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Combining precision conservation technqlo%ies
into a flexible framework to facilitate agricu

watershed planning

Mark D. Tomer, Sarah A. Porter, David E. James, Kathleen M.B. Boomer, Jill A. Kostel, and

Eileen McLellan

he need to reduce nutrient loads

from agricultural watersheds poses a

daunting challenge, considering the
continental scale of water quality prob-
lems in the Gulf of Mexico (Turner et al.
2008), Great Lakes (Joose and Baker 2010),
and Chesapeake Bay (Russell et al. 2008).
Strategies to address nutrient reduction
have suggested that a mix of practices will
be required across multiple landscape posi-
tions to achieve water quality goals (Iowa
Nutrient Reduction Strategy Science
Team 2012). Control of both nitrogen and
phosphorus may be critical to mitigate
eutrophication of freshwaters, estuaries,
and marine shelves (Paerl 2009), further
emphasizing the need for comprehensive
approaches to control agricultural nutri-
ent losses. However, water quality must be
improved while agricultural production
is becoming more intensified (Lobell et
al. 2009). Practices that sustain soil health
offer the clearest opportunity to main-
tain crop production, water supply, and
other ecosystem services derived from
our agricultural landscapes (Kibblewhite
et al. 2008). Our premise 1s that preci-
sion conservation technologies, which
can help manage agricultural soils within
fields (Delgado and Berry 2008) and place
conservation practices below fields (Tomer
et al. 2003), could provide the basis for
developing watershed-specific  strategies
to 1improve environmental conditions
and agricultural production with effi-
ciency and flexibility, if these technologies
could be developed into readily accessible
tools. We suggest that conservation plan-
ning in watersheds should reinforce the
importance of soil management and soil
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health to improve nutrient- and water-
use efficiencies in fields, and then, without
prescriptive aim, apply geographic analy-
ses to identify a suite of possibilities for
conservation practices to control/reduce
water and nutrient movement within
fields, at and below field edges, and in
riparian zones (figure 1).

Conservationists and farm produc-
ers recognize that conservation practices
should be located where they can be most
effective (Arbuckle 2012). Precision con-
servation technology simply needs to be
applied in a way that respects the cultural
values of our agricultural communities.
This article proposes a framework that can
be informed by landowner and community
preferences, is compatible with volun-
tary implementation policies, and could
be used to achieve the potential broad-
based benefits of precision conservation
in a flexible way. The framework is not
prescriptive, but identifies many options
to precisely locate multiple practices to

tural

provide conservation planning scenarios
that can be evaluated at watershed and
farm levels. Application of this frame-
work provides a planning resource to help
watershed communities explore options
to expand ecosystem services (including
crop production) obtained from agricul-
tural landscapes. The approach holds to
the idea that individual voluntary conser-
vation can better enable natural resources
to serve wider society if these voluntary
efforts are informed by precision conser-
vation technologies. The framework 1is
based on practices known to improve soil
and water quality in the Midwest and can
be adopted to include new practices that
might also effectively address water quality
in unique settings.

The framework (figure 2) first reinforces
soil health as being critical to improve
nutrient- and water-use efficiencies and
then distinguishes areas dominated by

Figure 1

and in riparian zones.

Conservation practices in a watershed, conceptualized as a pyramid. Healthy agricul-
tural soils will improve the effectiveness of practices placed within fields, below fields,

Control water
below fields:
Impoundments (e.g., wetlands),
manage “variable source” areas

Control water
within fields:
Controlled drainage, grassed waterways, filter strips

Build soil health:
Zero or restricted tillage, nutrient/manure management,
diversified/intensified crop rotations
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Figure 2

A framework for watershed-scale conservation planning using precision technologies.

Process for conservation planning to improve water quality in agricultural watersheds using precision technologies
DATA REQUIRED: LiDAR-based dig italelevation model Soil survey, Field boundaries Landuse

1 AVOID and CONTROL: Improve soil health within cropped fields to avoid and control pollutant losses by
Protecting soils from erosion with zero or minimum tillage;

Limiting excess nutrients through rates and timing of fertilizer and manure applications;
Building soilorganic matter and rejuvenating compacted soils with intensified crop rotations

Assessments for prioritization
and design of practices

2 CONTROL, TRAP,
and/or TREAT

SURFACE RUNOFF

Slope steepness

Shallow watertable?

