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Coastal zones, the world’s most densely populated regions, are increasingly threatened by climate change
stressors — rising and warming seas, intensifying storms and droughts, and acidifying oceans. Although
coastal zones have been affected by local human activities for centuries, how local human impacts and
climate change stressors may interact to jeopardize coastal ecosystems remains poorly understood. Here
we provide a review on interactions between climate change and local human impacts (e.g., interactions be-
tween sea level rise and anthropogenic land subsidence, which are forcing Indonesia to relocate its capital
city) in the coastal realm. We highlight how these interactions can impair and, at times, decimate a variety of
coastal ecosystems, and examine how understanding and incorporating these interactions can reshape the-
ory on climate change impacts and ecological resilience. We further discuss implications of interactions be-
tween climate change and local human impacts for coastal conservation and elucidate the context when and
where local conservation is more likely to buffer the impacts of climate change, attempting to help reconcile
the growing debate about whether to shift much of the investment in local conservation to global CO, emis-
sion reductions. Our review underscores that an enhanced understanding of interactions between climate
change and local human impacts is of profound importance to improving predictions of climate change im-
pacts, devising climate-smart conservation actions, and helping enhance adaption of coastal societies to

climate change in the Anthropocene.

Introduction
Coastal zones, the world’s most densely populated areas, are
increasingly threatened by global climate change [1]. Contempo-
rary climate change is largely recognized as an anthropogenic
phenomenon that began and is sustained by human industrial
activities that produce enormous amounts of greenhouse gas
(e.g., CO, and methane) emissions. Rising atmospheric green-
house gas concentrations have in turn triggered a suite of rapid
physiochemical changes in the air, land and sea. Some of the
most concerning physiochemical changes in coastal ecosys-
tems include increasing air and water temperatures, rising sea
levels, and ocean acidification (Figure 1), and over recent de-
cades these changes have accelerated. Global average surface
air temperature increased by 0.85°C between 1880 and 2012,
while the rate of increase has been much higher since 1971
(~0.2°C/decade) [2]. Global mean sea level rose by 0.11 m be-
tween 1901 and 2010, and the rate of rise was particularly high
starting in the 1980s (3.2 mm/yr) [2]. The pH of the global ocean
has decreased by 0.1 pH units since the preindustrial period and
by a much faster rate since 1980 (~0.02 pH units/decade) [3].
These changes, especially for sea level rise when the loss of Ant-
arctic ice sheets is incorporated [4], are projected to accelerate
even further in coming decades under the ‘business-as-usual’
scenario [2].

Besides these long-term trends, spatiotemporal variability in
the physiochemical environment of coastal seas and oceans is

also being exacerbated by climate change, leading to more
frequent extreme climate events (e.g., droughts, storms, and
heat waves) and spatiotemporal redistributions of climatic
conditions (e.g., altered upwelling and ocean circulation) [5].
The consequences of these physicochemical changes for the
biota and functioning of coastal ecosystems have been studied
intensively, and there is now overwhelming evidence that
climate change is driving changes in virtually all coastal ecosys-
tems [6,7].

Climate change can bring cumulative effects to every environ-
mental issue [8]. Although climate change is the most broadly
occurring threat to coastal ecosystems, coastal zones have
also been undergoing intense local human impacts for centuries
[9]. Many coastal ecosystems, for example, receive inputs of
excessive nutrients, heavy metals, and other forms of land-
derived pollutants (e.g., microplastics and sediments), are
reclaimed or blocked from the sea for urban/industrial develop-
ment, agriculture, and aquaculture, are harvested for food,
wood, and other natural resources, and are extracted for
groundwater (leading to saltwater intrusion) (Figure 1C). These
local human impacts can all drive degradation or collapse of
coastal ecosystems [10] and are still intensifying in many regions
[11]. Increased co-occurrences of local human impacts and
climate change in the coastal zone amplify the likelihood of inter-
actions. Some of those interactions have been widely recog-
nized, such as those between warming and nutrients on algae
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in coastal waters [12]. However, despite the ubiquity of interac-
tions between climate change and local human impacts in
coastal zones, multifactorial studies on these interactions are
much fewer relative to single-factor studies on either climate
change or local human impacts. An inclusive framework for un-
derstanding, predicting and managing interactions between
climate change and local human impacts in coastal ecosystems
has yet to be formulated.

Here, following a brief overview of climate change impacts in
coastal ecosystems, we synthesize the literature on interactions
between climate change and local human impacts, exemplify
how these interactions affect major coastal ecosystems that
include salt marshes, mangrove forests, seagrass beds, kelp for-
ests, coral reefs, soft sediments, and oyster reefs (Table 1), and
examine how understanding and incorporating these interac-
tions can reshape theory on climate change impacts and ecolog-
ical resilience. We further discuss the implications of these
interactions for coastal conservation. Managing local human im-
pacts through local conservation actions (e.g., marine protected
areas, mitigation of terrestrial stressor input, and restoration) has
been considered to be an important strategy to buffer the impact
of climate change and boost resilience in coastal ecosystems.
Whether local conservation actions can help buffer coastal eco-
systems from climate change and whether to shift much of the
investment in local conservation to global CO, emission reduc-
tions has been recently debated, however. We attempt to help
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Figure 1. Impacts of climate change and
local human activities on coastal
ecosystems.

