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Abstract
Freshwater biodiversity loss is accelerating globally, but humanity can change this trajectory through actions that enable

recovery. To be successful, these actions require coordination and planning at a global scale. The Emergency Recovery Plan for
global freshwater biodiversity aims to reduce the risk for freshwater biodiversity loss through six priority actions: (1) acceler-
ate implementation of environmental flows; (2) improve water quality to sustain aquatic life; (3) protect and restore critical
habitats; (4) manage exploitation of freshwater species and riverine aggregates; (5) prevent and control nonnative species in-
vasions in freshwater habitats; and (6) safeguard and restore freshwater connectivity. These actions can be implemented using
future-proofing approaches that anticipate future risks (e.g., emerging pollutants, new invaders, and synergistic effects) and
minimize likely stressors to make conservation of freshwater biodiversity more resilient to climate change and other global
environmental challenges. While uncertainty with respect to past observations is not a new concern for freshwater biodiver-
sity, future-proofing has the distinction of accounting for the uncertainty of future conditions that have no historical baseline.
The level of uncertainty with respect to future conditions is unprecedented. Future-proofing of the Emergency Recovery Plan
for freshwater biodiversity will require anticipating future changes and developing and implementing actions to address those
future changes. Here, we showcase future-proofing approaches likely to be successful using local case studies and examples.
Ensuring that response options within the Emergency Recovery Plan are future-proofed will provide decision makers with
science-informed choices, even in the face of uncertain and potentially new future conditions. We are at an inflection point
for global freshwater biodiversity loss; learning from defeats and successes can support improved actions toward a sustainable
future.
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Freshwater biodiversity at risk
Freshwater biodiversity is essential to human well-being

and livelihoods (Lynch et al. 2023) and it is at risk (Reid et
al. 2019). Human settlements have had a strong association
with freshwater systems since the earliest civilizations (e.g.,
Egyptian settlements around the Nile River, Mesopotamia set-
tlements situated within the Tigris–Euphrates river system,

and Chinese Neolithic settlements in the middle Yangtze
River basin; Jähnig et al. 2022). Because of these associations
and an ever-growing demand on freshwater resources to
support food, water, sanitation, and transportation routes,
humans have a long history of impacting freshwater systems
and freshwater biodiversity. Current and emerging threats
include land-use change, new types of contaminants and
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Fig. 1. Example of response options for future-proofing the six key actions of the Emergency Recovery Plan for freshwater bio-
diversity to current and emerging stressors. River cross-section base layer courtesy of Tracey Saxby, Integration and Application
Network (ian.umces.edu/media-library).

increased pollutants, unsustainable harvest, nonnative
species introductions, and climate change (Fig. 1). Resulting
impacts include floodplain loss (EEA 2020), reduction of con-
nectivity (Grill et al. 2019), declining freshwater vertebrate
and invertebrate populations (Goulson 2019; Montgomery
et al. 2020; WWF 2022), and shifting species distributions
(Heino et al. 2020; Wang et al. 2021).

The Emergency Recovery Plan for global freshwater biodi-
versity (Tickner et al. 2020) is predicated on established as-
sessments of prevailing and emerging threats to freshwater
habitats, flora, and fauna (e.g., Dudgeon et al. 2006; Reid et al.
2019). It is framed around six key actions to “bend the curve”
of global freshwater biodiversity loss: (1) accelerating imple-
mentation of environmental flows; (2) improving water qual-
ity; (3) protecting and restoring critical habitats; (4) managing
the exploitation of freshwater ecosystem resources, includ-
ing individual species and riverine aggregates; (5) prevent-
ing and controlling nonnative species invasions; and (6) safe-

guarding and restoring river connectivity (see Arthington et
al. in press; Ormerod et al. in press; Piczak et al. 2023; Cooke
et al. in press; Britton et al. in press; Thieme et al. 2023, for
more on each action).

Implementation of response options within these six key
actions is often challenging (Tickner et al. 2020; Arthington
2021) for a variety of reasons linked to uncertainty in political
priorities (e.g., Hermoso 2017), technical capacity (Di Marco et
al. 2017), data availability (Stoffels et al. 2021), research gaps
(Harper et al. 2021), funding constraints (e.g., Cracknell et al.
2016), and the occurrence of trade-offs between aiding recov-
ery of freshwater biodiversity and other imperatives, such as
appeasing diverse partners (Paterson-Shallard et al. 2022) and
human food security. In addition, the uncertainty related to
climatic, demographic, geopolitical, socio-economic, and cul-
tural context is high because of the lack of historical base-
lines. Freshwater ecosystems and biodiversity are at particu-
lar risk when these uncertainties are ignored because of their
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reliance on processes that occur remotely and over vast spa-
tial extents and the direct relationship to climate factors that
are predicted to change, become more extreme, and decou-
ple (e.g., temperature, precipitation, and snowpack). These
factors can lead to unprecedented uncertainty and unprece-
dented conditions.

