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Abstract Observatory‐scale data collection efforts allow unprecedented opportunities for integrative,
multidisciplinary investigations in large, complex watersheds, which can affect management decisions
and policy. Through the National Science Foundation‐funded REACH (REsilience under Accelerated
CHange) project, in collaboration with the Intensively Managed Landscapes‐Critical Zone Observatory, we
have collected a series of multidisciplinary data sets throughout the Minnesota River Basin in south‐central
Minnesota, USA, a 43,400‐km2 tributary to the Upper Mississippi River. Postglacial incision within the
Minnesota River valley created an erosional landscape highly responsive to hydrologic change, allowing for
transdisciplinary research into the complex cascade of environmental changes that occur due to hydrology
and land use alterations from intensive agricultural management and climate change. Data sets collected
include water chemistry and biogeochemical data, geochemical fingerprinting of major sediment sources,
high‐resolution monitoring of river bluff erosion, and repeat channel cross‐sectional and bathymetry data
following major floods. The data collection efforts led to development of a series of integrative reduced
complexity models that provide deeper insight into how water, sediment, and nutrients route and transform
through a large channel network and respond to change. These models represent the culmination of efforts
to integrate interdisciplinary data sets and science to gain new insights into watershed‐scale processes in
order to advancemanagement and decisionmaking. The purpose of this paper is to present a synthesis of the
data sets and models, disseminate them to the community for further research, and identify mechanisms
used to expand the temporal and spatial extent of short‐term observatory‐scale data collection efforts.

1. Introduction

Intensively managed agricultural landscapes can have profound effects on the water quality and ecological
integrity of downstream receiving waters (e.g., Rabalais et al., 1996; Tilman et al., 2001; Wood & Armitage,
1997). Data on water quality, discharge, precipitation, and land use are often available from national, state,
and local agencies charged with regulating and protecting water resources; however, understanding and
modeling the complex effects of land use and hydrologic change on geomorphology, sediment transport,
nutrient flux, and ecosystem response requires additional multidisciplinary data collection. Opportunities
to collect all of these data sets in a single large watershed are rare, but investments in observatory‐scale
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data collection efforts are now providing opportunities for integrated research in diverse landscapes
throughout the United States. Through the National Science Foundation (NSF)‐funded REACH
(REsilience under Accelerated CHange) project as part of the Water Sustainability and Climate initiative,
and in collaboration with the NSF‐funded Intensively Managed Landscapes‐Critical Zone Observatory
(IML‐CZO), we have undertaken a strategic campaign to collect a series of detailed, multiprocess, multidis-
ciplinary data sets throughout the Minnesota River Basin (MRB) in south‐central Minnesota, USA. Within
the MRB, an intensive focus was placed on the Le Sueur River Basin, a key subwatershed that contributes a
disproportionately large amount of sediment and nutrients to the Minnesota River (Figure 1; Belmont et al.,
2011; Gran et al., 2009; Musser et al., 2009). These targeted data sets were integrated into stream gage and
precipitation monitoring networks run by state and federal agencies so that the longer‐term hydrologic data
could provide a richer context for the shorter‐term data collection efforts described here. Collectively, these
data sets allow for the exploration of interactions and feedbacks between hydrologic and land use change
and the geomorphic, geochemical, and biophysical responses in a large intensively managed agricultural
basin. Much of this work was done in collaboration with local stakeholders including local, state, and federal
resource managers, agricultural interest groups, land owners, scientists, and nonprofits and reflects an
intentional, iterative, and participatory process in data collection and model building (Cho et al., 2019;
Cho, 2017). In addition, our data collection and modeling efforts were explicitly integrated with the develop-
ment of educational materials for teachers and high school students in the region, to broaden student parti-
cipation in scientific inquiry motivated by challenges facing the natural world in their home landscapes.

Figure 1. Data collection sites within the Minnesota River Basin (MRB), including water chemistry sites (Dolph, Hansen,
Kemmitt, et al., 2017) and river bathymetry data collection (Kelly et al., 2018). Inset shows location of the MRB within the
continental United States. A few water chemistry sites were located in the Cannon River Basin to the east of the MRB.
Additional state agency monitoring sites are not shown here (see Table S1 for details). USGS = U.S. Geological Survey.
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Hydrologic changes within a watershed can lead to a complex response in the channels and channel net-
works with potential negative repercussions on erosion, transport of sediment and pollutants, and ecosystem
integrity (e.g., Blann et al., 2009; Konar et al., 2013; Schilling et al., 2008; Vörösmarty & Sahagian, 2000). The
MRB is particularly sensitive to hydrologic change, with deeply incised tributaries eliciting a strong geo-
morphic response to ongoing changes in hydrology (Belmont et al., 2011; Belmont & Foufoula‐Georgiou,
2017; Call et al., 2017; Foufoula‐Georgiou et al., 2015; Gran et al., 2013; Kelly et al., 2017). This makes it a
valuable location to systematically investigate linkages between changes in the landscape and river ecohy-
drologic and morphologic response. Here, we describe the geomorphic, geochemical, and biophysical data
sets collected under the auspices of REACH, give examples of analyses and modeling approaches made pos-
sible through this collective effort, and include links to curricular materials that focus on understanding
water, sediment, and nutrient transport in IML. All of the data sets and modeling approaches presented here
are now publicly available. The goal of this paper is to present an integrated synthesis of these data sets and
models, both as an example of how interdisciplinary science can inform key scientific and societal questions
and to encourage additional research into IML as a prototype of coupled human‐natural systems undergoing
change (Kumar et al., 2018). This data collection and analysis effort differs from some of the longer‐term
observatory‐scale efforts (e.g., Goodman et al., 2015; Hobbie et al., 2003; Utz et al., 2013; White et al.,
2015; Wilson et al., 2018) but provides an example of how leveraged publicly available data and previous stu-
dies can be optimally integrated tomaximize science. Specifically, we demonstrate how targeted collection of
biogeochemical data and repeat geomorphic data coupled with routine stream gage, meteorological, topo-
graphy, and land use data can be used to make transdisciplinary advances in our understanding of how sedi-
ment, water, and nutrients move through and transform in IML.

2. MRB Environmental Observatory

The MRB drains approximately 43,400 km2 of south‐central Minnesota, South Dakota, and Iowa, USA
(Figure 1). TheMinnesota River itself is disproportionately small (~100 mwide; Lauer et al., 2017) compared
to its wide valley (up to 2 km wide; Lenhart et al., 2013) carved by outflows from glacial Lake Agassiz near
the end of the last glaciation (Clayton & Moran, 1982; Matsch, 1983). Incision on the mainstem Minnesota
River created knickpoints that have propagated upstream on all major tributaries, leading to deeply incised
lower tributary valleys in an otherwise relatively flat postglacial landscape (Belmont, 2011; Gran et al.,
2009, 2013).

The MRB is an optimal setting for understanding the complex cascade of changes that occur due to land use
and hydrologic alterations from intensive agricultural management and ongoing climate change. There are
three main reasons for this: (1) Large‐scale conversion of prairie to primarily row‐crop agriculture with
accompanying changes in surface and subsurface drainage has left the MRB strongly altered from its pre‐
European settlement state, affecting its connectivity and hydrologic response (Figures 2a and 2b;
Foufoula‐Georgiou et al., 2015; Lenhart et al., 2012; Schottler et al., 2014). Analyses of available discharge,
precipitation, and land use/land cover data have demonstrated increasing flows over time on the mainstem
Minnesota River and its tributaries (Foufoula‐Georgiou et al., 2015; Kelly et al., 2017; Novotny & Stefan,
2007); (2) The deeply incised postglacial valleys are particularly sensitive to changes in hydrology, and the
strong geomorphic response in channels has important ramifications for erosion and sediment loading
(Belmont et al., 2011; Cho, 2017; Gran et al., 2013; Kelly & Belmont, 2018; Lauer et al., 2017; Lenhart
et al., 2018; Vaughan et al., 2017); and (3) Dramatic increases in fertilizer input, coupled with the drai-
nage of ~80% of historic wetlands in the region since European settlement, have contributed to high loads
of nitrogen and phosphorus throughout the watershed creating numerous local and downstream water
quality challenges, including drinking water contamination, algal blooms, hypoxic zones, and harm to
aquatic life (Boardman, 2016; Hansen et al., 2018; USACE, U.S. Army Corps of Engineers St. Paul
District, M, 2004).

Within the MRB, we focus particular effort on the 9,200‐km2 Greater Blue Earth River Basin (GBERB),
which includes the Le Sueur, Blue Earth, and Watonwan Rivers (Figure 1). The GBERB and the Le Sueur
River, in particular, contribute a disproportionately large amount of sediment, nitrogen, and phosphorus
to the mainstem Minnesota River (Belmont et al., 2011; Musser et al., 2009). The 2,800‐km2 Le Sueur
River Basin has been the focus of a decade‐long sustained effort to understand the role of geomorphic
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Figure 2. Examples of key project findings based on analysis of publicly available data combined with original field data
sets for water quantity and quality (e.g., nitrate, sediment, and phosphorus). (a, b) The imprint of agricultural land use
change on hydrologic change. Using daily streamflow data in the growing season of May–June to minimize climatic
effects, the hydrologic transition (HT) is observed coincident with the conversion to soybeans, that is, following the land‐
cover transition (LCT), which as objectively extracted from land‐cover data for the Redwood River, a tributary to the
Minnesota River. Modified from Foufoula‐Georgiou et al. (2015). (c) Effect of wetland spatial patterning on riverine
nitrate. Five sites with similar crop cover (69–84% in increasing order B‐E‐D‐A‐C) and 2.32–2.97% nonephemeral wetlands
showed different nitrate concentrations. (d) Accounting for spatial wetland patterning (parameterized as the percentage of
intercepted area = fraction of a site's watershed area intercepted by a wetland) significantly reduced variability. Nitrate
observations at A–C were measured in 2015 and D and E in 2014. Modified fromHansen et al. (2018). (e) Timing and flow
conditions for bluff toe and bluff face erosion as documented via daily time lapse photography on 10 bluffs in the lower Le
Sueur River. Mean daily discharge values are plotted in terms of flow exceedance from two gages (32076001 and 32071001)
in the Le Sueur River showing flows under which erosion dominantly occurs. Modified from Kelly and Belmont (2018).
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history and structure on sediment loading (Belmont et al., 2011; Day et al., 2013a, 2013b; Gran et al., 2011,
2009, 2013). The data collected in the Le Sueur prior to the REACH effort, as part of the National Center for
Earth Surface Dynamics, an NSF Science and Technology Center, laid a strong foundation upon which we
were able to expand both spatially (throughout the entire MRB) and across multiple disciplines.

