Journal of Soils and Sediments (2023) 23:2905-2921
https://doi.org/10.1007/s11368-023-03521-y

SEDIMENTS, SEC 3 - HILLSLOPE AND RIVER BASIN SEDIMENT DYNAMICS - q
RESEARCH ARTICLE Check for

updates

Assessing nutrient and sediment load reduction potential
of vegetation by utilizing the nutrient tracking tool at the field
and watershed scale in a Great Lakes priority watershed

Ethan D. Pawlowski'® - Diana L. Karwan'® - Randall K. Kolka?

Received: 13 June 2022 / Accepted: 10 April 2023 / Published online: 18 May 2023
© The Author(s) 2023, corrected publication 2024

Abstract

Purpose Nutrient and sediment pollution of surface waters remains a critical challenge for improving water quality. This
study takes a user-friendly field-scale tool and assesses its ability to model at both the field and watershed scale within the
Fox River Watershed (FRW), Wisconsin, USA, along with assessing how targeted vegetation implementation could attenu-
ate nutrient and sediment exports.

Methods To assess potential load reductions, the nutrient tracking tool (NTT) was used with a scoring system to identify
areas where vegetation mitigation could be implemented within three selected FRW sub-watersheds. A corn soybean rota-
tion, an implementation of a 10-m-vegetated buffer, a full forest conversion, and tiling were modeled and assessed. The
corn—soybean results were aggregated and compared to watershed level gauge data in two sub-watersheds. Edge-of-field
data was compared to modeled results using multiple parameterization schemes.

Results The agricultural areas that scored higher and were untiled showed greater potential nutrient and sediment export
reduction (up to 80 to 95%) when vegetation mitigation was implemented in the model. Field-scale results aggregated to the
watershed scale showed disparities between modeled and measured phosphorus exports but modeled sediment exports fell
within observed gauge data ranges. Field-specific parameter adjustments resulted in more accurate modeled results compared
to measured edge-of-field export data but needed further refinement.

Conclusion Targeted mitigation using a vegetation-based scoring system with the NTT model was shown to be a helpful
tool for predicting nutrient and sediment reductions. Using a field-scale model aggregated to the watershed scale presents
tradeoffs regarding processes found beyond the edge of field.

Keywords Nutrient tracking tool - Phosphorus - Sediment - Nitrogen - Field scale - Watershed scale

1 Introduction

Soil and water degradation from agriculture remains an
important concern for sustainable agriculture and global
food security. Chemical fertilizer use paired with common
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agricultural practices have created large nutrient imbalances
in agricultural soils that can be transported from the field
in soluble and particulate forms to downstream waterbodies
(Tilman et al. 2002, 2011; Alexander et al. 2008; Thompson
et al. 2011). Eutrophication caused from the excess deliv-
ery of phosphorus (P), nitrogen (N), and sediment loads are
particularly detrimental to aquatic ecosystem health, drink-
ing water supplies, and outdoor recreation. These eutrophic
areas are expected to increase globally and throughout the
Great Lakes (Selman et al. 2008; Dodds et al. 2009).
Revegetation, herein defined as the process of replanting
vegetation and rebuilding the soil in disturbed sites, provides
an effective mitigation strategy to reduce non-point source
nutrient and sediment loads from agricultural areas (Reddy
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et al. 1999; Powers et al. 2012; Schulte et al. 2017; Keller
and Fox 2019). Additional vegetation promotes increased
biodiversity above and below the soil surface as well as the
accumulation of organic matter which aids in aggregate and
macropore formation. These features improve water infil-
tration rates and storage that reduce nutrient and sediment
loads stemming from overland flow. The soil aggregates are
less likely to erode and increase nutrient use efficiency by
an intact network of plant, microbial, and mycelium (Tilman
et al. 2002; Schulte et al. 2017; Rubin and Gorres 2021).
The key to obtaining these benefits is through strategic and
targeted implementation that utilizes physical characteris-
tics of individual fields such as contours, soil erodibility,
areas of marginal production, and drainage characteristics to
efficiently place vegetation to intercept sediment and nutri-
ents (Asbjornsen et al. 2014; Schilling and Jacobson 2014;
Schulte et al. 2017; Lenhart et al. 2018; Carstensen et al.
2020; Jiang et al. 2020; Prosser et al. 2020). These benefits
are achievable through the incorporation of a wide range of
different vegetative species (Prosser et al. 2020); to narrow
this scope, we focus on native forest and prairie plant com-
munities and consider other vegetative management later
in the discussion. There are added benefits to using native
plant communities besides reducing sediment and nutrient
erosion; the Science-based trials with Row-crops Integrated
with Prairie Strips (STRIPS) experiment in Iowa showed that
using native prairie communities had significantly greater
benefits to native insect, pollinator, and bird species abun-
dance than non-native species planted with less biodiver-
sity such as in some cover cropping systems (Schulte et al.
2017). Even with using native species, a targeted approach
matching physical site characteristics with plant species that
will thrive in those conditions is pivotal for successful sedi-
ment and nutrient reduction (Prosser et al. 2020). A major
tradeoff of using all native vegetation is the reduction in crop
production acreage. However, studies have shown that even
modest land conversions of 10% have significant benefits on
water quality and soil health with further increases in biodi-
versity following native perennial vegetation establishment
(Schulte et al. 2017). Thus, the assessment and identification
of areas where the conservation of, or land conversion to,
native vegetation is important for water quality management
(Selman et al. 2008; Dodds et al. 2009).

Utilizing physical landscape characteristics is pivotal to
identifying areas for revegetation of native plant communi-
ties. Using the landscape slope and hydrologic drainage class
provides a critical first step in identifying areas at high risk
of nutrient and sediment loss under traditional row-cropping
rotations. Hydrologic drainage class divides soils into four
main groups (A, B, C, and D) based on runoff potential
and infiltration capacity. Landscape slope and hydrologic
drainage class form the basis for the USDA Soil Vulner-
ability Index (SVI; Lohani et al. 2020) and the GIS-based
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Agricultural Conservation Policy Framework (ACPF; Porter
et al. 2016), two tools that were designed to identify areas
susceptible to nutrient and sediment losses in agricultural
settings. The SVI additionally incorporates the soil erod-
ibility K-factor, coarse fragments and organic carbon content
which improved the index site differentiability in areas with
heterogeneous slopes and soils but are less important than
slope and hydrologic drainage class in areas with greater
homogeneity (Lohani et al. 2020). The ACPF identifies
areas of probable overland flow using hydrologic routing
(based on soils and slopes) and notes that proper validation
of the slope and drainage characteristics are vital to proper
on-site mitigation planning (Porter et al. 2016). Other com-
mon models that predict nutrient and sediment export often
rely on the curve number approach (Neitsch et al. 2002;
Texas A&M AgriLife Research 2013) which is an empiri-
cal approach that uses slope, hydrologic drainage class, and
land cover characteristics (Ponce and Hawkins 1996). These
examples use a host of physical characteristics to estimate
sediment and nutrient export processes but the utilization
of slope and drainage characteristics to effectively model
those export processes are the key parameters behind the
SVI, ACPF, and other models.

