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of these vital coastal environments. An important component of this approach

the protection of resources and societal benefits. For degraded estuarine and
coastal marine ecosystems, restoration and rehabilitation initiatives are impor-
tant intervention strategies used to reverse the loss of habitats and biotic resources
and to support management programs. Marine Protected Areas (MPAs) are an
integral element of marine management plans to conserve and sustain estua-
rine and coastal marine environments by protecting threatened ecosystems
and their resources from anthropogenic activities. National and international
regulatory frameworks and directives are also in place to protect and conserve
these environments.
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Regulatory Frameworks

1. Introduction

Estuaries and coastal marine waters are among the most productive environ-
ments in the world. Yet, they are often the most heavily impacted by anthropo-
genic activities. Despite their susceptibility to anthropogenic degradation, these
environments support numerous species of organisms and habitats of ecological
importance, while also providing vital goods and services to society. Estuaries
alone cover more than 400,000 km of the global coastline with an estimated sur-
face area of 1.1 x 10° km® [1] [2]. They form transitional environments between
terrestrials, rivers, and open ocean systems and thus are vulnerable to an array of
anthropogenic impacts because coastal lands nearby are often highly developed
and densely populated, with human activities greatly affecting ecosystems along
the watershed, river, estuary, and coastal ocean continuum [3] [4]. The protec-
tion and maintenance of estuarine and coastal marine environments require in-
tegrated ecosystem management that considers the connectivity of land, estuary,
and ocean components [5].

Four classes of anthropogenic drivers are potentially threatening estuarine and
coastal marine environments, notably industrialization and urbanization, habitat
degradation, increasing use of resources and space, and climate change [2] [6] [7].
They are particularly problematic when acting synergistically with other drivers of
change to impact the structure and functioning of these environments and to re-
duce ecosystem goods and services. The net effect is decreasing resistance and resi-
lience of ecosystems, as well as a reduction of their sustainable use due to climate
change and non-climatic anthropogenic factors [7].

This article reviews the management strategies and legislative frameworks that
address anthropogenic drivers of change and impacts in estuarine and coastal
marine environments and which serve as vehicles for ecosystem protection and
conservation. Day et al [8] convey that most, if not all, coastal systems have se-
rious environmental problems due to multiple stressors that require management
intervention. Although no general administrative plan targets and successfully re-
mediates all problems existing in estuarine and coastal marine environments, man-
agement measures exist to mitigate serious impacts in an effort to promote and
sustain healthy ecosystems.

The main objective of the article is to synthesize the aforementioned manage-
ment strategies and legislative frameworks, examining other published works on
the subject such as the comprehensive treatments of Elliott [5], Kennish and El-
liott [6], Defeo and Elliott [7], and others. To this end, the general structure of
the article consists of several key components that follow: types of anthropogenic
impacts, management strategies, management frameworks, remediating dam-
aged coastal environments, and regulatory frameworks. As noted by Elliott et al

[5], the degradation of biotic communities and habitats in natural systems due to
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anthropogenic impacts requires effective management measures for successful

restoration and mitigation, while concurrently sustaining goods and services.

2. Types of Anthropogenic Impacts

Kennish [9] has reviewed the numerous anthropogenic drivers of change that
impact estuarine and coastal marine environments, organizing them into 12
categories: 1) habitat loss and degradation (e.g. lagoon construction, shoreline
hardening, and land reclamation); 2) enrichment (e.g. nutrients, organic car-
bon, and thermal loading); 3) sewage and pathogenic inputs; 4) chemical con-
taminants; 5) human-induced sediment/particulate inputs; 6) human-altered
hydrological regimes; 7) dredging and dredged-material disposal; 8) invasive/
introduced species; 9) overfishing and intensive aquaculture; 10) coastal sub-
sidence; 11) floatables/plastics/debris; and 12) climate change. Transportation
and shipping, renewable and non-renewable energy generation, agriculture, and
coastal infrastructure may be added to this list [10]. These drivers of change can be
organized further into physical, chemical, and biotic factors that often affect
the ecological integrity, sustainability, and ecosystem services of these environ-
ments, or can be divided into four major categories depending on whether they
compromise water quality, alter biotic communities, degrade habitat, or are linked
to climate change (Table 1). Nutrient enrichment, organic carbon loading, chem-
ical contaminants, and pathogens are examples of drivers that impact water qual-
ity. Overfishing, introduced/invasive species, and human-altered hydrologi-
cal regimes are drivers that also adversely affect biotic communities. Dredg-
ing and dredged-material disposal, hardened shorelines and other structural
modifications, and wetlands reclamation are drivers that directly degrade habi-
tats.

An array of pollutants—some highly toxic to organisms—accumulate in estu-
arine and coastal marine environments (see detailed discussion below); most of
these pollutants (>80%) are derived from land-based sources [11]. Over the past
50 years, in particular, climate change interacting with pollutants and other lo-
cal, non-climatic drivers of change has accentuated these impacts, strongly af-
fecting coastal ecosystems at all levels of biological organization [12]. As Lan-
drigan ef al [11] note, marine pollution is an escalating global problem poorly
controlled by most countries. However, management strategies are being applied
that can reduce or eliminate these stressors, such as acute decreases in greenhouse
gas emissions, improved regulation of chemical contaminants, and mitigation of
coastal habitat loss and alteration.