The goal of our interdisciplinary collaboration was to investigate the hypothesis that specific places, times,
and processes have disproportionate impacts on the ways that human changes to intensively managed agri-
cultural landscapes propagate through river networks resulting in downstream water quality impacts
(Belmont & Foufoula‐Georgiou, 2017). This goal necessitated the compilation, integration, and synthesis
of large, existing public data sets (Table S1 in the supporting information) as well as the generation of large,
unprecedented original field data sets as described below. The value of the publicly available hydrology,
topography, water quality, imagery, and land cover data sets cannot be overstated and gave the additional
data sets here a rich temporal, spatial, and historical context. Many of the data sets were critical in the devel-
opment of a series of reduced complexity models designed to understand key processes and linkages between
processes at the watershed scale (Call et al., 2017; Cho, 2017; Cho et al., 2017; Czuba et al., 2017; Czuba &
Foufoula‐Georgiou, 2014, 2015; Hansen, Czuba, et al., 2016), while additional efforts focused on integrating
new knowledge into existing mechanistic modeling frameworks like the Soil and Water Assessment Tool
(e.g., Kumarasamy & Belmont, 2018; Mitchell et al., 2018).

3. New Interdisciplinary Data Sets for Watershed‐Scale Studies in IML

New data sets were collected throughout the MRB, including the Cottonwood, Chippewa, and GBERBs and
along the mainstem Minnesota River. In addition, many public data sets were utilized and synthesized to
provide context for the interpretation of the new data sets collected here (Table S1). The data sets collected
throughout theMRB are described below, together with the science questions that motivated their collection
and examples of the analyses they enabled to test hypotheses and develop new models.

3.1. Watershed‐Wide Water Chemistry and Biogeochemical Data

Detailed water chemistry data are needed to inform our understanding of how processes like denitrification,
assimilation, and phosphorus sorption‐desorption affect the movement of water quality constituents
through river networks. Prior to the onset of this project, these data were limited for our study region, espe-
cially at the subwatershed scale. We addressed this need with an extensive field campaign that spanned four
field seasons from 2013–2016. Biogeochemical data were collected under multiple flow conditions from
more than 200 ditch, stream, and river sites across the MRB (Figure 1). Data collected include (1) water
chemistry (total dissolved nitrogen [N], nitrate‐N, nitrite‐N, ammonium‐N, particulate N, soluble reactive
phosphorus, total dissolved phosphorus, particulate phosphorus, total phosphorus, dissolved organic car-
bon, dissolved inorganic carbon, particulate carbon, chlorophyll a, total suspended solids, volatile suspended
solids, δ2H and δ18O stable isotopes of site water, specific ultraviolet absorbance of site water, and fluores-
cence index of site water); (2) stable isotopes (δ13C, δ15N, and δ2H) of invertebrate consumers, particulate
carbon, and potential food sources; (3) denitrification rates and characteristics of benthic sediment in agri-
cultural drainage ditches; (4) phosphorus characteristics including total and extractable dissolved phos-
phorus and phosphorus sorptive properties of sediment from agricultural uplands, bluffs, ditchbanks,
streambanks, and ravines; and (5) stream discharge. The data sets, as well as methods for data collection
and quality control, are described in more detail in Dolph, Hansen, Kemmitt, et al. (2017) and Baker (2018).

The wide spatial and temporal coverage of these data sets enabled testing of novel hypotheses about the
watershed‐scale influences of wetlands on downstream nitrate concentrations (i.e., Figures 2c and 2d) under
different flow conditions (Hansen, Dolph, & Finlay, 2016; Hansen et al., 2018) with results contrasting from
other empirical watershed‐scale studies in part because of the wide variation in wetland and shallow lake
cover in the MRB (Hansen et al., 2018; Strayer et al., 2003). The data sets were used in the development of
a process‐based river network framework for predicting nitrate and dissolved organic carbon concentrations
as a function of the location and specific attributes of wetlands (Czuba et al., 2018). The data set also allowed
for quantification of multiple varied biophysical processes important to nutrient spiraling and transport in
streams and rivers of our study region, including phosphorus sorption‐desorption and the role of sediment
on modulating phosphorus form and bioavailability (Baker, 2018), and algal assimilation (Dolph, Hansen &
Finlay, 2017). Integrating the findings of these investigations of biophysical processes into frameworks such
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as watershed sediment budgets (section 3.2) and reduced complexity models (section 4) has also allowed for
the quantification of the role of these processes in watershed‐scale export of nutrients. Many of these pro-
cesses are complex, and have heretofore been poorly characterized in river systems (Alexander et al.,
2009; Bernot et al., 2006; Seitzinger et al., 2006). Greater understanding of these biophysical processes
informed by extensive data collection in the field has enabled an ongoing interdisciplinary effort bymembers
of our group to optimize conservation scenarios on the landscape for simultaneous mitigation of multiple
water quality pollutant endpoints. Beyond its current uses, the biogeochemical data set could be applied
to many possible future investigations, including the role of wetlands in modifying watershed‐scale phos-
phorus export, food web dynamics in agricultural streams, andmodeling efforts aimed at emerging contami-
nants that may be affected by stream and river water chemistry.

3.2. Geomorphic Data on Sediment Sources, Erosion Rates, and Erosional Mechanisms

Excess fine sediment is one of the largest contributors to water quality problems (Bilotta & Brazier, 2008;
Wood & Armitage, 1997), increasing turbidity and often leading to additional pollution of sediment‐bound
nutrients like phosphorus (Correll, 1998). Yet targeted management of fine sediment loads can only be
accomplished with an understanding of where sediment is derived from within a watershed and what con-
ditions lead to enhanced erosion. To better understand how sediment sources and sinks are distributed
across the MRB and how they respond to external forcings such as altered hydrology due to climate and
landscape change, geomorphic data were collected both in the field and using remotely sensed data. Data
on sediment sources and sinks were collected at the watershed scale, while detailed reach‐scale analyses
focused on channel and riparian corridor response to flows, with several major flooding events captured
in time series data. Most of the geomorphic data were collected in the GBERB (Figure 1). Many of these data
sets from the Le Sueur River Basin began prior to the REACH project and have been built upon and
expanded as part of the REACH effort. In addition to the data sets themselves, many automated mapping
tools were developed that could be used in other basins to extract features like channel networks and ter-
races from high‐resolution lidar data (e.g., Passalacqua et al., 2015; Stout & Belmont, 2014).

Within the GBERB, source delineation, change detection, and erosion rate data were used as the foundation
of an integrated sediment budget (Belmont et al., 2011; Bevis, 2015; Gran et al., 2011). Major sediment
sources (banks, bluffs, ravines, and uplands) and sinks (floodplains and lakes) were delineated from high‐
resolution (1–3 m) lidar data available throughout the state of Minnesota (Mn.IT Services, 2018; Figure 3).
ArcGIS shapefiles of source and sink delineations including ravines, bluffs, channel centerlines (in 1938
and 2008), and lakeshed and watershed boundaries in the GBERB are available in Bevis and Gran (2017)
with full descriptions of mapping methods in the metadata and Bevis (2015). Rates of erosion were deter-
mined through a variety of methods including change detection analyses of lidar and georeferenced histor-
ical air photos along channel corridors (Belmont et al., 2011; Day et al., 2013b; Lauer et al., 2017; Passalacqua
et al., 2012), repeat aerial and terrestrial lidar on river bluffs (Day et al., 2013b, 2013a; Schaffrath et al., 2015),
repeat structure‐from‐motion (SfM) photogrammetry and time‐lapse photography of river bluffs (Kelly &
Belmont, 2018), and autosampler monitoring of ravines (Belmont et al., 2011; Gran et al., 2011). Sediment
fingerprinting (described below) provided an independent constraint on sediment partitioning. The inte-
grated sediment budget formed the foundation for investigations into landscape evolution in incising basins
(Belmont, 2011; Gran et al., 2013); reduced complexity sediment routing and delivery models (Cho et al.,
2019; Cho, 2017; Czuba et al., 2017; Gran & Czuba, 2017; Viparelli et al., 2013); investigation of the contribu-
tion of sediment sources to a watershed‐scale phosphorus budget (Baker, 2018); and participatory modeling
efforts with stakeholders to determine optimal combinations of hydrology, field, and near‐channel manage-
ment options to cost‐effectively reduce sediment loading in the GBERB (Cho et al., 2019; Cho, 2017; Cho
et al., 2017; Lang & Rabotyagov, 2018).

Each of the methods of change detection detailed above relies upon measuring change over a discrete win-
dow of time, ranging from 70 years for air photo comparisons to 6–12 months for repeat terrestrial lidar data.
While high‐resolution topographic data have greatly enhanced our ability to identify landscape features over
spatially extensive areas (Passalacqua et al., 2015), few data sets have documented geomorphic change with
high resolution in both time and space. Kelly and Belmont (2018) used a combination of SfM and time‐lapse
photography to document erosion of 20 large bluffs on daily and seasonal timescales over three years in the
GBERB (i.e., Figure 2e). SfM surveys document extreme erosion at two of the monitored sites on a seasonal
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timescale and time‐lapse photos document extensive erosion at an additional 18 sites at a daily time step. The
raw data and derivative products are available in Belmont (2018b).

3.3. Reach‐Scale Channel Cross‐Sectional Data Before and After Major Flood Events

The MRB has experienced increasing flows over the past few decades (Kelly et al., 2017; Novotny & Stefan,
2007; Schottler et al., 2014) as well as changes in the hydrologic response, such as altered hydrograph shapes
(Foufoula‐Georgiou et al., 2015) and reduced water residence times (Danesh‐Yazdi et al., 2016). River chan-
nels naturally increase in width and depth to accommodate such increases in flow, but the partitioning

Figure 3. The Greater Blue Earth River Basin and additional geomorphic data collection locations spanning this basin
scale. See Figure 1 for location of Greater Blue Earth River Basin within the Minnesota River Basin. Inset shows the
detailed mapping of ravines, bluffs, and terraces from the underlying lidar data (Bevis & Gran, 2017; Stout & Belmont,
2014).
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between width and depth increases is not well known (Lane et al., 2007; Slater et al., 2015). Using field sur-
veys, we documented the effects of several large floods in MRB tributaries for which we had previously sur-
veyed 44 river cross sections spanning two very distinct geomorphic zones: (1) low‐gradient, passively
meandering reaches in the upstream portions of the rivers, and (2) actively meandering and downcutting riv-
ers in the knickzone farther downstream. Specifically, repeat cross‐section surveys were conducted using a
high‐precision real‐time kinematic GPS system (rtkGPS) or engineer's level and stadia rod on the Le Sueur
and Maple rivers during 2008 and 2015. The flood of record (going back to 1940) occurred in 2010, with a
peak magnitude at the mouth of the Le Sueur River (U.S. Geological Survey gage 05320500) of 863 m3/s
nearly 170 m3/s larger than the previous flood of record in 1965. Additional large floods occurred in 2011
(402m3/s), 2013 (294m3/s), and 2014 (442 m3/s). Call et al. (2017) found that the observed increases in chan-
nel dimensions were significant, but they represent only a small fraction of the changes needed to reach
equilibrium under these higher flow conditions. Call et al. (2017) used these data to develop a reduced com-
plexity model of changes in channel width, depth, and slope in response to systematic shifts in flood regime
and sediment supply and explore the implications for floodplain inundation. Model results highlight the
importance of channel adjustment capacity and changes in variance of flood flows in predicting floodplain
inundation. The model scripts and data are available through Belmont (2018a).

