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a b s t r a c t

Climate change effects have the potential of affecting both ocean and atmospheric processes. These
changes pose serious threats to the millions of people that live by the coast. Thus, the objective of the
present review is to discuss how climate change is altering (and will continue to alter) atmospheric and
oceanic processes, what are the main implications of these alterations along the coastline, and which are
the ecosystem-based management (EBM) strategies that have been proposed and applied to address
these issues. While ocean warming, ocean acidification and increasing sea level have been more
extensively studied, investigations on the effects of climate change to wind and wave climates are less
frequent. Coastal ecosystems and their respective natural resources will respond differently according to
location, environmental drivers and coastal processes. EBM strategies have mostly concentrated on
improving ecosystem services, which can be used to assist in mitigating climate change effects. The main
challenge for developing nations regards gaps in information and scarcity of resources. Thus, for effective
management and adaptive EBM strategies to be developed worldwide, information at a local level is
greatly needed.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The 21st century has so far demonstrated a clear trend of in-
crease in both atmospheric and ocean temperature (Semedo et al.,
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2013). Greenhouse gas emissions have reached unprecedented at-
mospheric concentrations due to human activities, as shown in the
Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC AR5). Increases in carbon dioxide (CO2), methane
(CH4) and nitrous oxide (N2O) combined to other human-
originated factors have been labeled as extremely probable cau-
ses for the global warming phenomenon observed since the mid-
20th century (IPCC, 2014).

The upper 75m of the global ocean has warmed 0.11 �C per
decade over the period between 1971 and 2010 (IPCC, 2013). IPCC
projections also indicate that oceans will continue to warm until
the end of the century, affecting the deep ocean and altering ocean
circulation. Moreover, human alterations in atmospheric compo-
sition can lead to a series of impacts, such as the heat waves and
floods recently experienced in Europe (2003), Pakistan and Russia
(2010), and Texas (2011) (Mann et al., 2017).

Since the 1990s, studies such as that by Nicholls and Leatherman
(1995) have indicated and alerted to possible impacts caused by
climate change to the natural resources of coastal zones. These
findings have led to great concern regarding public policies and
coping strategies, particularly considering that, as the aforemen-
tioned authors also reported, developing countries present
incomplete databases on the various aspects of their coastal zones.
More than 20 years later, this lack of long-term temporal and
spatial data series remains an issue in these countries (i.e. Almeida
et al., 2015; Blankespoor et al., 2017), implicating in their ability to
understand, predict, evaluate and, therefore, either mitigate or
adapt to future conditions. Thus, the decision-makers of the ma-
jority of all coastal zones across the globe present inherent diffi-
culties to assess climate change impacts over the coastline and
propose adequate management and adaptation strategies. This
situation was also observed by Bergillos et al. (2018) regarding the
efficiency of nourishment strategies in eroding deltas.

Martínez et al. (2007) identified that 84% of all countries in the
world have coastlines, with a large percentage of their population
(80e100%) living within 100 km of the shoreline. More recently,
Neumann et al. (2015) projected coastal population growth sce-
narios for 2030 and 2060 and observed a global growth in the
population living in low-elevation coastal zones, especially in Asia.
Thus, a scenario of rising mean sea level, for example, would imply
in a future reallocation of millions of people.

In addition to population growth, population migration is also
an important factor contributing towards an increasing coastal
population (Martínez et al., 2007). Hugo (2011) shows that human
migration may be a reflection of climate change effects. Moreover,
during the past few years, civil conflicts and poverty have caused an
intense migration of thousands of people from African and Middle
Eastern countries towards Mediterranean European countries. Be-
tween January 2014 and June 2015 alone, 356,000 refugees and
migrants arrived in Europe by sea (Cogolati et al., 2015). This
massive short-term population increase may represent an addi-
tional pressure to the coastal zones of the countries where immi-
grants and refugees are settling in. Moreover, refugee settlements
have been shown to cause a series of impacts, such as surface and
subsurface water depletion and pollution, degradation of agricul-
tural lands, deforestation, etc. (Hoerz, 1995). Thus, effective man-
agement of natural resources has become an increasingly pressing
matter for countries in this situation.

