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Water quality in relation to vegetative
buffers around sinkholes in karst terrain

A. Petersen and B. Vondracek

ABSTRACT: There are approximately 8,340 mapped sinkholes in karst terrain of southeast
Minnesota. Most sinkholes are adjacent to row crops that likely contribute pollutants to surface
waters and aquifers. Vegetated buffers can improve water quality by reducing sediment,
fertilizers, pesticides, and other potential contaminants from runoff, and may benefit water
quality when placed around sinkholes. We evaluated sediment, nitrogen, phosphorus, and
runoff for buffers from 2.5 to 30 m (8.3 to 98 ft) wide with a spreadsheet model. We found
buffers 30 m (98 ft) wide may reduce pollution by 8o percent, although buffers 15 m (49 ft) wide
may be most cost effective. Buffers could contribute to goals of reducing sediment, nitrogen,
and phosphorus loads in Minnesota waters. Buffers 15 m (49 ft) wide around all sinkholes would
retire approximately 436 ha (1,077 ac) of land from production and cost approximately $260,000
yr't based on Conservation Reserve Program payments, while requiring <14 percent of the
budget of the program for groundwater protection in southeast Minnesota.

Keywords: Filter strips, nitrogen, phosphorus, pollutants, runoff, sediment

Water pollution is a widespread problem
in agricultural settings. Runoff can move
sediment, nutrients, pathogens, salts, pesti-
cides, and fertilizers to streams, lakes, and
aquifers. Runoff from agricultural lands is
implicated in 48 percent of listed U.S. stream
water quality impairments in the 2000
National Water Quality Inventory (USEPA,
2000). Streams in agricultural areas are char-
acterized by elevated levels of turbidity, fecal
coliform, pesticides, nitrate-nitrogen, and
phosphorus (Grow, 1986). Excessive nitrate
concentrations threaten drinking water qual-
ity, whereas increased phosphorus levels are
implicated in eutrophication of surface
waters. Sediment is the most widespread agri-
cultural pollutant delivered to streams
(United States Environmental Protection
Agency, 2000) and can be either suspended
load or bed load. High sediment loads in
streams have a negative impact on fish and
macroinvertebrates (Bruton, 1985; Waters,
1995; Newcombe and Jensen, 1996).
Vegetated riparian buffers are considered a
best management practice (BMP) for reduc-
ing sediment and pollutant loads and can
improve water quality in streams (Correll,
1997; Lee et al., 2000; Blanco-Canqui et al.,

2004a; Parkyn, 2004; Lowrance and Sheridan,
2005). By allowing runoff to infiltrate the
soil, buffers can recharge groundwater and
improve the overall quality of surface water
(Welsh, 1991; Spruill, 2004).

Karst terrain covers about one-quarter of
the United States (Veni, 2002). Karst areas
contain sinkholes, springs, caves, and related
features. Water moves through cracks and
fissures in carbonate rock and eventually
water may emerge as a spring. In southeast
Minnesota and other areas of karst terrain,
the installation of vegetated buffers around
sinkholes would emulate riparian buffers.

‘Approximately 60 percent of southeastern

Minnesota is curtently used for row-crop
agriculture, mostly corn and soybeans, with
some additional land used for dairy and graz-
ing (Blann, 2004). The ability of buffers to
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be overcome by new technology thereby
allowing producers to plant into sod and to
remove trash during the harvest operation.
Despite this, the potential benefits of these
conservation tillage systems can outweigh the
negative effects.
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Figure 1
Sinkhole locations in southeastern Minnesota counties (Gao et al., 2002).
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filter pollutants from agricultural runoff
(Daniels and Gilliam, 1996; Barfield et al.,
1998; Lee et al., 2000; Blanco-Canqui et al.,
2004a; Parkyn, 2004; Helmers et al., 2005;
Lowrance and Sheridan, 2005) suggests that
increasing the amount of vegetation around
sinkholes could improve ground and surface
water quality in southeast Minnesota.

Our goal was to determine potential water
quality benefits of buffers around sinkholes
and associated costs of land retirement in
southeast Minnesota. Qur objectives were
to: 1) describe the distribution of sinkholes in
relation to land use, soil type, and topography,
2) quantify the current vegetation around
sinkholes, 3) determine the potential
reduction in runoff, sediment, nitrogen, and
phosphorus if vegetative buffers from 2.5 to
30 m (8.3 to 98 ft) wide were installed around
sinkholes, and 4) quantify the cost to retire
agricultural land in buffers based on
Conservation Reserve Program (CRP)
payments. We based our estimation of
reductions in pollutants on the establishment
of permanent herbaceous vegetation consist-
ing of a mix of native grass species that are
tall, rigid, perennial, and long-lived. Grass
species recommended for establishing filter
strips in Minnesota include Western wheat-
grass, Canada Wildrye, Big and Little
Bluestem, Indiangrass, Sideoats Grama,

