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Abstract: Risks from flooding and poor water quality are evident at a range of spatial scales and
climate change will exacerbate these risks in the future. Natural infrastructure (NI), consisting
of structural or perennial vegetation, measures that provide multiple ecosystem benefits have the
potential to reduce flood and water quality risks. In this study, we intersected watershed-scale risks to
flooding and nitrate export in the Mississippi-Atchafalaya River Basin (MARB) of the central U.S. with
potential locations of seven NI practices (row crop conversion, water, and sediment control basins,
depressional wetlands, nitrate-removal wetlands, riparian buffers, and floodplain levees and row
crop change) to prioritize where NI can be most effective for combined risk reduction at watershed
scales. Spatial data from a variety of publicly-available databases were analyzed at a 10 m grid cell
to locate NI practices using a geographic information system (GIS). NI practices were presented at
the regional basin scale and local Iowa-Cedar watershed in eastern Iowa to show individual practice
locations. A prioritization scheme was developed to show the optimal watersheds for deploying NI
practices to minimize flooding and water quality risks in the MARB. Among the 84 HUC4 basins
in the MARB, 28 are located in the Upper Mississippi and Ohio Rivers basins. The Wabash and
Iowa-Cedar basins (HUCs 0512 and 0708, respectively) within these basins were found to rank among
the uppermost quintile for nearly all practices evaluated, indicating widespread opportunities for NI
implementation. Study results are a launching point from which to improve the connections between
watershed scale risks and the potential use of NI practices to reduce these risks.

Keywords: natural infrastructure; flooding; nitrate-nitrogen; Mississippi-Atchafalaya river basin;
GIS analysis

1. Introduction

Societal threats from flooding and poor water quality are evident at a global scale [1,2]
and climate change is anticipated to increase these risks in coming decades [3,4]. Com-
munities have historically reacted to these risks by short-term interventions at the point
of damage—such as drinking water advisories and temporary housing—that do little to
address the actual causes of the problem. More recently, U.S. policymakers have shown a
desire to shift from (reactive) disaster response to (proactive) hazard mitigation planning.
For example, the Federal Emergency Management Agency recently (2021) made $1 billion
available for flood hazard mitigation through its Building Resilient Infrastructure and
Communities program. Policies and programs such as these potentially open the door to
a more comprehensive approach to risk management that both reduces the vulnerability
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of downstream communities and reduces flood and water quality risks at their source
through the management of upstream watersheds. Indeed, the past decades have seen
increased interest in using watershed management to protect and remediate drinking water
supplies and reduce downstream flood impacts. A well-known example is the restoration
and protection of the Catskill Mountains, which has successfully filtered nearly one billion
gallons of water a day over the last 25 years for the millions of residents of New York
City [5]. Communities along the Mississippi River, from Davenport, Iowa to Cairo, Illinois,
are restoring wetlands for flood mitigation with positive results [6,7]. While the watershed
approach potentially offers managers a wide array of options for reducing water pollution
and flooding at the source, given limited funding also requires careful scientific assessment
of which types of interventions at which locations will deliver the greatest benefits in a
specific watershed. Likewise, at the regional scale, potential interventions in particular
watersheds will deliver greater benefits than others to downstream communities. At both
scales, therefore, spatial targeting is critical to ensuring that limited funding is directed to
interventions that will do the most good.

Within watersheds, natural infrastructure (NI)—“durable structural and/or perennial
vegetation measures . . . that restore ecological processes and deliver multiple environmen-
tal benefits to downstream communities” [8]—has the potential to reduce the risks of both
flooding and water quality impairment. Many NI practices in rural landscapes promote
the storage, infiltration, and slow release of runoff for flood reduction while also creating
appropriate environments needed for pollution treatment in both surface and subsurface
pathways. For example, sediment and phosphorus transport are reduced by practices that
slow runoff, and practices that direct flow through denitrifying environments can remove
nitrate from water [9]. Identifying suitable locations within a watershed for implemen-
tation of NI practices, therefore, requires an understanding of hydrologic flows as well
as pollution sources, transport, and sinks within a watershed. Schilling et al. developed
such a hydrologic framework at the regional scale and used it to identify agro-hydrologic
regions within which specific suites of NI practices would be most appropriate for water
quality improvement [10].

Most of the previous research on identifying potential locations for NI practices has
often narrowly focused on either flooding or water quality benefits and has been limited
to small watershed scales. For example, spatial targeting has been most often used in
siting urban green infrastructure to reduce flooding [11,12] and nutrient loads [13,14] while
creating other co-benefits [15,16]. It has been used less frequently for flooding outside
of urban areas, although some researchers have used spatial targeting at the watershed
scale for floodplain restoration to maximize avoided damages from flooding [17]. Notable
examples of spatial targeting for flood reduction in an agricultural setting include spatial
optimization for potential wetlands [18] and the development of a framework to optimize
distributed systems of small ponds [19]. Schilling et al. evaluated the potential for targeted
land use change from crops to perennial vegetation and extended rotations to reduce flood
risk in a large agricultural watershed [10].

Turning to water quality, the Agricultural Conservation Planning Framework (ACPF)
is a tool that was developed to target locations where in-field and edge-of-field conservation
practices would be most suitable from a biophysical perspective to treat nonpoint source
pollution at the watershed scale [20]. More recently the ACPF was combined with areas of
high nitrate loss and areas with low economic costs to show that spatial optimization can im-
prove water quality in these landscapes without removing much land from cultivation [21].
Spatial targeting is typically conducted at a finer resolution within small watersheds [22,23]
where it can be better used by local community planners. Larger regional spatial targeting
is more often carried out using county- or state-level data or lumped parameters [24,25].