Shown is a temperate estuary adjoining land and
ocean. (A) Scenario when the system is not
affected by climate change. (B) Scenario when
the system is pressured primarily by climate
change. (C) Scenario when the system is pres-
sured by both climate change and intense local
human impacts. In (B), 1, climate warming pro-
motes algal blooms [129]; 2, seaward loss and
landward movement of coastal wetland as a result
of sea level rise [102], and mangrove replacement
of salt marsh grasses as a result of climate
warming [105]; 3, warming-driven replacement of
temperate seagrasses by subtropical seagrasses
[130], and loss of bivalves due to ocean acidifica-
tion [131]; 4, invasion of tropical fishes into
temperate coastal waters and changes in fish
species abundance and composition with warm-
ing [132]; 5, saltwater intrusion due to sea level rise
[28]. In (C), 1, impacts of warming on algal blooms
and hypoxia are exacerbated by eutrophication
[12]; 2, loss of coastal wetlands due to the com-
pounding effects of sea level rise and sea recla-
mations for urban, industrial and agricultural
expansion [133]; 3, seagrass/bivalve loss is exac-
erbated due to synergistic/additive interactions
between warming/ocean acidification and eutro-
phication [33,75]; 4, collapse of fisheries due to
synergistic interactions between overfishing and
warming [134]; 5, intense groundwater withdrawal
exacerbates saltwater intrusion driven by sea level
rise [28].
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reconcile this debate, by highlighting the context of when and
where investing in local conservation can buffer against climate
change (e.g., in areas with high human impacts). Our review may
thereby serve as a framework for incorporating local human im-
pacts into understanding, predicting, and managing the effects
of climate change on coastal ecosystems.

Climate Change Impacts on Coastal Ecosystems
The impacts of climate change on coastal ecosystems have
been extensively reviewed (e.g., [1,6,7]). Briefly, these syntheses
have found that climate change can strongly affect coastal eco-
systems at all levels of biological organization. First, climate
change can have strong impacts on gene expression, cellular
and whole-organism physiology, driving changes in their sur-
vival, growth, reproduction, and behavior (see Box 1 for case
studies). Recent advancements in molecular techniques (e.g.,
DNA-sequencing technologies and quantitative genetics) are
allowing for in-depth characterization of the genomic and phys-
iological responses of coastal organisms to climate change and
for deciphering the genetic basis underlying their disparate
capacities to acclimatize, adapt and evolve under climate
change [13]. Such studies can provide mechanistic bases for un-
derstanding biological responses to climate change.

Climate change further leads to global redistribution of coastal
biota via physiologically driven species range shifts and altered
species interactions. To match their physiological tolerances,
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Table 1. Major coastal ecosystems and their main climate change and local human stressors.

Ecosystem Definition Climate change stressors Local human stressors References
Salt marshes Saline or brackish intertidal areas Sea level rise, warming, Pollutant input, biological invasion, [117,118]
dominated by salt-tolerant plants, rising atmospheric CO,, coastal development, coastal

such as herbs, grasses, or low climate extremes (drought, engineering, nutrient input,
shrubs, occurring primarily in storms) sediment input, fishing, grazing
sheltered or depositional coasts in
temperate zones.
Mangrove Coastal intertidal areas dominated Sea level rise, warming, Fishing, forest logging, coastal [117,119]
forests by woody halophytes (trees or rising atmospheric CO,, development, coastal engineering,
shrubs), occurring mainly in the ocean acidification, aquaculture, freshwater input,
tropics and subtropics worldwide. climate extremes (heat sediment input, nutrient input,
waves/cold, drought, pollutant input, recreation,
storms) biological invasion, mining
Seagrass beds Marine flowering plant-dominated Warming, sea level rise, Nutrient input, coastal [117,120]
systems found in shallow salty and ocean acidification, development, sediment input,
brackish waters worldwide. Some climate extremes coastal engineering, fishing,
seagrass beds can occur in low (storms) physical disturbance, disease,
intertidal areas. aquaculture
Soft sediments Un-vegetated, muddy or sandy Warming, sea level rise, Pollutant input, coastal [117,121]
marine systems dominated by ocean acidification development, coastal engineering,
macrofauna, such as polychaetes, biological invasion, nutrient input,
crustaceans, echinoderms, and fishing, aquaculture, sediment
molluscs. input, nourishment/grooming,
mining, recreation
Rocky shores Wave-exposed sea coasts where Warming, ocean Fishing, pollutant input, biological [117,122,123]
solid rock (e.g., boulders, cobbles acidification, sea level invasion, coastal development,
and exposed bedrock) rise, climate extremes coastal engineering, sediment
predominates. (heat waves, drought, input, aquaculture, nutrient input,
storms) thermal effluent, collecting and
gathering, recreation
Kelp forests Shallow marine ecosystems Warming, ocean Fishing, kelp harvesting, pollutant [117,124]
covered by densely growing kelp acidification, climate input, nutrient input
species (large brown algae) and extremes (heatwaves,
found in temperate and arctic storms)
regions worldwide.
Coral reefs Underwater tropical marine Warming, sea level Fishing, coastal development, [117,125,126]
ecosystems characterized by rise, ocean acidification, sediment input, nutrient input,
reef-building corals. climate extremes coastal engineering, pollutant input,
(heat waves, storms) disease, recreation, collecting and
gathering
Oyster reefs Reefs formed due to dense Warming, sea level rise, Pollutant input, coastal [117,127,128]

aggregations of bivalve shellfish in
temperate and subtropical estuaries

ocean acidification,
climate extremes
(drought)

development, coastal engineering,
fishing, nutrient input, biological
invasion, sediment input, disease

Climate change and local human stressors are based on [117] (those with a score of greater than 2 are considered). Additional stressors are added
when needed according to reviews on a specific type of coastal ecosystem.

organisms tend to shift distributions to higher latitudes, deeper
depths (in subtidal systems), or higher elevations (in intertidal
systems). Rates of range expansion/contraction differ dramati-
cally among species [7]. Consequently, species may not neces-
sarily interact with the same assemblage as they have in recent
history. Climate change may also directly alter species interac-
tions by, for example, changing species behavior and diet,
introducing novel and more potent herbivores, breaking down
mutualisms, or reversing winners and losers in competition
[14]. Range shifts and altered species interactions then act
together to reshuffle communities, leading to tropicalization of
temperate zones and borealization of polar zones (see Box 1

for case studies). Effects of climate change on community dy-
namics, however, can vary greatly among tropical, temperate,
and polar zones, and global- and regional-scale comparative
studies are needed to assess large-scale variation in the
effects of climate change on distributional and compositional
changes in coastal marine communities.

