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Abstract

Protected areas are considered a critical antidote to global biodiversity loss. Yet, protected areas have not effectively
preserved freshwater biodiversity compared to other taxonomic groups, in part because they are not designed or managed
with freshwater ecosystems in mind. Additionally, historical and current human activities have degraded freshwater
biodiversity, and climate driven transformation constrains the ability of protected areas to preserve freshwater biodiversity
into the future. Management intervention is an important tool to ensure protected areas support current and future ecological,
socio-cultural, and economic values surrounding freshwater biodiversity. Yet applying interventions is challenging because
many protected areas limit human manipulation and control. The Resist-Accept-Direct (RAD) framework is a tool for
weighing management approaches in an expanded decision space. As such, the RAD framework may help identify the most
appropriate approaches to address ecological transformation while balancing the mandates and values of a given protected
area. In this paper, we review federally protected areas of the United States and their varied ability to support freshwater
biodiversity. We then recast past management approaches through a RAD lens, examining how they resist, accept, or direct
freshwater biodiversity loss in these protected areas. This illustrates how elements of the RAD framework are already being
applied and provides a foundation for managers to more formally resist, accept, or direct freshwater biodiversity loss in
protected areas moving forward. We conclude with considerations for applying the RAD framework at the intersection of
freshwater biodiversity and protected areas to benefit values of current and future generations.

Keywords Wilderness * Wilderness character * Resist-Accept-Direct - Fish stocking

Introduction

Biodiversity loss is a global conservation concern, with an
estimated 69% decline in wildlife biodiversity world-wide
since 1970 (World Wildlife Fund 2022). Protected areas are
considered a critical antidote to global biodiversity declines
(Dinerstein et al. 2019). These areas are typically managed
to limit human activities and other threats (e.g., invasive
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species) that negatively affect wildlife habitat, ecosystem
health, ecosystem services, and cultural values for the
benefit of current and future generations (Dudley and
Stolton 2008). Evidence shows that protected areas do
generally support greater biodiversity relative to non-
protected areas (Gray et al. 2016); however, these benefits
vary substantially by taxonomic group (Brodie et al. 2023).
In freshwater ecosystems, biodiversity has declined globally
by 84% since 1970 (World Wildlife Fund 2022). This is
more than double the rates for marine and terrestrial eco-
systems (World Wildlife Fund 2018, Reid et al. 2019), and
suggests that the mere existence of protected areas is not
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providing sufficient benefits to freshwater taxa (Acreman
et al. 2020).

The disproportionate declines of freshwater biodiversity
have been attributed to the fact that most protected areas are
not designated or managed with freshwater systems in mind
(Saunders et al. 2002, Cowx and Aya 2011, Finlayson et al.
2018, Acreman et al. 2020). Additionally, protected areas
with specific goals for conserving freshwater ecosystems
often lack a comprehensive focus on biodiversity and do not
protect the larger hydrologic and geomorphic processes
necessary for freshwater systems to function (Rothlisberger
et al. 2017, Miqueleiz et al. 2023, Valentim et al. 2024). To
address these conservation gaps, aquatic ecologists have
made recommendations for management of terrestrial pro-
tected areas to increase benefits to freshwater systems and
for designation of new protected areas specific to freshwater
systems. Broadly, these recommendations include: prior-
itizing protections at a drainage scale, connecting and
maintaining freshwater corridors, supporting natural flow
regimes, addressing habitat and water quality issues and
protecting riparian habitats, suppression and removal of
nonnative/invasive species, incorporating socio-cultural and
economic values into management decisions, and conduct-
ing monitoring and research to evaluate management suc-
cess and inform adaptive strategies (Cowx and Aya 2011,
Saunders et al. 2002, Finlayson et al. 2018, Acreman et al.
2020; Dudgeon and Strayer 2025).

In the United States, there are a variety of federally
protected areas, each with varying potential to incorporate

—— Wild and Scenic Rivers
National Forest & Grasslands

i Burcau of Land Management Lands
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National Wildlife Refuge System
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Fig. 1 Map of federally designated protected areas in the United States
with the greatest potential to benefit freshwater biodiversity. The
protected areas shown are those commonly managed for natural
character and biodiversity at the national level. Note that this map
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these recommendations for freshwater biodiversity con-
servation (Fig. 1, Table 1). This potential in part depends on
the purpose and legal mandates associated with each pro-
tected area type (described below in Section I). For exam-
ple, many of the recommendations above require
management interventions to address sources of degradation
and current threats to freshwater biodiversity. However,
mandates that explicitly limit human manipulation and
control in some protected areas can make it difficult to
implement management interventions, even if those inter-
ventions would benefit ecological form and function (Kelly
and Landres 2023). Additionally, climate-driven transfor-
mations across this protected area network have further
altered aquatic systems and their biological communities
away from historical baselines (Milly et al. 2008), leading to
increased variability and novel conditions (e.g., Asadieh
and Krakauer 2017). Furthermore, ensuring that manage-
ment decisions meet socio-cultural and economic values can
be difficult as these also change over time (see Holmes
2022). As baselines and values inevitably shift, the feasi-
bility and efficacy of management approaches to meet
conservation targets become increasingly uncertain
(Schuurman et al. 2020). A conceptual framework that
assists managers in incorporating the above recommenda-
tions under these challenging circumstances could increase
the long-term success of management efforts across differ-
entially protected areas.

The Resist-Accept-Direct (RAD) framework was
recently introduced to inform management decisions in the

0 125 250 500 Kilometers A

excludes designations managed by the National Parks Service whose
management is unrelated to ecological or biodiversity conservation
(e.g., National Battlefields, National Parkways, National Historic Sites,
etc.). See Table S1 for data sources used to produce this map
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context of inevitable ecological transformation, defined as
change in an ecosystem that differs dramatically and irre-
versibly from prior structure and function (Schuurman et al.
2020, Lynch et al. 2021a, Thompson et al. 2021). The RAD
framework assists managers in balancing dynamic ecolo-
gical, socio-cultural, and economic values by providing
three pathways for addressing ecological transformation:
resist, accept, or direct. Lynch et al. (2021a) defines
these as:

Resist - maintaining current or historical ecosystem
structure and function through management intervention.

Accept- avoiding any management intervention and
accepting the ecosystem structure and function that emerge
from the ecological transformation.

Direct- accepting that ecological transformation is
occurring but intervening to steer the transformation
towards an ecosystem state with a particular structure and
function.

Actions that resist transformation aim to maintain the
ecological system within a current or historical range of
variability. In contrast, accepting and directing ecological
transformation will result in conditions that differ from
current or historical baselines (Schuurman et al. 2022; Moss
et al. 2025).