Models have been used to simulate conservation practice
implementation effectiveness at reducing nutrient and sedi-
ment export (US Environmental Protection Agency 2018).
These models work at varying spatial scales from watersheds
to individual fields and have vastly different data needs,
treatments of hydrologic routing, degrees of sophistication,
incorporation of management decisions, and ease of use
(US Environmental Protection Agency 2018). To accurately
represent revegetation with native species, an appropriate
model must be able to incorporate vegetative changes and
agricultural practices, as well as model nitrogen, phospho-
rus and sediment dynamics. The Soil Water Assessment
Tool (SWAT) and the Agricultural Policy Environmental
eXtender Model (APEX) are two models that satisfy these
requirements, but at differing scales—watershed and field,
respectively (Texas A&M AgriLife Research 2013; USDA
ARS Grassland Soil and Water Research and Texas A&M
AgriLife Research 2018). Models designed for a specific
spatial scale may have difficulty simulating results relevant
to another scale because the key processes could differ, or
processes may even be absent at different spatial scales.
Conservation practices are often applied and implemented
to achieve field-scale results based on individual manage-
ment decisions, making field-scale models appropriate for
simulating those decisions at a local scale (Sharpley et al.
2009; Tomer and Locke 2011). Despite implementation at
the field scale, water quality outcomes of practices are often
evaluated at the watershed scale with water quality monitor-
ing efforts and is the scale at which mitigation plans such as
total maximum daily loads (TMDLs) are written.
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We focused on using a field-scale model for this research
to match conservation practices that are implemented
within individual agricultural fields. The nutrient tracking
tool (NTT) provides a user-friendly web-based graphical
user interface to run the Agricultural Policy Environmental
eXtender (APEX; Texas A&M AgriLife Research 2013).
The APEX model has been applied and evaluated across
the globe and shown to be an effective field-scale model
for estimating the export of nutrients and sediment (Keller
and Fox 2019 and references within). Nutrient tracking tool
results have primarily been verified in watersheds flowing
into Lake Erie (Saleh et al. 2015), but the model is in various
stages of verification across the USA. Despite limited vali-
dation, a user-friendly model was a key attribute in deciding
to move forward with using the NTT. Conservation practice
implementation and investment from private landowners is
increased when the process and benefits are openly commu-
nicated and easy to understand with input contributed from
both the private landowner and the conservationist practi-
tioner (Brant 2003; Rose et al. 2018; Walsh et al. 2019).
Although not a part of this research, the NTT provides a
way for landowners to be actively involved in the modeling
process in the future resulting in reduced barriers to conser-
vation practice implementation (Brant 2003).

In this study, we evaluated the NTT prediction of field-
scale nutrient and sediment load reductions due to revegeta-
tion efforts in select sub-watersheds within the Lower Fox
River Watershed (FRW), Wisconsin (WI), USA. We perform
preliminary analysis to focus revegetation implementation

on agricultural lands with low infiltration capacity and high
slopes, following the framework developed by Keller and
Fox (2019). These lands are generally less productive and
more suitable to target for conservation practice implemen-
tation. Upon identification of areas with high slope and poor
drainage, the NTT was used to simulate and evaluate the
load reductions resulting from the addition of buffer strips
between agricultural crops and adjacent waterways, conver-
sion to forest, and the effects of tiling on load reductions.
Model outputs utilizing traditional and observed cropping
systems were juxtaposed with measured edge of field and
watershed gage export data. Considerations for widespread
NTT application in the Lower FRW and other Great Lakes
Priority Watersheds are also discussed.

2 Methods
2.1 Site description

The FRW is 1,701,397 ha in size and located in North-
east WI (Fig. 1). According to the 2016 National Land
Cover Dataset (NLCD), the area’s primary land uses are
comprised of approximately 36% cultivated cropland, 40%
undeveloped land, and 8% urban/suburban (MRLCC 2016).
The climate is temperate with average high temperatures
around 27 °C in July and August, and an average high
of =5 °C in January. In Green Bay, WI, at the FRW outlet,
the average annual precipitation is 750 mm with an average
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annual snowfall deposition of 1295 mm (as snow) during
the colder months; the monthly rainfall peaks in June with
99 mm (U.S. Climate Data 2021). Peak river discharge
correlates with the snowmelt period each spring (Graczyk
et al. 2011; Jacobson 2012). Past glaciation is reflected in
the watershed’s topography, soils, and geomorphic features
(Hadley and Pelham 1976; Luczaj 2011, 2013). Glacial fea-
tures range from outwash plains to lacustrine plain deposits,
but ground and end moraines are predominant. Drainage
characteristics range from well drained in the sandy out-
wash plains to very poorly drained in the lacustrine depos-
its common near the watershed outlet (Provost et al. 2001;
Santy et al. 2001; Natural Resources Conservation Service
2008a, b). Tile drainage is largely unknown in the greater
watershed because tiles are implemented on private prop-
erty, but attempts have been made to quantify tiling in areas
with excessive nutrient and sediment pollution (S. Kussow,
personal communication, 08/04/2020).

2.2 Modeling framework

The Lower FRW has been designated an USEPA priority
watershed and was assigned targeted P and sediment load
reductions through the Total Maximum Daily Load (TMDL)
program to meet water quality goals beginning in 2012.
Three sub-watersheds, the Lower East River (LER), Plum
Creek (PC), and White Lake Creek—Wolf River (WLCWR)
were used for the nutrient and sediment load quantifica-
tion using the NTT (Fig. 1). The LER and PC have been
identified as major contributors to the P and sediment loads
impairing the Lower FRW. Agricultural and developed land
uses cover 50% and 36%, respectively, of the 11,600 ha LER
sub-watershed (Online Resource Fig. S1; MRLCC 2016).
Cultivated crop land covers 76% of the 9,030 ha PC water-
shed, with the remainder comprised of 9% developed land
and 10% as vegetated land uses such as forests and wetlands
(Online Resource Fig. S2). Both sub-watersheds are situated
in an area defined by glacial lacustrine deposits (Hadley and
Pelham 1976) with lower infiltration rates and high erod-
ibility relative to other soils in the watershed (Soil Survey
Staff 2020b). The WLCWR sub-watershed is located outside
of these deposits and 84% of its land cover is in forested,
shrubby, or wetland vegetation (Online Resource Fig. S3).
The WLCWR was included as a stark contrast to compare
NTT results from the more developed landscapes found in
the LER and PC and to show the benefits of conserving
areas not presently in agricultural land use.

2.2.1 Priority scoring areas for revegetation
The entire FRW was scored to identify areas where reveg-

etation, such as reforestation, could improve water quality
based on soil and slope properties (Fig. 2; Keller and Fox
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2019). Our scoring system, based upon an extended numeri-
cal range of Keller and Fox (2019), assigned a value (1-9)
to each 10-m-grid cell based on slope and soil hydrologic
group rating as published in the USDA Soil Survey Geo-
graphic database (SSURGO; Table 1). Slope was calculated
between grid cells using a 10-m U.S. Geological Survey
DEM (U.S. Geological Survey 2018). Higher slopes and
poor infiltration were assigned a higher component score
(Table 1). The total priority score for each 10-m grid cell
was computed as the sum of the hydrologic group and slope
component scores. Although other soil properties may
have been useful, infiltration capacity paired with slope are
essential components of other vulnerability tools (Porter
et al. 2016; Lohani et al. 2020), and thus provide a simple
but effective way to identify soils vulnerable to nutrient and
sediment export.