In this paper, we discuss how the six priority actions within
the Emergency Recovery Plan for global freshwater biodiver-
sity can be implemented with approaches that anticipate fu-
ture risks (e.g., emerging pollutants and invasive species) and
minimize likely stressors to make conservation of freshwa-
ter biodiversity more resilient to climate change and other
global environmental challenges. We highlight key drivers to
consider and approaches likely to be successful using local
case studies and examples. Ensuring that response options
within the Emergency Recovery Plan are future-proofed will
provide decision makers with science-informed choices, even
in the face of uncertainty. We hope to inform conservation,
restoration, and water use practices.

Future-proofing for freshwater
biodiversity

Though uncertainty has long been a consideration for
freshwater biodiversity conservation (e.g., Hermoso and Ken-
nard 2012), uncertainty related to unprecedented futures re-
quires a new framing because all prior measures of success
(e.g., restoration to historical conditions) no longer apply
(Matthews 2022). Previous approaches to protecting fresh-
water biodiversity relied on the assumptions that the fu-
ture will be similar to the past (Tonkin et al. 2019) or on
most likely future conditions. Now, with changes in land use,
direct exploitation of organisms (e.g., overfishing), climate
change, pollution, and invasive species (IPBES 2019), possi-
ble future conditions exceed the range of historical variabil-
ity (IPCC 2022a). Backwards-looking approaches that rely only
on historical (and often stationary) references as benchmarks
to design and evaluate ecological interventions risk danger-
ously perverse outcomes by constraining possible adaptive
responses of species (e.g., range shifts) and ecosystems (e.g.,
phase shifts) (Magness et al. 2022). New conditions for which
there is no precedent make conventional conservation and
restoration objective targets not only irrelevant but poten-
tially maladaptive (Barnett and O’Neill 2010). For example,
new conditions may be created both by extremes in any di-
mension of the system (e.g., flow or temperature) and also
by the decoupling of physical or biological phenomena (e.g.,
warmer temperatures that are associated with higher flows
rather than lower flows or low food resources during flows
where food resources had previously been high). If manage-
ment interventions do not anticipate these possible suites of
future conditions, desired environmental outcomes may not
be achieved. This is not to say that management approaches
should not build from lessons of the past but rather that new,
robust, and flexible strategies are needed to handle whatever
may transpire in the future.

The concept of “future-proofing” centers on this important
intention of explicitly addressing future uncertainty. Future-
proofing refers to the process of anticipating future events

under unprecedented levels of uncertainty and including
unprecedented conditions and developing methods to miti-
gate or minimize plausible stressors and shocks to a system
(Rehman et al. 2017). The first step in future-proofing is the
reasonable anticipation of a range of possible future events
that may impact the domain of interest. This can include
monitoring, experiments, and modeling to identify plausible
ecological trajectories (Crausbay et al. 2022). The second step
involves developing and implementing actions to reduce
the impact of anticipated possible future changes. This can
include monitoring, pilot studies, and portfolio approaches
to buffer against a range of plausible trajectories (Lynch et
al. 2022). Both these steps help reset expectations for future
outcomes.

The principles of future-proofing have been explored
across multiple sectors, including governance, business
(Manu 2021), infrastructure/construction (Masood et al. 2016;
UNEP 2021), and environmental law (Gupta and Schmeier
2020). Future-proofing is increasingly being applied in ecolog-
ical and environmental domains to account for anticipated
future environmental change. Challenges like sea-level rise
(Mazor et al. 2021), maintenance of natural hydrological pro-
cesses an.d water quality (Crossman et al. 2013), and mitiga-
tion of soil degradation and loss in the face of storms (Marden
2004) are being addressed through future-proofing. Future-
proofing protected areas has involved dialogue-based, multi-
stakeholder processes that recognize the threat of ongoing
climate change while developing effective systems for gover-
nance and management (van Kerkhoff et al. 2019; also see
Box 1 ). Many types of restoration activities have contributed
to future-proofing ecosystems by improving the ecosystem’s
resilience to future risks (O’Briain et al. 2017; Timpane-
Padgham et al. 2017; Wood et al. 2019; Wu et al. 2020; Frietsch
et al. 2023). Future-proofing has also been used to help main-
tain genetic diversity, for example, in mammal populations
(Lott et al. 2022) and to conserve insect diversity (Samways
2020).

