource use efficiency, and soil and water conservation.

Several studies have shown that with the implementation of SSMZ,
grain yields have remained stable or increased, N use efficiencies have
increased, and economic returns have been higher (Fleming et al., 1999;
Khosla et al., 2002; Koch et al., 2003). Delgado et al. (2005) reported that
SSMZ reduced NOrN leaching compared to traditional management

16
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5.1. Variable flows from field to nonfarm areas

The connection between field and off-site transport was assessed by Feng
and Sharratt (2007) using the wind erosion prediction system and GIS. They
used this approach to scale the flows from field to region. They repor
ted that, across the entire region in Washington State, wind erosion was
higher in the areas with summer fallow rotations. These unprotected areas
were more susceptible to wind erosion losses. The amount ofwind erosion

5. CONNECTION OF FiElD WITH OFF-SITE TRANSPORT

practices. Remote sensing can also be used as a Precision Conservation
technique to synchronize applied N with crop N uptake demands, which
can increase N use efficiency by almost 50% while sustaining yields and
reducing NOrN leaching by 47% (Delgado and Bausch, 2005). The
Bausch and Delgado (2003) method saved 102 kgN ha- 1 year"! with equi
valent savings ofabout $55.00 ha~l per season. Delgado and Mosier (1996)
reported that controlled-release fertilizer and nitrification inhibitors can
reduce N losses to the environment and the emissions of N 20. We suggest
that a combination of management practices using nitrification inhibitors,
controlled-release fertilizer, improved management of N applications that
applied N considering N uptake demands (N budgets), split N applications,
remote sensing, and management zones can reduce NOrN leaching for
those most sensitive areas.

Cabot et al. (2006) used Precision Conservation technology for manure
management to track location, timing, and rate ofmanure application. They
reported that it is possible to apply manure more accurately across the
landscape using Precision Conservation technology. Sharpley et al. (2007)
indicated that this type ofmanagement can contribute to improved manure
management and to reduced off-site transport (Sharpley et al., 2007).

We know that landscape positions have been correlated with trace gas
emissions (Goddard, 2005; Mosier et al., 1996; Pennock, 2005). There is
potential to use Precision Conservation practices for these site-specific effects
across the landscape to improve N management and reduce the spatial emis
sions ofN20 from areas with higher emission rates (Goddard, 2005; Pennock,
2005). Delgado and Mosier (1996) reported that controlled-release fertilizer
and nitrification inhibitors can reduce the rate ofN20 emissions. We suggest
that a combination of management practices using nitrification inhibitors,
controlled-release fertilizer, and improved management of N applications
that applied N fertilizer considering N uptake demands (N budgets), split N
applications, and other localized practices can be used to reduce N 20 emissions
from the areas oflandscape with higher emission rates.
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from the region was attributed to management, not to the crop land area.
For example, summer fallow area represented only 28% of measured land
area for Adams County, yet it contributed considerably (an average of
14,250 kg ha- 1 in topsoil losses) to soil erosion within the county.
In-depth analysis of soil type also found that Mollisols experienced higher
wind erosion losses. Feng and Sharratt (2007) were able to identify the most
problematic areas in the region, based on management and soil type.

Berry et al. (2003, 2005) presented an example of how to use map
analysis to assess the potential variable flows from field to surrounding
natural areas. They used the new software to assess variable flow over the
landscape and to create a potential erosion map superimposed over a
topographic map. The map showed the locations where the flows originate
and also showed the areas with greater confluence ofwater. The assessment
identified the locations of the field that may have greater potential for
concentrated runoff to natural areas. The Berry et al. (2003, 2005) example
is straightforward, identifying the areas with the heaviest contribution to
flows to adjacent areas and showing how to identify potential hot spots for
surface runoff and sediment and agrochemical transport out of the field.
These types ofanalyses can help producers cover these highly sensitive edge
areas with Precision Conservation grasses, create buffers along the edge of
the fields, or use other viable practices that may also take into account the
potential temporal variability of the flows (Fig. 9).

There is potential to use GIS software and models to evaluate nonpoint
sources of pollutants in the vadose zone (Corwin et al., 1998; Hall et al.,
2001). Hatch et al. (2001) reported that site-specific management must
evaluate surface and underground flows since some watersheds may not
be affected due to erosion. Additionally, the implementation of conserva
tion practices may reduce erosions, but watersheds may have tile flows and
the management practices that reduce erosion may increase infiltration and
potential for greater N03-N leaching. Precision Conservation is a three
dimensional management scheme that accounts for both surface and
underground flows (Berry et al., 2003, 2005).

Variable transport ofchemicals in shallow underground tile flows will be
affected by the composition of the soil matrix, impermeable layers, slope,
and others parameters (Vadas et al., 2007). There is potential to manage the
sources and sinks for these variable tile flows (Vadas et al., 2007). Vadas et al.
(2007) monitored N transport in drainage ditches by monitoring hydrology
and groundwater Nand P in 26 shallow 3 m wells for 27 months on a
heavily ditched poultry farm in Maryland. They concluded that NOrN
leaching losses due to subsurface groundwater were probably occurring
across the region.

Vadas et al. (2007) reported that, for a poultry farm in Maryland, the
groundwater flow to shallow ditches was only intermittent and often ceased
during the drier periods across the region. They reported that the

18 Jorge A. Delgadoand Joseph K. Berry
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5.2. Precision conservation buffers and riparian zones

Buffers, grass waterways, wetlands, and riparian areas can be good conser
vation tools with the potential to filter and improve water quality (Dosskey
et al., 2002; Hey et al., 2005; Lowrance et al., 2000). These practices can help
reduce the transport of chemicals, sediments, and denitrified NOrN.
Dosskey et al. (2005) reported that, to use riparian buffers effectively for
Precision Conservation, we need to consider the site-specific characteristics
of the flows.

groundwater flow to deeper ditches was continuous through time across this
region and a source of continuous NOrN leaching transport. They
concluded that the management of ditches, especially the deeper ditches
that are continuously receiving the tile flow, presents a tremendous
opportunity to reduce the NOrN leaching losses.

Hey et al. (2005) reported that there is potential to strategically locate
nutrient management farms where waters with high NOrN concentration
will flow. Hey et al. (2005) envisioned that these site-specific nutrient
harvesting farms will have wetlands and riparian buffers that will be used
to clean the water. There is potential to employ these ecological engineer
ing practices using Precision Conservation to reduce the transport of
nutrients into the surrounding environment (Berry et al., 2003, 2005;
Hey et al., 2005).

Shuster et al. (2007) conducted a model simulation to evaluate the
prospect of enhanced groundwater recharge via infiltration of urban storm
water runoff They evaluated the spatial distribution of expected recharge
depth relative to the distribution of soils. Their results indicated strong
possibilities for reducing storm water runoff by redirecting this runoff into
enhanced recharge areas.

Penn et al. (2007) reported that phosphorus sorbing materials (PSMs) can
be used to decrease the potential for off-site transport of phosphorus in
runoffwater. They reported that structures called PSM traps can be installed
using PSMs and that these structures can capture runoff phosphorus from
large areas of land. The phosphorus removal structure captured 99% of the
dissolved phosphorus that flowed through the structure in a 24-h runoff
period. The efficiency of such structures installed in the future could be
maximized by consulting temporal and spatial studies using models and GIS
information that consider the flows and total amount of potential
movement through the traps. There is also potential to use denitrification
traps to remove NOrN from underground flows or water flows (Hey et al.,
2005; Hunter, 2001). We suggest that Precision Conservation techniques
could be used to analyze map and data information to strategically locate
these nutrient traps at positions that can maximize the effectiveness in
removing phosphorus and nitrates via denitrification.

Jorge A. Delgado and Joseph K. Berry20
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Dosskey et al. (2007) reported that we can use soil survey for the
identification ofthe best placement ofbuffers. They reported that vegetative
buffers may have better performance for filtering runoff in some locations
than others because of the soil physical and chemical properties of the
locations where the buffers will be located. Dosskey et al. (2007) used
RUSLE and the Vegetative Filter Strip Model (VFSMOD) to determine
the best locations. They concluded that soil surveys may be used as screen
ing tools to guide planners to locations where the buffers will probably have
a greater impact on water. Lowrance et al. (2000) reported that the Riparian
Ecosystem Management Model (REMM) can be used to evaluate buffers of
different shapes and soil depths. These studies from Lowrance et al. (2000)
and Dosskey et al. (2005, 2007) show that, in order to maximize soil and
water conservation, we need Precision Conservation techniques in which
multiple layers of information are evaluated to identity the best placement
and shape to maximize buffer efficiency.

