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Coastal Groundwater-Dependent Ecosystems are
Falling Through Policy Gaps

by Madeleine Dyring"?>3®, Melissa M. Rohde*>¢, Ray Froend’, and Harald Hofmann'

Abstract

Coastal groundwater-dependent ecosystems (GDEs), such as wetlands, estuaries and nearshore marine
habitats, are biodiversity hotspots that provide valuable ecosystem services to society. However, coastal
groundwater and associated ecosystems are under threat from groundwater exploitation and depletion, as well
as climate change impacts from sea-level rise and extreme flood and drought events. Despite many well-
intentioned policies focused on sustainable groundwater use and species protection, coastal GDEs are falling
through gaps generated by siloed policies and as a result, are declining in extent and ecological function. This study
summarized then examined policies related to the management of coastal groundwater and connected ecosystems
in two key case study areas: Queensland (Australia) and California (USA). Despite both areas being regarded as
having progressive groundwater policy, our analysis revealed three universal policy gaps, including (1) a lack of
recognition of the underlying groundwater system, (2) fragmented policies and complex governance structures that
limit coordination, and (3) inadequate guidance for coastal GDE management. Overall, our analysis revealed that
coastal GDE conservation relied heavily on inclusion within protected areas or was motivated by species recovery,
meaning supporting groundwater systems remained underprotected and outside the remit of conservation efforts.
To close these gaps, we consider the adoption of ecosystem-based management principles to foster integrated
governance between disparate agencies and consider management tools that bridge traditional conservation realms.
Our findings advocate for comprehensive policy frameworks that holistically address the complexities of coastal
GDEs across the land-sea continuum to foster their long-term sustainability and conservation.

Introduction
Groundwater-dependent ecosystems (GDEs), such

'School of the Environment, The University of Queensland,

Brisbane, Queensland, Australia

2Centre for Biodiversity and Conservation Science, The
University of Queensland, Brisbane, Queensland, Australia

3Corresponding author: School of the Environment,
The University of Queensland, Brisbane, QLD, Australia;
m.dyring@uq.edu.au

4California Water Program, The
Sacramento, California, USA

5Rohde Environmental Consulting, LLC, Seattle, Washington,
USA

6SUNY College of Environmental Science and Forestry,
Syracuse, New York, USA

7Edith Cowan University, School of Science, Joondalup,
Western Australia, Australia

The author(s) does not have any conflicts of interest or
financial disclosures to report.

Article impact statement: Groundwater-dependent ecosys-
tems fall through gaps created by siloed policies and require
integrated management for effective conservation.

Received November 2022, accepted August 2023.

Nature Conservancy,

NGWA.org

as wetlands, rivers, and estuaries, are found within
coastal habitats around the world. GDEs consist of
species and habitats that require access to groundwater
to meet their water needs on a permanent or intermittent
basis (Richardson et al. 2011), and they are widely
recognized for the valuable ecosystem services they
provide such as climate regulation, bioremediation, and
water purification (Griebler and Avramov 2015; Howard
et al. 2023). Coastal GDEs include an array of habitats,
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such as freshwater and brackish wetland systems reliant
on seasonal groundwater discharge, or ecosystems within
the marine zone that rely on submarine groundwater
discharge, such as coral reefs. In coastal environments,
groundwater plays a critical, though often overlooked
role in regulating a range of biological and chemical
processes that contribute to the function of ecological
communities and the resilience of coastal landscapes,
particularly under climatic drying (Dyring et al. 2022).

Despite their importance, coastal GDEs continue
to decline in their extent and function due to numerous
threatening processes. Increasingly, coastal settlements
are turning to groundwater for freshwater supply, partic-
ularly in areas that are increasingly experiencing aridity
due to climate change (Ferguson and Gleeson 2012).
In addition to groundwater depletion threats, coastal
GDEs are susceptible to both oceanic and atmospheric
climate change drivers such as increased variability in
rainfall and recharge (Jasechko et al. 2014), sea-level
rise and saltwater intrusion (Werner et al. 2013), storm
and tidal surges, and increasing rates of evapotranspi-
ration (Condon et al. 2020). Despite the development
of numerous policies and regulations to manage these
threats, the continued decline of coastal GDEs highlights
the inadequacy of these policies in effectively addressing
the collective challenges they face.