switchgrass, and Prairie Cordgrass (USDA,

1999). We used land use around sinkholes to
calculate pollutant and runoff loads delivered
to all sinkholes in 23 watershed-agroecore-
gions (Hatch et al., 2001) with a spreadsheet
model in Microsoft Excel®. We estimated
pollutant/runoff’ reduction using equations
developed from the extensive literature on
buffers in similar hydrogeologic settings
(Wilson, 1967; Neibling and Alberts, 1979;
Young et al, 1980; Dillaha et al, 1989;
Magette et al., 1989; Parsons et al., 1990; Choi,
1992; Mickelson and Baker, 1993; Coyne et
al., 1995; Daniels and Gilliam, 1996;Van Dijk
et al., 1996; Patty et al., 1997; Barfield et al.,
1998; Boyd et al., 1999; Schmitt et al., 1999).

Materials and Methods

Study area. The study area (Figure 1) is locat-
ed in the Western Corn Belt Plains and
Driftless. Area ecoregions (Omernik and
Gallant, 1988) in southeast Minnesota and
contains 8,339 mapped sinkholes (Gao et al.,
2002). Southeast Minnesota receives 748 to
848 mm (30 to 33 in) of precipitation per
year, with a mean runoff of 178 to 203 mm (7
to 8 in). Most runoff occurs during late win-
ter and early spring (Minnesota Climatology
Working Group, 2006). Sinkholes generally
occur on flat hilltops adjacent to or between
stream  valleys in southeast Minnesota
(Dalgleish and Alexander, 1984). Sinkholes
are often 3.5 to 13.5 m (12 to 44 fi) in diam-

eter and 1.5 to 13.5 m (5 to 44 ft) deep with
circular or elliptical walls ranging from nearly
vertical to shallow bowl shapes (Witthuhn
and Alexander, 1995). Sinkholes often con-
tain grasses, shrubs, and trees, but adjacent
fields are often tilled to the edge of sinkholes.
Groundwater discharges to streams primarily
from springs draining from sinkholes and
provide as much as 80 percent of the baseflow
to many streams in the Driftless Area
Ecoregion (Tioclstrup and Perry, 1989). The
majority of the soils in the study area are silt
loams in the Fayette, Seaton, Mt. Carroll
series. Organic matter typically is from 1.0 to
3.0 percent, cation exchange capacity (CEC)
ranges between 8 and 25 cmol kg™, available
water capacity ranges from 0.18 to 0.24 m
m™, bulk density is 1.1 to 1.45 Mg m*!, and
pH is 5.1 to 7.5 (USDA, 2005a).

Sinkhole identification, We used the Karst
Feature Database (Gao et al., 2002) to identify
and characterize the distribution of sinkholes.
Sinkholes were grouped by their location
in intersections of major watersheds and
agroecoregions. Agroecoregions account for
differences in topography, hydrogeology, and
cropping practices (Hatch et al., 2001). We
delineated major watersheds-agroecoregions
using existing GIS data layers available at the
Minnesota Department of Natural Resources
Data Deli (MN DNR, 2006) (Table 1).
Existing data layers containing information
on current land use were also used to describe
the areas around sinkholes.