In this paper, we describe a procedure for identifying potential locations for a suite
of NI practices identified by Suttles et al. as having high potential to deliver flood risk
reduction and/or water quality improvement [8]. We developed this procedure for the
Mississippi-Atchafalaya River Basin (MARB) of the central U.S. but believe that it could be
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adapted and modified for other regions. Draining more than 3.2 million km2 and portions
of 31 states, the heavily managed and engineered MARB has seen not only historic flooding
in the past few decades [26,27], but also significant economic and ecological consequences
from excessive nutrient loading to the Gulf of Mexico [28,29]. Considerable research has
been conducted on assessing watershed-scale flood vulnerabilities [26,30,31] and water
quality [32–34] but rarely have studies been directed at both risks together.

Our research builds upon earlier spatial targeting research noted above but is unique
in its emphasis on the use of NI to address the combined risks of nitrate pollution and
flooding and its scalability from the entire river basin to small watersheds. Our work
brings together GIS-based mapping of potential locations of various NI practices with
model-derived estimates of flood and water quality risks to prioritize where NI can be
most effective for combined risk reduction at scales ranging from small watersheds to
regional basins. Our analysis included the entire MARB, but we highlight practices and
prioritization in the smaller Iowa-Cedar River Basin in eastern Iowa to better visualize
the spatial data and demonstrate how prioritization could be achieved at a range of
spatial scales.

2. Materials and Methods
2.1. MARB Description

The MARB, extending east to west from the Appalachian Mountains in New York to
the Rocky Mountains in western Montana and north to south from Canada to the Gulf of
Mexico, drains an area of 3,208,700 km2 or about 41% of the conterminous United States.
In a basin this large, it would be expected that climate, topography, and land use vary
widely across the region (Figure 1). Long-term annual precipitation (P) increases from
the drier High Plains region (<500 mm) to the southeast U.S. where annual P exceeds
1500 mm (Figure 1A). Land slopes are commonly less than 2% in the recently glaciated
Midwest, Mississippi River delta region, and High Plains, but exceed 7% in older glacial
landscapes and Driftless region of Wisconsin, and in mountainous regions that include
the Appalachians, Rocky Mountains, and Central Uplift zone in southern Missouri and
Arkansas (Figure 1B).

Largely due to continental differences in climate and topography, land use, and agri-
cultural intensity also varies in the MARB. The dominant MARB land use categories are
forest (1,051,986 km2), grassland/pasture/hay (951,426 km2), all cropland (796,449 km2),
urban (166,038 km2), wetland (147,660 km2), fallow/barren (67,619 km2), and water
(64,824 km2). Row crops of corn and soybeans grown in rotation are intensively grown
in the expansive Corn Belt region that stretches from the eastern Missouri River Basin,
across the UMRB to the western part of the Ohio River Basin (ORB) (Figure 1C). Through-
out the Corn Belt, artificial subsurface drainage systems were installed to drain excess
water from the landscape for crop production [35]. Watersheds containing these artificial
drainage systems are susceptible to increased losses of many agricultural pollutants,
including predominantly NO3-N [36–38].

The MARB provides tremendous ecosystem and transportation services but simulta-
neously suffers from severe flooding, ecological, and water quality stresses [39–41]. Several
extreme floods occurred in parts of the MARB stream system between the early 1800s and
the present time [42–44]. Some of these floods were considered “massive”, due to extensive
destruction that occurred over large portions of the MARB during 1858, 1874, 1927, 1936,
1973, 1993, 1997, 2011, and 2019 [42–50]. The magnitude of “100-year floods” has increased
by 20% over the past 500 years; channelization of the Lower Mississippi River Basin (LMRB)
was responsible for 75% of this increase [51]. The largest portion of these flood magnitude
increases was due to wing dikes and other navigational structures, with progressive levee
development contributing secondary impacts [52].
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Figure 1. Spatial patterns of annual precipitation (A), land slope (B), row crop land cover (C), and
subsurface tile drainage (D) in the MARB.

Exports of nonpoint source pollutants from cropland landscapes and other diffuse
sources to stream systems have manifested as the dominant MARB pollution problem
in recent decades [53–56]. An analysis conducted by Sprague et al. [53] of long-term
monitoring data at eight Mississippi River sites revealed little decline in nitrate loads
between 1980 and 2008 in the Upper Mississippi River Basin (UMRB). Monitoring data
collected across 46 Iowa watersheds from 2000 to 2017 revealed a weighted average total P
(TP) yield of 1.70 kg/ha, which was estimated to result in roughly 15% of the annual
TP load to the Gulf of Mexico during that time period [56]. Jones et al. [55] report that
extremely high loads of nitrate were also exported from Iowa over the period of 1999 to 2016,
which were equivalent to 29, 45, and 55% of the total nitrate loads discharged to the entire
MARB, UMRB, and MRB regions during the study period. David et al. [57] found that the
highest nitrate exports occurred from intensive row-cropped and tile-drained landscapes in
Minnesota, Iowa, Illinois, Indiana, and Ohio based on statistical modeling they performed
for the MARB. Dissolved inorganic and organic N exports from the MARB were found to
increase by 140% and 53%, respectively, based on a simulation analysis performed from
1912 to 2014 [58]. The discharge of nutrients from the outlet of the Mississippi River has
been identified as a key underlying cause of the seasonal oxygen-depleted hypoxic zone
that forms annually in the northern Gulf of Mexico [55,57,59–61].
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2.2. Assessing Runoff and NO3-N Risks in MARB

We used the Soil and Water Assessment Tool (SWAT) ecohydrological model [62–65] to
assess runoff and nitrate risks in the MARB. SWAT has evolved over a period of three decades
via multiple versions as chronicled by Bieger et al. and Gassman & Yingkuan [65,66]. SWAT
has been applied across the globe to assess an extensive array of water resource problems
for areas ranging from <1 km2 to entire continents as documented in the SWAT literature
database [67] and various general, regional and topical reviews [68–77]. SWAT has also been
applied for major MARB water resource regions including the MRB [78–82], ORB [29,83–87],
Corn Belt region [88–90], Arkansas-Red-White River System [78,83,91,92], LMRB [93,94], and
UMRB (over 40 studies, see Chen et al. [95]).