This policy gap analysis aims to identify the defi-
ciencies in existing policies and regulations concerning
coastal groundwater and dependent ecosystems in
Queensland, Australia and California, USA. The key
objectives of the analysis are to identify and describe
gaps within the existing policy framework, providing
examples of how coastal GDEs are either overlooked
or are not sufficiently considered. Overall, this gap
analysis aims to advise policymakers and stakeholders
on policy shortcomings and offer actionable suggestions
for enhancing conservation efforts and the sustainable
management of these valuable ecosystems.

Queensland and California are suitable case studies
as both areas are experiencing rapid coastal population
growth and an increasing reliance on groundwater.
Queensland remains the fastest growing state in Australia
(ABS 2022) and population pressure continues to strain
surface water supplies. Similarly, California is the most
populous state in the USA with nearly 40 million people
(PPIC 2017). Groundwater supplies up to 85% of total
water use in some coastal areas, and this has been
projected to rise due to urbanization and agricultural
intensification (Wilson et al. 2020). As extreme flood and
drought events intensify globally (Rodell and Li 2023;
Rohde 2023), climate change related impacts are pertinent
to large coastal populations, such as those in Queens-
land and California. Both have experienced “weather
whiplash” oscillating between megadroughts and major
flooding (Swain et al. 2018; Rodell and Li 2023),
with implications for the conjunctive management of
groundwater resources. Coastal groundwater resources
in Queensland and California are highly susceptible to
climate change impacts, and both states are considered
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to have progressive policies on GDE management
(Rohde et al. 2017), making these states useful and
relevant case studies to explore policy gaps.

Unlike inland GDEs, coastal GDEs are also vulner-
able to seawater intrusion which further highlights the
need to examine the effectiveness of coastal groundwater
policy. An Australia-wide assessment of the vulnerability
of coastal aquifers to seawater intrusion undertaken in
2012 identified Queensland as the state at the greatest
risk of saltwater intrusion (Ivkovic et al. 2012). Similarly
in California, recent modeling of sea-level rise scenarios
found that 1 m of sea-level rise is expected to expand
50-130m inland (Befus et al. 2020). Overpumping of
aquifers remains a leading driver of seawater intrusion
throughout the USA, particularly in California (Jasechko
et al. 2020). Without effective policy intervention, seawa-
ter intrusion and the salinization of coastal aquifers will
have a long-lasting and potentially irreversible impact on
freshwater ecosystems reliant on groundwater.

Policy Gaps in Coastal GDE Management

To undertake this gap analysis, an extensive literature
review was conducted to gather policies, regulations, and
guidelines related to groundwater and GDE management
in both case study regions. This subset of policy
literature was then examined to evaluate its efficacy in
safeguarding coastal GDEs from threatening processes,
with a focus on groundwater allocation and threat
mitigation strategies, monitoring practices, conservation
measures, and enforcement.

We began by collating and analyzing current policy
literature on groundwater and GDE management in
Queensland (Australia) and California (USA). Table 1
summarizes current policies and legislation related to
groundwater management in both case study areas by
the level of governance and describes how these policies
could be applied to coastal GDE management. Each
policy has been allocated a management focus which is
reflected in Figure 1.

Queensland, Australia

In Australia, there is no federal policy that dictates the
management of Australia’s coastal zone. Rather, coastal
planning and management remain the responsibility of
individual states. Similarly, in terms of groundwater
management outside of the Murray-Darling basin, there
is limited guidance provided by the federal government
on the management of GDEs. The Water Act 2007 relates
to the planning, allocation, and use of water; but is
principally focused on the Murray-Darling River and
managing stakeholders within different industries and
across the various states requiring groundwater.

