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A B S T R A C T

Significant reductions in phosphorous (P) inputs from cropland are needed to address the re-eutrophication of
Lake Erie. Previous studies aimed at addressing non-point source pollution have primarily analyzed the effec-
tiveness of conservation practices (CPs) as land-management strategies. However, the effectiveness and effi-
ciency of these practices have not been compared to those of possible land-use changes. We develop a spatially
explicit integrated modeling approach that compares the effectiveness and economic efficiency of alternative
spatially optimal land-use and -management strategies for P abatement in the Sandusky River watershed. Using
the Soil and Water Assessment Tool and data on costs and profits from crop and forest production and urban
development, we evaluated joint impacts on P reduction and economic-returns for optimized land-use changes
and/or implementation of CPs in the watershed. Results showed a combination of both CPs and land-use changes
are likely required to meet current abatement targets for dissolved reactive phosphorus. Additionally, the
combination of these approaches can generate a positive, synergistic effect on economic efficiency in meeting
key policy targets. This is largely because the combined strategy will establish CPs on the most productive
cropland, while achieving greater nutrient reduction through land-use change away from corn-soybean rotations
on less productive lands.

1. Introduction

Nutrient loading resulting from extensive agricultural land devel-
opment has been repeatedly linked with declines in surface water
quality and related ecosystem and human health problems such as
harmful algal blooms (Michalak et al., 2013; Schilling et al., 2010). To
improve sustainability in land-use systems, including reducing such
environmental impacts, recent studies have highlighted the importance
of incorporating ecosystem services into decisions about land use and
management (Goldstein et al., 2012; Guerry et al., 2015). At the same
time, several regulatory programs for water quality have been put into
place in the United States (e.g., Clean Water Act and Total Maximum
Daily Loads (TMDL)) (Houck, 2002). However, current implementation
of these efforts is far from sufficient to restore watersheds and reduce
harmful algal blooms (Hoornbeek et al., 2013; NRC, 2009) largely be-
cause there are no mandatory regulations for controlling non-point
source (NPS) pollution from agricultural land.

Among the multiple possible strategies to mitigate NPS pollution,
many studies have focused on implementation of conservation practices

(CPs) (Kalcic et al., 2016; Maringanti et al., 2009; Rabotyagov et al.,
2014a; Scavia et al., 2014; Tomer and Locke, 2011; USDA NRCS, 2010).
Agricultural CPs are management tools aimed at controlling soil erosion
and reducing nitrogen (N) and phosphorus (P) discharge to surface
waters (USDA NRCS, 2010). Previous studies have recommended spa-
tial targeting of CPs as a cost-effective approach to reducing NPS pol-
lution (Kalcic et al., 2015; Maringanti et al., 2011; Rabotyagov et al.,
2014a), but the P abatement effectiveness of these approaches is limited
(Bhattarai et al., 2009; Kleinman et al., 2011; Lemke et al., 2011). Also,
various studies have highlighted the need to differentiate dissolved
reactive phosphorous (DRP) from TP reductions because TP includes P
adsorbed on mobilized sediments, whereas DRP includes only dissolved
reactive P. In general, it is much more difficult for agricultural CPs to
reduce soluble nutrient loadings, such as DRP, than to reduce sediments
(Kleinman et al., 2011; Mueller-Warrant et al., 2012; Osmond et al.,
2012). Several watershed level experiments led by USDA (Osmond
et al., 2012) show that current agricultural CPs provide improvement of
downstream water quality. In watersheds with substantial agricultural
land, aggressive implementation of CPs at watershed scales would be
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needed to achieve even moderate (~30%) reductions in nutrient dis-
charges (Bosch et al., 2013; Kalcic et al., 2016, 2015; Rabotyagov et al.,
2014a; Volk et al., 2008).

Even if CPs were sufficient to meet NPS reduction targets, we need
to consider whether they are the most economically efficient means of
achieving those reduction targets. Before making large investments in
new conservation actions, it is worthwhile to compare the physical
effectiveness and economic efficiency of alternative strategies. In fact,
some studies have suggested that diversifying agricultural landscapes
with perennial plants should be a fundamental strategy for restoring
agroecosystem health (Mueller-Warrant et al., 2012; Schulte et al.,
2006). In recent year, “landscape approaches” have been recommended
as a promising strategy to reconcile trade-offs in conservation practices
(which help to abate P runoff) and agricultural production (which
strongly governs economic gain from the land) (Sayer et al., 2013). By
re-allocating land uses to suitable locations based on the comparative
advantages of each land unit, previous studies have demonstrated that
optimizing land-use patterns can be an effective approach to jointly
improving regional economic and ecosystem services outcomes (Nelson
et al., 2008; Polasky et al., 2008; Ruijs et al., 2015; Seppelt and Voinov,
2002). Although individual landowners may lose profit as a result of
spatial optimization, the public-sector costs of providing incentives for
land-use modification (e.g., converting corn-soybean rotations to other
land-use types, like alfalfa hay, grasslands, or forests) might be lower,
per unit of P abatement, than the costs to compensate farmers for im-
plementing CPs.

