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Abstract changes in climate and agricultural practices are putting pressure on agroenvironmental sys-
tems all over the world. Predicting the effects of future management or conservation actions has proven
exceptionally challenging in these complex landscapes. We present a perspective, gained from a decade of
research and stakeholder involvement in the Minnesota River Basin, where research findings have influ-
enced solutions and policy in directions not obvious at the outset. Our approach has focused on identifying
places, times, and processes of accelerated change and developing reduced complexity predictive frame-
works that can inform mitigation actions.

1. Critical Challenges in Science, Policy, and Management in Agricultural
Landscapes

Agricultural systems all over the world are undergoing pervasive changes in climate and land use-land
cover. For example, the intensively managed agricultural landscapes of the Midwestern U.S., which contrib-
ute 40% of the global corn and soybean supply from less than 1% of the Earth’s land area [Guanter et al.,
2014], have transitioned from mostly wheat and small grains to the more profitable corn and soybeans in
the last few decades [e.g., Musser et al., 2009; Foufoula-Georgiou et al., 2015]. In addition to changing crop
choice, farmers have modified tillage operations, fertilizer application, artificial drainage, and conservation
practices (collectively called land use-land cover LULC change) to optimize production. Climate change has
also strongly influenced these systems. For example, warmer temperatures and altered timing-frequency-
magnitude of storms on top of LULC change have significantly altered the water, sediment, carbon, and
nutrient dynamics in these landscapes, adversely impacting the quality and ecological integrity of the
receiving waters [Wood and Armitage, 1997; Bilotta and Brazier, 2008; Finlay, 2011]. Agroenvironmental sys-
tems respond to such changes in complex ways. Threshold effects and nonlinear processes can lead to
unanticipated consequences, which may take several years to be realized [e.g., Rabalais et al., 1996; Tilman
et al., 2001; Van Oost et al., 2007; Wilkinson and McElroy, 2007].

Understanding and predicting the interactions between the atmosphere, land-surface, water system, built
environment, and ecosystem function and services is one of the greatest challenges of this century. Realisti-
cally, understanding the full suite of interactions is out of reach at present, emphasizing the need to
embrace an approach that focuses on the essential processes, places, and times that would most effectively
dictate where conservation, mitigation, and adaptation strategies will do the most good.

Finding ways to identify critical processes and areas in a landscape that are most vulnerable to change is an
intriguing topic for researchers, but it is vital for managers and policymakers, whose decisions may have
profound and long-lasting effects on the economic prosperity and environmental integrity of the region.
Furthermore, it is difficult, and likely unsustainable to attempt to implement large-scale changes in policy
and management without adequate understanding and acceptance by individual land owners, whose day-
to-day actions contribute to, or help prevent, environmental and ecological degradation and whose choices
on election day empower decision makers.

The science and engineering community can play a transformative role in providing essential understand-
ing of these complex socioecological systems, how they will respond to future perturbations, and what
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states or thresholds should be avoided to keep the system within desired environmental boundaries. How-
ever, the process of “science informing policy and management” is a two way street. It only works if the sci-
entific information is both reliable and communicated effectively. At the same time, people in the critical
policy and management positions must fundamentally embrace science as a means to understand the
world and be committed to applying the best available information as a basis for decision making for the
public good.

We were fortunate to have found such a science-embracing decision-making environment in the state of
Minnesota. Over the past decade, our research group has leveraged an immense amount of publicly avail-
able data, funding sources have enabled development of innovative tools for analysis and modeling, and
relationships fostered with stakeholders have resulted in new, promising strategies for improving water
quality while maintaining economic viability of an intensively managed agricultural landscape. We describe
herein some of the key elements of our success story and give perspectives for the future.