The development of the National Agroecosystem Model (NAM) provides a platform
to apply SWAT for the entire MARB at refined areal resolutions as small as individual
crop fields [96]. NAM also utilizes the newly developed SWAT+ model, which allows
greater flexibility in the representation of individual watershed components (reservoirs,
streams, fields, aquifers, etc.) and their interconnections. The NAM system has been
configured for the contiguous U.S., which features a robust structure that incorporates
4,880,000 agricultural fields and 2,250,000 non-agricultural hydrologic response units [96].
These landscape spatial units are further overlayed by a hierarchical system of basins and
watersheds that are identified by specific hydrologic unit codes (HUCs) that were developed
by collaborating federal agencies [97,98]. The HUC classification scheme is a nationwide
set of nested polygons that classifies basins based on drainage subdivisions. Six different
HUC levels have officially been established which are categorized as regions, subregions,
basins, subbasins, watersheds, and subwatersheds [97,99]. Regions are identified with
2-digit codes, which include the six major basins that comprise the MARB. Subregion,
basin, subbasin, watershed, and subwatershed HUCs represent successively smaller
drainage areas and are identified by respective 4-, 6-, 8-, 10,- and 12-digit codes [100].
There are 84 HUC4-level subregional basins and 34,944 HUC12-sized subwatersheds
within the MARB.

Planting and harvesting, tillage, fertilizer, irrigation, and other management prac-
tices, coupled with structural conservation practices [100], other conservation practices,
and subsurface tile drainage are also accounted for on cropland landscapes [96]. The orig-
inal tile drainage layer described by Arnold et al. [96] has since been updated with the
improved spatial representation of tile drains reported by Valayamkunnath et al. [101]
(shown in Figure 1D).

Calibration of the NAM system initially focused on the hydrologic and crop yield
components of the system [102]. Uncalibrated streamflow and nitrate loads estimated
for the MARB region were used for the GIS model water quality assessment in this study.
The nitrate loads were reviewed by the NAM modeling team and other co-authors of
this study to ensure that expected areas of the highest loads (e.g., intensely cropped
tile-drained areas) were replicated by the modeling system. The GIS model water
quality assessment presented here can be updated in the future with fully calibrated and
validated NAM nitrate loads.

2.3. Selection of NI Practices

For this study, we evaluated NI practices that have been shown to have a high
potential to reduce flood risk and/or improve water quality [8]. Our water quality focus
was placed on reducing nitrate export because the hydrologic pathways of nitrate loss
(primarily tile drainage and baseflow [103]) are different than those pollutants associated
with rainfall runoff (i.e., sediment, bacteria, and phosphorus [104]). Practices that reduce
flooding will also reduce pollutant transport from stormwater runoff. Of the NI practices
examined by Suttles et al. [8], we emphasized those most likely to provide dual benefits
for water quality improvement and flood reduction and for which clear siting criteria are
available at the regional scale: upland row crop conversion, water, and sediment control
basins (WASCOBs), depressional wetlands, nitrate-removal wetlands, riparian buffers,
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and floodplains (levees and row crop conversion). Our emphasis on the potential for
dual benefits precluded the consideration of nitrate reduction strategies that do not
have flood reduction benefits such as bioreactors [105] and saturated buffers [106]. We
describe the selected practices briefly below.

2.3.1. Upland Row Crop Conversion

Considerable research has shown that land use change has contributed to increasing
discharge and floods [107–109]. In particular, increasing cultivation and grazing pressure
from agricultural land use change has contributed to increased soil compaction, reduced
infiltration, and increased runoff [110,111]. On the other hand, perennial cover in water-
sheds reduces the likelihood of flood events, decreasing both the number of flood events
and the frequency of severe floods [10]. Further, nitrate concentrations are overwhelmingly
associated with agricultural croplands, specifically row crops of corn and soybean produc-
tion [112,113]. Hence, a conversion of row croplands to perennial vegetation would serve
the dual benefits of reducing runoff risk and reducing nitrate export.

2.3.2. WASCOBs

Berms or small terraces are placed along minor slopes or drainageways to detain
runoff during storm events and slowly release the water through an outlet or seepage via
infiltration [114]. These practices are similar to runoff attenuation features used primarily
in the UK and Europe [8]. WASCOBs are primarily understood to significantly reduce
downstream sediment and particulate phosphorus export (80–85%; [115]) but infiltrating
water into drainage-way deposits that consist of fine-textured and organic-rich sediments
may provide additional nitrate reduction benefits via denitrification [116].

2.3.3. Depressional Wetlands

Depressional wetlands are typically shallow depressions, sometimes referred to as
palustrine wetlands, potholes, or sloughs [117]. Many of these shallow depressions were
formed following the retreat of Wisconsin-age glaciers (Prairie Pothole region; [118]), but
similar depressional features are found in floodplains [119]. Depressional wetlands capture
and store floodwaters [120,121] and they are considered an effective edge-of-field treatment
for reducing nitrate loads [122–124].

