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INTRODUCTION

The year 2021 offers a critical opportunity for concerted action to influence the future of freshwater
biodiversity, ecosystem services and humanwell-being. TheUnitedNations Decade on Biodiversity
2011–2020 has ended, and governments around the world are reviewing major international
agreements relevant to biodiversity conservation, including the Convention on Biological Diversity
(CBD)1, the Sustainable Development Goals (SDGs)2, and the UN Framework Convention on
Climate Change (UNFCCC)3. A Post-2020 Global Biodiversity Framework4 is under development,
with the grandmission to “Halt the loss of species, ecosystems and genetic diversity by 2030; restore
and recover biodiversity to ensure a world of people “living in harmony with nature’ by 2050”.

Freshwater ecologists have acted quickly to draw attention to the global dimensions of the
freshwater biodiversity crisis and address the lack of a comprehensive framework to guide
policy responses (Bunn, 2016; Darwall et al., 2018). An Emergency Recovery Plan for freshwater
biodiversity, published by 25 authors from 14 organizations (Tickner et al., 2020), sets out six major
priorities for global action and policy development to “bend the curve of freshwater biodiversity
loss.” It has been submitted to the working committees of the Post-2020 Global Biodiversity
Framework, and further promoted as a dramatic OUPblog “Bring living waters back to our
planet5” Comprehensive reviews have since enumerated many research questions, actions and
policy refinements needed to “bend the curve” and protect the world’s freshwater ecosystems (van
Rees et al., 2020; Buxton et al., 2021; Harper et al., 2021; Maasri et al., 2021). Each review cuts across
important scientific, societal, management and policy issues.

The purpose of this brief challenge paper is, likewise, to strengthen and support the Emergency
Recovery Plan, but in a different way, by advocating a broader package of strategic activities that
too often operate in silos, with patchy coverage of the world’s freshwater ecosystem types and
biogeographic diversity. This package presents traditional areas of scientific and societal activity
that require more strategic, integrated and collaborative global effort to deliver evidence-based
freshwater conservation outcomes, conjoined with terrestrial and estuarine/marine conservation,
depending on context: (i) inventory, evaluation and research; (ii) restoration and rehabilitation;
(iii) protected area design and management; and (iv) socio-ecological science and governance. The
paper is intended to motivate greater interest, commitment and collaboration of all stakeholders in
the most urgent and ambitious conservation enterprise of the next decade—to protect and sustain
freshwater biodiversity in the socio-ecological systems of the Anthropocene.

1https://www.cbd.int/convention/guide/?id=web4
2https://sustainabledevelopment.un.org/sdgs
3https://www.iucn.org/theme/global-policy/our-work/united-nations-framework-convention-climate-change-unfccc
4http://www.fao.org/forestry/48209-0cb7240cc9f200dcf507a40e71c39a591.pdfs
5https://blog.oup.com/2020/09/bring-living-waters-back-to-our-planet/
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INVENTORY, EVALUATION AND

RESEARCH

Evidence-based ecosystem restoration and biodiversity

protection depend upon a credible foundation of scientific
and sociological data, process understanding and a capacity

to model, predict and evaluate ecological/societal outcomes
from natural processes, pressures and management actions.

Notwithstanding a huge body of erudite freshwater research,

there remains an ongoing need to increase understanding
of the biodiversity, biophysical processes and ecosystem

services of the world’s freshwater and connected terrestrial
and estuarine/marine ecosystems. The IUCN Commission on

Ecosystem Management has developed a globally consistent,

spatially explicit Ecosystem Typology for conservation purposes
(Keith et al., 2021). It is designed to help identify the ecosystems

most critical to conservation of biodiversity and supply of

ecosystem services, as well as structuring global risk assessments
for the Red List of Ecosystems and reporting against CBD and