At the beginning of the 21st century, more than 100 million
people were reported to be living in places located merely 1m
above current mean sea level (Douglas and Peltier, 2002). This
position would definitely leave these people vulnerable to coastal
flooding and to loss of property in ongoing and future climate
change scenarios. Inundations are particularly concerning for low
lying island countries, which face the risk of disappearing (Albert
et al., 2016). Moreover, 13% of the world's population is estimated
to live in coastal areas at risk and 75% of this population is located in
Asia, in areas between 0 and 10m above sea level (Smith, 2011). On
the other hand, a greater population density could attract more
easily financial resources to be used towards management strate-
gies, particularly within an ecosystem-based framework.

The full range of impacts that climate change can impose to
coastlines around the world are not fully understood, let alone
addressed in coastal management strategies. Thus, the present re-
view has the objective of discussing how climate change is altering
(and will continue to alter) atmospheric and oceanic processes,
what are the main implications of these alterations along the
coastline, and which are the ecosystem-based management (EBM)
strategies that have been proposed and applied to address these
issues in different contexts.

2. Global climate change effects

2.1. Wind climate

While some consequences of a changing climate have been
more deeply explored, such as global warming, less attention has
been given to the impact of climate change on wind patterns, for
example, despite the great potential for geophysical and societal
negative effects (McInnes et al., 2011).

Wind climate is expected to experience either intensification or
weakening over various systems in future scenarios. Sydeman et al.
(2014) evaluated patterns observed from reanalysis models and
identified wind intensification over most latitudes of the Benguela
and California systems, as well as for the southern portion of the
Humboldt system. However, these same authors observed a
weakening inwind intensity in most latitudes of the Iberian system
and in the southern half of the Canary system. McInnes et al. (2011)
and Gallagher et al. (2016) also observed decreases in wind speeds
at 10m of altitude among most of the models investigated for
equatorial ocean regions, and for the North Atlantic, respectively.
However, Pryor and Barthelmie (2010) observed that mean wind
speeds are unlikely to change more than the current inter-annual
variability rate over the majority of Europe and North America
during the present century. More recently, Davy et al. (2018)
observed a decrease in wind intensity over Europe and an in-
crease over North Africa and Barents Sea, and no negative impact of
climate change on wind resources in the Black Sea region. On the
other hand, regarding South America, Pryor and Barthelmie (2010)
identified that variations may be greater than other regions of the
world, but these data were considered uncertain.

Significant variations in wind intensity would imply in changes
to the wave climate that is generated by these systems. Wind-
generated waves are formed from the transference of momentum
from the atmosphere to the ocean surface. Once they are generated,
these waves are responsible for the distribution of heat and mo-
mentum between these two compartments (Semedo et al., 2013;
Dobrynin et al., 2015). Thus, these altered wind-generated waves
could propagate across ocean basins and lead to changes in the
regional wave climate of places far away from the origin of this
alteration.

Nevertheless, wind intensity is not the only wind parameter
that can change in future climate scenarios. As described by
McInnes et al. (2011), in the case of an intensification of a specific
wind directional component (i.e. north component in the Northern
Hemisphere), the angle of incidence of this wind system will vary
(i.e. clockwise rotation, following the Coriolis Effect). Moreover,
these authors also state that changes in the direction of winds are
particularly concerning in coastal regions where wind influences
hydrodynamic agents. Thus, meteorological tides, waves and the
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occurrence and intensity of storm surges, for example, can be
subjected to changes under these conditions.

Regarding the frequency of extreme events, Mann et al. (2017)
stated that weather extremes tend to increase due to climate
change. On the other hand, Gallagher et al. (2016), by analyzing
wave climate projections for Ireland, found results that indicated
that neither intensity nor frequency of wind storms should occur by
the end of the current century.

2.2. Wave climate

As exposed in the previous section, changes to wave climate are
expected as a consequence to alterations in wind fields. The effects
of climate change upon wind climate can lead to alterations in the
distribution (direction and intensity) of winds, thus producing new
wind-generated wave patterns. Gallagher et al. (2016), for example,
modeled wave projections showing overall annual and seasonal
decreases. Moreover, as Dobrynin et al. (2015) discuss, there is a
cyclic pattern across the globe in which waves are able to modify
general wind patterns that, in turn, control the formation and
characteristics of waves, in a feedback relationship.