Under Australia’s Environment Protection and
Biodiversity Conservation Act 1994, GDEs are consid-
ered a Matter of National Environmental Significance
(MNES) and therefore require assessment via an Envi-
ronmental Impact Statement (EIS) when a project (e.g.,
a development proposal) is deemed a controlled activity.
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Figure 1. Traditional policy domains in coastal groundwater and ecosystem management. Spatially, policies usually relate
to landscape zones (blue text), for example, upper catchments, coastal areas, and tidal and marine zones. Groundwater is
managed through siloed policy domains with a specific management focus described in Table 1 (black text). See Table 1 for
an overview of organizations and strategies related to groundwater management in Queensland and California.

However, the assessment of potential impacts on GDEs as
part of an EIS is triggered by a potential for groundwater
drawdown or contamination associated with coal seam gas
extraction and coal mining activities (Doody et al. 2019),
both of which do not commonly occur on coastal fringes
in Australia. Despite GDEs being considered a MNES,
the assessment of impacts to coastal GDEs is less likely
to be triggered in this policy context, despite ongoing
development pressures along Australia’s coastlines and
the threat to groundwater quality and quantity.

In Queensland, three policy instruments focus on
sustainable water planning and use to prevent deteriora-
tion in groundwater quality and quantity, with mention of
GDEs (Table 1). Where general guidance is provided on
protecting GDEs (i.e., Water and Wetland Biodiversity
Policy 2019, Table 1), these policies do not provide spe-
cific guidance for coastal GDEs. While it is encouraging
to see coastal GDEs of the Swan Coastal Plain (Western
Australia) included in federal government recommended
guidelines (Richardson et al. 2011), they represent a
single type of coastal GDE reliant on a shallow perched
aquifer, where long-term ecological monitoring data is
available. Including a broader range of coastal GDEs
examples in policy is crucial for their identification, char-
acterization and effective management and protection.
Queensland, and Australia more broadly, could benefit
from specific guidelines for managing coastal GDEs in
the many forms they come in, considering the unique
challenges and vulnerabilities each face.

Water Plans in Queensland, as governed by the Water
Act 2000, regulate groundwater use; however, their effec-
tiveness in coastal areas is limited by a 10-year imple-
mentation period and the absence of mandatory reviews
and updates within this timeframe. While consideration is
given to maintaining ecological flows for GDEs (McGre-
gor et al. 2018), this timeframe fails to account for the
influence of climate change on factors such as recharge,
which is crucial for determining future groundwater allo-
cations. While this may not be a pressing concern for large
inland aquifers, it poses significant challenges for highly
responsive coastal groundwater systems that are sensitive
to fluctuations in rainfall and groundwater discharge rela-
tive to the threat of saltwater intrusion. Moreover, Water
Plans focus on discrete management areas and neglect the
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consideration of groundwater movement between neigh-
boring basins or from inland watersheds to coastal dis-
charge areas. While Water Plans encourage sustainable use
of groundwater through future planning and allocations,
without a comprehensive understanding of coastal ground-
water dynamics and the absorption of climate change
impacts, they are inadequate for coastal GDEs.

In Queensland, coastal habitats and significant
species, which can include coastal GDEs and reliant
species, are protected under three key legislations
(Table 1). These regulations focus on protected areas des-
ignated for conservation. Land-based conservation, such
as protected areas, overlooks the underlying hydrogeolog-
ical system supporting coastal GDEs on which significant
species and habitats rely. A recent global analysis revealed
that 85% of protected areas containing GDEs had under-
protected groundwatersheds, with over 50% lying outside
protected area boundaries (Huggins et al. 2023), therefore
undermining conservation efforts. Documented impacts
on GDEs caused by groundwater deterioration outside of
a protected area highlight the limitation of relying solely
on land-based conservation for GDE conservation. Such
approaches leave coastal GDEs vulnerable to groundwater
depletion originating outside protected areas.