Climate change increases vulnerability and decreases resilience of estuarine
and coastal marine environments [2] [3] [4]. Doney et al [13] showed that cli-
mate change-mediated shifts in temperature, precipitation, water circulation,
stratification, nutrient input, oxygen content, pH (ocean acidification), and sea
level rise have wide-ranging effects on estuarine and marine organisms, including

altered distribution and abundance, reduced biodiversity and biotic production,
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Table 1. Major anthropogenic drivers of change in estuaries. Modified from Kennish
(2021).

Drivers

Category 1 (Degrade Water Quality)
Nutrient Enrichment/Eutrophication
Organic Carbon and Thermal Loading
Biogeochemical Alteration
Chemical Contaminants
Sewage Inputs
Pathogens
Category 2 (Alter Habitat)
Watershed Development/Coastal Infrastructure
Watershed Impervious Cover
Sediment/Particulate Inputs
Dredging and Dredged-Material Disposal
Shoreline Hardening
Lagoon Construction
Land Reclamation and Impoundments
Coastal Subsidence
Category 3 (Impact Biotic Communities)
Human-altered Hydrological Regimes
Overfishing
Intensive Aquaculture and Agriculture
Invasive/Introduced Species
Floatables/Plastics/Debris
Renewable and Non-renewable Energy Generation
Category 4 (Link to Climate Change)
Climate Change Drivers
CO,, CH,, NO,, Chlorofluorocarbons, (Greenhouse Gases)
Warming Temperatures
Precipitation and Land Runoff
Extreme Events
Hurricanes and Other Major Storms
Storm Surges
Tornadoes

Droughts

habitat loss, and other adverse fluxes. Many organisms exhibit physiological in-
tolerances to changing environmental conditions and variable species interac-
tions resulting in major population-level shifts. Accumulating databases and
models indicate marked changes in demography, abundance, distribution, and
phenology of species with escalating climate change. Prevailing trends in species
responses, largely driven by increasing temperature, include shifts in geographic
distribution to higher latitudes and deeper waters [14]. Warming waters in estu-
aries account for observed poleward range shifts of organisms from estuary to

estuary [15]. Other biotic responses to climate change projected in many estua-
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rine waterbodies include an increase in invasive species, harmful algal blooms
(HABs), and pathogens [4].

3. Management Strategies

A primary goal of estuarine and coastal marine ecosystem management is to
protect biotic communities and habitats from adverse effects of human activities
and natural events, including changes that pose a threat to ecosystem structure,
functioning, and sustainability [5] [10] [16]. As such, it is not only important to
examine the structure of an ecosystem (Z.e. species richness, abundance, biomass,
density, etc.) but also its functioning (e rate processes) and the effects of activi-
ties on human uses of estuarine and marine waters. In addition, it is necessary to
assess and maintain the natural hydrodynamics, sedimentology, geomorphology
and other characteristics of an ecosystem.

Ecohydrology and ecoengineering are important tools used in estuarine man-
agement to address altered or damaged habitats and biotic communities and to
improve ecosystem conditions. Restoration and rehabilitation are also vital in
returning impacted ecosystems to an improved condition. Successful estuarine
restoration projects require both effective science and societal components. In
fact, development and implementation of ecological restoration projects are
processes involving the interaction of multiple actors. Such projects are success-
ful when they lead to the recovery and increased resiliency of degraded ecosys-
tems [17].

3.1. Ecosystem-Based Management

An objective of estuarine and marine environmental management is also to en-
sure the maintenance of ecosystem goods and services beneficial to society [18]
[19]. An ecosystem-based management approach is a holistic strategy that con-
siders the entire ecosystem, including human activities and other societal com-
ponents [5] [20] [21] [22]. It examines an array of interactions occurring in an
ecosystem rather than focusing on a single element (e.g. species, microbes, or
ecosystem services). As defined by the Secretariat of the Convention on Biologi-
cal Diversity [23], “The ecosystem approach is a strategy for the integrated man-
agement of land, water, and living resources that promotes conservation and sus-
tainable use in an equitable way”. The goal of this approach is to maintain the eco-
system in a healthy, productive, and resilient condition, while providing goods and
services for human use and enhancing sustainability of resources [21] [22]. A
focus is to balance the intensity of human activities with the ability of estuarine
and marine environments to provide ecosystem services. A need exists for go-
vernance to support integrated coastal management [20].

In a systematic review of 151 peer-reviewed papers on governance and land-sea
connections, Pittman and Armitage [24] found that ecosystem-based manage-
ment is the main management approach used to address land-sea interactions.

Far fewer alternative management approaches are presented in the published li-
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terature that address science-policy integration, interactions between ecosystem
components, as well as cross system threats (e.g. climate change). Because of the
complexity of estuarine and coastal marine environments, ecosystem-based man-
agement must consider ecosystems along the watershed, river, estuary, and coastal

ocean continuum.