The RAD framework is conceptual process to help
managers identify priority values and consider a broader
range of management approaches with ecological uncer-
tainty in mind (Schuurman et al. 2025, Sesser et al. 2025).
Combining the RAD framework with step-by-step decision-
making guides aids managers in selecting the approach that
best meets conservation and management objectives (Sesser
et al. 2025). For example, combining the RAD framework
with an adaptive management framework promotes an
iterative process of monitoring and evaluation to determine
when one approach may no longer be feasible, and provides
a pathway to pivot to an alternative approach (Fig. 2; Lynch
et al. 2021b, Cravens et al. 2024, Sesser et al. 2025). The
RAD framework is beginning to be applied in freshwater
systems (Rahel and Lynch 2022) but has sparingly been
used to inform management decisions in protected areas
with conflicting mandates. By supporting an expanded
decision space to weigh management options, the RAD
framework can assist managers working to balance ecolo-
gical uncertainty, freshwater biodiversity loss, and con-
flicting mandates in protected areas.

In this paper, we examine management approaches that
deliberately resist, accept, or direct transformation of
freshwater biodiversity in protected areas of the United
States. We begin with a description of the types of protected
areas and their potential to benefit freshwater biodiversity
(Section 1), followed by a brief review of the human activ-
ities that have degraded freshwater biodiversity in these
protected areas (Section II). We then examine how previous

Wilderness Act of 1964 (P.L. 88-577)

Relevant legislation

Area designated as
Wilderness (% of total)
452,799 km? (100%)

Total area designated

Ad.pdf

Book_FY2012

Wilderness Areas are managed to preserve five 452,799 km*

primary wilderness characters including the
characters (i.e., geological and historical values,
and opportunities for science and education; see
Landres et al. 2015). Wilderness Areas may be
administered by USFS, BLM, NPS, or FWS.

undeveloped character, untrammeled character,
opportunities for unconfined recreation and

solitude, natural character, and “other”

Description

BLM, USFS, FWS,

Administering
NPS

Agency

The protected areas listed are those commonly managed for natural character and biodiversity at the national level, as detailed under “Description”. Abbreviations under “Administering Agency”
are as follows: BLM- Bureau of Land Management; USFS- U. S. Forest Service; FWS- U.S. Fish and Wildlife Service; NPS - National Park Service. Under “Total Area Designated”, metrics

exclude administrative units and designations that lack focus on preservation of natural character or biodiversity (e.g., national memorials, parkways, monuments, etc.)

d https://www.fws.gov/sites/default/files/documents/202 1 -annual-report-of-lands-with-data-tables_2.pdf

¢ https://www.blm.gov/sites/default/files/docs/2021-08/PublicLandStatistics2020_1.pdf

b https://www.fs.usda.gov/land/staff/lar/LLAR2012/LAR

¢ https://www.nps.gov/subjects/lwcf/acreagereports.htm

Table 1 (continued)
* www.rivers.gov/numbers
! www.wilderness.net

Protected Area
Wilderness Areas
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Fig. 2 A simplified, hypothetical series of responses to loss of fresh-
water biodiversity in a protected area, overlaid with a heuristic path-
way (modified from Lynch et al. 2021b) that combines RAD with
adaptive management. Shaded zones represent the range variability for
the historical baseline (gray) or acceptable range of variability for the

approaches to managing freshwater biodiversity in protected
areas fit within the scope of the RAD framework (Section
IIT). Examining past management approaches through a
RAD lens demonstrates how managers of protected areas
and freshwater systems already engage with various ele-
ments of the framework. Furthermore, this examination
provides context that supports decisions to intentionally
accept freshwater biodiversity loss in protected areas or to
intervene when doing so would provide the greatest benefit
to the ecological and social-cultural values of a protected
area. We end with a discussion on additional considerations
for applying the RAD framework and broader opportunities
for advancing freshwater biodiversity across protected areas
in the United States (Section IV).

Section I: Protected Areas of the United
States and Potential to Benefit Freshwater
Biodiversity

There are six types of protected areas in the United States
with potential to support freshwater biodiversity (Table 1).
The ability of each type to benefit freshwater biodiversity
varies based on the purpose and legal mandates for each
designation and is detailed below. We begin with a
description of the only protected area type to focus on

Time

chosen management approach- resist (purple), accept (yellow) or
direct (teal). When the observed state of the system (black line)
exceeds the acceptable range of variability for a given approach
(denoted by red dots), managers may choose to reevaluate values and
adjust their management approach

freshwater systems, followed by land-based protected areas
listed in relative order of protection level and human
activity (see Dudley and Stolton 2008).

Wild and Scenic Rivers

The Wild and Scenic Rivers Act of 1968 (P.L. 90-542)
created the first ever national river conservation designation
(Valentim et al. 2024). This act protects segments of free-
flowing rivers with “outstanding remarkable values,”
defined as the combination of “scenic, recreational, geolo-
gic, fish and wildlife, historic, cultural, or other.” Protected
river segments are categorized as “recreational”, “scenic”,
or “wild” based on the amount of human development
along shorelines and presence of previous impoundments.
The act protects over 21,500 river km across the United
States (Fig. 1), with the median designation length of 48.8
river km (https://rivers.gov/maps-graphics). While emphasis
on protecting free-flowing rivers is beneficial to many biotic
and abiotic processes of freshwater systems, the broader
structure of wild and scenic river designations poses several
limitations to protecting freshwater biodiversity. For
example, “fish” is not an outstanding remarkable value for
all designations, and no single outstanding remarkable value
directly protects freshwater biodiversity at a community
level. Furthermore, because the designation focuses on

@ Springer
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segments of mainstem rivers rather than whole river drai-
nages or watersheds, the hydrologic and geological pro-
cesses necessary for healthy stream and river habitats are
not fully protected (Rothlisberger et al. 2017; see also Poff
et al. 1997). Despite these limitations, wild and scenic rivers
remain the only federal designation in the United States that
focuses specifically on protecting freshwater systems.

National Forests and Grasslands and the Bureau of
Land Management

National Forests and Grasslands (managed by the U.S.
Forest Service) and lands managed by the Bureau of Land
Management are considered “working lands” that balance
ecological values with multiple other uses including
recreation, land use, and natural resource extraction
(National Forest Management Act of 1976, P.L. 94-588,
Federal Lands Policy and Management Act of 1976, P.L.
94-579). Combined, these two protected area types repre-
sent approximately 72% of all protected land area in the
United States (Table 1) and often encompass multiple
connected river subbasins (defined as 8-digit hydrologic
unit; see https://nas.er.usgs.gov/hucs.aspx), resulting in a
high potential to provide watershed-scale protections for
freshwater systems. These protected area types are dis-
tributed nationwide but occupy the greatest land area in the
western coterminous United States (Fig. 1). While mana-
ging for multiple uses is an important economic value,
historical and ongoing activities have degraded freshwater
habitats in portions of these protected areas, contributing to
freshwater biodiversity declines (Jones et al. 1999, Kershner
et al. 2004, Herbst et al. 2012, Roper et al. 2018).