2.2.2 Scored area selection criteria for use with the NTT

The NTT was used to evaluate potential nutrient load reduc-
tion to waterways from agricultural fields and forested land
within targeted FRW sub-watersheds. Waterways were iden-
tified using the National Hydrography Dataset (U.S. Geo-
logical Survey 2020). Only areas in agricultural land use
according to the most recent NLCD (Online Resource Figs
S1, S2 and S3; MRLCC 2016) with a total priority score
greater than or equal to six (“Sect. 2.2.1”") that met all the
following criteria were identified as high priority for reveg-
etation and modeled within the NTT:

e In arow crop land use per the 2016 NLCD

e  Within 500-m of stream channels

e Aggregated scoring area greater than 0.4 ha (40 grid
cells) in size

Untiled areas meeting the above criteria were aggre-
gated based on grid cell score. Priority areas were allowed
to be larger or smaller than an agricultural field defined
by landownership boundaries. The untiled high priority
areas were converted to a vector file for import to the NTT.
Untiled fields were evaluated separately from tiled fields.
The above criteria were used to select tiled fields, but the
tiled fields were not scored. Tiled fields were treated as
one hydrological unit due to the connection of subsur-
face drainage over an unknown region of varying priority
scores. Tiled fields were mapped as a vector file using
GIS software by Outagamie County Land Conservation
Department by identifying fields with tile inlets based on
aerial imagery; hence, tile presence and proximity to the
stream channel was known (S. Kussow, personal commu-
nication, 08/04/2020), but tile outlet location, network con-
nection, function, and condition within individual fields
were unknown.
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Fig.2 Priority scoring results
for the FRW based on slope and
soil hydrologic drainage class

2.2.3 Modeled nutrient and sediment load reductions
utilizing the NTT

Upon selection based on scoring and location, field vector
files for both tiled and untiled areas (referred to as fields
hereafter) were uploaded and identified within the spatial
interface of NTT and a field list was created. In the NTT
interface, the APEX model is paired with U.S. Department
of Agriculture (USDA) soil property databases and climate
data from the Parameter-elevation Regressions on Inde-
pendent Slopes Model (PRISM; PRISM Climate Group
2004; Soil Survey Staff 2020a) to simulate sediment and
nutrient export for the spatial extent of each field.
Following field identification, the NTT uses the USDA
SSURGO database to obtain soil properties for each indi-
vidual field (Soil Survey Staff 2020a). The NTT ranks
and selects the three-soil series with the greatest percent
coverage within the field and will adjust the area of the

Fox River Watershed
Priority Scoring
2

B 3

Bl 4

B 5

.6

B 7

s

B °

50 Miles
[ R

60 Kilometers

three selected soils to encompass the whole field based on
a weighted average. The NTT then uses the physical and
chemical characteristics from the USDA SSURGO data-
base with the 10-m DEM to calculate an average value of
each characteristic for each soil series. Both physical and
chemical data such as porosity, field water capacity, satu-
rated hydraulic conductivity, erosivity, and slope are used
by equations within the model (described and referenced
below). Once the weather data and management scenarios
are defined (explained below) the NTT will use APEX to
simulate exports for each soil series and use a weighted aver-
age based on spatial extent to generate the final field exports.

NTT generated results by incorporating PRISM (Param-
eter-elevation Regressions on Independent Slopes Model;
PRISM Climate Group 2004) data to model field runoff
and water quality constituent export within NTT on a daily
basis. The PRISM combines spatial climate knowledge with
point data from weather stations, digital elevation models,

Table 1 Scores using % slope and hydrologic soils group to indicate areas for revegetation

% Slope >25 15-25 7-15 4-1 2-4

<2 Hydrologic soil group

C,D,C/D B, B/D, A/D A

Component Score 6 5 4 3 2

3 2 1
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and other spatial data with regression to generate annual,
monthly, daily, and event-based climatic estimates that
are interpolated at an approximately 800-m grid cell size
(PRISM Climate Group 2004). The interpolated climatic
values of each 800-m grid are assigned to the NTT fields
based on spatial overlap.

APEX incorporates a large array of empirical and theoret-
ically based equations to generate export estimates. Descrip-
tions of these equations were reviewed in Gassman et al.
(2009). Equations that represent all aspects of the hydrologic
cycle, erosion, plant growth, aspects of livestock manage-
ment, nutrient cycles, and routing are used and represented
within the model (Gassman et al. 2009 and references
therein). Management practices are also incorporated and
modify the model output. These equations have an influence
over the temporal discretization used by the model resulting
in daily calculations. Although the APEX output files are
available to download, the NTT interface summarizes this
output and has it available for download as annual averages.

Just like the base version of APEX, the NTT is designed
to evaluate the effectiveness of several conservation prac-
tices, including reforestation, on nutrient export from fields
to surface waters (Saleh et al. 2015). Four main scenarios
were set up:

e (Scenario 1) a corn—soybean rotation (the business-as-
usual case).

e (Scenario 2) a corn—soybean rotation with 10-m veg-
etated buffer along waterways

e (Scenario 3) conversion to a red pine plantation (cur-
rently the only forest option)

e (Scenario 4) elimination of tiling where present

Tillage, fertilization, planting, and harvesting practices
were incorporated into these scenarios as described in Kel-
ler and Fox (2019). Tillage consisted of chisel plowing in
the spring, field cultivating prior to planting, and disking
post-harvest. Fertilizer was applied in the spring; planting
occurred in early May for corn and mid-May for soybeans
with harvests set for October (Online Resource Table S1).
The tiled fields used the same scenarios with the addition of
tiling specified for each field in NTT. One downside of NTT
version 20-2 used in this study is that red pine plantation
is the only included forest type, which may not be suitable
for all locations (Saleh et al. 2011). A subset of forested
land within the WLCWR watershed was simulated with the
NTT to simulate the conversion of forested land to row crop
agriculture using the scenarios listed above. The simulation
results from the WLCWR are labeled as low priority regard-
less of scoring criteria because the 2016 NLCD dataset clas-
sifies the land cover as forested, shrubby, or wetlands.

We used the NTT to simulate annual field export of total
nitrogen (TN), total phosphorus (TP), and sediment over a
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35-year period (1982-2018). NTT model results break the
TN into runoff N, tile drain N, organic N, and subsurface
N components. TP is separated into organic, soluble reac-
tive P (orthophosphate), and tile drain P loads. Each of the
individual components makes up the total N or P values.
Sediment export is defined as surface erosion and not broken
down into other components.

A randomly selected subset of 15 fields were selected
from tiled, high priority, and mid-priority (score of 4 and 5,
“Sect. 2.2.17) as areas for sensitivity testing of NTT results
to model parameters. Sensitivity testing was conducted on
P export results from the NTT among the fields in the PC
watershed. Mid-priority areas were included in order to
complete the watershed-scale evaluation (described below)
and were added to the sensitivity analysis after complet-
ing that evaluation. A mid-priority area is one that may
have a relatively steep slope or low infiltration capacity
that resulted in a score of 4 or 5 but did not represent com-
bination of both low infiltration and steep slopes such as
areas ranked as high priority (scores of 6 or greater). The
soluble P runoff coefficient and the P enrichment ratio
coefficient for routing were left at the default values of 20
(0.1 m®* Mg~!) and 0.78 respectively. Other parameters that
were included in the sensitivity analysis were the soluble
P runoff exponent, the P enrichment ratio exponent for
routing, and the soluble P leaching equilibrium dissocia-
tion constant value. These parameters are used in the NTT
model equations to generate the nutrient export results.
Parameters were adjusted to maximize P export from NTT
simulations at the field scale. Using the changed param-
eter values, the NTT simulated new export values for the
chosen fields that were compared to the original values.
The sensitivity analysis was used to check if unadjusted
parameter settings caused the large discrepancy between
the high and mid-priority aggregated modeled NTT exports
and the sub-watershed data used during the watershed-scale
evaluation (described below). Nitrogen was excluded from
this exercise because TN watershed export data is unavail-
able for PC.

