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Abstract

Background Large-river decision-makers are charged with maintaining diverse ecosystem services through unprec-
edented social-ecological transformations as climate change and other global stressors intensify. The interconnected,
dendritic habitats of rivers, which often demarcate jurisdictional boundaries, generate complex management chal-
lenges. Here, we explore how the Resist—Accept-Direct (RAD) framework may enhance large-river management

by promoting coordinated and deliberate responses to social-ecological trajectories of change. The RAD frame-
work identifies the full decision space of potential management approaches, wherein managers may resist change

to maintain historical conditions, accept change toward different conditions, or direct change to a specified future
with novel conditions. In the Upper Mississippi River System, managers are facing social-ecological transformations
from more frequent and extreme high-water events. We illustrate how RAD-informed basin-, reach-, and site-scale
decisions could: (1) provide cross-spatial scale framing; (2) open the entire decision space of potential management
approaches; and (3) enhance coordinated inter-jurisdictional management in response to the trajectory of the Upper
Mississippi River hydrograph.

Results The RAD framework helps identify plausible long-term trajectories in different reaches (or subbasins)

of the river and how the associated social-ecological transformations could be managed by altering site-scale condi-
tions. Strategic reach-scale objectives may reprioritize how, where, and when site conditions could be altered to con-
tribute to the basin goal, given the basin’s plausible trajectories of change (e.g., by coordinating action across sites

to alter habitat connectivity, diversity, and redundancy in the river mosaic).

Conclusions When faced with long-term systemic transformations (e.g.,> 50 years), the RAD framework helps
explicitly consider whether or when the basin vision or goals may no longer be achievable, and direct options may
open yet unconsidered potential for the basin. Embedding the RAD framework in hierarchical decision-making clari-
fies that the selection of actions in space and time should be derived from basin-wide goals and reach-scale objec-
tives to ensure that site-scale actions contribute effectively to the larger river habitat mosaic. Embedding the RAD
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framework in large-river decisions can provide the necessary conduit to link flexibility and innovation at the site scale
with stability at larger scales for adaptive governance of changing social-ecological systems.

Keywords Ecosystem, Management, Transformation, Social-ecological system, Anthropocene, Climate change, Basin

planning, Cross-scale interactions

Introduction

As large rivers continue to undergo unprecedented
human-induced transformations, ecosystem manage-
ment can include approaches that attempt to maintain
diverse ecosystem services through these transforma-
tions (Bock et al. 2018; Diaz et al. 2019). However, antici-
pating and managing social-ecological transformations
at a large-river-system scale is challenging, given their
vast spatial extent, interacting threats, dynamic nature,
and multi-use management objectives (Sparks 1995; Best
2019; Arthington 2021). Additionally, the interconnected,
dendritic habitats of rivers, which often demarcate juris-
dictional boundaries, generate complex shared-manage-
ment challenges (Moss and Newig 2010; Porreca et al.
2016; Laughlin et al 2016). Therefore, coordinated, inter-
agency responses are essential to account for the varied
and multi-scale social-ecological change occurring in
large river systems (Poff 1997; Ward et al. 2002; Rahel
and Olden 2008).

Effective multi-jurisdictional river management is
complicated by numerous interacting threats. Damming
and channelization for energy, water, and transportation
(Grill et al. 2019) have altered flows, which in turn have
degraded water quality, changed sediment dynamics,

and fragmented floodplain and longitudinal connectivity
(Brooker 1985; Dugan et al. 2010; Marschall et al. 2011;
Alexander et al. 2012; Phelps et al. 2015). In some areas,
non-native species have displaced native biota, altered
instream nutrient processing, or shifted selective pres-
sures on native riverine species (Chick and Pegg 2001;
Sass et al. 2014; Gallardo et al. 2016; Chick et al. 2020).
Accelerating climate change further introduces spatially
and temporally explicit directional change and increased
phenological variability, oftentimes driving social-ecolog-
ical trajectories toward transformations (Thompson et al.
2021; Feiner et al. 2022).

Such complexity and variability present challenges
because management decisions are traditionally con-
ceptualized and framed at site and local scales (i.e., on-
the-ground or in-the-water action). These traditional
approaches lose efficacy (Milly et al. 2008) as river sys-
tems face uncertain trajectories and potential regime
shifts (Bouska et al. 2022) from climate change and other
anthropogenic stressors (Craig et al. 2017a; Hirsch 2020;
Jackson 2021). Site- and local-scale decisions are a part
of the broader governance system (e.g., entities listed in
Table 1), which includes all the social, legal, and politi-
cal structures that affect decision processes (Lockwood

Table 1 Example of different entities on the Upper Mississippi River, and their focal scale and priority outcome

Scale Entity

Priority social-ecological outcome

Basin or entire
Upper Mis-
sissippi River
Mainstem

USACE)
Upper Mississippi River Basin Association

Intertribal Agencies (e.g., Great Lakes Indian Fish & Wildlife Commission,

1854 Treaty Authority)

Tribal Governments (e.g., Mille Lacs Band of Ojibwe, Ho-Chunk Nation)
Upper Mississippi River Restoration Program (Federal, state, tribal, & non-

governmental partnership)
U.S. Federal Government (e.g., USACE, USDA-NRCS)

Reach USACE—St. Paul, Rock Island, and St. Louis Districts
or another sub-

set of the entire

: Fish Refuge
basin
State Governments (MN, WI, 1A, IL, MO)
Site Municipalities, residents

Habitat Rehabilitation and Navigation Projects (e.g., Upper Mississippi

Mississippi River Commission (United States Army Corps of Engineers;

U.S. Fish & Wildlife Service—Upper Mississippi River National Wildlife &

Navigation, commerce, flood control

Multi-use management, cooperative planning
Treaty rights to fish, hunt, and gather

Shared well-being, sustainable livelihoods (Reid et al. 2021)
Scientific research, monitoring, and habitat rehabilitation

Navigation, flood control, environmental regulation
Navigation and flood control
Conservation and management of wildlife habitat

State constituency priorities; hunting and fishing, environ-
mental regulation and management

Local constituency priorities (e.g., tourism, recreation, flood
risk, agricultural production)

Address site-specific issues (e.g., sedimentation, erosion)

River Restoration Program; Navigation and Ecosystem Sustainability

Program)

This list is intended to illustrate the multi-scale, inter-jurisdictional governance structure. This table does not provide an exhaustive list of all relevant entities
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et al. 2010; Clifford et al. 2022). In changing systems, an
adaptive governance structure promotes stability at large
scales, balanced with flexibility for innovation at smaller
scales (Craig et al. 2017b). Rapidly changing large-river
systems present opportunities for developing shared
goals and management approaches that cross jurisdic-
tional boundaries and incorporate ecological scales and
social-ecological realities (e.g., Wolf 2008; Pracheil et al.
2012, 2013; Bouska et al. 2019).

The Resist—Accept—Direct (RAD) framework builds on
established management approaches by clearly outlining
all possible approaches that managers can select when
faced with social-ecological transformation due to direc-
tional forcing (Fig. 1; Box 1; Lynch et al. 2021; Thomp-
son et al. 2021; Magness et al. 2022a; Schuurman et al.
2022). The RAD framework outlines three approaches
to change, wherein managers can choose to: (1) resist
change to maintain historical conditions; (2) accept
change toward different system conditions; or (3) direct
change to a specified future and novel system condition
(Lynch et al. 2021; Thompson et al. 2021; Schuurman

Directional forcing: Change in driver
variables in a specific direction, such as
increasing or decreasing

Y o

E.g., more frequent and severe flooding
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et al. 2022). Resist, accept, and direct change approaches
are not mutually exclusive and can be applied simultane-
ously in a portfolio approach to achieve large-scale and
long-term goals (e.g., resist in one location and accept
in another; Magness and Morton 2017; Magness et al.
2022b).