Global oceanographic changes can lead to different responses at
regional and local levels. Most projections of wave climate in the
literature represent regional scales with several limitations, which
make comparisons difficult. However, Hemer et al. (2013) justify
that current understanding of the projected changes to wave
climate is limited due to the reliance upon other climatological
factors such as temperature, rainfall and mean sea level. Moreover,
natural variability of the wave climate system should also be taken
into consideration. Longshore drift, for example, is a coastal process
that would be directly affected in altered wave climate conditions,
since it is sensitive to seasonal changes in wave direction due to
variations in wind direction (McInnes et al., 2011).

At a regional level, wave climate trends present signals from
local patterns, as well as signals from swells that are generated
remotely (Dobrynin et al., 2015). These signals are an indication
that swell waves strongly influence global wave climate. For
example, Hemer et al. (2013) demonstrated that waves generated
in the Southern Ocean propagate northwards as a swell, influencing
the wave climate of distant locations by increasing mean peak
period in over 30%. Increases in wave peak period were also pro-
jected for the Southern Ocean, Eastern Pacific and Indian Ocean,
and decreases for the North Atlantic Ocean and part of the Western
Pacific Ocean (Camus et al., 2017). These conditions could change
under a future scenario.

In fact, not only peak periods could change under the expected
future scenarios, but also wave heights and wave directions. Camus
et al. (2017) projected increases in significant wave height for the
Southern Ocean and Eastern Pacific, and decreases for the North
Atlantic Ocean, western North Pacific basin, Indian Ocean and
Southern Hemisphere mid-latitudes. In fact, Hemer et al. (2013)
projected a decrease in the angle of wave incidence particularly
for the northern portions of the extratropical storm belts (western
regions) of the Southern and Northern Pacific and Atlantic oceans.
The same authors also identified that in the southern-equatorial
region there will be an increase in the incidence angle of waves
that originate from the south, while in the northern-equatorial
region, this increase was associated with waves coming from the
east.

However, while an increase in storm surge intensity due towave
climate alterations is a worldwide concern, daily wave climate al-
terations should also be analyzed. Mori et al. (2010) found that
regions located at middle latitudes are expected to present lower
mean wave height, while areas located at either high latitudes or
near the equator will experience an increase in mean wave height.
Finally, wave climate is not altered exclusively by changes in
wind patterns. Ice cover expansion and contraction movements in
Polar Regions also influence wave climate. However, although the
processes are not yet fully understood and not usually incorporated
into numerical models, ice melting is associated with wave gener-
ation, while marine ice formation prevents this from occurring
(Dobrynin et al., 2015).

2.3. Ocean warming and ocean acidification

The effects of a warmer planet have already been observed to
affect marine ecosystems, such as coral reefs. There have been three
major events of mass coral bleaching (1998, 2002 and 2016)
recorded so far. As shown by Hughes et al. (2017), the bleaching
event of 2016 was more extensive and more severe, with over 60%
of corals from the Great Barrier Reef having experienced extreme
bleaching.

In addition to increasing global temperature, higher concen-
trations of atmospheric CO2 are being absorbed by oceans and
causing a decrease in ocean pH due to the production of carbonic
acid. This process is known as ocean acidification. Due to its similar
triggering parameter as global warming (increased CO2), ocean
acidification has been referred to as the “other CO2 problem”

(Doney et al., 2009). Nevertheless, the impacts of this alteration to
the biogeochemistry of the oceans should not be overlooked.

One of the most concerning aspects of a more acidic ocean
regards the reduction in the saturation state of aragonite. As dis-
cussed by Spalding and Brown (2015), with a decline in this
parameter, coral reef skeletons will become more fragile, prone to
erosion and will present lower growth rates. Other marine organ-
isms that rely on biomineralization processes are also threatened
by this situation, such as commercially important fish species
during planktonic larvae phases (Guinotte and Fabry, 2008; Doney
et al., 2009).

Despite clear geological records of coral reefs thriving during
periods of higher CO2 concentrations, the increases observed in the
past occurred at a much slower pace than the changes that are
currently underway (Pandolfi et al., 2011). Thus, the full scope of
the effects that current ocean warming and ocean acidification will
impose to marine ecosystems is unprecedented.