2.3 Evaluation of NTT output at the watershed
and field scale

Verifying the modeled results with export data at both
the field and watershed scale acts as a proof of concept
that any modeled reductions from revegetation mitigation
using the NTT may be an effective mitigation strategy
for the FRW. The comparison between NTT modeled
field exports and published watershed loads addition-
ally checks the magnitude of the NTT model results
against the measured data. Field-scale data was recently
published (Komiskey et al. 2021), and the LER and the
main branch of PC have annual sediment and P export
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estimates at the watershed scale in association with USGS
gauges (040851378 and 04084911) from 2004 to 2006
and 2012 to 2017 (Graczyk et al. 2011; Jacobson 2012;
U.S. Geological Survey 2016a, b). The data collection
period for these studies is significantly shorter than the
average annual sediment and nutrient exports estimated
from the NTT over the 35-year simulation period. The
published watershed export values, or loads, from the LER
and PC were compared against the manually aggregated
NTT 35-year-simulated average annual sediment and P
total load results in the tiled and high priority areas under
the corn—soybean rotation scenario (business as usual)
with the addition of mid-priority areas (scores of 4 and
5), which represented the remainder of the agricultural
area in row crops located near a stream channel or drain-
age network. Changing the high priority, mid-priority, and
tiled unit area loads into total loads and aggregating across
the watershed area makes the values comparable to the
published measured loads for each watershed.

For the field-scale evaluation, NTT parameters were
adjusted along with the cropping system to better match
the field-scale characteristics and management practices
(Online Resource Table S2). The comparison was com-
pleted on a single edge-of-field monitoring site (ESW3)
that had both surface and tile drain datasets that were col-
lected from 2014 to 2019 (Komiskey et al. 2021). The NTT
was run separately for the surface and subsurface export
from the field because the tiled portion drains approxi-
mately 10 ha and the surface drains approximately 2.8 ha.
The parameters were largely set based on previous work
using the ArcApex model (Kalk 2018) and involved adjust-
ing settings to resemble the cropping and soil systems found
in the field along with incorporating a 5-year training or
model warm up period prior to the 2014 to 2019 simulation.
Model predictions improved with the increased temporal
range. The NTT was run with the parameter values used for
the watershed-scale evaluation of the NTT output and col-
lated but the model was run with the 5-year training period
and for 2014 to 2019 so that it could be compared to Kalk
(2018) in addition to the measured data. After completing
this initial evaluation, two additional steps were attempted
to improve results. First, instead of having the initial soil P
estimated by the model, the soil P was changed to the meas-
ured value (47.5 g Mg~! Bray P; Kalk 2018) and the NTT
was run for the same time period. Second, a longer model
run of 35 years was simulated with the original parameter
settings. Nash Sutcliffe efficiency (NSE) was calculated for
the discharge and phosphorus values based on annual vari-
ation between modeled and observed values. A NSE value
of 0.5 was used as the criteria for determining acceptable
versus poor model performance.

3 Results
3.1 Priority scoring

The 10-m grid cell score based on slope and hydrologic
drainage class were computed for the FRW (Fig. 2). Scor-
ing resulted in 208,093 ha or 12% of the watershed classed
as high priority areas (score >6), 700,420 ha or 41% of the
watershed area as mid-priority areas (score equal to 4 or 5),
and 672,888 ha, or 40% of the watershed area as low prior-
ity (score equal to 2 or 3; Fig. 2). Within the FRW, a total of
51,865 ha or 3% of the total watershed area were both scored
high priority in this analysis and were classified as cultivated
cropland in the 2016 NLCD.

3.2 Results of NTT field-scale simulations
3.2.1 Lower East River

The LER encompasses approximately 11,300 ha of which
43% is in row crop agriculture (Online Resource Figure S1).
Of the land in row crop agriculture, tiled fields account
for 28% and 12% was determined to be high priority and
untiled using the scoring system (Online Resource Fig. S4),
and 3% were scored as less than high priority. In total, 30
tiled fields and 214 high priority fields were simulated with
the NTT. Tiled fields in a corn—soybean rotation showed
an average annual loss of (34.56+14.31)x 107> Mg TN
ha™!, (1.13+0.32)x 107> Mg TP ha™!, and 0.97 +0.55 Mg
sediment ha™! (Fig. 3; Online Resource Tables S3 and
S4). High priority fields showed the greatest nutrient
and sediment export ranges compared to the tiled fields
(Fig. 4) as expected due to the greater quantity of fields
modeled. The conversion of tiled lands to a red pine plan-
tation decreased loads the greatest. The forest conversion
resulted in 85.7, 94.7, and 89.2% reductions for TN, TP,
and sediment, respectively. The untiled high priority fields
showed a similar trend with forest conversion corresponding
to 85.3% TN, 91.8% TP, and 80.9% sediment reductions.
Buffer strips worked better at reducing sediment compared
to nutrients but did not provide as great of reductions as the
forest conversion scenario. The buffer strips in high priority
untiled fields reduced TN, TP, and sediment by 8.9, 22.9,
and 57.6%. Tiled systems reduced TN, TP, and sediment by
0.5, 6.0, and 41.5% respectively (Fig. 3; Online Resource
Tables S3 and S4).

3.2.2 Plum Creek main branch

The agricultural land in Plum Creek is 31% tiled and 2%
scored as high priority (Online Resource Fig. S5). The NTT
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Fig.3 Nutrient tracking tool (NTT) modeling results for sediment, total
nitrogen (TN), and total phosphorus (TP) in the Lower East River (LER),
Plum Creek (PC), and White Lake Creek—Wolf River (WLCWR) for all,
high priority, low priority, mid-priority, and tiled fields. The values rep-

was used to simulate 47 tiled, 110 high priority, and 104
mid-priority fields. The corn—soybean rotation in tiled fields
were projected to yield (32.70+ 14.07)x 1073 Mg TN ha™!,
(1.05+0.30)x 107> Mg TP ha™!, and 0.93 +0.55 Mg sedi-
ment ha™! in annual losses. The corn—soybean rotation in the
high priority fields resulted in (39.79 + 17.04)x 10~ Mg TN
ha™!, (2.25+0.72)x 10~ Mg TP ha™!, and 5.50 +2.48 Mg
sediment ha™! losses on an annual basis and had the greatest
range in values compared to other management scenarios,
tiled, and mid-priority fields (Fig. 4). Similar to the LER,
tile removal and conversion to forest resulted in the greatest
nutrient and sediment reductions with 85.4, 95.2, and 86.2%
reductions for TN, TP, and sediment, respectively (Fig. 3;
Online Resource Tables S5, S6, and S7). Forest conversion
in the non-tiled high priority areas showed similar results
with 87.2% TN, 92.9% TP, and 86.2% sediment reductions.
Tile drainage that circumvents buffer strips increased TN
and TP loads by 27.2% and 6.7% versus fields that incor-
porated buffers without tile drainage. Sediment export was
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resent the average annual unit area export of all fields in the respective
watersheds simulated for 35 years. The LER had 30 tiled and 214 high
priority fields; PC had 47 tiled, 110 high priority, and 104 mid-priority
fields; WLCWR had 5 low priority fields evaluated

reduced by 18.8% in the tiled scenario versus when tiles
were removed (Fig. 3; Online Resource Table S5).