Population- and community-level impacts of climate change
often propagate to ecosystem levels, affecting ecosystem
functions and the provision of important ecosystem services,
such as coastal protection, fisheries maintenance, pollution miti-
gation, and carbon sequestration [15]. Both positive and nega-
tive effects have been reported (see Box 1 for case studies).
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Box 1. Impacts of climate change on coastal ecosystems: case studies.

Here we review cases where climate change has been demonstrated to affect gene expression and cellular/whole-organism phys-
iology, population and community dynamics, and ecosystem functions and services in coastal ecosystems. These not only repre-
sent areas where scientific understanding is rapidly advancing, but are also areas of ecological or economic importance.

Impacts on organism genes and physiology: Climate change can have strong impacts on gene expression and cellular and
whole-organism physiology. Heat stress, for example, has been found in both coastal animals and plants (e.g., seagrasses) to
up-regulate genes that encode heat-shock proteins [97,98]. A range of other physiological/metabolic processes, including photo-
synthesis and respiration, increase with temperature within the range of species tolerance (before the tolerance threshold is
reached and acute thermal death occurs) [6]. This explains, in part, the increased likelihood of phytoplankton blooms and disease
outbreaks with ocean warming [12,99]. For heterotrophic organisms such as salmon in the Pacific Northwest, increased respira-
tory rates in warmer waters can lead to energy demand exceeding energy intake, reducing their aerobic scope for activity and their
growth and reproduction [6,100]. Warming temperatures may more strongly affect polar and tropical marine species than
temperate marine species, because polar and tropical marine species have evolved in some of the most temperature-stable ma-
rine environments on Earth and have very narrow tolerances to temperature variation [101]. Rising sea levels can increase inun-
dation stress, reducing the photosynthesis and growth of salt marsh grasses and mangroves on their seaward edge [102]. Ocean
acidification is thought to increase the energetic cost of calcification and deplete carbonate ions, reducing calcification in most
calcifiers (except crustaceans), including commercially valuable shellfish and habitat-forming species, such as oysters and corals
[103].

Reshuffling and shifting of tropical, temperate and polar communities: Reshuffling and shifting of coastal marine communities
with climate change have been increasingly documented. Mangroves, for example, are replacing their temperate analogues — salt
marshes, tropical seagrasses are expanding and replacing temperate seagrasses, invasive lionfish are increasingly found in
temperate waters, and tropical herbivorous reef fishes are intruding and, at times, decimating temperate kelp forests, leading
to tropicalization of temperate zones (some of those processes are depicted in Figure 1B). Similarly, boreal fish communities
are expanding into the Arctic [104], leading to borealization of polar zones. Range-shifting habitat-forming species [105] and
keystone consumers [106] can even drive sudden community phase shifts. Range shift is not clear for all systems, however. Coral
reefs’ poleward expansion, for example, can be constrained due to limited solar radiation that is required for corals to sustain their
symbiotic photosynthetic algae [107]. Indeed, in the tropics where species with limited thermal tolerance are living close to their
temperature optima [108], increased mortality and extinction may lead to simplification of biodiversity and even collapse of tropical
communities, as seen in some coral reefs [47], mangrove forests [109], and tropical seagrass beds [110].

Alteration in ecosystem function and services: Mangrove encroachment in salt marshes under warming, for example, can pro-
mote wetland carbon stock [111]. Sea level rise may increase the lateral extent of coastal wetlands (Figure 1) and enhance their
carbon stock, especially in areas where wetland landward movement is not blocked by human infrastructure [112]. Sea level
rise, however, has also been found to reduce the production, nitrogen sequestration and denitrification functions of tidal marshes
[113]. Drought, heat, and storm-driven die-offs of salt marshes, mangroves, and coral reefs reduce the coastal protection services
those ecosystems provide [114]. Furthermore, climate change can disrupt the fisheries ecosystem services valuable for many
coastal societies. While some fish populations may be able to escape warming via range shifts, fishes, including commercially
valuable shellfish and finfish, cannot escape ocean acidification [115]. Predicted collapses of marine capture fisheries and coral
reefs driven by ocean acidification by 2200 have been valued at 97 to 301 billion 2014 dollars per year [116].

How climate change affects the full suite of functions and
services of coastal ecosystems, however, remains relatively
underexplored, and comprehensive assessments have yet to
be conducted.

Interactions with Local Human Impacts

The impacts of climate change on coastal ecosystems, as sum-
marized above and investigated in the majority of existing
studies on one or two climate change stressors, tend to reflect
average conditions and do not account for interactions with local
human impacts. On sparsely populated coasts, these impacts
may hold true (Figure 1B). But great stretches of the world’s
coasts today are densely populated by humans, and human im-
pacts can extend further from areas directly modified by hu-
mans. For example, many large rivers that discharge enormous
amounts of nutrients to the coastal ocean have plumes
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extending 50-400 km seaward [16]. In such cases, larger-scale
interactions with local human impacts are likely to occur and
should not be neglected (Figure 1C). Local human impacts can
interact with climate change in two different, nonexclusive
mechanisms. First, local human impacts can mediate the sus-
ceptibility of organisms to a climate change stressor, and vice
versa, a climate change stressor can mediate the susceptibility
of organisms to a local human stressor (e.g., heavy metal pollu-
tion). Second, local human impacts can directly modify the
climate change stressor itself (e.g., relative sea level rise and
seawater pH).