Peterson and Vondracek (2006) reported that there are about 8340
sinkholes in the karst terrain of southeast Minnesota. They reported that
vegetative buffers around these sinkholes will significantly contribute to
improved water quality for the region. They used computer models to
evaluate effectiveness of the buffer ranging from 2.5 to 30 m wide and
found that 30 rn wide buffers reduced pollution by 80%.

Smith et al. (2006) reported that the ideal buffer width to maximize
water quality benefits while minimizing land utilization is difficult to
determine. They reported that increasing the buffer width from 9 to 30 m

was effective in reducing shallow groundwater N03-N along the stream
bank to below 1 mg 1-1. However, because of the severity of NOrN
problems associated with groundwater in the deeper samples, there were
not detectable improvements in NOrN in deeper samples taken after
widening of the buffer. They concluded that standardized buffer width
recommendations for a variety of landscapes are difficult to generate, but
that wider buffers work well in those areas where the water table remains
within 1 rn of the surface.

The previous discussion indicates that there is potential to use variable
information across the watershed to identify the best positions ofthe buffers.
There is also potential to use Precision Conservation techniques to employ
buffers of different widths that account for the variability offlows (Dosskey
et al., 2005). The width of the buffer and its effectiveness will be correlated
with both surface flows and water table flows (Dosskey et al., 2005; Smith
et al., 2006). This is another example that shows the need to consider surface
and underground flows when using vegetative barriers to serve as filters
of sediment and/or chemicals. Precision Conservation techniques and
computer models can be used to conduct some of these assessments.



6.2. Models and tools

New advances in computer software are allowing for faster integration of
information layers used to assess the spatial and temporal flows across the
watershed and to identify the best locations for Precision Conservation
management practices (Berry et al., 2003, 2005; Dosskey et al., 2005,
2007; Qiu et al., 2007; Renschler and Lee, 2005; Secchi et al., 2007).
The initial efforts to identify these spatial erosion impacts by accounting

Jorge A. Delgado and Joseph K. Berry
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6.1. Variable hydrology

Qiu et al. (2007) reported that surface runoff is a major contaminant threat
to water quality in the USA and proposed that, by incorporating the variable
surface area (VSA) hydrology into watershed management practices, we can
concentrate our efforts in key areas of the watershed that are the most
sensitive. They reported that Hewlett and Hibbert (1967) are credited
with the concept of VSAs. Qiu et al. (2007) suggested the need to more
closely assess the key management alternatives that will contribute to
managing variable source pollution and concluded that Precision Conser
vation is a good approach to managing this variability. Qiu et al. (2007)
reported that managing variable source pollution emphasizes the intercon
nection between land and water and the different roles varying landscapes
play in water resource protection. There is an opportunity to apply these
new technologies to address macro- and microscale issues, such as watershed
and regional water quality as well as subfield and subwatershed levels (Berry
et al., 2003, 2005; Renschler and Lee, 2005).

Qiu et al. (2007) reported that the identification of the hydrologically
sensitive areas and critical management areas using variable source hydrology
will provide the scientific basis for applying Precision Conservation techni
ques, when applicable. They also reported that it is critical when managing
variable source hydrology to also simultaneously assess the area's temporal
variability to identify the most sensitive areas. It is important to consider both
the variable source hydrology and the temporal variability to identify those
areas that have higher pollution source potential or erosion potentials (Qiu
et al., 2007). The same principle applies when trying to identify the areas that
will receive the concentrated flows and the season when those concentrated
flows will be occurring. It is important to know the sources, flows, and
deposition areas to better manage the watershed. It is important to connect
these variable flows, at both surface and underground levels to improve
management across the watershed (Berry et al., 2003, 2005).



eph K. Berry Advances in Precision Conservation 23

rant threat
ie variable
es, we can
the most

~ credited
1 to more
tribute to
'1 Conser-
al. (2007)
intercon

landscapes
pply these
watershed
zels (Berry

rologically
hydrology
on techni
managing

; temporal
isider both
ntify those
ntials (Qiu
~ areas that
ncentrated
flows, and
;0 connect
) improve

~gration of
across the
nservation
al., 2005,

al., 2007).
recounting

for topography and other parameters were reported by Wheeler (1990),
Mitasova et al. (1995), Desmet and Govers (1996), Siegel (1996), Mitas et al.
(1997), and Wang et al. (2000). Wischmeier and Smith (1965) took initial
steps in this direction by using the Universal Soil Loss Equation (USLE) to
calculate average soil losses on slope sections (Wischmeier and Smith, 1965).
Several scientists followed this initial effort by using USLE extensively on a
watershed scale (Foster and Wischmeier, 1974; Williams and Berndt, 1972;
Wilson, 1986).

Now we have new models and algorithms that account for spatial
erosion variabilities using GIS and Digital Elevation Models (DEMs)
(Desmet and Govers, 1996). The use of this new software, integration of
layers of information with GIS, remote sensing, and computer modeling
was reported by Berry et al. (2003, 2005) as an approach for Precision
Conservation, facilitating the identification ofvariable flows and connecting
the flows from field to the watershed. The modeling approach to Precision
Conservation was used by Secchi et al. (2007) to assess the effect ofmanage
ment practices across the watershed and how to generate more efficient use
of the economical resources to reduce environmental impacts (Secchi et al.,
2007). These new models and techniques used by Secchi et al. (2007),
Renschler and Lee (2005), Qiu et al. (2007), Dosskey et al. (2005, 2007),
and Bonilla et al. (2007) can be used to assess hot spots, identify most
susceptible locations, and to implement best management practices for
Precision Conservation.

Some of the models used to evaluate watersheds are the Agricultural
NonPoint Source Pollution (AGNPS) model (Young et al., 1987) and the
Soil and Water Assessment Tool (SWAT) model (Arnold et al., 1993).
FitzHugh and Mackay (2001) used the SWAT model and reported that
data aggregation affected model behavior differently depending on whether
the watershed was sediment source limited or transport limited. They
concluded that it is important to characterize stream channel processes and
to improve the selection of subwatershed size to match SWAT.

The AGNPS model (Young et al., 1987) that divides the watershed into
small discrete square cells representing variability in agricultural practices was
used by Bhuyan et al. (2003) to assess erosion at the watershed scale. They
used input parameters such as aspect/flow direction, slope, slope shape, slope
length, soil erodibility factor (k-factor), C-factor, conservation practice factor
(P-factor), soil texture, fertilizer availability, pesticide indicators, and other
parameters. Their approach used sediment yields calculated from a modified
USLE (Wischmeier and Smith, 1978) with runoff volume calculated by the
SCS-CN method (SCS, 1968). The assessment of chemical movement,
runoff, and erosion were calculated using the Agricultural Management
Systems (CREAMS, Smith and Williams, 1980). They improved their assess
ment of topography by using databases that included inputs from the DEM.
The inclusion of an RS approach improved the efficiency of the evaluation



6.3. Precision conservation at a watershed scale

Precision Conservation principles are directed to use GIS, RS, and other
models to handle large sets ofinformation that consider spatial and temporal
variability and allow the identification ofvariable and temporal flows in the
environment. This identification informs decisions that can lead to the
site-specific implementation of conservation practices that maximize con
servation efforts. Secchi et al. (2007) addressed Precision Conservation with
the use of computer models to assess the cost of clean water by assessing
pollution reduction at a watershed scale. Using simulation models, they
assessed the effect and cost of implementing and evaluating conservation
practices designed to reduce phosphorus and nitrate levels.

and reduced the time needed to evaluate the watershed. They concluded that
this new RS-GIS modeling process (DEMs) was effective for the calculation
of pollutant levels and chemical transport for small watersheds.

Other scientists have used this approach of using multiple models and
GIS to increase their ability to process several layers ofinformation to assess
transport and pollution levels. Renschler and Lee (2005) used three models
and GIS to evaluate the effects ofBMPs on both short (4-8 years) and long
scales (100 years). They used the Water Erosion Prediction Project (WEPP)
for hill slope and small watersheds. They also used the Geospatial interface
for WEPP (GeoWEPP) in conjunction with GIS databases. They linked
GeoWEPP to the SWAT model to assess larger watershed scales. Renschler
and Lee (2005) concluded that this approach allows scientists to generate soil
loss and sediment yield predictions within a watershed that can be used to
detect hot spots for implementation of preferred management options such
as spatially distributed BMPs.