3.2. Management Frameworks

Elliott et al ([5], p. 709) noted that estuarine environmental management, “re-
volves around a framework questioning what are the uses for the estuary, what
does society do in the estuary, what are the mechanisms whereby impacts are
created, and what we do about those impacts”. The goal of estuarine manage-
ment, therefore, is to determine the threats to an estuary, its watershed, coastal ma-
rine areas, and their habitats and biotic communities. Successful and sustainable
management of these environments should then follow the 10-tenets described
by Elliott [19] that include all facets and players in a system. That is, the manage-
ment actions should be: ecologically sustainable, technologically feasible, economi-
cally viable, socially desirable/tolerable, legally permissible, administratively achieva-
ble, politically expedient, ethically defensible, culturally inclusive, and effectively
communicable.

The interactions between ecological structure and functioning, physico-chemical
processes, and socio-economic systems account for the complexity of managing es-
tuarine and coastal marine environments [16]. Hence, effective integrated ecosystem
management of these environments should consider the application of a holistic
problem-structuring framework such as a Drivers-Activities-Pressures-State
Change-Impacts-Responses approach. This linked framework approach is an
effective and accurate way to assess the causes, consequences, and responses
of change in natural coastal ecosystems affected by anthropogenic activities.
Also significant in this management approach is an understanding by poli-
cymakers, managers, and stakeholders of the links between environmental
condition and society as well as the distribution and intensity of human activities
[16] [25].

Elliott et al [16] and Elliott [26] conveyed that underlying effective marine
management is the aforementioned holistic unifying framework that constitutes
a constructive integrated process designed to protect and conserve natural ecosys-
tems. Essentially, drivers of basic human needs lead to Pressures of State changes
on ecosystems causing Impacts (on human welfare) requiring Responses (as
measures) to remediate. Elliott et al [16] provide a detailed explanation of this
framework, which links natural and social systems, creating an ecosystem ap-
proach for managing estuarine and marine environments to protect and main-
tain natural systems while supporting ecosystem services that yield societal
goods and benefits [26]. This interlinked framework also reflects management
of ecosystems along the watershed, river, estuary, coastal ocean continuum

encompassing components of ecosystem structure and functioning, ecosystem
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services, and societal benefits. An important component of this approach is a ho-
listic effort to assess environmental, economic, and societal impacts of all activities.
Thus, a multidisciplinary integrated approach is preferred that links natural and
social sciences and protects ecosystem services and societal benefits. The loss of
ecosystem services and societal benefits due to anthropogenic pressures is a key
element considered in sustainable and successful marine management programs
[26] [27] [28].

Estuarine and coastal marine environments can change markedly when sub-
jected to anthropogenic pressures. Three major sources of these pressures are
recognized: 1) activities that remove materials and space from an ecosystem (e.g.
fish, shellfish, and sediments); 2) activities that place materials into an ecosystem
(e.g. wastewaters, toxic pollutants, and power plant thermal discharges); and 3)
activities causing external and wider pressures on ecosystems (e.g. fossil-fuel burn-
ing, greenhouse gas emissions, and climate change) [3] [6] [26]. The environmental,
economic, and societal impacts of all activities should be considered in an inte-
grated analysis of these environments. The interaction of local pressures (e.g. coastal
development, overfishing, nutrient enrichment) and global pressures (e.g. increasing
temperatures, rising sea levels, and acidification) is deleterious to the structure
and functioning of estuarine and coastal marine ecosystems. Effective ecosys-
tem-based management must identify the influences of land-based drivers that
can negatively impact and alter these ecosystems. Coastal watersheds are areas of
potentially damaging anthropogenic activities that impact coastal waters, and hence
proactive land-sea conservation planning and governance are vital to protecting
these ecosystems together with efforts to mitigate local impacts along the land-sea
continuum (Fredston-Hermann et al 2016). For example, coastal runoft containing
chemical contaminants, excess nutrients and sediments, bacterial and viral loadings,
and other substances from land-based human activities can seriously impair es-
tuarine and coastal marine waters and must be targets of management and re-
mediation programs.

An ecosystem impacted by anthropogenic pressures may be degraded, or it
may exhibit resistance to change. The ecosystem may also exhibit resilience by
returning to a former state after removal of the pressure [26] [27]. Elliott and
Kennish [28] defined ecological resilience as the ability of an ecosystem to return
to its original state after being disturbed. However, after the pressure is removed,
an ecosystem may not follow a trajectory reverting back to the original environ-
mental condition but to an alternate stable state, although shifting baselines may
still yield an improved condition. Degraded or disrupted ecosystems typically
exhibit lower resilience. Broad changes in environmental condition over time
due to anthropogenic pressures lead to shifting baselines away from the ecosys-
tem reference condition, imposing dynamic trajectories that limit restoration

and recovery capability [29].

