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Abstract
Coral reefs are one of the most productive and biodiverse ecosystems in the world. Humans rely on these coral reef 
ecosystems to provide significant ecological and economic resources; however, coral reefs are threatened by numerous 
local and global anthropogenic factors that cause significant environmental change. The interactions of these local and 
global human impacts may increase the rate of coral reef degradation. For example, there are many local influences (i.e., 
sedimentation and submarine groundwater discharge) that may exacerbate coral bleaching and mortality. Therefore, 
researchers and resource managers cannot limit their narratives and actions to mitigating a sole stressor. With the con-
tinued increase in greenhouse gas emissions, management strategies and restoration techniques need to account for 
the scale at which environmental change occurs. This review aims to outline the various local and global anthropogenic 
stressors threatening reef resiliency and address the recent disagreements surrounding present-day conservation prac-
tices. Unfortunately, there is no one solution to preserve and restore all coral reefs. Each coral reef region is challenged 
by numerous interactive stressors that affect its ecosystem response, recovery, and services in various ways. This review 
discusses, while global reef degradation occurs, local solutions should be implemented to efficiently protect the coral 
reef ecosystem services that are valuable to marine and terrestrial environments.
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1  Status of coral reefs

Reef-building corals have existed for over 200 million 
years, preserving through few challenges in the Holocene, 
but are now facing new, human-induced challenges in 
Anthropocene [1–3]. In the Holocene (11,000 years ago), 
reefs were resilient, experiencing rapid recovery and prev-
alence of acroporids; however, since transitioning into the 
Anthropocene, reef systems have lost resilience as distur-
bances increased in frequency and duration [4–6]. The 
importance of the diverse scleractinian family Acroporidae 
in providing extensive structurally complex habitat across 
the Indo-Pacific and their dramatic loss observed across 
the Caribbean makes them a sensitive but important taxon 

to study under global climate change patterns [7]. Reefs 
in the Anthropocene have shifted to more dynamic and 
patchier reef systems where stressors are not purely addi-
tive but are interacting in more complex ways [8].

Over the last 3 decades, living coral cover has declined 
roughly 53% in the Western Atlantic, 40% in the Indo-
Pacific, and 50% on the Great Barrier Reef (GBR) [9, 10]. 
These declines in live coral cover are accompanied by a loss 
in structural complexity resulting in alterations in trophic 
structure and reductions in ecosystem services [11]. Glob-
ally, 39% of reefs are classified as low risk, and 52% of those 
reefs are found in the Pacific [12]. Overall, coral reefs in the 
Central Pacific experience lower rates of decline than those 
in the Atlantic, Indian, and Southeast-Asian Pacific oceans 
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[12]. Therefore, understanding these drivers’ relative influ-
ence, local and global, is vital in assessing mechanisms for 
managing and protecting coral reef systems and reducing 
secondary stressors during repeated marine heatwaves 
that cause coral bleaching [13].

While it is estimated that 6% of reefs across the globe 
will not be affected by either local or global stressors, 11% 
of reefs will be threatened solely by global factors alone, 
22% solely from local factors, and 61% from the com-
bined effects of local and global drivers of environmental 
change [14]. Globally, ocean warming and acidification 
are compromising carbonate accretion of coral reefs, 
resulting in less diverse reef communities [15, 16]. Highly 
complex coral architecture is relied upon by a diverse 
array of marine organisms; therefore, reduction in com-
plexity of reefs has severe consequences for biodiversity, 
ecosystem functioning, and environmental services [17]. 
Locally, human impacts (i.e., pollution, coastal develop-
ment, dredging, tourism, etc.) are causing dramatic phase 
shifts from coral-dominated to algal-dominated systems 
[18–21]. Some of these factors of environmental changes 
are co-occurring, potentially amplifying coral reef decline, 
and creating cascading effects for coral reef organisms and 
human populations who rely on the reefs for many ecosys-
tem services [22].