Runoff delivery

artificial (i.e., subsurface tile) drainage
and by surface runoft. The Midwest has
extensive areas of poorly drained soils that
require tile drainage to be farmed success-
fully, but nutrient transport through tiles
poses a key water quality concern (Kalita
et al. 2000). After delineating tile drained
areas, candidate sites to implement spe-
cific practices are mapped within fields at
and below field edges and along riparian
zones for tile- and surface-drained areas.
Accordingly, three scales (in-field, below
field, and riparian) and two pathways (tile
drainage and surface runoff) form a 3 by
2 matrix that is the framework’s domi-
nant feature. Application of the framework
comprises twelve steps (figure 2).

The framework has two supplemental
matrices (figure 2, right side). The first,
at Step 5, prioritizes fields in which run-
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off-control practices should most benefit
surface water quality. The second, at Step
11, highlights how riparian buffers can be
designed using types and widths of vegeta-
tion to match the opportunities landscapes
naturally provide along riparian corridors.
These matrices do not restrict the plan-
ning process. Erosion control practices
have multiple benefits, and Step 5 empha-
sizes control of runoft from steep slopes
near streams; the landowner decides which
practice(s) to apply. In addition, multiple
benefits are realized from placing buffers
throughout riparian corridors; Step 11
does not restrict buffer installations to par-
ticular stream reaches, but it distinguishes
opportunities for riparian zone manage-
ment found throughout a watershed.
River restoration practices complete
the framework at Step 12. Results from all

steps are then combined, providing many
options based on precision technologies
that planners and stakeholders can use to
develop and consider conservation plan-
hypothetical
distributions can be mapped/proposed for

ning scenarios. Because
many practices among all fields in a water-
shed, individual fields and farms are not
targeted for implementation, and results
can suggest options and scenarios for eval-
uation based on expected environmental
performance and on landowner prefer-
ences. The framework would typically
be applied in a Hydrologic Unit Code
(HUC) 12 watershed, which is usually
15,000 to 35,000 ac (6,000 to 14,000 ha)
in size. Field-scale information is critical
to the process because many conservation
practices are implemented in fields or at
field edges. The framework therefore relies
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on the availability of input data that can
help propose placement schemes for con-
servation practices that are implemented
in fields. Application of the framework
should provide information that allows
any landowner to identify and select
options to improve resource management
on his/her farm and watershed.

The framework is also flexible because
after Step 2, all steps are independent and
optional. Including at least one in-field,
one below-field, and one riparian zone,
practice would provide a minimal appli-
cation of the framework. As practices are
added, more alternatives can be identi-
fied, which adds flexibility in planning for
landowners and other stakeholders.

Step  Omne. Before illustrating this
framework using an example watershed,
we begin with general comments on
soil-building practices. Specific ongoing
crop and soil management practices in a
watershed are beyond our scope here, but
obviously must be carefully considered
in watershed planning. Eliminating or
restricting tillage to minimize soil erosion
(Montgomery 2007) and managing to
minimize nutrient losses are fundamental
to managing agricultural watersheds. Soil
health may be impaired by legacies of past
soil erosion, compaction, organic matter
loss, etc., but this damage is not necessar-
ily permanent (Yaalon 2007). Rotational
practices, including cover crops, green
manures, and perennial forages, can
address these legacy impacts and improve
production without increasing fertilizer
use (Mueller et al. 2012). Soil-building
practices in fields will allow conservation
practices below fields and in riparian zones
to be more effective and easily maintained
(figure 1). While emphasizing soil-health
practices near streams and on sensitive
soils befits watershed management goals,
the eventual aim should be to build the
health of all agricultural soils.