2.3.4. Nitrate-Removal Wetlands

Nitrate-removal wetlands are constructed or engineered wetlands that replicate the
functions of natural wetlands and are often positioned in the landscape to intercept water
and nitrate in tile-drained agricultural watersheds [124,125]. Many of these wetlands are
located at the outlets of small, tile-drained catchments and receive flows and nitrate loads
from combined surface and subsurface sources [125]. Although primarily considered a
nitrate treatment practice [18,123] they also reduce peak runoff [126].

2.3.5. Riparian Forest Buffers

Riparian buffers consist of natural [127] or designed [128] perennial vegetation found
adjacent to streams. Buffers are well understood to reduce subsurface nitrate concentra-
tions [129–131] via processes such as plant uptake [132] and denitrification [133]. The peren-
nial vegetation lining streams add surface roughness and may reduce flood peaks [8,134],
but further study is needed.

2.3.6. Floodplain Levees

Levees are commonly located adjacent to rivers prone to flooding and reduce the
impacts of flooding on floodplain agriculture and urban development [135–137]. One
estimate indicated more than 160,000 km of levees lining US floodplains [138], and many of
these are in a questionable state of repair. Levees constrict channel discharge and increase
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stage within the river and are occasionally overtopped during floods. Allowing for river
inundation behind levees is being increasingly recognized for flood mitigation [136,139].

2.3.7. Floodplain Row Crop Conversion

Floodplains are often cropped because the soils are rich in flood-deposited nutrients
and subsurface moisture is plentiful. The financial risk to farmers is often limited because
federal crop insurance provides protection against crop loss due to flooding. However,
floodplain farming contributes to high nitrate concentrations in shallow groundwater
following flood inundation [140]. Conversion of row croplands to perennial vegetation
in floodplains adds surface roughness that reduces flood energy and stores water on the
floodplain attenuating peak flows [141–143] and reduces nitrate loads [144–146].

2.4. GIS Analysis

The seven NI practices evaluated in this study have specific topography, land cover,
soils, and other design criteria that were considered in locating their potential implementa-
tion across the MARB. Spatial datasets describing these criteria were processed to identify
and quantify NI practice locations, and then summarized as raster output and ranked by
quantile. A summary of key assumptions, data inputs, GIS processing steps, and outputs is
provided in Table 1, in Appendix A.

Rasters describing potential NI practice suitability criteria with a spatial resolution
of 10 m were used to quantify the total watershed area potentially impacted by an NI
practice. Individual grid cells were summed for the various watershed size classes,
including HUC4, HUC8, and HUC12 levels. In this paper, we present the summed NI
practices (cell counts) at the HUC4 level but utilize the Iowa-Cedar HUC4 in eastern
Iowa to show individual practice locations. Informally for this paper, we will refer to the
HUC4 level comparisons as “basins” and the mapping conducted within a single HUC4
(the Iowa-Cedar) to be a “watershed.” It is important to stress that all the NI location
data were granularly located at the 10-m scale so the grid data could be summed and
analyzed at any spatial scale, ranging from <HUC12 to the MARB scale. A flow chart of
the evaluation process is provided in Figure 2.

Figure 2. Flow chart of evaluation process whereby ranks of watersheds with flood and nitrate risks
are combined with ranks of watersheds with NI practice potential to derive a combined ranking of
watersheds where NI practices can do the most good to reduce flood and nitrate risks.

Output from the SWAT NAM system was utilized to assess risks from runoff and
nitrate export at the HUC12 scale (Figure 2). We extracted values of mean annual surface
runoff (mean surq) from the NAM output and considered this parameter (in mm yr−1) to
reflect potential risks due to overland runoff from basin areas. It is important to note that
surface runoff is not the same as total runoff (that would include tile flow and baseflow),
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but it is only that portion of streamflow that the NAM assigns to surface water runoff.
Surface runoff is a function of the intensity and amount of rainfall and other landscape
factors that influence runoff such as slope, soils, and land cover. Surface runoff output
from the NAM SWAT system was thus an ideal method to integrate these factors across the
MARB. Similarly, nitrate risks were identified in the MARB by extracting nitrate loss from
the NAM system by the HUC12 watershed and summing nitrate loss (in kg ha−1) from
surface runoff, lateral flow, tile drainage, and groundwater pathways. Using the NAM
output to identify risks due to surface runoff (flooding) and nitrate loss provided a means
to evaluate risk patterns across the MARB by HUC12 with a methodological approach
widely recognized by the scientific modeling community.

The prioritization of NI practices to reduce flooding and nitrate export risks was
assessed by overlapping a scored quintile ranking scale. For each NI practice at various
HUC scales, the total number of grid cells for practice was summed and binned to determine
the HUC ranking by quintile. Those basins and watersheds with a specific NI practice
count in the uppermost 20% were given a value of 5 and those in the lowest 20% were given
a value of 1 (quintile scores of 2, 3, and 4 in-between). Each of the 7 NI practices were scored
for an individual basin or watershed and then summed to derive the combined NI score.
Those with the highest NI practice scores had the greatest number of potential locations for
all NI practices in the basin or watershed. Likewise, we utilized a quintile ranking scheme
to classify HUCs according to their flooding and nitrate export risks. Ranking from 1 to 5,
with 5 being associated with a basin or watershed with the highest risk, HUCs of various
sizes were ranked for their individual and combined risks of flooding and nitrate export. A
value of 10 would identify a basin that is among the highest 20% of basins with a flood risk
(5 points) and nitrate export risk (also 5 points). NI practices are prioritized by combining
the ranking scores of individual and total NI practices within a basin with the flooding
and nitrate export risk scores. Spatially targeting the basins with the highest rankings of
NI practices and combined flooding and nitrate risks will lead to the locations where we
would expect to see the highest rates of flood mitigation and water quality improvements
from NI practices (Figure 2).