To make watershed or landscape-scale land use and management
choices more effective in lowering NPS pollution, it is essential to un-
derstand the comparative advantages of possible strategies in a spatially
explicit manner (Ruijs et al., 2015). Various studies have utilized wa-
tershed modeling and spatial optimization algorithms to evaluate trade-
offs between agricultural production and environmental services under
different policy scenarios (e.g., Lautenbach et al., 2013; Valcu-Lisman
et al., 2016). Nonetheless, previous studies have rarely considered the
role of changes in the spatial patterns of land use versus land man-
agement when assessing cost-effectiveness of CPs for reducing NPS
pollution. Land retirement has been occasionally explored as land-use
change and compared with CPs (Kling, 2011; Rabotyagov et al., 2014b),
probably because it is relatively easy to implement and monitor.
However, retiring cropland from production will be significantly more
expensive relative to CPs on a field-by-field basis (Rabotyagov et al.,
2014a), because government subsidies are often needed to compensate
farmer's financial loss. A strategy that includes land-use changes and
working land options, such as timber and hay production, could po-
tentially be more cost-competitive than land retirement, depending on
land conversion costs, management costs and prevailing economic
markets for timber and hay. In this case, whether one strategy would be
relatively more economically efficient than the other, given the same
nutrient reduction objective, remains an open question. Therefore, an
understanding of the tradeoffs and complementarities in physical effi-
cacy and economic net returns and benefits of land-use (e.g. conversion
to switchgrass or working forest) versus land-management (e.g. using
CPs) approaches to reducing nutrient pollution is needed to fill a
knowledge gap and to guide future planning. Previous studies have not
compared these two approaches in an integrated modeling framework.

In this study, we aim to close the knowledge gap by developing an
integrated modeling framework for Lake Erie's Sandusky River wa-
tershed that (i) evaluates the physical P abatement effectiveness of CPs,
conversions of cropland to other land use/cover (LUC) types, and
combinations of both strategies for reducing NPS pollution, and (ii)
compares economically optimal spatial land-use and -management
patterns based on different decision-making strategies. The joint eco-
logical and economic performance of alternative land-use and CP op-
tions was estimated using an ecohydrological model combined with an
economic net-returns component. Using this approach, we identify ef-
ficient spatial patterns of land-use and -management changes, given

estimated field-level tradeoffs in performance on economic and nu-
trient-reduction goals. In our analysis, a solution is considered efficient
if it maximizes economic returns to landowners for a given nutrient-
loading reduction outcome, and vice versa. Instead of providing a single
optimal solution, we developed a Pareto efficiency frontier that re-
presents a range of nutrient-reduction objectives and their associated
maximum economic returns for landowners.

2. Materials and Methods

2.1. Study Area and Scenario Development

Using data from the watershed of the Sandusky River in northern
Ohio, we demonstrate the opportunities for an integrated approach to
reducing non-point source pollution [see supplemental information (SI)
Fig. S1a]. The watershed covers about 3458 km2 and is dominated by
cropland (> 80%) with some areas of urban development (Fig. S1b).
Over 85% of the cropland is maintained as corn-soybean (C-S) rotation
(USDA NASS, 2016). The landscape is generally flat, with some gently
rolling plains in the central and southern portions (Fig. S1c). About
32% of the watershed's soil (Fig. S1d) is in the poorly or very poorly
drained category (USDA NRCS, 2015) and artificial subsurface (tile)
drainage is used to support agricultural production by lowering the
water table below the crop rooting zone.

The Sandusky watershed is part of the Lake Erie basin, which has
received increased public attention due to recurrent massive micro-
cystis blooms. In 2011, Lake Erie experienced its largest recorded bloom
(Michalak et al., 2013) and in 2014 a significant bloom rendered
drinking water unsafe for the city of Toledo. To restore good water
quality, the International Joint Commission (IJC) established the Lake
Erie Ecosystem Priority in 2012, and recommended that the United
States and Canadian governments take action to significantly reduce P
loading to Lake Erie (IJC, 2014). To decrease the hypoxic area in the
central Lake Erie Basin by 50% and limit the number of hypoxic days to
10 days per year, the IJC recommended 46% and 78% reductions in the
total phosphorous (TP) and DRP loads, respectively, relative to the
2003 to 2011 and the 2005 to 2011 annual averages. Notice that these
targets apply to combined TP and DRP loads from the western and
central basins. In addition, some studies have suggested that control of
DRP loads should be the focus in the study area, because it is more
directly related to the algal bloom problem (IJC, 2014; Scavia et al.,
2014).

By comparing the relative economic efficiency of three approaches
to P reductions, with each scenario resulting in an efficiency frontier,
our analysis will help policymakers understand the tradeoffs between
land-use and -management approaches, and between agricultural pro-
duction (e.g. crops, timber, and hay) and P reduction under each sce-
nario. To establish a baseline, we assume farmers will maintain any
cropland in the watershed as a C-S rotation. Spatial explicit data on
current CP coverage is not publically available for the region (Kalcic
et al., 2016). A recent survey for the western Lake Erie basin (USDA
NRCS, 2011) shows that about 65% of the soybean acres planted are
grown using no tillage, which is helpful for reducing soil erosion.
However, only 19% of corn acres were planted using no-till. Using data
from 2012 U.S. Agriculture Census (USDA NASS, 2012) and 2016 Crop
Acreage Data (USDA FSA, 2017) reported to USDA FSA, it can be es-
timated that about 11.5% of the cropland in the watershed is currently
under CPs (See SI text: Exiting CP Coverage). For the baseline simulation,
we assume that no CPs on cropland, except no tillage for soybean. The
three P reduction scenarios are:

(1) Optimizing placement of CPs for each level of P abatement: selected C-S
fields receive one of five frequently adopted CPs (Tomer and Locke,
2011), including reduced tillage, no tillage, vegetative filter strips,
grassed waterway, and winter cover crops. We added to this list a
nutrient management option, assuming that farmers reduce
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fertilizer applications by 20%.
(2) Optimizing land-use conversions for each level of P abatement: selected

cropland could be converted from a C-S rotation to one of the fol-
lowing alternative land-use types: switchgrass hay, switchgrass as
biofuel feedstock, alfalfa hay, managed forestry, CRP modeled as
grassland, and rural-residential land.

(3) Combined optimization of CP and land use conversions for each level of
P abatement: each targeted farm field could either implement a CP
or be converted to another land-use option such as switchgrass,
residential land, or forest.