National Wildlife Refuges and National Parks

The National Wildlife Refuge System, comprised of wild-
life refuges managed by the U.S. Fish and Wildlife Service,
has a more deliberate focus on biodiversity relative to other
protected area types, with a mandate to prioritize con-
servation of fish, wildlife, plants and their habitats (National
Wildlife Refuge System Improvement Act of 1997, P.L.
105-57). The three largest wildlife refuges (all located in
Alaska) each exceed 34,000 km’ and encompass one or
more whole river subbasins. However, the median wildlife
refuge size (excluding waterfowl protection areas) is under
33 km? (https://gis-fws.opendata.arcgis.com/datasets/
9¢49bd03b8dc4b9188a8c84062792cff/explore;  retrieved
August 12, 2024) and refuges are not evenly distributed
across ecoregions (Fig. 1; Scott et al. 2004). Waterfowl
protection areas are numerous but small disconnected units
within the National Wildlife Refuge System (more than
3000 units, median size = 0.65 km?) located primarily in
the upper Midwest that protect breeding habitat for

@ Springer

migratory waterfowl (Migratory Bird Hunting and Con-
servation Stamp Act 16 U.S.C. 718-718 k). The emphasis
of wildlife refuges on protected focal taxonomic groups has
supported the persistence of endemic species, including
freshwater fish and invertebrates (e.g., Brown 2021, John-
son et al. 2022). However, the size and distribution of
wildlife refuges is a limiting factor; while these units cer-
tainly benefit freshwater biota, they are highly fragmented
and not managed explicitly to protect freshwater biodi-
versity or the function of freshwater ecosystems.

National parks, managed by the National Park Service,
take broader management focus aimed at protecting “natural
and cultural resources” balanced with public visitation
(Organic Act of 1916 39 Stat.535 16 U.S.C. 1, National
Park Service 2017). Although national parks tend to be
larger by unit than wildlife refuges (median size = 890 km?,
www.nps.gov/subjects/lwcf/acreagereports.htm, retrieved
November 18, 2024), they too rarely encompass entire
watersheds. National parks are generally well distributed
across ecoregions of the U.S., which increases their poten-
tial to represent biodiversity at a national scale (Fig. 1;
Lawrence et al. 2011). Not surprisingly, over 60% of fish
and amphibian species native to the United States are
represented across the national park system, although spe-
cies of conservation concern are underrepresented relative
to unimperiled species (Lawrence et al. 2011, LaFrance
et al. 2024). The connection between visitation and biodi-
versity in national parks can be mutualistic as visitors may
be more attracted to parks with greater biodiversity (e.g.,
Siikaméki et al. 2015). Additionally, national parks have a
long history of applied conservation research (Vukoma-
novic and Randall 2021), which has supported exploration
of innovative approaches to conserving freshwater biodi-
versity (e.g., Galloway et al. 2016).

Both national parks and national wildlife refuges typi-
cally do not permit land use or resource extraction and
actively promote habitat restoration activities to address
human impacts, which generally results in higher quality
habitat (Scott et al. 2004, Meretsky et al. 2006, Goetz et al.
2009, Zellmer 2014), and therefore greater potential to
benefit freshwater biodiversity.

Federally Designated Wilderness Areas

The National Wilderness Preservation System represents
over 800 federally designated wilderness areas across the
United States. These land designations may be nested
within any of the terrestrial protected areas listed above (see
Table 1) and are managed to preserve their “primeval” and
“natural” characters and to provide recreational opportu-
nities, while minimizing the effects of modern human
activities (Wilderness Act of 1964, P.L. 88-577, see also
Landres et al. 2015). Note that these same mandates
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generally apply to national parks and wildlife refuges, as
even non-wilderness portions of these protected areas tend
to be managed with wilderness characters in mind (Landres
et al. 1998). While most wilderness areas are small (median
size = 91.5 km?; https://wilderness.net/visit-wilderness/gis-
gps.php) and do not encompass entire watersheds, they
commonly span headwater areas. As a result, the benefits of
many wilderness areas to freshwater biodiversity and eco-
system function likely extend beyond their boundaries to
downstream portions of the watershed (see Colvin et al.
2019, Brown et al.2016). Of all protected areas in the
United States, federally designated wilderness areas have
the highest restrictions on human activities and influence.
Yet, wilderness areas are not necessarily pristine- legacy
effects from human activities prior to designation (such as
introduction of nonnative species, mining, and dams) persist
in many wilderness areas (Hubbard et al. 2000, Landres
et al. 2001, Zellmer 2012; see also Section III). This creates
challenges for managers as mandates to limit human influ-
ence are at odds with management activities to restore the
quality, function, and biodiversity of freshwater systems in
wilderness areas (Cole and Yung 2012).

Limitations and Strengths for Protected Areas as a
Network

Beyond the limitations of each protected area type, all are
hindered in their efficacy to protect freshwater biodiversity
because they may not protect the most biodiverse habitats or
ecosystems (Panlasigui et al. 2018), are limited in mitigating
negative factors originating outside of protected area bound-
aries (Landres et al. 1998, Goetz et al. 2009, Wade et al.
2011), and may not fulfill all habitat requirements for fresh-
water biota, particularly for migratory species (Bower et al.
2015). In many instances, these broader limitations could be
addressed with coordinated efforts across protected areas,
particularly in the western United States where protected areas
cover much of the landscape and often share boundaries (Fig.
1). Such efforts could maintain and restore natural flow
regimes (Dudgeon et al. 2006), create corridors for migratory
species, and facilitate access to areas that remain buffered from
climate driven transformation (e.g., Isaak and Young 2023).
Yet even with coordinated efforts across the protected
area network, localized interventions within individual units
are critical for addressing threats and ensuring persistence of
freshwater biodiversity (Cowx and Aya 2011, Acreman
et al. 2020, Dudgeon and Strayer 2025). Such interventions
may be easier to apply in multi-use protected areas where
human activities are less restricted, but are scrutinized in the
protected areas with mandates to limit human activities that
manipulate or “trammel” the ecological system (Kelly and
Landres 2023). For the remainder of this paper, we focus on
protected areas designated as wild and scenic rivers,

national wildlife refuges, national parks, and wilderness.
We focus on these designations because, relative to multi-
use protected areas, they more often face the dilemma
between management interventions to protect biodiversity
versus limiting human influence.