2.4. Mean sea level

Mean sea level is considered an important indicator for climate
change, since it reflects changes in various parts of the climatic
system (Slangen et al., 2014). Signs of sea-level rise can already be
observed in several regions of the planet (IPCC, 2013), leading to a
series of losses to coastal biota and human population. The relo-
cation of entire coastal communities who live in low-lying areas has
already been reported as a consequence of sea-level rise (Albert
et al., 2016). However, it is important to note that sea-level rise
rates projected at a regional level present significant variations
from those calculated at a global scale (Rhein et al., 2013; Carson
et al., 2016).

The different rates of sea-level variation due to loss of ice mass
from icecaps and the Poles are associated with gravitational, rota-
tional and deformational effects (Slangen et al., 2014). This was
made clear in the study by Carson et al. (2016), inwhich the authors
demonstrated that negative gravitational variations near places
where ice is melting from icecaps and glaciers (i.e. Western
Antarctica and Greenland) have led to a fall in sea level, while more
distant regions have experienced a rise in sea level, which was
mostly attributed to thermal expansion.

Different projections, considering distinct scenarios of carbon
emission, present increase rates of different magnitudes. However,
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as presented by the IPCC (2013), there is a generalized global trend
of increase in mean sea level. As shown in the IPCC AR5 report, the
level of the global ocean can reach 0.73m above current sea level by
2100 in the worst-case scenario of carbon emissions (RCP8.5), in
which the mean temperature of the planet would rise 3.7 �C. In the
best, though unrealistic, scenario (RCP2.6), in which carbon emis-
sions would be virtually absent e and can no longer be achieved e

predictions are of a mean sea-level increase of 0.24m, with an in-
crease of 1 �C in atmospheric temperature.

Under each of these scenarios, coastal zones across the globe
will respond differently according to their individual characteris-
tics. Carson et al. (2016) identified that mean sea level variations at
a regional scale in coastal zones for scenario RCP4.5 (moderate
mitigation of CO2 emission) are estimated at 42.4 cm (global
mean¼ 53.5 cm), while themean sea level increase in coastal zones
for scenario RCP8.5 (no mitigation for CO2 emission) would be
57.8 cm (global mean¼ 71 cm). Therefore, values of mean sea level
variations are lower for coastal zones while the highest values of
mean sea level variation are found in offshore locations. However,
as also stated by Carson et al. (2016), small oceanic islands, such as
those in the Center Pacific region, are subjected to higher pro-
jections. Albert et al. (2016) reported that during the past 70 years,
five Pacific islands have vanished due to sea-level rise and other six
islands are experiencing severe coastal erosion. According to these
authors, island disappearance was the result of the combined effect
of sea-level rise, tectonic subsidence, and wave incidence, rein-
forcing the combined and synergic effect of these variables.

Slangen et al. (2014) demonstrated that the human drive is the
dominant factor to explain the magnitude of sea level variations,
while most of the variability in the models is caused by natural
forcings. In addition to altering the concentration of atmospheric
CO2, mankind can also increase vulnerability to sea-level rise locally
through human activities, such as causing the subsidence of earth
due to the removal of groundwater reserves (Nicholls and
Leatherman, 1995). Moreover, the inappropriate development of
coastal communities and the construction of coastal engineering
structures, such as rip-raps and seawalls, associated with the inci-
dence of extreme events increase vulnerability to shoreline
changes (Albert et al., 2016).

Sea level can also be influenced locally by waves. As described
by Semedo et al. (2013), wave run-up has an important role in
coastal zones since it significantly contributes towards increases in
sea level during extreme events and subsequent coastal floods.
Moreover, in rising sea-level scenarios, wave run-up is expected to
increase and bring important implications to coastal protection
designs (Arns et al., 2017).

3. Implications to the coastline

3.1. Coastal ecosystems

The response of each type of coastal ecosystem to climate
change will vary according to several aspects, such as type of
coastline, environmental drivers, and dominant processes (Ashton
et al., 2011). For example, if the area is experiencing a mean sea-
level rise or fall, if the ecosystem at hand is relatively sensitive to
a warming climate or to a more acidic ocean, if there are other
human pressures, etc. Fig. 1 shows various climate change impli-
cations to the coastline and the connections between natural and
human compartments.