In each of the three scenarios, we assume C-S rotation is the default
option for all fields and only cropland can be converted to other land
uses. For a given field, only a single land-use type can be selected, so
multiple uses (e.g. C-S and grassland) in the same field are not sup-
ported. The amount of cropland that can be converted to other land
uses is not limited by quotas, except that any increase in new residential
land is limited to 10% of the current urban land area. We further as-
sume market prices are uniform within the watershed and insensitive to
changes in land use composition.

2.2. Overall Simulation Framework

We developed an integrated modeling framework (Fig. 1) that links
outputs from an ecohydrological model – the Soil and Water Assess-
ment Tool (SWAT) (Arnold et al., 2010, 1998) and an economic net
return component to an optimization algorithm. We used the SWAT
model to estimate the effects of conservation practices and alternative
land-use types on crop yields and nutrient discharges for each field.
Field-level options were integrated into a spatial optimization model
based on mixed-integer linear programming. Individual components of
the framework are described in the following sections.

2.3. Watershed Model Setup and Calibration

The SWAT model is a semi-distributed, hydrologic model that has
been widely used to evaluate the effects of alternative management
decisions on nonpoint-source pollution in large river basins (Arnold
et al., 2010). A baseline SWAT model was developed for the Sandusky
River watershed using elevation, stream network, soil type, land use
and climate data (Table 1). By default, the SWAT model divides a
watershed into several sub-basins. In each sub-basin, discrete land areas
that share land use, soil, and slope characteristics are merged into a
single hydrological response unit (HRU), which is the basic spatial unit
in SWAT. This definition limits the applicability of the SWAT model for

optimizing spatial land management because there is a disconnect be-
tween model units and landowners’ decisions (Kalcic et al., 2015). In
this study, we defined HRUs instead as field boundaries to link SWAT
units with land management practices, using a method similar to Kalcic
et al. (2015). We used the Common Land Unit (CLU) data layer, ori-
ginally developed by USDA to delineate agricultural field boundaries,
together with parcel maps obtained from local governments, to form
the spatial unit of analysis. Land use and management were represented
over these spatial units defined in the rural and urban areas by CLU and
parcel boundaries, respectively. The resulting map divided the San-
dusky watershed into 41,233 distinct spatial units. A 2006 land-use/
cover map was overlaid with field boundaries to identify an initial land-
use pattern. We apply alternative land-use and -management options
only to current cropland (27,905 units). Other current uses, such as
existing urban land and forest cover, were kept constant. More details
about the field boundary map can be found in the Supporting In-
formation (SI).

We ran the field-based SWAT model for 1993–2010, including three
years for model spin up (1993–1995), 11 years of calibration
(1996–2006) and four years for validation (2007–2010). The long ca-
libration period is necessary to capture both high and low flow patterns:
monthly peak flow is generally lower than 100 m3/s prior to 2004, but
there are several high flow months (> 150 m3/s) between 2004 and
2010 (Fig. S5). Twenty-eight parameters were changed in calibration
(Table S4). The initial set of parameters was collected from the litera-
ture (Kalcic et al., 2016). A sensitivity analysis based on the Sequential
Uncertainty Fitting (SUFI-2) algorithm was conducted to narrow down
the list of parameters, using the SWAT-CUP software (Abbaspour et al.,
2007). Final parameter values were determined via manual calibration.
We used measured streamflow data for the Fremont station (Fig. S1a)
and water quality data from Heidelberg University (2015) to evaluate
the fit of the model's estimate near the outlet of the watershed. In terms
of model evaluation, a wide range of methods exist in the literature and
previous studies often use different metrics (Bennett et al., 2013). For
this study, calibration and validation results based on three common
model evaluation criteria for hydrological modeling (Moriasi, 2015),
including goodness-of-fit (R2), the Nash-Sutcliffe coefficient (NSE), and
the percent bias (PBIAS), indicate that the model accurately predicted
streamflow and nutrient load (Table 2). We also calibrated model-si-
mulated crop/plant yields against reported values from USDA NASS
(Table S6). Assuming the baseline scenario of corn-soybean rotation for
all agricultural fields, we simulated the effects of CPs by adding selected
CPs to each field. To optimize land uses, we replaced the C-S rotation
with alternative crop or land-use options to meet target reductions in P
discharges aggregated across the watershed as a whole. Details on

Fig. 1. Modeling framework.
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model parameterization, calibration, and simulation of CPs and land-
use change are provided in the SI.

2.4. Net Return and Cost Estimation

For field crops and forest, observed 14-yr average (2001–2014)
market prices and simulated yields from SWAT were used to calculate
revenues. Data from USDA ERS (2015) and Ohio State University
(OSU)-Extension (2016, 2015) were used to estimate costs so that net
profit could be calculated for each option. Our calculations of economic
returns did not include government payments or subsidies to growers,
such as direct payments, when they took place on productive agri-
cultural land. Our calculations of economic returns did include gov-
ernment payments to landowners related to CRP enrollment. Economic
returns of land enrolled in CRP were calculated as the county average of
CRP payments minus maintenance costs. Our calculations of economic
returns related to land use also included hedonic price modeling of
residential land; we modeled the present value per acre of rural-re-
sidential land as a function of geographic and site conditions. Using real
estate appraisal and sales data from local tax departments, we esti-
mated a hedonic price function for the value of rural-residential land
use at each farm (see SI Text: Economic Valuation in the Model). Esti-
mated economic returns for residential land use were converted to a
constant annualized equivalent for use in the economic return calcu-
lation for residential land use.