Quantification of areas that contribute
runoff to sinkholes. Defining areas that
drain to each of the 8,339 sinkholes in
the 32 watershed-agroecoregions included in
this study required the delineation of a
contributing drainage basin for each sinkhole,
henceforth a ‘sinkhole basin’. We used
ArcGIS™? 8.3 (Environmental Systems
Research Institute, 2005) and ArcMap™ to
identify and display sinkholes mapped in the
Karst Feature Database (Gao et al., 2002).
Sinkholes were overlain on a contour map to
determine uphill areas that could contribute
runoff to sinkholes, We used level two digital
elevation models (DEM; 7.5 min) with 30 m?
grid spacing, cast on Universal Transverse
Mercator (UTM) projections, along with the
Spatial Analyst tool in ArcMap™ to generate
a contour map (contour lines spaced at 2 m
intervals). Sinkhole basins were then delin-
eated in accordance with Natural Resources
Conservation Service procedures (USDA-
NRCS, 2004), and digitized at a 1:200 scale
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Table 1. Agroecoregions and associated characteristics in the study area in southeast Minnesota (University of Minnesota, 2004).
Agroecoregion
Undulating Rochester Alluvium Steeper
Size plains Level plains Plateau Blufflands and outwash alluvium
(ha) 250,014 113,312 337,224 337,346 26,183 34,034
Watersheds Root, Zumbro, Cedar, Zumbro, Cannon, Zumbro, Root, Zumbro, Cannon, Root, Zumbro,
Cedar, Upper Root and Mississippi and Whitewater, Root, Cedar, Cannon,
lowa, Cannon, Cannon River Lake Pepin, Miss. Cannon, Upper Whitewater, and Whitewater,
Whitewater, R. - Winona, Miss.  lowa, Mississippi Upper lowa River Mississippi River-
Wapsipinican, R. - Reno, Root, River-Lake Pepin, Reno, Mississippi
and Mississippi- and Zumbro and Mississippi River-Lake Pepin
Lake Pepin River-Reno and Mississippi
River-La Crescent
Counties Dakota, Dodge, Dodge, Freeborn, Dakota, Dodge, Dakota, Dodge, Dakota, Dodge, Fillmore, Goodhue,
Fillmore, Freeborn,  Goodhue, Mower, Fillmore, Goodhue,  Fillmore, Goodhue,  Fillmore, Goodhue, Houston, Olmsted,
Goodhue, Mower, Olmsted, Steele, Houston, Olmsted, Houston, Olmsted, Mower, Olmsted, Wabasha, and
Olmsted, Rice, and Rice Rice, Steele, Rice, Steele, Steele, Rice, and Winona
and Winona Wabasha, and Wabasha, and Winona
Winona Winona
Slope 27% between 45% between 55% between 40% between 73% between 65% between
0-2% 0 and 2% 6 and 45% 2 and 12% 0 to 2% 0 and 2%
57% between 29% between 40% between 55% between 12% bhetween 20% between
2-12% 2 and 6% 2 and 12% 6-45% 6 to 45% 12-45%
14% between 22% between 13% between
6-45% 2 and 12% 6-45
Soil drainage  Mostly well Poorly drained to Well drained Well drained Mostly well Well drained
drained intermediate drained
Soil erosion High (59.4%), to High (71.7%) to Extreme (88.6%) Extreme (87.4%) Moderate (24.7), Extreme (86.5%)
potential Severe (29.5%) Severe (17.2%) High (22.1%),
Extreme (31.2%)
Soil type and  Silty, rolling, Silty, level or Silty, gently rolling  Uplands, steep Outwash (80.7%) Silty, steep or
topography (91.1%) rolling (87.1%) (85%) (71.1%), Silty, gently rolling
rolling (24.4%) (97.2%)

in ArcMap™. We then categorized digitized
sinkhole basin polygon layers by their
location in watershed-agroecoregions and
merged them with existing data layers to gen-
erate information on land use, topography,
and soil composition.

Characterization of sinkhole buffer areas.
We used the Geoprocessing wizard in
ArcMap™ to create buffers of 2.5, 5, 7.5, 10,
15, and 30 m (8.2, 16, 25, 33, and 98 fi)

around all mapped sinkholes across water-
shed-agroecoregions. Buffer polygon layers
were then used as ‘clip layers’ in ArcMap™ to
sample and quantify land-use data around all
sinkholes using International Land Cover/
Land Use data sets available at the Minnesota
Department of Natural Resource Data Deli
website (MN DNR, 2006).

Estimation of runoff and pollutant loads.
We developed a database in Microsoft Excel®

to model the effect on water quality/quantity
for each buffer width in all watershed-
agroecoregions. Annual runoff volumes
were calculated from 30-year mean annual
precipitation records to generate precipitation
volume using the land use (Table 2) and area
of sinkhole basins for each sinkhole basin and
annual runoft coefficients for each land-use
type (Table 3). We estimated mean runoff
and pollutant Joads by multiplying calculated

Table 2. Total land use around all sinkholes for buffer widths from 2.5 to 30 m wide, computed from ArcGIS. Land-use classifications from
the Land Management Information Center (2005).

Buffer width (m)
Land use (ha) 2.5 5.0 7.5 10.0 15.0 30.0
Agriculture 13.7 51.0 112.2 197.6 435.6 1530.0
Wooded 5.9 21.5 43.8 83.5 184.5 678.0
Grassland 2.6 6.9 211 36.7 81.4 305.9
Rural residence 0.5 1.5 3.9 7.0 15.8 63.4
Shrubland 0.3 0.7 2.2 3.9 8.7 34.3
Wetlands 0.2 0.6 2.1 3.8 10.1 31.2
Urban/industrial 0.4 1.9 4.2 7.5 16.6 54.4
Total 23.6 84.1 189.5 340.0 752.7 2697.2
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Table 3. Pollutant concentrations measured in surface runoff

and runoff coefficients used to calculate pollutant and runoff volume in sink-
hole basins by land use classification with moderate infiltration rates (silt-loam). Values based on Leopold et al. (1964), Baird et al.
(1996), Randall and Mula (2001), Borin et al. (2004), Blanco-Canqui (2004a), and Purdue University (2005). Land-use classifications from
the Land Management Information Center (2005).