In essence, future-proofing is designed to safeguard against
future known uncertainties (e.g., climate change and emerg-
ing pollutants) and build resiliency to withstand future un-
known uncertainties (e.g., unexpected invasive species, al-
gal blooms, and diseases) and unanticipated surprises. It is
a bet-hedging approach to build adaptive capacity and en-
hance a system’s ability to respond to future change (Frietsch
et al. 2023). Because change is an ongoing process, future-
proofing encourages strategies that are flexible and increas-
ingly refined and redirected over time. Iterative adjustment
is needed because of the possible, even likely, increase in the
range of threats, intensity of stressors, and unanticipated in-
teractions among them. For example, in Sweden, while ex-
treme weather will be a dominant driver over the next few
decades, risks relating to high sea-level rise will take prece-
dence toward the end of this century (Hieronymus and Kalén
2022). In this example, the prominence of each driver in de-
cision processes will vary with its relative importance at each
time point. This adaptive process can be assisted by both new
technologies (e.g., satellite imagery, machine learning, and
environmental DNA) and better analysis to be as anticipatory
and nimble as possible.
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BOX 1. Case study: future-proofing freshwater biodiversity associated with protected areas in South Africa

South Africa has three globally recognized biodiversity hotspots (Mittermeier et al.2005).Although mostly a dry region, it is rich in
localized endemic freshwater species,mainly in mountainous areas.Despite most of the feeder streams originating in protected
areas at higher elevations,many of these species are under threat from human activity (Darwall et al. 2011).To future-proof this
biodiversity, protected areas required more resilience by spatially extending beyond just higher elevation feeder streams. This
was done by instigating large networks of indigenous remnant areas of land and water as conservation corridors to protect water
bodies across timber plantation–natural area mosaics (Box 1 Figure A). The water bodies include springs, streams, rivers, and
wetlands (Box 1 Figure B).The included marshy areas and damp,hydromorphic soils delimit the expansion of timber plantations
into the natural areas (Samways and Pryke 2016).
Well-managed freshwater protected areas can play an important role in maintaining historical levels of biodiversity. However,
these protected areas are essentially pockets in the wider matrix of human activity, subject to adverse effects, not least extreme
weather events. The strategically developed networks of conservation corridors in South Africa maintain clean water flow and
standing water for organisms to sustain themselves while importantly giving them the option to move when local habitat condi-
tions become sub-optimal, which can extend the effectiveness of protected areas in, for example, agroforestry production areas
(Pryke and Samways 2012).
The corridor networks were future-proofed by ensuring that functional connection was instigated, maintained, and tested at
a regional scale through the joining of networks of the many plantation mosaics. The networks embrace all local topogra-
phies to provide ecological resilience according to the future-proofing principles of insect conservation, which includes many
other functional components of biodiversity, from indigenous plants to the megafauna (Samways 2015). The networks can sup-
port high levels of spatial heterogeneity, providing a diverse portfolio of habitats to buffer the system against the inevitable
shocks from climate change and other stressors (Samways and Pryke 2016). Using freshwater insects, such as “riverflies”
(Ephemeroptera/Plecoptera/Trichoptera) and dragonflies (Odonata), as sensitive indicators of freshwater condition, networks
of conservation corridors maintain running and standing freshwater ecological integrity and heterogeneity and are more resilient,
compared with major protected areas as the reference condition (Kietzka et al. 2015, 2019, 2021).

Box 1 Figure A. A conserved wetland and its catchment in a nonnative timber plantation mosaic. The wetland is part of a
network of large, interconnected conservation corridors aimed at providing ecological resilience in the face of future climate
change. Photo credit: Michael Samways.
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Box 1 Figure B. A remnant native grassland-stream corridor adjacent to a protected area over the horizon. The pine trees are
nonnative and grown for timber. Photo credit: Michael Samways.

Anticipating future freshwater changes
Future-proofing does not replace existing ecological

paradigms but rather is an approach to manage freshwater
resources by assuming high levels of uncertainty in future
conditions, drawing from these ecological paradigms to in-
form strategies as appropriate. The stressors on biodiversity
vary greatly among freshwater ecosystem types and spatial
scales (Reid et al. 2019). Much remains unknown about how
stressors might interact to influence taxonomic and func-
tional biodiversity or abiotic components of freshwater sys-
tems (Feio et al. 2022; Vos et al. 2023). Additionally, how so-
ciety chooses to respond to global environmental changes
can inadvertently interact with and exacerbate impacts on
freshwater ecosystems and potentially lead to maladapta-
tion (Barnett and O’Neill 2010). Changing values and shift-
ing societal attitudes can alter decision trajectories (Daly
and Farley 2010; Speed et al. 2016; also see Box 2). Future-
proofing the Emergency Recovery Plan will involve consid-
ering how plausible future drivers, such as climate change,
population growth, and new pollutants, can be accounted
for in designing and implementing each of the six priority

actions to protect and restore freshwater ecosystems (Fig. 1).
Vast threats and sources of uncertainty impact the current
and future viability of freshwater biodiversity as highlighted
across response options for each of the six priority actions
(see Arthington et al. in press; Ormerod et al. in press; Piczak
et al. 2023; Cooke et al. in press; Britton et al. 2023; Thieme
et al. 2023, for more on each action). Managers, however, can
anticipate some future freshwater changes; there are exam-
ples from around the world of how future-proofing strategies
are already being implemented. Future-proofing can be in-
tegrated into other existing planning processes, so many of
these examples reflect broader natural resource best manage-
ment practices (Table 1). The important distinction, however,
is that future-proofing frames these actions by specifically ac-
knowledging future uncertainties and a range of possible fu-
ture conditions.