Bonilla et al. (2007) used the Precision Agricultural-Landscape Modeling
System (PALMS) to estimate spatial water erosion in topographically com
plex landscapes. Bonilla et al. (2007) reported that PALMS can evaluate the
effects of local soil properties and microtopography on changes in soil
detachment and deposition across short distances. Bonilla et al. (2007)
reported that PALMS also has the capabilities to quantify spatial and
temporal erosion, deposition, sediment yield, evapotranspiration, soil evap
oration, photosynthesis, plant and soil respiration, infiltration, drainage
(with and without tiles), crop growth, yield, and other parameters. As we
continue to develop capabilities to process multiple layers of information
and to calibrate and validate new models that account for surface and
underground flows from fields to natural areas, we will be able to improve
the capabilities ofPrecision Conservation practices that minimize environ
mental impacts and maximize sustainability of increasingly intensive
production systems.

Jorge A. Delgadoand Joseph K. Berry24
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Secchi et al. (2007) conducted a simulation suggesting that the cost to
reduce nonpoint source pollution levels in Iowa could be very high. They
suggested a method by which conservation practices designed to help
reduce nutrient and sediment losses can be implemented using model
simulations as guides. They identified conservation practices to adopt for
their model evaluation based on the physical characteristics of the agricul
tural lands, in a way similar to the concept of Precision Conservation as
described by Berry et al. (2003, 2005). They evaluated the following
conservation practices: return of all cropland within 100 ft of a waterway
(set aside), retirement of additional land from cropland based on the NRI
index, terracing ofall land with a slope greater than 7% in western Iowa and
land with a slope greater than 5% in the remainder of Iowa, contouring,
installation of grass waterways, conversion of significant areas into no-till,
and impalement nutrient management planning enacted by reducing N
inputs by 10%.

Tomer et al. (2007) reported on the spatial patterns of sediment and
phosphorus accumulation and flow in a riparian buffer in western Iowa.
They proposed that we can use spatial vegetation that accounts for spatial
patterns in flow as a mechanism to increase activities such as water use and
uptake of nutrients in accordance with the spatial inputs of flows and
temporal variability. Tomer et al. (2007) reported that half of the runoff
was delivered from mid-April through mid-June. The soil-water phospho
rus concentrations at depths of 1.5 m were higher in the riparian zone
(where the switch grass was grown) than below the crop areas. The tempo
ral variability when the nutrient flow was higher was during the time when
the switch grass (a warm season grass) was not growing. Planting a grass
in the lower areas of the buffer that transpires at a higher rate early in the
season when sediment is accumulating the fastest contributes to better buffer
performance (Tomer et al., 2007). This variable planting of varieties that
account for spatial and temporal flows ofsediments, nutrients, and water is a
useful Precision Conservation technique within these riparian buffers.

Strock et al. (2007) reported that appropriately managed ditches can
provide an opportunity to manage N and reduce its losses by removing
biologically available forms ofN via physical and biogeochemical processes.
Proper management of ditches, especially deeper ditches, may provide an
opportunity to efficiently manage nutrient transport (Strock et al., 2007;
Vadas et al., 2007). There are opportunities to use new models, GIS, RS,
and GPS techniques to improve the spatial management of ditches across
a reglOn.

Lowrance et al. (2007) reported on the effects of land use and manage
ment on nutrient transport. They found significant differences in runoff
between two watersheds, mainly due to land use practices and the use of
sediment ponds. They reported that one of the watersheds with sediment
ponds using as little as 6.3% ofthe basin area had significantly cleaner water.



Figure 10 Potential to use Precision Conservation for animal management and con
servation of soil and water. (Adapted from George et al., 2008.)

The installation ofplastic covers on 26% of the area of one ofthe subwater
sheds contributed significantly to higher rates of erosion and off-site trans
port ofsediment and total nitrogen. Lowrance et al. (2007) demonstrated in
this study that placement ofsediment ponds at strategic places in a watershed
could help reduce both the off-site transport ofsediment and total nitrogen
transport.

George et al. (2008) put GPS collars on cows and used supplemental feed
to manage and monitor behavior (Eg. 10). George et al. (2008) found that
they can use supplemental feed to manage cow behavior in a way that
considers forest and grassland areas, temporal variability, and water bodies to
enhance soil and water conservation. The results from the George et al.
(2008) study show the effectiveness of new technologies to connect animal
management with potential animal behavior that reduces environmental
impacts. The results from George et al. (2008) are important because they
show that management can help reduce the amount of time beef cows
spend in riparian areas. These results are jn agreement with the results of the
studies from Bailey et al. (2001), which report that cattle spend more time
and graze more forage within 600 m of supplement sites.

Several researchers have shown that there is potential to use supplemen
tal feed to manipulate animal behavior (Bailey, 2003; Bailey and Welling

Jorge A. Delgado and Joseph K. Berry26
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1999, 2002; George et al., 2008; McDougald et al., 1989). George et al.
(2008) presented their concept and stated the potential application for
Precision Conservation, demonstrating that strategic placement of supple
mental feed can be effective for soil and water conservation by reducing
grazing in riparian patches and sensitive soil areas. The animal management
industry can use precision supplemental feeding practices that take landscape
and temporal variability into account through reference to spatial technol
ogies such as GIS to implement conservation practices that result in
improved environmental outcomes (George et al., 2008). They proposed
that animal managers can contribute to Precision Conservation of soil and
water by precisely placing nutrient supplements based on management
decisions that consider economic returns, as well as environmental and
site-specific factors. They also pointed out that there is even greater poten
tial for continued animal management industry contribution to Precision
Conservation because supplemental feeding can be moved as needed to
prevent degradation of supplement sites.

There are several ecological engineering principles that can be applied
for Precision Conservation at a watershed scale. Nutrient farming can be
used to reduce N losses to the environment (Hey et al., 2005). Hey et al.
(2005) reported that, since about one-third of applied N enters drainage
systems, there is potential to improve water quality and reduce losses and
impacts of nutrients to rivers using drainage and water management to
manage location of wetlands. They reported that we need to develop
Nitrogen Trading by which nutrient farmers can use denitrification tech
niques and trade the reduced N with the surrounding environment. They
reported that planners and nutrient managers need to evaluate the field
management practices connected with streams, water channels, and nutrient
farms (wetlands). For effective nutrient farming, we need to consider that
denitrification of N in riparian zones can be an important mechanism for
N removal from the system (Hey et al., 2005; Schade et al., 2001; Verchot
et al., 1997).

We propose that ifthe concept ofNitrogen Trading develops into viable
alternative practices, Precision Conservation practices need to be consid
ered to maximize the managed effectiveness of nutrient harvesting and to
minimize transport of nutrients downstream. A spatial/temporal N loss
evaluation tool such as NLEAP-GIS can be used to quickly identify the
management scenario that shows the greatest potential to maximize
the reduction in N losses at the field level and minimize N loss impacts to
the environment. This temporal and spatial approach, combined with
positive reductions in farm N inputs and other management changes that
improve nitrogen use efficiencies, could be used to help identify opportu
nities to use the Nitrogen Trading Tool (Delgado et al. 2008). We suggest
that Precision Conservation can be a key component in identifying Nitrogen
Trading opportunities.



The Berry et al. (2003) publication about Precision Conservation
generated enough interest that the Soil Science Society ofAmerica, Canadian
Soil Science Society, Mexican Soil Science Society, and the Division ofSoil
Water and Management and Conservation celebrated a joint symposium
entitled: "Precision Conservation in North America" at the November 1-4,
2004 annual meeting in Seattle, Washington. A special issue of selected
papers was published in the Journal <if Soil and Water Conservation (2005).
Most recently, the Chinese Academy of Sciences conducted the first Inter
national Conference in Precision Conservation of Soil and Water October
22-24,2007, at Shijiazhuang, China. Several speakers from Asian countries
presented recent advances in GPS, GIS, RS, and other new equipment along
with their potential applications for Precision Conservation ofsoil and water.
Precision Conservation was also listed as one of the themes for the 9th
International Conference in Precision Agriculture, which will be held in
July of 2008 in Denver, Colorado. There is increased interest from both
North American and international science communities in the use of new
technologies for Precision Conservation ofsoil and water.