LRunoff coefficient

Land use
Rural Urban/
Pollutant residence Wooded industrial Shrubland Agricultural Grassland
Total nitrogen (mg/L) 2.0-25 1.6-2.1 58-6.6 1.4-1.8 8.4-10.3 0.6-0.8
Total phosphorus (mg/L) 0.5-0.6 0.01-0.02 0.25-0.35 0.3-04 1.1-1.4 0.01-0.02
Suspended solids (mg/L) 36-44 100 - 200 45 - 60 50-70 600 - 750 90- 110
0.37-0.43 0.10-0.16 0.75-1.0 0.15-0.21 0.58-0.70

0.17 - 0.2!

runoff volume with pollutant concentrations
specific to each land use by running the
model 25 times. During each run of the
model, values were randomly chosen from
the range of pollutant concentrations and
runoff coefficients in Table 3. Annual
estimated reductions in runoff and pollutant
loads for sinkhole basins in each watershed-
agroccoregion were summed to generate an
expected response across all sinkholes in
southeast Minnesota. We focused the model
on sinkholes directly receiving runoff
from adjacent agricultural lands: if the area
contained vegetation—woods,” shrubland, or
grassland—then the area was considered effec-
tively buffered and not entered into the model.

We used published values (Table 4) from
studies in areas with similar soils, topography,
and climate to develop relationships for three
slope intervals (Table 5) to describe a mean
percent reduction in runoff and pollutants,
expressed as a percentage of inflow mass
versus outflow mass. Criteria for choosing
published studies from which to develop
equations were: 1) the study pertained to
agricultural runoff in non-riparian areas,
2) silt-loam soils dominated, and 3) climatic
conditions were similar to those found in
southeast Minnesota, We used a logarithmic
equation to describe trapping efficiency as
used for sediment (Abu-Zrieg et al,, 2004)
and sediment-bound pesticides (Harman et

—
Figure 2
Annual runoff intercepted (closed circles) calculated from land use characteristics in sinkhole
basins. Cost of buffers (closed triangles) based on Conservation Reserve Program (CRP) rental
rates,
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al.,, 2004) as buffer widths increased, Using
these logarithmic equations, the expected
mean percent reductions in sediment,
nitrogen, and phosphorus from runoff were
calculated. The reduction of total pollu-
tant/runoff volume from a sinkhole basin was
estimated by multiplying the calculated buffer
trapping efficiency, £ 10 percent, with the
expected pollutant load from a sinkhole basin
for each buffer width.

CRP vental vates for agricultural lands
avound sinkholes. We calculated the cost
to retire agricultural land around sinkhole
margins by averaging CRP rental rates for
agricultural lands in  Olmsted, Winona,
Fillmore, Wabasha, and Houston counties
(USDA, 2002). We calculated a mean rate of
$272.63 US ha! yr'! for CRP sign-ups. We
multiplied the mean annual cost/ha by the
cumulative amount of agricultural land
around all sinkholes in each watershed-
agroecoregion for buffer widths from 2.5 to
30 m (8.2 to 98 ft). We did not include
preexisting forest and grasslands around sink-
holes in the calculation because we assumed
these land uses met the expectations of a
vegetated buffer.