Section II: Freshwater Biodiversity in the
United States: From Extraction to Protection

For over 200 years, human activities that modify aquatic
communities and natural processes of freshwater systems
have occurred in areas of the United States now designated
as protected (Matthews et al. 1985, Squillace 2014, Loomis
2017). Although activities such as logging, mining, and
livestock grazing are not necessarily centered on aquatic
resource use, they have negatively influenced aquatic
habitat and biota by diverting water, altering hydro-
geomorphic processes, and degrading water quality (Jones
et al. 1999, Kershner et al. 2004, Herbst et al. 2012, Giam
et al. 2018, Roper et al. 2018). Additionally, unsustainable
trapping of North American beavers (Castor canadensis)
and subsequent declines of beaver dams have altered water
and sediment storage across watersheds (Wohl 2021, Sca-
mardo et al. 2022), and are associated with declines of other
aquatic species (Hossack et al. 2015). Many of these
activities no longer occur in protected areas, with some
exceptions (Cole and Landres 1996, Squillace 2014), yet
their negative effects are still apparent decades later (Mer-
etsky et al. 2006, Squillace 2014).

Human activities that focus specifically on aquatic
resource use have also had legacy effects on freshwater
systems in protected areas. For example, hundreds of dams
built for stream flow regulation and water storage persist in
areas now designated as wilderness (Zellmer 2012). Efforts
have been made in some wilderness areas to remove these
structures and restore natural flow regimes (e.g., National
Park Service 2009, U.S. Forest Service 2024), but most
remain even if they are no longer functional (Zellmer 2012).
Perhaps the most notable and broad ranging human altera-
tion of aquatic systems across U.S. protected areas is fish
stocking. To promote recreational fishing opportunities,
translocation of fish, particularly nonnative trout, has
occurred across public lands since the early 1870s, includ-
ing in systems that were historically fishless (Halverson
2010). In many locations, fish stocking activities that pre-
ceded the designation of the protected areas were allowed to
continue after designation as a “pre-existing use”.

Although intended to benefit socio-cultural and eco-
nomic values, fish stocking has dramatically altered the
ecological form and function of freshwater ecosystems
(Table S2). Detriments to freshwater biodiversity range
from genetic repercussions for individual populations to
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alteration of ecosystem level processes (Holmlund and
Hammer 2004, Eby et al. 2006, Cucherousset and Olden
2011, Epifanio and Waples 2016), and can extend beyond
the geographic area where stocking occurred (Dunham et al.
2004). These negative effects are pronounced when stock-
ing nonnative fish and in waterbodies that were historically
fishless, although negative effects may still occur when
stocking strains of native species (e.g., introduction of novel
pathogens, outbreeding depression; see Table S2).

While fishing continues to be a popular recreational
pastime in the United States (U.S. Fish and Wildlife Service
2016), socio-cultural values have shifted in recent decades
from a focus on recreational opportunities towards con-
servation of native species and biodiversity (Rahel 2016,
Chiapella et al. 2018, Arlinghaus et al. 2021). Today, the
federal agencies that administer wilderness and other pro-
tected areas take varied approaches to fish stocking based
on their mission and whether recreational use of the pro-
tected area is a priority (Landres et al. 2001, Association of
Fish and Wildlife Agencies 2006). Stocking for recreational
opportunities in many protected areas has declined relative
to historic rates (Pister 2001) and is usually limited to
waterbodies with populations established prior to designa-
tion (Association of Fish and Wildlife Agecies 2006). In
some protected areas, management for recreational fishing
opportunities has refocused efforts towards stocking species
that are regionally native (Bonneville Power Administration
2006, U.S. Forest Service 2006). In other areas, efforts have
been made to remove stocked fish entirely and restore
systems to their historically fishless state (see Section III).

Management interventions that counteract the negative
effects of human activities (beyond fish stocking) on
freshwater biodiversity have also increased in recent dec-
ades (e.g., Bash and Ryan 2002, Sudduth et al. 2007).
However, performing these interventions remains challen-
ging in highly protected areas. For example, removing
defunct dams or adding large woody debris to streams are
increasingly common management practices to restore
freshwater habitat and hydrologic function (O’Connor et al.
2015, Roni et al. 2015). While these interventions in sup-
port the “natural” character of protected areas, they require
the use of mechanized equipment and may be considered
“trammeling”- both of which are restricted under the
Wilderness Act of 1964.

Furthermore, climate driven transformations will alter the
ability of protected areas to support their historical biolo-
gical communities (Parks et al. 2023). For example,
increasing water temperatures are predicted to extirpate cool
and cold-water fish species from a large proportion of their
home ranges over the next century, with negative con-
sequences for socio-cultural and economic values (Jones
et al. 2013). Yet even monitoring temperature-related
changes to freshwater habitat without intervention
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typically requires installation of equipment (temperature
sensors), which is also restricted in many protected areas.
Thus, managers of freshwater biodiversity will be chal-
lenged by conflicting mandates even in protected areas with
little to no history of extractive use or manipulation.

Section lll: Recasting Past Conservation
Interventions into the RAD Framework

In many protected areas, mandates to minimize human
influence often promote management approaches that
accept biodiversity loss (Kelly and Landres 2023). As
socio-cultural values and legal mandates have shifted
towards a focus on conservation in the later 20th century,
actions that resist ecological change in protected areas have
become common (Schuurman et al. 2022, Lieberman et al.
2018). Yet, the efficacy of interventions to resist biodi-
versity loss can be uncertain (Detmer et al. 2025). Fur-
thermore, these interventions may become ineffective under
future climate conditions, putting the relevance of protected
areas into question. For example, research suggests that
Joshua trees (Yucca brevifolia) may be extirpated from
Joshua Tree National Park by the end of the 21* century due
to changes in temperature and annual precipitation (Sweet
et al. 2019). To maintain the relevance of protected areas to
society, managers are increasingly faced with difficult
decisions to ensure that protected areas continue to serve the
ecological and socio-cultural values that guided their des-
ignation (Kelly and Landres 2023).

The RAD framework can assist in these circumstances
by encouraging managers to consider a broader suite of
approaches that support socio-cultural, economic, and eco-
logical values of a protected area, rather than resorting to
traditional management defaults (Schuurman et al. 2020).
Below we highlight a variety of common actions that may
be taken to resist, accept, or direct freshwater biodiversity
loss in protected areas (see also Table 2). The RAD fra-
mework was not directly applied when making the man-
agement decisions described below. However, these
examples illustrate how managers are already integrating
elements of the framework when addressing the unique
challenges of managing freshwater biodiversity in protected
areas. This sets precedents for managers applying the fra-
mework to intentionally accept freshwater biodiversity loss
or intervene when doing so would provide the greatest
benefit to the values of a protected area.