The evolution of coastlines is intrinsically associated with sea-
level variations. Thus, there is an important relationship between
sea-level rise and coastal erosion: a rise in mean sea level allows
more energetic waves to reach the inner continental portions of the
beach and redistribute sediment offshore. Even a small increase in
mean sea level is able to cause a significant retreat of a beach, which
can occur at different time scales. As explained by Leatherman et al.
(2000), in a matter of days or even hours, extreme episodic events
can cause a transient impact on the position of the shoreline, which
intensifies erosion of sandy beaches.

More than 70% of all sandy beaches are currently under
erosional processes (Mori et al., 2010). With the expected intensi-
fication of storm surges and wave run-up, projected for some lo-
cations, beach erosion is likely to increase. Urban beaches are
particularly vulnerable, since human constructions have decreased
natural wave buffering zones in much of these areas and interfere
in longshore sediment transit.

This process of loss of intertidal habitats that are positioned
between increasing human pressure landward and rising water
level seaward is known as coastal squeeze (Pontee, 2013). Defeo
et al. (2009) indicated that this process is in fact the most rele-
vant threat faced by sandy beaches, with no realistic management
scenario being able to improve this condition in the short term. In
addition to beaches, several other coastal ecosystems are suscep-
tible to coastal squeeze, such as mangroves and deltas. These hu-
mid areas present a history of human pressures, with large areas
lost to both human and natural changes.

In turn, Woodroffe et al. (2016) affirm that mangrove forest
resilience to sea-level rise depends on sediment supply (accretion)
and the rate of sea-level variation, with lower resilience observed
where human pressure is higher. According to these authors,
although paleoenvironmental records indicate the ability of man-
groves to adjust to sea-level changes, the idea that mangrove for-
ests can keep up with sea-level rise is misleading, as they are likely
to be replaced by terrestrial ecosystems in some locations. Osland
et al. (2016) indicated that the replacement of foundation plant
species could affect general ecosystem resilience and consequently
ecosystem services. Blankespoor et al. (2017) showed that, in
addition to loss of habitat, mangrove losses under sea-level rise and
more intense storm surge scenarios would represent considerable
economic loss to coastal populations in Asia. However, tidal
marshes may expand as sea level rises. Raabe and Stumpf (2016),
studying the Gulf Coast of Florida, observed a direct loss in salt
marsh area of approximately 40 km2, but a gain in over 80 km2 as
forests were converted into marsh areas over the past 120 years.
This result indicates that habitat change due to sea-level rise is not
restricted to habitat loss. Some habitats may thrive under new
environmental conditions.

In turn, deltas are generally highly vulnerable to sea level rise,
but in places where there is a large amount of available sediment,
this material can elevate land levels through deposition and
counteract the adverse effect of sea level rise (Nicholls et al., 1995).
On the other hand, the construction of dams and other human
actions can lead to sediment deficit, delta erosion and other
important changes to the deltaic environment and morphology
(Day et al., 2009; Syvitski et al., 2009; Anthony et al., 2014; Bergillos
et al., 2016a). One example of a highly vulnerable delta is the
Mekong Delta, in Vietnam,which is threatened by fast sea-level rise
associated with local problems such as sediment trapping by river
dams, groundwater extraction and accelerated coastal population
growth (Allison et al., 2017). Other deltas across the globe are
threatened by similar human factors and experience mean relative
sea-level rise rates of 6.8mm/year (Tessler et al., 2017). In addition
to sea-level rise, deltas have also been shown to be vulnerable to
changes in wave direction. The study conducted by Bergillos et al.
(2016b) showed that changes in wave direction, and consequently
in longshore drift, combined with river damming played an
important role in increasing the vulnerability of a Spanish delta.

Rocky shores, on the other hand, present greater stability and
are less likely to suffer a significant impact from sea level rise,



Fig. 1. Climate change implications to the coastline and connections between natural and human compartments.
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particularly if they are steep. Moreover, Trenhaile (2011) indicated
that an increase in the frequency of storm events will have a minor
effect on the erosional efficacy of cliffs.