Additionally, the USDA NRCS is committed to continued advance
ment in Precision Conservation and to the development of new tools to
support Precision Conservation applications (Knight, 2005). Precision
Conservation benefits producers by helping them to efficiently manage
their operations (Knight, 2005). There are also benefits for taxpayers and
for environmental conservation because Precision Conservation can be used
to identify hot spots on the farm and throughout the watershed for a more
efficient use of agricultural resources (Knight, 2005). Precision Conserva
tion techniques can identify connections of flow from farm areas to the
watershed to help us identify the best location to implement conservation
practices that reduce environmental impacts while maximizing use of
economical resources (Knight, 2005; Secchi et al., 2007).

We have the potential to integrate multiple layers of information to
assess spatial erosion variability at a field scale (Bonilla et al., 2007; Mueller
et al., 2005; Schumacher et al., 2005). Spatial erosion variability reduces
yields at site-specific locations within the field. If this variability in erosion
across the field is not properly managed, the yields will continue to decline
significantly after decades of uniform management (Quine and Zhang,
2002). There is potential to use Precision Conservation to integrate spatial
and temporal information to better implement conservation management
practices that account for this erosion variability (Mueller et al., 2005; Quine
and Zhang, 2002; Schumacher et al., 2005).

28 Jorge A. Delgado and Joseph K. Berry

7. CURRENT ApPLICATIONS AND TRENDS
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Precision Conservation can integrate spatial and temporal information to
identify and locate the best locations for riparian buffers, grass waterways,
ditches, and wetlands within the watershed (Berry et al. 2003,2005; Dosskey
et al. 2002, 2005, 2007; Qiu et al., 2007; Renschler and Lee, 2005; Tomer
et al., 2007). We can use these new technologies to connect multiple layers of
information for improved rangeland management that integrates spatial varia
bility of resources, including soil and water resources (George et al., 2008).
Precision Conservation can also be used to integrate assessment of multiple
layers of information that account for temporal variability of hydrology
and flows of pollutants (Berry et al., 2003; Dosskey et al., 2007; George
et al., 2008; Hey et al., 2005; Qiu et al. 2007; Renschler and Lee, 2005;
Secchi et al., 2007).

There is potential to use site-specific information oftemporal and spatial
flows to develop erosion maps that identify highly sensitive areas ofthe fields
or to develop variable hydrology maps that represent variable movement of
soil and chemicals across the watershed (Qiu et al., 2007; Schumacher et al.,
2005). Table 1 highlights potential-related Precision Conservation prac
tices. Users can integrate spatial and temporal information using GIS and/or
models to analyze databases and to develop recommendations for imple
mentation of these conservation practices. For example, we can use models
to identify highly sensitive erosion areas ofa field which we may then decide
to set aside for hay production to reduce the erosion and movement ofsoil
and chemicals out of the field.

Alley cropping, conservation crop rotation, cover crops, field borders,
riparian herbaceous cover, riparian forest buffers, filter strips, residue
management, supplemental feed, sediment ponds, isolated hay production
areas with permanent cover, nutrient traps, and buffers are some of the
potential conservation practices that may result from an integration ofspatial
and temporal information about flows and the use of layers of information
to develop more effective practices (Table I). Other nutrient management
practices such as remote sensing, site-specific management zones, and
Precision Irrigation that contribute to reduced NOrN leaching were
not listed (Delgado and Bausch, 2005; Delgado et al., 2005; Sadler et al.,
2005). The practices listed in Table 1 connect the flows from field to natural
areas, and contribute to enhanced soil and water conservation. We propose
that the application of these conservation practices could be more effective
by using new technologies that integrate multiple layers of information
spatially and temporally, thereby identifying hot spots. We also propose
that the efficiency of these practices could be increased by using variable
designs that integrate variable widths, use variable species and varieties, and
apply the practices precisely at the hot spots in the field or watershed.



Table 1 Potentialconservation practices that could be used to manage spatial and temporal variability across the landscape to increase
precision conservation of soil and water"

w
o

Field Alley cropping
(CODE 311)

Trees or shrubs are planted in sets ofsingle or
multiple rows with agronomic,
horticultural crops or forages produced in
the alleys between the sets ofwoody plants
that produce additional products.

There is the potential to use new models,
remote sensing, and computer software to
integrate spatial and temporal information
about flows to develop information that
can be used to improve site-specific
management decisions for alley cropping
locations. Spatial soil properties and
underground water tables and flows can
also be considered. There is also potential
to plant single or multiple drills of trees or
shrubs, taking these spatial soil properties
into consideration. The varieties of trees
or shrubs planted in rows could also be
changed based on soil property data that
may account for different water tables,
salinity levels, and site-specific chemical
and physical properties. The objective for
this application is to determine the
number of rows and appropriate species
(considering the species' water use and
nutrient uptake) to match the temporal
variability of water flows, water tables,



Field

Field

Conservation
crop rotation
(CODE 328)

Cover crop
(CODE 340)

Growing crops in a recurring sequence
on the same field.

Crops including grasses, legumes and forbs
for seasonal cover and other conservation
purposes.
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(considering the species' water use and
nutrient uptake) to match the temporal
variability of water flows, water tables,

salinity, and precipitation. There is also
potential to use this practice to mine and
recover NOrN leached below the roots
of shallower crops in areas where NOrN
leaching presents a problem across the field
(Allen et al., 2004; Delgado, 1998,2001;
Rowe et al., 1999; Tomer et al., 2007).

There is potential to use different crops to
reduce soil erosion considering variation
in soil types and variable field erosion.
In case where bales of straw are removed
from the fields, some areas ofthe field with
lower soil organic matter and/or higher
erosion potential could be managed
differently with full incorporation of crop
residue. In highly saline areas of the fields,
a more salt-tolerant conservation crop
could be planted to manage saline seeps.
There is the potential to use deeply rooted
crops in some areas of the field that would
filter underground water when planted
with shallowly rooted crops (Delgado,
1998,2001; Schumacher et al., 2005).

There are potential to use cover crops in the
most sensitive areas of the field and natural
areas to reduce soil erosion. Cover crops
are highly beneficial in most cases. Cover

(continued)



Table 1 (continued)

W
N

Outside
field/
natural
area

Field border
(CODE 386)

A strip ofpermanent vegetation established at
the edge or around the perimeter ofa field.

crop use can be differentiated according to
the soil type and N cycling. For fields with
spatial variability of soil type, cover crops
such as winter cover rye and winter wheat
(both effective cover crop scavengers of
leached NOrN) may be planted in areas
that have high leaching potential. In the
areas ofthe fields with the finer soil texture
and lower leaching potential, leguminous
cover crops can be planted to increase
nitrogen input into the system (Delgado,
1998,2001).

There is the potential to use new models,
remote sensing, and computer software to
integrate spatial and temporal information
about flows to develop information that
can be used to identify the location of
concentrated flows ofwater, nutrients, and
sediment from the field. This will allow
the identification of hot spots and
temporal and spatial patterns at the field
border. This information can be used to
decide how wide to make the vegetative
field border, what species to plant, how
deep the root systems should be, and how



Outside
field/
natural
area

Riparian
herbaceous
cover
(CODE 390)

Grasses, grass-like plants, and forbs that are
tolerant of intermittent flooding or
saturated soils and that are established or
managed in the transitional zone between
terrestrial and aquatic habitats.

- ----~. ~ ~~~~ ~~~~ ~ ~ ...., "-'" "''-''

decide how wide to make the vegetative
field border, what species to plant, how
deep the root systems should be, and how

tall and thick the vegetation should be at
the surface. Spatial and temporal analysis of
the flows coming out of the field could be
used to improve the design offield borders
that reduce the off-site transport of soil
particles, organic matter, chemicals, and
water. These field edge practices can
maximize farmers' soil and water
conservation, as well as their use of energy
and resources. Precision Conservation can
determine the best plant type for field
borders, whether grass, legumes, or shrubs,
considering the potential ofeach to reduce
off-site transport of soil, soil organic
matter, and nutrients due to water and
wind erosion. These barriers could be
precisely designed to eliminate flows from
end rows, headlands, and other areas of
concentrated flow (Berry et al., 2003;
Dosskey et al., 2005; Tomer et al., 2007).