Gaps generated by protecting land-based assets of
GDE:s and not the underlying hydrogeological system are
apparent in Queensland. For example, while the Nature
Conservation Act 1992 safeguards coastal wetlands and
related species from harmful activities, it does not impose
restrictions on the installation of private groundwater
bores near these habitats. Furthermore, there are no
regulations or requirements for monitoring water quality
or assessing the potential impacts of groundwater use on
adjacent GDEs. As a result, the cumulative impacts of
drawdown from multiple private bores and the potential
effects on GDEs remain unassessed.

California, USA

Similar to Australia, species protection under the
state and federal Environmental Protection Acts are
strong drivers of coastal GDE conservation where listed
threatened and endangered species are known to use GDEs
as habitat (e.g., coastal wetlands; Table 1). However,
regulatory agencies tasked with recovering threatened and
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endangered species (e.g., California Department of Fish
and Wildlife, U.S. Fish and Wildlife and Army Corps of
Engineers) rarely acknowledge the role of groundwater in
supporting species recovery since regulating groundwater
(both quality and quantity) is out of their direct purview.
This reduces the efficacy of species recovery efforts, as
well as introduces a gap where only specific species within
the ecosystem dependent on groundwater are protected,
leaving the broader ecological and hydrological system
underprotected and undermanaged.

The management of coastal GDEs in California is
further hindered by fragmented policies that focus on
specific aspects such as water quality or sustainable
groundwater use. Multiple regulatory bodies, including
the California State Water Resources Control Board
(SWRCB), the California Coastal Commission, and local
Groundwater Sustainability Agencies, oversee different
aspects of water management along the coast. However,
these entities operate within separate domains, leading
to operational management gaps when it comes to the
holistic management of coastal groundwater.

For instance, the SWRCB is responsible for regu-
lating water quality, while the California Coastal Com-
mission oversees land and groundwater development in
coastal areas. Additionally, Groundwater Sustainability
Agencies, established under the Sustainable Groundwa-
ter Management Act 2014 (SGMA), manage ground-
water use in designated groundwater basins. Despite
SGMA recognizing the interconnection between ground-
water and surface water resources and requiring control
of groundwater depletion, the legal and management sys-
tems for permitting, monitoring and safeguarding surface
water and groundwater remain effectively separate (Owen
et al. 2019). These examples illustrate how different gov-
ernance and regulatory entities possess some authority
to protect groundwater and dependent ecosystems. How-
ever, their actions often operate independently within their
respective domains, lacking coordination and synergy.
This fragmented approach creates policy gaps and hin-
ders the comprehensive management of coastal GDEs in
California.

Coastal GDEs in California also face policy and man-
agement gaps when they are reliant on fresh groundwater
but located in the marine zone. For example, SGMA man-
dates that local agencies consider impacts on GDEs, which
can be identified through the California Department of
Water Resources’” GDE database, known as the Natural
Communities Commonly Associated with Groundwater
dataset (CDWR 2023). However, GDEs present in estuar-
ies and coastal wetlands are excluded from this database
because they are considered saltwater-dependent, which
disregards the critical role of groundwater discharge for
these ecosystems in coastal zones. Local groundwater sus-
tainability agencies have the discretion to include these
coastal GDEs in their groundwater sustainability plans,
yet many have chosen not to do so. This exclusion largely
arises from the perceived regulatory authority of local
groundwater sustainability agencies to exclusively man-
age fresh groundwater. By considering only freshwater
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ecosystems, agencies overlook important coastal GDEs
that would benefit from their ecological groundwater
needs being incorporated into sustainable groundwater
management plans.

SGMA'’s shortcomings in addressing coastal GDEs
existing across the land-to-sea interface transcend into
other hydrogeological aspects and policy realms, such
as in the prevention of ‘“undesirable results” arising
from deteriorating water quality and streamflow deple-
tion. Both water quality and streamflow fall under the
jurisdiction of multiple regulatory authorities, such as
the State and Regional Water Resources Control Boards
and local groundwater sustainability agencies. This redun-
dant arrangement created by overlapping authorities has
resulted in diminished accountability for individual agen-
cies to take necessary actions within their specific regu-
latory purviews. As a result, there is a need for improved
collaboration and alignment between regulatory entities to
effectively protect and manage these ecosystems existing
across multiple policy realms.