3.2.1. Ecosystem-Based Marine Spatial Planning
Ecosystem-based marine spatial planning (EB-MSP) is an effective strategy for
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supporting healthy coastal and ocean ecosystems and sustained human uses of
estuarine and marine waters [30] [31]. It is a strategy implemented to manage
for cumulative activities in an area rather than for sectoral applications [25]. Fo-
ley et al ([31], p. 956) defined EB-MSB as “an integrated planning framework
that informs the spatial distribution of activities in and on the ocean in order to
support current and future uses of ocean ecosystems and maintain the delivery
of valuable ecosystem services for future generations in a way that meets ecolog-
ical, economic, and social objectives”. According to Foley et al [31], EB-MSP
addresses declining health of marine ecosystems in the following ways: 1) in-
forming the spatial distribution of activities in estuarine and marine environ-
ments; 2) maintaining human uses and reducing use conflicts in these environ-
ments; and 3) restoring, protecting, and sustaining ecosystem health and servic-
es. EB-MSB is a process based on ecological principles incorporated into a deci-
sion-making framework that leads to healthy and functioning ecosystems and ser-
vices that contribute to sustainable economic and societal benefits.

Marine spatial planning has rapidly gained favor as an important aspect of in-
tegrated coastal management and sustainability of estuarine and coastal marine
ecosystems and their resources in waters of the European Union [5] [21]. Itis a
framework to manage human activities in space and time and to achieve plan-
ning objectives that support uses of healthy marine ecosystems and maintenance
of ecosystem services [20]. Factors of importance include land-sea connectivity,
habitat structure, habitat heterogeneity, species diversity, and maintaining key
species diversity that has disproportionately strong influence on community
structure and functioning in these ecosystems [31].

The Maritime Spatial Planning Directive of 2014 established a framework for
marine spatial planning of European Union waters. Several other policies, such
as the Water Framework Directive, Marine Strategy Framework Directive, Ha-
bitat Directive, and Renewable Energy Directive have also steered marine spatial
planning of these waters [21]. Katsanevakis ef al. [20] showed that marine spatial
planning supports ecosystem-based management by considering an array of in-
teractions that occur within an ecosystem. Many estuarine and marine govern-
ing bodies now promote EB-MSP as the best way to ensure sustainability of es-

tuarine and marine ecosystems and their services for humans [20] [21].

3.2.2. Integrated Coastal Zone Management

Integrated Coastal Zone Management (ICZM) is a resource management system
that uses an integrative, holistic approach and an interactive planning process to
resolve complex coastal management issues [32]. Originated in 1992, ICZM has
been implemented to address the coastal problems that can pose a threat to the
economic sustainability and environmental quality of coastal environments. It
incorporates input of governing bodies, administrators, scientists, and stake-
holders to assess environmental and societal goals in a coastal area and to de-
velop effective resolution to problems. The planning process seeks a balance of

environmental, social, cultural, recreational, and economic elements affected by
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coastal problems [8]. ICZM incorporates a multi-objective perspective that ad-
dresses potential conflicts of interest and complex environmental issues to ad-

vance resolution of coastal problems.

4. Remediating Damaged Coastal Environments

Continued coastal population growth and development, increasing environmental
stressors, and resulting impacts on coastal watersheds and estuaries are manifested
by the changing structure and functioning of ecological communities, fragmented
habitats, and reduced sustainability of ecosystems. Species abundance, distribu-
tion, and diversity in estuaries are affected by both natural and human-induced
drivers of change such as increased intensity of hurricanes, nor’easters, and storm
surges as well as nutrient enrichment, wastewater contaminant inputs, freshwa-
ter diversions, hardened shorelines, wetlands reclamation, fisheries overharvest,
and other factors [4] [5] [9] [16] [33].

Drivers of change do not act in isolation in estuaries and coastal marine wa-
ters but are interactive, including climate change factors that can exacerbate the
effects of direct, non-climatic anthropogenic factors. Multiple interactive drivers
associated with anthropogenic climate change and non-climatic human pres-
sures account for significant nonlinear effects of cumulative environmental im-
pacts on biotic communities and ecosystem function. Driver effects can be additive,
synergistic, or antagonistic, and they are often disruptive, leading to ecosystem dys-
function and depletion of resources [9]. Some estuaries exhibit insidious habitat
degradation and biotic community alteration in response to some anthropogenic
stressors (e.g. eutrophication), whereas others cause sudden acute changes (e.g.
oil spills).

Elliott and Quintano [34] recount that estuaries are particularly difficult en-
vironments to assess human impacts because they are naturally stressed, highly
variable ecosystems in nature, and hence it is often more challenging to detect
anthropogenically-affected areas there than in more stable, less naturally stressed
environments. Unless the action of an anthropogenic stressor is severe (e.g. se-
wage outfall or dredging), less acute anthropogenic impacts may go undetected
in estuaries. The concept of Estuarine Quality Paradox, as related by Elliott and
Quintano [34], emphasizes the difficulty of distinguishing natural from hu-
man-induced stresses in estuaries. Accurate assessment of natural and anthropo-
genic stresses in estuaries requires extensive data collection and analysis on the
structure and functioning of biotic communities, as well as the condition of ha-
bitats [3] [4] [9] [33].