There is potential to develop riparian
herbaceous cover that accounts for
temporal and seasonal site-specific
hydrology. There is potential to use
models, remote sensing, and computer
software to integrate spatial and temporal

(continued)
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Table 1 (continued)

information and to develop management
decisions about the best location(s) for the
riparian herbaceous cover. There is also
potential to plant variable species across
the riparian and herbaceous cover zones to
try to synchronize the vegetation growth
and water and nutrient use with periods of
maximum water flows across the riparian
buffers. These riparian zones can be
applied to areas adjacent to perennial and
intermittent watercourses or water bodies,
accounting for the spatial and temporal
hydrology. Site-specific hydrology,
including water table data and the
potential for concentrated flows in
extreme cases, can be factored into these
decisions to establish a site-specific riparian
herbaceous cover that maximizes water
quality, using variable widths and species.
There is also potential to use the multiple
layers ofsite-specific information to design
the best viable shape of the riparian
herbaceous cover to account for variable
flows and to identify the best placement to
maximize buffer affectivity for soil and



Soils

Yield

Precision Ag

Precision conservation

Interconnected perspective Isolated perspective

Jorge A. Delgado and Joseph K. Berry, Figure 1 The site-specific approach can be
expanded to a three-dimensional scale approach that assesses inflows and outflows
from fields to watershed and region scales. (From Berry et aI.,2003.)



Phosphorus
surface

Relatively low responses in P, K, and N

Relatively high responses in P, K, and N

Point samples are spatially interpolated
into a continuous surface

Data space

Map surfaces are
clustered to identify
data pattern groups

Discrete data spikes

Geographic space

Spatial data mining

Surface modeling

p

N

K

Field sample locations

Jorge A. Delgado andJoseph K. Berry, Figure 2 Surface modeling is used to derive map surfaces that utilize spatial data mining techniques to
investigate the numerical relationships in mapped data. (From Berry et al., 2005.)
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Field data
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34.1%.34.1%

Desktop mapping
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Geographic space

Jorge A. Delgado andJoseph K. Berry, Figure 2 Surface modeling is used to derive map surfaces that utilize spatial data mining techniques to
investigate the numerical relationships in mapped data. (From Berry et al., 2005.)

Jorge A. Delgado and Joseph K. Berry, Figure 3 Desktop mapping uses aggregated, nonspatial statistics to summarize spatial objects
(points, lines, and polygons), whereas map analysis uses continuous spatial statistics to characterize gradients in geographic space (surfaces).



Slope map

Jorge A. Delgado and Joseph K. Berry, Figure 4 Maps ofsurface flow confluence and slope are calculated by considering relative elevation
differences throughout a project area. (From Berry et al., 2005.)

Inclination of a fitted
plane to a location and
its eight surrounding
elevation values

Total number of the steepest downhill
paths flowing into each location

Slope(47,64) = 33.23%
Moderate



Water erosion

Total erosion
(cesium-137 measurements)

Slope % map and cesium
137 sampling sites

Elevation contour lines are overlaid on all maps
elevation labels are shown only on total erosion map
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Jorge A. Delgado and Joseph K. Berry, Figure 6 Erosion patterns developed from
tillage, water, tillage-water, and total erosion (137Cs) modeling of the research field
are displayed. Cesium sampling sites are also displayed on a contour map of slope
percentage for the field. (From Schumacher et al., 2005.)
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Jorge A. Delgado and Joseph K. Berry, Figure 7 Spatial distribution ofsand content
in the top 1.5 m of soil across different productivity zones (A). Spatial distribution of
observed residual soil N03-N in the top 1.5 m of soil for study one across the
different productivity zones during the 2000 growing season (B). (From Delgado and
Bausch,2005.)
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Jorge A. Delgado and Joseph K. Berry, Figure 8 Spatial distribution of predicted
N03-N leaching from the root zone ofcorn (1.5 m depth) in study one across the different
productivity zones during the 2000 growing season. (From Delgado and Bausch, 2005.)
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potential ofthe intervening terrain. (From Berry et al., 2005.)



(continued)

water conservation (Dosskey et al., 2002,
2005, 2005; Hey et al., 2005; Tomer
et al., 2007).

There is potential to use spatial and temporal
information to develop riparian forest
buffers that improve and protect water
quality by reducing the amount of
sediment, nutrient, and surface flows and
shallow groundwater chemical
movement. There is potential to use the
variable hydrology and flow information
to identify both the best viable shape for
riparian forest buffers to account for
variable flows and the best buffer locations
for effective management of surface and
underground flows (Hey et al., 2005).

There is potential to develop filter strips to
improve and protect water quality by
reducing the amount of sediment and
nutrient runoff and movement in surface
runoff and shallow groundwater. Site
specific spatial and temporal information
can be used to determine the best locations
for filter strips in areas below cropland,
grazing land, or disturbed land (including
forest land). Filter strips can also be
strategically located in areas where

l'IIIII$/£tl ,;- Erosion buffers I

A strip or area of herbaceous vegetation
situated between cropland, grazing land,
or disturbed land (including forestland)
and environmentally sensitive areas.

An area comprised predominantly of trees
and/or shrubs located adjacent to and up
gradient from watercourses or water
bodies.

Filter strip
(CODE 393)

Riparian forest
buffer
(CODE 391)

Outside
field/
natural
area

Outside
field/
natural
area

Jorge A. Delgado and Joseph K. Berry, Figure 9 Effective erosion buffers around a stream expand and contract depending on the erosion

potential ofthe intervening terrain. (From Berry etal., 2005.)
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Table 1 (continued)

W
0'

Field

Animal
systems

Seasonal
residue
management
(CODE 344)

Supplemental
feed

Managing the amount, orientation, and
distribution of crop and other plant
residues on the soil surface during a
specified period of the year, while planting
annual crops on a clean-tilled seedbed, or
while growing biennial or perennial seed
crops.

Use of supplemental feed to manage cow
behavior in a way that considers forest and
grassland areas, temporal variability, and

sediment, particulate matter, and/or
dissolved concentrated contaminants may
be leaving and entering environmentally
sensitive areas. These filter strip areas need
to be comprised of permanent vegetation,
and fully established prior to the first
irrigation. This site-specific information
can also be used to design the best
viable shape for the filter strips
(Tomer et al., 2007).

There is potential to spatially manage residue
to reduce erosion from the most sensitive
areas of the field. There is potential to
concentrate residue in those areas that are
more susceptible to erosion. In case where
bales of straw are removed from the fields,
some areas of the field with lower soil
organic matter and/or higher erosion
potential could be managed differently
with full incorporation of crop residue
(Schumacher et al., 2005). There is
potential to use practice to maximize
carbon sequestration.

There is potential to use Precision
Conservation techniques to strategically
place supplemental feed to manipulate



w
"

Animal
systems

Outside
field/
natural
area

Field

Supplemental
feed

Sediment ponds

Set aside hay
areas with
permanent
cover

Use of supplemental feed to manage cow
behavior in a way that considers forest and
grassland areas, temporal variability, and

water bodies to enhance soil and water
conservation.

Use of sediment ponds to reduce the
movement of soil and chemicals.

Use of set aside hay areas with permanent
cover.

carbon sequestration.
There is potential to use Precision

Conservation techniques to strategically
place supplemental feed to manipulate

animal behavior. Strategic placement of
supplemental feed can be effective for soil
and water conservation by reducing
grazing in riparian patches and sensitive
soil areas. Animal managers can take
landscape and temporal variability into
account through reference to spatial
technologies such as geographic
information systems (GIS) to implement
supplemental feeding-based conservation
practices that result in improved
environmental outcomes. Supplemental
feeding sites can be moved as needed
to prevent site degradation (George
et al., 2008).

There is potential to use sediment ponds to
reduce the movement ofsoil and nutrients
from fields and from subwatersheds. There
is potential to strategically place these
ponds taking variable hydrology and flows
into account (Lowrance et al., 2007).

Spatial assessment of field erosion and
development of maps can be used to
identify highly sensitive areas of fields.
There is potential to manage the most
erosion-sensitive areas by setting aside
areas for hay production to reduce the
erosion and movement of soil and

(continued)



a Some of these are practices recommended by USDA-NRCS. We suggest that there is potential to apply the concepts of Precision Conservation to these USDA
NRCS-recommended practices and to other practices included in this report. We suggest that these practices can be implemented site specifically in fields and natural
areas by using layers of information that identify hot spots across the landscape. We also suggest that there is potential to use models, map and data analysis software, and
Precision Conservation techniques to modify these practices, taking the site-specific spatial and temporal information about flows into consideration. There is also
potential to implement these practices using different device shapes and/or species to better account for variable spatial and temporal hydrology and flows. We suggest
that there is significant potential to develop new practices for Precision Conservation ofsoil and water, such as the integration ofanimal behavior management with soil
and water conservation.