SDG targets and other framings. The typology distinguishes 28

natural freshwater ecosystem types within subterranean systems,
palustrine wetlands, streams, rivers, freshwater and saline lakes,

artesian springs, oases, and transitional waters (fjords, estuaries,

intermittently closed and open lakes and lagoons–ICOLLS).
Depending on ecosystem type, geography and knowledge

gaps, freshwater inventory and research is traditionally integrated
around taxonomy, genetics and organismal biology, population
and community ecology, and ecosystem functions, the latter

including the processes that link landscapes, connected
boundary systems (riparian areas, floodplains, wetlands/lakes,
and groundwater systems) and freshwater ecosystems (Geist,
2011; Reis et al., 2017; Flitcroft et al., 2019). Likewise, the
pathways and processes that connect rivers and estuaries via
surface flows and submarine groundwater discharges are vital

dimensions of interconnected freshwater and coastal ecosystems.
The IUCN Ecosystem Typology provides a geographic framing
and scientific resource to help guide priorities for basic inventory
and ecological research on understudied ecosystem types and

biogeographic regions. For example, groundwater-dependent
ecosystems such as artesian springs and oases are relatively
poorly studied but coming to attention globally (Cantonati et al.,

2020). Intermittent rivers and ephemeral streams (IRES) and
episodic arid-zone floodplains are of growing interest because

even when dry they perform multiple ecosystem services that
complement those of nearby perennial rivers (Datry et al., 2018).
Given the exceptional biodiversity of the Amazon Basin and poor
knowledge of many aquatic taxa (e.g., migratory fishes), there is
an outstanding need for inventory, knowledge synthesis and risk
assessment to guide recovery and conservation (Duponchelle
et al., 2021).

Innovative biodiversity assessment techniques (remote
sensing, GIS, environmental DNA, camera traps, sound
recordings, radiotelemetry) can be integrated with established
field methods to document biodiversity patterns and hotspots,
and track flagship, umbrella and endangered species of high
conservation value (Harper et al., 2021). Systematic reviews,

meta-analysis, natural and laboratory experiments and modeling
offer scope to relate biodiversity patterns and processes with
dominant environmental drivers (climate, hydrological regime
and water quality, etc). Broad stakeholder engagement is essential
across the spectrum of biodiversity inventories, identification of
knowledge gaps and research priorities, evaluation of ecosystem
services and formulation of targets for restoration and protection
of species, ecosystem processes and valued services.

RESTORATION AND REHABILITATION

The major threats to freshwater ecosystems have been
comprehensively synthesized in six main categories:
hydrological alterations, habitat degradation and loss, pollution,
overexploitation, invasive species, and climate change (Dudgeon
et al., 2006). These have beenmapped at global scale (Vörösmarty
et al., 2010; Reis et al., 2017; Grill et al., 2019), elaborated as
new pollutants and configurations of stress emerge (Reid et al.,
2019) and widely publicized (Bunn, 2016; Flitcroft et al., 2019).
Yet despite prodigious management efforts, biodiversity loss and
ecosystem degradation continue, creating huge deprivation for
millions of people whose diets and livelihoods depend directly
on freshwater biota (Lynch et al., 2016). Biodiversity decline
has significant implications for ecosystem resilience, recovery
potential and adaptation to climate change.

The Emergency Recovery Plan offers a blueprint focused on
reducing biodiversity decline and recovering from these major
threats, a well as a new threat category on connectivity to
highlight the implications of habitat fragmentation for freshwater
biota and ecosystems (Grill et al., 2019). Numerous methods
and sound protocols already enable mitigation of these major
threats, as demonstrated in successful ecological restoration
projects around the world (Palmer et al., 2005). For example,
the restoration of connectivity patterns and processes has
contributed to recovery of biodiversity and ecosystem processes
in many regulated rivers (Horne et al., 2017; Opperman et al.,
2019). The bolder objective of the Emergency Recovery Plan
is to transition from local freshwater restoration successes to
a strategic approach that achieves biodiversity and ecological
recovery at larger spatial scales. The EuropeanWater Framework
Directive6 offers one well-established jurisdictional framing
for freshwater ecosystem recovery to good ecological status.
Building on European case studies, challenges and successes
under this and other directives, van Rees et al. (2020) extend
the ideas of the freshwater Emergency Recovery Plan into 15
special recommendations with potential to protect freshwater
life globally.