Application of the RAD framework requires
that decision-makers identify specific social-ecological
trajectories. In systems facing likely transformations,
decisions can then be framed as a deliberate choice to
either: (1) intervene in a system trajectory, and thus
attempt to resist or direct change along a specific path;
or (2) not intervene, and thus accept the current tra-
jectory and its eventual social-ecological transfor-
mation (Magness et al. 2022a). The goal of using the
RAD framework is to brainstorm options that could be
selected. Then, established decision-making processes
help to identify which options should be selected in
each management context. The specific options con-
sidered within each RAD category (resist, accept,
or direct) are often constrained by the worldviews,

Social-ecological transformation:
The emergence of persistent social—
ecological systems that diverge,
dramatically and irreversibly, from prior
structure and function

5. P

E.g., oak to willow floodplain forest

Possible approaches to change

RESIST the trajectory, working to maintain the current or to return to
historical system configuration (i.e., its composition, structure, or function)

the trajectory,
allowing the system to
change autonomously

E.g., maintain oak with
forest management

the trajectory by actively
shaping change in the system
towards a preferred new configuration

E.g., allow willow
forest expansion

E.g., establish novel forest
mixture of warm temperature,
l@ flood tolerant species

Fig. 1 Conceptual diagram showing links between directional forcing, social-ecological transformations, and possible approaches to change

outlined by the Resist-Accept-Direct framework
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culture, and understanding of decision-makers and/
or their institutions (Clifford et al. 2022), necessitat-
ing deliberate approaches for open-minded and crea-
tive brainstorming. The RAD framework enhances
traditional management tools (e.g., adaptive manage-
ment, scenario planning; Walters 1986; Peterson et al.
2003) by explicitly outlining the full decision space
of potential management approaches in the context
of long-term plausible social-ecological trajectories,
rather than defaulting to a limited set of status quo
approaches (e.g., considering only resist options).
Then, managers can select deliberate responses to
social-ecological transformations and work toward
identifying thresholds for changing RAD-informed
decisions through time (Lynch et al. 2021, 2022b;
Thompson et al 2021; Bouska et al. 2022; Magness
et al. 2022b; Schuurman et al. 2022).

In large rivers, a hierarchical systems approach to the
RAD framework may help link decisions across spatial
scales and jurisdictions. This approach entails develop-
ment of shared, basin-scale goals, formulated in response
to social-ecological trajectories, that can be implemented
and tailored for local conditions (e.g., Pracheil et al. 2012,
2013; Bouska et al. 2019). Successful implementation of
the RAD framework requires linking ecological under-
standing at different spatial scales to anticipate how
the river will respond differently in different areas and
at different times (e.g., via spatially explicit velocities of
change, directional forcing, nonstationarity, and ampli-
fied rates of change; Loarie et al. 2009; Dobrowski et al.
2013; Beever et al. 2014; Bouska et al. 2018, 2022).

Here, we describe how embedding the RAD framework
into a hierarchical large-river governance system may
help coordinate effective responses to unprecedented
directional change from site to basin scales. Specifically,
we used the Upper Mississippi River System to illustrate
how including the RAD framework in hierarchical deci-
sion-making can: (1) provide framing along the river con-
tinuum and across spatial scales; and (2) open the entire
decision space of potential management approaches.
Together, (1) and (2) may help (3) foster coordinated
inter-jurisdictional management. The Upper Mississippi
River faces multiple, interacting, cross-jurisdictional
threats common to other large-river systems across the
world (Khoury et al. 2011; Houser et al. 2022). The U.S.
Congressionally designated governance structure and
well-established inter-jurisdictional partnerships of the
Upper Mississippi River System (Water Resources Devel-
opment Act of 1986, 33 U.S. Code, section 652) make
the region ripe for coordinated, informed, and deliberate
responses to climate change and may provide a template
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for other large-river and large-ecosystem decision-mak-
ers to navigate similar challenges.

Box 1. Glossary of terms used

Accept Accept the trajectory, allowing
the system to change autono-

mously (Lynch et al. 2022a)

Social-ecological trajectories The plausible directional change
in abiotic, biotic, and societal
response to drivers of change
(e.g. climate), including recipro-
cal response between ecosystem
change and management inter-
ventions

Social-ecological transformation The emergence of persistent
social-ecological systems
that diverge, dramatically and irre-
versibly, from prior structure
and function (Lynch et al. 2021;
also see alternative stable states
and regime shifts in ecosystems)

Direct Direct the trajectory by actively
shaping change in the system
towards a preferred new configura-

tion (Lynch et al. 2022a)
Change in driver variables (e.g.,
CO,) in a specific direction (e.g.,
increasing, decreasing)

Directional forcing

Decision space The range of options available

when making a choice

The desired directional outcome
for fundamental social-ecological
functions that will bring the shared
vision into reality (e.g., resisting,
accepting, or directing the trajec-
tory of functions and services:
“resist loss of ecological integrity”)

RAD basin goals

RAD framework Conceptual structure to identify all
possible management pathways
when faced with social-ecological

transformation

RAD-informed decisions Any decision point, during plan-
ning through implementa-

tion stages, that is informed

by the long-term and directional
change perspective of RAD. Can be
made at any scale (e.g., identifying
and implementing Basin Goals,
Reach Objectives, and Site Actions)

RAD-informed shared vision A commonly held desired future
state within the range of plausi-
ble social-ecological trajectories,
in which all constituents identify
with a shared sense of purpose

to work toward that future state

RAD reach objectives The desired outcomes for key eco-
system determinants that will help
achieve the basin goals (e.g,, resist,
accept, or direct habitat diversity,

redundancy, or connectivity)
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RAD site actions Management interventions,
strategies, or approaches to resist,
accept, or direct change at the pro-

ject site scale

Reach A segment of a large river contain-
ing sites with similar conditions
that collectively generate shared
ecosystem structure and function

Resist Resist the trajectory, working

to maintain the current or to return
to historical system configuration
(i.e., its composition, structure,

or function) (Lynch et al. 2022a)

A RAD hierarchical

system
Including the RAD framework in hierarchical large-
river governance systems may help coordinate effective
responses to unprecedented directional change at three
focal decision scales in rivers: the basin, reach, and site
scale (Spitzack and Hubbell 2009; Guyon et al. 2012;
Craig et al. 2017b; McCain et al. 2018):

large river governance

+ Basin goals provide the backbone to a cohesive river-
governance system, with the necessary stability and
direction to inform decisions at smaller spatial scales.
Basin goals are the desired directional outcome for
fundamental social-ecological functions and services
(e.g., “resist loss of ecological integrity”; Box 1).

+ Reach objectives link basin goals to site action by set-
ting different sub-river or sub-basin priorities, as
management needs vary along the river. Reach objec-
tives are the desired directional outcomes for key
ecosystem determinants that help achieve the basin
goals (e.g., resist, accept, or direct habitat diversity,
redundancy, or connectivity; Box 1).

« Site actions contribute to reach objectives and basin
goals and provide opportunities for experimenta-
tion and innovation that inform whether and when
adjustment of priorities or goals is needed at larger
scales. Site actions are management interventions,
strategies, or approaches to resist, accept, or direct
change at the project site scale (Box 1).