Our analysis included the entire MARB at HUC4, HUC8 and HUC12 basin scales, but
we highlight practices and prioritization in MARB at the HUC4 scale and in the specific
Iowa-Cedar River HUC4 watershed in eastern Iowa to better visualize the spatial data and
prioritization scheme.

3. Results
3.1. Flood and Nitrate Risk

Surface runoff in the MARB reflects an increasing precipitation gradient toward the
southeast and mountainous regions that include the Appalachians, Rocky Mountains,
and Central Uplift zone in southern Missouri and Arkansas (Figure 3A). Annual surface
runoff exceeds 300 mm yr−1 throughout much of the region south along the Mississippi
River and in the Mideast US. Surface runoff tends to increase with distance downstream
in the Mississippi River, from the Indiana-Ohio region into Louisiana. For this analysis,
we equate high surface runoff rates with increased flood risk with an understanding that
economic damages from floods are often associated with land management practices, urban
development, and floodplain infrastructure (Figure 3B). For example, the State of Iowa has
a moderate surface runoff risk but is an epicenter for flood damages due to crop losses
(Figure 3B). Hence, the surface runoff metric is a key indicator for identifying watershed
areas where floods might originate but will not necessarily reflect where flood damages
will be the greatest. This concept is consistent with a watershed systems approach to the
assessment of hydrologic hazards [147].
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Figure 3. Spatial patterns of mean annual surface runoff by HUC12 obtained from the NAM (A),
flood damages by census block (B), mean annual NO3-N loss by HUC12 obtained from the NAM (C)
and combined risk to flooding and N loss by HUC4 (D) in the MARB.

Nitrate export in the MARB is concentrated in the Upper Mississippi River basin
(Figure 3C) corresponding to land areas devoted to intense row crop cultivation (Figure 1B)
and underlain by subsurface drainage tiles (Figure 1C). Nitrate loss from HUC12 basins
in this area exceeds 15 kg ha−1, and in several basins exceeds 25 kg ha−1. Cropped areas
in the Midwest with less intensive tile drainage typically have nitrate yields < 7.5 kg ha−1

whereas yields for most of the MARB are less than 2.5 kg ha−1 (Figure 3C).
The relative risks from surface runoff and nitrate export were ranked across HUC4

basins in the MARB and several basins in the central region of the US, including the
states of Iowa, Illinois, and Indiana, have the highest combined flooding and nitrate risks
(Figure 3D). We highlighted the Iowa-Cedar River HUC4 in eastern Iowa to show how
these risks vary within HUC12s of a larger HUC4 basin (Figure 4). The total runoff was
higher in HUC12 watersheds in the southeast portion of the basin where land slopes are
steeper and there is more annual precipitation (Figure 4A). In contrast, nitrate yields are
higher in the northern areas of the basin where the topography is flatter, tile drainage is
prevalent and row crop intensity is greatest (Figure 4B). The diverging spatial patterns
of flood (surface runoff) and nitrate risks within the same basin indicate that a diverse
portfolio of NI practices should be considered to address their combined risks.
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Figure 4. Mean annual surface runoff obtained from the NAM for HUC12 watersheds in the Iowa-
Cedar basin (A), and mean annual NO3-N loss by HUC12 obtained from the NAM (B).

3.2. NI Practice Locations

At the scale of the MARB, it is not possible to show the locations of NI practices at a
10 m resolution, so we highlight the NI practice mapping for the Iowa-Cedar River basin
(Figure 5). Consistent with the total runoff risk mapping, potential row crop conversion
that is concentrated on land slopes >7% is primarily found in the southern portion of the
Iowa-Cedar basin (Figure 5A). Since the siting criteria were similar, potential WASCOB
locations are in the same area as land use change but since these were quantified using
minimum watershed areas (20 ha), they are shown in Figure 5B based on their frequency of
occurrence. The potential applicability of WASCOBs is focused largely in southeast Iowa.

Potential locations for depressional wetlands are primarily found in the northwest
portion of the Iowa-Cedar basin where the basin headwater areas overlie the recently
glaciated Des Moines Lobe region of Iowa (Figure 5C). The Des Moines Lobe is the southern
extent of the Prairie Pothole Region and is dominantly flat with numerous land depressions
that contained wetlands, kettle lakes, and ponds prior to settlement and drainage [94].
On the other hand, nitrate removal wetlands are not necessarily natural features and are
typically sited based on topography, tile drainage intensity, and row crop area (Figure 5D).
While there are numerous potential sites in the depressional wetland area (Figure 5C), the
potential applicability of this practice extends to other regions of the Iowa-Cedar basin
where siting criteria were met. In particular, potential nitrate removal wetland areas extend
eastward into a region of Iowa particularly vulnerable to nitrate export.

Opportunities for riparian buffers line nearly every river and stream in the Iowa-
Cedar basin (Figure 5E). Since many rivers and streams have some degree of natural
buffering [104], potential locations of unbuffered segments at a 10 m mapping resolution
are often closely intermingled with buffered segments at the scale of large river basins,
such as the Iowa-Cedar basin. Because of this, the riparian practice is difficult to show in
Figure 5E, but there is a high degree of confidence that opportunities for locating riparian
buffers have been appropriately identified.
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Figure 5. NI practices mapped at the 10 m scale in the Iowa-Cedar basin (see Table 1 for specific
details). (A) Land use change on slopes >7%, (B) WASCOBS, (C) Depressional wetlands, (D) Nitrate
removal wetlands, (E) Riparian buffers, (F) Land use change on floodplains, (G) Leveed areas.