2.5. Optimization Algorithm

Given estimates of nutrient discharge and economic return (ER) for
each option at each field, the goal of optimization is to find the efficient
spatial configuration of changes to land use and land management,
which we define as the configuration that would maximize economic

return for the aggregate of all landowners in the watershed for a certain
level of nutrient-load reduction. Since choices made at each land unit
are discrete, this problem can be formulated as a mixed integer program
involving a large number of fields. Notice that the land-use constraint is
not directly included in the equations, but implemented by limiting
land-use conversion to occur only from cropland to other land uses, as
mentioned above. This means fields with other land uses (e.g. forest,
settlement) cannot be changed during the optimization process. By
using a series of discrete values for the nutrient (TP and DRP in this
study) load constraint (LC) and optimizing land use and management
separately for each value of LC for each scenario, we were able to trace
out Pareto efficiency frontiers for each of the three scenarios. The use of
optimization algorithm that can trace Pareto efficiency frontiers com-
bined with scenario analysis is recommended as effective approach to
sustainable land management (Seppelt et al., 2013). A Pareto efficiency
frontier identifies the maximum gains in economic returns over baseline
conditions that can be obtained from the landscape given a range of
fixed P reduction objectives. The origin (0, 0) represents the status quo
point for the baseline condition. Each point on the frontier corresponds
to an optimized spatial allocation of land-use and/or -management
changes. A point on the efficiency frontier is found by identifying an
optimal pattern of land-use changes and/or CPs that solves the fol-
lowing:
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where j indexes fields (j = 1,…,N where N = 27,905), k indexes land-
use or CP options (k = 1,…,P), P is the number of available CP/land-
use options for each of the three P reduction scenarios. Including keep
current C-S rotation unchanged, there are six land-use options for land-
use only scenario (P = 6), seven CP options for CP-only scenario
(P = 7), and 12 CP or land-use options for the combined scenario.
Xk , j = 1 if CP or land-use option k is implemented at field j and 0 if not,
Rj

k is the annualized average per-hectare net economic returns of ap-
plying option k at field j, Aj is field j's area in hectares, and NPjk is edge-
of-field TP or DRP discharges for option k at field j.

We solved the optimization problem using the A Mathematical
Programming Language (AMPL) software (Fourer et al., 1990) and the
CPLEX solver. AMPL provides a syntax close to natural algebraic ex-
pressions so that optimization problems can be formulated using

Table 1
Model input data sources for the Sandusky Watershed. USGS, USEPA, USDA-NRCS and NOAA refer to U.S. Geological Survey, U.S. Environmental Protection Agency, U.S. Department of
Agriculture-Natural Resource Conservation Service, and National Oceanic and Atmospheric Administration. Multi-Resolution Land Characteristics Consortium (MRLC) is a group of 13
federal programs in 10 agencies.

Data type Resolution or scale Source Data description/properties

Digital Elevation Model (DEM) 30 m USGS (Gesch et al., 2002) Elevation and terrain
National Hydrography Dataset Plus Version 2

(NHDPlus V2)
1:24,000 USGS and USEPA (McKay et al., 2012) Stream network

Soil (SSURGO) 1:12,000 USDA-NRCS (USDA NRCS, 2015) Soil physical properties such as pH, texture
and bulk density

Land use (NLCD 2006) 30 m MRLC (Fry et al., 2011) Land use classifications
Climate (Global Historical Climatology Network-

Daily (GHCN-DAILY) data)
7 stations NOAA (Menne et al., 2012) Daily precipitation, minimum and maximum

temperature
Land management information State USDA, Ohio State University Extension and literature

(see SI SWAT model setup for more details)
Fertilizer application rates and timing,
planting and harvesting dates

Table 2
Monthly statistical performance of the SWAT model. Performance rating for goodness-of-
fit (R2), Nash-Sutcliffe Efficiency (NSE), and percent bias (PBIAS) are based on Moriasi
(2015).

R2 NSE PBIAS Performance
rating

Calibration
(validation)

Calibration
(validation)

Calibration
(validation)

Calibration
(validation)

Stream flow 0.83 (0.89) 0.82 (0.87) −1.66
(−2.76)

Very good (very
good)

Sediment 0.90 (0.77) 0.83 (0.73) −1.02 (9.8) Good (good)
TP 0.73 (0.77) 0.66 (0.76) −4.83

(−2.13)
Very good (very
good)

DRP 0.59 (0.69) 0.56 (0.62) −4.84
(−11.35)

Good (good)

TN 0.84 (0.75) 0.83 (0.75) 2.29 (−0.27) Very good (very
good)
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familiar mathematic notations. The CPLEX solver is an effective solver
for mixed integer programming problems.

Assuming a C-S rotation for all baseline agricultural fields, average
agricultural TP and DRP loads for the 2001–2010 period were
379.4 metric ton (t)/year and 34.5 t/year, respectively, estimated using
the SWAT model. Based on simulated yields and reported market prices
and production costs, baseline net return was estimated to be about
$122 Million (M)/year.

2.6. TP and DRP Abatement Costs

Effects of changes suggested by the spatial optimizations on in-
dividual landowner economic returns may vary substantially, and cer-
tain landowners may lose profit as a result of the suggested changes. If a
government policy sought to ensure that no individual landowner
would be worse off, financial support may be required to compensate
for economic costs associated with CP implementation or a change in
land use. We calculated the amount needed to compensate landowners
for losses in terms of the minimal P-abatement cost. For the CP options,
implementation cost is calculated as reduction in revenues as a result of
yield decrease, if any, along with CP implementation and maintenance
costs. For alternative land-use options, P-abatement cost is calculated as
any reductions in net returns due to conversion from agricultural land
with corn-soybean rotations to other options (see SI Text: Economic
Returns to Alternative Land Uses for more details).