Some of the best evidence for interactions between climate
change and local human impacts in coastal ecosystems has
come from studies on climate warming. It is well known that
eutrophication can interact with climate warming to exacerbate
harmful algal blooms (Figure 1C), such as in the Baltic Sea
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Figure 2. Empirically tested synergistic
interactions between climate change and

and Gulf of Mexico. Harmful algal blooms often result from
anthropogenic nutrient enrichment. As phytoplankton optimize
growth with increasing temperature, harmful algal blooms often
benefit from climate warming and longer seasons of elevated
temperatures [12]. On coral reefs including those in Florida
Keys, eutrophication, as well as overfishing [17], can make
corals more sensitive to elevated seawater temperatures
by increasing turf and macroalgal cover, destabilizing micro-
biomes, and elevating pathogen loads [18,19], thereby exacer-
bating the potential for phase shifts to an algal barren state
(Figure 2A). In kelp forests in eastern Tasmania, Australia, sea
urchins, a prominent benthic herbivore, are expanding into
eastern Tasmania under climate warming. Fishing, by removing
large predatory lobsters and releasing sea urchin populations
from predator control, can amplify overgrazing of kelps, thereby
increasing risk of climate warming-driven phase shifts from
productive kelp beds to sea urchin barrens [20] (Figure 2B).

local human impacts in a variety of coastal
ecosystems.

(A) Warming and eutrophication on coral reefs. (B)
Warming and overfishing in kelp forests. (C) Ocean
acidification and hypoxia on hard clams in soft
sediments. (D) Warming and heavy metal pollution
on oyster reefs. (E) Drought and overfishing in salt
marshes. These illustrations are mainly to exem-
plify some of the climate change and local human
stressors that have been demonstrated to interact
to cause coastal ecosystem degradation. These
climate change and local human stressors may
take effect at different timescales. See main text
and references therein for details and the mecha-
nisms of these interactions.

Vice versa, climate warming can in-
crease the susceptibility of organisms
to a local human stressor (e.g. Methyl-
mercury and hypoxia). On oyster reefs,
for example, warming, by increasing en-
ergy limitation and causing failure of
energetically costly detoxification mech-
anisms, can elevate sensitivity of oysters
to trace metal (e.g., cadmium) pollution,
leading to increased oyster mortality
(Figure 2D) [21].

For sea level rise, local human impacts
are more likely to directly modify the rate
of relative sea level rise. Local human ac-
tivities can actually be more important
than climate change in driving relative
sea level rise, especially in coastal zones
where subsurface fluids (e.g., ground-
water and gas) are heavily exploited
[22]. Along the Italian coast, for example,
the sea rose on average by ~10 cm over
the 20" century. In Venice where local hu-
man activities, largely groundwater
pumping for industrial activities, led to
sinking ground, relative sea level rise
over the same time period was >100%
higher, increasing flood frequency by more than seven times
[23]. This type of relative sea level rise amplified by local human
impacts (e.g., local land subsidence and/or decreased accre-
tion) has been even more dramatic in other coastal megacities
such as Shanghai [24] and Manila [25] and has been observed
in nearly 90% of the world’s river deltas [26]. These elevated
rates of relative sea level rise not only increase flooding risk in
coastal man-made systems, but can also accelerate vegetation
changes in coastal wetlands, such as intrusion of salt-tolerant
plants [27]. Furthermore, local human activities can exacerbate
sea level rise-driven saltwater intrusion. Groundwater extraction,
for example, can make coastal aquifers more vulnerable to salt-
water intrusion than predicted by models using sea level rise as
the major driver of inland movement of seawater (Figure 1C) [28].

Relative to climate warming and sea level rise, ocean acidifica-
tion, as a chemical process, is often more strongly affected by
local human impacts. Unlike the open ocean, pH of coastal
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waters is often substantially more variable, due to local human
impacts that include inputs from land [29] (note that the pH of
coastal waters is also affected by upwelling and interactions be-
tween the sea floor and the water column). High levels of eutro-
phication, for example, can exacerbate acidification of coastal
waters, especially subsurface waters, because eutrophication
fuels algal blooms, which deplete oxygen and release CO, dur-
ing bacterial respiration of the organic matter from blooms [30].
Inputs of other pollutants (e.g., heavy metals) can also exacer-
bate acidification in coastal waters, as pollutants generally
decrease the rate of photosynthesis and the efficiency of CO,
removal from the atmosphere, thereby increasing the amount
of CO, available for absorption by seawater [31]. Such terrestrial
inputs can be primarily driven by watershed human activities.
Watershed deforestation, mining, and agricultural activities can
release large amounts of acids in tropical and subtropical acid
sulphate soils, the delivery of which by river run-off can acidify
coastal waters at higher rates than atmospheric CO, alone
[32]. Besides directly modifying pH changes, local human im-
pacts can also interact with ocean acidification by increasing
the susceptibility of biota to ocean acidification. In coastal soft
sediments, for example, hypoxia can lower metabolism and in-
ternal gas exchange and exacerbate intracellular oxygen defi-
ciency and respiratory CO, retention in hard clams, thereby
amplifying the negative effects of ocean acidification on their
growth and survival (Figure 2C) [33].

Other climate change stressors can also interact with local hu-
man impacts. In salt marshes, for example, drought, by compro-
mising plant defense condition, can increase the susceptibility of
cordgrass to overgrazing by periwinkle snails (Littorina littorea),
whose predators — blue crabs (Callinectes sapidus) — have un-
dergone population decline due to overfishing (Figure 2E)
[34,35]. Similarly, freshwater withdrawal can exacerbate the
collapse of oyster fisheries driven by increased predation pres-
sure during droughts [36].