3.4. Sediment Fingerprinting Data to Discern Terrestrial Versus River Network Sediment Sources

Sediment fingerprinting is a novel approach for sediment source apportionment that is entirely independent
of other modeling, remote sensing, or field measurement techniques (Belmont et al., 2014; A. Collins &
Walling, 2002; Gellis & Walling, 2011; Koiter et al., 2013; Smith & Blake, 2014; Walling & Woodward,
1992). Assuming geochemical properties can be identified to discriminate among various sources, sediment
fingerprinting provides information regarding spatially integrated sediment loading from different sources
throughout the watershed upstream from the sample location and is temporally discrete according to the
time the sample was collected. We used sediment fingerprinting as an independent check on the sediment
budget described above in section 3.2 (Belmont et al., 2011; Bevis, 2015) as well as to determine sediment
apportionment in specific flow events.

We collected, analyzed, and compiled 143 sediment fingerprinting samples from source areas and sus-
pended sediment in the GBERB. Samples were analyzed for meteoric beryllium‐10 (10Be), excess lead‐
210 (210Pb), and cesium‐137 (137Cs). These specific tracers were selected because they have significantly
disparate half‐lives. Generally, sediment derived from upland agricultural soils is rich in all three tracers.
Sediment derived from actively eroding bluffs is devoid of all three tracers. However, sediment that is tem-
porarily deposited in floodplains and subsequently remobilized by bank erosion is enriched in meteoric
10Be but deficient in 210Pb and 137Cs after 75–100 years in storage. Thus, the relative amounts of conserva-
tive 10Be to the other two nonconservative tracers provides insights regarding the fraction of sediment
derived from uplands versus bluffs and streambanks. The unmixing model presented by Belmont et al.
(2014) was used to compute the proportion of sediment from each source area. Lauer et al. (2016) and
Viparelli et al. (2013) used a portion of the sediment fingerprinting data to develop a geochemically tagged
sediment routing model that accounts for production and decay of radioisotopes in the floodplain. The data
are available through Belmont (2018b).

Sediment fingerprinting data provided some pivotal and surprising results that could not have been obtained
by any other means. Specifically, they confirmed a temporal shift in sediment sources from primarily bluffs
and near‐channel sediment sources prior to Euro‐American settlement, to dominantly agricultural fields in
the upper, low relief portions of the GBERB throughout the midtwentieth century, and most recently a shift
back to dominantly near‐channel bluff and bank sediment derived from the lower, higher relief knickzone
portions of the GBERB over the last century (Belmont et al., 2011). This finding has been pivotal in inform-
ing the design of new quantitative approaches to account for the importance of near‐channel sediment to
total sediment yields exported from intensively managed agricultural landscapes in the MRB (Cho
et al., 2017).

3.5. Bathymetry Mapping of the Minnesota River to Link Morphology and Dynamics

River channel beds can be highly dynamic over time; thus, repeat mapping of river bathymetry is essential
for quantifying aquatic habitat, simulating hydraulics, and monitoring change in river morphology over
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time. Yet bathymetric maps of rivers remain somewhat rare, largely due to logistical challenges in data col-
lection. Building on top of the flurry of research activities, we leveraged funding from the Minnesota
Department of Natural Resources to map extensive areas of the Minnesota River channel bed. Between
2013 and 2016, we mapped a total of 220 km of the mainstem Minnesota River using an RD Instruments
River Ray Acoustic Doppler Current Profiler coupled with an rtkGPS system. Most reaches were mapped
repeatedly (two to four times) to track changes over time (Figure 1). We identified systematic changes in
channel and bar morphology and documented a surprising amount of channel change, with pools scouring
and filling by as much as 7 m locally over 2 years (Kelly et al., 2018). The raw data sets, derivative products,
and Python postprocessing scripts are all available via NSF Datanet Hydroshare (Kelly et al., 2018) and will
be useful to answer a wide variety of basic and applied science and engineering questions ranging from
improvements in our basic process understanding of meander migration and sediment transport to engi-
neering applications such as where to install structures to manage invasive carp. Additional details on data
collection and validation are available as part of the metadata (Kelly et al., 2018).

4. Reduced Complexity Modeling

The multidisciplinary data collection efforts described above allowed development of a series of integrative
reduced complexity models that provide deeper insight into how water, sediment, and nutrients move and
transform through a large channel network. Many of these modeling efforts represent the culmination of
efforts to merge interdisciplinary data sets detailed above to gain new insights into watershed‐scale pro-
cesses. As channel network structure impacts the distribution and structure of ecosystem processes and
functions (Benda et al., 2004; Campbell Grant et al., 2007; Carrara et al., 2012), these models allow explora-
tion of critical hot spots where fluxes accumulate or transform (Czuba et al., 2018; Czuba & Foufoula‐
Georgiou, 2015) and help provide insight into ecosystem processes in heterogeneous dendritic networks in
IML (McCluney et al., 2014). We describe four examples to highlight the wide range of scientific questions
that can be addressed with data‐driven models, from bedload transport in networks to mussel population
dynamics, and to enable other researchers to find all of the different models that were guided and validated
by the collected data sets.

4.1. Bed‐Material Network‐Routing Model

The design of conservation scenarios effective over longer‐term periods is contingent on understanding
where and when pollutants are mobilized. In particular, identification of vulnerable areas/times of land-
scape response to hydrology can aid in understanding how climatic trends and management decisions
may unexpectedly alter downstream pollutant loads. To understand how complex spatial and temporal fac-
tors regulate sediment delivery in the MRB, a network‐based bed‐material routing model was developed by
Czuba and Foufoula‐Georgiou (2014). The framework identified synchronization and amplification of sedi-
ment delivery from specific places in the basin, an emergent phenomenon with consequences for predicting
and managing future sediment loads. Czuba and Foufoula‐Georgiou (2015) built upon this framework to
identify hot spots of geomorphic change by developing a cluster persistence index, which evaluated how
much and for how long individual sediment inputs persisted within links of the river network. Reaches with
high cluster persistence indices aligned well with reaches that had high rates of channel migration, as
mapped from repeat air photos for the sediment budget detailed above in section 3.2 (Belmont et al., 2011;
Bevis, 2015; Bevis & Gran, 2017).

The sediment budget for the Greater Blue Earth River was then used to inform realistic temporally recurrent,
spatially variable sediment inputs to the model by Czuba et al. (2017). This model breaks away from tradi-
tional Eulerian sediment transport models and instead takes a Lagrangian approach focused on process‐
based time delays of sediment transport through a river network. By condensing much of the underlying
dynamics into a time delay, the model became simple enough to extend throughout an entire river network
at watershed scales. In addition, in‐channel storage dynamics were incorporated where an excess of sedi-
ment entered in‐channel storage, adjusted channel slope, and thereby affected sediment transport. One
key finding was that low transport capacity reaches acted as upstream controls on downstream sediment
transport; that is, these reaches acted as sediment bottlenecks in the river network. Gran and Czuba
(2017) used the underlying model of Czuba et al. (2017) to investigate the role of river network structure
in the evolution of sediment pulses. They found that the spatial pattern of relative transport capacity
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exerted a strong control on whether sediment pulses transported downstream or dispersed from a
fixed location.

These model codes are all available from CSDMS (Community Surface Dynamics Modeling System; Czuba,
2018b). They allow the user to analyze bed‐material sediment dynamics in river networks under varying
levels of complexity depending on the availability/knowledge of input data.

4.2. Nitrate Network‐Routing Model

As water routes through a wetland‐river network, nitrogen in the form of nitrate can be removed from the
system via denitrification, modulated by the balance in nitrate versus organic carbon availability and resi-
dence time (Alexander et al., 2009; Fisher & Acreman, 2004; Groffman et al., 1996; Kadlec, 2012;
Lowrance et al., 1995, 1984; Seitzinger et al., 2006). To better capture how nitrate moves through a river net-
work, a model was created with an integrated wetland‐river network to quantify nitrate‐nitrogen and
organic carbon concentrations in order to estimate overall nitrate export (Czuba et al., 2018). By explicitly
incorporating the location and size of wetlands throughout the network as well as multiple competing lim-
itations on nitrate removal, the model captures hierarchical effects and spatial interactions associated with
nitrate transformations and removal. The model was applied to the Le Sueur basin, calibrated and validated
using synoptic field measurements described in section 3.1 above (Dolph, Hansen, & Finlay, 2017; Dolph,
Hansen, Kemmitt, et al., 2017; Hansen, Dolph, & Finlay, 2016), and assessed using a sensitivity analysis of
model results to uncertain parameters. This model showed that as nitrate concentration, organic carbon
availability, and residence time changed through the network and with varying discharge, it impacted the
overall limits to nitrate removal rate via denitrification. The key finding of the model was that increasing
water residence time (via slowing the flow) was the most effective mechanism for reducing watershed‐scale
nitrate concentrations and downstream loads in the Le Sueur basin. Residence time was even more limiting
than organic carbon concentrations (which may limit denitrification process rates). This framework can
help with assessing where and how to restore wetlands to reduce nitrate loads from agricultural watersheds.
Model code is available through CSDMS (Czuba, 2018a). An interactive, online computer‐simulation version
of the model was also developed for use in high school environmental science classrooms (more on curricu-
lum in section 5 below) and can be found at http://maps.umn.edu/le‐sueur‐nitrates/ (last accessed 22
September 18).

4.3. Management Options Simulation Model

Participatory modeling has been shown to be an effective method for developing a consensus approach to
solve environmental problems (Falconi & Palmer, 2017). However, participatory modeling efforts require
nimble models that run quickly, allowing for real‐time feedback in stakeholder meetings. To accomplish
this, the Management Option Simulation Model (MOSM) was developed with extensive stakeholder input
and feedback in the GBERB to identify the most cost‐effective suite of management options to reduce fine
sediment loading to theMinnesota River (Cho et al., 2019; Cho et al., 2017). MOSM simulates water and sedi-
ment routing across the watershed and incorporates different styles of management options that either
reduce erosion of field and near‐channel sediment sources or reduce sediment delivery to streams. It utilizes
the innovative Topofilter model (Cho et al., 2018) to simulate spatially variable sediment delivery ratios for
field and stream components, and the detailed sediment budget described in section 3.2 to provide near‐
channel sediment inputs. MOSMwas later coupled with an additional component that tracked development
of waterfowl habitat allowing one to compare cost‐benefit tradeoffs for competing objectives (i.e., sediment
reduction vs. waterfowl habitat). MOSM is available from the University of Minnesota Digital Conservancy
(Cho et al., 2017), with the waterfowl optimization extension model available through the Open Source
Framework (Lang & Rabotyagov, 2018).