At each spatial scale, the RAD framework can help con-
textualize decisions over long time spans (e.g., > 50 years),
which inherently requires incorporating understand-
ing of ecosystem processes and management decisions
at other scales (Qiu et al. 2018). Combining the cross-
scale ecosystem understanding with consideration of
the full decision space of RAD (resist, accept, and direct
approaches) may help decision-makers identify creative
ways to develop inter-jurisdictional partnerships (e.g.,
by identifying new scale-specific priority funding areas).
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Further, the long-term view of the RAD framework may
be a useful tool for non-Indigenous managers to extend
the time scale of their decisions to be more comparable
to the time scales commonly considered by many Indig-
enous peoples (e.g., the Seventh-Generation philosophy,
where decisions should be made today that will sustain
food and medicine for the next seven generations; Shultz
et al. 2022). In this way, the RAD framework could help
connect different ways of knowing (e.g., Indigenous
Knowledges, scientific knowledge) to develop a shared
vision for a social-ecological system (Shultz et al. 2022).
This type of collective approach has been framed for
Atlantic and Pacific salmon rivers (Kocik et al. 2022)
and is relevant for other large river systems with Indig-
enous significance. Framing decisions in a long-term and
cross-spatial scale may help normalize inclusive, social-
ecological-system-based management where people are
inextricably linked to the ecosystem, not considered sep-
arate from it.

In this section, we introduce how including the RAD
framework in hierarchical large-river governance could
aid in decision-making at each focal scale in large river
systems in general. In subsequent sections, we use exam-
ples from the Upper Mississippi River System to illustrate
how including the RAD framework in hierarchical deci-
sion-making provides cross-scale framing and considera-
tion of the full decision space of management approaches
to foster coordinated inter-jurisdictional management.

Basin goals

Key basin-scale decision points where the RAD frame-
work can enhance efforts include (1) developing a RAD-
informed shared vision and (2) identifying basin goals
to achieve that vision (Box 1). Effective, inclusive, basin-
scale planning is fraught with challenges; it requires sig-
nificant time investment among basin partners and an
openness to difficult conversations and co-produced
knowledge, wherein no single party overly drives out-
comes (Wolf 2017; Djenontin and Meadow 2018). A few
key considerations in basin planning include identifying
clear goals and objectives with inclusive and equity-based
practices, coordination and cooperation, and securing
and distributing adequate funding and capacity among
partners (Lynch et al. 2022b). Effective approaches to
basin planning and facilitation (e.g., Delphi, Structured
Decision-Making, Scenario Planning, among many more)
increase transparency in problem definition, compare
alternative futures, and qualitatively or quantitatively
clarify decision processes (Polasky et al. 2011; Gregory
et al. 2012; Mukherjee et al. 2015). Successful efforts in
basin planning have also applied conflict-transformation
approaches rooted in Indigenous Knowledges and world
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faith traditions that address the emotional and spiritual
aspects inherent in environmental decisions, including
the shared and reciprocal nature of human—human and
human—environment relationships (Wolf 2010, 2017;
Reid et al. 2021). In any shared-visioning approach,
the RAD framework can enhance efforts by outlining
the diversity of plausible social-ecological trajectories,
responses, and outcomes (Magness et al. 2022a). Estab-
lishing a RAD-informed shared vision from a shared
sense of the range of potential basin futures can bring
conflicting parties together to find creative and shared
solutions.

RAD-informed basin goals set the desired trajectory for
fundamental social-ecological outcomes (i.e., resisting,
accepting, and/or directing trajectories of system func-
tions and services) that will bring the shared vision into
reality. A RAD-informed basin planning effort includes
identifying the multitude of changes beyond human con-
trol (what changes must or should be accepted), with an
understanding of the reciprocal relationship between the
environment and society. Explicit identification of what
ecosystem changes must be accepted raises questions
of how humans can shift their own response and adapt
to change as a part of the social-ecological river system
(sensu Reid et al. 2021; Brierly and Fryirs 2022). Identify-
ing a RAD-informed shared vision and associated goals
also includes explicit conversation of how long into the
future undesirable trajectories of change can be resisted.
Lastly, RAD-informed shared vision and goals help iden-
tify creative direct pathways, where decision-makers may
consider previously unimagined potential for the basin
(e.g., new economic uses or novel ecosystems to replace
or add ecosystem services).

Reach objectives

Reach-scale objectives (Box 1) specify the selected direc-
tional outcome for key determinants of ecosystem struc-
ture and function [e.g., resist, accept, or direct changes in
habitat diversity, redundancy, and connectivity, follow-
ing De Jager et al. (2018)] to achieve the desired basin-
wide fundamental ecosystem outcomes (e.g., ecological
integrity and economic use; sensu Spitzack and Hubbell
2009). At the reach scale, there is a more refined under-
standing of the social and ecological responses to plau-
sible basin trajectories to support decisions on whether,
when, and where to resist, accept, and/or direct social-
ecological transformations. Assessing ecological respon-
siveness and social receptivity to change helps identify
effective management interventions and clarify when any
RAD strategy may be ineffective, too costly, or socially
unacceptable (Lynch et al. 2022a). Achievable and effec-
tive reach objectives include understanding the extent
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to which managers can alter site conditions to effectively
intervene in the basin trajectory of change [“ecological
responsiveness” following Lynch et al. (2022a)].

The temporal and spatial distribution of many site
actions to effectively achieve basin goals collectively cre-
ates a reach-scale portfolio of prioritized RAD actions
(Magness and Morton 2017; Magness et al. 2022b).
Because ecological responsiveness and social receptivity
vary along the river continuum (Schramm 2017), a reach-
scale portfolio of RAD actions will help achieve basin-
scale goals. For example, a RAD-informed reach portfolio
may prioritize resist actions at sites where the probabil-
ity of transformation is low until resist strategies become
too costly, while prioritizing accept or direct strategies in
sites that are closer to a transformation or where a resist
intervention is unlikely to be effective (Bouska et al. 2022;
Lynch et al. 2022a). This type of prioritization of more
resilient sites is counter to common restoration projects
that prioritize action in more degraded and less resilient
sites (Koslow et al. 2014; Lynch et al. 2021). Importantly,
a RAD-informed portfolio may also resist change in
one management objective (e.g., habitat diversity) while
directing change in another management objective (e.g.,
economic uses)—even in the same site or reach (Thomp-
son et al. 2021; Kocik et al. 2022).

Site actions

Resist, accept, or direct actions are typically implemented
at the site scale (Box 1). To ensure that site actions are
effective in contributing to the basin-wide vision, site-
scale actions are implemented according to reach-scale
prioritization. Given that basin-scale directional change
is likely first observed at the site scale, assessing effective-
ness of site-scale actions can aid in identifying thresh-
olds for revisiting RAD-informed decisions over time.
For example, the long-term transformations identified
through the RAD framework can help site-scale manag-
ers consider how long they can or should resist, accept, or
direct change before switching approaches.

Integrating the RAD framework into site-scale actions
will help navigate unprecedented directional change by
implementing coordinated management actions across
multiple jurisdictions. Specific RAD site-scale actions
could be accomplished by using different agency, partner,
or community’s historical strengths or expertise. Crea-
tive direct site actions may help identify opportunities
for new partnerships to support novel solutions. Further,
the common language of the RAD framework can pro-
vide clearer communication for a broad circle of partners
to select specific site actions that best address plausible
social-ecological trajectories in the basin (Lynch et al
2022b).



Ward et al. Ecological Processes (2023) 12:48

Cross-scale interactions

Heterogeneity in site-scale conditions often exists along
the river continuum resulting in different ecosystem
transformations in different areas of the river through
time. For example, a reach characterized by well-con-
nected, diverse, and undeveloped floodplain habitats
will respond to a changing hydrograph much differently
than a reach characterized by a largely disconnected agri-
cultural floodplain with extensive levee infrastructure
(De Jager et al. 2018). The understanding of whether a
mosaic of site-scale changes drives reach-specific trans-
formations is key for basin planners to assess whether
the basin-scale shared vision and goals are achievable
through time.