Results and Discussion
Sinkholes had a clustered, non-uniform dis-
tribution (Figure 1, Table 6). Most sinkholes
(75 percent) were located in the Rochester
Plateau agroecoregion. Few sinkholes were
located in the Level Plains (14 sinkholes) or
Steeper Alluvium agroecoregions (8 sink-
holes). Land draining to sinkholes comprised
<10 percent of the total area of all watershed-
agroecoregions, except the Root River-
Rochester Plateau [13 percent, or 14,384 ha
(35,544 ac)]and Upper lowa-Rochester
Platean [10 percent, or 1600 ha 3,954 ac)).
Row crops account for about 40 to 70
percent of land use in counties across south-
east Minnesota (Minnesota Department of
Natural Resources, 2006), but row crops
represented 83 percent of the land use in
sinkhole basins. Although row-crops were the
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Table 4. Studies that examined pollutant reduction as a percentage of inflow versus outfiow mass for buffer strips in non-riparian areas on
silt-loam soils in agricultural settings used to develop equations in Table 5.
Total Total
Buffer Buffer Total N Total P sediment runoff
width slope reduction reduction reduction reduction
Study (m) (%) (%) (%) (%) (%)
Abu-Zreig, et al., 2003, 2004 2.0 2.3 32 74 36
Abu-Zreig, et al., 2003, 2004 5.0 2.3 54 82 42
Abu-Zreig, et al., 2003, 2004 10.0 2.3 76 92 71
Abu-Zreig, et al., 2003, 2004 15.0 2.3 79 91 57
Abu-Zreig, et al., 2003, 2004 5.0 5.0 68 87 47
Antonious, 1999 3.7 10.0 77
Arora et al., 2003 1.5 4.0 87 38
Barfield et al., 1998 6.0 11.0 47 22 87 43
Barfield et al., 1998 18.0 11.0 100 89 100 100
Barfield et al., 1998 4.6 9.0 95 91 97 91
Barfield et al., 1998 9.1 9.0 98 98 100 97
Barfield et al., 1998 13.7 9.0 97 26 100 94
Bingham et al., 1980 26.0 10.0 80
Blanco-Canqui, 2004a 8.0 5.0 94 87 91
Blanco-Canqui, 2004b 8.0 5.0 69 95 98
Blanco-Canqui, 2004b 4.0 5.0 60 71 93
Blanco-Canqui, 2004b 0.7 5.0 47 51 87
Borin, et al., 2004 6.0 1.8 100
Borin, et al., 2005 6.0 1.8 74 80 © 94 78
Coyne et al., 1995 9.0 9.0 99 88
Coyne et al., 1998 4.5 2.0 96 76
Coyne et al., 1998 9.0 9.0 98 85
Dillaha et al., 1989 9.1 13.5 77 80 94 62
Dillaha et al., 1989 4.6 13.5 54 59 62 42
Ghaffarzadeh et al, 1992 9.1 7.0 85
Ghaffarzadeh et al, 1992 9.1 12.0 85
Magette et al., 1989 4.6 3.0 17 41 72
Magette et al., 1989 9.2 3.0 72 53 86
Patty et al., 1997" 6.0 15.0 86 79 91 87
Patty et al., 1997" 12.0 15.0 95 89 97 93
Patty et al., 1997" 18.0 15.0 97 89 98 85
Peterjohn and Correll, 1984 19.0 2.5 89 80
Robinson et al., 1996 3.0 12.0 70
Robinson et al., 1996 2.0 12.0 85
Schmitt et al., 1999 7.5 6.5 57 71 84 36
Schmitt et al., 1999 15.0 6.5 91 96 o8 82
Smith, 1989 11.75 2.5 85 63 87
Wong and McCuen, 1982 30.5 2.0 90
Wong and McCuen, 1982 61.0 2.0 95
Young et al., 1980 24.4 2.0 92
Young et ai., 1980 21.3 5.0 67
* Only Plelo region used because soil types in other regions differed from selection criteria.

moderate infiltration rates considered highly

dominant land use, forest and grasslands com-
prised over 50 percent of some sinkhole basins.

Most mapped sinkholes in southeast
Minnesota are located on higher elevation
plateaus on or in agricultural areas with rela-
tively flat slopes. Soils around a majority of
sinkholes were primarily silt-loam with

i 384 | JOURNAL OF SOIL AND WATER CONSERVATION NID 2006

susceptible to erosion with mean slopes with-
in 30 m (98 ft) of most sinkholes from 7.5 to
10 percent.

The largest quantities of calculated pollu-
tant loads and runoff volume delivered to
sinkholes occurred in the Root River

Watershed-Rochester Plateau Agroecoregion,
where a large amount of runoff volume and
agricultural pollutants potentially contribute
to underlying aquifers via sinkholes. Buffers
2.5 to 30 m (8.2 to 98 ft) wide around all
sinkholes intercepted an increasing amount of
runoff, suspended sediment, nitrogen and



number of studies used for each equation.

Table 5. Equations developed from Table 4 that describe total percent reductions of
nitrogen, phosphorus, sediment, and runoff for buffers on silt-loam soils. Equations are
categorized by slope for 0 to 5 percent, 5 to 10 percent, and greater than 10 percent.
Equations represent the percent reduction of inflow mass versus outflow mass. N =