4.4. RiverMUSE Model

Mussel populations respond to variations in suspended sediment concentrations that can occur from
changes in land use or climate. Under the hypothesis that high suspended sediment concentrations are det-
rimental to mussel growth and reproduction, the process‐driven River MUssel‐SEdiment Interaction
(RiverMUSE)model was created to simulate mussel population dynamics as an interaction between changes
in streamflow, phytoplankton (food) availability, and suspended sediment concentration (Foufoula‐
Georgiou et al., 2015; Hansen, Czuba, et al., 2016). After calibrating and validating RiverMUSE at 11
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locations within the MRB (some of which have experienced a severe mussel population decline in recent
years) and one within the St. Croix River Basin, the model was used to simulate scenarios of changing
hydrology and sediment loading to determine which basins are most vulnerable to mussel extirpation and
identify where management or mitigation efforts would be most effective. The key finding of the model
was that mussel populations have a threshold type response to chronic excess suspended sediment.
RiverMUSE was further used in the first ever application of information partitioning to environmental time
series data (Goodwell & Kumar, 2017b). Information partitioning is an information theory‐based method to
characterize lagged dependencies between multiple source and target variables, and specifically identify
unique (individual), synergistic (joint), and redundant (overlapping) influences in a system. The highly non-
linear nature of the RiverMUSE model, in addition to the presence of feedbacks between response variables
and driving stressors, provided a testbed for the development of information partitioning techniques for
environmental data.

Publicly available streamflow data were used to drive model dynamics, with data reported in section 3.1
(Dolph, Hansen, & Finlay, 2017) used to confirm model parameters. Results showed that if the regimes
of increased streamflow and sediment loads observed in the most recent decades continue, mussels may
be extirpated in several streams. Model sensitivity to uncertain parameters was also assessed using sen-
sitivity analysis as reported in Hansen, Czuba, et al. (2016). The model is available from CSDMS at
(Schwenk, 2018).

5. Innovative New Data Analysis Methods

Although many of the data sets and models were developed with a specific focus on the MRB, a series of
innovative data analysis tools and methods that are more portable to other landscapes were also developed.
High‐resolution lidar data provide immense possibility, but extracting relevant data often requires new tools
(i.e., Passalacqua et al., 2015). Several new tools developed as part of the REACH project focus on extracting
information from remote spatial data, like the TerEX tool that automatically maps and extracts river terraces
from lidar data (i.e., Figure 3; Stout & Belmont, 2014) and Yan et al.'s (2018) extension that distinguishes
between riverine floodplains and terraces by transforming the transverse cross‐sectional geometry of a river
valley into a river valley hypsometric curve and linking hydraulic inundation frequency with the features of
this curve. More broadly, the RivMAP (River Morphodynamics from Analysis of Planforms) Matlab package
analyzes changes in channel planform over time from remotely mapped channel delineations tracking chan-
nel centerlines, widths, migration rates, areas of erosion and accretion, and locations of meander cutoffs
(Schwenk et al., 2017). In addition, methods of analyzing river topology and the underlying landscape topo-
graphy via two‐dimensional wavelet transform and synthesis (Danesh‐Yazdi et al., 2017) as well as river
hydrochemistry using dynamic travel time distributions (i.e., Danesh‐Yazdi et al., 2016; Foufoula‐
Georgiou et al., 2015; Goodwell & Kumar, 2017a, 2017b) in conjunction with information partitioning and
other nonparametric analyses provide templates for analyses of other systems that have been impacted by
intensive management.

Kumarasamy and Belmont (2018) argue for more robust and targeted calibration of hydrologic models and
developed the Hydrology Model Evaluation Toolbox to guide model calibration procedures along with a
suite of analytical tools to facilitate calibration and minimize problems of equifinality. Specifically, they
show that different information contained in the time and frequency domains of streamflow signals can pro-
vide complementary insights to guide selection of parameters adjusted during calibration. The Hydrology
Model Evaluation toolbox facilitates evaluation of hydrologic models based on a wide range of metrics,
including full distributions of performance metrics evaluated at daily time steps, rather than simple
averages, and uses of Euclidian distance, empirical quantile‐quantile plots, and flow duration curves to iden-
tify and localize errors in model simulations and ensure that models are calibrated well for the specific flows
of interest.

6. Collaborative Integration of Scientific Understanding Into Curriculum for
Local Students in Their Home Landscapes

In addition to biophysical data collection and modeling, our interdisciplinary research was integrated with
an educational component (entitled “RiverRun”), to engage K‐12 students and teachers in learning about
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critical environmental issues and actively participating in service learning related to environmental action.
In response to calls from the NSF Advisory Committee for Environmental Research and Education (2009),
RiverRun focused on curriculum that “integrates disciplines into a holistic perspective of Earth's natural and
human systems.” Curricular units were developed and tested in collaboration with local teachers and
focused on improving environmental literacy and student learning (https://sites.google.com/a/umn.edu/riv-
errun/home).

The curricular work focused on (i) socioscientific issues (SSIs) and (ii) Earth systems thinking. One of the
primary goals was to enable students to use their understanding of science to make informed decisions
about SSIs that impact their lives. We found that involvement in a curriculum focused on SSIs related to
environmental issues within the MRB improved secondary students' (i) environmental literacy (Karahan
& Roehrig, 2016, 2017), (ii) understanding of scientific practices, cultural and social influences on science,
and scientific bias (Karahan & Roehrig, 2017), and (iii) ability to make informed decisions on environmen-
tal issues by applying multiple modes of reasoning (Karahan et al., 2016; Karahan & Roehrig, 2017). Earth
systems‐oriented approaches focus on promoting understanding of complex scientific phenomena includ-
ing those found within the MRB. Specifically, we focused on how carbon and nitrogen cycles are impacted
by agricultural practices through a combination of inquiry‐based lessons and the computer simulation
described in section 4.2 (http://maps.umn.edu/le‐sueur‐nitrates/). Through this effort, data collection and
modeling were integrated in real time into educational approaches designed to help improve student under-
standing of systems behavior.

7. Discussion: Opportunities Enabled by Observatory‐Scale Efforts

Environmental problems increasingly require complex transdisciplinary solutions. Over time, long‐term
environmental research sites have been developed across a wide range of biomes through programs like
the Long‐Term Ecological Research network and the National Ecological Observatory Network to focus
on ecological and socioecological systems (e.g., S. L. Collins & Childers, 2014; Goodman et al., 2015;
Hobbie et al., 2003; Redman et al., 2004; Utz et al., 2013). More recently CZOs focusing on the physical,
biogeochemical, and ecological interactions within the Earth's critical zone have been developed, bring-
ing more geoscience into the observatory platform (e.g., Anderson et al., 2008; White et al., 2015; Wilson
et al., 2018). Many of these observatory efforts are funded for decades, with a goal of developing long‐
term environmental data sets for cutting‐edge transdisciplinary science. These observatories are able to
install long‐term monitoring stations, with networks like National Ecological Observatory Network
and CZOs collecting common data sets across sites for cross‐site comparisons (e.g., Goodman et al.,
2015; Utz et al., 2013; White et al., 2015). These efforts that are both long‐term and broad‐based can
build impressive and important data sets over time to be utilized to study a variety of environmental pro-
cesses and feedbacks.

The REACH project was a much shorter‐term (5‐year) initiative in a large watershed, and as such it offers a
model for how to leverage existing research and public data to produce observatory‐scale multidisciplinary
advances across a broad area over a much shorter timeframe. First of all, data collection within the REACH
project was overlain upon an extensive network of gaging stations run by state and federal agencies (see
Table S1). Much of this network was developed through the foresight of state agency scientists who identi-
fied the need for more intensive data collection in areas of the basin that were producing the highest loads
and concentrations of sediment, nitrate, and phosphorus (Musser et al., 2009). This gave both a wide spatial
coverage and a longer temporal coverage. Combining gaging data with meteorological data and land
use/land cover data, for example, led to discoveries on the links between the timing of crop conversion (as
a proxy for drainage) and changes in hydrologic connectivity and system response across the MRB
(Foufoula‐Georgiou et al., 2015) and the ability to quantify changes in rainfall‐runoff relationships over time
(Kelly et al., 2017; Novotny & Stefan, 2007). Second, the REACH project built upon previous research efforts
into sediment sources and geomorphic history within the Le Sueur subwatershed (Belmont et al., 2011; Gran
et al., 2009, 2013). This provided a solid geomorphic framework in which to overlay future interdisciplinary
data collection and modeling efforts. Third, data collection and analyses were tiered spatially, with more
intensive monitoring and analysis in a few key subwatersheds within the Minnesota River. In the Le
Sueur, for instance, we were able to combine the earlier work on sediment sources with intensive
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biogeochemical data collection to look at the role of sediment on phosphorus sources and transformations
(Baker, 2018). We also focused our most intense modeling efforts in the Le Sueur (Cho et al., 2017, 2018;
Czuba et al., 2017, 2018). Lastly, partnering with the IML‐CZO increases both the ability to compare results
from the MRB with other intensively managed agricultural watersheds and the potential to link discoveries
in critical zone research from the IML‐CZO field sites with the most intensive monitoring (Upper Sangamon
River in Illinois and Clear Creek in Iowa) back to theMRB. As more calls go out for continental‐scale data to
understand environmental system behavior under a changing climate (Hinckley et al., 2016; Murdoch et al.,
2014; Peters et al., 2014; Richter et al., 2018), projects like REACH play an important role in expanding the
spatial coverage of longer‐term network‐scale research efforts into large watersheds.

The opportunity to collect and analyze a wide array of environmental data in a large, intensively managed
watershed has already led to scientific insights ranging from quantifying changes in hydrologic connectivity
and system response (Foufoula‐Georgiou et al., 2015), to identifying the importance of hydrologic change on
erosion of near‐channel sediment sources and associated nutrients (Baker, 2018; Kelly & Belmont, 2018;
Vaughan et al., 2017), and to highlighting the ways in which biogeochemical processes can alter pollutant
export behavior (e.g., Czuba et al., 2018; Hansen et al., 2018). Our research has direct implications in large
agricultural watersheds where the source of water quality impairments (e.g., fine sediment, nitrate, or phos-
phorus) is spatially complex and may involve the interference of multiple stressors on the landscape (i.e.,
intensive agriculture, climate change, and loss of wetlands). It is critical to know both the drivers of the
impairment as well as the spatial extent of the source, particularly when only a small fraction of the area
contributes a disproportionate amount of a given pollutant. Given these complexities, our research has high-
lighted the need to strategically collect observations and develop watershed‐scale models that capture the
essential process dynamics and be used in collaboration with stakeholders to guide conservation manage-
ment and design. In particular, the collection of original field data sets and subsequent modeling efforts
described here cumulatively point to the importance of local amplification or dampening within a watershed
that requires explicit representation of features such as channels and wetlands, which can mobilize near‐
channel sediments or serve as ecosystem control points (sensu Bernhardt et al., 2017) affecting delivery at
the watershed scale.