Climate change paired with growing human use of fresh-
water threatens sustainable environmental flows (Arthington
et al. in press). Climate change exacerbates existing stressors
on freshwater ecosystems by altering precipitation and river
flow regimes. Shifting precipitation frequency and amounts
can cause both flooding and droughts, making waterways in-
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BOX 2. Case study: future-proofing co-management of Waikato River, New Zealand

The Waikato River is one of the most economically significant rivers in Aotearoa New Zealand and highly valued by indigenous
Māori, for whom the river provides spiritual sustenance and critical resources (Box 2 Figure A; Collier et al. 2010; Te Aho 2010).
The river is subject to intense pressures, including land-use change and intensification, damming and flow regulation, flood
control works, nonnative species invasion, plus sand and gravel extraction (Box 2 Figure B; Collier et al. 2019). These pressures
have degraded the ecological state of the river with the majority of monitoring sites continuing to show deteriorating trends in
macroinvertebrate metrics (Waikato River Authority 2021) and depauperate native fish communities (Hanchet 1990; Collier et
al. 2019; Pingram et al. 2021).
The failure to halt and reverse declines in the state of the river has been attributed to decision makers favoring economic
growth over river-centered values when balancing multiple interests (Te Aho 2019). However, evolving relationships between
government and indigenous Māori are driving fundamental changes in how fresh waters are managed in Aotearoa New Zealand
(Harmsworth et al. 2016; Te Aho 2019). This is resulting in a new co-governance and co-management regime for the Waikato
River.
The Waikato–Tainui Raupatu Claims (Waikato River) Settlement Act 2010 ushered in a new Vision and Strategy (Waikato River
Authority 2008) that requires the restoration and protection of the river’s health and well-being. It is explicitly intergenerational
and embeds the Māori concept of kaitiakitanga—guardianship of the environment for both its own sake and for present and
future generations to use and enjoy (Te Aho 2019). Achieving the Vision and Strategy within this intergenerational framing
necessitates anticipation of both current and, importantly, future pressures and the socio-ecological context in which they exist.
As such, giving effect to the Vision and Strategy in regional planning processes has required explicit recognition of an 80-year
timeframe to achieve the objectives of the Vision and Strategy (Waikato Regional Council 2020) and thus established a need
to account for future uncertainty in contemporary decision making.

Box 2 Figure A. An aerial view of Huka Falls on the upper reaches of the Waikato River shortly after it flows out of Lake Taupō,
New Zealand. Photo credit: NIWA/Dave Allen.
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Box 2 Figure B. Karapiro dam is the last in a series of seven hydropower dams along the Waikato River, New Zealand. These
dams have a significant influence on the flow regime and character of the river and its ecology. Photo credit: NIWA/Lana Young.

hospitable to biodiversity and leaving them susceptible to
dangerous algal blooms (Chapra et al. 2017), mass fish mor-
tality events (Lacerda Macêdo et al. 2021), and shifts in species
distributions through time (Comte and Grenouillet 2013). In
addition to climate change, aspects of biodiversity are forgot-
ten (Lim 2014) when efforts are focused on allocating water
across human users (Vörösmarty et al. 2010; Arthington et al.
in press). In Australia, for instance, there is growing concern
that unmanaged “risks to shared water resources” cause di-
minishing flows due to expansion of on-farm dams, diversion
to other irrigation priorities, afforestation, forest fires, poor
groundwater management, and climate change (Van Dijk et
al. 2006). In 2012–2019, independent of climatic variation, ob-
served flows in the River Murray, Australia, were a fifth lower
than expected by management models (Wentworth Group
of Concerned Scientists 2020). Accounting for such uncer-
tainties and focusing on broad objectives to avoid perverse
outcomes are both part of future-proofing environmental
flows.