Itisimportant to note that while synergistic interactions between
climate change and local human impacts are increasingly reported
and emphasized in the literature, additive and antagonistic inter-
actions are also found in coastal ecosystems. For example, heavy
metal pollution can weaken the toxicological effects of ocean acid-
ification on coastal meiobenthic copepods due to competition
between H* and heavy metals for binding sites [37]. Watershed
agricultural activities, such as the use of lime in agriculture to
reduce soil acidity, may counteract pH decline from ocean acidifi-
cation driven by rising anthropogenic CO, [29]. Hypoxia and
warming can have additive and opposing effects on the growth
of Olympia oyster (Ostrea lurida) [38]. While all those forms of inter-
actions between climate change and local human impacts have
important ecological implications and need to be recognized
[39], synergistic and additive interactions are typically more
devastating for coastal ecosystems where they occur [40].

In summary, interactions with global climate change can occur
with many local human impacts, across a suite of diverse marine
species, and in a variety of marine ecosystems along great
stretches of the world’s coasts [41]. These interactions can be
synergistic, antagonistic, or additive, and occur when either a
climate change stressor can mediate the susceptibility of organ-
isms to a local human stressor (and vice versa) or when local hu-
man impacts directly modify the climate change stressor itself.
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Predicting Impacts and Resilience

Despite accumulating studies on interactions between climate
change and local human impacts, the question of when and
where local human impacts are more likely to compound im-
pacts of climate change is still open. Resolving this question is
necessary to refine predictions of climate change impacts and
coastal ecosystem resilience within the context of local human
impacts. Below we outline pathways and hypotheses with which
we can begin to synthesize and help resolve this question.
Climate Change Impacts along Human Population
Gradients

Local human impacts are more likely to interact with climate
change in coastal areas that are densely populated, since
increasing human density often escalates the magnitude of local
human stressors. Increasing human density contributes to eutro-
phication, pollution, and habitat destruction, owing to increased
outputs of human waste and sewage, increased land develop-
ment for housing, industrial and agricultural activities, and
increased resource extraction (e.g., fisheries, wood, freshwater
and other raw materials) (Figure 3A-C) [42-44]. Human popula-
tion density has thus been used widely as a reasonable proxy
of the relative magnitude of local human impacts [28,44,45].
Some human activities, however, can occur even in very remote
regions of the world (e.g., fishing) or generate unusual amounts
of per capita impacts (e.g., industrial and agricultural use of
freshwater), implying that the relationships between human pop-
ulation density and local human impacts can be context-depen-
dent and more nuanced. Despite its simplicity, it is reasonable to
hypothesize that human population density (or activity intensity)
can predict the interactive impacts of climate change with local
human impact. Combining this hypothesis with different types
of interactions (synergistic, additive, and antagonistic), the
following predictions can be made. Assuming that local human
impacts increase with human density until an asymptote is
reached at very high densities, the impact of climate change is
predicted to increase exponentially with increasing human den-
sity when its interaction with local human impact is synergistic
(Figure 4A). When the interaction is additive, the impact of
climate change is predicted to increase exponentially at low hu-
man densities and reaches an asymptote at very high densities
(Figure 4A). In contrast, when the interaction is antagonistic,
the impact of climate change is predicted to decrease with
increasing human density (Figure 4A).

These new hypotheses haven’t been tested specifically, but
existing empirical data are lending support for variation in the
impact of climate change along human density gradients. For
example, due to groundwater and gas extraction, land subsi-
dence, a proxy for relative sea level rise within aregion, increases
significantly with human density across western Indonesia, a
country forced by rapid land subsidence to relocate its capital
city from Jakarta to Borneo (Figure 3D) [46]. In the contiguous
US, saltwater intrusion into coastal aquifers driven by the combi-
nation of sea level rise and groundwater pumping is predicted to
increase exponentially with human density (Figure 3E) [28]. For
coastal waters that are weakly affected by freshwater inputs,
annual mean pH decreases with increasing human density
(Figure 3F). Declines in herbivore grazing, a result of overfishing,
can substantially amplify the negative impacts of ocean acidifi-
cation and warming on corals [17], and fishing intensity often
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Figure 3. Empirical data showing variation
in local human impacts and climate change
impacts along human population density
gradients.

(A) NO3 export intensity in the world’s major wa-
tersheds (redrawn from [42]). (B) Impervious area
as a percentage of total land area in different
counties in New Jersey, USA (redrawn from [43]).
(C) Relative abundances of two functionally
different parrotfish groups across the Indian and
Pacific Oceans (humans primarily fish coral pred-
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increases with human density [44]. Understanding how climate
change impacts vary, linearly or nonlinearly, along human den-
sity gradients certainly requires more specific investigation.
Human density gradients can provide a useful tool to begin to
gain a predictive understanding of the impacts of climate
change on the structure and functioning of coastal ecosystems.
Human density, however, is not the only predictor for spatio-
temporal variation in the impact of climate change. Other fac-
tors, such as magnitude of climate stress and geographic
attributes, could be at work, too. For magnitude of climate
stress, local human impacts should generally dominate at low
levels of climate stress (Figure 4A). At high levels of climate
stress, interactions with local human impacts (either synergistic,
additive or antagonistic) are likely to be most pronounced, and
when the interaction is synergistic, climate change may cause
the greatest loss of species or ecosystems at intermediate
human densities (Figure 4B). At extreme levels of climate stress,
climate change is likely to overwhelm any local human impacts
(Figure 4A). This may explain why water quality and fishing were
found to synergistically interact with heat stress in previous
coral bleaching events on the Great Barrier Reef but not in
the record extreme warming event in 2015-2016 [47,48].
Geographic attributes can also dictate where climate change
may be more likely to interact with local human impact. This

Population (persons km?)

significant regressions are shown. The regressions
for grazers in C and for sites with strong freshwater
buffering in F were insignificant and so are not
shown.