Input Data. The framework process,
for steps two through twelve, requires
input data (figure 3) that include a detailed
digital elevation model (DEM).The DEM
used here was a 3 m (10 ft) raster, inter-
polated to 1 cm (0.4 in) elevation from
light detection and ranging (LiDAR) data.
The elevation model was preprocessed to
allow application of terrain analysis soft-
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Figure 3
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Representation of input data for Lime Creek, including terrain, field, and soil information.
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ware (Wilson and Gallant 2000). This
required removal of false impoundments
to accurately represent flow through
bridges and culverts (Tomer et al. 2013).
Soil survey information (Soil Survey
Staff’ 2004), agricultural field boundaries,
and land cover/rotations on a field basis
were also obtained (figure 3). To delin-
eate fields and land cover, a database for
[linois, [owa, and southern Minnesota was
developed beginning with field boundar-
ies publicly released by USDA in 2005,
with all farm-level and county-level attri-
bution removed. Boundaries were edited
using 2009 National Agricultural Imagery
Program (FSA 2012) to minimize the

polygons with mixed crop cover. Fields
were assigned a crop cover each year for
2007 through 2011 (NASS 2012), and
each five-year crop sequence was classi-
fied to represent major rotations, including
corn and soybean rotations, rotations with
other crops, and perennial cover.

EXAMPLE APPLICATION
Lime Creck in Illinois provides a dem-
onstration of the framework from Step 2.
This watershed includes sloping croplands
where erosion control would be empha-
sized for conservation and near-level fields
where drainage management would be
important. Lime Creek has a simple land-
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Figure 4
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scape, with a glacial moraine grading to a
near-level glacial-fluvial plain from north
to south (Tomer et al. 2013). Lime Creek
is not implied to have conservation needs
greater than other watersheds.

Step 2 distinguishes dominant hydro-
logic pathways of tile drainage and surface
runoff. A variety of conservation practices
have been designed to control and treat
tile drainage, while other conservation
practices are designed to control nutri-
ent and sediment losses associated with
surface runoff. Therefore, fields that are

SEPT/OCT 2013—VOL. 68, NO. 5

dominantly tile drained and those where
surface runoft is the dominant hydro-
logic pathway should be distinguished
for watershed planning. Maps identifying
exact distributions of tile-drained fields
are seldom available, but soil condition
and slope data can sufficiently delineate
tile drainage for planning purposes. Tile
drainage underlies essentially any hydric
soils found within cropped Midwest fields.
Figure 4a shows fields with >10% hydric
soils and/or at least 90% of the field with

<5% slope to represent the extent of tile
drainage in this watershed.

Step 3 assesses the potential to man-
age tile drainage water within fields using
controlled drainage (i.e., water table man-
agement), which can decrease nitrate losses
and improve yields (Woli et al. 2010). This
practice is easiest to install in flat fields (i.e.,
<1% slope). Figure 4b shows fields with
>90% extent of <1% slopes as a “high”
opportunity for controlled drainage, while
fields that have 80% to 90% extent of <1%
slopes are “recommended” for evalua-

JOURNAL OF SOIL AND WATER CONSERVATION

6114doD

-VETT:(5)89 UoNeASSUOD I pUe |10S Jo feuJnor
91005 UOfeAsssU0D JoTe\ pue [10S €T0Z © W

e

6I0'SOMS’ MMM
‘panJesal sIyd


http://www.swcs.org

tion. Controlled drainage may be possible
in other areas, but more control gates are
needed as topographic variation increases.

Step 4 addresses surface depressions
(prairie potholes) that occur in many gla-
cial landscapes. These depressions pond
surface-water
inlets installed to reduce crop inundation.

surface water and have

Surface inlets can increase phosphorus
and sediment contributions to surface
waters (Smith et al. 2008). Depressions
can be accurately located using a LIDAR -
derived DEM. Figure 4c¢ depicts where
depressions and hydric soils coincide in
Lime Creck, where conservation practices
such as wetlands, vegetated inlet bufters,
or other filters (e.g., “blind inlets”) could
be considered.

Step 5 identifies sloping fields near
streams where restricted tillage and runoff-
control practices (i.e., grassed waterways,
contour filter strips) may be recom-
mended in combination. In Lime Creek,
all fields were ranked by slope steepness in
descending order and by runoft-pathway
distance to the stream in ascending order.
Each field was classed into the upper 20
percentile, 20 to 60 percentiles, or 60 to
100 percentiles for both rankings (table 1).
These classifications consider Lime Creek
only, but could be changed to specific
slope or distance-to-stream values to com-
pare with other watersheds or to apply a
phosphorus index. In figure 4d, “critical”
fields for runoff control are in the top 20%
for both rankings. Fields in the upper 20%
of one ranking and next 40% of the other
are “very high”, etc., based on table 1. One
conservation practice to control runoff in
fields is the grassed waterway. Figure 4d
suggests locations for grassed waterways
in fields highlighted by this cross-classi-
fication. Several precision techniques are
available to place grassed waterways (Pike
et al. 2009). Precision techniques could be
used to propose placement of other prac-
tices (figure 2) for any given field.