Many of our research findings have immediate and direct implications on federal and state policies, plan-
ning, and restoration strategies. For example, our approach has demonstrated the enormous potential for
wetlands to abate nitrogen and sediment transport at watershed scales (Cho et al., 2019; Hansen et al.,
2018; Mitchell et al., 2018), with wetland installation shown to be 5 times more effective at reducing nitrate
than field‐based approaches (i.e., cover crops) under high to moderate flows (Hansen et al., 2018). At the
same time, stakeholder‐driven modeling of management options to reduce sediment loading enabled con-
sensus agreement among our stakeholder group for hydrology management to be included as an integral
part of management portfolios focused on sediment reduction (Cho et al., 2017). Although recent federal pol-
icy directives assigning no societal importance to the value of wetlands (Boyle et al., 2017) runs contrary to
these findings, the science‐based decision‐making approaches have shifted Minnesota toward a stronger
focus on water retention in the landscape to mitigate nitrogen, reduce peak flows, and lower erosion rates
(i.e., Lewandowski et al., 2015). While more work is needed on this front, our research in the MRB, in close
collaboration with stakeholders, has already affected how state agencies plan to address management
options needed to meet the required targets of nutrient loads as recommended by the Gulf of Mexico
Hypoxia Task Force (Scavia et al., 2017).

Advances described here were made possible through funding by NSF's Water Sustainability and Climate
program, which allowed a multidisciplinary and multi‐institutional team of researchers to pursue a combi-
nation of field data collection, innovative data analysis methods, and the development of data‐driven
reduced complexity models for scientific understanding and guiding management decisions. Even though
the funding was relatively short term compared to larger observatory‐scale efforts, we show how focused
data collection in subwatersheds overlain on a broader network of public monitoring data can broaden both
the temporal and spatial reach of the field data collection effort. We consider our project as a prime example
of the benefits of collaborative interdisciplinary research in which the collective outcome is larger than the
sum of the parts and which gains enough momentum to affect management and policy, producing young
scientists trained to appreciate the power of research across disciplines to handle challenging
environmental problems.

10.1029/2018WR024211Water Resources Research

GRAN ET AL. 3588



References
Alexander, R. B., Böhlke, J. K., Boyer, E. W., David, M. B., Harvey, J. W., Mulholland, P. J., et al. (2009). Dynamic modeling of nitrogen

losses in river networks unravels the coupled effects of hydrological and biogeochemical processes. Biogeochemistry, 93(1‐2), 91–116.
https://doi.org/10.1007/s10533‐008‐9274‐8

Anderson, S. P., Bales, R. C., & Duffy, C. J. (2008). Critical zone observatories: Building a network to advance interdisciplinary study of
Earth surface processes. Mineralogical Magazine, 72(01), 7–10. https://doi.org/10.1180/minmag.2008.072.1.7

Baker, A. (2018). Phosphorus‐sediment interactions and their implications for watershed scale phosphorus dynamics in the Le Sueur River
Basin. Minnesota: University of Minnesota.

Belmont, P. (2011). Floodplain width adjustments in response to rapid base level fall and knickpoint migration. Geomorphology, 128(1–2),
92–102. https://doi.org/10.1016/j.geomorph.2010.12.026. https://doi.org/10.1016/j.geomorph.2010.12.026

Belmont, P. (2018a). Cross sections of the Le Sueur and Maple Rivers, Minnesota. https://doi.org/http://doi.org/10.5967/M0639MTH
Belmont, P. (2018b). Greater Blue Earth and Lake Pepin sediment fingerprinting data. https://doi.org/http://doi.org/10.5967/M0WQ01XT
Belmont, P., & Foufoula‐Georgiou, E. (2017). Solving water quality problems in agricultural landscapes: New approaches for these non-

linear, multiprocess, multiscale systems. Water Resources Research, 53, 2585–2590. https://doi.org/10.1002/2017WR020839
Belmont, P., Gran, K. B., Schottler, S. P., Wilcock, P. R., Day, S. S., Jennings, C., et al. (2011). Large shift in source of fine sediment in the

upper Mississippi River. Environmental Science and Technology, 45(20), 8804–8810. https://doi.org/10.1021/es2019109
Belmont, P., Willenbring, J. K., Schottler, S. P., Marquard, J., Kumarasamy, K., & Hemmis, J. M. (2014). Toward generalizable sediment

fingerprinting with tracers that are conservative and nonconservative over sediment routing timescales. Journal of Soils and Sediments,
14(8), 1479–1492. https://doi.org/10.1007/s11368‐014‐0913‐5

Benda, L., Poff, N. L., Miller, D., Dunne, T., Reeves, G., Pess, G., & Pollock, M. (2004). The network dynamics hypothesis: How channel
networks structure riverine habitats. Bioscience, 54(5), 413. https://doi.org/10.1641/0006‐3568(2004)054[0413:TNDHHC]2.0.CO;2

Bernhardt, E. S., Blaszczak, J. R., Ficken, C. D., Fork, M. L., Kaiser, K. E., & Seybold, E. C. (2017). Control points in ecosystems: Moving
beyond the hot spot hot moment concept. Ecosystems, 20(4), 665–682. https://doi.org/10.1007/s10021‐016‐0103‐y

Bernot, M. J., Tank, J. L., Royer, T. V., & David, M. B. (2006). Nutrient uptake in streams draining agricultural catchments of the mid-
western United States. Freshwater Biology, 51(3), 499–509. https://doi.org/10.1111/j.1365‐2427.2006.01508.x

Bevis, M. (2015). Sediment budgets indicate Pleistocene base level fall drives erosion in Minnesota's Greater Blue Earth River basin. [M.S.
thesis]: University of Minnesota Duluth. Retrieved from http://hdl.handle.net/11299/170661

Bevis, M., & Gran, K. B. (2017). Greater Blue Earth River Basin sediment budget shapefiles. Retrieved from the Data Repository for the
University of Minnesota. https://doi.org/10.13020/D6XS3V

Bilotta, G. S., & Brazier, R. E. (2008). Understanding the influence of suspended solids on water quality and aquatic biota.Water Research,
42(12), 2849–2861. https://doi.org/10.1016/j.watres.2008.03.018

Blann, K. L., Anderson, J. L., Sands, G. R., & Vondracek, B. (2009). Effects of agricultural drainage on aquatic ecosystems: A review. Critical
Reviews in Environmental Science and Technology, 39(11), 909–1001. https://doi.org/10.1080/10643380801977966

Boardman, E. (2016). Nutrient dynamics in Minnesota watersheds. University of Minnesota. Retrieved from http://hdl.handle.net/11299/
191194

Boyle, K. J., Kotchen, M. J., & Smith, V. K. (2017). Deciphering dueling analyses of clean water regulations. Science, 358(6359), 49–50.
https://doi.org/10.1126/science.aap8023

Call, B. C., Belmont, P., Schmidt, J. C., & Wilcock, P. R. (2017). Changes in floodplain inundation under nonstationary hydrology for an
adjustable, alluvial river channel. Water Resources Research, 53, 3811–3834. https://doi.org/10.1002/2016WR020277

Campbell Grant, E. H., Lowe, W. H., & Fagan, W. F. (2007). Living in the branches: Population dynamics and ecological processes in
dendritic networks. Ecology Letters, 10(2), 165–175. https://doi.org/10.1111/j.1461‐0248.2006.01007.x

Carrara, F., Altermatt, F., Rodriguez‐Iturbe, I., & Rinaldo, A. (2012). Dendritic connectivity controls biodiversity patterns in experimental
metacommunities. Proceedings of the National Academy of Sciences of the United States of America, 109(15), 5761–5766. https://doi.org/
10.1073/pnas.1119651109

Cho, S. J. (2017). Development of data‐driven, reduced‐complexity watershed simulation models to address agricultural non‐point source
sediment pollution in Southern Minnesota. Doctoral Dissertation, Johns Hopkins University.

Cho, S. J., Wilcock, P., & Hobbs, B. (2018). Topographic filtering simulation model for sediment source apportionment. Geomorphology,
309, 1–19. https://doi.org/10.1016/j.geomorph.2018.02.014

Cho, S. J., Wilcock, P. R., Belmont, P., Gran, K., & Hobbs, B. (2019). Simulation model for collaborative decision‐making on sediment
source reduction in an intensively managed watershed. Water Resources Research, 55, 1544–1564. https://doi.org/10.1029/
2018WR024324

Cho, S. J., Wilcock, P. R., Gran, K. B., Belmont, P., & Hobbs, B. (2017). Collaborative for sediment source reduction—Greater Blue Earth
River Basin. Retrieved from http://hdl.handle.net/11299/191082

Clayton, L., &Moran, S. R. (1982). Chronology of lateWisconsinan glaciation in middle North America.Quaternary Science Reviews, 1, i–vi,
55–82. https://doi.org/10.1016/0277‐3791(84)90018‐0

Collins, A., & Walling, D. (2002). Selecting fingerprint properties for discriminating potential suspended sediment sources in river basins.
Journal of Hydrology, 261(1–4), 218–244. https://doi.org/10.1016/S0022‐1694(02)00011‐2

Collins, S. L., & Childers, D. L. (2014). Long‐term ecological research and network‐level science. Eos, Transactions American Geophysical
Union, 95(33), 293–294. https://doi.org/10.1002/2014EO330001

Correll, D. L. (1998). The role of phosphorus in the eutrophication of receiving waters: A review. Journal of Environment Quality, 27(2), 261.
https://doi.org/10.2134/jeq1998.00472425002700020004x

Czuba, J. A. (2018a). Nitrate network model. Retrieved from https://csdms.colorado.edu/wiki/Model:Nitrate_Network_Model
Czuba, J. A. (2018b). River network bed‐material sediment. Retrieved from https://csdms.colorado.edu/wiki/Model:River_Network_Bed‐

Material_Sediment
Czuba, J. A., & Foufoula‐Georgiou, E. (2014). A network‐based framework for identifying potential synchronizations and amplifications of

sediment delivery in river basins. Water Resources Research, 50, 2108–2123. https://doi.org/10.1002/2013WR014227
Czuba, J. A., & Foufoula‐Georgiou, E. (2015). Dynamic connectivity in a fluvial network for identifying hotspots of geomorphic change.