Reach-scale planning can connect basin goals to site
actions and provide a conduit for the feedback neces-
sary to support flexible change and innovation from the
site to basin scales (sensu Craig et al 2017b). Since the
long-term and cross-spatial-scale perspective of the RAD
framework requires contextualizing site decisions within
larger-scale ecosystem change, RAD-informed site
actions may help ensure that reach objectives are achiev-
able and revisited through time, as conditions change.

Overall, the RAD framework helps identify what deci-
sion-makers could do. However, it is the internal (i.e.,
worldviews, culture, and understanding of the system)
and external factors (i.e., scientific uncertainty, insti-
tutional context, and social feasibility) that ultimately
determine the final management decision (Clifford et al.
2022). Embedding the RAD framework in hierarchical
governance systems will not solve all cooperation, fund-
ing, capacity, and other shared management challenges
brought about by climate change and inter-jurisdictional
ecosystem management. Rather, the hierarchical RAD
framework for large-river governance provides a struc-
ture for considering the full decision space of resist,
accept, and direct management approaches, which could
help conflicting parties find common ground in effective,
novel solutions.

The Upper Mississippi River: ripe for RAD
management

The Mississippi River is the longest river in North
America, running 3770 km from its source at Lake
Itasca in Minnesota to the Gulf of Mexico, and drain-
ing 41% (3,288,000 km?) of the contiguous U.S. (Rajib
et al. 2021; Schramm 2017). The Mississippi River can
be broadly divided into the Upper Mississippi, from
Lake Itasca south to the Ohio River, and the Lower
Mississippi, from the Ohio River confluence to the Gulf
of Mexico near New Orleans, Louisiana. The commer-
cially navigable portion of the Upper Mississippi River,
from Minneapolis, Minnesota, to Cairo, Illinois, is
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U.S. Congressionally defined as a nationally significant
ecosystem and navigation system (Water Resources
Development Act of 1986, 33 U.S. Code, section 652).
The Upper Mississippi mainstem contains three geo-
morphically distinct reaches: the upper impounded,
lower impounded, and unimpounded reaches (Fig. 2c;
Lubinski and Theiling 1999; De Jager et al. 2018). The
upper impounded reach is characterized by a relatively
well-connected and narrow floodplain with diverse
aquatic habitat types. The lower impounded reach
is characterized by a relatively wide floodplain with a
mix of well-connected floodplain habitats and discon-
nected floodplain areas behind agricultural levees. The
unimpounded reach is characterized by extensive agri-
cultural levees that block floodplain connectivity and
create low aquatic habitat diversity. Downstream of
the Upper Mississippi portion, the Lower Mississippi is
undammed to the Gulf of Mexico but contains exten-
sive river engineering structures (Schramm 2017).

The Upper Mississippi River basin crosses state and
tribal jurisdictional boundaries (Fig. 2c) and, as such, is
managed by different authorities operating at different
spatial extents and with differing management priorities
(Table 1; McCain et al. 2018). The types of management
decisions being made depend on the scale of the decision,
from individual project sites (e.g., habitat restoration in
a side-channel through the Upper Mississippi River Res-
toration program) to basin-wide policy (e.g., policies
advocated by the Upper Mississippi River Basin Associa-
tion; Table 1). The upper impounded, lower impounded,
and unimpounded reach boundaries are used in existing
Upper Mississippi River governance system decisions
(Spitzack and Hubbell 2009).

Though modifications for navigation are a dominant
factor in the physical configuration of the river today,
some multi-use management was established before con-
struction of the current lock-and-dam infrastructure. The
Upper Mississippi River National Fish and Wildlife Ref-
uge was established in 1924 and now covers >970 km? of
aquatic and terrestrial floodplain habitats (Sparks 2010;
Schramm 2017). The Water Resources and Development
Acts of 1986 and 2007 established goals to balance eco-
nomic and ecological priorities. Through these Acts, fed-
eral funds support management of the: (1) lock-and-dam
navigation system; and (2) diverse native flora and fauna.
The Acts established interagency partnerships for multi-
use management of commercial navigation, agricul-
ture, flood control, recreation, and habitat rehabilitation
(Spitzack and Hubbell 2009; DuBowy 2013; Houser et al.
2022). No analogous legislation exists to support bal-
anced river management downstream of Cairo, IL (Sch-
ramm 2017). In recognition of the diverse benefits of the
Mississippi River Basin and the detriments of singularly
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focused management goals, new approaches to effec-
tively achieve multi-use goals include novel water-level
management plans (Theiling et al. 2021) and more inclu-
sive decision-making processes (Mac and Palmer 2020).

The Upper Mississippi River is a biodiversity hotspot
that has high conservation value (Weitzell et al. 2003)
and provides diverse ecosystem services (e.g., Thorp et al.
2010; Li et al. 2016; Schramm 2017; PIIC 2023b). The
river basin is the sacred homeland of many Indigenous
groups (Carlson 2020; PIIC 2023a). The construction of
the lock-and-dam navigation infrastructure inundated
portions of the floodplain, including numerous Indig-
enous sacred sites (PIIC 2023a). Climate change further
threatens tribal access to spiritual, ceremonial, medicinal,
subsistence, and economic needs in the Mississippi River
basin ceded territories (GLIFWC 2023) and downstream
areas where the U.S. Congress abrogated previously
agreed-upon Dakota treaty rights (PIIC 2023a).

The Upper Mississippi River is well suited to provide
an example for coordinated, informed, and deliber-
ate responses to unprecedented directional change. The
north—south orientation of the Upper Mississippi River
aligns with climate gradients (e.g., cooler and wetter in

the north, warmer and drier in the south), facilitating
experimental and comparative research along the river
continuum. The increasing frequency, duration, mag-
nitude, and variability of climate-change-related dis-
turbances in the Upper Mississippi River (Feiner et al.
2022; Van Appledorn 2022) highlights a need to under-
stand shifting baselines in a system undergoing drastic
changes (Pletterbauer et al. 2018) with contextualiza-
tion of an already highly modified river system (Lemke
et al. 2017). The long-term and cross-spatial-scale view
of the RAD framework may help address the amplified
rates, directional change, and increased variability affect-
ing the system and enable decision-makers to navigate
social-ecological transformations more effectively, while
maintaining or enhancing critical ecosystem services and
livelihoods (Thompson et al 2021; Lynch et al. 2022b).

Transformational case study: more water more

of the time

To illustrate how the RAD framework may help identify
effective responses to unprecedented change in a large
river from site to basin scales, we focus primarily on
shifts in precipitation and associated directional changes
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to the river hydrograph. Once the overall hierarchi-
cal RAD framework is understood, then the full suite of
interacting drivers (e.g., changing air temperature, pre-
cipitation, invasive species, land use) can be included in
RAD-informed large-river decision-making.

Outcomes of climate projections vary along the river
continuum and are complex to predict due to multi-
ple interacting variables. For example, though projec-
tions of mean annual precipitation show increases of
2-20% over the next 50 years in the Upper Mississippi
River Basin, projections for the Lower Mississippi River
Basin includes areas where precipitation is projected to
increase (e.g., the Ohio River), remain the same (e.g.,
the Arkansas River), and decrease (e.g., Red River of the
South; Fig. 2a, b). Further, the seasonal distribution of
rainfall is expected to change (Additional file 1: Fig. S1)
and simultaneously increasing air temperatures could
result in a net loss of runoff through increased evapo-
transpiration, even in areas receiving increased annual
precipitation (Battaglin et al. 2020; Tercek et al. 2021).
Given the large range in projected changes to precipita-
tion across global climate models (Additional file 1: Figs.
S2-S5), preparing for plausible, and even divergent, cli-
mate futures will likely be necessary (Lawrence et al.
2021), including anticipating greater variability in river
flow conditions.