Beyond the main categories of threat to freshwater
biodiversity and ecosystems lie new kinds of stress and
new configurations of familiar stressors (Reid et al., 2019).
Many, if not most, freshwater ecosystems are affected by several
types of stress that interact, often with effects greater than
(synergism), less than (antagonism) or equal to the sum of their
individual effects (Sabater et al., 2018). The daunting scientific
challenge is to identify the most significant causes of stress

6https://ec.europa.eu/environment/pubs/pdf/factsheets/wfd/en.pdf
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and define the most beneficial blend, geographic placement
and timing of management actions (Omerod et al., 2010; Craig
et al., 2017). This approach has worked reasonably well for
the urban stream “syndrome” (Sheldon et al., 2012; Booth
et al., 2016). Other multiple-stressor syndromes that threaten
freshwater ecosystems include irrigated agriculture, forestry,
mining, energy production, transport systems and the recreation
and tourism sectors. Climate change, itself a complex mix
of stressors, already compounds multiple stressor syndromes
(Sabater et al., 2018), by altering river flow and flooding regimes,
while rising temperatures are driving higher evaporation rates,
water scarcity, and aquatic habitat loss. Shifting climatic regimes
intensify the urgency of multiple stressor research and adaptive
management solutions.

In multiple-stressor contexts, Tickner et al. (2020)
recommend the assembly of “strategic portfolios of measures”
rather than relying on interventions that address individual
stressors, although these will always be necessary in particular
contexts. Methods for mapping individual and cumulative
stressors are well-developed (e.g., Vörösmarty et al., 2010), and
analytical tools for prioritizing ecological restoration among
sites in multi-stressor landscapes are emerging (Hermoso et al.,
2015; Neeson et al., 2016). Strategic portfolios of restoration
measures require development of cause-and-effect relationships
to understand and predict the responses of species and
communities to individual and multiple-stressor configurations.
Maasri et al. (2021) recommend assessment of restoration
outcomes using large-scale replication of before-after-control-
impact (BACI) designs, and long-term post-monitoring phases.
Relatively few restoration projects meet these stringent design
and monitoring requirements (Palmer et al., 2005; Geist and
Hawkins, 2016). Meta-analyses of results from post-monitoring
can help to identify restoration failures (often under-reported,
Geist, 2011) as well as successes, extract learnings and guide
adaptation toward more effective strategies.

In many situations with a long history of anthropogenic
stress it is important to be realistic about the potential
for restoration of near-natural ecological systems (Geist and
Hawkins, 2016). Rehabilitation or remediation to recover and
sustain selected ecosystem values and species may be the
only feasible approach, especially where novel ecosystems with
well-established alien species have replaced natural system
structures, biodiversity and processes, as in many impounded
rivers and degraded floodplain wetlands (Acreman et al.,
2014; Poff et al., 2017). These novel circumstances require
careful development of explicit and realistic targets for the
recovery of the system at project onset (Geist, 2011, 2015;
Geist and Hawkins, 2016). A framing termed Strategic Adaptive
Management (SAM) offers a structured step-wise process from
development of a shared vision and hierarchy of objectives
linked to management actions, monitoring, evaluation and
publication of outcomes (Kingsford et al., 2021). It amply
meets the criteria for measuring restoration and management
success from an ecological perspective (Palmer et al., 2005) and
provides a powerful model of effective stakeholder collaboration.
Broad stakeholder engagement throughout project design,
implementation and monitoring strengthens comprehension of

the multiple challenges of ecosystem restoration, and encourages
appreciation of what can be achieved and is worthy of investment.

Freshwater ecosystem restoration, rewilding, rehabilitation
and remediation are technically feasible with existing and
emerging technologies, collaborative human commitment
and adequate resourcing. The IUCN ecosystem typology
provides a template for identification of risks and restoration
priorities at global scale. As an example, severe threats to
freshwater biodiversity in the Amazon Basin (overexploitation,
deforestation, extensive hydroelectric dam development and
climate change) demand a portfolio of recovery actions
(Duponchelle et al., 2021) and spatially explicit prioritization of
future hydropower developments to minimize loss of aquatic
connectivity and biodiversity (Winemiller et al., 2016).