The ongoing, rapid transformation of coral reefs creates 
challenges for conservation and management strategies 
due to a growing spatial mismatch between the scale of 
threats and planned responses. Additionally, coral reefs 
are not solely challenged by a single stressor. The vari-
ous local, anthropogenic factors degrading reefs exac-
erbate the global effects of warming and acidification 
[8]. Global climate change has profound implications on 
reef health; however, the potential synergies between 
climate, human pressure, and biogeochemical factors 
must be alleviated for successful restoration and rehabili-
tation. The interactions between multiple stressors can 
be defined as synergistic (the combined effects exceed 
their individual effects), additive (the combined effect is 
equal to the sum of their individual effects), or antagonis-
tic (the combined effect is less than the additive) [8, 23]. 
The ongoing increase of local and global threats on coral 
reefs highlights a critical gap in our knowledge of how 
these stressors may interact and shape future coral reefs 
[24]. Therefore, there is a need to reform management and 
conservation strategies that combat both local and global 
drivers of environmental change.

Coral reef status and resilience can be location-specific 
due to interactions of localized environmental stress-
ors. For example, in Hawaiʻi, it has been suggested that 
regional management of multiple factors will benefit 
fish biomass and coral resistance to elevated tempera-
tures [25–28]. In the Philippines, reefs have experienced 

a continued decline in hard coral cover over the past 
three decades, not solely due to the third global bleach-
ing event (2014–2017) [29]. In Malaysia, coral reefs that 
contained high levels of live coral cover (> 25 colonies) 
were geographically isolated and experienced less coastal 
development and human activity [30], highlighting the 
importance of land use management practices. Across 
the Western Caribbean, four decades of coastal develop-
ment has significantly reduced coral cover (15–20% in 
most regions). In turn, these reefs experienced increased 
fleshy macroalgae and herbivorous fish abundance, par-
ticularly between 2006 and 2016 [31]. In the Florida Keys, a 
30-year study suggests that local nutrient enrichment and 
discharge from the Everglades contributes to eutrophica-
tion that has exacerbated coral stress and decline [32]. 
Results of this long-term monitoring suggest a balanced 
nitrogen to phosphorus (N:P) stoichiometry ratio would 
reduce the risk of coral bleaching disease and mortality 
in the future [32]. The disease occurrence on key coral 
species in the 1970s (Acropora spp.) and 2004 (Orbicella 
spp.) was linked to an increase of climate change impacts, 
including the intensity and frequency of hurricanes within 
the same regions. While climate stressors play a role, reef 
status and coral cover decline trends were significantly 
impacted at sites with increased coastal development and 
human-induced pollution [33]. Globally, there have been 
documented synergies between different environmen-
tal changes (i.e., anthropogenic stress, bleaching events, 
disease outbreaks, and hurricane damage) driving coral 
decline [4].

2  Global impacts

Projected increases in carbon dioxide  (CO2) over the next 
50 years will exceed the conditions coral reefs have sur-
vived over the past half-million years [15]. The industrial 
revolution has led to rapid increases in atmospheric green-
house gas emissions, which have caused dramatic shifts 
in environmental conditions [34]. In particular, global 
changes in ocean chemistry and sea surface temperatures 
have promoted significant ecological decline in coral reef 
ecosystems [35–37]. In response, the 2015 Paris Agree-
ment was developed to globally manage greenhouse gas 
emissions, which is vital for coral reefs’ persistence [38]. 
Without radically reducing carbon emissions, the ocean is 
predicted to be 1–3 °C warmer, 0.2 pH units more acidic, 
and up to 1 m higher by 2050 [39].

2.1  Ocean warming

Corals worldwide live between 1 and 2 °C below their 
maximum summer temperature [40]. As the ocean 
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continues to warm, corals are being pushed into their 
upper lethal temperature tolerances [41]. The resulting 
coral stress response includes the breakdown in the sym-
biosis between the coral host and its algal symbiont, com-
monly referred to as coral bleaching [36]. Other extreme 
changes in environmental conditions (e.g., irradiance, 
salinity sedimentation) can also cause coral bleaching; 
however, there has been an increase in the frequency and 
severity of mass coral bleaching events that are linked to 
increases in ocean temperatures [4, 36]. Additionally, coral 
bleaching events can be episodic and can coincide with 
ocean–atmosphere phenomena, such as El Niño-Southern 
Oscillation (ENSO) events [42]. To date, there have been 
three global bleaching events from 2014 to 2017 [43]. 
The number of areas (~ 6%) that have previously escaped 
bleaching will decrease each year as the potential for 
bleaching and mortality increases with or without ENSO 
events [42]. Examining recovery and adaptation rates of 
various reef systems over time has proved that bleaching 
events are likely to become chronic stress in the coming 
decades. Consequently, many coral communities will not 
recover quickly enough to maintain stable, coral-covered 
communities [44].