Water Resources Research, 51, 1401–1421. https://doi.org/doi:10.1002/2014WR016139
Czuba, J. A., Foufoula‐Georgiou, E., Gran, K. B., Belmont, P., & Wilcock, P. R. (2017). Interplay between spatially explicit sediment

sourcing, hierarchical river‐network structure, and in‐channel bed material sediment transport and storage dynamics. Journal of
Geophysical Research: Earth Surface, 122, 1090–1120. https://doi.org/10.1002/2016JF003965

10.1029/2018WR024211Water Resources Research

GRAN ET AL. 3589

Acknowledgments

This research was primarily funded by
NSF grant EAR‐1209402 under the
Water Sustainability and Climate
Program (WSC): REACH (REsiliance
under Accelerated CHange) as well as
NSF Grant EAR‐1331906 under the
Critical Zone Observatory (CZO)
program. Portions of this research were
also funded from the Minnesota
Pollution Control Agency, the
Minnesota Agricultural Water
Resource Center, the Minnesota
Department of Natural Resources, and
the Minnesota Department of
Agriculture through Minnesota's Clean
Water Land and Legacy Amendment.
Data supporting this paper can be
obtained through references cited
throughout the paper, which include
links to relevant open source data
repositories. Public data utilized in the
project can be found with links in the
supporting information (Table S1).

https://doi.org/10.1007/s10533-008-9274-8
https://doi.org/10.1180/minmag.2008.072.1.7
https://doi.org/10.1016/j.geomorph.2010.12.026
https://doi.org/10.1016/j.geomorph.2010.12.026
https://doi.org/http://doi.org/10.5967/M0639MTH
https://doi.org/http://doi.org/10.5967/M0WQ01XT
https://doi.org/10.1002/2017WR020839
https://doi.org/10.1021/es2019109
https://doi.org/10.1007/s11368-014-0913-5
https://doi.org/10.1641/0006-3568(2004)054%5b0413:TNDHHC%5d2.0.CO;2
https://doi.org/10.1007/s10021-016-0103-y
https://doi.org/10.1111/j.1365-2427.2006.01508.x
http://hdl.handle.net/11299/170661
https://doi.org/10.13020/D6XS3V
https://doi.org/10.1016/j.watres.2008.03.018
https://doi.org/10.1080/10643380801977966
http://hdl.handle.net/11299/191194
http://hdl.handle.net/11299/191194
https://doi.org/10.1126/science.aap8023
https://doi.org/10.1002/2016WR020277
https://doi.org/10.1111/j.1461-0248.2006.01007.x
https://doi.org/10.1073/pnas.1119651109
https://doi.org/10.1073/pnas.1119651109
https://doi.org/10.1016/j.geomorph.2018.02.014
https://doi.org/10.1029/2018WR024324
https://doi.org/10.1029/2018WR024324
http://hdl.handle.net/11299/191082
https://doi.org/10.1016/0277-3791(84)90018-0
https://doi.org/10.1016/S0022-1694(02)00011-2
https://doi.org/10.1002/2014EO330001
https://doi.org/10.2134/jeq1998.00472425002700020004x
https://csdms.colorado.edu/wiki/Model:Nitrate_Network_Model
https://csdms.colorado.edu/wiki/Model:River_Network_Bed-Material_Sediment
https://csdms.colorado.edu/wiki/Model:River_Network_Bed-Material_Sediment
https://doi.org/10.1002/2013WR014227
https://doi.org/doi:10.1002/2014WR016139
https://doi.org/10.1002/2016JF003965


Czuba, J. A., Hansen, A. T., Foufoula‐Georgiou, E., & Finlay, J. C. (2018). Contextualizing wetlands within a river network to assess nitrate
removal and inform watershed management. Water Resources Research, 54, 1312–1337. https://doi.org/10.1002/2017WR021859

Danesh‐Yazdi, M., Foufoula‐Georgiou, E., Karwan, D. L., & Botter, G. (2016). Inferring changes in water cycle dynamics of intensively
managed landscapes via the theory of time‐variant travel time distributions. Water Resources Research, 52, 7593–7614. https://doi.org/
10.1002/2016WR019091

Danesh‐Yazdi, M., Tejedor, A., & Foufoula‐Georgiou, E. (2017). Self‐dissimilar landscapes: Revealing the signature of geologic constraints
on landscape dissection via topologic and multi‐scale analysis. Geomorphology, 295, 16–27. https://doi.org/10.1016/j.
geomorph.2017.06.009

Day, S. S., Gran, K. B., Belmont, P., & Wawrzyniec, T. (2013a). Measuring bluff erosion Part 1: Terrestrial laser scanning methods for
change detection. Earth Surface Processes and Landforms, 38(10), 1055–1067. https://doi.org/10.1002/esp.3353

Day, S. S., Gran, K. B., Belmont, P., & Wawrzyniec, T. (2013b). Measuring bluff erosion Part 2: Pairing aerial photographs and terrestrial
laser scanning to create a watershed scale sediment budget. Earth Surface Processes and Landforms, 38(10), 1068–1082. https://doi.org/
10.1002/esp.3359

Dolph, C. L., Hansen, A. T., & Finlay, J. C. (2017). Flow‐related dynamics in suspended algal biomass and its contribution to suspended
particulate matter in an agricultural river network of the Minnesota River Basin, USA. Hydrobiologia, 785(1), 127–147. https://doi.org/
10.1007/s10750‐016‐2911‐7

Dolph, C. L., Hansen, A. T., Kemmitt, K., Janke, B., Rorer, M., Winikoff, S., et al. (2017). Characterization of streams and rivers in the
Minnesota River Basin Critical Observatory: Water chemistry and biological field collections, 2013–2016. Retrieved from the Data
Repository for the University of Minnesota. https://doi.org/https://doi.org/10.13020/D6FH44

Falconi, S. M., & Palmer, R. N. (2017). An interdisciplinary framework for participatory modeling design and evaluation—What
makes models effective participatory decision tools? Water Resources Research, 53, 1625–1645. https://doi.org/10.1002/
2016WR019373

Fisher, J., & Acreman, M. C. (2004). Wetland nutrient removal: A review of the evidence. Hydrology and Earth System Sciences, 8(4),
673–685. https://doi.org/10.5194/hess‐8‐673‐2004

Foufoula‐Georgiou, E., Takbiri, Z., Czuba, J. A., & Schwenk, J. (2015). The change of nature and the nature of change in agricultural
landscapes: Hydrologic regime shifts modulate ecological transitions.Water Resources Research, 51, 1–23. https://doi.org/10.1016/0022‐
1694(68)90080‐2

Gellis, A. C., & Walling, D. E. (2011). Sediment source fingerprinting (Tracing) and sediment budgets as tools in targeting river and
watershed restoration programs. Geophysical Monograph Series, 194, 263–291. https://doi.org/10.1029/2010GM000960

Goodman, K. J., Parker, S. M., Edmonds, J. W., & Zeglin, L. H. (2015). Expanding the scale of aquatic sciences: The role of the National
Ecological Observatory Network (NEON). Freshwater Science, 34(1), 377–385. https://doi.org/10.1086/679459

Goodwell, A. E., & Kumar, P. (2017a). Temporal information partitioning: Characterizing synergy, uniqueness, and redundancy in inter-
acting environmental variables. Water Resources Research, 53, 5920–5942. https://doi.org/10.1002/2016WR020216

Goodwell, A. E., & Kumar, P. (2017b). Temporal information partitioning networks (TIPNets): A process network approach to infer eco-
hydrologic shifts. Water Resources Research, 53, 5899–5919. https://doi.org/10.1002/2016WR020218

Gran, K., Belmont, P., Day, S., Jennings, C., Lauer, J. W., Viparelli, E., et al. (2011). An integrated sediment budget for the Le Sueur River
Basin. Retrieved from http://www.pca.state.mn.us/index.php/view‐document.html?gid=16202

Gran, K. B., Belmont, P., Day, S. S., Jennings, C., Johnson, A., Perg, L., &Wilcock, P. R. (2009). Geomorphic evolution of the Le Sueur River,
Minnesota, and implications for current sediment loading. Management and Restoration of Fluvial Systems with Broad Historical
Changes and Human Impacts: GSA Special Paper, 451, 119–130. https://doi.org/10.1130/2009.2451(08)

Gran, K. B., & Czuba, J. A. (2017). Sediment pulse evolution and the role of network structure. Geomorphology, 277, 17–30. https://doi.org/
10.1016/j.geomorph.2015.12.015

Gran, K. B., Finnegan, N., Johnson, A. L., Belmont, P., Wittkop, C., & Rittenour, T. (2013). Landscape evolution, valley excavation, and
terrace development following abrupt postglacial base‐level fall. Bulletin of the Geological Society of America, 125(11–12), 1851–1864.
https://doi.org/10.1130/B30772.1

Groffman, P. M., Howard, G., Gold, A. J., & Nelson, W. M. (1996). Microbial nitrate processing in shallow groundwater in a riparian forest.
Journal of Environmental Quality, 25(6), 1309–1316. https://doi.org/10.2134/jeq1996.00472425002500060020x

Hansen, A. T., Czuba, J. A., Schwenk, J., Longjas, A., Danesh‐Yazdi, M., Hornbach, D. J., & Foufoula‐Georgiou, E. (2016). Coupling
freshwater mussel ecology and river dynamics using a simplified dynamic interaction model. Freshwater Science, 35(1), 200–215. https://
doi.org/10.1086/684223

Hansen, A. T., Dolph, C. L., & Finlay, J. C. (2016). Do wetlands enhance downstream denitrification in agricultural landscapes? Ecosphere,
7(10). https://doi.org/10.1002/ecs2.1516

Hansen, A. T., Dolph, C. L., Foufoula‐Georgiou, E., & Finlay, J. C. (2018). Contribution of wetlands to nitrate removal at the watershed
scale. Nature Geoscience, 11(2), 127–132. https://doi.org/10.1038/s41561‐017‐0056‐6

Hinckley, E.‐L. S., Anderson, S. P., Baron, J. S., Blanken, P. D., Bonan, G. B., Bowman, W. D., et al. (2016). Optimizing available
network resources to address questions in environmental biogeochemistry. Bioscience, 66(4), 317–326. https://doi.org/10.1093/biosci/
biw005

Hobbie, J. E., Carpenter, S. R., Grimm, N. B., Gosz, J. R., & Seastedt, T. R. (2003). The US long term ecological research program. Bioscience,
53(1), 21–32. https://doi.org/10.1641/0006‐3568(2003)053[0021:TULTER]2.0.CO;2

Kadlec, R. H. (2012). Constructed marshes for nitrate removal. Critical Reviews in Environmental Science and Technology, 42(9), 934–1005.
https://doi.org/10.1080/10643389.2010.534711

Karahan, E., Andzenge, S. T., & Roehrig, G. (2016). Eliciting students' understanding of a local socioscientific issue through the use of
critical response pedagogies. International Journal of Education in Mathematics, Science and Technology, 5(1), 88. https://doi.org/
10.18404/ijemst.41401

Karahan, E., & Roehrig, G. (2016). Use of socioscientific contexts for promoting student agency in environmental science classrooms.
Bartın Üniversitesi Eğitim Fakültesi Dergisi, 5(2), 425. https://doi.org/10.14686/buefad.v5i2.5000145998

Karahan, E., & Roehrig, G. (2017). Secondary school Students' understanding of science and their socioscientific reasoning. Research in
Science Education, 47(4), 755–782. https://doi.org/10.1007/s11165‐016‐9527‐9