2. New Science, Surprising Results, and Engaging Stakeholders

The Minnesota River Basin (MRB) covers 44,000 km? in the Upper Mississippi River Basin and contains an
alarming 336 impairments for excessive sediment and nutrients or degraded aquatic life under the USEPA
Clean Water Act [Minnesota Pollution Control Agency, 2015]. It has been determined that the Minnesota River
is the main source of sediment and nutrients to the severely impaired Lake Pepin [Kelley and Nater, 2000], a
naturally dammed lake on the Mississippi River. The MRB contributes 80-90% of the sediment delivered to
Lake Pepin, while contributing a mere 38% of the water discharge to the lake. The proportion of sediment
derived from the MRB has been relatively constant over the past 10,000 years, but the sedimentation rate in
Lake Pepin has increased tenfold over the past 170 years [Kelley et al., 2006; Engstrom et al., 2009].

Recognition of the degraded state of the Minnesota River in the 1990s prompted several key questions.
Where are the sediment and nutrients coming from? How much is natural versus anthropogenic? Can these
rivers be cleaned up, and if so, which actions should be taken, where and at what cost? The answers to
those questions have big implications for guiding hundreds of millions of dollars spent annually in conser-
vation, the multibillion dollar agricultural industry, and both quantifiable and unquantifiable economic
value of water resources in Minnesota and downstream.

Historically, the Minnesota River Basin was dominated by wetland and tall grass prairie [Musser et al., 2009].
A suite of profound transformations converted the landscape into some of the most productive agricultural
land in the world, with 78% of the watershed in agricultural land use, mostly corn and soybeans. Thus, it
seemed obvious to many that agricultural practices were the cause of the water quality problems and the
solution necessarily involved taking vast amounts of land out of production, an expensive proposition that
was largely unpopular among agricultural land owners. In 1992, Minnesota Governor Arne Carlson declared
that the Minnesota River needed “tremendous improvement” and launched an extensive program to clean
up the river. Hundreds of thousands of acres were taken out of production for conservation easements.
Over 11,000 sediment and nutrient reduction projects utilizing public funding were completed between
1997 and 2008 [Musser et al., 2009]. And yet the sediment and nutrient problems persisted. Were the money
and efforts wasted?

Farmers, predictably, preferred the explanation that the excessive sediment loads were instead caused by
tall bluffs that lined lower portions of some of the Minnesota River tributaries, which were viewed as “natu-
ral” sediment sources. And there was some evidence to suggest that bluff erosion may play a role [Sekely
et al., 2002], but with measurements on only a few bluffs and large uncertainties in extrapolation, there was
little basis to determine how sediment loading from these features compared to that from the vast majority
of the landscape covered in row crops. Could the farmers be right?

The stakes were elevated in the November 2008 election when, amidst near-economic meltdown, Minneso-
tans resoundingly voted in favor of a referendum to raise their own taxes, including an estimated $2 billion
by 2034, exclusively for the purpose of improving water quality. It was a substantial, optimistic investment
in the future of the state’s water resources. If invested wisely, such an investment could remarkably improve
water quality throughout the state. If invested poorly, the funding could evaporate, with little if any
improvement in water quality. Passing of the referendum was also a resounding vote of confidence in the
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Figure 1. (left) Sedimentation rates (brown bars) measured in Lake Pepin (modified from Engstrom et al. [2009]) and interpreted trends for
sediment loading from soil erosion on farm fields (red) versus erosion of near-channel features such as bluffs and stream banks (gold),
based on sediment fingerprinting results of Belmont et al. [2011]. (top right) A 20 m tall bluff composed of glacial till, (middle) a drain tile
outlet (credit: Bruce Rhodes), and (bottom) stakeholders on a field trip in the Le Sueur River (credit: Jessica Nelson).

scientific and engineering communities to provide reliable and useful guidance as well as in politicians,
state and local agencies, and private land owners to get the job done.