Overall, the Upper Mississippi River Basin is expe-
riencing precipitation events of greater intensity and
longer duration more frequently than in the twentieth
century (Meehl and Tebaldi 2004; Taylor et al. 2012;
Portner et al. 2022). Precipitation changes can alter dis-
charge, a fundamental river variable (van Vliet et al
2013). Daily discharge throughout the year, or the annual
hydrograph, is already changing in the Upper Mississippi
River System. On average, over the last decade, the river
system has experienced up to 42% higher annual maxi-
mum flow (Keokuk, IA), up to 177% higher mean annual
flow (Valley City, IL), and high-water events that last up
to 20.2 days longer (Keokuk, IA) than 30 years ago (Van
Appledorn 2022). Even though observed trends and
future projections indicate increases in discharge, sys-
tems approaching transformations tend to have increas-
ing variability in ecosystem variables (Carpenter and
Brock 2006; Spanbauer et al. 2014). Thus, though the
focus of Upper Mississippi River futures is on greater dis-
charge on average, decision-makers also need to prepare
for more variability in flow conditions, including extreme
low-water conditions (sensu Harris et al. 2018).

The system-wide hydrograph shift toward more water
more of the time will likely result in varying social-eco-
logical transformations in different reaches of the river,
and some of these transformations are already being
observed (Houser et al. 2022). The upper impounded
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reach, which has relatively well-connected and diverse
floodplain habitats, is likely to see amplified rates of sedi-
mentation in aquatic habitats and tree mortality in ter-
restrial habitats (De Jager et al. In Review; De Jager et al.
2019; De Jager and Rohweder 2017). Increased sedimen-
tation may result in the transformation of open water to
marsh or wet meadow habitats (Guyon et al. 2012), and
a corresponding loss of the critical overwintering fish
habitat that has the necessary combination of depth,
temperature, and dissolved oxygen (Theiling et al. 2014).
Increased inundation frequency and duration may fur-
ther amplify the ongoing loss of forest habitat (e.g., a
6.4% loss of floodplain forest area from 1989 to 2010; De
Jager and Rohweder 2022). Currently, the highest eleva-
tion floodplain forest stands (oak Quercus spp.) tend to
remain dry during high flow, however more extreme flow
conditions may threaten these higher elevation forests.
Increased inundation of lower elevation swamp white
oak (Quercus bicolor) and silver maple (Acer sacchari-
num) stands may result in the transformation to willow
(Salix spp.), cottonwood (Populus spp.), herbaceous, or
shrub cover, or, more likely, a transformation of forest to
wet meadow or marsh (De Jager et al. In Review; Guyon
et al. 2012). More frequent and extreme high-water con-
ditions may increase longitudinal connectivity, providing
benefits for native migratory aquatic species and poten-
tially enhanced (and generally undesired) connectivity to
enable upriver expansion of non-native monotypic fish
communities, such as silver (Hypophthalmichthys moli-
trix) and bighead (H. nobilis) carp (Cooper et al. 2021;
Fausch et al 2009).

Ecosystem changes in the upper impounded reach eco-
system are largely intertwined with the social system,
including high-value recreational uses (e.g., hunting, fish-
ing, birdwatching) and strong personal and community
connections to the river via relatively extensive conserva-
tion areas and public water access (e.g., the Upper Missis-
sippi National Wildlife and Fish Refuge; Schramm 2017).
In the most extreme high-water events, flooding threat-
ens infrastructure (e.g., businesses, homes, roadways)
and halts commercial navigation along the river, such
as during the 2023 spring flood, which occurred during
the final editing of this manuscript and reached the high-
est water levels observed in the upper impounded reach
since 2001 (NWS 2023). Collectively, more frequent
extreme flood conditions threaten the high habitat diver-
sity, recreation, livelihoods, and economic uses of the
upper impounded reach, and would be a major social-
ecological transformation.

In contrast, in the unimpounded reach, which con-
tains extensive agricultural levees and low aquatic habitat
diversity, likely social-ecological transformations include
more-frequent and -extreme levee failure and associated
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inundation of agricultural land during extreme floods.
The disconnected floodplain sites behind levees are gen-
erally privately owned and have less established inter-
jurisdictional partnerships for management actions
compared with the upper impounded reach (Schramm
2017). With higher flood stages and longer duration
high-water events, levee infrastructure becomes more
prone to failure, with significant social-ecological impli-
cations. The 2019 flood, and associated levee failure on
the Missouri River, illustrates potential social-ecological
transformations that may become a more regular reality
in similar landscapes, such as the unimpounded reach
of the Upper Mississippi River. The levee failure in Atch-
ison County, Missouri, inundated 227 leveed square
kilometers (56,000 acres), flooding 166 homes, 14 busi-
nesses, and 1,295 agricultural buildings, causing an esti-
mated US$25 M in lost agricultural revenue (TNC 2022).
The levee failure and damages in Atchison County were
among the more than 100 levee breaches throughout the
Missouri River that collectively inundated 4860 square
kilometers (1.2 million acres) with significant dam-
age to farms and transportation routes (highways, rail-
roads). When landowners and decision-makers witness
large-scale loss during single extreme events, they may
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be more likely to come together with new partners and
consider of a wider range of potential solutions, includ-
ing the once-unthinkable idea of initiating levee setbacks
and inundating previously productive agricultural land
(TNC 2022). As levee failure occurs more frequently, or
with levee setbacks, river floodplain transformations may
include increased floodplain connectivity and associated
increases in habitat diversity, including an expansion of
backwater aquatic and floodplain forest habitat areas.
The expansion of aquatic and terrestrial habitats may
provide new opportunities for river recreation or novel
economic uses.

The RAD hierarchical systems framework

in the Upper Mississippi River

Applying the RAD hierarchical systems framework in
the Upper Mississippi River begins with understand-
ing key cross-scale decision interdependencies (Fig. 3).
For example, the achievability of basin goals is depend-
ent on how different reach transformations along the
river continuum can be managed given the reach-specific
site-scale habitat mosaic. Ensuring the example basin
goal to “resist loss of ecological integrity and direct novel
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economic uses” is achievable in the upper impounded
reach may require understanding how the mosaic of
high-habitat-diversity sites can be altered to resist con-
version of open water and forest habitats to wet meadow
and marsh. In contrast, ensuring the basin goal is achiev-
able in the unimpounded reach may require understand-
ing how the mosaic of low habitat diversity and extensive
levee infrastructure can be altered to direct change to
floodplain connectivity (Fig. 3).

Strategic reach objectives require understanding how
site conditions can be altered to resist, accept, or direct
the basin trajectory of change (Fig. 3). When contrast-
ing the upper impounded and unimpounded reaches,
the upper impounded reach has comparatively high habi-
tat diversity and overall ecosystem resilience to extreme
conditions and is currently in a relatively desirable state
(even though specific habitat types, such as floodplain
forest, are threatened; De Jager et al. 2018; Bouska et al.
2022). Further, the upper impounded reach has strong
recreational connection to floodplain habitats and exten-
sive areas managed for conservation (e.g., the Upper Mis-
sissippi River National Wildlife and Fish Refuge) with
high capacity for inter-jurisdictional management (Sch-
ramm 2017). Therefore, an ecologically effective, eco-
nomically feasible, and socially favorable reach objective
in the upper impounded reach may be to resist the loss of
habitat diversity. By contrast, the lower habitat diversity
and the risk associated with catastrophic levee failure in
the unimpounded reach may make a reach objective of
directing change to increase floodplain connectivity and
diversify agricultural and recreational uses more effective
than resisting and more desirable than accepting over the
long term.