3.2.3 White Lake Creek-Wolf River

The WLCWR has 84% of the 10,522 ha in forested and wet-
land vegetation (Online Resource Fig. S3). Only five of these
low priority fields were simulated with the NTT, but the 5
fields were spatially comparable to the other sub-watersheds.
The modeled forested landscapes in the WLCWR result in less
nutrient and sediment losses to streams compared to conver-
sion to row crop agriculture. Converting forested land uses to a
corn—soybean rotation resulted in 803%, 9,800%, and 3,767%
increases in TN, TP, and sediment exports to waterbodies with
modeled fluxes changing from (4.87 +1.82)x 10~ Mg TN
ha™!, (0.02+0.02)x 10~ Mg TP ha~!, and 0.13 +0.09 Mg
sediment ha™! to (44.05+17.05)x 10™> Mg TN ha™!,
(2.22+0.76)x 107> Mg TP ha™!, and 5.25 +2.06 Mg sediment
ha~! exported annually (Fig. 3; Online Resource Table S8).



Journal of Soils and Sediments (2023) 23:2905-2921

2913

Lower East River
20-

:
S 15-
=
S 10-
E
3 .
% o H

0- —_— =— — é#
o 60-
(]
< .
S 40- '
: = == : -
S .
= #I
E 20-

O -

6 -
g a-
o
*
(2]
2 2- H
o H H
= —_— — =

0- —

Corn Corn Forest Corn
Soybean Soybean Conversion Soybean
10m

Buffer

Fig.4 Nutrient tracking tool (NTT) modeling results for sediment, total
nitrogen (TN), and total phosphorus (TP) using corn soybean, forest
conversion, and corn soybean with 10-m buffer management scenarios
in the Lower East River (LER), Plum Creek (PC), and White Lake
Creek—Wolf River (WLCWR) for all high priority, low priority, mid-

3.3 Watershed- and field-scale evaluation of NTT

Overall, the NTT produced sediment exports that fell within
observed ranges at the watershed scale, but TP was underes-
timated in the LER using the 35-year simulation with default
parameter values and the corn—soybean management sce-
nario. According to the NTT simulations, the LER tiled and
high priority fields exported 2.74 +0.85 Mg yr~—! of TP and
3,981+2,159 Mg yr~! of sediment (Table 2). Total nitrogen
was not measured at the watershed outlet, so it was excluded
from the evaluation. From 2004 to 2006, the measured annual
TP export reported at the LER USGS gaging station (gauge
number 040851378) averaged 35.11 Mg yr~! and ranged
from 17.28 to 62.60 Mg yr~! (Graczyk et al. 2011; U.S.
Geological Survey 2016a). The Lower East River measured
sediment export (Table 2) from the same timespan averaged
9,350 Mg yr~! and ranged from 2,422 to 20,593 Mg yr~!
(Graczyk et al. 2011; U.S. Geological Survey 2016b). Com-
paring the NTT field export to the watershed yield indicates
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priority, and tiled fields. The LER had 30 tiled and 214 high priority
fields; PC had 47 tiled, 110 high priority, and 104 mid-priority fields;
WLCWR had 5 low priority fields evaluated. The distribution of val-
ues represents the average annual results of each field simulated for
35 years

the cumulative modeled field sediment export is on the same
order of magnitude as the measured yield at the watershed
outlet; however, annual variation in the watershed outlet is
considerable, as the annual average has a standard deviation
of 9,824 Mg yr~!, or 105%. Comparison of the TP values
indicates the NTT 35-year average annual field export is well
under the TP yield measured at the watershed outlet, with
the NTT field export prediction approximately one order of
magnitude lower than the annual average measured at the
watershed outlet over 2004-2006.

In PC, the tiled, high priority, and mid-priority fields com-
bined were predicted to annually export 6.23 +1.89 Mg yr~!
of TP and 8,051 +4,433 Mg yr_1 of sediment based on NTT
simulations (Table 2). Both the TP and sediment modeled
field export fell within the ranges of observed exports at
the PC gauge from 2012 to 2017 (USGS gauge 04084911):
6.12 to 18.69 Mg yr~! TP and 3,157 to 11,649 Mg yr~! of
sediment (U.S. Geological Survey 2016b).
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Table 2 Sub-watershed comparison of total phosphorus (TP) and
sediment export from modeled fields in the Lower East River, Plum
Creek, and Edge-of-field ESW3 to USGS data at the watershed and
field scales respectively. Watershed-scale modeled results represent the
total annual load for each of the respective scoring areas based on the

35-year-simulated average annual export. Field-scale modeled results
for tile effluent and surface runoff using the two parameter schemes
represent the total annual load based on the 5-year simulated average
annual export. Measured data is the estimated average annual load for
each of the watersheds and field ESW3 over the listed sampling periods

Modeled Measured
Sub-watershed Material Exported Tiled High priority ~ Mid-priority Total USGS gauge Annual mean Range
Lower East River TP (Mg yr™!) 1.61 1.18 2.74 4085119 (Sampled 35.11 17.28-62.60
2004-2006)
Sediment (Mg yr™") 1,605 2,385 3,989 9,350 2,422-20,593
Plum Creek TP (Mg yr™") 2.33 0.55 3.36 6.24 4085119 (Sampled 12.43 6.12-18.69
2012-2017)
Sediment (Mg yr™') 2,230 1,194 4,627 8,051 6,605 3,157-11,649
Modeled Measured
Edge-of-field Default parameters  Kalk (2018) ESW3 (Sampled
ESW3 parameters 2014-2019)
Tile effluent Discharge (m® yr™!) 14,980 17,268 17,169
TN (Mg yr™!) 2.94 3.25 5.3%1072
TP (Mg yr™") 5.84%107° 5.84%107° 3.72x1073
Sediment Mg yr~') - - 477
Surface runoff Discharge (m3 yr’l) 3,237 3,400 5,131
TN (Mg yrh) 0.1 0.1 0.1
TP (Mg yr™") 7.4%x1073 7.9%1073 2.1x1072
Sediment Mg yr™')  10.52 11.56 7.73