2000 3000
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could explain why a decreasing trend in pH with increasing local
human density was found for coastal waters weakly affected by
estuarine freshwater run-off but not for those strongly affected
(Figure 3F).

Are Synergistic, Additive, or Antagonistic Interactions
Predictable?

Can the nature (synergistic, additive, or antagonistic) of interac-
tions between climate change and local human impacts be pre-
dicted? The nature of stressor interaction has been shown to
vary with a range of ecological factors including ecosystem
type, stressor type, and species functional traits [41,49], and it
is challenging to screen for the best predictors [39]. However,
it might be more feasible to predict interactions between climate
change and local human impacts by understanding the underly-
ing processes and mechanisms. The co-tolerance (co-sensi-
tivity) concept can be a valuable tool for this [39]. According to
the co-tolerance concept [50], when tolerance to a climate
change stressor confers tolerance to a local human stressor,
because both stressors act on the same ecological or physiolog-
ical processes, antagonistic interactions are expected when
they occur simultaneously. Conversely, when a local human
stressor and a climate change stressor act on two different pro-
cesses and species are equipped to resist one but not both
stressors, the local human stressor is more likely to increase
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Figure 4. Conceptual models of climate change impacts as a
function of human population density.

(A) Variation in synergistic, additive, and antagonistic interactions between
climate change and local human impacts. Also shown is how magnitude of
climate stress (low, high, and extreme) can affect interactions between climate
change and local human impacts. (B) Relative loss of coastal ecosystem/
species to climate change and local human impacts when they interact
synergistically.

their susceptibility to the climate change stressor, leading to syn-
ergistic or additive interactions. The co-tolerance concept can
be applied to both individual species and community levels
(Figure 5A).

The co-tolerance concept, recently redefined as a more inclu-
sive ‘correlated response’ theory [51], has been well developed
in studies of heavy metal contamination. Co-tolerance has
been shown to dictate types of interactions between heavy metal
and temperature [52]. Studies on co-tolerance in coastal ecosys-
tems remain few. In Kenyan coral reefs, neither a positive nor
negative relationship between sensitivities to warming and
fishing pressure across different coral species was found
(Figure 5B), partly explaining the absence of synergistic interac-
tions between fishing and warming [53]. In another study on coral
reef fishes [54], a negative convex relationship between sensitiv-
ites to climate change and fishing pressure was found
(Figure 5B), which might indicate potential synergistic interac-
tions between climate change and fishing. Whether co-tolerance
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Figure 5. Co-tolerances to climate change and local human
stressors.

(A) Theoretical co-tolerance relationships. (B) Tolerances of corals and fishes
to climate and fishing stressors on coral reefs. In (A), for random responses,
species are randomly distributed in their vulnerability to both stressors. When
both stressors occur (shown as shaded areas), 75% of the species will be
affected. For positive co-tolerances, species’ vulnerability to one stressor is
similar to their vulnerability to the other stressor. When both stressors occur,
50% of the species will be affected. For negative co-tolerances, species’
vulnerability to one stressor is negatively related to their vulnerability to the
other stressor. When both stressors occur, 100% of the species will be
affected. The solid lines in (A) show the ideally linear positive and negative co-
tolerances, respectively. If the positive or negative co-tolerance relationships
are nonlinear, the proportion of species affected may change more or less. In
(B), there is a downward curvilinear negative co-tolerance relationship among
reef fishes (black line), while no clear co-tolerance relationship exists among
corals. Figure 5A and 5B adapted from [136].
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can predict the nature of interactions between climate change
and local human impacts, however, needs to be tested more
broadly.

Incorporating Local Human Impacts Alters Predictions
of Resilience to Climate Change

How will local human impacts alter resilience of coastal ecosys-
tems to climate change? Synergistic and additive interactions
may reduce resilience to climate change by increasing the risk
that the tipping points (i.e., the thresholds over which sudden,
drastic ecosystem shifts occur) of ecosystems to climate stress
are exceeded (Figure 4A). Overfishing, for example, can substan-
tially increase the likelihood that the tipping points of coral reefs to
ocean acidification [17] and those of kelp forests to climatic warm-
ing [20] are exceeded, causing shifts from productive ecosystems
to algal barrens. Eutrophication canincrease the likelihood that the
tipping points of coral reefs to ocean acidification are exceeded
[17]. Conversely, antagonistic interactions with local human im-
pacts are predicted to enhance resilience to climate stress by
lowering the risk that tipping points are exceeded (Figure 4A).
Empirical demonstrations, however, are still lacking.

Local human impacts can also alter resilience of coastal eco-
systems to climate change via other mechanisms. First, local
human impacts can affect ecological factors (e.g., species diver-
sity, competition/facilitation, and food web interactions) that
govern the resistance of coastal ecosystems to climate change
[55,56]. Overfishing, for example, can simplify food webs in
kelp forests and coral reefs, and simplification of food webs
and decreases in number of links per species are predicted to
decrease ecosystem resistance [57]. Also, local human impacts
can influence recovery following climate events. Depletion of
large herbivorous fishes, for example, has been demonstrated
to impede coral recovery in the aftermath of the 1998 bleaching
event by permitting macroalgal overgrowth, resulting in phase
shifts on the Great Barrier Reef [58].