Accepting Freshwater Biodiversity Loss in
Protected Areas

In protected areas, the choice to accept loss of freshwater
biodiversity caused by direct and indirect effects of human
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Table 2 Examples of management activities that may occur under approaches that resist, accept, or direct freshwater biodiversity loss

Management Approach ~ Example Management Activity

Suppression or eradication of introduced species that negatively affect aquatic biodiversity and ecosystem function

Research, inventory, and monitoring to better understand ecological transformation and to use protected areas as an

Resist Supplementation to increase population densities or to address loss of genetic diversity

Reintroduction of species to areas where they have been extirpated

Habitat alteration or restoration to improve habitat conditions for native freshwater species
Accept

experimental control

Outreach and education on freshwater biodiversity loss, using protected areas as an example
Direct

socio-cultural and/or economic values

Translocation of species outside their historical range to support their persistence in a given protected area, or to support

Modification of habitat away from historical conditions to expand habitat for freshwater species of interest

Note that some activities may fall under more than one RAD management approach depending on the context of a specific management objective

and protected area

activities may stem from a tendency to favor restraint of
human interventions over ecological and socio-cultural
values (Stephenson and Millar 2014), from lack of available
resources (e.g., staff, supplies and equipment, funding), or
from a paucity of information to support a different
approach (Clifford et al. 2021). Accepting biodiversity loss
is considered a default strategy when the action is taken
without deliberate consideration for resisting or directing
actions (Thompson et al. 2021). In these instances, the
choice to accept is rarely documented, and it is therefore
difficult to find many explicit examples in protected areas.
One example of accept may be allowing self-sustaining
populations of introduced fish to persist in protected areas
following cessation of active stocking efforts (e.g., Wiley
2003). This choice may degrade ecological values by per-
petuating one or more of the negative outcomes outlined in
Table S2. However, it may also balance socio-cultural and
economic values by maintaining recreational fishing
opportunities, while avoiding the financial costs and human
influence required for continued stocking or eradication
efforts. Managers may also intentionally accept ecological
transformation if they seek to learn about changing ecolo-
gical conditions or for use in a “portfolio approach”
alongside other management approaches (Aplet and
Mckinley 2017, Magness et al. 2022). When combined with
research, inventory, and monitoring, accepting the ecolo-
gical transformation can provide an opportunity to better
understand the system undergoing change, and inform
future interventions that resist or direct biodiversity loss
through adaptive management (Fig. 2; Lynch et al. 2021b).
In this context, protected areas may be used as “study
controls” when evaluating the effectiveness of interventions
in other locations where resisting and directing actions are
more feasible. This approach may be more appropriate for
protected areas where intervention is less palatable (see
Clifford et al. 2021). Finally, accepting biodiversity loss
may be the only choice in circumstances where ecological

change has altered the system to a point that it can no longer
support the desired ecological state (e.g., Stubbington et al.
2024, see also Box 1).

Within the RAD framework, decisions that accept bio-
diversity loss are those that adequately incorporate ecolo-
gical and socio-cultural values, and weigh the resource
needs and likelihood of success associated with alternative
actions. If we expect protected areas to serve as refuges for
biodiversity, it may also be important to consider how
accepting loss within protected areas affects biodiversity
and ecosystem function in adjacent landscapes (beyond
protected area boundaries).

Resisting Freshwater Biodiversity Loss in
Protected Areas

When the effects of biodiversity loss on ecological, socio-
cultural, and economic values are deemed too great to
accept, managers may choose to resist ecological transfor-
mation. This decision may be motivated by placing greater
value on retaining the historical ecological conditions of a
protected area, or by legal mandates, such as management
of species listed under the Endangered Species Act of 1973
(P.L. 93-205). In other instances, they may reflect values
focused on preserving culturally relevant species for future
generations (e.g., Shultz et al. 2022). Resisting actions are
diverse and may address issues ranging from genetic
integrity of a population to hydrologic function of entire
watersheds (see below). Common resisting actions in
freshwater systems include supplementation of populations,
reintroduction of extirpated species, habitat alterations, and
eradication of introduced/invasive species.
Supplementation and reintroduction are examples of
resisting actions that aim to augment or reestablish popu-
lations of native species. Supplementation is defined as the
addition of individuals to a population. This approach may
be used to counteract the negative effects of inbreeding
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Box 1 Accept- Loss of Lake Trout in the Boundary Waters Canoe
Area and Surrounding Region

The northeast region of Minnesota is home to thousands of cold-
and cool-water lakes renowned for their recreational fishing
opportunities. As reported in 2002, this region supported over
35% of the state’s cold-water angler trips, contributing signifi-
cantly to the state’s > $140 million cold-water angling industry
(Gartner et al. 2002). Not surprisingly, the region has a long
history of fish stocking for recreational use, with records dating
back to the 1900s (Minnesota Department of Natural Resources &
U.S. Forest Service 2020). Lake trout (Salvelinus namaycush) are a
regionally iconic fish native to a number of cold-water lakes in the
region, including the Boundary Waters Canoe Area Wilderness
(BWCAW), located on the Superior National Forest (Underhill
1989).

East Bearskin Lake, located partially within the BWCAW,
historically supported a relatively simple fish community where
lake trout was the top predator. Fish stocking in East Bearskin and
other lakes in northeastern Minnesota throughout the early and
mid-20th century introduced other regionally native predatory
species, such as walleye (Sander vitreus) and smallmouth bass
(Micropterus dolomieu). In many waterbodies, introductions
negatively affected native lake trout populations, and may have
aided the extirpation of lake trout in East Bearskin Lake by the
1950s (Minnesota Department of Natural Resources 2023).

To restore native lake trout populations and support a recreational
fishery, the Minnesota Department of Natural Resources (MN
DNR) reintroduced lake trout to East Bearskin Lake in 1993, with
subsequent stocking in odd numbered years from 1997 — 2021
(Minnesota Department of Natural Resources 2023). Early efforts
to reestablish lake trout in East Bearskin were promising, with
evidence of survival and rapid growth of stocked fish in surveys
conducted in 1998 (Minnesota Department of Natural Resources
1998). However, no evidence of natural reproduction was
observed in later surveys, and few lake trout survived to catchable
size (Minnesota Department of Natural Resources 2023). Begin-
ning in the early 2000s, survival of stocked lake trout declined
substantially in East Bearskin Lake (Minnesota Department of
Natural Resources 2023; E.J. Isaac, MN DNR, pers. comm). The
failure of stocked lake trout to survive in East Bearskin is not fully
understood. However, lake trout declines in relatively shallow
lakes throughout their native range have been attributed to climate
related increases in lake temperatures that reduce the availability of
suitably cold and oxygenated habitat during warmer summer
months (Jacobson et al. 2010, Minnesota Department of Natural
Resrources 2023). In 2022, the MN DNR discontinued stocking of
lake trout throughout northeastern Minnesota due to mixed
success. Surveys in some lakes demonstrated stocking had been
successful at establishing a self-sustaining fishery and was no
longer necessary (M. Weberg pers. comm.). In other lakes where
stocking efforts failed to restore or augment lake trout populations,
(like East Bearskin Lake), cessation of stocking may lead to
population declines or even extirpation. However, accepting these
declines may be temporary. It is possible that other strains of lake
trout may have higher survival and spawning success in these
lakes. If such strains could be identified and propagated, they may
be used to support future conservation stocking efforts in the
region.