Table 1 (continued)

Field/ Nutrient traps
natural
area

Installation ofnutrient traps or denitrification
traps to remove nutrients from field
outflows.

chemicals out of the field (Schumacher
et al., 2005).

Spatial assessment of field erosion and
variable hydrology can be used for
development of maps to identify areas
with higher flows of phosphorus and
nitrates in fields and/or field borders and
natural areas. There is the potential to use
phosphorus sorbing materials (PSMs) to
decrease the potential for off-site transport
of phosphorus in runoff water. There is
also potential to use denitrification traps to
reduce NOrN concentrations in runoff
water or underground water flows
(Hunter, 2001; Penn et al., 2007).



Advances in Precision Conservation 39

REFERENCES

8. SUMMARY AND CONCLUSIONS

There are multiple examples of advances in Precision Conservation
published during the last 4 years showing how new spatial technologies and
the integration of GPS, GIS, RS, and models can be applied to improve
management decisions that contribute to Precision Conservation ofsoil and
water. Precision Conservation can more precisely identity where to locate
riparian buffers, sediment ponds, nutrient management farms, and other
ecological engineering practices to most effectively reduce environmental
impacts from hot spots across the watershed. These technologies can be used
to simultaneously consider variable hydrology and temporal flows to identity
the best locations for the implementation of conservation practices at the
watershed and subwatershed levels. These technologies can also be used to
design better buffers to manage flows at field borders, to identity the best
locations for phosphorus recovery devices, and to locate potential denitrifi
cation trap sites. These new approaches can contribute to better management
of variable surface and underground flows across grass waterways, buffers,
riparian buffers, ditches, wetlands, and watersheds. New advances even show
that there is potential to integrate management ofrangeland animal behavior
with management practices that account for spatial and temporal variability to
enhance Precision Conservation ofsoil and water resources.

With continued increases in population growth and increased demands
of land resources for food and biofuel production, maximizing agricultural
production is increasingly necessary. Precision Conservation can be used to
synchronize best management practices that maximize yields while reducing
unnecessary inputs and losses of sediment and other chemicals to the
environment. We propose that, as new technological advances continue
to emerge, adaptations of Precision Conservation by land owners, man
agers, farmers, and extension personnel will be widely implemented. These
new technologies can contribute to higher efficiency of resource manage
ment, economical returns, and environmental sustainability (Berry et al.,
2003; Knight, 2005; Secchi et al., 2007). As new advances in computer
models, remote RS, GIS, and GPS continue, these technologies will
become increasingly accessible for the conservation of agricultural and
natural resources. Precision Conservation will play a significant role in
maximizing and sustaining agricultural yields while contributing to global
sustainability in the 21st century.

Alien,S. c.,Shibu.j., Nair, P.K.R., Brecke,B.]., Nkedi-Kizza, P., and Ramsey, C. L. (2004).
Safety-net role of tree roots: Evidence from a pecan (Cal}'a illinoensis K. Koehl-cotten



(GoSSypiU111 hirsutum L.) alley cropping system in the southern United States. Far. Ecol.
Manag. 192(2-3),395--407.

Arnold, J. G., Allen, P. M., and Bernhardt, G. (1993). A comprehensive surface
groundwater flow model.]. Hydro/. 142,47-69.

Bailey, D. W. (2003). Managementstrategies for optimal grazing distribution and use ofarid
rangelands. In "Proceedings of the Forage Strategies for Arid Climates Syrup," Journal
Series No. 2003-31, pp. E147-E153. Montana Agricultural Experiment Station,
Bozeman, Montana.

Bailey, D. W., and Welling, G. R. (1999). Modification of cattle grazing distribution with
dehydrated molasses supplement.]. Range Manage. 52, 575-582.

Bailey, D. W., and Welling, G. R. (2002). Cornparisonoflow-moisture molasses blocks and
loose dry mineral mixes as delivery systems for supplementing trace minerals to rangeland
cattle. In "Proceedings of the Annual Meeting on Society Range Management," 55th,
p.113. Kansas City, Missouri.

Bailey, D. W., Welling, G. R., and Miller, E. T. (2001). Cattle use offoothills rangeland
near dehydrated molasses supplement.]. Range Manage. 54, 338-347.

Bausch, W. C,, and Delgado, J. A. (2003). Ground-based sensing ofplant nitrogen status in
irrigated corn to improve nitrogen management. In "Digital Imaging and Spectral
Techniques: Applications to Precision Agriculture and Crop Physiology" (T. Van'Toai,
D. Major, M. McDonald, J. Schepers, and L. Tarpley, Eds.), pp. 151-163. ASA Spec.
Publ. 66. ASA, CSSA, and SSSA, Madison, WI.

Berry, J. K. (1999). GIS technology in environmental management: A brief history, trends
and probable future. In "Handbook of Global Environmental Policy and Administra
tion" (D. L. Soden and B. S. Steel, Eds.), pp. 49-76. Marcel Dekker Publishers, New
York.

Berry, J. K. (2002). Quantitative methods for analyzing map similarity and zoning. In "Proc
eedings of GeoTech Conference on Geographic Information Systems," 8-11 April.
Toronto, Ontario, Canada.

Berry,J. K. (2003a). "Map Analysis: Procedures and Applications in GIS Modeling." BASIS
Press, Fort Collins, CO.

Berry, J. K. (2003b). Analyzing spatial content. In "Analyzing Precision Ag Data: A Hands
on Case Study in Spatial Analysis and Data Mining" (J. K. Berry, Ed.), pp. 55-63. BASIS
Press, Fort Collins, CO.

Berry, J. K. (2007a). GIS innovation drives its evolution. GeaWarld 20(8),14-15.
Berry, J. K. (2007b). Geo-referencing is the cornerstone of GIS. GeaWarld 20(4), 14-15.
Berry, J. K., Delgado, J. A., Khosla, R., and Pierce, F. J. (2003). Precision conservation for

environmental sustainability.]. Soil Water Canserv. 58,332-339.
Berry,J. K., Delgado,J. A., Pierce, F. J., and Khosla, R. (2005). Applying spatial analysis for

precision conservation across the landscape.]. Sail Water Conseru. 60, 363-370.
Bhuyan, S. J., Marzen, L.J., Koelliker,J. K., Harrington, J. A.,Jr., and Barnes, P. L. (2003).

Assessment of runoff and sediment yield using remote sensing, GIS, and AGNPS.]. Sail
Water Conseru. 57, 351-364.

Bonilla, C. A., Norman, J. A., and Melling, C. C. (2007). Water erosion estimation in
topographically complex landscapes: Model description and first verifications. Sail Sci.
Soc. A111.]. 71, 1524-1537.

Cabot, P. E., Pierce, F. J., Nowak, P., and Karthikeyan, K. G. (2006). Monitoring and
predicting manure application rates using precision conservation technology.]. Sail Water
Conseru. 61, 282-292.

Corwin, D. L., Loague, K., and Ellsworth, T. R. (1998). GIS-based modeling ofnon-point
source pollutants in the vadose zone.]. Sail Water Conserv. 53, 34-38.

Delgado, J. A. (1998). Sequential NLEAP simulations to examine effect of early and late
planted winter cover crops on nitrogen dynamics.]. Sail Water Conserv, 53, 241-244.

4° Jorge A. Delgadoand Joseph K. Berry



ph K. Berry Advances in Precision Conservation 41

. For. Ecol.

'e surface-

use ofarid
)," Journal
It Station,

ution with

blocks and
) rangeland
ent," 55th,

; rangeland

on status in
rd Spectral
. VanToai,
ASA Spec.

ory, trends
.dministra
.hers, New

. In "Proc
-11 April.

19." BASIS

: A Hands
-63. BASIS

).

I, 14-15.
rvation for

analysis for
'0.
L. (2003) .

.JPS.]. Soil

imation in
IS. Soil Sci.

toring and
. Soil Water

.non-point

ly and late
~41-244.

Delgado, J. A. (2001). Use of simulations for evaluation of best management practices on
irrigated cropping systems. In "Modeling Carbon and Nitrogen Dynamics for Soil
Management" (M.J. Shaffer, L. Ma, and S. Hansen, Eds.), pp. 355-381. Lewis Publishers,
Boca Raton, FL.

Delgado,J. A., and Bausch, W. (2005). Potential use ofprecision conservation techniques to
reduce nitrate leaching in irrigated crops.]. Soil Water Conseru. 60,379-387.