As part of a National Science Foundation (NSF) Science and Technology Center—the National Center for
Earth Surface Dynamics (NCED)—a group of interdisciplinary scientists engaged with state agencies and a
broader group of scientists studying the intricate questions of the MRB with the determination that science
can provide some timely and much needed solutions to the water quality problems of the basin [Brezonik
et al, 1999; Novotny and Stefan, 2007; Wilcock, 2009; Lenhart et al., 2011; Dalzell et al., 2011]. With NCED
funding supplemented by a modest amount of state funding, Belmont et al. [2011] compiled a sediment
budget in the Le Sueur watershed, a 2880 km? MRB tributary contributing the largest sediment loads. The
sediment budget established that eroding bluffs and stream banks accounted for approximately 70% of
sediment loading within the Le Sueur watershed.

To test the hypothesis that sediment coming from bluffs and banks along the river also dominate at much
larger spatial scales, Belmont et al. [2011] analyzed geochemical tracers in sediment cores from Lake Pepin.
They documented a major shift from near-channel sediment sources dominating 170+ years ago, to agri-
cultural field sediments dominating in the mid-twentieth century. But remarkably, while sedimentation
rates in Lake Pepin remained high since 1950, Belmont et al. [2011] showed that the source of sediment has
shifted back to predominately near-channel bluffs and stream banks (Figure 1). In effect, sediment reduc-
tions achieved by farmers improving tillage practices and taking land out of production had been entirely
offset, as enhanced artificial drainage and increased precipitation amplified erosion of near-channel sedi-
ment sources [Belmont et al., 2011; Lenhart et al.,, 2011, 2013; Schottler et al., 2014; Foufoula-Georgiou et al.,
2015; Kelly et al., 2017]. These findings reconciled the opposing views regarding dominant sediment sour-
ces, led to development of the hypothesis that anthropogenic climate and LULC change have amplified ero-
sion of otherwise natural features through amplified hydrology, and highlighted the fact that remediation
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efforts needed to move beyond conventional agricultural field practices to essentially water-reduction man-
agement strategies.

Sustained funding over the past 5 years from the National Science Foundation Water Sustainability and Cli-
mate (WSC) program has enabled further data collection and model development for better understanding
of the system and actionable information for conservation and remediation. Central to our approach have
been multiscale analyses, development of reduced complexity models (RCMs) that focus on key processes,
and careful attention to transport and transformations within river systems, which modulate environmental
signals between the farm field and watershed outlet. For example, Czuba and Foufoula-Georgiou [2014,
2015] developed a network-based, sediment routing RCM to identify geomorphic hotspots and “bottle-
necks” in river transport systems. Hansen et al. [2016a] developed a dynamic, process-based interaction
model that couples streamflow, suspended sediment, phytoplankton, and mussel abundance to test
hypotheses about limiting factors, identify priority locations for restoration activities, and evaluate the
effects of climate-change or land use-change scenarios. Call et al. [2017] developed a morphodynamic RCM
to simulate how channels change under nonstationary flow and sediment supply and demonstrate the
importance of channel adjustment and shifts in variance of the flood flow regime in determining future
changes in floodplain inundation and flood risk. Viparelli et al. [2013] and Belmont et al. [2014] presented
RCMs of environmental tracer transport within channel-floodplain systems, which provides an independent
constraint on sediment delivery across multiple spatial scales. Combining mapping and dating of fluvial ter-
races with numerical modeling, Gran et al. [2013] expanded our understanding of how sediment loading
has changed throughout the Holocene, confirming that near-channel erosion rates are substantially ampli-
fied above long-term averages in the Le Sueur River.

These approaches begin to fill a critical gap in predictability. Prominent models used to predict the effects
of agricultural practices at the watershed scale have advanced dramatically in sophistication, flexibility in
model structure, and representation of management actions [Santhi et al., 2014; Chen and Wu, 2012; Gass-
man et al., 2007; Kumarasamy and Belmont, 2017]. Yet they remain susceptible to deficiencies in methods to
scale up from the field scale to large watersheds as well as representation of river channel dynamics, sedi-
ment storage, and transport processes, all critical components of the Minnesota River Basin system.