Coastlines with cliffs usually promote natural protection to
adjacent coastal environments against floods and erosion. The
response of rocky coasts against sea level change varies according
to lithology (IPCC, 2013). There can be several types of feedback to
sea level rise (instant, no feedback, negative, inverse) depending on
the characteristics of the cliff and the environment (Ashton et al.,
2011). A cliff environment with an instant response system is
likely to be covered by or consist of sediment that is easily
removable and conformable, assuming Bruun-type rules. In a no
feedback relationship, there is a constant erosion zone that moves
up the cliff profile as sea level rises. In turn, if the sea level remains
constant and the erosion rate slows down over time, this would
represent a negative feedback system. Finally, the inverse feedback
system comprises cliffs where, despite sea-level rise increase,
erosion rates decrease.

Nicholls et al. (1995) describe that, generally, the smaller the
height of the cliff, the shorter the response time regarding sea level
rise. The authors also state that for cliffs composed of muddy
substrates, the main mechanism for loss of land is flooding, as
opposed to erosion, which most times can be disregarded. How-
ever, recession rates of soft-rock coasts depend on the relative
change in sea level rise. Ashton et al. (2011) observed that a cliffed
coast would directly respond to both total elevation change and
rate of sea-level rise. Trenhaile (2011) using a mathematical model,
found that sea level rise will trigger faster rates of cliff recession.

Coral reefs are particularly sensitive to climate change effects.
Spalding and Brown (2015) emphasize the negative impacts of a
warmer and more acidic ocean to these ecosystems. Moreover, as
defined by Neumann andMacIntyre (1985), in scenarios of sea level
rise, a reef has three options of natural evolution: become a keep-
up, catch-up or a give-up reef. Although some reefs may naturally
not be able to keep up with a rising mean sea level, healthy and
resilient reefs are more likely to thrive and even inhabit new sub-
strates that become flooded (Elliff and Silva, 2017). Moreover,
Hughes et al. (2017) also emphasize the importance of recovering
reefs that are subjected to recurrent bleaching events through local
management actions in marine parks and guaranteeing water
quality.
3.2. Natural resources and ecosystem services

Society's reliance on natural resources and ecosystem services is
a central point in the discussion of the effects of climate change on
coastal environments. Since the classic study conducted by
Costanza et al. (1997), the economic value of natural capital and
ecosystem services has gained the spotlight in environmental as-
sessments, raising important questions as to how changes to eco-
systems could affect human populations from an economic and
social perspective.

The effects of climate change encompass several sectors, such as
food security, recreation opportunities, energy and coastal devel-
opment. Moreover, chronic human pressures such as overfishing
and pollution interact synergistically and cumulatively with
climate change in ways that are still not fully understood
(Hern�andez-Delgado, 2015).

Ruckelshaus et al. (2015) emphasize the challenges imposed by
climate change to food security regarding both fisheries and
aquaculture. Ocean warming and acidification, for example,
threaten current food webs and, consequently, the livelihood of
communities that depend on the ocean for a source of protein
(Doney et al., 2009).

Tourism represents one of the most highly valued ecosystem
services of coastal regions (Principe et al., 2012). The main climate
change threats to the delivery of this service are those that affect
primarily sandy beaches and coral reefs, two of the most relevant
ecosystems for this service. Beaches are an important component
for the tourism industry, with significant contribution to the
economy (Alexandrakis et al., 2015). According to Defeo et al.
(2009), recreational seashore activities are mostly concentrated
on sandy beaches, promoting various human stressors on these
already impacted ecosystems. As previously mentioned, coastal
erosion is expected to increase in several beaches, as are the in-
tensity and frequency of storm surges. Moreover, coral reefs are
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already experiencing worldwide degradation (Spalding and Brown,
2015), partly due to changes in ocean temperature and pH.

While exploring alternative sources of energy is a way to miti-
gate climate change, these alternative sources themselves may be
susceptible to climate change effects. Pryor and Barthelmie (2010)
describe that the main impacts of global changes to the wind en-
ergy industry regard alterations in the distribution of winds and
their inter- and intra-annual variability. On a positive note, in a
more recent study, Pryor and Barthelmie (2013) discuss that the
projection for changes in extreme conditions do not pose major
risks to structural safety, though research is mostly concentrated in
North America and Europe. More recently, Carvalho et al. (2017),
using the IPCC CMIP5 scenario, modeled futurewind projections for
Europe and observed intensification of wind energetic resources for
the Baltic Sea region and decreases of this same resource in
Southern Europe. However, regarding inter-annual variability, no
significant changes are expected for this continent.