R2 N
Slope (0 to 5%)
Nitrogen Y =51.3 +15.2 Log(Width) 0.47 9
Phosphorus Y =63.0 + 9.0 Log(Width) 0.32 12
Sediment Y = 87.5 + 3.3 Log(Width) 0.20 14
Runoff Y = 0.0 +29.7 Log(Width) 0.48 6
Slope (5 to 10%)
Nitrogen Y =243 + 25.21 Log(Width) 0.40 8
Phosphorus Y =27.0 + 19.6 Log(Width) 0.30 9
Sediment Y =77.5 + 3.9 Log(Width) 0.31 13
Runoff Y =0 + 36.7 Log(Width) 0.21 12
Slope (>10 %) )
Nitrogen Y =-24.2 + 41.9 Log(Width) 0.53 5
Phosphorus Y =20.5 + 22.5 Log(Width) 0.38 8
Sediment Y =48.8 + 18.1 Log(Width) 0.69 10

phosphorus in our modeling exercise (Figures
2 to 5). The interception of pollutant load
and runoft volume increased logarithmically
as buffer width increased. In general, greater
than 90 percent of soluble and insoluble

pollutants and runoff were trapped in buffers
30 m (98 ft) wide. Das et al. (2004) deter-
mined that buffer strips between 2.3 and
23.2m (7.6 to 76.1 ft) could reduce sediment
by at least 50 percent across South Dakota with

Figure 3 .
Annual sediment intercepted (closed circles) calculated from land use characteristics in sinkhole
basins. Cost of buffers (closed triangles) based on Conservation Reserve Program (CRP) rental
rates.
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the adoption of CRP-type grass buffers.
Buffers 5, 10, and 30 m (16,33,and 98 ft)
wide around all sinkholes would remove
approximately 50, 200, and 1500 ha (124, 494,
and 3,707 ac) of agricultural land from pro-
duction, respectively. Accordingly, the amount
of CRP payments increased exponentially
(Figures 2 to 5) as buffer strip widths increased.

Cost of CRP = 0.015(100%5), R2 = 0,902

Annual cost would vary from $10,000 for
buffers 2.5 m (8.2 ft) wide to about
$1,100,000 for buffers 30 m (98 ft) wide
based on recent CRP rates (USDA, 2002).
Buffers 15 m (49 ft) wide may be most cost
effective in terms of percent reduction of
runoff, total nitrogen, and total phosphorus
because there is only a small additional reduc-
tion for these variables in relation to added
cost for CRP (Figure 6). A significant reduc-
tion in sediment could be achieved for buffers
less than 10 m (33 ft) wide (Figure 6).

Sinkholes provide a direct conduit for
pollutants into aquifers, groundwater, or
receiving streams through the many fissures
and cracks in the karst terrain. The water
that moves through sinkholes often bypasses
the natural filtering capacity of the soil
(Tipping et al,, 2001). Mahler et al. (2000)
and Dussart-Baptista et al. (2003) have docu-
mented  bacterial-contaminated particle
transport directly from sinkholes through
aquifers into receiving streams. The specific
loads and pathways for movement of these
pollutants are not well known in southeast
Minnesota.- However, the contribution of
pollutant loads to streams could be significant
because about 80 percent of the base flow in
mary streams in the Driftless Area Ecoregion
is derived from springs and seeps (Troelstrup
and Perry, 1989). In watersheds in nearby
northeastern Iowa, approximately 10 percent
of the land is drained by sinkholes; however,
as much as 25 percent of the aquifer may be
water that entered via sinkholes (Rowden et
al., 2001).

Currens (2002) monitored groundwater at
a spring discharging from a large karst basin
before and after implementation of BMPs. A
variety of BMPs were used, including grassed
buffers along surface flowing reaches and
sinkholes. Although groundwater quality
only modestly improved, the percentage of
row crops in the basin increased during the
study period, indicating that some BMPs may
have been effective in reducing agricultural
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Table 6. Area around sinkholes in watershed-agroecoregions of southeast Minnesota.

Agroecoregion
Major Undulating Rochester Alluvium & Steeper Watershed
watershed plains Level plains Plateau Blufflands outwash alluvium total
Mississippi River- Lake Pepin
- size of region (ha) N/A N/A 70712 40433 9850 1937 122932
- sinkholes in region 11 37 1 0 49
- area drained by sinkholes (ha) 141 215 0 0 356
- % of region drained by sinkholes 1.2 0.5 0 0 0.3
Mississippi River - Reno .
- size of region (ha) N/A N/A 5387 33365 6031 2352 47135
- sinkholes in region 26 7 0 0 33
- area drained by sinkholes (ha) 42 3 0 0 45
- % of region drained by sinkholes 0.1 0 0 0 0
Mississippi River - La Crescent
- size of region (ha) N/A N/A N/A 18239 2342 1220 21801
- sinkholes in region 87 0 0 87
- area drained by sinkholes (ha) 65 0 0 65
- % of region drained by sinkholes 0.3 0 0 0.3
Mississippi River - Winona
- size of region (ha) 61045 N/A 53663 83598 22930 2413 223649
- sinkholes in region 51 133 143 3 1 331
- area drained by sinkholes (ha) 650 1913 980 2 0 3545
- % of region drained by sinkholes 650 4 1 0 0 2
Root River
- size of region (ha) 90027 6418 109980 194834 14567 13814 429640
- sinkholes in region 419 4 5470 832 5 7 6737
- area drained by sinkholes (ha) 5256 12 14384 1807 2 8 21469
- % of region drained by sinkholes 6 0.2 13 1 0 0 5
Upper lowa River
- size of region (ha) 30489 N/A 15416 9265 763 N/A 55933
- sinkholes in region 242 255 31 9 537
- area drained by sinkholes (ha) 401 1600 174 [¢] 2175
- % of region drained by sinkholes 1 10 2 0 4
Zumbro River .
- size of region (ha) - 76890 49622 126143 70777 1937 78643 404012
- sinkholes in region - 76 10 324 122 33 0 565
- area drained by sinkholes (ha) 231 43 5244 1650 13 0 7181
- % of region drained by sinkholes 0.3 0.1 4 2 0.7 0 2
Agroecoregion total
- size of region (ha) 258451 56040 381301 450511 58420 100379 1305102
- sinkholes in region 788 14 6219 1259 51 8 8339
- area drained by sinkholes (ha) 6538 55 23324 4894 17 8 34836
- % of region drained by sinkholes 1 0 6 1 0 0 3