Kelly, S. A., & Belmont, P. (2018). High resolution monitoring of river bluff erosion reveals failure mechanisms and geomorphically
effective flows. Water, 10(4). https://doi.org/10.3390/w10040394

Kelly, S. A., Call, B., Levine, P., Belmont, P., & Larson, P. H. (2018). Minnesota river bathymetry: 2013–2016. Hydroshare. https://doi.org/
10.4211/hs.6cd3728f69cb4cb39c6f11baac1734ec

10.1029/2018WR024211Water Resources Research

GRAN ET AL. 3590

https://doi.org/10.1002/2017WR021859
https://doi.org/10.1002/2016WR019091
https://doi.org/10.1002/2016WR019091
https://doi.org/10.1016/j.geomorph.2017.06.009
https://doi.org/10.1016/j.geomorph.2017.06.009
https://doi.org/10.1002/esp.3353
https://doi.org/10.1002/esp.3359
https://doi.org/10.1002/esp.3359
https://doi.org/10.1007/s10750-016-2911-7
https://doi.org/10.1007/s10750-016-2911-7
https://doi.org/https://doi.org/10.13020/D6FH44
https://doi.org/10.1002/2016WR019373
https://doi.org/10.1002/2016WR019373
https://doi.org/10.5194/hess-8-673-2004
https://doi.org/10.1016/0022-1694(68)90080-2
https://doi.org/10.1016/0022-1694(68)90080-2
https://doi.org/10.1029/2010GM000960
https://doi.org/10.1086/679459
https://doi.org/10.1002/2016WR020216
https://doi.org/10.1002/2016WR020218
http://www.pca.state.mn.us/index.php/view-document.html?gid=16202
https://doi.org/10.1130/2009.2451(08)
https://doi.org/10.1016/j.geomorph.2015.12.015
https://doi.org/10.1016/j.geomorph.2015.12.015
https://doi.org/10.1130/B30772.1
https://doi.org/10.2134/jeq1996.00472425002500060020x
https://doi.org/10.1086/684223
https://doi.org/10.1086/684223
https://doi.org/10.1002/ecs2.1516
https://doi.org/10.1038/s41561-017-0056-6
https://doi.org/10.1093/biosci/biw005
https://doi.org/10.1093/biosci/biw005
https://doi.org/10.1641/0006-3568(2003)053%5b0021:TULTER%5d2.0.CO;2
https://doi.org/10.1080/10643389.2010.534711
https://doi.org/10.18404/ijemst.41401
https://doi.org/10.18404/ijemst.41401
https://doi.org/10.14686/buefad.v5i2.5000145998
https://doi.org/10.1007/s11165-016-9527-9
https://doi.org/10.3390/w10040394
https://doi.org/10.4211/hs.6cd3728f69cb4cb39c6f11baac1734ec
https://doi.org/10.4211/hs.6cd3728f69cb4cb39c6f11baac1734ec


Kelly, S. A., Takbiri, Z., Belmont, P., & Foufoula‐Georgiou, E. (2017). Human amplified changes in precipitation‐runoff patterns in large
river basins of the Midwestern United States. Hydrology and Earth System Sciences, 21(10), 5065–5088. https://doi.org/10.5194/hess‐21‐
5065‐2017

Koiter, A. J., Owens, P. N., Petticrew, E. L., & Lobb, D. A. (2013). The behavioural characteristics of sediment properties and their impli-
cations for sediment fingerprinting as an approach for identifying sediment sources in river basins. Earth‐Science Reviews, 125, 24–42.
https://doi.org/10.1016/j.earscirev.2013.05.009

Konar, M., Jason Todd, M., Muneepeerakul, R., Rinaldo, A., & Rodriguez‐Iturbe, I. (2013). Hydrology as a driver of biodiversity: Controls
on carrying capacity, niche formation, and dispersal. Advances in Water Resources, 51, 317–325. https://doi.org/10.1016/j.
advwatres.2012.02.009

Kumar, P., Le, P. V. V., Thanos Papanicolaou, A. N., Rhoads, B. L., Anders, A. M., Stumpf, A., et al. (2018). Critical transition in critical zone
of intensively managed landscapes. Anthropocene, 22, 10–19. https://doi.org/10.1016/j.ancene.2018.04.002

Kumarasamy, K., & Belmont, P. (2018). Calibration parameter selection and watershed hydrology model evaluation in time and frequency
domains. Water, 10(6), 710. https://doi.org/10.3390/w10060710

Lane, S. N., Tayefi, V., Reid, S. C., Yu, D., & Hardy, R. J. (2007). Interactions between sediment delivery, channel change, climate change and
flood risk in a temperate upland environment. Earth Surface Processes and Landforms, 32(3), 429–446. https://doi.org/10.1002/esp.1404

Lang, Z., & Rabotyagov, S. S. (2018). Waterfowl model for MOSM. Retrieved from https://osf.io/jmwx3/?view_only=
2243428d21f0410f81baa6f0a263f976

Lauer, J. W., Echterling, C., Lenhart, C., Belmont, P., & Rausch, R. (2017). Air‐photo based change in channel width in the Minnesota River
basin: Modes of adjustment and implications for sediment budget. Geomorphology, 297, 170–184. https://doi.org/10.1016/j.
geomorph.2017.09.005

Lauer, J. W., Viparelli, E., & Piégay, H. (2016). Morphodynamics and sediment tracers in 1‐D (MAST‐1D): 1‐D sediment transport that
includes exchange with an off‐channel sediment reservoir. Advances in Water Resources, 93, 135–149. https://doi.org/10.1016/j.
advwatres.2016.01.012

Lenhart, C. F., Smith, D. J., Lewandowski, A., Belmont, P., Gunderson, L., & Nieber, J. L. (2018). Assessment of stream restoration for
reduction of sediment in a large agricultural watershed. Journal of Water Resources Planning and Management, 144(7), 1–13. https://doi.
org/10.1061/(ASCE)WR.1943‐5452.0000908

Lenhart, C. F., Titov, M. L., Ulrich, J. S., Nieber, J. L., & Suppes, B. J. (2013). The role of hydrologic alteration and riparian vegetation
dynamics in channel evolution along the lower Minnesota River. Transactions of the ASABE, 56(2), 549–561. https://doi.org/10.13031/
2013.42686

Lenhart, C. F., Verry, E. S., Brooks, K. N., & Magner, J. A. (2012). Adjustment of prairie pothole streams to land‐use, drainage and climate
changes and consequences for turbidity impairment. River Research and Applications, 28(10), 1609–1619. https://doi.org/10.1002/
rra.1549

Lewandowski, A., Everett, L., Lenhart, C., Terry, K., Origer, M., &Moore, R. (2015). Fields to streams: Managing water in rural landscapes.
Part two, managing sediment and water. Retrieved from http://conservancy.umn.edu/handle/11299/177291

Lowrance, R., Vellidis, G., & Hubbard, R. K. (1995). Denitrification in a restored riparian forest wetland. Journal of Environment Quality,
24(5), 808. https://doi.org/10.2134/jeq1995.00472425002400050003x

Lowrance, R. R., Todd, R. L., & Asmussen, L. E. (1984). Nutrient cycling in an agricultural watershed: II. Streamflow and artificial drai-
nage1. Journal of Environment Quality, 13(1), 27. https://doi.org/10.2134/jeq1984.00472425001300010005x

Matsch, C. L. (1983). River Warren, the southern outlet to glacial Lake Agassiz. In J. T. Teller & L. Clayton (Eds.), Glacial Lake Agassiz
(pp. 231–244). Geological Association of Canada Special Paper 26. St. John's.

McCluney, K. E., Poff, N. L., Palmer, M. A., Thorp, J. H., Poole, G. C., Williams, B. S., et al. (2014). Riverine macrosystems ecology:
Sensitivity, resistance, and resilience of whole river basins with human alterations. Frontiers in Ecology and the Environment, 12(1),
48–58. https://doi.org/10.1890/120367

Mitchell, N., Kumarasamy, K., Cho, S., Belmont, P., Dalzell, B., & Gran, K. (2018). Reducing high flows and sediment loading through
increased water storage in an agricultural watershed of the upper Midwest, USA.Water, 10(8), 1053. https://doi.org/10.3390/w10081053

Mn.IT Services (2018). MnTopo http://arcgis.dnr.state.mn.us/maps/mntopo/
Murdoch, P. S., McHale, M., & Baron, J. (2014). Reflections on a vision for integrated research and monitoring after 15 years. Aquatic

Geochemistry, 20(2–3), 363–380. https://doi.org/10.1007/s10498‐013‐9222‐7
Musser, K., Kudelka, S., & Moore, R. (2009). Minnesota River Basin trends.Water Resources Center, Minnesota State University, Mankato, 1,

64. Retrieved from http://mrbdc.mnsu.edu/sites/mrbdc.mnsu.edu/files/public/mnbasin/trends/pdfs/trends_full.pdf
Novotny, E. V., & Stefan, H. G. (2007). Stream flow in Minnesota: Indicator of climate change. Journal of Hydrology, 334(3–4), 319–333.

https://doi.org/10.1016/j.jhydrol.2006.10.011
NSF, Advisory Committee for Environmental Research and Education (2009). America's future: Environmental research and education for

a thriving century. Retrieved from https://www.nsf.gov/ere/ereweb/ac‐ere/ac‐ere_thriving_century.pdf
Passalacqua, P., Belmont, P., & Foufoula‐Georgiou, E. (2012). Automatic geomorphic feature extraction from lidar in flat and engineered

landscapes. Water Resources Research, 48, W03528. https://doi.org/10.1029/2011WR010958
Passalacqua, P., Belmont, P., Staley, D. M., Simley, J. D., Arrowsmith, J. R., Bode, C. A., et al. (2015). Analyzing high resolution topography

for advancing the understanding of mass and energy transfer through landscapes: A review. Earth‐Science Reviews, 148, 174–193. https://
doi.org/10.1016/j.earscirev.2015.05.012

Peters, D. P. C., Loescher, H. W., SanClements, M. D., & Havstad, K. M. (2014). Taking the pulse of a continent: Expanding site‐based
research infrastructure for regional‐ to continental‐scale ecology. Ecosphere, 5(3). art29. https://doi.org/10.1890/ES13‐00295.1

Rabalais, N. N., Turner, R. E., Justić, D., Dortch, Q., Wiseman, W. J., Gupta, B., et al. (1996). Nutrient changes in the Mississippi River and
system responses on the adjacent continental shelf. Estuaries, 19(2), 386. https://doi.org/10.2307/1352458

Redman, C. L., Grove, J. M., & Kuby, L. H. (2004). Integrating social science into the Long‐Term Ecological Research (LTER) network:
Social dimensions of ecological change and ecological dimensions of social change. Ecosystems, 7(2), 161–171. https://doi.org/10.1007/
s10021‐003‐0215‐z