Protection, Restoration, and Recovery Potential
Increasing empirical evidence is making it clear that the impacts
of climate change on coastal ecosystems are often modulated
by local human impacts. But can local conservation, by manag-
ing local human impacts, compensate for the impacts of climate
change? And when and where is local conservation more likely to
buffer the impacts of climate change? These are questions
central to the growing debate of whether we should shift much
of our investment in local conservation to global greenhouse
gas emission reductions. Over the last few decades, at least bil-
lions of US dollars per year have been invested into local conser-
vation actions including designation and enforcement of marine
protected areas (MPA), mitigation of terrestrial pollutant input,
and ecosystem restoration [59,60]. While the number of local
conservation actions has increased exponentially [60], their per-
formance in buffering coastal ecosystems from climate change
has been questioned [61].

Can MPAs that Reduce Local Human Impacts Help Save
Coastal Ecosystems from Climate Change?

MPAs are a leading conservation tool for mitigating local human
impacts on coastal ecosystems, especially for fishing when fish-
ing is properly managed [62]. MPAs have been shown to
enhance the resilience of multiple types of coastal ecosystems
to climate change [63]. On the rapidly warming Tasmanian east

coast, for example, MPAs enhanced resilience of kelp forests
to climate warming-driven sea urchin expansion by reinstating
top-down control of urchin populations by predators [64],
increased the temporal stability of temperate reef fish commu-
nities over 20 years (Figure 6A), and helped resist the initial
stages of tropicalization by limiting the intrusion of range-extend-
ing species (Figure 6B). In Baja California, Mexico, MPAs
increased the resilience of marine invertebrates to mass mortal-
ity likely caused by climate-driven hypoxia, since large body size
and high egg production in MPAs led to greater resistance and
faster recovery of marine invertebrates [65]. On the Great Barrier
Reef, MPAs have been found in multiple studies to enhance the
capacity of coral reefs to withstand warming, floods, and storms,
due to greater herbivory, trophic cascades, faster recovery, and
portfolio effects within MPAs [58,66,67]. In the Bahamas, corals
also recovered from mass bleaching and hurricane impacts
faster inside than outside MPAs [68]. In the Line Islands affected
by the strong 1997-1998 El Nino, corals recovered in fully pro-
tected reefs within a decade, whereas they did not recover in un-
protected reefs [69,70].

Despite broad recognition of MPAs’ positive effects on resil-
ience to climate change, their performance on coral reefs is a
matter of recent debate. No effects of MPAs on coral resistance
to the record 2015-2016 mass bleaching on the Great Barrier
Reef [47] triggered widespread concerns that MPAs would fail
to save ecosystems from climate change. These concerns are
apparently supported by more than a dozen other empirical
studies and meta-analyses where no effects of MPAs on resil-
ience of coral reefs to climate change were found (see a list in
[61], although most of these meta-analytical studies were not
comparisons of paired MPAs and fished sites).

Disparity in the effect of MPAs on coral resilience to climate
change may have resulted from multiple sources. First, the per-
formance of MPAs varies greatly with multiple management-
related factors. Only well-enforced, older, larger MPAs, currently
accounting for a small fraction of all the MPAs established glob-
ally, can achieve the best conservation performance [71]. Sec-
ond, even some well-enforced, fishing-excluded MPAs, such
as those in New Caledonia, South Pacific [72] and Florida
Keys, USA [73], still face major chronic local human impacts
(e.g., watershed nutrient inputs). In both places, regulation of
watershed human impacts has been recommended to improve
the resilience of protected coral reefs to climate change
[72,74]. MPAs should indeed only be considered as part of a
portfolio of local conservation strategies (e.g., along with
enhanced sewage treatment) used to reduce local human im-
pacts, rather than the ‘silver bullet’ to increase climate change
adaption. Furthermore, the performance of MPAs in enhancing
resilience to climate change may vary with species tolerance
to climate stress. For corals and other tropical species with
limited thermal tolerance, the probability for climate stress to
overwhelm local human impacts can be high (Figure 4A).
Managing Terrestrial Human Impacts to Increase
Coastal Resilience to Climate Change
Reducing terrestrial stressor inputs to coastal ecosystems can
indeed be important or even necessary to increase resilience
to climate change, especially when terrestrial human impacts
and climate change interact additively and synergistically.
In Chesapeake Bay where synergistic interactions between
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eutrophication and warming have driven seagrass loss [75],
long-term watershed nutrient reductions led to recent recovery
of submersed aquatic vegetation including seagrasses (Fig-
ure 6C) [76]. This agrees with the prediction that reducing
nutrient inputs can lower seagrass mortality when warming and
nutrients interact synergistically (Figure 6D) [77]. This effect of
nutrient reduction might be weaker but remains positive when
warming and nutrients interact additively as has been observed
for seagrasses [78]. Although reducing nutrient inputs has also
been predicted to exacerbate seagrass mortality when warming
and nutrients interact antagonistically, we know of no empirical
studies showing such interactions in seagrasses. On the Great
Barrier Reef, 6-17% improvement in water quality has been
found to be necessary to counteract future thermal stress ex-
pected by 2050 among inshore and mid-shelf reefs, although it
may have little effect on outershelf reefs dominated by fast-
growing, thermally sensitive corals [48] (also see [79]). Similarly,
reducing nutrient inputs can increase resilience to climate
change in other coastal ecosystems (e.g., rocky shores domi-
nated by kelps and fucoids) [80,81].

Using Restorations to Enhance Ecosystem Recovery
from and Resistance to Climate Change

For coastal ecosystems that have been degraded or destroyed,
active restoration may assist recovery where natural recovery
is stalled. Although some restoration strategies can have
negative consequences or provide a dis-service (which needs
to be recognized) [82], restoration is becoming a major
intervention in coastal conservation [60]. Restoration may be
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especially applicable where ecosystems are recruitment-limited
(e.g., seagrasses) or where population regrowth is only
possible through expansion by adults (e.g., salt marsh clonal
grasses). However, for habitat restoration to work over large
spatial and temporal scales, interactions between climate
change and local human impacts must be considered as they
have strong implications for when and where restoration will
work [83].