3. Results

3.1. Phosphorus Reduction Efficiency

For TP and DRP reductions, Pareto efficiency frontiers (Fig. 2)
generated based on 10-yr (2001 to 2010) average performance show
that there is a clear tradeoff between P reduction outcomes and eco-
nomic returns. Patterns of these frontiers are also quite different across
scenarios. Some points along the frontier show a negative gain in eco-
nomic returns, i.e., a reduction in economic returns. If the efficiency
frontier associated with a P reduction strategy has greater economic
returns relative to another strategy for the same set of P reduction
targets, we considered it to be as relatively more efficient, or a potential
Pareto improvement. Starting from any point on each frontier, the ne-
gative slope along the frontier indicates that further reductions in P
loading require a loss of economic return from the sale of agricultural
products, offset by economic returns from gains in timber harvests or

residential land modeled via hedonic pricing. However, when com-
pared to baseline conditions, we found that optimization of changes in
either land use or CPs could, in fact, increase watershed-level economic
returns for low to medium (< 40%) P-reduction objectives. Reduced
fertilizer cost is the major contributor to increasing profits in the CP
scenario, because farmers generally tend to over-apply fertilizer
(Sheriff, 2005) so reducing 20% fertilizer does not reduce yields in
some fields. Positive economic gains associated with the land-use op-
timization strategy are achieved by replacing C-S rotation with more
competitive options in suitable fields.

Overall, land-use optimization tended to be relatively more efficient
than relying on CPs under goals for either DRP or TP reductions, i.e.,
land-use changes generated higher economic returns than CPs given the
same level of P reduction. Differences in efficiencies between land-use
and CP scenarios tended to narrow as the P-reduction target increased.
Perhaps more importantly, while CPs can achieve the policy goal on TP
reduction (~46%), CPs could only achieve around a 60% reduction of
DRP (Fig. 2). Further reductions would require more aggressive ferti-
lizer control and implementation of multiple CPs in the same field (Fig.
S2a). However, we included these options in the optimization model,
and results indicated that it is still not possible for CPs to reduce
DRP > 68% (Fig. S2a). On the other hand, land-use optimization could
easily achieve 80% or higher DRP reductions (Fig. 2a), although such
levels of reduction come with reduced economic returns because
cropland needs to be replaced with less profitable land uses such as
working forest and grassland (Fig. 3a).

Over most of the range in P reduction, the gradient of the frontiers
based on land-use optimization (LUC and biofuel frontiers in Fig. 2)
were generally steeper than those from the CP optimization. Between
any two points on the frontier, differences in net returns can be con-
sidered as the marginal cost (or incremental cost) of P reduction under
our optimal algorithm. As we increase P-reduction targets, marginal
costs associated with land-use optimization increased faster than those
for CP optimization, which indicates that economic performance of the
land-use optimization scenarios is more sensitive to the P-reduction
objectives.

Substantial improvements in efficiency were attained when we in-
cluded both CPs and alternative land uses as optimization options at
each field. Improvements in efficiency in this combined scenario were
not simply additive. Unlike the differences between the frontiers gen-
erated by the optimizations that used only land-use options or only CP
options, additional gains achieved via a combined strategy increase
with P-reduction targets, and the difference peaks around 70% or 85%

Fig. 2. Efficiency frontiers for (a) DRP reduction and (b) TP reduction based on the CP targeting scenario, the land-use change scenario, and a combination of both scenarios. The point of
origin (0, 0) represents baseline annual profit ($122M) and P load levels for the 2001–2010 period. Biofuel scenarios assume switchgrass price per metric ton dry matter could reach 65%
and 70% of that for corn grain price, respectively. The CP frontiers are not truncated because, in some fields, reducing 20% fertilizer does not reduce yield, so savings on fertilizer cost can
improve net returns and P reduction simultaneously. Land-use based frontiers (LUC and biofuel) are not truncated and presented higher initial net returns than the baseline condition
because we assume corn-soybean rotation at all cropland as the default, but other less fertilizer intensive land-use types (e.g. alfalfa) can be more profitable at certain fields when
government payments to row crops are excluded.
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for DRP or TP reductions. The advantage of the combined scenario over
land-use optimization alone diminishes for higher P-reduction targets,
because nearly all CPs are replaced by land-use options to achieve the
greater nutrient reductions (Fig. 3). The results reveal the importance of
adopting multiple strategies for reducing NPS pollution, especially
when significant nutrient reductions are needed to restore impaired
water bodies. For instance, CPs are not sufficient to meet the 78% DRP-
reduction target; land-use optimization could achieve the reduction, but
would result in large losses (~$7M) in annual economic return. The
combination scenario, on the other hand, can achieve the target level of
P reduction while actually increasing annual economic return slightly
(~$1M) in our simulations. This is because the combined strategy al-
lows the optimization algorithm to establish CP on agricultural lands
that are the most productive and profitable, while achieving greater
nutrient reduction through land use change on less productive land or
soils with poor drainage capacity where CPs have poor P reduction
performance.

Another important finding is that the optimal land-use patterns to
achieve targets for TP reduction do not satisfy the targeted level of DRP
reduction. Under the plan generated using the combination scenario
based on a targeted TP reduction of 46%, DRP would be reduced by
29.3%, which is far from the 78% target for DRP reduction. On the
other hand, optimal land-use patterns generated based on the DRP-re-
duction objective could achieve an 82% reduction in TP. This result
confirmed the need to adjust conservation practices to reflect the fact
that DRP is the primary concern.

3.2. Biofuel Feedstock Scenarios

Switchgrass is a potential bioenergy feedstock for cellulosic ethanol
production (Chung et al., 2014; Schmer et al., 2008). Based on current
market prices, switchgrass (marketed as grass hay) is not an econom-
ically competitive land-use option, even on marginal land. However,
under DRP-reduction targets of at least 80%, switchgrass becomes a
competitive option. Switchgrass is a type of cellulosic or second-gen-
eration ethanol feedstock. Although industrial-scale cellulosic produc-
tion technology is not mature at this time, advances in technologies
(Chung et al., 2014) indicate that it could be economically competitive
in the future. We included two price scenarios for switchgrass as a
bioenergy feedstock. Previous studies found that the energy content of
switchgrass is about 80% to 90% that of corn grain/stover (Mani et al.,
2004; Schmer et al., 2008). If the price of per unit dry matter of
switchgrass reaches 65% or 70% of the corn grain price, a substantial

improvement in land-use efficiency could be achieved. For instance,
assuming a switchgrass price that is 70% that of corn, the watershed
could markedly increase annual profits (~$15M) and reduce DRP by
60% simultaneously (Fig. 2a), partly because we assume only nitrogen
fertilizer is applied for switchgrass (USDA NRCS, 2009).