Delgado,J. A., and Mosier, A. R. (1996). Mitigation alternatives to decrease nitrous oxides
emissions and urea-nitrogen loss and their effect on methane flux.]. Environ. Qual. 25,
1105-1111.

Delgado, J. A., Ristau, R. J., Dillon, M. A., Duke, H. R., Stuebe, A., Follett, R. F.,
Shaffer, M. J., Riggenbach, R. R., Sparks, R. T., Thompson, A., Kawanabe, L. M.,
Kunugi, A., et al. (2001). Use of innovative tools to increase nitrogen use efficiency and
protect environmental quality in crop rotations. Commun. Soil Sci. Plant Anal. 32,
1321-1354.

Delgado,J. A., Khosla, R., Bausch, W. C.; Westfall, D. G., and Inman, D. (2005). Nitrogen
fertilizer management based on site-specific management zones reduce potential for
NOrN leaching.]. Soil Water Conseru. 60,402--410.

Delgado,J. A., Shaffer, M.J., Lal, H., Mckinney, S. P., Gross, C. M., and Cover, H. (2008).
Assessment of nitrogen losses to the environment with a Nitrogen Trading Tool (NTT) .
Comput. Electron. Agric. (In Print).

Desmet, P. J. J., and Govers, G. (1996). A GIS procedure for automatically calculating the
USLE LS factor on topographic complex landscape units.]. Soil Water Conserv. 51,
427-433.

Dosskey, M. G., Helmers, M.]., Eisenhauer, D. E., Franti, T. G., and Hoagland, K. D.
(2002). Assessment of concentrated flow through riparian buffers.]. Soil Water Conseru.
57, 336-344.

Dosskey, M. G., Eisenhauer, D. E., and Helmers, M. J. (2005). Establishing conservation
buffers using precision information.]. Soil Water Conseru. 62,349-354.

Dosskey, M. G., Helmers, M.J., and Eisenhauer, D. E. (2007). An approach for using soil
surveys to guide the placement of water quality buffers.]. Soil Water Conserv. 61,
344-354.

Feng, G., and Sharratt, B. (2007). Scaling from field to region for wind erosion prediction
using the wind erosion prediction system and geographical information system.]' Soil
Water Conserv, 62,321-328.

FitzHugh, T. W., and Mackay, D. S. (2001). Impact of subwatershed partitioning on
modeled source- and transport-limited sediment yields in an agricultural nonpoint source
pollution model.]. Soil Water Conseru. 56, 137-143.

Fleming, K. L., Westfall, D. G., Wiens, D. W., Rothe, L. E., Cipra, J. E., and
Heermann, D. F. (1999). Evaluating farmer developed management zone maps for
precision farming. In "Proceedings of the International Conference on Precision Agri
culture," 4th, 19-22 July 1998 (P. C. Robert, R. H. Rust, and W. E. Larson, Eds.),
pp. 335-343. ASA, Madison, WI.

Foster, G. R., and Wischmeier, W. H. (1974). Evaluating irregular slopes for soil loss
prediction.]. Trans. ASAE 17,305-309.

George, M. R., McDougald, N. K., Jensen, W. A., Larsen, R. E., Cao, D. c., and
Harris, N. R. (2008). Effectiveness ofnutrient supplement placement for changing beef
cow distribution.]. Soil Water Conseru. 63, 11-17.

Goddard, T. W. (2005). An overview of Precision Conservation in Canada.]. Soil Water
Conser», 62,456-461.

Hall, M. D., Shaffer, M.]., Waskom, R. M., and Delgado, J. A. (2001). Regional nitrate
leaching variability: What makes a difference in Northeastern Colorado.]. Am. Water
Resour. Assoc. 37, 139-150.



Hatch, 1. K., Mallawatantri, A., Wheeler, D., Gleason, A., Mulla, D., Perry, J.,
Easter, K. W., Smith, R., Gerlach, 1., and Brezonik, P. (2001). Land management at
the major watershed-agroecoregion intersection.]. Soil Water ConselV. 56, 44-51.

Hatfield, J. 1., and Prueger, J. H. (2004). Impacts ofchanging precipitation patterns on water
quality.]. Soil Water Conserv. 59,51-58.

Hewlett,J. D., and Hibbert, A. R. (1967). Factors affecting the response ofsmall watersheds
to precipitation in humid regions. III "Forest Hydrology" (W. E. Sopper and H. W. Lull,
Eds.), pp. 275-290. Pergamon Press, Oxford.

Hey, D. 1., Urban, 1. S., and Kostel, J. A. (2005). Nutrient fanning: The business of
environmental management. Ecol. Eng. 24,279-287.

Hunter, W. (2001). Remediation of drinking water for rural populations. In "Nitrogen in
the Environment" (R. F. Follett andJ. 1. Hatfield, Eds.), pp. 433-453. CRC Press, New
York, NY.

Khosla, R., Fleming, K., Delgado,J., Shaver, T., and Westfall, D. (2002). Use ofsite-specific
management zones to improve nitrogen management for precision agriculture.]. Soil

Water ConselV. 57,513-518.
Kitchen, N. R., Sudduth, K. A., Myers, D. B., Massey, R. E., Sadler, E. J., Lerch, R. N.,

Hummel, J. W., and Palm, H. 1. (2005). Development of a conservation-oriented
precision agriculture system: II. Crop production assessment and plan implementation.
]. Soil Water Conserv. 62,421-430.

Knight, B. 1. (2005). Precision conservation.]. Soil Water Conserv. 60, 137A.
Koch, B., Khosla, R., Frasier, M., and Westfall, D. G. (2003). Economic feasibility of

variable-rate nitrogen application in site specific management. In "Proceedings of the
Western Nutrient Management Conference," 6-7 March 2003, Vol 5. pp. 107-112.

Salt Lake City, UT.
Lal, R. (1995). Global soil erosion by water and carbon dynamics. In "Soils and Global

Change" (R. Lal, J. Kimble, E. Levine, and B. A. Stewart, Eds.), pp. 131-140. Lewis
Publishers, Boca Raton, F1.

Lal, R. (2000). A modest proposal for the year 2001: We can control greenhouse gases and
feed the world ... with proper soil management.]. Soil Water Conseru. 55,429-433.

Lerch, R. N., Kitchen, N. R., Kremer, R.]., Donald, W. W., Alberts, E. E., Sadler, E. J.,
Sudduth, K. A., Myers, D. B., and Ghidey, F. (2005). Development of a conservation
oriented precision agriculture system: 1. Water and soil quality assessment.]' Soil Water

COllse1v. 62,411-421.
Lowrance, R., Altier, 1. S., Williams, R. G., Inamdar, S. P., Sheridan,J. M., Bosch, D. D.,

Hubbard, R. K., and Thomas, D. 1. (2000). REMM: The riparian ecosystem manage
ment model.]. Soil Water Conserv. 55, 27-34.

Lowrance, R., Sheridan, J. M., Williams, R. G., Bosch, D. D., Sullivan, D. G.,
Blanchett, D. R., Hargett, 1. M., and Clegg, C. M. (2007). Water quality and hydrology
in farm-scale coastal plain watersheds: Effects ofagriculture, impoundments, and riparian
zones.]. Soil Water Conserv. 62, 65-76.

McDougald, N. K., Frost, W. E., and Jones, D. E. (1989). Use of supplemental feeding
locations to manage cattle use of riparian areas ofhardwood rangelands. III "Proceedings
of the California Riparian Systems Conference: Protection, Management, and Restora
tion for the 1990s," General Tech. Rep. PSW-110 (D. 1. Abell, Ed.). Pacific Southwest
Forest and Range Experiment Station, USDA Forest Service, Berkeley, CA.

Meisinger, J. J., and Delgado, J. A. (2002). Principles for managing nitrogen leaching.]. Soil

Water Conse1v. 57,485-498.
Mitas, 1., Brown, W. M., and Mitasova, H. (1997). Role of dynamic cartography in

simulations of landscape processes based on multivariate fields. Comput. Geosci. 23,
437-446.

42 Jorge A. Delgado and Joseph K. Berry



;eph K. Berry Advances in Precision Conservation 43

, Perry, ].,
nagement at
~4-51.

rns on water

1watersheds
H. W. Lull,

business of

Nitrogen in
; Press, New

.site-specific
lture.]' Soil

erch, R. N.,
on-oriented
.ementation.

feasibility of
dings of the
p. 107-112.

and Global
-140. Lewis

ise gases and
429-433.
Sadler, E. j.,
onservation
J. Soil Water

osch, D. D.,
em manage-

'an, D. G.,
d hydrology
and riparian

.ntal feeding
Proceedings
nd Restora
c Southwest
l.