Summary of Policy Gaps

The analysis of policy and legislation relating to
coastal groundwater and GDE management has high-
lighted several significant challenges in Queensland and
California. Three key policy gaps have been identified,
including: (1) a lack of recognition of the underlying
groundwater system, (2) fragmented policies and com-
plex governance structures that limit coordination, and,
(3) inadequate guidance for coastal groundwater manage-
ment. These gaps present obstacles to the effective conser-
vation of coastal groundwater and connected ecosystems.
Addressing these challenges is crucial not only for the
sustainable management of coastal groundwater in the
populous States of Queensland and California but also
for informing GDE conservation efforts and policy devel-
opment worldwide.

Opportunities and Challenges Moving Forward

The Role of Ecosystem-Based Management Principles
The goal of ecosystem-based management (EBM) is
to maintain ecosystem productivity and function through
scientific understanding and adaptive management that
promotes ecosystem resilience (Ansems et al. 2014). EBM
principles have successfully been included in various
complex socio-ecological systems, including fisheries and
forestry, for the past two decades (Woods 2022). The
adaptive management approach of EBM allows for the
consideration of multiple social and ecological goals
(Arkema et al. 2006), which is particularly valuable
in the case of consumptive resources like groundwater.
Moreover, EBM accounts for the uncertainties inherent in
dynamic socio-ecological systems, such as fluctuations in
groundwater volume and demand, both for consumptive
purposes and ecosystem needs (Rinaudo et al. 2020).
By considering the interplay between groundwater, social
and ecological systems, EBM has the potential to guide

M. Dyring et al. Groundwater 7

85U8017 SUOWIWIOD BAIR1D) 8|qedljdde ayy Aq peusenob a1e sejoe YO ‘SN Jo sejnu Joj Akeiqi] 8uluO A8|IM UO (SUONIPUOD-PUR-SLLBI WD AB 1M ARIq 1 BU1UO//SANY) SUONIPUOD pUe sWie | 8y} 88s *[e202/TT/9¢] uo ArigiTauluo A1 ‘AiseAlun uemod yip3 Aq Ze€T BMB/TTTT OT/I0p/wW00 A8 | ARiqipuljuoembBuy/sdny woij pspeojumod ‘0 ‘v8595r2T



Table 2
Summary of Identified Policy Gaps With Examples, Recommendations and EBM Principles.

Recommendations

EBM Principle

Policy Gap  Description Example

Gap 1 Lack of recognition of Insufficient consideration
the underlying of groundwater’s
groundwater system. ecohydrological support

role in coastal habitats
and species habitat
protection.

Gap 2 Fragmented policies and Overlapping authorities
complex governance and fragmented
structures and limited governance hinder
cross-boundary effective management
coordination. and protection.

Policies and legislation
primarily focused on
specific threats or
isolated parts of the
landscape.

Gap 3 Inadequate guidance for Limited guidance on
coastal groundwater managing coastal
management. aquifers susceptible to

climate change,
particularly changes in
recharge and sea-level
rise.

e Develop policies that explicitly
acknowledge and incorporate the
critical role of groundwater in
supporting coastal ecosystems.

o Establish integrated management
approaches that bridge terrestrial
and marine realms.

Foster coordination and collabora-
tion among regulatory entities at
different levels of governance.
Establish mechanisms for cross-
boundary coordination and infor-
mation sharing.

Incorporate transboundary consid-
erations in policies and manage-
ment approaches, recognizing the
interconnected nature of coastal
groundwater systems.

Develop specific guidelines for
managing coastal groundwater
resources for the environment,
considering the unique challenges
and vulnerabilities GDEs face.

e Incorporate climate change adapta-
tion strategies into coastal ground-
water allocation and management

Holistic and integrated
approaches that recognize
the interdependence of
coastal and terrestrial
ecosystems and
groundwater and surface
waters.