Reducing pollution and mitigating its effects will be key
for freshwater biodiversity (Ormerod et al. in press). Wa-
ter managers can sometimes focus more readily on regu-

lating direct water withdrawals and point source pollution
because they have more agency to control it, for example,
through permitting requirements and penalties (Loucks and
van Beek 2016). With growing demand for food and energy
paired with increasing amounts of wastewater, however, dif-
fuse sources are becoming greater concerns, such as those
from food and fiber production or from expanding urban
landscapes (Ormerod et al. 202X). This is especially concern-
ing in areas that may experience droughts and decreased
precipitation because pollutants will be less diluted. Reduc-
ing diffuse agricultural pollution requires a combination of
improved catchment management, incentives that encour-
age sustainable practices, and improved environmental stan-
dards (Bieroza et al. 2021). The regulation and mitigation of
diffuse urban sources, particularly emerging contaminants
(e.g., microplastics and pharmaceuticals), will be equally im-
portant to future-proof water quality. Future-proofing water
quality in urban settings can be achieved through a variety
of means, such as modernizing urban drainage systems, in-
vestment to replace aging sewer infrastructure, and updating
regulations that address new pollution challenges (e.g., see
Halleux 2023).
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Table 1. Select examples of anticipated future freshwater changes, future-proofing strategies to address them, and on-the-
ground implementation for priority actions in the Emergency Recovery Plan for freshwater biodiversity.

Anticipated future
freshwater changes Future-proofing strategies Examples of implementation References

Action 1:
accelerating
implementation of
environmental flows

Increasing competition
for shared resources

� Build capacity in watershed
management and multi-disciplinary
work specifically considering future
conditions and needs

In Alberta, Canada, the
Peace–Athabasca Delta e-flows
project is integrating traditional
ecological knowledge from 11
Indigenous governments

Candler et al.
(2010); Parlee
(2011)

Shifting social/political
priorities

� Manage e-flows as part of integrated
solutions for multiple interacting
stressors in river basins to balance
evolving social and political needs

The National Policy Statement for
Freshwater Management in New
Zealand created and implemented
a hierarchy of obligations, stating
that the health and well-being of
the water body must be considered
first, before human health, and
then economic benefits. The policy
also explicitly requires
consideration of climate change in
setting limits

Craig et al.
(2017); New
Zealand
Government
(2020)

Increasing energy
demands

� Facilitate the transition to renewable
energy while having minimal impacts
on freshwater ecosystems

Queensland, Australia, is planning
the world’s largest pumped hydro
scheme as part of a new energy
plan to lower emissions, moving
away from coal and gas to
renewable energy, including wind
and solar

Gilfillan and
Pittock (2022)

Action 2: improving
water quality

Increasing wastewater � Reduce inputs of untreated wastewater
into freshwater ecosystems

� Reduce discharge from combined
sewer overflows

� Utilization of permeable surfaces
� Use and implementation of new

technologies

The sponge city concept was
developed to address China’s rapid
urbanization and associated
water-quality issues and water
shortages. The concept includes
increased permeable surfaces
within cities and a division of
rainwater and sewage pipe
networks to reduce water pollution

Liu et al.
(2017); Cook
et al. (2019)

Increasing non-point
pollution

� Improve regulatory frameworks The EU’s Green deal, in
complement with Water
Framework Directive, seeks to
reduce diffuse agriculture pollution

Bieroza et al.
(2021)

Action 3: protect
and restore critical
habitats

Species range shifts � Prioritize protecting intact habitat
� Account for shifting climates during

protection and ecological restoration

The Bita River in Colombia was
made a protected conservation
area, reflecting its ecological,
social, and cultural importance
based on extensive biological
surveys, future scenario modeling,
and support from local
communities. In 2018, it was
designated a Ramsar site

Suárez et al.
(2021)

Increasing competition
for shared resources

� Prioritize restoration and preservation
of habitats with multiple ecosystem
services

� Provide market incentives for
ecosystem services

� Encourage multi-partner
collaborations

The Nature Conservancy’s Water
Funds includes 32 initiatives across
South America that conserve land,
reforest land, and/or pay local
farmers and ranchers to protect
riverside forests on their land to
ensure clean downstream drinking
water.

TNC (2022)

Land-use change � Ensure that freshwater habitat
alterations are mitigated or off-set

Colombia has implemented
environmental compensation
under the National Policy for
Integral Management of
Biodiversity and its Ecosystem
Services

Mendoza et
al. (2020)
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Table 1. (concluded).

Anticipated future
freshwater changes Future-proofing strategies Examples of implementation References

Action 4: manage
exploitation of
freshwater species
and riverine
aggregates

Increasing demands for
biological resources

� Co-manage resources to gain trust
with local communities

� Use harvest and control efforts to
mitigate overexploitation

� Decrease bycatch and mitigate
associated mortality

Co-management of the fishery in
Tonle Sap, Mekong River,
Cambodia, has empowered fishers,
improved floodplain protection,
and increased biodiversity and
household catch simultaneously

Phang et al.
(2019)

Increasing aggregate
demands

� Decrease demand; recycle and
repurpose waste aggregates

� Improve regulation, reporting, and
monitoring

� Strengthen and develop governance
systems

In Singapore, eco-green buildings
use concrete that is derived purely
from recycled waste aggregates