3.3. Compositional Change and Spatial Pattern

Fractions of the cropland of the watershed in various CP and land-
use options varied significantly and non-linearly across both DRP and
TP reduction objectives (Fig. 3). For moderate P-reduction objectives
(< 50%), alfalfa hay, vegetative filter strips, nutrient management
(20% fertilizer reduction), and replacing agriculture with forest were
the top four options for both TP and DRP reductions. For greater TP and
DRP reductions, broader forest coverage is necessary to reduce P loss
from agricultural land. About half of the fields need either a CP or a
land-use alternative to achieve 46% TP reduction. To achieve the 78%
DRP reduction target, nearly all fields need CPs. The top four options
selected to achieve this target were vegetative filter strips (39.8%),
forest (23.3%), alfalfa hay (16.8%), and 20% fertilizer reduction
(12.8%). Switchgrass also became a competitive option (5.8%), and
played a vital role for DRP reductions of 80% or more (Fig. 2), because
filter strips have limited effect for high DRP reductions, and alfalfa hay
requires more fertilizer input than switchgrass. Unlike field crops,
switchgrass does not require tillage and can grow with little fertilizer
application. Residential land has a small fraction because the area of
new residential land was limited to be< 10% of current urban land
area. This limitation is imposed because of the low rate of growth in
urban land area (3%) from 2001 to 2011, signaling weak demand.

The spatial distributions of changes in CPs and land use for both TP
and DRP reductions indicated that options were not randomly dis-
tributed across the landscape. Instead, fields receiving a given option
tended to form spatial clusters, largely determined by similar soil and
terrain characteristics. Areas receiving alfalfa hay, forest, switchgrass,
or nutrient-reduction options are mostly fields with relatively steep
slopes (> 5%) (Fig. S1c) or poor soil drainage capacity (Fig. S1d). For
instance, in our optimization simulations, alfalfa hay and nutrient
management became concentrated in the southern part of the wa-
tershed, and conversion to forest tended to occur in the northwest,
because these areas need tile drainage (Fig. S1d) and CPs are not very
effective for reducing P loss via tile flow. (Lemke et al., 2011; Smith
et al., 2015a) The center of the watershed remained in crop production
to reduce TP by 46% (Fig. 4a), but most fields would need vegetative

Fig. 3. Optimal mix of strategies by level of (a) DRP reduction and (b) TP reduction based on combined optimization of CP and land-use scenarios. Fraction of option means the fraction of
total cropland that adopts a particular land-use or CP type, calculated as the ratio of field land-area in a certain CP or land-use option to total cropland area. Only six CP and land-use
options are presented here because all other options have a fraction < 0.01 for TP or DRP reductions.
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filter strips to reduce DRP by 78% (Fig. 4b). Under the assumption that
the price of switchgrass is 70% of corn price, switchgrass tended to
replace forest and alfalfa hay in much of the western part of the wa-
tershed (Fig. S4), because this scenario makes switchgrass more prof-
itable than timber production.

Efficiency improvements achieved by land-use optimization relied
heavily on alfalfa hay and forest to replace corn-soybean rotations. We
tested the sensitivity of the land-use optimizations to price changes in
these two land-use types. If the price for alfalfa hay or timber decreased
by 20%, land-use optimization could remain relatively more efficient
than CP optimization, but CP placement would be more efficient for
medium DRP reductions when prices for alfalfa hay and forest de-
crease > 10% simultaneously (Fig. S2b). However, since CPs alone
cannot meet the desired DRP reduction target, mixing of both scenarios
is still needed. In fact, the combined strategy still improves on land-use
efficiency considerably, especially for high DRP reductions (Fig. S2b).

3.4. TP and DRP Abatement Costs

On average, it seems that implementation of CPs does not sub-
stantially affect net returns of corn-soybean production, but converting
corn-soybean to other uses like timber production may lead to

considerable revenue loss (Table 3 and Fig. S3). Based on the combined
scenario, we found that total abatement costs for 46% TP and 78% DRP
reductions would be $1.17M and $5.82M annually, respectively
(Table 3). To reduce TP by 46% based on CPs alone would cost $1.98M.
Since CPs cannot reduce DRP by 78%, we calculated abatement costs
for a 61% DRP reduction. Abatement costs for 61% reductions under
the CP and combined scenarios would be $3.13M and $2.32M, re-
spectively. Even if prices for alfalfa hay and timber drop by 20%, the
combined strategy saves on abatement costs (Table S1). To achieve 78%
DRP reduction based on the switchgrass biofuel feedstock price sce-
nario, if government payments would make up the difference between
grass hay price ($95/t) and 65% of corn grain price ($115/t), then an
additional $2.3M (Table S2) would be required. Under the 70% price
scenario for switchgrass feedstock ($124/t), an additional $14.3M
(Table S3) would be required.

4. Discussion

Using the Sandusky River watershed in the Lake Erie basin as an
example system, our results indicated that relying on traditional agri-
cultural CPs alone is neither sufficient nor the most economically effi-
cient strategy to meet the aggressive DRP reduction targets set by the

Fig. 4. Spatial distribution of CP and land-use strategies based on combined optimization of CP and land-use change with (a) the 46% TP reduction and (b) the 78% DRP reduction from
baseline targets, respectively.

Table 3
TP and DRP abatement costs by CP and land use option (78% DRP reduction).