Impaired estuarine and coastal marine ecosystems often require considerable
amounts of time to recover from anthropogenic and natural stressors after they
are lifted. Borja et al [35] noted that coastal ecosystems affected by anthropo-
genic stressors typically require up to 10 - 25 years recovering from the stressor
impacts. Restoration can facilitate the recovery process, although impacted eco-
systems often do not return to their original state but rather to an improved

pre-existing condition [36] [37].
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4.1. Ecological Engineering

Mitsch [38] defined ecological engineering (also termed ecoengineering) as the
design of sustainable ecosystems that integrate human society with its natural
environment for the benefit of both. Ecological engineering is a vector for resto-
ration of ecosystems altered by human activities with a goal of establishing sus-
tainable resources having both human and ecological value and often employing
ecohydrology to restore ecosystem functioning [39]. As such, ecological engi-
neering is closely aligned with ecosystem restoration. It is a working arm of coastal
marine management.

Ecological engineering is an applied approach to improve the ecology of an
ecosystem through engineering of physical-chemical processes, such as water
quality and quantity, or engineering of biotic components, such as replanting or
restocking biota [39]. Ecological engineering often employs ecohydrology to create
or re-create habitats that ecologically enhance development of natural populations,
communities, and fisheries resources. They also are used for storm, flooding, and
erosion protection of built communities in vulnerable coastal areas, for agriculture
and lowland development, and for mitigation or elimination of pollutant loadings
to coastal waterbodies. As noted by Elliott et al ([39], p. 13), ecological engi-
neering involves... “manipulating the estuarine or coastal system either to re-
store it from past degradation or to improve the delivery of nature conservation
and natural structure and functioning to increase estuarine goods, services, and

social benefits”.

4.2. Restoration of Impacted Environments

There are long-term restoration programs in place that focus on recovery of dam-
aged estuarine and coastal marine environments. They typically involve measures
to restore ecosystem structure and functioning, although this process is generally
protracted. Declining coastal ecosystems commonly exhibit an array of characte-
ristics that warrant restoration, for example: 1) escalating habitat fragmentation;
2) reduced habitat and species diversity; 3) altered population size, dynamics, and
range of species; and 4) decreased goods and services [28]. Major processes de-
grading estuarine and coastal marine environments typically include the intro-
duction into or removal of physical and chemical materials, physical structures,
and organisms in an area [40]. Restoration is not only limited to biotic and habitat
components, but also may include the restoration of hydrodynamic and morpho-
logical characteristics. Innovative coastal marine ecosystem tools are available to
reverse the decline of impacted areas.

Ecosystem restoration is an emerging field and a primary intervention strate-
gy used to reverse the loss of estuarine and coastal marine habitats due to natural
and anthropogenic pressures and to increase their resilience to climate change
and other drivers of change. Abelson et al ([41], p. 2) defined restoration simply
as “the process of assisting the recovery of damaged, degraded, or destroyed

ecosystems”. Recovery means an ecosystem will return to a prior condition after
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being degraded or disrupted [28]. The United Nations Convention on Biological
Diversity [42] has added that ecological restoration is a means of sustaining eco-
system resilience and conserving biodiversity. Coastal ecosystem restoration and
rehabilitation are a means of addressing the loss of natural habitats, the conse-
quent impacts on biotic communities, and the decreasing ecosystem services that
adversely affect human uses. Elliott and Kennish ([28], p. 354) defined rehabili-
tation as “the act of partially or, more rarely, fully replacing structural or func-
tional characteristics of an ecosystem that have been reduced or lost”. Rehabili-
tation of a degraded habitat does not mean it returns to an original state. In-
stead, it typically refers to an improved condition of the degraded state of a ha-
bitat or ecosystem, rather than one that has returned to its original state after
being degraded or disrupted.

The magnitude of habitat losses in estuaries and other coastal environments
has been significant for more than a century, as exemplified by global areal losses
of salt marshes, mangroves, seagrasses, kelp beds, oyster reefs, and coral reefs
amounting to 35% - 85% [43]. Because of the substantial goods and services
these ecosystems provide, innovative conservation solutions are needed to sus-
tain them, together with management approaches that integrate restoration tar-
gets to improve ecological conditions. Despite the ongoing loss of coastal habitat
in many regions due to climate change-mediated sea level rise, surveys indicate
that coastal ecosystem resilience persists in the face of climate change effects
[44].

The effectiveness of coastal marine ecosystem restoration increases when in-
corporating socio-economic elements [41] [45]. While ecological restoration of
estuaries is a governance process, socio-economic interests are often preferred
over ecological interests, which can influence outcomes. Successful development
and implementation of ecological restoration projects in estuaries depend on the
application of workable governance conditions. Buitenhuis and Dieperink [17]
state that successful restoration projects are those contributing to healthy and re-
silient ecosystems. They conclude that there is greater success of ecological resto-
ration projects when three conditions are met: 1) when stakeholders provide suffi-
cient project support; 2) when individuals in key positions provide support for
the project; and 3) when undertaking research on the target area prior to the de-
velopment and implementation process of the project.