Silva et al.
(2019)

Action 5: prevent
and control
nonnative species
invasions in
freshwater habitats

Worsening impacts
from existing nonnative
species

� Increase resilience of native species
through active management and
habitat improvement

� Utilize sanctuary or “ark” sites to
protect native species threatened until
technologies improve to control and
eradicate invasive species

� Develop and employ new technologies
that improve detection and
eradication

� Legislation to enable effective control
techniques (including lethal)

Two pheromones have shown
promise to aid in the control and
eradication of nonnative sea
lampreys in North America’s
Laurentian Great Lakes

Simberloff
(2021)

Introduction and
establishment of new
nonnative species

� Develop and employ new technologies
that improve surveillance abilities

� Model dispersal mechanisms and
anticipated species interactions

� Legislation and regulation of trades
and markets involving nonnative
species

Environmental DNA is a
noninvasive method to detect
nonnative freshwater species. It
has been used to detect silver and
bighead carp at the invasion
frontier in the Mississippi River
basin in the USA, north of electric
barriers used to deter fish passage

Jerde et al.
(2011)

Shifting human
behavior

� Survey consumer preferences
� Monitor species availability and the

import rate of new species

Monitoring the ornamental
crayfish trade in Germany showed
that approximately 10 years after a
“crayfish hype”, reduced species
diversity available from online
shops was observed. The rate of
import of new species had
decreased and approached pre-hype
values

Chucholl and
Wendler
(2017)

Action 6: safeguard
and restore
freshwater
connectivity

Failing infrastructure � Prioritize removals to improve
connectivity for native species

� Account for barriers that provide
refuge for native species from invasive
species

� Build structures resilient to extreme
events

Following an extreme flooding
event (>100-year flood from
Hurricane Irene) on the White
River in the USA, an interagency
team identified and prioritized
failed culverts and road crossings.
To prevent such costly damages in
the future, many were converted to
bridges, upgraded with new
technology and designs, and/or
improved to handle larger floods

Gillespie et
al. (2014)

Increasing extreme
events

� Build structures resilient to extreme
events

In Germany, the Elbe River Levee
Setback project worked to restore
the Elbe’s floodplain, in part by
removing and relocating levees

Serra-Llobet
et al. (2022)

Increasing energy
demands

� Facilitate the transition to renewable
energy while having minimal impacts
on freshwater ecosystems

Modeling of future energy
expansion in Chile has shown that
Chile could meet its low-carbon
power targets without damming
any more free-flowing rivers, with
minimal impact on system cost

Opperman et
al. (2023)
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Reversing land conversion from development, improv-
ing agricultural practices, targeting restoration, and
providing forward-looking protection of critical habitat,
specifically, will be vital for future-proofing freshwater
biodiversity (Piczak et al. 2023). Land-use change and degra-
dation of terrestrial ecosystems, particularly for agriculture,
cause degradation of freshwater ecosystems (Tilman 1999).
Eighty-six percent of land-use change globally is for agri-
culture (Winkler et al. 2021), and 70% of water extracted
from freshwater ecosystems globally is used in agriculture
(FAO 2022). Restoration of environmental components can
be focused on process-based approaches, targeted at the
root causes of ecosystem changes (Beechie et al. 2010).
More systemic networks of protected areas and other ef-
fective area-based conservation measures can also increase
resiliency and future-proof critical habitats for uncertain
outcomes (Cid et al. 2022; Worthington et al. 2022; also see
Box 1).

Inland fisheries are complex and often difficult to man-
age due to political, economic, and human behavioral drivers
(Allan et al. 2005; Cooke et al. in press). Overharvesting, espe-
cially when combined with destructive fishing methods and
unsustainable aggregate extraction (e.g., sand and gravel min-
ing), can have devastating consequences on freshwater fish-
eries and aquatic ecosystems (WWF 2022). Climate change
may also influence societal settlement patterns, altering pres-
sures on fisheries and aggregate resources. While conflict be-
tween fishing and freshwater biodiversity conservation does
exist, often there are bigger and shared threats to both (e.g.,
connectivity, pollution, and flow). Importantly, both benefit
from addressing these shared threats. For example, a com-
munity and government co-management effort for fishery
and conservation in the Tonle Sap, Mekong River, Cambo-
dia, has empowered fishers in management, improved flood-
plain protection, and increased resident fish biodiversity and
household fish catches (Phang et al. 2019, and references
therein). Freshwater biodiversity supports resilient aquatic
systems that, in itself, helps future-proof sustainable fisheries
and aquaculture (COFI 2022).