First, restoration must not only mitigate past and existing envi-
ronmental stressors, but must also be conceived to endure
recurrent and new environmental obstacles to recovery. Resto-
ration of overexploited oyster populations in Chesapeake Bay,
for example, can be impaired by accelerating ocean acidifica-
tion. And due to a synergistic effect of pH and salinity on
calcification, this impairment can be more severe in low salinity
areas often preferred by oyster restoration practitioners [84].
Following a catastrophic die-off triggered by drought, restoration
of salt marsh vegetation in temperate China has been shown to
be restricted by grazing pressure likely elevated by overfishing
[56]. Restoration of mangrove forests destroyed by hurricanes
can be slowed by biological invasions [85] and recurrent
hurricanes [86]. Furthermore, setting historical ecosystem condi-
tions as restoration targets and references can be questionable
when climate and human impacts are constantly changing and
almost all temperate zones are experiencing tropicalization.
Thus, to be most effective, restoration will also need to establish
species and assemblages that are most tolerant of these
increasing stressors, in areas where local human impacts are
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being reduced, and in their new ranges predicted by future
climate scenarios [83].

For tools that can be used in restoration, we must expand
beyond those typically employed to those that are becoming
available with rapid advances in technology and ecology. For
example, innovative physiological, genetic, and population
tools, such as assisted stress acclimation, evolution, and
relocation, have been recently advocated for rebuilding warm-
ing-resilient coral populations (Figure 6E) [87], even if these
tools pose ethical questions. A natural tool to rebuilding resil-
ient assemblages is harnessing positive species interactions
(e.g., facilitation, mutualism, and trophic cascade) in restora-
tions via clumping outplants [88], using species polycultures
(Figure 6F) [89], or reintroducing top predators. By ameliorating
existing local human impacts that limit regrowth, neighbors can
positively affect target species, aid their recovery, and give
them a greater chance of overcoming increasing climate
stressors, as has been demonstrated in a variety of coastal
ecosystems [88,90]. Positive species interactions can also
make an ecosystem self-reinforced by positive feedbacks,
enhancing its resistance to changing local and global environ-
mental conditions. Such ecosystem self-reinforcing processes
deserve more investigation and incorporation into climate-
smart restoration measures and will be most important where
local human impacts and global climate stressors interact addi-
tively and synergistically.

Don’t Scale Back Local Conservation; Increase
Investment at All Scales

Local conservation actions, including MPAs, mitigation of terres-
trial stressor input, and restoration, have been clearly shown in a
variety of cases to buffer the impact of climate change and boost
resilience in coastal ecosystems, providing more time for spe-
cies to evolve. Local conservation, however, is not a cure-all,
and its performance is context-dependent. It may be especially
important for saving coastal ecosystems from intermediate to
high levels of climate stress [48], while extreme levels of climate
stress will decimate coastal ecosystems regardless of local con-
servation (Figure 4A), although it could be essential for recovery
after climate extremes subside. Also, local conservation might
be especially important when the target local human impact in-
teracts with climate change synergistically or additively; when
the interaction is antagonistic, local conservation may be more
promising in climate change refugia [91]. Furthermore, the major
local human stressors and their magnitude often vary from place
to place, and local conservation strategies may not be applied
universally without adaption. And different local conservation
strategies might be required for different places (e.g., place-
based conservation [92]). Finally, favoring one local conservation
measure is likely to be insufficient [62], given that coastal ecosys-
tems often face multiple types of local human impacts, such as
offshore fishing and watershed nutrient inputs. To optimize the
performance of local conservation, more investments are clearly
needed to increase coverage, install complementary measures,
and enhance enforcement. Instead of reducing investment in
local conservation in favor of heavy investment in global green-
house gas emission reductions [47,61], we call for increased
investments in both to provide a dual guard against climate
change and to maximize the potential for coastal ecosystem re-
covery.

Evolving Coastal Management

Global climate change is accelerating at high rates, pressuring all
of Earth’s ecosystems including those on coasts. Mitigating the
impacts of climate change on coastal ecosystems, however, is
particularly challenging because of interactions with local human
impacts that are intense in densely populated coasts. Coastal
management strategies need to consider those interactions to
optimize performance. Another challenge for coastal manage-
ment is that climate change and human impacts are constantly
changing. Thus, an adaptive, evolving management strategy is
required. A prototype of such evolving coastal management
might be two thousand years of coastal adaption to encroaching
seas in the Netherlands, which has evolved from coastal arma-
ment, walling off estuaries to currently giving land back to the
sea, restoring and creating coastal ecosystems as natural, sus-
tainable flood defenses [93,94]. The Dutch approach, however,
does not necessarily transfer to other coasts. In developing
coastal regions/countries, adaption capacity can be severely
limited by socioeconomic and technical constraints [95]. Coastal
societies will have to develop innovative coastal management
strategies appropriate for their socioeconomic status and
ecosystem condition, potentially including community-based
fisheries management and ecosystem-based management, an
integrated management approach that considers all types of in-
teractions within an ecosystem (e.g., climate change, human
impacts, and stakeholders) [96]. Other innovative coastal man-
agement strategies may emerge with advances in ecological
understanding of coastal processes and in technologies (e.g.,
genetic modification, remote sensing, and telecommunication).
The impact of climate change on coastal ecosystems in the
Anthropocene simply cannot be understood and managed as
constant and in isolation. Understanding interactions between
climate change and local human impacts has profound and
far-reaching implications for the future of coastal ecosystems
and civilization along the increasingly human-populated coasts.
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