The status of lake trout populations in other lakes throughout the
BWCAW is uncertain due to challenges associated with managing
in a wilderness context. Population and habitat surveys for lake
trout are needed to fully understand changes to recreational fishing
opportunities, assess declines in the “natural” character of the
BWCAW, and to inform efficacy of possible management
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interventions. For example, a memorandum of understanding
between the U.S. Forest Service and MN DNR permits stocking of
regionally native fish by the MN DNR in 111 lakes within the
BWCAW (Minnesota Department of Natural Reserouces & U.S.
Forest Service 2020), but information is needed to determine
whether stocking to maintain or restore lake trout populations
would be ecologically warranted and successful. Collecting this
information is challenging because the tools necessary to conduct
robust surveys, such as mechanized equipment (e.g., motorboats)
and temporary installations (e.g., temperature sensors) would
diminish the “undeveloped” character of this wilderness area.
Additionally, broader conversations among fisheries and wild-
erness managers, rights holders (i.e., local Native American
Tribes), and the public would likely be necessary to determine
whether conservation stocking of lake trout within the BWCAW
would support both ecological and socio-cultural values of the
protected area. BWCAW managers and MN DNR fisheries
managers are continually working together to balance management
goals as well as the suite of values associated with this
wilderness area.

(Whiteley et al. 2015). To our knowledge, there are no
documented instances of genetic rescue for freshwater
species in protected areas of the United States, although this
type of intervention has been implemented in protected
areas (including wilderness) for other taxa (e.g., Hogg et al.
2006, National Park Service 2018). Supplementation has
also been used to increase population densities of declining
freshwater species. For example, captive-reared Ozark
hellbender salamanders (Cryptobranchus alleganiensis
bishop) have been used to augment federally Endangered
populations of the White River Basin (U.S. Fish and
Wildlife Service 2011a, Ettling et al. 2013, Ettling et al.
2017), which includes the Devil’s Backbone Wilderness,
Irish Wilderness, and Eleven Point Wild and Scenic River
in Missouri. In comparison, reintroduction efforts, defined
as the introduction of a species into a previously occupied
area, are commonly implemented where species of con-
servation concern have been extirpated. For example,
Chiricahua leopard frogs (Lithobates chiricahuensis) were
extirpated from the Altar Valley of Arizona, including the
Buenos Aires National Wildlife Refuge in 2002, following a
severe drought. To protect this Threatened species (U.S.
Fish and Wildlife Service 2002, U. S. Fish and Wildlife
Service 2011b), managers reintroduced captive-reared
Chiricahua leopard frogs to the wildlife refuge in 2003
(Jarchow et al. 2016), with successful expansion in fol-
lowing years (Chandler et al. 2015).

Habitat alterations are a form of intervention that may
benefit biodiversity more broadly than the species-specific
efforts associated with supplementation and reintroductions.
Alterations that create novel habitats that differ from his-
torical conditions may be considered a directing action
(e.g., Fig. 2). Yet to date, habitat alterations in protected
areas have largely focused on resisting loss of biodiversity
by restoring ecological and hydrologic processes to a
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Box 2 Resist- Watershed liming to mitigate stream acidification in
the St. Mary’s Wilderness

Burning of fossil fuels, particularly coal, throughout the 19" and
20™ centuries released large amounts of sulfuric and nitric acid into
the atmosphere, ultimately causing acid rain and acidification of
freshwater ecosystems (Driscoll and Wang 2019). This phenom-
enon has been particularly problematic in the eastern half of the
United States where it has contributed to broadscale declines in
freshwater biodiversity (Lovett et al. 2009, Driscoll and Wang
2019), including the regionally iconic eastern brook trout
(Salvelinus fontinalis) (Hudy et al. 2008). Reduced reliance on
fossil fuels (primarily coal) in the later 20th century has reduced
acid deposition, allowing aquatic pH levels in some regions of
North America and Europe to recover (Stoddard et al. 2003,
Driscoll and Wang 2019). However, certain regions, including the
southeastern United States, have experienced delayed recovery due
to various factors such as water and soil chemistry (Stoddard et al.
2003, Driscoll and Wang 2019).

The St. Mary’s Wilderness located on the George Washington and
Jefferson National Forests in Virginia has been particularly
affected by stream acidification. By 1998, pH levels in streams
and rivers of the wilderness had declined from a historic baseline
of 6.8 to a range of 4.9-5.6, resulting in extirpation of many
aquatic species (Mohn et al. 2004). To neutralize acidic
compounds and raise pH to levels more suitable for native biota,
managers of the St. Mary’s Wilderness applied calcium carbonate
(in the form of limestone sand) to over 16 river km of the upper St.
Mary’s River watershed in 1999 (Lieberman et al. 2013).
Monitoring showed increases in species richness, population
densities, and distributions of fish and macroinvertebrates in the
St. Mary’s watershed following treatment (Mohn et al. 2004).
These benefits included increased densities of native brook trout,
which supported opportunities for recreational fishing in the
wilderness area. Yet, as expected, the pH level and biodiversity
began to decline after several years as the limestone was
“consumed” in the system (Norman et al. 2005, Williams and
Downey 2010). To maintain pH levels, managers repeated liming
efforts in the St. Mary’s Wilderness in 2005, 2013, and 2022.
Monitoring following all liming efforts demonstrated a consistent
positive response of aquatic biodiversity for five to seven years
after each treatment, followed by declines as limestone was
consumed. In the record of decision for the 2013 treatment, the
Regional Forester noted the necessity for repeated intervention to
protect freshwater biodiversity and wilderness character (U.S.
Forest Service 2011):

I also acknowledge that at some time in the future,
additional liming may be needed to the same
streams... Liming does not solve the larger
problem. It serves to keep aquatic species alive
until air pollution is decreased. The question is
whether to allow continued loss of the aquatic
biota while preserving the wilderness concept or
ideal of “untrammeled”, or compromise the wild-
erness ideal, to preserve the aquatic resource? I
maintain that society has already compromised
eastern wilderness values by allowing air polluting
emissions to continue that lead to acid precipita-
tion. In my judgment, liming will not further

compromise the wilderness values of St. Mary’s,
but instead will help to preserve one of the values
that led to its wilderness designation in the first
place.
As the reservoir of acidic compounds is gradually depleted, acid
deposition has slowed in the St. Mary’s River basin and repeated

liming may no longer be necessary to maintain suitable pH levels
following the 2022 treatment (Good et al. 2023).

historical state. Dam removal projects are perhaps the most
high-profile example and have occurred in wilderness,
national parks, and immediately downstream of wild and
scenic river designations to restore fish passage, habitat
connectivity, hydrologic function, and the homelands and
cultural identities of local Indigenous peoples (The Elwha
Act P.L.102-495, National Park Service 2009, National
Oceanic and Atmospheric Administration 2024, U.S. Forest
Service 2024). For example, the Glines Canyon and Elwha
Dams, located within and downstream of Olympic National
Park in Washington, inundated homelands of the Elwha
Klallam Tribe along the Elwha River and extirpated cultu-
rally and economically relevant fish species from the
national park (Duda et al. 2008, Pess et al. 2008). Removal
of both dams between 2011-2014 restored hydrologic
function of the river and allowed recolonization of more
than a half dozen fish species, including upstream into
portions of the Daniel J. Evan Wilderness within Olympic
National Park (Duda et al. 2021). Other examples of habitat
alteration in protected areas include interventions to address
negative effects of historic and ongoing land use (e.g.,
Sullivan et al. 2014, Cowdery et al. 2019), resource
extraction (e.g., Madej et al. 2006, Henderson et al. 2018),
loss of beavers and beaver dams (Bartush 2021), and acid
rain (see Box 2).