Potential locations for row crop conversion on floodplains are found throughout the
basin (Figure 5F) but leveed areas are primarily concentrated along the Mississippi River
and lower Iowa-Cedar River floodplains in southeast Iowa (Figure 5G). Other leveed areas
are scattered along the major interior rivers protecting the larger urban areas of Cedar
Rapids, Waterloo, and Marshalltown. However, most of the HUC12s within the Iowa-Cedar
basin have little to no opportunities of expanding floodplain storage behind current levees.

3.3. Linking NI Practices to Flood and Nitrate Risks

We prioritized all 84 HUC4 basins within the MARB by combining the quintile ranking
scheme for flooding and nitrate risks along with the quintile ranking of opportunities to
implement NI practices (Figure 6A). Those basins among the uppermost 20% (combined
score of >36) combine the greatest risks for flooding and nitrate export with the greatest
potential for NI practice implementation. Hence, the highest-ranking basins are those
where NI practices could be located for the greatest benefit. Many of these HUC4 basins are
located in the Upper Mississippi and Ohio River basins (Figure 6A). The Wabash and Iowa-
Cedar basins (HUCs 0512 and 0708, respectively) rank among the uppermost quintile for
nearly all practices evaluated, indicating widespread opportunities for NI implementation
(Table 1). In these two basins, the risks of flooding and N loss are in the uppermost 20%
compared to other MARB HUC4 basins, and there are many opportunities to site the
analyzed NI practices there to achieve flood and nitrate reductions. The exception is for
levee reconnections; the implementation opportunity for this practice ranked lower in these
two basins compared to other HUC4s.
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Figure 6. Combined quantile ranking of flood and nitrate risks with total NI practices at the HUC4
scale (A) and in the Iowa-Cedar basin (B).

Other basins within the Upper Mississippi River region, including the Big Sioux,
Rock River, Lower Illinois, and Des Moines HUCs also rank very highly for NI practice
implementation (Table 1). Prioritizing NI practices in these basins would also provide the
greatest benefits. In contrast, there appears to be less NI practice potential in most of the
western MARB basins and this coincides with lower flooding and nitrate loading risks.

Opportunities for prioritizing NI practices are better suited for HUC12 watersheds
within a single HUC4 (Figure 6B). In the Iowa-Cedar basin there are 657 HUC12 watersheds
(out of a total of 34,944 HUC12 watersheds within the MARB) and the NI practice best suited
for various HUC12 conditions within the Iowa-Cedar basin varied considerably (Table 2).
For example, within the Mockridge HUC12 (#070801030405) the greatest opportunities
were associated with depressional wetlands and nitrate removal wetlands, whereas in
another HUC12 with high flood and nitrate risks (Johnson Creek #070801010102) there was
less potential for nitrate treatment wetlands (score of 2) but more potential for floodplain
land use change (score of 5) (Table 1). In this assessment, the prioritization scheme based
on relative rankings was not focused on the precise match of an NI practice to a watershed.
Rather, the prioritization scheme included all the potential NI practices together to identify
those HUC12s in the Iowa-Cedar basin where any combination of NI practices would have
the most benefit for reducing combined flood and nitrate risks.
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Table 1. Quantile ranking of selected HUC4 basins in MARB for combined flood and N risks and potential NI practice implementation.

HUC4 Name Flood Risk NO3-N Risk Total
Combined Risk

Row Crop Change
on Slopes * WASCOBs * Depress.

Wetlands *
N Treat.

Wetlands * Rip. Buff. * FP Levee
Areas *

FP Row Crop
Change *

Total
Combined

Score
(Risk + NI)

0512 Wabash 5 5 10 5 5 5 5 5 3 5 43

0708 Upper Mississippi-Iowa-
Skunk-Wapsipinicon 5 5 10 5 5 5 5 4 3 5 42

0713 Lower Illinois 5 5 10 4 4 5 5 3 3 5 39

0714 Upper Mississippi-
Kaskaskia-Meramec 5 5 10 4 4 4 5 4 3 5 39

0702 Minnesota 4 5 9 4 4 5 5 5 2 3 37

0802 Lower Mississippi-St. Francis 5 3 8 3 3 5 5 5 3 5 37

0709 Rock 3 5 8 5 5 4 5 3 3 4 37

1017 Missouri-Big Sioux 2 5 7 5 5 5 5 4 2 4 37

0710 Des Moines 3 5 8 5 5 5 5 2 2 4 36

0514 Lower Ohio 5 5 10 4 4 3 4 3 3 5 36

1023 Missouri-Little Sioux 2 5 7 5 5 5 5 1 3 5 36

1027 Kansas 3 4 7 5 5 4 4 3 3 5 36

* Natural Infrastructure Practices.

Table 2. Highest ranking watershed scores for HUC12 basins in Iowa-Cedar basin for combined flood and N risks and potential NI practice implementation.

HUC12 Name Flood Risk NO3-N Risk Total
Combined Risk

Row Crop Change
on Slopes * WASCOBs * Depress.

Wetlands *
N Treat.