The measured surface and tile drain discharge, TN, TP,
and sediment export from the edge-of-field ESW3 location
were checked against the NTT model output using the NSE
value. The observed tile drainage had an annual average
discharge of 17,169 m® and tile export of 527 x 107> Mg
TN, 3.72x 107> Mg TP, and 477 x 10~ Mg sediment along
with an annual average surface runoff discharge measured
at 5,131 m® and an annual surface export of 83.0 x 10~ Mg
TN, 20.6 x 1073 Mg TP, and 7.73 Mg of sediment between
2014 and 2019 (Table 2; Komiskey et al. 2021). Using NTT
model parameter values from the watershed wide com-
parison (referred to as default values), the average annual
surface runoff was estimated at 3,237 and 3,400 m> using
the adjusted parameter values from Kalk (2018). The sur-
face hydrologic output had an NSE value of —0.05 and 0.04
respectively. When the model training period was increased
from 5 to 14 years using the default parameters the NSE
increased by 0.09 but was well below the 0.5 acceptable
value. The average annual tile drainage discharge using the
adjusted parameter values was 17,268 m> and 14,980 m?
using the default parameters. The tile drainage using the
adjusted parameter values had an NSE of —1.26 and —1.47
using the watershed wide parameter settings. Although
both the adjusted parameter value and default parameter
discharges were close to the observed average annual dis-
charge, the negative NSE values resulted from calibration
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difficulties to capture the annual tile discharge variation.
Total nitrogen surface and tile exports were undervalued
when using the default and updated parameter changes and
parameters need further refinement. The parameters were
not explicitly changed for N export and NSE values reflected
that with —4.77 and —4.78 for the default and adjusted
parameters, respectively, for the surface export. The organic
N values in surface exports were improved from —1.92 for
the default parameters to —1.75 using adjusted parameter
values and were further improved using the default settings
with a longer training period (NSE —1.10). Total phospho-
rus showed similar trends as TN. There were no changes in
NSE values between the tile exports using either the default
or adjusted parameter settings (NSE of —3.84). However,
the adjusted parameters increased the NSE by for surface
exports from —2.02 to —1.89. Using a longer training period
increased the NSE to—0.25. The NSE results were also
improved when the soil P value was manually adjusted based
on soil P test results (Kalk 2018). Although TP results were
poor in terms of the NSE, using default parameter settings
with a long training period resulted in a NSE of 0.32 for sol-
uble reactive phosphorus (SRP). Sediment export yielded a
NSE value of —1.14 and —1.54 with the default and adjusted
parameters respectively. Values below 0 for the NSE sug-
gest that the observed mean does a better job of predicting
discharge or export than the model.



Journal of Soils and Sediments (2023) 23:2905-2921

2915

3.4 Sensitivity to model parameters

Adjusting model parameters to maximize TP export and
limit the discrepancy with the measured watershed data
resulted in minimal changes within the high priority and
mid-priority sites in PC. When parameters were changed
to maximize P export in tiled fields, the tile drain P export
averaged an increase of 867% and increased the TP export
between 19 to 74% with an average increase of 48% across
all tiled PC fields when P parameters were changed. Even
when a 48% increase in TP export is used to compare the
aggregated modeled results with the gauge data for PC,
the modeled results are still on the lower end of the range
observed at the gauge. Despite these parameter changes and
the resultant increases, the nutrient and sediment export
were within the original simulation parameter setting margin
of error (Online Resource Table S3 to S7).

4 Discussion
4.1 Field- vs. watershed-scale discrepancies

The field-scale results were poor compared to the observed
USGS edge-of-field location at ESW3, based on the NSE
values and other work using ArcAPEX at this site. Kalk
(2018) used three edge-of-field locations for model cali-
bration (including ESW3) and found a NSE value of 0.67
for discharge after calibration at the ESW3 location with
a value over 0.5 deemed acceptable for the calibration.
Despite that success when using the same parameter values
in this study, the NSE value for discharge was significantly
lower (NSE 0.04). The U.S. Geological Survey dataset was
collected on an event basis following edge-of-field sam-
pling protocols (Komiskey et al. 2021). Having adjusted for
differences in timescales, a key difference between the NTT
and ArcAPEX research was that the NTT used PRISM data
for the weather modeling whereas the work using ArcAPEX
used rain gauge data collected at the field location. The
PRISM precipitation estimates are derived from weather
station data that informs 800-m grid cells that may vary
from local data collected at the ESW3 location and could
have resulted in some of the discrepancies in modeled water
volumes. Precipitation can vary significantly from what was
observed at a weather station and a field a few kilometers
away. If hydrologic differences exist or are inaccurate, then
the nutrient and sediment export cannot be calibrated appro-
priately within the NTT model.

Kalk’s calibrated ArcAPEX model did lose performance
in the subsequent years and locations, and the authors noted
a number of discrepancies (Kalk 2018). At ESW3, 95% of
TP was sediment bound and APEX overestimated the sedi-
ment load by 18% (Kalk 2018) which was similar to our

results in this study, indicating almost no DP or tile drain P
was shown in the NTT model outputs. This lack of partition-
ing has dramatic effects on DP and P lost through tile drains.
Across all six locations evaluated from within the Lower
FRW in Kalk (2018), they found DP and tile drained P were
quite different than measured values despite calibrating the
model to the surface and tile hydrologic volumes. Similarly,
tile drained P was essentially estimated at zero by the NTT
in this study which differed from the U.S. Geological Survey
field measurements. One change that did make TP export
more accurate in both this study and Kalk (2018) was the
inclusion of measured Bray P from field sediment samples.
The NTT will automatically set this value based on the soil
characteristics and farming management scenarios and, in
the case of Kalk (2018), the soil P was estimated at roughly
half the value as the measured P at the site. Therefore, APEX
and the NTT are undervaluing TP stored and/or historically
applied in these systems. Even with the default soil P set-
tings, the TP values had better NSE scores when using a
longer model training period and should be utilized in future
modeling efforts in the FRW. Updating the underlying equa-
tions could be one remedy to the undervalued P exports.
The P equations are based on partitioning and mineralization
research from the 1980s (Knisel 1980; Jones et al. 1984) that
likely does not reflect the increased dissolved P loads more
recently being observed across the USA (Dodds et al. 2009;
Stoddard et al. 2016). However, this change is outside the
control of the average NTT and APEX user.

One other large challenge in the calibration is how to
handle the presence of tiling and snowmelt in the NTT and
underlying APEX system. The surface drainage area in the
observed field was approximately 2.8 ha, whereas the esti-
mated tile drainage area was approximately 10 ha. Without
explicit knowledge of tile networks, the accurate simulation
of agricultural fields with tile drainage poses a challenge due
to unknown hydrologic connectivity which is critical in sys-
tems that experience snowmelt. Kalk (2018) noted that the
APEX model had a difficult time predicting the influence
of snowmelt during their calibration because APEX uses
solar radiation to predict snowmelt which is a simplification
of the melting process. Relying solely on solar radiation to
simulate snowmelt may not work well in the upper Midwest
where the largest nutrient and sediment loads typically occur
during the spring snowmelt period (Huisman et al. 2013;
Dolph et al. 2019). Overall, APEX and the NTT need further
refinement to accurately model field-scale exports within
the Lower FRW, including but not limited to field data such
as tile networks, nutrient levels from soil tests, fertilization
practices, management choices, and the ability to choose
specific vegetation for buffers and forested areas to inform
model calibration and assess model output.

At the watershed scale, aggregating undervalued field-
scale results could compound into the large discrepancies
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observed for TP at the LER and PC (Table 2). If APEX
is undervaluing the DP and tile drain export, aggregating
those results to the watershed scale could drastically reduce
the estimated nutrient loads at the watershed outlets. How-
ever, without field data from other locations for verifica-
tion, it is impossible to know if this undervaluation of loads
is field-specific. Incorrect soil P data may also contribute
to the discrepancies between the observed and simulated
TP export values. Kalk (2018) found that soil P was esti-
mated by APEX at approximately 50% of the measured
Bray P value which was similar to this study. Additionally,
when aggregating to an entire watershed one shortcoming
of using field-scale models is the lack of accounting for
storage and transport processes within the stream channel.
Phosphorus in particular can be held in varying sediment
fractions with differing capacities to release SRP to the
water column (Lannergard et al. 2020). Associations with
iron and manganese oxides may be reduced by microbiota
in anoxic conditions and release P. In systems with high
calcium concentrations, secondary mineral formation of
apatite which binds calcium and P in a mineral structure
may essentially eliminate any possible SRP release because
the mineral has low solubility. Additionally, biological pro-
cesses paired with hydrologic fluxes may lengthen the time
both P and sediment are stored within the stream channel
(Dolph et al. 2019). However, aggregated results for sedi-
ment were within observed ranges at the watershed scale
despite having NSE values below zero (an indication that
the observed mean predicted sediment export better than
the modeled results at the field scale), indicating that mod-
eled values were close to actual field-scale exports but not
a replacement for actual field data. These discrepancies
between the field- and watershed-scale results emphasizes
tradeoffs between field-scale accuracy and the accuracy
needed for a generalized watershed-scale aggregation when
a model cannot be finely tuned to every field within a water-
shed due to lack of site knowledge and resources.