Site actions that are implemented following reach-scale
prioritization through space and time could contribute
to the basin vision most effectively (Fig. 3). A classic res-
toration mindset may prioritize resist actions within a
reach in the most degraded areas. By using cross-scale
understanding to identify where resistance is achiev-
able in the long term, decision-makers may shift focus
to resist in areas with existing desirable conditions. For
example, site actions in the upper impounded reach to
resist habitat loss by increasing bathymetric diversity and
promoting forest rehabilitation in high-elevation forests
will likely be most effective if they are strategically placed
in sites that will remain suitable for forest during increas-
ingly frequent and extreme high-water conditions. Along
with this reprioritization comes an explicit acceptance of
the site-scale loss of habitat diversity where resistance is
deemed to be too costly or ecologically ineffective (e.g.,
expansion of marsh habitat into currently forested or
open water habitats).
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The hierarchical RAD framework strategically com-
bines cross-scale information needs with explicit con-
sideration of resist, accept, and direct approaches at the
basin-, reach-, and site-scale. By ensuring that decision-
makers consider all potential management approaches,
the hierarchical RAD framework may help Upper Mis-
sissippi River System decision-makers identify creative
ways to come together in inter-jurisdictional partnership.
The reorienting of priorities at the reach scale may aid in
more effective allocation of resources (e.g., funding, time,
capacity) that better leverages the strengths of different
partners and opens new partnership opportunities.

Basin-scale decisions

In the Upper Mississippi River, novel approaches to
achieve the example basin-scale vision for “a river with
sustained ecological integrity and economic uses” (Spit-
zack and Hubbell 2009) could include developing new
types of economic uses or promoting ecological integ-
rity through novel ecosystems. While considering resist,
accept, and direct responses to plausible social-ecological
futures, some questions that may arise are: Is the basin
vision achievable with more-frequent and -extreme high-
water conditions (e.g., will habitat homogenization in the
upper impounded reach threaten the high-value recrea-
tional fishing and hunting? Will recurring levee failure
threaten the viability of floodplain agriculture and com-
munities in the unimpounded reach?) What feasible and
socially acceptable management interventions to site
conditions in each reach are needed to achieve the basin
vision with more-extreme water conditions? Ponder-
ing these questions explicitly opens the conversation to
consider if or when the vision may no longer be achiev-
able, and ensuring that direct options are considered may
foster creative solutions—including a new vision for the
future (sensu Carpenter et al. 2015).

The RAD framework may be paired with the ‘safe oper-
ating space’ concept (Carpenter et al. 2017) to link the
basin vision with clear and achievable basin goals. The
safe operating space concept helps identify how to oft-
set factors outside of managerial control (e.g., a shifting
hydrograph) with management of factors that can be con-
trolled locally (Carpenter et al. 2017). For example, if a
shifting hydrograph is expected to result in a loss of over-
wintering fish habitat due to increased sedimentation,
then lowering winter fishing catch limits could offset the
stress from habitat limitation. Incorporation of the safe
operating space concept with the RAD framework can
frame discussions of climate adaptation in terms of how
resist, accept, or direct can feasibly offset undesired tra-
jectories of change to promote a desired future.
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Though the level of coordination and buy-in needed
to reach a truly common vision in the Upper Mississippi
River may appear daunting, several large multi-agency
partnerships and organizations already exist that could
be leveraged. One example is the Mississippi Interstate
Cooperative Resource Association (MICRA), an intera-
gency organization of 28 state agencies, four federal
agencies, and two tribal entities with shared fisheries
management jurisdiction in the Mississippi River Basin.
Fish monitoring data from MICRA have been used to
advocate for the establishment of migratory fish “swim-
ways” (analogous to migratory bird flyways) to support
more cohesive inter-jurisdictional management (Pracheil
et al. 2012). Beyond species-specific management, the
existing U.S. Congressionally designated inter-juris-
dictional funding to support collaborative efforts in the
Upper Mississippi River System provides a foundation for
a broad shared visioning process (Spitzack and Hubbell
2009). Ultimately, it is up to the basin planners, decision-
makers, and partners to allocate the time and resources
needed to reach a truly common vision, and to push the
conversation to the depth required to truly consider all
possible options with an open mind.

Reach-scale decisions

Embedding the long-term social-ecological trajectories
of the RAD framework into reach-scale planning will
help identify when reach objectives need to be revisited
through time. If the frequency and duration of extreme
flood conditions worsen through time, and/or as inter-
active effects between a shifting hydrograph and rising
air temperatures intensify, decision-makers may adopt
a reach objective to accept the loss of habitat diversity
in the upper impounded reach. With an overall reach
objective to accept a loss in habitat diversity (e.g., accept
transformation of silver maple forest to wet meadow or
marsh), individual site actions may also include direct
and resist strategies. For example, managers may direct
change by promoting willow and cottonwood forest com-
munities in areas where they have previously not existed
and resist change through high-elevation forest manage-
ment to avoid monotypic vegetation communities such
as reed canary grass. An acceptance of the loss of habitat
diversity may also be paired with social direct strategies
to promote novel recreational uses (e.g., nudging recrea-
tional fisheries interest to species more suited for future
conditions). As the directional forcing of climate change
continues to amplify through time, planners may eventu-
ally decide to shift the reach objective to direct change
to a diverse and novel habitat mosaic. Direct strategies
may promote a combination of open water, marsh, wet
meadow, and fast-growing and flood-tolerant forests of
cottonwood, river birch, and willow along with flood- and
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warm-temperature-tolerant species including American
sycamore (Platanus occidentalis) and southern pin oak
(Quercus palustris). These multitude of actions, distrib-
uted across space and time collectively create a reach-
scale RAD-informed portfolio of site actions (Fig. 4).

By contrast, a reach-scale RAD-informed portfolio of
site actions in the unimpounded reach, where there is low
floodplain habitat diversity, low recreational connection
to the river, and extensive agricultural levee infrastructure
(De Jager et al. 2018; Schramm 2017) may begin with a
reach-scale objective to resist levee failure and inundation
of agricultural land (Fig. 4). The resist reach-scale objec-
tive may include site resist actions to reinforce currently
robust levees and acceptance of levee failure in sites with
lower-elevation, aging levees that would be too costly to
build to new flood levels. Over time, if even the higher,
robust levees see increasing catastrophic flood failure,
reach planners may adopt a reach objective to accept levee
failure and inundation of agricultural land. An accept
objective may include diverse site actions ranging from
full acceptance to direct actions with novel flood-tolerant
agricultural mixes (e.g., pasture, rice or other existing
flood-tolerant crops, genetically engineered flood-tolerant
crops). Alternatively, reach-scale planners may eventually
adopt an overall direct objective to promote a novel flood-
plain mosaic of agriculture and recreational uses. This
could include direct actions such as levee setbacks and
spillways with a landscape mosaic of backwater and flood-
plain habitats intermixed with novel agricultural produc-
tion (Janowiak et al. 2016; Sudol et al. 2023). Critically, in
heavily modified river systems with basin-wide excessive
sediment and nutrient loading (e.g., in the Illinois River),
reconnecting the river to its floodplain in limited spatial
extents rather than systematically across the landscape
may potentially create sediment-laden backwater habitats
with undesirable monotypic communities (Lemke et al.
2017; Pletterbauer et al. 2018). Thus, the cross-scale and
long-term perspective of the RAD framework may help
ensure site-specific actions are appropriately distributed
and sized to account for larger-scale drivers.