Wetlands * Rip. Buff. * Levee Areas * FP Row
Crop Change *

Total
Combined

Score
(Risk + NI)

070801010705 Boston Bay 5 3 8 3 3 5 5 5 5 5 39

070801041501 Cartlage Lake 5 2 7 3 3 5 5 5 5 5 38

070801040402 Mud Creek 3 3 6 5 5 4 3 5 5 4 37

070801030405 Mockridge 5 5 10 5 5 4 5 3 5 0 37

070801041101 Cottonwood Drain 4 4 8 2 2 5 5 5 5 5 37

070801041704 Spillman Creek- 3 4 7 3 3 5 4 5 5 5 37

070801010102 Johnson Creek 2 4 6 5 5 4 2 5 5 4 36

070801030406 Yankee Run 5 3 8 5 5 4 5 4 5 0 36

070801051106 Van Zante Creek- 5 2 7 5 5 4 5 5 5 0 36
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Table 2. Cont.

HUC12 Name Flood Risk NO3-N Risk Total
Combined Risk

Row Crop Change
on Slopes * WASCOBs * Depress.

Wetlands *
N Treat.

Wetlands * Rip. Buff. * Levee Areas * FP Row
Crop Change *

Total
Combined

Score
(Risk + NI)

070802060704 East Branch
Wapsinonoc 2 5 7 5 5 5 5 4 5 0 36

070802091104 Sunfish Lake 5 1 6 3 3 5 3 5 5 5 35

070802020101 Bancroft Creek 4 4 8 4 4 5 5 5 4 0 35

070802080703 Plague Mine Creek 5 1 6 5 5 5 2 5 4 3 35

070802020106 Goose Creek 4 4 8 4 4 5 5 5 4 0 35

070801040601 Iowa Slough 3 4 7 2 2 5 5 4 5 5 35

070801060404 Pleasant Creek 4 4 8 5 5 4 3 5 5 0 35

* Natural Infrastructure Practices.
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4. Discussion

In this analysis, our goal was not simply to identify locations where NI or other
conservation practices could be located (i.e., [18,20]), but to identify locations where NI
practices could potentially have the greatest benefits for reducing flooding and nitrate
export risks. We did this by intersecting these risks with potential NI locations and found
that a relative ranking centered on population quintile percentages could be used to
prioritize basins from the HUC4 to HUC12 scale for risk reductions.

A priority scheme focused on identifying overlapping opportunities for flood and
nitrate risk reductions using NI practices is needed to maximize the limited conservation
funds available for interventions. Conservation adoption is often a function of aware-
ness of practices and programs [148] and is considered by many to be “random acts of
conservation” [149]. Improved spatial targeting is needed to inform the planning and im-
plementation of conservation programs [149,150]. In contrast to other targeting strategies
that singularly focus on flood (11, 12) or water quality risks (13, 14) or on identifying specific
practice locations (20), our targeting approach includes quantification of the environmental
risks and also NI solutions. For example, a state or regional entity wishing to wisely spend
conservation funds could consult the maps and database from this project to identify which
HUC12 watersheds have the greatest environmental risks and the greatest potential for NI
practice implementation. The 10 m scale of NI locations evaluated in this study provides
additional criteria to help prioritize which types of NI practices have the greatest potential
for risk reduction.

However, our analysis has limitations that are acknowledged with an eye toward
making future improvements. First, flooding (runoff) risks and nitrate loss were quantified
at a HUC12 scale across the MARB with a national SWAT+ model (NAM) that is under
development [96]. Building the NAM remains a work in progress and future refinements
along with detailed model calibration and validation efforts are currently underway. For
this study, we used the long-term average runoff and nitrate loss in a HUC12 to assess the
relative risks across the MARB. Future integration of SWAT+ output into prioritization
efforts could retain these model outputs, or perhaps focus on extracting peak flows by
HUC12 (for flood risks) or identifying maximum river nitrate concentrations or loads. A
major benefit of utilizing the NAM for risk identification is the ability to extract various
model outputs for analysis.

Integrating the NAM into a continental prioritization scheme for NI practice placement
should remain a priority if potential NI benefits are to be quantified. In our current study,
we simply stacked NI practices on top of the modeled runoff and nitrate risks to identify
the potential for co-benefits. If the effectiveness of single or multiple NI practices to reduce
flood and nitrate risks is to be quantified, a calibrated and validated ecohydrological
model such as the NAM will be needed to follow the water and route nutrient transport
downstream from one watershed to another [150]. Furthermore, effectiveness varies at the
scale of an individual practice [8], and accounting for this variability to estimate benefits
can only be achieved with highly detailed spatial and temporal modeling. Hence, our study
presented herein offers a first but coarse approach to linking flooding and water quality
risks to NI practices.

The prioritization approach based on quintile ranks could be improved with a more
sophisticated accounting of NI practices. The seven NI practices considered were all
located and quantified at the scale of a 10 m grid cell and this spatial resolution could be
better incorporated into a prioritization scheme if desired. However, since the risks were
evaluated at the HUC12 scale, there was a need to keep the NI practice quantification at a
consistent spatial scale. For this reason, we summed by area and binned the NI practices to
quantiles by HUC12, but there are other options to prioritize NI practices based on other
criteria. For example, the spatial locations of potential NI practices delineated at the 10 m
scale could be used to guide the placement of NI practices across the entire MARB. Similar
to other conservation targeting strategies (e.g., Tomer et al. [20]), the results from our study
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can be used for locating potential NI practice placements at various watershed scales for
conservation professionals.