Foster participatory
governance and
stakeholder engagement to
facilitate collaborative
decision-making
processes.

Apply adaptive management
approaches that account
for the dynamic nature of
coastal ecosystems in the
face of climate change and
consider how current
climates will affect future
groundwater stores.

policies.

policy development which bridges existing gaps and
direct management strategies that promote the long-term
resilience and function of GDEs.

To bridge the first identified policy gap, EBM
could be used to direct the development of policy
that explicitly acknowledges and describes the role of
groundwater in supporting coastal ecosystems (Table 2).
Both Queensland and California lack an overarching
policy document that describes the ecological role of
groundwater in supporting critical biological and chemical
processes within and across coastal watersheds. Within
this policy, key biophysical linkages could be used as
a basis to build a framework that bridges terrestrial
and marine policy domains. The integration of reserve
planning and connectivity into groundwater policy is
likely to lead to better outcomes for GDEs (Boulton 2020).
In Queensland, for example, Water Plans could be
amended to include water requirements for ecosystems
adjacent to respective management areas. This can be
achieved by revising plans to ensure that ecological
water requirements for downstream or surrounding coastal
GDEs are acknowledged and accounted for in the
neighboring plans. In California, the acknowledgement of
groundwater as an important aspect of threatened species
recovery efforts, particularly under climate change, could
encourage greater protections for groundwater. Broadly,
there is a push for adaptive water governance to
include water rights specifically for GDEs (Nelson 2022).
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These rights would be quantifiable, and transferable,
and would be held and enforced by public or private
entities (Nelson 2022). Moreover, grant funding programs
that encourage better coordination between management
authorities and foster holistic planning can also be used
to provide an incentive.

To bridge the second policy gap (Table 2), a review
of current governance structures and responsibilities could
be undertaken to identify opportunities for enhanced
coordination and collaboration among regulatory entities
at different governance levels. Fostering participatory
governance through stakeholder and agency engagement
will lead to collaborative decision-making processes
across coastal landscapes, providing better conservation
outcomes for coastal GDEs. Enhancing coordination
between management agencies working in the coastal
realm presents an opportunity to improve the management
of coastal GDEs within the existing policy framework. For
instance, in California, SGMA does not pre-empt pre-
existing laws such as the state and federal Endangered
Species Acts yet requires groundwater sustainability
agencies to coordinate with county, state and federal
agencies to ensure groundwater management does not
adversely impact species. Thus, SGMA provides a legal
framework to enhance the protection of coastal GDEs,
but realizing this opportunity is dependent upon state
enforcement and directives, a groundwater sustainability
agency’s initiative, or funding incentives.

NGWA.org
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Finally, a lack of guidance specifically for managing
coastal groundwater for GDEs, particularly under climate
change scenarios, was apparent in both case study areas
(Gap 3, Table 2). The challenges of groundwater man-
agement for ecosystem function are discussed extensively
within the existing literature. Saito et al. (2021) pointed
out that traditional solutions, such as sustainable yield,
ignore complex spatiotemporal dynamics in groundwa-
ter systems. The authors prescribe minimum provisions
for planning, managing and monitoring groundwater for
ecosystems, and these could be adapted to form key
research questions that decipher the specific needs of
coastal GDEs using regional case studies. For example,
in terms of saltwater intrusion, research questions could
be posed to understand saltwater intrusion processes and
vulnerabilities, and how monitoring practices could be
adapted to effectively mitigate saltwater intrusion in the
context of sea-level rise, extreme weather events, and
changing precipitation patterns.