Deliberate or accidental introduction of nonnative aquatic
species——which establish invasive populations that com-
pete with native species for resources——is considered as
one of the most insidious threats to freshwater ecosys-
tems globally (Britton et al. 2023). Shifting human behaviors
(e.g., consumer preferences for plants and companion ani-
mals through the ornamental trade; massive water-transfer
projects) and interactions of nonnative species with other
nonnative species (e.g., invasional meltdown; Ricciardi and
MacIsaac 2000; Emde et al. 2012), in addition to the effects
of changing conditions (e.g., altered patterns of precipita-
tion leading to biosecurity lapses at aquaculture facilities
or increased suitable habitat for nonnatives), can all lead to
novel introduction pathways, dispersal mechanisms, and eco-
logical impacts. Introduction and spread of nonnative inva-
sive species under changing climates will likely have unpre-
dictable and far-reaching impacts on human well-being, re-
source flows, and biodiversity (Strayer 2010; Lockwood et al.
2013).

The dispersal of species and the flow of freshwater, nu-
trients, and sediments can be encumbered by dams, levees,
and other infrastructure barriers, such as roads and rail-
ways (Thieme et al. 2023). These barriers disconnect sur-
face water from floodplains and associated groundwater.
The construction of many more hydropower dams, as is
proposed to reach net-zero emission targets by 2050 (IHA
2022), may, even if done as sustainably as possible, have ad-
verse impacts on freshwater biodiversity. Conversely, some-
times infrastructure can have unintended benefits such as
where barriers have created refuges from invasive species
(e.g., Hrodey et al. 2021) or from rising water temperatures
(e.g., Weber et al. 2017). Future-proofing strategies that con-
sider the implications for biodiversity as well as for all rel-
evant resource users (e.g., beyond just energy) can help en-
sure that proper accounting feeds into decision making for
these large-scale projects (Jones and Bull 2020; Cid et al.
2022).

Future-proofing strategies for freshwater
biodiversity

Given the inherent value and importance of freshwater
biodiversity and the uncertainty of future conditions, im-
plementation of the Emergency Recovery Plan needs to be
resilient in the face of (1) likely future conditions, (2) un-
likely but possible future conditions, and (3) unanticipated
future conditions. Designing governance, management, and
monitoring processes to inform ongoing adaptive manage-
ment is a constant process of learning, with data and per-
spectives feeding into nimble management planning and
delivery (e.g., Lynch et al. 2022). Looking to the past to de-
termine what “should be” or what might be ecologically “op-
timal” is no longer the only option. Instead, future-proofing
necessitates establishing new core values on what will be de-
sirable to conserve (Domisch et al. 2019; Langhans et al. 2019;
Matthews 2022; Vijay et al. 2022). These decisions can lean on
scientific estimates of uncertainty in conjunction with other
value and knowledge systems (e.g., traditional knowledge,
aesthetics, and equity) to determine a range of possible fu-
tures and take actions that steer toward those that are pre-
ferred (Kellert 1996). In addition to strengthening collabora-
tive and co-production practices, framing strategies at mul-
tiple spatial scales will be needed because ecological values
are more likely to be protected at landscape rather than lo-
cal scales (e.g., conservation of particular species or wetland
types; Finlayson et al. 2017). For example, protected area net-
work design can be adapted (e.g., shifting from terrestrial-
based models) to account for processes and scales that are
unique to freshwater and account for aquatic species migra-
tion patterns in response to climate change (Higgins et al.
2021). Indigenous and local community rights can be more
prominently recognized, respected, and included in planning
and management interventions (e.g., co-management with lo-
cal communities) to help secure the protection of cultural val-
ues of freshwater ecosystems (Douglas et al. 2019; also see
Boxes 1 and 2).
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Future-proofing strategies will look beyond ideological but
outdated approaches, such as eradication of all nonnative
species and removal of all human infrastructure (see Britton
et al. 2023; Theime et al. 2023). These approaches are often
impossible and also, in particular situations, unnecessary as
both nonnative species and artificial habitat have the poten-
tial to contribute to longer-term and larger-scale needs (e.g.,
shading; Capon and Palmer 2018). Rather, future-proofing
strategies will build upon the strong foundation of exist-
ing successful management practices such as transbound-
ary and multi-partner collaborations, management, and reg-
ulation; generation and implementation of innovative tech-
nologies and practices; and prioritization and optimization
of conservation and infrastructure planning with a forward-
looking lens (Fig. 1, Table 1). Future-proofing does not sup-
plant ecological paradigms or management programs; it en-
hances them and makes them more nimble in their abil-
ity to adjust to future conditions by explicitly considering
future uncertainty and plausible trajectories in planning
processes.