Saunders et al. [43] reported that restoration interventions in coastal marine
environments can be successful over large spatial scales (1000s to 100,000s of
hectares), while also being cost-effective and providing social and economic bene-
fits. While restoration has proven highly effective in rehabilitating many damaged
estuarine and coastal marine environments, it can be expensive to implement and
complete, as evidenced by the cost of previous restoration projects in these en-
vironments. Bayraktarov et al [46] indicated that the median costs for restora-
tion projects are in the hundreds of thousands of dollars per hectare, although
many successful scaled-back restoration projects are in the tens of thousands of

dollars per hectare.
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Restoration is an integral part of conservation management that uses science-
based techniques and methodologies to enhance the structure, functioning, and
health of degraded estuarine and coastal marine ecosystems [45]. More recently,
the social dimensions of ecological restoration have been incorporated as well
[43]. There are many examples of restoration success in coastal ecosystems, such
as the rebuilding of salt marshes, mangroves, and seagrass habitats, repopulating
shellfish beds, removing contaminated bottom sediments and hardened shoreline
structures, installing oyster reef substrate, enhancing coral reefs, re-establishing
freshwater inflow, eliminating problematic invasive species, and improving wa-
ter quality of land runoff [37], although there is much more work remaining to
advance restoration practices in estuarine and coastal marine environments
[41].

The use of living shorelines, artificial oyster reefs, and thin-layer sediment ap-
plication on wetland surfaces is mitigating the effects of habitat loss due to sea
level rise, inundation, and erosion, thereby increasing wetland resilience, sustai-
nability, and vital ecosystem services [47] [48]. Furthermore, they can enhance
sediment deposition and accretion to expand the area of the wetlands, providing
additional coastal protection services from storm surges and other extreme events
[47]. For example, Sun and Carson [49] reported that the protective effects of 1
km?® of coastal wetlands saved an average of $1.8 million per year from tropical
storm damage based on analysis of the damage caused by 88 tropical storms and
hurricanes in coastal counties of the USA between 1996 and 2016. Counties with
greater wetlands coverage had much less property damage, indicating the signif-
icant value of the wetlands protection.

Coastal wetlands are important environments in climate change mitigation as
well, particularly as blue carbon habitat that sequesters carbon dioxide and other
greenhouse gas emissions [50]. In addition, restoration of blue carbon habitats
increases coastal carbon storage areas [48]. While often effective, soft engineer-
ing restoration strategies such as those noted above are not as widely used today as
hard engineering shoreline structures such as bulkheads, revetments, and seawalls,
which typically alter water flow, truncate habitats, sever ecosystem connectivity,
reduce species diversity, and interfere with landward migration of low-lying ha-
bitats in the face of rising sea level. In most cases, the implementation of living
shoreline stabilization includes hybrid components (ie. both soft and hard struc-
tural materials) along shorelines that can increase connectivity of ecosystems
[51].

Restoration is a challenging process with mixed outcomes [41]. This is so be-
cause of significant vagaries in environmental conditions of estuarine and coast-
al marine environments, difficulties in differentiating anthropogenic and natu-
ral-mediated impacts, and the financial cost of conducting habitat and ecosys-
tem recovery [37]. One view is that altered natural ecosystems do not recover
from human-induced pressures unless secondary succession returns them to a

pre-existing condition or state [35]. There are three pathways of recovery: 1)
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passive restoration through ecological succession; 2) re-direction through active
ecological restoration; and 3) unattainable recovery (i.e. ecosystem collapse)
[35]. Monitoring frameworks have been developed and applied to determine if
restoration goals for recovery of an impacted habitat or ecosystem are being
successful.

The recovery of ecosystem structure and function in damaged estuarine and
coastal marine environments is typically protracted, because of multiple factors
involved, notably the type and severity of human-mediated pressures, the kind
of habitats impacted, the vagaries of environmental conditions, and the geo-
graphic location of the impacted area. For example, Jones and Schmitz [52] de-
termined that the recovery time for restored brackish and marine ecosystems is
10 - 20 years, similar to the 10 - 25 years time span of recovery reported by Borja
et al. [35] for biota and bottom substrates of estuarine ecosystems after removal
of human pressures. Lotze et al. [53] emphasized, however, that some estuaries
do not show significant ecological improvement even after many years of exten-
sive restoration and conservation efforts. The most successful restoration of de-
graded estuarine habitats has occurred in semi-enclosed coastal bays and la-
goons and fringing habitats (e.g. salt marshes, mangroves, and seagrasses) than
in open waters of high energy estuarine, coastal, and marine ecosystems [4] [27]
[37]. The restoration and rehabilitation of fringing habitats are critical for
developing management solutions to rising sea level and other climate change
drivers.

Ecological restoration can increase the capacity of ecosystems and biotic com-
munities to adapt to shifting environmental conditions. Although restoration pro-
grams have not been viewed as very cost effective, De Groot et al. [54] found that
when appropriately analyzed, most ecological restoration projects were not only
profitable but also high-yielding investments. Many of these projects were vital both
for recovery of biodiversity and ecosystem goods and services useful to people [55].
Across a broad range of biomes and ecosystem types analyzed, coastal wetlands
and inland wetlands offered the most value for restoration investment in abso-

lute terms.

4.3. Marine Protected Areas and Refugia

One way of conserving coastal environments is to establish protected areas through
management programs that prohibit human activities stressful and potentially de-
structive to biotic communities and habitats. Another way is through coastal land
purchases that can limit land-based pollutant inputs and other development im-
pacts on estuarine and coastal marine environments [56].