Despite these results, the NTT and the underlying APEX
model have been found to be effective models in agricul-
tural systems at the field scale (Gassman et al. 2009; Saleh
et al. 2015) and is an excellent model for comparing and
developing conservation practices with individual landown-
ers (Saleh et al. 2011). The more a model is calibrated to an
individual farming system, the more likely it is to accurately
predict nutrient and sediment losses. Shortcomings can arise
when model parameters are applied across varying sites and
when applying a field-scale model at the larger watershed
spatial scale. The NTT was not designed to account for
hydrologic, sediment, and nutrient dynamics beyond the
field or at a high temporal resolution. While some daily
data can be extracted from the underlying APEX files, most
of the nutrient and sediment export data is extractable as
an average monthly or annual value. This lack of temporal
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resolution should be taken into consideration and further
validated before using the NTT because of the mounting
evidence that extreme events account for most of the annual
nutrient and sediment export within watersheds (Dolph et al.
2019). Channel processes and hydrogeological routing are
also absent from the NTT and could be a source of dis-
parities between aggregated field-scale model results and
watershed outlet data particularly in systems with built up
P reservoirs. Other models that include better subsurface
hydrologic routing, nutrient and sediment storage param-
eters, channel processes, and the ability to incorporate land
uses other than agriculture may be more effective at mode-
ling nutrient and sediment export at larger scales and in more
diverse landscapes. The USEPA summarizes 30 different
models ranging from simple to difficult and two modeling
systems that can be used for watershed protection (USEPA
2018). Some of these models, such as the NTT, address the
field scale and require moderate knowledge of the field sys-
tem, whereas others only work at the watershed scale (e.g.,
SPAtially Referenced Regression on Watershed attributes or
SPARROW). Other models are capable of modeling at both
scales such as SWAT (Soil and Water Assessment Tool).

The greatest benefit of the NTT is the intuitive and easy-
to-use interface. Even though limitations exist, it is a more
accessible model to a variety of users (e.g., landowners and
local conservation district employees) versus a more sophis-
ticated model such as SWAT which requires advanced train-
ing. Moving forward, utilizing the NTT’s APEX output or
using APEX to model mitigation strategies at the field scale
in conjunction with agricultural management systems as an
input to a model such as SWAT for watershed assessments
could be an effective way to model and refine water quality
goals (Wang et al. 2011). Model choice should also take the
availability of data for validation into consideration. Data
found for this study encompassed a spatial extent beyond
what is found at the field scale. Although the aggregated data
comparison for the LER and PC fell within measured ranges
observed at USGS gage locations for sediment, in-channel
and watershed-scale processes are absent from the mode-
ling effort and could be a source of error in the LER, PC,
and other sub-watersheds. These potential sources of error
bring to question the suitability of using the NTT, or other
field-scale planning tools, in future work to model nutrient
and sediment export at the watershed or larger spatial scale.
Despite a lack of field-scale data, the goal to assess potential
benefits of revegetation as a mitigation strategy was able to
be accomplished using the NTT and existing datasets.

As a field-scale model, the NTT is an excellent tool for
understanding the interplay between agriculture and conser-
vation practices that can be tailored to individual farming
systems. To aggregate data over a broad spatial extent, such
as a watershed, meant that individual fields were simpli-
fied (Keller and Fox 2019) by making assumptions about



Journal of Soils and Sediments (2023) 23:2905-2921

2917

the cropping systems to complete the analysis because spe-
cific management characteristics were unknown. Future
work with the NTT could be improved by diversifying
farm management practices and adding complexity (e.g.,
including manure application, no-till) and tailoring model
parameters to individual fields. Tailoring model parameters
would likely reduce disparities between results and field-
scale observational data.

4.2 Management considerations
4.2.1 Incorporating vegetation

The addition of buffers decreased the modeled N, P, and sed-
iment loads from the fields versus the typical corn—soybean
rotation. Our ability to modify buffers based on individual
field physical characteristics such as topography and land-
scape setting is another limitation of the NTT but could pro-
vide further load reductions. Within the NTT, a buffer width
may be specified but the user interface does not allow for the
modification, the addition of multiple buffers on a field, or
specific site selection. Although not used in this study, one
way to work around this limitation is to divide a field into
smaller sub-areas. One or multiple subareas could be desig-
nated as a buffer with full vegetative coverage. Users could
then use the NTT routing function to have the cropped sub-
areas flow into the buffered sub-areas to assess buffer place-
ment on the nutrient and sediment exports. Buffer design
that varies buffers with topography and drainage characteris-
tics such that areas where the majority of nutrients and sedi-
ment are being exported from the field surface (i.e., areas of
convergent overland flow) are proven to be more effective at
reducing nutrient and sediment loads (Dosskey et al. 2002;
Helmers et al. 2011; Zhou et al. 2014; Schulte et al. 2017;
Jiang et al. 2020). Total buffer area can also be spread out
into multiple strips within a field and still yield reductions
as long as the design allows for the greatest contact between
the buffer and the flow bearing nutrients and sediment from
the field (Hernandez-Santana et al. 2013).

Buffers are a commonly used best management prac-
tice, so field-scale designs are paramount to their success.
If landowners are unwilling to segment a field using veg-
etated strips, conservation practices may still be optimized
by placing vegetated features near the channel (Hansen et al.
2021). Placing vegetation between the fields and the stream
would further delay routing and be pivotal in reducing nutri-
ent and sediment loads entering the stream channel (Kreiling
et al. 2021). Nutrient and sediment storm event data from
PC shows hysteresis patterns where transport to streams
is delayed in the upper portion of the watershed suggest-
ing mobilization from fields (Rose and Karwan 2021) and
provides evidence that vegetation could further delay and
largely reduce delivery to the stream channel.

Despite many positives, buffer effectiveness varies spa-
tially, temporally, and by species composition (Schulte et al.
2017). Increased buffer thickness at concentrated flow points
can drastically improve the nutrient and sediment retention
(Dosskey et al. 2002). Buffers can act as nutrient sources
especially in cold climates (Vanrobaeys et al. 2019) and may
also increase the available soil P pool. Deep-rooted peren-
nial plants have been shown to increase labile P previously
immobilized in soils (Stutter et al. 2009). Harvesting buffers
could help offset these negatives by physically removing
nutrients tied up in biomass. Removal of one kind of vegeta-
tion within a buffer at a time (e.g., a buffer with trees and
grasses where only the trees or grass is removed) can also
be used to minimize reduced nutrient and sediment capture
efficiency stemming from vegetation loss (Jiang et al. 2020;
Liu et al. 2021).