To support development of a watershed-scale sediment reduction strategy in a way that moves beyond
conventional models, we convened a diverse group of stakeholders, including individual farmers, agricul-
ture industry representatives, and local and state agency staff for a total of nine meetings over 5 years. We
engaged the stakeholders in a participatory modeling effort in which we developed an RCM to estimate
annual cost and sediment load reductions associated with user-specified portfolios of conservation practi-
ces [Cho, 2017]. The model required representation of upland and channel erosion, robust water and sedi-
ment routing, and reliable estimates of the extents, costs, and effectiveness of all conservation practices
that could plausibly be implemented. Yet the model was designed to be simple and fast, so portfolios could
be modified easily and multidecade scenarios run in a few seconds. Unified by the common goals of cleaner
water and not wasting money, be it public funding or private land unnecessarily taken out of production,
the stakeholder group utilized the model as a basis for understanding and discussing various portfolios of
management options. The group produced a consensus document outlining a strategy for sediment reduc-
tion, which is currently being circulated to the state legislature, soil water conservation district staff, and
nonprofit organizations. Foremost among the recommendations are detention basins and wetlands to be
installed in the upper portions of the watershed in order to desynchronize the peaks of storm hydrographs,
which translates to a disproportionately large reduction in bluff erosion. Model results suggest that careful
targeting of the installation of these water detention features in as little as 5% of the landscape could
reduce sediment loading by as much as half. Related work in the same basin suggests that restoring a few
percent of the landscape to wetlands could also dramatically reduce nitrate export [Hansen et al., 2016b].

All of the above science could have been relegated to a mere academic exercise if Minnesota state agencies
had not been thoroughly engaged and responsive to new knowledge. When provided credible and robust
information, they were ultimately amenable to changing their perspective on the somewhat diminished
role of agricultural field erosion in causing excessive sediment loads. Further, they modified suspended sed-
iment regulations when provided with evidence indicating that background rates of sediment were natu-
rally high in the actively incising lower portions of MRB tributaries. Surface water retention featured
prominently in the Minnesota Pollution Control Agency’s 2015 Sediment Reduction Strategy for the
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Minnesota River Basin [Minnesota Pollution Control Agency, 2015] and serves as a guiding principle for the
Minnesota Clean Water Council’s FY18-19 Policy Recommendations to the State Legislature [Minnesota Pol-
lution Control Agency, 2016].

3. The Value of Science-Informed Policy and Management

Conflicts between economic profitability and environmental quality are inevitable and common. We have
big decisions to make, with very real and long-lasting implications for both people and the environment.
The science and engineering community has a vital role to play in weighing enviroeconomic trade-offs and
informing key policy and management decisions. At the same time, we must help the general public under-
stand the value of science, the nonlinear and self-corrective manner in which science progresses, and the
robust nature of scientific inquiry and debate. The community has never been better positioned to contrib-
ute in this role, with availability of high resolution data, innovative new field and laboratory methods, ana-
lytical tools and computational models, and information technology all advancing at an astounding pace
over the past decade. Putting these tools in the hands of an amazingly diverse community of creative and
motivated individuals ensures continued and accelerated progress. Given the complexity of agroenviron-
mental systems and the nonlinear manner in which changes propagate through them, we advocate for a
new focus on approaches that identify the places, times, and processes of amplified change to guide data
collection and reduced complexity modeling to inform conservation and mitigation actions.

Our experience over the past decade in Minnesota highlights that it takes sustained funding, advances in
basic, interdisciplinary science, and a considerable time and effort to build a level of trust and understand-
ing between scientists and stakeholders. Developing those relationships, building that trust, and effectively
communicating new and actionable insights are paramount, not only for sustaining public and financial
support for science but also to guide decisions that enable short-term economic prosperity, while maintain-
ing the integrity of the myriad ecosystem services on which our long-term economic sustainability
depends.
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