Step 6 considers placement of bioreac-
tors, which pass diverted tile flow through
a carbon-rich substrate to encourage deni-
trification (Schipper et al. 2010; Woli et
al. 2010). Bioreactors are installed below
fields adjacent to drainage ditches or tile
mains, where local relief allows water to
pass through the bioreactor under grav-
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Table 1

Classification scheme to assess runoff risk among fields in Lime Creek (see figure 4d).

Slope steepness

Stream proximity

Steepest (0% to 20%) Moderate (20% to 60%) Low/flat (60% to 100%)

Closest (0% to 20%) A (Critical)
Intermediate (20% to 60%) B (Very high)
Furthest (60% to 100%) C (High)

B (Very high)
C (High)

C (High)

ity. Relatively deep ditches (ie., >2
m [6 ft]) can provide this topographic
relief, and ditch depth can be estimated
from a LiDAR-based DEM (using local-
ized “range in elevation” statistics). Local
knowledge would be required to identify
possible bioreactor sites near tile mains.
Step 7 highlights footslope positions
below fields in naturally drained land-
scapes where soil saturation after rainfall
generates surface runoff. Landscape clas-
1987) and
secondary terrain attributes (topographic

sification  (Pennock et al.

wetness index) can be used to map con-
vergent footslopes where generation of
surface runoff is likely. Producers may be
willing to install perennial cover in these
wet areas that often challenge timely farm-
ing operations. It would be most important
to address these runoft sources in relatively
steep agricultural watersheds; the gradual
relief of Lime Creek watershed does not
provide clear examples for illustration.

Step 8 highlights where small impound-
ments below fields can detain/store water
in various landscapes to provide a range of
conservation benefits. Nutrient-removal
wetlands can enhance nitrate removal
from tile drainage on a watershed scale
(Tomer et al. 2013), whereas farm ponds
and detention basins trap sediment and
phosphorus from surface runoft. Wetlands
and farm ponds provide additional benefits
(e.g., habitat, recreation). Despite differ-
ences in the purpose and design of these
practices, locations can be proposed using
similar approaches based on local terrain
and watershed size. Simulated impound-
ments are evaluated for suitability based
on pool area, depth, and volume relative to
watershed area. Figure 4e shows possible
wetland sites for Lime Creek identified
using criteria described by Tomer et al.
(2013) but under software control.

Step 9 would propose locations suited
for resaturated buffers, which provide for

shallow subsurface discharge of tile drain-
age water along a distribution line placed
along the upper boundary of a riparian
buffer. This is a new and promising experi-
mental practice that has received attention
in the popular press, but initial trials are
still ongoing. In general terms, the ideal
resaturated buffer site would be found
below tile-drained fields, have deep soils
with high organic matter contents that
can facilitate denitrification, be planted to
bufter vegetation, and exhibit a relatively
uniform slope across the width of the buf-
fer to minimize risks of bank slumping
(where too steep) or saturation of adjacent
cropped fields (where too flat). Each of
these attributes can be mapped. Criteria
might include maximum slopes along the
bank, minimum slopes along the bufter’s
upper margin, and a soil type with a thick
(preferably pachic) mollic epipedon.

Step 10 identifies potential locations
for two-stage ditches, which provide an
alternative to the trapezoidal channel that
dominates current ditch design. Installation
essentially widens a trapezoidal ditch to
construct a vegetated bench to comple-
ment a naturally established meander to
the normal-flow channel (USDA NRCS
2007). Proponents suggest the two-stage
design should be self~-maintaining in terms
of sediment storage and transport. The
vegetated bench provides an environment
for enhanced biodiversity, nutrient uptake,
and denitrification (Roley et al. 2012).
Sites suited to the practice can potentially
be mapped based on bank height, which
can be mapped using LiDAR. Ditches
deeper than about 3 m (10 ft) would be
expensive for two-stage conversion (but
could provide bioreactor sites—see Step
6). Figure 4f highlights where Lime Creek
has bank heights <2.5 m (8 ft) for possible
placement of two-stage ditches.