Richter, D. D., Billings, S. A., Groffman, P. M., Kelly, E. F., Lohse, K. A., McDowell, W. H., et al. (2018). Ideas and perspectives:
Strengthening the biogeosciences in environmental research networks. Biogeosciences, 15(15), 4815–4832. https://doi.org/10.5194/bg‐
15‐4815‐2018

Scavia, D., Bertani, I., Obenour, D. R., Turner, R. E., Forrest, D. R., & Katin, A. (2017). Ensemble modeling informs hypoxia management in
the northern Gulf of Mexico. Proceedings of the National Academy of Sciences of the United States of America, 114(33), 8823–8828. https://
doi.org/10.1073/pnas.1705293114

10.1029/2018WR024211Water Resources Research

GRAN ET AL. 3591

https://doi.org/10.5194/hess-21-5065-2017
https://doi.org/10.5194/hess-21-5065-2017
https://doi.org/10.1016/j.earscirev.2013.05.009
https://doi.org/10.1016/j.advwatres.2012.02.009
https://doi.org/10.1016/j.advwatres.2012.02.009
https://doi.org/10.1016/j.ancene.2018.04.002
https://doi.org/10.3390/w10060710
https://doi.org/10.1002/esp.1404
https://osf.io/jmwx3/?view_only=2243428d21f0410f81baa6f0a263f976
https://osf.io/jmwx3/?view_only=2243428d21f0410f81baa6f0a263f976
https://doi.org/10.1016/j.geomorph.2017.09.005
https://doi.org/10.1016/j.geomorph.2017.09.005
https://doi.org/10.1016/j.advwatres.2016.01.012
https://doi.org/10.1016/j.advwatres.2016.01.012
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000908
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000908
https://doi.org/10.13031/2013.42686
https://doi.org/10.13031/2013.42686
https://doi.org/10.1002/rra.1549
https://doi.org/10.1002/rra.1549
http://conservancy.umn.edu/handle/11299/177291
https://doi.org/10.2134/jeq1995.00472425002400050003x
https://doi.org/10.2134/jeq1984.00472425001300010005x
https://doi.org/10.1890/120367
https://doi.org/10.3390/w10081053
http://arcgis.dnr.state.mn.us/maps/mntopo/
https://doi.org/10.1007/s10498-013-9222-7
http://mrbdc.mnsu.edu/sites/mrbdc.mnsu.edu/files/public/mnbasin/trends/pdfs/trends_full.pdf
https://doi.org/10.1016/j.jhydrol.2006.10.011
https://www.nsf.gov/ere/ereweb/ac-ere/ac-ere_thriving_century.pdf
https://doi.org/10.1029/2011WR010958
https://doi.org/10.1016/j.earscirev.2015.05.012
https://doi.org/10.1016/j.earscirev.2015.05.012
https://doi.org/10.1890/ES13-00295.1
https://doi.org/10.2307/1352458
https://doi.org/10.1007/s10021-003-0215-z
https://doi.org/10.1007/s10021-003-0215-z
https://doi.org/10.5194/bg-15-4815-2018
https://doi.org/10.5194/bg-15-4815-2018
https://doi.org/10.1073/pnas.1705293114
https://doi.org/10.1073/pnas.1705293114


Schaffrath, K. R., Belmont, P., & Wheaton, J. M. (2015). Landscape‐scale geomorphic change detection: Quantifying spatially variable
uncertainty and circumventing legacy data issues. Geomorphology, 250(March 2016), 334–348. https://doi.org/10.1016/j.
geomorph.2015.09.020

Schilling, K. E., Jha, M. K., Zhang, Y.‐K., Gassman, P. W., & Wolter, C. F. (2008). Impact of land use and land cover change on the water
balance of a large agricultural watershed: Historical effects and future directions.Water Resources Research, 44, W00A09. https://doi.org/
10.1029/2007WR006644

Schottler, S. P., Ulrich, J., Belmont, P., Moore, R., Lauer, J. W., Engstrom, D. R., & Almendinger, J. E. (2014). Twentieth century agricultural
drainage creates more erosive rivers. Hydrological Processes, 28(4), 1951–1961. https://doi.org/10.1002/hyp.9738

Schwenk, J. (2018). RiverMUSE version 1.0. Retrieved from https://csdms.colorado.edu/wiki/Model:RiverMUSE
Schwenk, J., Khandelwal, A., Fratkin, M., Kumar, V., & Foufoula‐Georgiou, E. (2017). High spatiotemporal resolution of river planform

dynamics from Landsat: The RivMAP toolbox and results from the Ucayali River. Earth and Space Science, 4, 46–75. https://doi.org/
10.1002/2016EA000196

Seitzinger, S., Harrison, J. A., Böhlke, J. K., Bouwman, A. F., Lowrance, R., Peterson, B., et al. (2006). Denitrification across landscapes and
waterscapes: A synthesis. Ecological Applications, 16(6), 2064–2090. https://doi.org/10.1890/1051‐0761(2006)016[2064:DALAWA]2.0.
CO;2

Slater, L. J., Singer, M. B., & Kirchner, J. W. (2015). Hydrologic versus geomorphic drivers of trends in flood hazard. Geophysical Research
Letters, 42, 370–376. https://doi.org/10.1002/2014GL062482

Smith, H. G., & Blake, W. H. (2014). Sediment fingerprinting in agricultural catchments: A critical re‐examination of source discrimination
and data corrections. Geomorphology, 204, 177–191. https://doi.org/10.1016/j.geomorph.2013.08.003

Stout, J. C., & Belmont, P. (2014). TerEx toolbox for semi‐automated selection of fluvial terrace and floodplain features from lidar. Earth
Surface Processes and Landforms, 39(5), 569–580. https://doi.org/10.1002/esp.3464

Strayer, D. L., Beighley, R. E., Thompson, L. C., Brooks, S., Nilsson, C., Pinay, G., & Naiman, R. J. (2003). Effects of land cover on stream
ecosystems: Roles of empirical models and scaling issues. Ecosystems, 6(5), 407–423. https://doi.org/10.1007/PL00021506

Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., et al. (2001). Forecasting agriculturally driven global envir-
onmental change. Science, 292(5515), 281–284. https://doi.org/10.1126/science.1057544

USACE, U.S. Army Corps of Engineers St. Paul District, M. (2004). Minnesota River Basin reconnaissance study. Retrieved from https://
www.eqb.state.mn.us/sites/default/files/documents/Minnesota River Reconnaisance Report 12–8‐04.pdf

Utz, R. M., Fitzgerald, M. R., Goodman, K. J., Parker, S. M., Powell, H., & Roehm, C. L. (2013). The National Ecological Observatory
Network: An observatory poised to expand spatiotemporal scales of inquiry in aquatic and fisheries science. Fisheries, 38(1), 26–35.
https://doi.org/10.1080/03632415.2013.748551

Vaughan, A. A., Belmont, P., Hawkins, C. P., & Wilcock, P. (2017). Near‐channel versus watershed controls on sediment rating curves.
Journal of Geophysical Research: Earth Surface, 122, 1901–1923. https://doi.org/10.1002/2016JF004180

Viparelli, E., Wesley Lauer, J., Belmont, P., & Parker, G. (2013). A numerical model to develop long‐term sediment budgets using isotopic
sediment fingerprints. Computers & Geosciences, 53, 114–122. https://doi.org/10.1016/j.cageo.2011.10.003

Vörösmarty, C. J., & Sahagian, D. (2000). Anthropogenic disturbance of the terrestrial water cycle. Bioscience, 50(9), 753–765. https://doi.
org/10.1641/0006‐3568(2000)050[0753:ADOTTW]2.0.CO;2

Walling, D. E., &Woodward, J. (1992). Use of radiometric fingerprints to derive information on suspended sediment sources. In erosion and
sediment transport monitoring programmes in river basins, Proceedings of the Ohio Symposium (pp. 153–164). IAHS pub. no. 210.
Retrieved from https://www.researchgate.net/publication/239921785

White, T., Brantley, S., Banwart, S., Chorover, J., Dietrich, W., Derry, L., et al. (2015). The role of critical zone observatories in critical zone
science. Developments in earth surface processes (Vol. 19). Amsterdam, Netherlands: Elsevier B.V. https://doi.org/10.1016/B978‐0‐444‐
63369‐9.00002‐1

Wilson, C. G., Abban, B., Keefer, L. L., Wacha, K., Dermisis, D., Giannopoulos, C., et al. (2018). The intensively managed landscape critical
zone observatory: A scientific testbed for understanding critical zone processes in agroecosystems. Vadose Zone Journal, 17(1), 22.
https://doi.org/10.2136/vzj2018.04.0088

Wood, P. J., & Armitage, P. D. (1997). Biological effects of fine sediment in the lotic environment. Environmental Management, 21(2),
203–217. https://doi.org/10.1007/s002679900019

Yan, Q., Iwasaki, T., Stumpf, A., Belmont, P., Parker, G., & Kumar, P. (2018). Hydrogeomorphological differentiation between floodplains
and terraces. Earth Surface Processes and Landforms, 43(1), 218–228. https://doi.org/10.1002/esp.4234

10.1029/2018WR024211Water Resources Research

GRAN ET AL. 3592

https://doi.org/10.1016/j.geomorph.2015.09.020
https://doi.org/10.1016/j.geomorph.2015.09.020
https://doi.org/10.1029/2007WR006644
https://doi.org/10.1029/2007WR006644
https://doi.org/10.1002/hyp.9738
https://csdms.colorado.edu/wiki/Model:RiverMUSE
https://doi.org/10.1002/2016EA000196
https://doi.org/10.1002/2016EA000196
https://doi.org/10.1890/1051-0761(2006)016%5b2064:DALAWA%5d2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5b2064:DALAWA%5d2.0.CO;2
https://doi.org/10.1002/2014GL062482
https://doi.org/10.1016/j.geomorph.2013.08.003
https://doi.org/10.1002/esp.3464
https://doi.org/10.1007/PL00021506
https://doi.org/10.1126/science.1057544
https://www.eqb.state.mn.us/sites/default/files/documents/Minnesota
https://www.eqb.state.mn.us/sites/default/files/documents/Minnesota
https://doi.org/10.1080/03632415.2013.748551
https://doi.org/10.1002/2016JF004180
https://doi.org/10.1016/j.cageo.2011.10.003
https://doi.org/10.1641/0006-3568(2000)050%5b0753:ADOTTW%5d2.0.CO;2
https://doi.org/10.1641/0006-3568(2000)050%5b0753:ADOTTW%5d2.0.CO;2
https://www.researchgate.net/publication/239921785
https://doi.org/10.1016/B978-0-444-63369-9.00002-1
https://doi.org/10.1016/B978-0-444-63369-9.00002-1
https://doi.org/10.2136/vzj2018.04.0088
https://doi.org/10.1007/s002679900019
https://doi.org/10.1002/esp.4234


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