PROTECED AREA DESIGN AND

MANAGEMENT

Ecosystem restoration is challenging, expensive and may require
decades of sustained effort to maintain the desired outcomes.
Prevention of biodiversity loss is a far better option than
struggling for cures. Perfectly located, designed and managed
freshwater protected areas (PAs) represent the pinnacle of global
conservation policy. Many categories of area-based protected
ecosystems (IUCN I–VI PAs, Ramsar list of Wetlands of
International Importance, private protected areas, landholder
covenants, indigenous stewardship) play significant roles in
freshwater biodiversity conservation. In 2010, the Convention
on Biological Diversity (CBD) included an area target of 17%
protection for inland waters. However, 70% of river reaches (by
length) have no protected areas in their upstream catchments,
and only 11.1% (by length) achieve full integrated protection
(Abell et al., 2017). Seasonal inland wetlands represent ∼6% of
the world’s land surface, yet around 89% are unprotected by
IUCN PAs and Ramsar sites (Reis et al., 2017).

Urgent calls for increased protection of freshwater ecosystems
and biodiversity include free-flowing rivers (Perry et al., 2021),
river-wetland mosaics (Reis et al., 2017), springs (Cantonati
et al., 2020) and other groundwater-dependent ecosystems,
as well as integrated terrestrial-freshwater-estuary/marine
protection coordinated across spatial scales, jurisdictions and
sectors (Abell et al., 2017; Leal et al., 2020; Buxton et al.,
2021). Systematic conservation planning offers data-driven
methods for prioritizing restoration and protected area
strategies (Abell et al., 2017; Linke et al., 2019). Applications
of these approaches have addressed vital issues for freshwater
conservation planning (source catchment condition, dimensions
of river connectivity, integrated river, wetland and aquifer
protection, threatening processes, species distribution shifts
under climate change, and trade-offs between freshwater
biodiversity conservation and human water requirements).
Other tools that can aid similar spatial analysis, provide
insights into trade-offs, and inform strategic multi-objective
decision-making include pareto-optimal assessments (Hurford
and Harou, 2014), Strategic Environmental Assessment
(Lazarus et al., 2018) and system-scale infrastructure planning
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(Winemiller et al., 2016; Opperman et al., 2019). Significant
improvements in the placement, spatial configuration
and connectivity of protected areas are feasible using
these techniques.

Recent studies have sought to evaluate the benefits of
freshwater protected areas for conservation of freshwater
biodiversity. A systematic review found that only 51% of 75 case
studies demonstrated beneficial outcomes relative to comparable
unprotected areas (Acreman et al., 2020). Activities within and
external to protected areas were held responsible, including
landscape modifications, riparian loss, alterations to hydrological
regimes, loss of floodplain connectivity, habitat alterations,
chemical contamination, fishing, harvesting (e.g., turtle eggs) and
the presence of non-native species. Over-exploited and degraded
protected areas add to the burden of ecosystem restoration
and recovery facing many societies. Ecological principles and
guidelines for improved use, management and monitoring of
freshwater protected areas and their surrounding landscapes
warrant far wider appreciation and application (Finlayson, 2018;
Acreman et al., 2020).

Strengthening the conservation benefits of freshwater
protected areas requires engagement and collaboration among
scientists, management agencies and the people who visit, know
and use these areas. Increased public engagement, citizen science
and participatory monitoring of trends in condition or species
abundance by committed stakeholders can raise the profile of
freshwater biodiversity and help to change behaviors that might
otherwise lead to ecosystem damage. Positive socio-economic
outcomes as well as biodiversity conservation are important,
and more likely to occur when PAs adopt co-management
regimes (e.g., fisheries), empower local people, reduce economic
inequalities, and maintain cultural and livelihood benefits
(Oldekop et al., 2016).