Removal of introduced species is an increasingly common
intervention in protected areas to protect native fish species or
to restore a historically fishless state (e.g., Liss et al. 2002,
Vredenburg 2004, Syslo et al. 2011, Schnee et al. 2021).
Restoring systems to a fishless state reduces recreational
fishing opportunities; however, studies show increasing
societal support for the benefits to amphibian and invertebrate
taxa (Chiapella et al. 2018). It is important to note that not all
removal efforts are focused on eradicating species that were
intentionally introduced- volitional expansion of invasive
species may also warrant interventions. Some examples spe-
cific to aquatic systems include removal of bull frogs
(Lithobates catesbeianus) in Yosemite National Park and
Wilderness in California (Kamoroff et al. 2020), and Burmese
pythons (Python bivittatus) and Cuban treefrogs (Osteopilus
septentrionalis) in Everglades National Park in Florida,
including the Marjory Stoneman Douglas Wilderness Area
(Rice et al. 2011, Leatherman 2022).
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Resisting interventions are often combined to remove or
address threats and restore biodiversity. In Great Smoky
Mountain National Park along the Tennessee-North Car-
olina border, eradication of introduced rainbow trout was
followed by reintroductions of native brook trout to speed
population expansion and recovery in headwater streams
(Kanno et al. 2016). In other cases, resisting interventions
may require a balance of seemingly opposing mandates for
management of the protected area (e.g., “natural” versus
“untrammeled” and ‘“undeveloped” characters of wild-
erness) in a context specific manner (Kelly and Landres
2023). For example, the use of preexisting human-made
stock ponds (a human development/installation in wild-
erness) was critical to the success of Chiricahua leopard
frogs in the Buenos Aires National Wildlife Refuge
(Chandler et al. 2015).

In summary, common resisting actions to preserve bio-
diversity in protected areas may be categorized as those that
conserve imperiled native species, restore habitat to a pre-
vious condition, or remove nonnative species. The methods
for achieving these objectives are diverse because they are
tailored to the history and circumstances of the freshwater
system in a particular protected area. As climate change
pushes freshwater systems further from historical baselines,
managers may increasingly find themselves in situations
where interventions to resist loss of freshwater biodiversity
become too costly or ineffective. Under these circumstances
managers may be forced to manage protected areas with
freshwater systems with characteristics that differ from their
historical baselines.

Directing Freshwater Biodiversity in Protected Areas

Management interventions that direct differ from those that
resist in that the outcomes support an ecological state that
differs from current or historical baselines (Fig. 2). Because
protected areas were designated with historical states in
mind (e.g., maintaining “primeval character” of federally
designated wilderness areas), directing actions may be
perceived as inappropriate (Heller and Zavaleta 2009,
Cravens et al. 2024), especially if there is no precedent for
the ecological baseline elsewhere. As a result, directing
actions have rarely been implemented in protected areas.
Yet, as climate driven transformation makes restoring
freshwater systems to historical baselines more difficult
(e.g., Poff 2018), directing actions may become more
common.

The most common directing actions taken to conserve
freshwater biodiversity in protected areas focus on translo-
cations of regionally native species into local habitats where
they were not historically present. For example, California
red-legged frogs (Rana draytonii) have been extirpated
from over 70% of their historic range, leading to listing as
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Threatened under the Endangered Species Act (U.S. Fish
and Wildlife Service 1996). To protect the species and
create a “safe harbor” population for future conservation
efforts, managers introduced red-legged frogs to Yosemite
National Park, including portions designated as wilderness
(Adams et al. 2023b), despite uncertainty of the species’
historical presence in the park (Adams et al. 2023a). Man-
agers noted that the decision to introduce red-legged frogs
potentially outside their historical range within Yosemite
National Park combined all available historical baseline
information with “contemporary realities” to facilitate cli-
mate adaptation and biodiversity conservation throughout
the Yosemite Valley (Adams et al. 2023a). Similar trans-
locations have occurred in other national parks, such as
translocations of Threatened bull trout (Salvelinus con-
fluentus) (U. S. Fish and Wildlife Service 1999) from lower
elevations of Glacier National Park to climate refugia above
waterfalls where they were not historically present.

The directing interventions above represent a tradeoff
among ecological values because they favor preservation of
a focal species while altering the recipient ecosystem.
Directing actions may also be guided by tradeoffs among
broader values, such as a need to balance socio-cultural and
economic values with management of freshwater systems
(Box 3). Altering systems away from ecological baselines is
risky as it may result in unintended outcomes. Studies show
that unintended outcomes have primarily occurred when
management actions favor socio-cultural and economic
values without conservation principles in mind (Novak et al.
2021; see also the discussion on fish stocking in Section II).
Yet even when management actions are centered on eco-
logical values, the effects of climate driven transformation
introduce greater uncertainty in the ability of protected areas
to support biodiversity (Hoffmann 2022). Combining the
RAD framework can provide a more holistic structure to
help balance diverse and competing values with uncertainty
in management outcomes when responding to freshwater
biodiversity loss (Sesser et al. 2025).

Section IV: Considerations for the RAD
Framework and the Future of Freshwater
Biodiversity

The decision to resist, accept, or direct ecological trans-
formation is not a new concept in natural resources man-
agement. Yet, examples of applying the RAD framework to
freshwater ecosystems or protected areas are limited. Our
retrospective examination demonstrates how freshwater
biodiversity managers are already familiar with RAD con-
cepts and how these concepts may be used to balance
conflicting mandates in protected areas. When applied in a
forward-looking manner, the RAD framework can help
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Box 3 Direct- Stocking a regionally native fish in historically
fishless lakes following invasive species eradication

Recreational angling is a valued pastime in Montana, supporting a
nearly US$1 billion annual economy for the state (Headwater
Economics 2018). Westslope cutthroat trout (WCT, Oncorhynchus
lewisi) are the state fish of Montana and a popular game species
throughout the region. Once prevalent throughout the northern
Rocky Mountains, WCT have suffered range-wide declines from
interactions with nonnative species (especially hybridization with
congeneric species) and human activities that degrade habitat and
isolate populations (Shepard et al. 2005). As a result, they are
considered a species of conservation concern in every U.S. state
throughout their native range and are listed under the Species at
Risk Act in Canada (S.C. 2002, c. 29).