CP or land use option Total cost ($Million) Unit cost ($/acre) Area of fields with profit loss (km2) Area of fields adopted (km2)

46% TPa 78% DRPb 46% TP 78% DRP 46% TP 78% DRP 46% TP 78% DRP

Filter strips 0.072 1.4 4.3 5.2 67.6 1083.9 67.6 1083.9
−20% fertilizer $25 0.18 0.04 5.7 2.4 123.9 234.7 347.6
Alfalfa hay 0.017 0.04 1.8 3.5 39.7 50.5 641.6 455.6
Forest 0.006 2.68 2.3 31.9 11.6 340.1 168.1 631.4
Switchgrass hay $535 1.43 1.3 39.9 1.6 145.5 11.4 157.1
CRP 0.008 0.08 44.2 44.4 7.3 7.5 7.3 7.5
Cover crop 0.991 – 90.8 – 44.2 – 64.0 –
Subtotal 1.17 5.82 – – 174.4 1751.4 1194.7 2683.1

Note: abatement costs for each option vary spatially. Reported unit cost is average cost. CP = conservation practice.
a Achieving 46% reduction of TP loading from 2001 to 2010 baseline average.
b Achieving 78% reduction of DRP loading from 2001 to 2010 baseline average.
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IJC to address the hypoxia problem in Lake Erie. Results based on a 10-
year (2001 to 2010) simulation demonstrated that integrating land-use
optimization into conservation planning can not only help overcome
limitations of CPs for improving water quality, but can also improve
economic returns when aggregated to the watershed scale and when the
gains from timber harvests and residential land are included. In addi-
tion, we found that the optimal solutions to meet the 46% TP reduction
target are far from sufficient to meet the goal for 78% DRP reduction.
Results from this study reinforced the need for conservation planning to
differentiate mineral or soluble nutrient from particulate nutrient pol-
lution, especially in the Lake Erie basin where DRP is the primary
concern (IJC, 2014; Scavia et al., 2014).

Our analyses illustrate the trade-offs between using CPs versus land-
use strategies. Although land-use change appeared to be a Pareto im-
provement over CPs, note that both strategies have their limitations and
performance of each option is subject to changes in local conditions.
One of the advantages of CPs is that, unlike land-use conversion, the
marginal cost of applying CPs does not change significantly (Fig. 2).
However, leaving the current cropping system unchanged has several
limitations. First, our results showed that it is generally much more
difficult to achieve significant reductions in mineral nutrients with CPs.
This finding is consistent with lessons learned from several watershed
level experiments conducted in the U.S. (Kalcic et al., 2016; Rabotyagov
et al., 2014a; Tomer and Locke, 2011). Also, recent studies found that
while CPs like vegetative filter strips can be effective at containing P in
the short run, accumulated labile P will gradually become a source of
DRP later (Dodd and Sharpley, 2016; Jarvie et al., 2013). Furthermore,
in the U.S. Midwest, the subsurface (tile) drainage system is widely
adopted to support agricultural production, and recent research found
that> 40% of P losses may happen via tile drainage (Smith et al.,
2015b). However, traditional CPs were primarily designed to address
nutrient loading to surface water and may have little impact, or even
negative impact, on reducing soluble nutrients when tile drainage is
present (Bhattarai et al., 2009; Lemke et al., 2011; Smith et al., 2015a).
Incorporating crops like winter wheat into C-S rotation may lower P
loads, but a recent experiment (Smith et al., 2015a) in the region found
that multi-crop rotation has no statistically significant impact on TP and
DRP loads via tile flow.

On the other hand, converting corn-soybean fields to perennial ve-
getation and/or less fertilizer-intensive land uses is generally more ef-
fective at reducing nutrient discharge due to a significant reduction in
fertilizer application and improved soil cover. One key concern with
land-use conversion is the cost. We found that, when government crop
subsidies are excluded, the C-S rotation could be less profitable than
alternative land uses at certain fields (Fig. S3). Therefore, replacing
those C-S fields with alfalfa hay and forest would jointly improve eco-
nomic and nutrient-reduction objectives. In fact, even if we account for
financial loss due to land-use change, mixing CPs and land-use change
is still more cost effective than CPs alone (Table S1).

Given the tradeoffs and complementarity of CPs and land-use
change, a potentially more efficient approach to addressing excessive
DRP load in the Sandusky watershed would be to implement CPs and
land-use change jointly and in coordination. For instance, spatial dis-
tribution patterns of CPs and alternative land-use change placement
(Fig. 4) reveal that there are clearly clustered patterns: alternative land-
use types were predominately placed on poorly drained soils or fields
with steep slope, since CPs are not very effective at these region. In the
central basin where CPs like filter strips work well, broad adoption of
CPs is more cost-effective. By allocating CPs and land-use change to the
most suitable regions, a positive synergistic effect on economic effi-
ciency can be generated. One of the barriers to encouraging this change
is possible financial loss to growers. Even though a corn-soybean ro-
tation may not be the most profitable option at all fields based on
market price, government payments for row crops provide little in-
centive for farmers in the Midwest to diversify their cropping systems
(Olmstead and Brummer, 2008). A potential approach to mediate this

barrier is to provide some payments, such as a payment for ecosystem
services program, to compensate potential net return loss caused by
alternative land-use types (e.g. alfalfa and switchgrass) (Woodbury
et al., 2017).