5. Conclusions

Abundant research has shown that natural infrastructure practices have the ability to
reduce risks from flooding and poor water quality but rarely have a suite of NI practices
been assessed at larger watershed scales for reducing their combined risks. In this
study, we intersected watershed-scale risks to flooding and nitrate export in the MARB
with potential locations of various NI practices to prioritize where NI interventions
can be most effective for combined risk reduction at watershed scales in the MARB. A
prioritization scheme demonstrated at a basin-wide HUC4 scale and highlighted at a
smaller HUC12 watershed scale demonstrated that basins could be triaged to determine
the optimal watersheds for deploying NI practices to minimize flooding and water
quality risks. Through the use of output from a national SWAT model to identify runoff
and nitrate risks, and combining this with high spatial resolution GIS modeling of NI
practice locations, we qualitatively ranked watersheds ranging from HUC4 to HUC12
sizes in the MARB on the potential for seven different NI practices to reduce these
risks. Policymakers could use maps of the type developed in this study to identify
watersheds that are the best candidates for the use of NI to reduce flood risk and water
quality. Overall, despite challenges and limitations, we believe that results from this
study should be considered a launching point from which to improve the connections
between watershed scale risks and the potential use of NI practices to reduce these risks.
In the future, more sophisticated watershed-scale modeling will be needed to improve
the quantification of benefits at various watershed scales in the MARB.
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Appendix A

Table 1. Input data, GIS processing steps, and output for locating NI practices in the MARB.

NI Practice Key Assumptions Input Datasets GIS Processing Steps Output

Row crop replacement
on high slopes (7%+)

Land use change for flooding and nitrate
reductions will be more acceptable to

producers if focused exclusively
on steeply sloping soils.

10 m raster slope data from high-resolution NHD;
Cropland data layer (CDL)—Cropscape—30 m raster;

HUC4, HUC8, HUC12 polygons.

1. Resampled CDL to 10 m for common
cell size;

2. Reclassified CDL into row crops vs
non-row crops;

3. Classified slope raster into 0–2%, 2–7%,
and 7+% slope;

4. Reclassified each raster into prime
number unique classes;

5. Used map algebra to multiply row crop
raster vs slope class raster;

6. Selected rows of crops on 7%+ slopes.

10 m raster of row crops on
high slopes.

WASCOBs WASCOBs will be installed in catchments
of over 20 ha in size.

Row crop on high slopes raster
from previous analysis;

HUC4, HUC8, HUC12 polygons.

1. Row crop raster converted to polygons
classified as non-row crop and row crops
on high slopes;

2. Polygons 20 ha and over-selected and
exported to new vector dataset;

3. Spatial join between HUC12 polygons
and row crop polygons

4. Acres of potential WASCOBs calculated
and summed per HUC12 polygon;

Polygons of potential
WASCOB locations;

Total number of potential
WASCOBs sites per HUC12.

Depressional wetlands Depressional wetlands can be identified by
topography and hydric soils.

Sinks raster from high-resolution NHD
with 10 m resolution;

SSURGO polygon data;
HUC4, HUC8, HUC12 polygons.

1. Depressions across landscape classified
into 2 classes: depression absent and
depression present;

2. SSURGO data classified into 2 classes:
areas with less than 60% hydric soils and
greater than or equal to 60% hydric soils;

3. SSURGO polygons rasterized into
10 m raster;

4. Map algebra used to determine
depressions with predominantly
hydric soils.

10 m raster of depressional
wetland areas.
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Table 1. Cont.

NI Practice Key Assumptions Input Datasets GIS Processing Steps Output

Nitrate removal wetlands

Nitrate removal wetlands should be
located to intercept tile drainage. Locations

are determined by intersecting row
croplands, tile drainage, and hydric soils.

Reclassed and resampled row crop from previous
NI practice—10 m raster;

Agricultural tile dataset reclassed and resampled to
10 m tiled and non-tiled cells;

Hydric soils raster from depressional
wetlands analysis—10 m raster;

HUC4, HUC8, HUC12 polygons.

1. Map algebra multiplication of hydric
soils, agricultural tiles, and row crops
produces a raster with 8 combinations;

2. Potential CREP wetlands are in
combination with the highest
resulting number.

10 m raster with cells
satisfying the highest class

from map algebra.

Riparian buffers
Riparian buffers of perennial vegetation
replace row crops that are present in the

riparian corridor along streams.

NHDArea Polygons;
NHD Flowline;

HUC4, HUC8, HUC12 polygons.

1. Selected and buffered NHDArea
polygons corresponding to stream/river,
channel/ditch, and inundation
area classes;

2. Buffered flowline data;
3. Merged resulting polygons into 2 classes:

non-riparian zone and riparian zone.

Polygon features that were
rasterized to 10 m cells.

Leveed areas Floodplain area behind river levees can be
used for flood storage and N reductions.

CDL raster—resampled to 10 m, reclassed to 1 class
consisting of all land uses;
Corp of Engineers levee

database—protected area polygons;
HUC4, HUC8, HUC12 polygons.

1. Reclassified as cells with land use to
include as a single class;

2. Computed geometric intersection
between HUC12 geometries and
levee-protected area polygons;

3. Spatially joined HUC12 ids associated
with the split polygons in the last step;

4. The used zonal histogram on
levee-protected polygons by HUC12
to sum cells.

10 m raster of land area
behind levees.

Floodplain Row
Crop Conversion

Converting row-cropped lands on
floodplains to perennial vegetation allows

these areas to store floodwater
and reduce N export.

CDL raster—resampled to 10 m, reclassed to row
crop and non-row crop;

100-year Floodplain raster from Samela et al. (2017);
HUC4, HUC8, HUC12 polygons.

1. Resampled cropscape CDL raster to
10 m cells;

2. Reclassified raster into row crop and
non-row crop classes;

3. Selected HUC12 geometries by HUC4
polygons iteratively;

4. Computed zonal histogram for each
HUC12 with each HUC4.

10 m raster of row crops
located on floodplains.
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