:hing.]. Soil

tography in
Geosci. 23,

Mitasova, H., Mitas, L., Brown, W. M., and Gerdes, D. P. (1995). Modeling spatially and
temporally distributed phenomena: New methods and tools for GRASS GIS. Int.
]. Geogr. In! Sci. 9, 433-446.

Mosier, A R., Parton, W. j., Valentine, D. W., Ojima, D. S., Semmel, D. S., and
Delgado,]. A. (1996). CH4 and N 20 fluxes in the Colorado shortgrass steppe: 1. Impacts
oflandscape and nitrogen addition. Global Biogeochem. Cycles 10, 387-399.

Mueller, T. G., Cetin, H., Fleming, R. A., Dillon, C. R., Karathanasis, A. D., and
Shearer, S. A. (2005). Erosion probability maps: Calibrating precision agriculture data
with soil surveys using logistic regression.]. Soil Water Conseru. 62, 462-468.

Nearing, M. A., Pruski, F. F., and O'Neal, M. R. (2004). Expected climate change impacts
on soil erosion rates: A review.]. Soil Water Conserv. 59, 43-50.

Penn, c.]., Bryant, R. B., Kleiman, P.]. A., and Allen, A L. (2007). Removing dissolved
phosphorous from drainage ditch water with phosphorous sorbing materials.]. Soil Water
Conseru. 6, 269-276.

Pennock, D.]. (2005). Precision conservation for co-management of carbon and nitrogen
on the Canadian prairies.]. Soil Water Conserv. 62, 396-401.

Peterson, P. (2007). Personal communication on extending map algebra on multidimen
sional tessellations using the Rhombic Dodecahedron and A3 Lattice as expressed in the
PYXIS digital earth reference model. (Website at www.pyxis.corn.au) .

Peterson, A., and Vondracek, B. (2006). Water quality in relation to vegetative buffers
around sinkholes in karst terrain.]. Soil Water Conseru. 61, 380-390.

Pimentel, D., Harvey, c., Resosudarrno, P., Sinclair, K., Kurz, D., McNair, M., Crist, S.,
Shpritz, L., Fitton, L., Saffouri, R., and Blair, R. (1995). Environmental and economic
cost of soil erosion and conservation benefits. Science 267, 1117-1123.

Qiu, Z., Walter, M. T., and Hall, C. (2007). Managing variable source pollution in
agricultural watersheds.]. Soil Water Conseiv. 62, 115-122.

Quine, T. A, and Zhang, Y. (2002). An investigation ofspatial variation in soil erosion, soil
properties, and crop production within an agricultural field in Devon, United Kingdom.
]. Soil Water Conseru. 57,55-64.

Renschler, C. S., and Lee, T. (2005). Spatially distributed assessment ofshort- and long-term
impacts of multiple best management practices in agricultural watersheds.]. Soil Water
Conseru. 62,446-456.

Rowe, E. C., Hairiah, K., Giller, K. E., van Noordwijk, M., and Cadisch, G. (1999).
Testing the safety-net role of hedgerow tree roots by 15N placement at different soil
depths. Agrifor. Syst. 4, 81-93.

Sadler, E. ]., Evans, R. G., Stone, K. c., and Camp, C. R. (2005). Opportunities for
conservation with precision irrigation.]. Soil Water Conserv. 62,371-379.

Schade,]. D., Fischer, S. G., Grimm, N. B., and Seddon,]. A. (2001). The influence of a
riparian shrub on nitrogen cycling in a Sonoran Desert stream. Ecology 82, 3363-3376.

Schumacher, j. A., Kaspar, T. c., Ritchie, ]. c., Schumacher, T. E., Karlen, D. L.,
Ventris, E. R., McCarty, G. M., Colvin, T. S., Jaynes, D. B., Lindstrom, M.]., and
Fenton, T. E. (2005). Identifying spatial patterns of erosion for use in precision censer
vation.]. Soil Water Conseru. 62, 355-362.

Secchi, S., Gassman, P. W., Jha, M., Kurkalova, L., Feng, H. H., Campbell, T., and
Kling, C. L. (2007). The cost ofcleaner water: Assessing agricultural pollution reduction
at the watershed scale.]. Soil Water Conserv. 62, 10-21.

Sharpley, A. N., Herron, S., and Daniel, T. (2007). Overcoming the challenges of
phosphorous-based management in poultry farming.]. Soil Water Conseru. 62, 375-389.

Shuster, W. D., Gehring, R., and Gerken,]. (2007). Prospects for enhanced groundwater
recharge via infiltration of urban storm water runoff: A case study.]. Soil Water Conserv.
62, 129-137.



Siegel, S. B. (1996). "Evaluation of Land Value Study." Stud. Rep. CAA-SR-96-5. U.S.
Army Concepts Analysis Agency, U.S. Gov. Print. Office, Washington, DC.

Smith, R. E., and Williams, J. R. (1980). Simulation of the surface hydrology.
In "CREAMS: A Field Scale Model for Chemical Runoff, and Erosion from Agricultural
Management Systems" rvv. Knisel, Ed.). Conserv. Res. Rep. 26, USDA-ARS,
Washington, DC.

Smith, T. A., Osmond, D. L., and Gilliam,J. W. (2006). Riparian buffer and nitrate removal
in a lagoon-effluent irrigated agricultural area.]. Soil Water Conseru. 61, 273-281.

Soil Conservation Service (SCS). (1968). "Hydrology." Supplement A, Sec. 4. Eng. Handb.
USDA-SCS, Washington, DC.

Strock, J. S., Dell, C. J., and Schmidt, J. P. (2007). Managing natural processes in drainage
ditches for nonpoint source nitrogen control.]. Soil Water Conserv. 62, 188-196.

Tomer, M. D., Moorman, T. B., Kovar, J. L., James, D. E., and Burkart, M. R. (2007).
Spatial patterns ofsediment and phosphorous in a riparian buffer in western Iowa.]. Soil
Water COI1Selv. 62, 329-338.

Vadas, P. A., Srinivasan, M. S., Kleinman, P. J. A., Schmidth,J. P., and Allen, A. L. (2007).
Hydrology and groundwater nutrient concentrations in a ditch-drained agroecosystem.
]. Soil Water Conserv. 62, 178-188.

Verchot, L. V., Franklin, E. c., and Gilliam, J. W. (1997). Nitrogen cycling in Piedmont
vegetated filter zones: 1. Surface soil processes.]. Environ. Qual. 26, 327-336.

Wang, G., Gertner, G., Parysow, P., and Anderson, A. B. (2000). Spatial prediction and
uncertainty analysis of topographic factors for the revised universal soil loss equation
(RUSLE).]. Soil Water Conserv. 55,374-384.

Wheeler, P. H. (1990). An innovative county soil erosion control ordinance.]. Soil Water
Conserv. 45, 374-378.

Williams, J. R., and Berndt, H. D. (1972). Sediment yield computed with universal
equation: Proc. of the ASCE.]. Hydraul. Div. 98, 2087-2098.

Wilson, J. P. (1986). Estimating the topographic factor in the universal soil loss equation for
watersheds.]. Soil Water COI1Selv. 41, 179-184.

Wischmeier, W. H., and Smith, D. D. (1965). "Predicting Rainfall Erosion Losses from
Cropland East of the Rocky Mountains." USDA-ARS. Agric. Handb. 282. U.S. Gov.
Print. Office, Washington, DC.

Wischmeier, W. H., and Smith, D. D. (1978). "Predicting Rainfall Erosion Losses." Agric.
Handb. 537. USDA-ARS, U.S. Gov. Print. Office, Washington, DC.

Wylie, B. K., Shaffer, M. J., Brodahl, M. K., Dubois, D., and Wagner, D. G. (1995).
Predicting spatial distributions of nitrate leaching in northeastern Colorado.]. Soil Water
Conserv. 49, 288-293.

Young, R. A., Onstad, C. A., Bosch, D. D., and Anderson, W. P. (1987). "AGNPS:
Agricultural Nonpoint Source Pollution Model: A Large Watershed Analysis Tool."
Conserv. Res. Rep. 35. USDA-ARS, U.S. Gov. Print. Office, Washington, DC.

44 Jorge A. Delgado and Joseph K. Berry