pollutant loads (Currens, 2002). The spatio-
temporal variability of karst systems to
respond to changes in land use coupled with
the short duration of the project by Currens
(2002) could have masked potential improve-
ments to regional water quality.

Implications. A goal of resource profes-
sionals in Minnesota is to reduce sedimenta-
tion by about 382,000,000 kg yr'! (USDA,
2005b). Based on our model, buffers 30 m
(98 ft) wide around all sinkholes could
contribute to that goal and prevent about
10,000,000 kg yr! of sediment from entering
underlying aquifers and eventually reaching
surface waters. Preventing most of the sedi-
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ment in runoff from entering underlying
aquifers and receiving streams could benefit
water quality because sediment can affect
drinking water, aquifer transit pathways, and
spring discharge (Tucker, 1982; White, 1988).
Sediment that eventually reaches surface
waters can have a negative impact on fish and
macroinvertebrates by clogging gills, smoth-
ering eggs, and reducing water clarity
(Bruton, 1985; Waters, 1995; Newcombe and
Jensen, 1996). As well, sediment moving
through streams in southeast Minnesota has an
economic cost in that the Mississippi River
must be dredged to maintain navigation.

The national goal to reduce hypoxia in the

Gulf of México is a 30 percent reduction of
nitrogen in the Mississippi River (Mississippi
River/Gulf of Mexico Watershed Nutrient
Task Force, 2001). Buffers 30 m wide around
sinkholes could prevent 260,000 kg yr' of
nitrogen from entering sinkholes and under-
lying aquifers from southeast Minnesota.
This reduction in nitrogen would account for
approximately 19 percent of the goal of
reducing nitrogen loads in Minnesota streams
and rivers (USDA, 2005b).

The goal for reducing phosphorus loadings
in surface waters is 240,000 kg yr' in
Minnesota (USDA, 2005b). Buffers 30 m
wide around sinkholes could prevent approx-



imately 12,500 kg yr' of phosphorus fiom
entering sinkholes or about five percent of
the goal. The reductions in sediment, nitro-
gen, and phosphorus loadings could be
achieved by placing a relatively small amount
of land, 1,530 ha (3,781 ac) of the more than
1,000,000 ha (2,471,053 ac) in the region,
into. CRP.

Buffers may be less effective than predicted
for soluble constituents, such as nitrogen,
since most nitrogen in groundwater enters via
soil percolation. Boyer (2005) found that
buffers were not effective in retaining nitro-
gen when installed around sinkholes in West
Virginia. Rather, nitrate from runoff that
entered buffers entered bedrock fissures and
was transported to underlying aquifers. As
well, relatively little denitrification should
occur in the upland soils around most of the
sinkholes in our study area. Denitrification is
affected by the amount of soil organic matter
and anaerobic conditions in the soil.
Riparian areas tend to have more organic
matter and anaerobic conditions when com-
pared to upland areas, and, because of this, are
able to remove significantly more N from
runoff’ (Correll, 1997). However, the ability
of bufters to reduce nitrogen in runoff should
not be disregarded. Plant tissues have been
shown to retain 28 to 40 percent of the total
nitrate-nitrogen and ammonia that enters
buffers (Bedard-Haughn et al,, 2004).
Although buffers installed around sinkholes
will not prevent all of the soluble nitrogen
from entering aquifers, nutrient retention in
buffers is still expected to some degree
(Bedard-Haughn et al., 2004).