Being able to assess different vegetation communities
for both buffer and forest conversion management scenar-
ios would be an improvement to the NTT model version
20-2 framework. Vegetation choices for forest conversion
and buffers were unavailable for this research and would
be a useful addition to future versions of the NTT software.
Nutrient losses following agricultural land conversion to
forest or other regionally appropriate vegetation could be
improved with a broader variety of forest and endemic veg-
etation cover types. Specifically, the conversion of agricul-
tural land to red pine plantation may not be as beneficial to
nutrient and sediment export as other forest types or forested
wetlands historically found in the area. In many locations
within the Great Lakes region, red pine may not be a suitable
species. Within the NTT, the fields are assumed to be man-
aged for agricultural products and the NTT was not designed
to simulate land conversion between agriculture and specific
forest or wetland vegetation communities. In these forested
systems, the NTT might not fully parameterize the nutrient
and water quality tradeoffs under the full range of other for-
est and wetland vegetation types. Incorporating vegetation
suitability from soil survey databases into the scoring system
may be one alternative to work around these limitations in
the future. If the forest conversion scenario were expanded
to include open or forested wetlands, the field-scale results
have the potential to yield more realistic results at the water-
shed scale from a mitigation standpoint. Both upland forests
and forested wetlands retain nutrients, which may provide
a means for economic income through tree harvesting, and
these landscape features dampen the effects of extreme
hydrologic events by lowering the magnitude and increasing
the duration of elevated discharge observed in stream net-
works (Kovacic et al. 2006; Grant et al. 2008; Salemi et al.
2012; Zhu et al. 2020). Future work assessing the strategic
placement of vegetated areas could have a dramatic effect
on nutrient and sediment loads observed in the stream chan-
nel. An example of vegetated systems strategically placed
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on a large scale are the Everglades Stormwater Treatment
Areas (STAs) which were created to intercept and slow the
nutrient and sediment loads flowing from agricultural areas
to the Everglades. These wetlands have succeeded in reduc-
ing nutrients and sediment in addition to providing flood
mitigation (Moustafa et al. 2012; Mitsch et al. 2015; Pietro
and Ivanoff 2015). A similar scenario could work as a long-
term mitigation strategy within the FRW if perennial upland
forest, prairie, or wetland vegetation is implemented at a
larger scale.

The NTT does allow for the simultaneous incorporation
of other management practices despite limitations on com-
plexity such as with buffer design. The scenarios we tested
were buffer installation and land conversion to a forested
plantation system. Buffer installation combined with other
conservation practices such as implementation of no-till or
the use of cover crops could further reduce nutrient and sedi-
ment loads and increase buffer effectiveness. These practices
behave relatively similar to buffers where carbon storage,
water infiltration, water storage, nutrient retention, and ero-
sion protection are field characteristics that are generally
improved with adoption along with improvements to over-
all soil health and biodiversity (Kaspar and Singer 2011;
Poeplau and Don 2015; Myers et al. 2019). Cover crops in
particular reduce farm costs when combined with other crop-
ping practices and provide many economic benefits to the
landowner (Myers et al. 2019). On the other side of the spec-
trum, the conversion of cropped fields to forests or wetland
vegetation, albeit an effective way to reduce nutrient and
sediment loads, is unlikely to be implemented as a manage-
ment option without further economic incentives. In spite
of the simplification to not incorporate other practices to
compare aggregated modeled results to the loads observed
at the LER and PC watersheds, future work incorporating
more specific cropping systems will likely improve model
results and close the gap between the observed P export and
the modeled export.

4.2.2 Tile drainage

One benefit of working in the LER and PC watersheds was
the inclusion of tile drainage in the management scenarios
for the Lower FRW. Future work in larger watersheds will
need to overcome data limitations regarding tile drainage
extent. No large-scale records exist of tile networks because
they are implemented on private property. Available data did
not allow for the validation of the modeled tile exports in
the LER and PC watersheds; however, the NTT sensitivity
analysis indicated weaknesses to the model and/or the sce-
nario in these watersheds. By changing parameters affecting
P loads, the tile drain P increased from an average of about
5% to upwards of 34 to 51% of the TP load which is in
agreement with other studies following similar fertilization
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scenarios (Williams et al. 2016). However, those increases
were within the margin of error for the scenario outcomes
using the original model parameter values. Even if all fields
within LER and the PC watersheds were assumed to be tiled,
a 50% increase in the TP load would bring the modeled esti-
mates for the LER to 4.11 Mg P yr~! and PC to around
9.36 Mg P yr~!. The estimate would bring PC to within 50%
of the maximum observed export based on the gage data
(USGS gauge 04084911, U.S. Geological Survey 2016b),
but LER is still much lower than measured (U.S. Geological
Survey 2016a).

Despite the dissimilarity between the gauge data and
the model, the model results show that the inclusion of tile
drainage reduces the effects of vegetation as a nutrient and
sediment mitigation strategy and increases nutrient export
which is in general agreement with the literature (Royer
et al. 2006; Carstensen et al. 2020; Klaiber et al. 2020; Schil-
ling et al. 2020; Hanrahan et al. 2021; Thalmann 2021). Tile
drains tend to increase dissolved N and P losses from fields,
but in comparison to undrained fields increased surface
losses may have a net zero effect on TP export depending
on the agricultural management practices used in the field
(Royer et al. 2006; Klaiber et al. 2020; Thalmann 2021). The
presence of tile drains allows for targeted mitigation of the
drainage systems (Schilling et al. 2020). Terminating tile
drains prior to reaching buffers or rerouting drainage so that
tile effluent must flow through vegetated buffers, wetlands,
or bioreactors are common mitigation strategies that yield
nutrient and sediment reductions despite the presence of
subsurface drainage (Jaynes and Isenhart 2014; Carstensen
et al. 2020; Mendes 2020; Gordon et al. 2021). Thus, when
planning mitigation using vegetation, knowledge of subsur-
face drainage is critical to the mitigation’s effectiveness from
a load reduction viewpoint.

5 Conclusion

The NTT was used to successfully simulate nutrient and
sediment export from three sub-watersheds within the
FRW. The modeling demonstrated that conversion or
conservation of vegetated areas within watersheds is an
effective management strategy to reduce nutrient and sedi-
ment export from fields and that the targeted placement
of vegetation can result in 80 to 95% load reductions. By
using slope and hydrologic drainage class, conservation
measures in high priority areas were shown to have greater
sediment, TN, and TP reductions than mid-priority scor-
ing areas within the PC watershed when buffer and forest
conversion scenarios were compared to the corn—soybean
rotation.

Future work will be needed to build datasets to further
validate NTT results at both the field and watershed scales
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to meet load reduction requirements of sub-watersheds in
the FRW. Modeled field hydrologic discharge along with
nutrient and sediment export were not accurate compared to
measured field-scale means using generalized parameter set-
tings. The field-scale modeling exercise showed that field-
scale data is pivotal to accurately modeling field exports
with the NTT. Detailed management practices and input-
ting Bray P measurements increased the field-scale accuracy.
When scaling up to watershed exports using the general-
ized parameter settings worked well for estimating sediment
loads. The aggregated values of TP were undervalued but
sediment fell within range of observed annual fluxes at the
sampling locations. Although modeled results fell within
observed ranges for sediment export at the watershed scale,
the NTT and its user-friendly interface are likely better
suited for use on an individual field basis rather than at a
larger aggregated watershed scale. The NTT was designed to
focus on individual fields and could prove to be a powerful
tool to help agricultural producers implement changes and
model scenarios to reduce nutrient and sediment loads into
downstream waterbodies by playing to its strengths.
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