The integrated modeling approach presented in this study can serve
as a flexible and useful decision-supporting tool to inform conservation
planning. By integrating eco-hydrological modeling with an economic
module, our method is capable of jointly evaluating physical effec-
tiveness and economic efficiency of CPs versus land-use change based
strategies for NPS reductions. The use of spatial optimization algo-
rithms including Pareto frontiers can not only support evaluation of the
trade-offs between water quality and economic objectives over a range
of possible NPS reduction objectives, but also produce maps showing
detailed spatial configurations of optimal solutions. When combined
with scenario analysis, comparing Pareto frontiers derived across sce-
narios can help to evaluate trade-offs among NPS reduction efficiency
and policy preferences. One limitation of the current approach, how-
ever, is that it did not incorporate landowner preferences and percep-
tions on various management alternatives. Ultimately, it is landowner
management choices that reshape agricultural landscape (Nassauer
et al., 2011). While integrated modeling approach implicitly assumes
farmer's decision is based solely on profitability, many social-economic
factors (e.g. farmland ownership, stewardship ethic) will also affect the
decision-making process (Nassauer et al., 2011; Osmond et al., 2012).
For this reason, it would be interesting for future studies to evaluate
how landowner preferences that affect non-economic dimensions of
utility may affect efficient solutions in a real world setting.

Moving toward sustainable environmental and land management
may depend on stakeholder support (Lange et al., 2015; Osmond et al.,
2012). Given the complexity of the spatial optimization approach, a
common challenge is communicating to stakeholders about the in-
tegrated modeling system as a tool to support spatial planning
(McIntosh et al., 2011; Volk et al., 2010). To facilitate stakeholder
engagement, spatial optimization approaches need to be flexible en-
ough to support an iterative scenario development process (Volk et al.,
2010). The optimization approach developed in this study uses actual
field boundaries as the basic spatial unit, which means landowners and
decision makers apply their decisions to specific fields in a spatially
explicit manner. Maps of specific spatial configurations associated with
optimal solutions may serve as an interactive visualization tool to ac-
tively engage stakeholders in the planning process.

Similar to previous optimization studies (Chiang et al., 2014;
Maringanti et al., 2009; Rodriguez et al., 2011), the nutrient discharges
estimated in this study are edge-of-field nutrient loss. In reality, nu-
trient reductions achieved by CPs are expected to be lower at the outlet
of the watershed than the sum of edge-of-field discharges, because in-
stream processing may dampen the response (Bosch et al., 2014). Given
these processes, our results provide a conservative estimate of the
measures needed to reduce nutrient loads, and additional actions might
be needed to achieve the same level of nutrient reduction at the wa-
tershed scale. We did not model in-stream processing because the
current SWAT model has only a limited capacity to model in-stream
water quality dynamics (White et al., 2014), and, in addition, it would
require a dynamic link between the SWAT model and the optimization
model. While a genetic algorithm could be utilized to find an approx-
imate solution (Rabotyagov et al., 2010), tens of thousands of simula-
tions would be needed to trace out efficiency frontiers (Maringanti
et al., 2009; Rodriguez et al., 2011). Because a single generation took
about 3 h on a 3.9 GZ PC, given the large number of HRUs to be si-
mulated, it would take decades to trace out the efficiency frontier. In-
sufficient computing power given the current model configuration
prohibits use of the dynamic linking strategy. In addition, previous
optimization studies found that efficiency frontiers are very similar for
SWAT simulations with and without in-stream process (Maringanti
et al., 2009).

Success in improving water quality requires long-term commitment
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and coordinated effort (Osmond et al., 2012). Findings from this study
highlighted the need for policy makers and scientists to work together,
and they demonstrated the potential gains from innovations beyond
current conservation planning strategies. Efficiency frontiers developed
in this study provide insight into the efficacy and efficiency of alter-
native spatial land use and management strategies for addressing NPS
pollution abatement. Due to the lack of data on existing CP im-
plementation, simulation studies usually compare scenarios with and
without CPs to demonstrate how CPs may help with achieving desired
nutrient reduction targets. However, farmers in many watersheds have
already adopted CPs on their cropland. For instance, about 12% of
cropland in the Sandusky watershed may have implemented CPs be-
yond conservation tillage. In these cases, achieving the specific reduc-
tion targets might be even harder, and more innovative approaches are
needed.

5. Conclusions

Using the Sandusky River watershed in Ohio in U.S. as an example,
an integrated modeling approach is developed in this study to compare
physical effectiveness and economic efficiency of alternative land
management strategies aimed at reducing P loading from land. The
approach links the SWAT model with a spatial optimization algorithm
and an economic returns component to evaluate joint impacts on P
reduction and returns for optimized land-use changes and/or im-
plementation of CPs in the watershed. Among the three P reduction
strategies evaluated in this study, we found that the strategy relying on
CPs alone is neither sufficient nor the most economically efficient
strategy to meet the aggressive P abatement targets set by the IJC to
address the hypoxia problem in Lake Erie. Simulation results suggest
that the CP-only strategy may be adequate for meeting the TP reduction
target because CPs are efficient at intercepting sediments and TP in-
cludes P adsorbed on mobilized sediments. However, it is much more
difficult for CPs to achieve the 78% DRP reduction target. On the other
land, optimization results based on the land-use change strategy suggest
that converting some corn-soybean fields to other less fertilizer in-
tensive land uses (e.g. alfalfa, forest) simultaneously improve economic
returns and water quality in this watershed. Higher economic returns
are obtained because, when government subsidies are not included,
alternative land uses can be more profitable than corn-soybean rota-
tions on certain fields. Further, we found a combination of CPs and
land-use change strategies can generate a positive, synergistic effect on
economic efficiency in meeting key policy targets. This effect is
achieved by keeping crop production on the most productive land, and
replacing less productive land with alternative land uses (e.g., alfalfa,
switchgrass) to achieve greater nutrient reductions.

Our results highlight the gains that could be made if policy makers
and scientists work together and also demonstrate the potential gains
from innovating on current conservation planning strategies. The
Pareto efficiency frontiers derived in this study quantified the trade-offs
between economic returns and water quality for the feasible range of P
abatement targets under different land use and management strategies.
Maps associated with spatial configurations of optimal solutions not
only provided details on trade-offs, but produced spatial distributions
for each scenario based on soil types and topography. This information
can serve as a useful tool for promoting more scientifically informed
deliberations among policy makers and stakeholders.
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