Future-proofing the Emergency Recovery Plan will depend
on credible, relevant, and legitimate science to support trans-
formative change, as well as the uptake of science in pol-
icy and management. It will also depend on behavior and
attitude changes for freshwater resource users and society
as a whole (Loorbach and Oxenaar 2018; Birnie-Gauvin et
al. 2023). Such fundamental changes require transformations
initiated top-down (e.g., related to policies) but will fail with-
out bottom-up, multi-disciplinary transitions (e.g., adoption
of new technologies, practices, or capacities). For example,
the latest National Policy Statement for Freshwater Manage-
ment in New Zealand created and implemented a hierarchy
of obligations based on opportunities for public engagement,
stating that the health and well-being of the water body must
be considered first, before human health, and then economic
benefits (Table 1; New Zealand Government 2020). We recog-
nize this ecocentric strategy may not be possible in all coun-
tries, but it highlights that integrated approaches are likely to
be the most successful because they can optimize across mul-
tiple objectives and streamline implementation processes.

Future-proofing the Emergency Recovery Plan will also de-
pend on quantifying, communicating, and leveraging the un-
certainties in our scientific knowledge for the purpose of
making better decisions. While acknowledging the impor-
tance of uncertainty in decision making for ecological sys-
tems feels relatively new, decision making under uncertainty
has a long history and is well developed and used in business
management (Sharma et al. 2020), legal systems (Kaye et al.
2020), the insurance industry (Daykin and Hey 1990), water
management (Höllermann and Evers 2019), and for making
personal decisions such as health care, parenting, and now
even travel planning (Williams et al. 2022). However, the cur-
rent causes of transformation are generally unprecedented
and exceed historical ranges of variability (Thompson et al.
2021). Methods for acknowledging and incorporating uncer-
tainty include development of scenarios (e.g., IPCC 2022b,
and common financial planning advice), exploring and com-
paring distributions (e.g., Weitkamp et al. 2015), as well as
evaluating model sensitivity (e.g., McElhany et al. 2010) and

applying multiple models (Schuwirth et al. 2019). Facing and
quantifying uncertainty, to the degree possible, is the first
and essential step of decision making under most realistic
situations. In every case, uncertainty, in and of itself, is infor-
mation. Uncertainty is not an excuse for inaction but a call
to action, including filling information gaps, systematically
evaluating possibilities, and communicating probabilistically
(Steel et al. 2009).

Human activities transform freshwater for water provi-
sion and related socio-economic benefits, often at the cost of
degrading and impairing ecosystems and biodiversity. This
water-socio-ecological nexus is multifaceted and complex
(Vollmer et al. 2018). Ignoring risks of extreme events, un-
likely but possible outcomes, or likely new conditions and
interactions may yield poor and unexpected results. Down-
scaling ideas, tools, and processes involved in the manage-
ment and conservation of freshwater ecosystems would be
most effective by taking into consideration local conditions
and traditional local knowledge (i.e., “think global, act local”;
Cradock-Henry and Frame 2021; Twardek et al. 2021). For ex-
ample, a focus on culturally significant fisheries can be key to
uniting indigenous and non-indigenous peoples in conserv-
ing freshwater ecosystems (Noble et al. 2016).

However, it is important to note that just a local lens will
not suffice to address many, if not most, current environ-
mental issues (e.g., invasive species; Strayer 2022). In these
instances, planning and management interventions can ben-
efit from integrated approaches that recognize multiple, and
usually conflicting, dimensions of freshwater (Douglas et al.
2019). To effectively future-proof the Emergency Recovery
Plan, such holistic approaches will generally need to consider
the watershed scale for the design of management strategies,
incorporate hydro-socio-ecological dimensions, account for
political and economic context, be inclusive, and capture cul-
tural relationships, values, rights, and interests from multi-
ple partners, collaborators, and societal groups (Fig. 1).

A future-proofed emergency recovery
plan

Resolving the freshwater biodiversity crisis is an imme-
diate need. Effective implementation of the Emergency Re-
covery Plan can help “bend the curve of global freshwater
biodiversity loss” because drivers of change and actions we
take now have implications for the future (e.g., Ripple et
al. 2022). In the last decade, scientists have developed and
provided cross-sectoral tools that can be applied to catch-
ments and effectively capture complex hydro-ecological con-
nections but also cultural relationships, values, rights, and in-
terests (Vörösmarty et al. 2010; Vollmer et al. 2018; Douglas et
al. 2019; Shaad and Alt 2020). The use of best available science
and other knowledge systems using evidence-based processes
can set freshwater protection goals, contribute to transition
governance and improve policies, build capacity for moni-
toring and management, and support integrative strategies
underpinning the Emergency Recovery Plan. Ensuring that
response options within the Emergency Recovery Plan are
future-proofed (which, in itself, requires perpetual revisiting
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in an adaptive management context) will provide decision
makers with science-informed choices in the face of uncer-
tainty (Table 1). We are at an inflection point for global fresh-
water biodiversity loss; we can learn from defeats and suc-
cesses to ensure that freshwater biodiversity can contribute
to a sustainable future (Fig. 1).
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