The use of case studies has been instrumental in
addressing the specific challenges of managing groundwa-
ter and GDEs in the context of climate change. New South
Wales’s (NSW, Australia) Water Strategy was developed
using regional case studies which provided details on
key challenges within selected basins, allowing for an in-
depth understanding of groundwater movement, use and
ecological value as well as climate change related risks
specific to those regions (DPIE 2021). The Strategy pri-
oritizes landscape scale action, setting out a framework
to integrate key management programs and government
agencies. For example, in coastal catchments, the Strategy
aims to foster collaboration between groundwater manage-
ment and habitat protection through existing Coastal Zone
Management Plans and the Marine Estate Management
Strategy. The Water Strategy could serve as a model for a
comprehensive policy document guiding coastal ground-
water and GDE management in both Australia and the
USA. By incorporating key case studies and establishing
a framework for collaboration among agencies and exist-
ing management initiatives across terrestrial and marine
zones, it provides a solid template for an overarching pol-
icy document that could be adopted by individual states.

Challenges in the Coastal Realm

Like many natural systems, the management of GDEs
is complex. Even a conceptual understanding of GDE
function must include hydrogeological, biological and
ecological elements and each of these elements operates
on independent spatial and temporal scales (Keeley
et al. 2022). Barreteau et al. (2016) put it well when they
described groundwater as “an interaction space of several
interdependent dynamics” (p. 49). Translating complex
ecosystem dynamics into management measures that
effectively capture and protect ecosystem function under
changing climatic conditions is an inherently difficult task
(Elshall et al. 2020). This is made more complex in coastal
environments which are geomorphically dynamic, have
a long history of human exploitation and include both
terrestrial, marine and sub-surface policy domains.

NGWA.org

There are specific challenges to the use of EBM
principles in groundwater management. EBM actions
are routinely criticized for being too broad for effec-
tive implementation (Arkema et al. 2006). Leslie and
McLeod (2007) cited a lack of a common vision and
inadequate governance frameworks that do not allow
the implementation of EBM as major impediments to
its effective use in marine policy design. Considering
the complex and layered management of groundwater in
Australia and the USA, inadequate governance frame-
works could also prove to be an issue for EBM of
GDEs. Recently, groundwater experts across Australia
listed determining groundwater requirements for the envi-
ronment as a significant challenge in GDE manage-
ment (Cook et al. 2022), despite published methodologies
(Eamus et al. 2006), suggesting funding and research con-
straints as limiting factors. Another major challenge to
the use of EBM in the GDE space is that groundwater
is largely unregulated across the globe and establish-
ing ecosystem requirements within existing sustainable
groundwater management laws can be limited (Rohde
et al. 2017). In reality, the scientific community must
embed EBM concepts in GDE research to operational
goals in groundwater management (Olsson et al. 2008).
So, while EBM is regarded as an ideal option for the
management of complex socio-ecological systems like
GDEs, implementation mechanisms require further atten-
tion before we can transition to this management model.

Conclusion

Coastal GDEs are highly complex systems that
require intentional policy design. This policy gap analysis
reveals that known threats to coastal groundwater-
dependent ecosystems (GDEs), such as climate change,
groundwater extraction and pollution, are actively
managed, but in very separate realms — both in terms
of governance structures and landscape setting. The
integration of policies across landscapes to include
multiple ecosystems and domains (i.e., biosphere,
atmosphere and hydrosphere, and terrestrial and marine
zones) will require a coordinated planning approach.
Policymakers, researchers and practitioners will need to
consider management beyond traditional conservation
realms to effectively conserve coastal ecosystems and the
groundwater systems they rely on.

Integrating policies across coastal watersheds and
adopting EBM principles can conserve ecohydrological
processes and enhance resilience in coastal GDEs. While
sustainable groundwater use is often the driver of GDE
management, the adoption of EBM principles is another
mechanism for providing effective outcomes for the eco-
logical communities that coastal groundwater supports.
While our findings highlight policy gaps that hinder
the conservation of coastal GDEs in Australia and the
USA, these gaps are likely relevant to other coastal areas
worldwide. Addressing policy gaps in the management
of coastal GDEs is a crucial step toward achieving more
sustainable solutions for both groundwater and dependent
ecosystems.
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