Wave, tidal and current offshore renewable energy production
may also be affected, but these processes are generally addressed
only as an option to mitigate climate change, not as an ecosystem
service at risk.

Groundwater, therefore water resources, can be affected by sea-
level rise. Nicholls and Leatherman (1995) stated that saltwater
intrusions in groundwater reservoirs represent an important threat
to the supply of water in coastal municipalities, as reported for
Dakar in Senegal and Shanghai in China. The authors also indicated
that the efficiency of water drainage is expected to decrease, while
floods due to extreme events and rainfall are expected to increase.
More recent studies have pointed to the same direction.
Masciopinto and Liso (2016) projected saltwater intrusion of over
400m into the continent and a decrease of approximately 16% in
groundwater discharge for the 22nd century in southern Italy. This
problem, associated with increasing water use poses serious
threats regarding water security in coastal communities. Anderson
and Al-Thani (2016) showed that increased groundwater with-
drawal was more relevant to groundwater quality deterioration
than sea-level rise itself in the Gulf Coast region.

4. Ecosystem-based management strategies and challenges

Environmental management strategies do not always consider
the full range of benefits obtained from natural resources or even
the multiple users that rely on these benefits. However, the
objective of taking an ecosystem-based approach towards the
management of coastal zones would be to address the most effi-
cient solutions to make the most of the natural resources available
in a broad and flexible manner (Elliff and Kikuchi, 2015).

Long et al. (2015) listed the key principles that guide ecosystem-
based management (EBM) strategies as: consideration for
ecosystem connections; appropriate spatial and temporal scales;
inclusion of adaptive management; use of scientific knowledge;
integrated management; stakeholder involvement; taking the dy-
namic nature of ecosystems into account; ecological integrity and
biodiversity; sustainability; recognition of coupled social-
ecosystem systems; present decisions that reflect societal choice;
distinct boundaries; interdisciplinarity; appropriate monitoring;
and acknowledgement of uncertainty.

The fact that adaptive management was included in these
principles is a positive sign regarding climate change. As discussed
by Ruckelshaus et al. (2015), climate change impacts are often
considered as being too distant to be included in coastal manage-
ment strategies. Thus, by acknowledging the importance of adap-
tive practices for the management of ecosystem services and
human occupation along the coastline, tools and general guidelines
can be developed to address site-specific issues.
There are numerous successful case studies on the application of
an EBM approach to improve ecosystem services, as reported by
Long et al. (2015). However, EBM strategies that are developed
specifically to address climate change impacts are less common.
Ruckelshaus et al. (2015) describe some examples of ecosystem-
based adaptation, which generally involve the recovery of an
ecosystem to improve local shoreline protection to erosion and
coastal floods (i.e. mangroves, oyster reefs, seagrass beds).

The concept of investing in conservation strategies and habitat
restoration instead of only building coastal defenses to improve
shoreline protection is becoming increasingly popular. Moreover, as
discussed by Spalding et al. (2014), hybrid solutions that involve
both habitat restoration and coastal defense interventions can
provide a considerable amount of co-benefits. Perkol-Finkel and
Sella (2015) demonstrated a successful application of this strategy
using two designs of concrete based coastal and marine infra-
structure in Israel. The design with greater structural complexity,
considered as the ecological design, provided not only shoreline
protection at a similar level to its traditional non-ecological coun-
terpart, but also supported a complex biological community.
Moreover, using multiple lines of defense formed by complemen-
tary ecosystems (i.e. coral reefs and seagrass beds) have also shown
great potential (Arkema et al., 2017). Regarding beach nourishment,
Gopalakrishnan et al. (2011) emphasize the importance of sand
availability to maintain the values of coastal properties and to
guarantee beach nourishment as an appropriate strategy.