As planners evaluate plausible social-ecological tra-
jectories, considering a multitude of potential actions
can open up creative ways of prioritizing action (e.g., re-
focusing on enhancing resilience in already high-quality
sites; Koslow et al. 2014), communicating new conserva-
tion efforts and social accept strategies (Feola 2015), and
building inter-jurisdictional partnerships. In other sys-
tems, portfolios of site actions have focused on different
management objectives or entities (Magness and Morton
2017; Kocik et al 2022). In the Upper Mississippi River, it
may be that certain entities (e.g., government, non-profit,
tribal) are more or less inclined to implement resist vs
accept vs direct strategies. Thus, different jurisdictions
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(Table 1) may select seemingly conflicting RAD actions
but could strategically be linked in a portfolio approach
to diversify efforts and enhance adaptation (Fig. 4). This
could ultimately create a reach-scale mosaic that is more
robust to increasingly variable extreme conditions (e.g.,

high- and low-water extremes). The success of multiple

reach-scale climate adaptation strategies will require
informed, multi-jurisdictional discussion, deliberate
decisions, and incorporation of ecological, societal, and

financial feasibility (Lynch et al. 2021).
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Fig. 4 Example of potential portfolios of site actions for given reach objectives through time
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Site-scale decisions

Integrating the RAD framework into site-scale deci-
sions in the Upper Mississippi River System ensures
decision-makers consider the full decision space of
potential management approaches, fostering creative
climate-adaptation strategies (Table 2). Site-scale deci-
sions that used to seem non-negotiable may be up for
revisioning given unprecedented directional change. For
example, the flood-prone Dogtooth Bend area of the
unimpounded reach was inundated in the 2016 flood,
which covered agricultural land for almost nine months
(Morris 2020). There, farmers are increasingly volun-
teering for permanent conservation easements, return-
ing agricultural land to wetland floodplain. Similarly, the
levee setback on the Missouri River after the historic 2019
flood reconnected over 4 square kilometers (1000 acres)
of the river floodplain, including high-quality backwater
habitat (TNC 2022). Levee setbacks and abandonment
of agricultural production in the floodplain would have
once been unimaginable as an economically and socially
acceptable strategy. However, in the context of a rapidly
changing social-ecological Upper Mississippi River, using
the RAD framework to ensure all potential management
approaches are considered could help proactively identify
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novel ways of meeting transportation, agricultural, and
other economic needs, while also enhancing the overall
social-ecological integrity of the river.

Another shift that may have previously been unimagi-
nable came with the closure of the upstream-most navi-
gation lock and dam on the Mississippi River at Upper
Saint Anthony Falls in 2015. Currently, a disposition
study is underway to determine the future of Upper Saint
Anthony Falls Lock and Dam, and nearby Lower Saint
Anthony Lock and Dam and Lock and Dam 1 (Potter
et al. 2020). Community visioning to identify potential
futures at the site include renderings of the lock and dam
removed and restored to the type of rapids that used to
be present. Given the disproportionately large contribu-
tion the Mississippi River plays in transportation of goods
in the United States (Burton 2019), the current structure
and context of navigation is generally accepted as non-
negotiable. Though the future of the Saint Anthony Falls
locks and dams remains to be determined, the existence
of a conversation about potentially very different futures
at the site demonstrates that considering a wide range of
potential futures may become more commonplace.

Site-scale RAD strategies provide opportunities to
deliberately test innovative and experimental approaches,

Table 2 Comparison of potential RAD decisions for decision-makers in the upper impounded reach vs unimpounded reach of the
Mississippi River managing for increasingly variable and extreme river flows

RAD basin vision

Create sustained ecological integrity and economic uses

Potential RAD reach objective Upperimpounded reach:

resist loss of habitat diversity

Unimpounded reach:
direct change to floodplain connectivity

Example resist actions

Communication
Local policy
Physical modification

Example accept actions
Communication

Local policy

Physical modification

Example direct actions
Communication

Local policy

Physical modification

Communicate relationship between increased flooding
and floodplain habitats (Hein et al. 2023)

Reduce runoff and nutrient loading (Hein et al. 2023)

Increase bathymetric diversity (Baker et al. 2012). Higher-
elevation forest rehabilitation

Outreach to generate recreation or consumption interest
in species better suited for changing climate

Prohibit construction in the floodplain. Update master
planning documents to prepare for more extreme flood-
ing

Habitat projects designed for species more tolerant

to highly variable flood regimes and warming conditions

Emphasize watershed-based hydrologic assessment,
planning, and restoration

Master planning documents that prioritize flood
and drought tolerant species (Hein et al. 2023)

Plant flood and drought tolerant species. Alter lateral
connectivity (Giblin et al. 2023)

Share messaging about the economic impact of river
commerce

Support agriculture practices. Limit the amount of new
impervious surface near tributaries

Reinforce and increase elevation of levees. Conserve/
protect forested and riparian areas

Share stories of vulnerabilities in floodplain to build
understanding and community

Prohibit new building and unsustainable agriculture
in the floodplain

Community-supported levee setbacks (TNC 2022).
Volunteer permanent conservation easements (Morris
2020)

Promote novel recreation (e.g., favoring species adapted
to future conditions)

Incentivize flood adapted agriculture. Insurance policies
based on future climate projections (Hein et al. 2023)

Plant flood, drought, and temperature tolerant species.
Facilitate movement of warm tolerant beings/species
upstream
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supporting the necessary balance of flexibility at small
scales with the stability at large scales for adaptive gov-
ernance in changing systems (Craig et al 2017b). For
example, the mechanisms driving the loss of floodplain
forest throughout the Upper Mississippi River system are
not well understood and are an active area of research
(e.g., De Jager et al. In Review; De Jager et al. 2019).
Deliberate experimentation examining plausible ecologi-
cal trajectories could help tease out the relative contri-
bution of inundation-induced tree mortality, non-native
species expansion, and the necessary conditions for a
well-functioning forest (e.g., the potentially underappre-
ciated importance of bare mineral soil in natural-forest
regeneration). As site actions are implemented, ecologi-
cal surprises may occur (Carpenter et al. 1999), and the
RAD framework allows for agility to adjust or reimagine
the management course as unanticipated outcomes are
encountered (Lynch et al. 2022b)—further ensuring the
full decision space of potential management approaches
are considered through time.

Future direction and summary
Overall, our review and perspective provides novel con-
siderations and examples for embedding the RAD frame-
work in large-river decision-making to better coordinate
and communicate effective responses to unprecedented
directional change from the site to basin scale. We build
on prior research in the Upper Mississippi River Sys-
tem (e.g., Bouska et al. 2022; De Jager et al. In Review)
to identify potential RAD basin goals, reach objectives,
and site actions within existing decision-making struc-
tures (Spitzack & Hubbell 2009). The aim of our research
is to set the stage for refined cross-scale and co-produced
RAD-informed decisions in the Upper Mississippi River,
and to provide a template for other large-river and large-
ecosystem managers to navigate similar challenges.
While the directional forcing of higher and longer
duration flows in the Upper Mississippi River is a rela-
tively straightforward physical change, its social-ecolog-
ical outcomes are more complex and nuanced, varying
by reach and site. Decisions of how to create more flood-
resilient cities and towns or modify the use of agricultural
lands are outside the scope of individual natural resource
management agencies. However, there is an opportunity
to adopt a novel collaborative and co-produced systems
approach to managing ecological outcomes along the
longitudinal gradient of the river. Future directions for
refining and applying the RAD framework in large riv-
ers as well as other large ecosystems include working to
decrease uncertainty in plausible trajectories and novel
management interventions, linking local and regional
processes, and increasing capacity for managers to make
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decisions with current information, even in the face of
uncertainty.