Buffers around sinkholes may also be an
effective way to reduce flashy stream dis-
charge. Increased runoff contributed via
sinkholes to aquifers directly results in
increased groundwater discharge at springs
(Drew, 1967, Hallberg et al., 1985).
Reducing the rate of runoff that enters sink-
holes will reduce flood intensity in streams
that receive a majority of their flow from
spring outflow. Modeling by the United
States Army Corps of Engineers (1995) has
shown that reducing runoff by 10 percent
within a watershed may reduce flood peaks
with a two- to five-year return period by
25 to 50 percent.

Model considerations. The main assump-
tion of the model we present is that buffers
around sinkholes were installed with warm
season grasses and that they would be
adequately maintained. Periodic clipping

—
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Figure 4
Annual Nitrogen intercepted (closed circles) calculated from land use characteristics in sinkhole
basins. Cost of buffers (closed triangles) based on Conservation Reserve Program (CRP) rental
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Figure 6

width also increases along the x-axis.

120 A

Estimated percent intercepted in runoff, sediment, total nitrogen, and total phosphorus in
relation to Conservation Reserve Program (CRP) payments for buffer widths from 2.5 to 30 m
wide. The relationship for cost of CRP and buffer width is illustrated in Figures 2 to 5, thus buffer
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during the first two years of establishment of
a buffer will control competition and pro-
mote dense sod formation and plant vigor.
Thereafter, periodically (every two to three
years) removing buffer vegetation is recom-
mended (USDA, 1999). Improper mainte-
nance may impair the ability of buffers to
function effectively over the long term.
Several years after installation, the ability of
buffers to trap pollutant loads can be reduced
because buffers often become inundated with
sediment (Dillaha et al., 1989). We did not
account for the buildup of sediment in our
model; however, future efforts could focus on
this phenomenon. Equations we developed
may overestimate sediment and nutrient
removal rates, because the studies we relied
upon rarely considered long-term sediment and
nutrient accumulation in buffers, nor did they
account for channelized flow through buffers.
Accuracy of topographic data will affect
most models that estimate pollutant loads
(Brothers et al., 2001). Although not avail-
able for southeast Minnesota, 10 m (33 ft)
digital elevation models would have been
preferable to delineate sinkhole basins and
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estimate runoff’ volume. We used a 30 m
(98 ft) digital elevation model that may have
led to overestimation of sinkhole basin size,
because 30 m (98 ft)digital elevation models
have low topographic resolution, typically
0.5 m (1.6 ft), that produce less detailed
contour maps. Overestimating the size of sink-

hole basins may have also biased estimates of

runoff volume and pollutant loads. Overes-
timates in pollutant contributions may not be
important in our model, given that all sinkholes
are not currently mapped in the Karst Feature

Database (E. Calvin Alexander, Department of
Geology and Geophysics, University of

Minnesota, personal communication).

Other considerations. The Minnesota
Legislature has approved money to fund a
Conservation Reserve Enhancement Program
(CREP 1I). The approved CREP II plan has

authorized up to 51,000 ha (126,024 ac) of

land to be retired in the Lower Mississippi
River watershed in southeast Minnesota
(Minnesota Board of Soil and Water
Resources, 2005). Within that authorization,
2,500 ha (6,178 ac) of land are eligible for

groundwater protection (Minnesota Board of

Soil and Water Resources, 2005). Buffers
designed for groundwater protection in
southeast Minnesota under the CREP II
proposal can be up to 60 m (197 ft) wide
from the edge of a karst feature. Based on
our model, only about 60 percent of the
available 2,500 ha (6,178 ac) of CREP II
lands specified for groundwater protection
would be needed if buffers 30 m (98 ft) wide
were installed.

Summary and Conclusion

Our analysis of landscape and soil characteris-
tics around sinkholes suggests that buffers
installed around sinkholes could be effective
in abating pollutant loads. Runoff/pollutant
loads decreased with buffers up to 30 m
(98 ft) wide; however, buffers 15 m (49 ft)
wide may be most cost effective in terms of
percent reduction of runoff, total nitrogen,
and total phosphorus in relation to the cost to
CRP. Buffers around all or most sinkholes
would contribute to the overall goal of reduc-
ing sediment, nitrogen, and phosphorus in
Minnesota. Preventing agricultural runoff
from entering sinkholes could be a BMP
with the potential to protect underlying
aquifers and receiving streams from the effects
of agricultural pollutants and excessive
runoff. Although agricultural land was the
dominant land use in the immediate vicinity
of sinkholes, establishing bufters around sink-
holes would require a small amount of agri-
cultural land to be retired relative to the areas
they drain. Although the model we present
evaluated common agricultural pollutants,
future efforts could focus on pesticides, fecal
coliform, and other pollutants that can have
observable impacts on macroinvertebrates,
fish (Favari et al., 2002), and humans (Blair
and Zahm, 1993).
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