Considering specifically the impact of sea level rise, the
Wellington City Council reported that there are basically five broad
paths that coastal management can follow. These paths, which are
most likely to be used as combined strategies according to time
scale and locations, are: non-intervention, managed retreat, hold
the line, accommodate, and expand into the coastal zone (WCC,
2013). Non-intervention represents a scenario of “doing nothing”,
including the normalmaintenance of a business-as-usual approach.
Managed retreat represents any strategic action to withdraw, relo-
cate or abandon assets that are threatened by coastal hazards. In
turn, a hold the line strategy would imply in implementing either a
hard or soft protection to the area at risk, such as a seawall or
performing beach nourishment. The approach to accommodate in-
cludes options such as building canals to address inundation issues
or even opting for ferry services instead of roads that are constantly
under threat. Finally, the strategy of expanding into the coastal zone
includes actions such as reclamation and adapting homes to survive
flood events (i.e. floating homes or house-boats). For example, the
WCC (2013) indicated the three main intervention options for the
Central Business District of Wellington, New Zealand as: managed
retreat, the construction of a seawall and raised reclamation. On the
other hand, for the Shelley Bay road to the Karaka Bays Road, the
intervention options were: managed retreat and road raising
combined with a seawall. These examples show that the in-
terventions chosen depend on the characteristics of each site.

Despite an increasing array of successful applications of an EBM
approach towards climate change impacts in coastal environments,
planning and implementing adaptation strategies is still a world-
wide challenge. For example, Thorne et al. (2017) observed varying
levels of preparedness among resource managers for planning and
implementing strategies to address climate change, with lower
training and access to information among those working in rural
estuaries in the USA. This is even more so for developing countries,
where information is scarcer and resources less abundant.

As discussed by Hern�andez-Delgado (2015), the adaptive ca-
pacity of a given community depends on its level of wealth, the
needs of the population, general education level, infrastructure
status, and the vulnerability of the area to hazards. The author
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emphasizes small island nations as being particularly challenged in
this situation of increasing need for preparedness and adaptation.
Moreover, as stated by Ban et al. (2011), the science and planning
strategies to deal with coral reef management, a critical ecosystem
in face of climate change, is derivedmostly from developed nations,
which present different social, economic and cultural characteris-
tics than the developing nations wheremost coral reefs occur. Thus,
similar to what was observed by Ruckelshaus et al. (2015), local
leadership is a key feature for EBM, considering that this group
presents greater understanding of both the biophysical and socio-
economic conditions in their communities.

Decision makers need information on location and conditions
under which EBM strategies such as nature-based coastal defenses
will promote adequate protection (Arkema et al., 2017). Manage-
ment plans can drive specific human actions that will have
measurable outcomes for both the environment and people
(Ruckelshaus et al., 2015). Nevertheless, adequate planning re-
quires a level of knowledge that is not always available.

The concept of marine spatial planning (MSP) brings a prom-
ising framework to address most of the issues discussed in the
present study. Ehler and Douvere (2009) provide an important
step-by-step guide on how MSP can be applied and how it can
indeed promote improvement in our use of natural capital and
ecosystem services.

5. Conclusions

Despite climate model limitations and uncertainties regarding
the magnitude of consequences, climate change projections should
be incorporated in marine spatial planning and should be consid-
ered when devising solutions for ongoing issues in coastal areas.
Doing so would provide greater longevity to actions, allowing the
mitigation of impacts and reducing the vulnerability of coastal
populations.

Moreover, efforts should be increased regarding coastal data-
bases. The lack of long-term sea level measurements and topo-
graphic and bathymetric records over long stretches of the world's
coastline hinders projections of alterations triggered by climate
change.

Potential climate change impacts are projected using computer
models, which present their own limitations. These limitations
consist of, for example, a lack of data in various temporal and spatial
resolutions, downscaling methods, and the complex feedback in-
teractions between input variables. Regardless the fact that models
are increasingly more accurate and thorough, feedback between
variables tend to not be very well represented, which can lead to
differences in the results between models, and between models
and the reality. Regarding wind climate projections, for instance, a
lack of consensus can be observed between models in the sense of
assuring whether there will be significant wind intensity alter-
ations or not.

Finally, while many studies regarding the impacts of climate
change focus on global or regional models, decisions need to be
made at a local level. Thus, for effective management and adaptive
EBM strategies to be developed, information at a local level is
greatly needed.
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