Coastal management is also identifying and protecting refugia, that is, areas
having more favorable environmental conditions that render them less vulnera-
ble to climate change disturbances or other chronic stressors, thereby strengthening
local or regional ecosystem resilience and survival of organisms [57]. In addition,

expanding marine ecosystem restoration to integrate social-ecological concepts
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will increase the scope of restoration science and facilitate recovery of degraded
habitats and impacted biotic communities. Restoration of coastal ecosystems has
evolved over the past 50 years to consider social elements and ecosystem service
outcomes. For example, Martin [58] documented the emergence and significance of
the social dimensions of ecological restoration. Coastal marine ecosystem resto-
ration is part of an ongoing management strategy to address anthropogenic im-
pacts, although there are perceived negative aspects such as their high cost, li-
mited spatial extent, and narrow goals [41].

Marine Protected Areas (MPAs) are selected areas intended to protect all or
part of a marine ecosystem [59]. They are an important tool to conserve, restore,
and sustain estuarine and marine environments by protecting threatened eco-
systems and their resources from intrusive anthropogenic activities. As such,
MPAs are effective for restoring marine biodiversity, enhancing fisheries, and
ecosystem services [60]. These selected areas, which can take various forms such
as refugia to research sites, are set aside to ensure that habitats and resources
(including threatened, rare, and endangered species) are protected in vulnerable
areas by restricting human activity. MPAs are also an effective means of miti-
gating climate change effects. Hence, in 2021, the USA, Chile, Costa Rica, and
France announced a global partnership to advance the role of MPAs as a na-
ture-based solution to remediate climate change effects in coastal and marine
environments [61].

Not all MPAs are equal. Sala and Giakoumi [59] and Sala et al [60] have as-
sessed the effectiveness of different types of MPAs. As of March 2021, only ~7%
of the ocean had been designated or proposed as MPAs, and only 2.7% had been
implemented as fully or highly protected, no-take MPAs [60]. Highly protected
MPAs are areas in which extractive and destructive human activities are banned
[60]. They offer protection from fishing, mining, and habitat destruction. No-take
MPAs are effective in restoring biomass and structure of fish assemblages. Ac-
cording to Sala and Giakoumi [59], the biomass of whole fish assemblages was
on average 670% greater within marine reserves than in adjacent unprotected
areas, although fish biomass in partially protected MPAs was less, that is, 183%
greater than in unprotected areas. As such, MPAs can contribute substantially to
three major goals: 1) biodiversity protection; 2) food provision; and 3) carbon
storage, the latter playing a positive role in climate change mitigation. In addi-
tion, MPAs can protect other ecosystem services as well.

Halpern [62], however, presented reasons why MPAs fail to meet their full
environmental protection targets. As noted by Katsanevakis et al [20], it is not
unusual for MPAs to fail to achieve target goals due to poor design, insufficient
enforcement, and unrealistic expectations. Many MPAs are only partially pro-
tected, with recreational and hook-and-line fishing allowed. Other MPAs pro-
vide limited spatial coverage to protect species. Conservation benefits of MPAs
vary, and thus identifying the most significant MPA attributes could be vital in

achieving maximum conservation success. A broader limitation of MPAs is that
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there is no global legal framework for their establishment beyond national juris-
diction [63] [64].

5. Regulatory Frameworks

Legislative frameworks exist to protect and conserve estuarine and coastal ma-
rine environments, their habitats, biotic communities, and other ecosystem
components. Examples of relevant federal laws in the USA are the National En-
vironmental Policy Act (1970), Clean Air Act (1970) and its amendments (1977
and 1990), Clean Water Act (1972) and its amendments (1977 and 1987), Coast-
al Zone Management Act (1973), and Endangered Species Act (1973). In the
European Union (EU), directives of significance include the Habitats and Spe-
cies Directive (1992), Water Framework Directive (2000), Strategic Environ-
mental Assessment Directive (2001), Marine Strategy Framework Directive
(2008), Birds Directive (2009), Maritime Spatial Planning Directive (2014), and
Single-Use-Plastic Directive (2019). These legislative acts and directives provide
protection of coastal, estuarine, and marine ecosystems adversely affected by
anthropogenic pressures and impacts and in so doing promote sustainable growth
of maritime economies and sustainable use of marine resources [3] [4] [5] [65].
NATURA 2000 is a network of EU protected areas designated under the Birds
and Habitats Directives. As such, they also support other coastal and marine
ecosystem management programs. Similar legislation has been enacted in other
countries as well. For example, the Environmental Protection and Biodiversity
Conservation Act (1999) in Australia and the National Water Act (1998), Inte-
grated Coastal Management Act (1998), and the Marine Living Resources Act
(2008) in South Africa afford protection and conservation of estuarine and coastal
marine ecosystems as well as their sustainability.

Some national legislation, such as the National Environmental Policy Act and
the Clean Water Act and its amendments in the USA, provides sweeping protec-
tion of water quality, habitats, and organisms from pollution and other envi-
ronmental impacts. These laws enable federal government agencies (e.g. US En-
vironmental Protection Agency) to regulate human activities that are damaging
to coastal ecosystems, threatening to organisms, and an impediment to habitat
and ecosystem sustainability. Through this federal government process, the leg-
islative acts and policies support ecosystems services and interests of the public
for healthy and sustained estuarine, coastal, and ocean waters.