Step 11 maps features of the riparian
corridor to identify key opportunities for
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Figure 5

(a)
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(a) Distribution of potential riparian buffer functions in Lime Creek based on table 2 and (b) inset showing runoff pathways, shallow
water table areas, and riparian segments used for classification (see Step 11).

(b)

water quality improvement on a reach basis.
A cross—classification of potential runoff-
contributing area against the extent of
shallow water tables along a riparian zone
provides the basis for this mapping con-
cept (figure 5). Many riparian buffers are
designed to intercept surface runoft, which
is important but not uniformly opportune
along streams (Tomer et al. 2003). Where
a buffer’s vegetation root can interact with
a shallow water table, carbon cycling and
denitrification may be enhanced (Dosskey
et al. 2010). Critical zones for riparian
management occur wherever shallow
groundwater and surface runoff can be
intercepted. Where neither runoft nor
groundwater can be intercepted, other
benefits such as bank stabilization remain
possible. These potential functions can be

fulfilled through selection of buffer species

SEPT/OCT 2013—VOL. 68, NO. 5

and widths (i.e., narrow buffers can stabi-
lize banks, but wide buffers are needed to
influence groundwater). Opportunities to
trap runoff along riparian corridors can
be mapped from a DEM (Tomer et al.
2003). Areas anticipated to have shallow
water tables can be mapped by compar-
ing riparian-zone and channel elevations.
Figure 5 illustrates the range of riparian

corridor conditions along Lime Creek
based on the classification scheme given
in table 2. This result is watershed spe-
cific, but we are developing this approach
to consistently map potential riparian
functions among multiple watersheds.
Note that most opportunities to intercept
both runoftf and groundwater occur in
upstream reaches.

Table 2

figure 5).

Classification scheme to assess potential riparian functions along Lime Creek (see

Width of riparian zone with shallow water table

Runoff contributions

Widest (0% to 20%) Intermediate (20% to 60%) Least (60% to 100%)

Closest (0% to 20%) i
Intermediate (20% to 60%) ii
Least (60% to 100%) iv

iii
iii
\"
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Step 12 1identifies opportunities to
implement river restoration practices.
River restoration is an emerging science,
with pool riffle structures, remeandering,
oxbow rehabilitation, and floodplain-
connecting diversions among the options.
Both LiDAR maps and expertise in fluvial
systems will be needed to identify specific
alternatives. Comprehensive approaches
are needed and social constraints must
be considered (Wohl et al. 2005). Most
river restoration opportunities are located
downstream from headwater basins such as
Lime Creck.

One Scenario from Compiled Results.
The mapped distributions of possible loca-
tions for a variety of conservation practices,
based on precision geographic information
system (GIS) technologies, offer a variety
of alternatives for watershed management.
Prioritization among and selection from
these alternatives depends on many factors,
but integrating these precision techniques
can help indicate appropriate alternatives,
given local priorities and preferences and
water quality goals. This step-wise process
simply provides a planning resource for
local use. In figure 6, we provide one pos-
sible scenario for Lime Creek that assumes
local preference for wetlands, controlled
drainage, grassed waterways, and manage-
ment of shallow water tables. The result
provides a starting point for actual plan-
ning; this scenario (figure 6) takes little
land out of production and distributes
practices to enable most landowners in the
watershed to contribute to water quality
improvement in a meaningful way.

CONCLUSION
The suggested planning process is adaptive
and can be updated to propose locations
for new or innovative practices. We have
developed mapping algorithms for those
practices illustrated using figures and are
developing computer code for several
others briefly described. We have pro-
posed this concept with minimal detail on
individual practices because opportunities
to develop and optimize this framework
will become most apparent from trial and
application in a variety of settings. This
framework concept may be best explored
and developed in a crowdsourcing con-
text, but we are working to develop a
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Figure 6
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coded software product compatible with REFERENCES

ArcGIS software to develop it further. Full
application of this concept may depend
on how confidently conservation plan-
ning scenarios can be compared using
watershed simulation models. That would
help watershed planners and stakeholders
make selections among scenarios meeting
local preferences. When considered in a
comprehensive framework, precision con-
servation technologies might help local
communities through discussions of land-
scape visioning, conservation incentives,
and shared sacrifice towards both local-
and national-scale water quality benefits.
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