SOCIO-ECOLOGICAL SCIENCE AND

GOVERNANCE

Freshwater ecosystems and their catchments are increasingly
viewed as coupled human and natural systems, wherein
setting objectives and devising management solutions,
require engagement and collaboration among engineers
and hydrologists, ecologists, social scientists and citizens (Bunn,
2016). This has been advocated and implemented in the field of
environmental water management for decades (Poff et al., 2003,
2017) and is a strong element of The Brisbane Declaration and
Global Action Agenda on Environmental Flows (Arthington
et al., 2018; Anderson et al., 2019). Ecosystem-basedManagement
(EBM), also referred to as the ‘Ecosystem Approach’, jointly
considers societal and ecological goals and scenarios in an
impressive modeling framework (Langhans et al., 2019). The
EBM and similar framings (e.g., SAM) recognize the need for
coupling of social and ecological systems, and engagement of
all stakeholders. The concept of “stakeholders” has often meant
token representation of indigenous, marginalized or poorly
recognized societal groups. Yet increasingly, solving complex
conflicts about water use and management, especially in times

of scarcity and uncertainty, requires collaboration and enduring
partnerships among all stakeholders with indigenous, societal
and scientific knowledge, technical expertise, and credentials at
all levels of governance.

Recent reviews consistently call for improved practices to
enhance communication, understanding and respect for different
“ways of knowing,” and methods for blending of stakeholder
knowledge (especially indigenous knowledge) with conventional
science (Anderson et al., 2019; Buxton et al., 2021; Maasri et al.,
2021; Perry et al., 2021). Others call for evidence-based and
targeted guidance to facilitate working with the complex dynamic
interactions of ecological and societal systems (Harper et al.,
2021). The framing termed CoupledHuman andNatural Systems
(CHANS) is especially relevant. It proposes strategic integration
of patterns and processes that connect human and natural
systems, as well as within-scale and cross-scale interactions
and feedbacks between human and natural components of
such systems (Liu et al., 2021). Interesting applications to
freshwater systems include evaluation of water availability, use,
quality, management and governance in Canadian agricultural
watersheds (Liu et al., 2019) and fisheries management (Lynch
and Liu, 2014).

CHANS, SAM and EBM embrace important principles
of socio-ecological collaboration and governance, including
building trust, maintaining respectful interactions, upholding
rights, embracing mutual understanding, and development
of enduring partnerships. These integrated socio-ecological
frameworks and partnership models offer fundamental tools
to guide understanding and management of increasingly
degraded Anthropocene ecosystems, in which societal and
ecological processes are deeply entwined and interact. Socio-
ecological systems in turn require participatory management
and governance regimes that can foster biodiversity conservation
alongside societal benefits and social justice. For example, a
“Just Aquatic Governance” framework has been proposed for
the Amazon Basin, based on three pillars of social justice:
recognitional, procedural and distributional (Lopes et al., 2021).
The need for inclusive socio-ecological freshwater science and
governance is particularly acute in the biodiverse, multicultural
Amazon Basin (Castello, 2021).

CONCLUDING COMMENTS

The Post-2020 Global Biodiversity Framework is visionary and
compelling, and especially relevant to the recovery of freshwater
biodiversity—the most overlooked and urgent conservation
challenge of the next decade. The IUCN has distinguished
28 global freshwater ecosystem types, a powerful framing
for activities to promote the recovery and conservation of
freshwater biodiversity. This challenge paper supports the
freshwater Emergency Recovery Plan by promoting a broader
package of strategic activities that too often operate in silos,
with patchy coverage of the world’s freshwater ecosystem
types and biogeographic diversity and cultural heritage.. This
portfolio urges integration of biodiversity inventory and basic
ecosystem science, stressor assessment and mapping with
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systematic restoration and protected area management in a
strategic global freshwater conservation strategy, with links
to terrestrial and estuarine/marine realms as required. An
overarching and integrative theme is the coupling of ecological
and human systems, and the importance of collaboration
among all stakeholders with indigenous, societal and scientific
knowledge, technical expertise, and experience with governance
models and policy development. There is an urgent need
to build shared knowledge, trust, mutual understanding and

enduring respectful partnerships in coupled human-ecological
systems if we want a world of people “living in harmony
with nature.”
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