The South Fork Flathead River flows through the Flathead
National Forest of western Montana. A majority of the river basin
is located within the Bob Marshall Wilderness Area, and nearly
70km of the mainstem is designated as a wild and scenic river
(https://www.rivers.gov/rivers/river/flathead). The basin supports
more than 50% of the nonhybridized and interconnected popula-
tions of WCT in Montana (Shepard et al. 2005) and is projected to
provide suitable habitat for WCT under future climate scenarios
(Isaak et al. 2015). As a result, WCT of the South Fork Flathead
River basin are considered a regional stronghold (Likens 1984,
Grisak and Marotz 2002). Throughout the early to mid-20th
century, nonnative rainbow and Yellowstone cutthroat trout (O.
mykiss and O. clarkii bouvieri, respectively) were stocked
throughout the South Fork Flathead River basin legally (in early
undocumented efforts by fisheries managers prior to 1940) and
illegally (by members of the public) to support recreational angling
opportunities (Grisak and Marotz 2002). As management shifted
towards a focus on native species in the 1980s, Montana Fish,
Wildlife and Parks conducted a thorough review of WCT status in
the South Fork River basin. Assessments identified hybridization
with nonnative trout as the primary threat to the WCT stronghold
(Sage 1993), and that risk was highest downstream of historically
fishless lakes that had been stocked with nonnative trout (Likens
1984, Sage 1993). In the early 2000s, Montana Fish, Wildlife and
Parks and the U.S. Forest Service developed and implemented an
interagency conservation plan to preserve nonhybridized WCT in
the South Fork Flathead River basin (Bonnville Power Adminis-
tration 2006). This plan focused on chemical treatments to
eradicate nonnative trout from 21 historically fishless lakes,
including eight in the Bob Marshall Wilderness Area (Bonneville
Power Administration 2006).

Public comments collected on the conservation plan emphasized
concern for the loss of recreational angling opportunities and
associated impacts to commercial outfitters and local tourism
caused by nonnative trout removals from focal lakes (Bonneville
Power Administration 2005). Considering the socio-cultural and
economic value of the fishery, managers chose to restock these
lakes with WCT collected from donor populations within the Bob
Marshall Wilderness Area (Montana Fish Wildlife and Parks
2004). The conservation plan was implemented over a ten-year
period beginning in 2007 (Grisak and Marotz 2002). Managers
incorporated recreational and economic values into the scheduling
and sequencing of treatments and restocking to minimize
disruption to angling opportunities and hardships to local outfitters
and guides (M. Boyer, pers. comm.).

Had managers removed nonnative fish and restored these lakes to a
fishless state, this would be considered a resisting intervention.
There are no species of conservation concern that rely on fishless
lakes in the basin for survival, and the Bob Marshall Wilderness
Area includes other lakes that remain in a historically fishless

condition (Grisak and Marotz 2002). The decision to direct the
freshwater community in these lakes away from a historical
baseline represents a careful balance between promoting social-
cultural and economic values of recreational angling with
minimizing risks to native WCT in the South Fork Flathead River
basin. Furthermore, by sourcing local WCT for stocking, the
populations established in these lakes serve as a genetic reserve to
support future conservation efforts in western Montana.

identify management pivot points and outline proactive
approaches to respond to increasingly uncertain and
dynamic ecological conditions (Lynch et al. 2025).
Choosing among competing management approaches
requires consideration of context specific socio-cultural,
economic, and ecological values. Moreover, the feasibility
of each approach within protected areas may be influenced
by legal mandates (Cravens et al. 2024). For example, the
Wilderness Act of 1964 requires managers to minimize
human influence but also notes that human interventions
may be performed if necessary to preserve overall wild-
erness character (16 U.S.C. 1133 (c)). Resisting or directing
interventions to protect freshwater biodiversity may receive
greater support in a wilderness context if they are linked to
other federal legislation, such as the Endangered Species
Act of 1973. Several laws also mandate consideration of
socio-cultural values of rightsholders. For instance, federal
agencies are required to consult with Native American
Tribes prior to taking any action that would directly affect
Tribal treaties and cultural or religious resources (see
Advisory Council on Historic Preservation 2021, Congres-
sional Research Service 2024). In these contexts, the RAD
framework provides a shared vocabulary to foster colla-
boration and communication among managers, right-
sholders, and stakeholders (Schuurman et al. 2022). This is
particularly important for freshwater species and ecosys-
tems where management decisions have both immediate
and long-term consequences for partners with differing
priorities and cultural values (e.g., Shultz et al. 2022). By
encouraging creative thinking around ecological transfor-
mation, the RAD framework can help managers and their
partners develop a broader, more inclusive decision space.
The RAD framework is designed to be flexible to facil-
itate creative responses to ecological transformation. For
example, managers may choose one or more approaches
that do not precisely fit within a single resist, accept, or
direct category, or apply multiple approaches across dif-
ferent parts of a protected area (e.g., Ward et al. 2023).
Additionally, collaborative management across protected
area boundaries may promote preservation of freshwater
biodiversity at ecologically relevant scales, while balancing
conflicting mandates of different protected area types. For
example, strategically placed interventions that resist or
direct biodiversity loss outside of federally designated
wilderness (e.g., dam removal, introductions of imperiled
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species, etc.) can provide spillover benefits that preserve
“natural” character while avoiding human manipulation
within the protected area boundary. Furthermore, expanding
collaborations with stewards of non-federal lands (e.g.,
Tribes, local governments, land trusts, and private land-
owners) can enhance benefits of the protected area network,
especially in the western United States where ecological
connectivity across landscapes remains relatively high
(Belote et al. 2016).

Moving beyond localized and single-species manage-
ment towards collaborative, landscape-level efforts will
benefit freshwater biodiversity and processes more holi-
stically (Saunders et al. 2002, Finlayson et al. 2018,
Acreman et al. 2020). Yet, localized intervention will still
be necessary to mitigate biodiversity losses, particularly
in freshwater systems facing current, identifiable threats
(Cowx and Aya 2011, Acreman et al. 2020, Dudgeon and
Strayer 2025). In this context, we caution that our current
management challenges are often the consequence of past
intervention successes (see Section III). The RAD fra-
mework offers a structured way to consider a diverse
range of values, clarify tradeoffs, and adopt proactive
strategies that improve decision-making for freshwater
biodiversity in the context of ongoing change. Through
this broader decision space, we may be able to select
management approaches that support freshwater biodi-
versity and serve the values of both current and future
generations.
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