Major obstacles in finding consensus around com-
mon management objectives may fundamentally lie in
uncertainty around the drivers of a social-ecological
trajectory. For example, despite the relatively rapid
deforestation (<2 decades) on the southern Kenai
Peninsula, Alaska, ecologists lacked consensus on
the drivers of change, and whether the change consti-
tuted ecological transformation or simply an extreme
reset of historical succession patterns (Magness et al.
2022a; Morton et al. 2023). In the Upper Mississippi
River, there is uncertainty in the drivers of floodplain
forest loss. Linking simulation studies (e.g., De Jager
et al. In Review; De Jager et al. 2019) with pilot stud-
ies and deliberate experimentation on site response to
amplified drivers of change may be particularly pow-
erful to anticipate plausible trajectories (Lynch et al.
2021). For example, continuing and expanding current
field experimentation to determine how Upper Missis-
sippi River tree species respond to projected frequency
and duration of flooding and how flood-induced soil
saturation affects seedling survival and growth may
provide valuable insights to better anticipate on-the-
ground outcomes (e.g., Windmuller-Campione et al.
2022). Along these lines, the Upper Mississippi River
Basin Association recently recommended experimental
water-level management in contrasting pools along the
longitudinal gradient of the river (Heglund et al. 2022).
It would be synergistic to link novel water management
approaches in varying flow years with field experiments
to assess a suite of ecological outcomes including the
response of aquatic and terrestrial habitats.

Navigating transformations in the Upper Mississippi
River System will require a more integrated basin-wide
understanding of scale- and context-dependent trajec-
tories. Ultimately, transformations in the mainstem of
large rivers are linked to upstream processes, includ-
ing the magnitude and timing of connectivity and dis-
connectivity to streams, wetlands, and terrestrial areas
(Dolph et al. 2019), and the intensification in agricultural
and urban land uses (Van Meter et al. 2018). Climate
and land use-change interactions may limit or amplify
the conservation efficacy of investments throughout
large river basins (Cheng et al. 2020). Identifying plau-
sible ecological futures in the Mississippi River Basin
needs to account for scale-dependent climate-change
effects, where local-scale precipitation interacts strongly
with land use and land cover as well as the presence and
intensity of field drainage systems (Frans et al. 2013).
Populations of species in different spatial extents within
the basin may respond differently to interacting drivers,
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depending on site or localized conditions (sensu Bill-
man et al. 2023; Beever et al. 2010; Smith et al. 2019).
Ultimately, the upstream influences and downstream
consequences of precipitation and temperature changes
on conservation easements, wildlife refuges, or river
reaches are dependent on the relative position of a spatial
domain in the watershed. Management in these complex
social-ecological river basin systems requires multi-scale
and well-coordinated governance with consideration of
tradeoffs among multiple stakeholders and rightsholders
from the mainstem river to upland basin areas (Hansen
et al. 2021, 2018).

Since trajectories of change are currently underway
and science alone cannot reduce all uncertainty, future
work needs to increase individual and collective abili-
ties to make decisions in uncertainty. Decision-making
processes such as structured decision-making and the
Delphi method work to enhance capacity by increasing
transparency in problem definition, comparing alter-
native futures, and qualitatively or quantitatively clari-
fying decision processes (Polasky et al. 2011; Gregory
et al. 2012; Mukherjee et al. 2015). The RAD framework
can enhance these decision-making efforts by providing
the diversity of possible social-ecological trajectories,
responses, and outcomes (Magness et al. 2022a). Fur-
ther, the RAD framework may help bring the reality
of long-term directional change and social-ecological
transformations, wherein entire ways of life and connec-
tions to place are threatened, to the forefront of decision
conversations. Navigating these deeply human aspects
of uncertainty may help decision-makers move beyond
the default response to just identify additional infor-
mation needs and start making novel decisions with
the best available information today. Including diverse
worldviews (e.g., Indigenous Knowledges) and scientific
disciplines (e.g., social psychology) may enhance under-
standing of the emotional and spiritual aspects of social-
ecological change (Wolf 2017; Reid et al. 2021; Shultz
et al. 2022) and ultimately tap into a shared sense of pur-
pose and an associated ability to move through irreduc-
ible uncertainty.

Our work may provide a starting point for investiga-
tions into how the RAD framework can facilitate effec-
tive response to change in other large river systems.
For example, the Colorado River provides critical water
resources to 40 million users across seven states in the
western United States. Hotter and drier conditions pro-
jected for the future will further reduce water availability
in this already over-allocated system, while also increas-
ing stressors for imperiled desert fish and wildlife species
dependent on this scarce water resource. Linking deci-
sions of RAD-informed basin goals, reach objectives, and
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site actions may help effectively achieve desired social-
ecological outcomes in the desert Colorado River, the
Great Plains and temperate Upper Mississippi River, and
other large river and large ecosystems facing similar chal-
lenges around the world.
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Additional file 1: Figure S1. Absolute change in total precipitation

from ensemble historical (1971-2000) and future (2070-2099) model
predictions in A) Summer (June, July, August), B) Winter (December,
January, February), C) Fall (September, October, November), and D) Spring
(March, April, May). RCP 8.5 Climate forcings using from Taylor et al. 2010;
Abatzoglou and Brown 2012. The Missouri River tributary area is outlined
in pink and the remaining Upper Mississippi watershed is outlined in

red. Figure S2. Annual Mean Temperature Anomaly from the 1950-2005
average (grey-demarcated period) of 20 CMIP5 climate models and 2
emissions scenarios (RCP 4.5 and 8.5), downscaled to a ~4-km resolu-
tion and selected to a rough rectangular area of the Upper Mississippi
River mainstem 38.0179°N to 45.9814°N, 96.2695°W to 89.4355°W. Figure
generated using Hegewisch, K.C,, Abatzoglou, J.T,, ‘Future Time Series’
web tool. Climate Toolbox (https://climatetoolbox.org/), accessed on

23 January 2023. Figure S3. The Annual Total Precipitation as a percent
difference from the 1950-2005 average (grey-demarcated period) of 20
CMIPS climate models and 2 scenarios (RCP 4.5 and 8.5), downscaled to a
~4-km resolution and selected to a rough rectangular area of the Upper
Mississippi River mainstem 38.02°N to 45.98°N, 96.27°W to 89.44°W. Figure
generated using Hegewisch, K.C,, Abatzoglou, J.T,, ‘Future Time Series’
web tool. Climate Toolbox (https://climatetoolbox.org/), accessed on 23
January 2023. Figure S4. Spring (Mar, Apr, May) Total Precipitation as a
percent difference from 1950-2005 average (grey-demarcated period) of
projections from 20 CMIP5 climate models and 2 emission scenarios (RCP
4.5 and 8.5), downscaled to a ~4-km resolution and selected to a rough
rectangular area of the Upper Mississippi River mainstem 38.0179°N to
45.9814°N, 96.2695°W to 89.4355°W. Figure generating using Hegewisch,
K.C., Abatzoglou, J.T, 'Future Time Series’web tool. Climate Toolbox
(https://climatetoolbox.org/), accessed on 23 January 2023. Figure S5.
Summer (Jun, Jul, Aug) Total Precipitation as a percent difference from
1950-2005 average (grey-demarcated period) of projections from 20
CMIP5 climate models and 2 scenarios (RCP 4.5 and 8.5), downscaled to

a ~4-km resolution and selected to a rough estimate rectangular area of
the Upper Mississippi River mainstem 38.0179°N to 45.9814°N, 96.2695°W
t0 89.4355°W. Figure generated using Hegewisch, K.C., Abatzoglou, J.T,
'Future Time Series'web tool. Climate Toolbox (https://climatetoolbox.
org/), accessed on 23 January 2023.
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