The Estuary Restoration Act (ERA) became law in the USA in 2000 and was
amended in 2007. This legislation established a national estuary restoration strat-
egy consisting of a coordinated and integrated federal approach, also involving
non-federal partners, to restore damaged estuarine habitats [37]. The environmental
legislation and policies targeting coastal problems in the USA have been widely suc-
cessful, as has the integrated implementation of the EU directives through time
[65].

International and regional agreements, together with legislative instruments at
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national and state levels and effective policies, administration and management
strategies, exist to protect and conserve estuarine, coastal, and marine environ-
ments through an integrated ecosystem approach to managing maritime activi-
ties [2] [20]. They address anthropogenic pressures and impacts on estuarine
and marine environments, which is relevant to ecosystem-based management
practices effective for the preservation of ecosystem services and achieving envi-
ronmental sustainability [65] [66] [67]. Elliott et al [5] and Katsanevakis ef al
[20] discuss international legislation, agreements, laws, and policies relevant to
ecosystem-based management of estuarine and marine environments. Examples
are the International Convention for the Prevention of Pollution from Ships
(MARPOL) (1973), International Convention on Biological Diversity (1993), United
Nations Convention on the Law of the Sea (1994), FAO Code of Conduct for
Responsible Fisheries (1995), and United Nations Agenda 21 (2002). Regional
agreements, such as the Regional Seas Conventions, relate to estuarine, coastal,
and ocean waters for the NE Atlantic, the Baltic, the Mediterranean, and the
Black Sea. Nation states implement these agreements, which cover a broad array
of stressors, ecosystem components, and assessments, such as chemical conta-
minants, nutrient over-enrichment, deoxygenation, altered hydrological systems,

biodiversity, endangered species, and environmental impact assessment.

6. Conclusions

A major challenge of integrated/interlinked ecosystem-based management of
estuarine and coastal marine environments is to assemble the elements of a ho-
listic approach necessary for successful and sustainable ecosystem components [5]
[26]. A need exists for effective science-informing policy and policy-informing
science and recognition of the limitations of each [16]. There is also a need for
natural and social scientists and policymakers to work more collaboratively on
the complex coastal environmental problems that currently exist and are worsen-
ing in many regions due to escalating climate change effects [19]. If these approaches
are successful, the outlook for improved conditions of estuarine and coastal ma-
rine environments is a positive one.

This article examines the management strategies and legislative frameworks
that address anthropogenic drivers of change and impacts in estuarine and coastal
marine environments. The conclusions are as follows:

1) Numerous anthropogenic drivers of change affect estuarine and coastal ma-
rine environments, and various management strategies and legislative frameworks
are in place to address them.

2) The main goal of estuarine management is to protect biotic communities
and habitats from adverse effects of human activities and from changes that pose a
threat to ecosystem structure, functioning, and sustainability.

3) Ecosystem-based management of estuarine and coastal marine environ-
ments is a holistic strategy that considers the entire ecosystem, including human

activities.
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4) Effective integrated ecosystem management should consider the application
of a holistic problem-structuring framework such as a Drivers-Activities- Pres-
sures-State Change-Impacts-Responses approach.

5) Ecosystem-based marine spatial planning (EB-MSP) is an improved strate-
gy for supporting healthy coastal and marine ecosystems and sustained human
use of marine waters. It informs the spatial distribution of activities to support
the use of healthy marine ecosystems and to maintain valuable ecosystem services
for humans while concurrently meeting ecological, economic, and social objec-
tives.

6) Drivers of change in estuaries do not act in isolation but are interactive, in-
cluding climate change factors that can exacerbate the effects of direct, non-climatic
anthropogenic factors such as pollutants.

7) Ecosystem restoration is an emerging field and a primary intervention strategy
used to reverse the loss of estuarine and coastal marine habitats and biotic commun-
ities due to natural and anthropogenic pressures and to increase their resilience
to climate change and other drivers of change.

8) Ecohydrology and ecoengineering are important tools used in estuarine man-
agement to restore altered or damaged habitats and biotic communities and im-
prove ecosystem conditions.

9) Coastal management also promotes protective refugia having more favora-
ble environmental conditions that render them less vulnerable to climate change
disturbances or other chronic stressors, strengthening local or regional ecosys-
tem resilience.

10) Marine Protected Areas (MPAs) are intended to protect all or part of a
marine ecosystem. They are an important tool to conserve and sustain estuarine
and marine environments by protecting threatened ecosystems and their resources
from anthropogenic activities.

11) Legislative and regulatory frameworks exist to protect and conserve estua-
rine and coastal marine environments, their habitats, biotic communities, and
other ecosystem components.

12) International and regional agreements, as well as legislative instruments at
national and state levels together with policies, administration and management
strategies, are in place to protect and conserve estuarine, coastal, and marine en-
vironments through an integrated ecosystem approach to managing maritime

activities.
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