Before the third global coral bleaching event 
(2014–2017), many “low risk reefs” were situated in Austral-
ian waters [12, 43]. One year following the 2016 bleaching 
event, these reefs experienced large reductions (51%) in 
live coral cover, but recovery varied by region due to func-
tional changes in the coral and fish community composi-
tions [45]. The reefs in the northern half of the GBR were 
severely impacted (40%) [12, 45]. Community-wide trophic 
restructuring, specifically fish that scrape algae from reef 
surfaces, reduces competition between stressed corals 
and algae overgrowth and is critical for reef-scale recovery 
from bleaching [45].

Ocean warming has devastating effects on reef systems 
across the globe, regardless of protection or isolation. 
No reef is safe from the unprecedented rate of warming. 
Hawaiʻi suffered in 2014 and 2015 with 90% bleaching and 
50% mortality due to elevated sea surface temperatures. 
The documented mortality from the warm water events 
was greater than documented mortality due to visitor 
trampling [46]. Even the most remote reef ecosystems, 
such as the Papahānaumokuākea Marine National Monu-
ment (PMNM), have suffered significant mortality levels 
from elevated sea surface temperatures [47]. Although the 
PMNM has a higher latitude and is far from human pol-
lution and overfishing, historical satellite data confirmed 
the 2014 bleaching event exposed corals to heat stress 
that has increased significantly since 1982, confirming the 
continued, growing threat of climate change [47]. Similar 
widespread bleaching event scenarios have occurred on 
reef systems in the Coral Sea and the Gulf of Mexico that 

were previously known to be isolated and protected [48, 
49]. A Coral Sea study showed that after the third global 
bleaching event, bleaching was less severe compared to 
other reefs across the globe, indicating that isolation can-
not provide refuge from bleaching, but low nutrient levels, 
high wave energy, and proximity to deeper cooler water 
can allow reefs to be more resistant to mortality [48].

Alongside bleaching, thermal anomalies cause shifts 
in the coral microbiome by increasing viral production, 
which in return increases the carbon and nitrogen flux 
in the water column and benthos, and enhances rates of 
coral disease and mortality [50]. This viral production trig-
gers a positive feedback loop that enhances coral decline. 
White syndrome, a common disease affecting Pacific reef-
building corals, is exacerbated by thermal anomalies on 
reefs with > 50% coral cover [51]. This same disease was 
recorded dramatically reducing the abundance of Acro-
pora palmata and Acropora cervicornis in the Caribbean. 
Moreover, data from the GBR supports the detrimental 
temperature-disease hypothesis while also implying that 
disease transmission is rapid on healthy reefs where coral 
cover is high, putting healthy reefs at high risk as warm 
temperature anomalies increase [51, 52]. Stony Coral Tis-
sue Loss Disease (SCTLD), first occurring at high levels in 
2014 along the Florida reef tract and coinciding with sum-
mer bleaching events, has since rapidly spread through 
Caribbean reefs causing unprecedented declines [53]. 
Using long-term data, there was no SCTLD prevalence in 
the Mexican Caribbean region before 2018, concluding 
that the disease was able to spread through the entire 
region within a few months, severely changing reef com-
munity structure [54]. While these diseases are decimating 
reefs at rapid rates, research has shown reefs containing 
high densities of coral feeding chaetodontid butterflyfish, 
from white band disease in the Philippines’ to SCTLD in the 
Florida Keys, has positive correlations with disease preva-
lence [55, 56]. This suggests that stable, healthy reefs with 
functionally diverse fish abundances may ameliorate the 
impact of coral disease [55, 56].

2.2  Ocean acidification

Nearly 30% of the atmospheric  CO2 emissions dissolve into 
the ocean. As  CO2 dissociates, it releases hydrogen ions 
and increases the acidity of the seawater. This increase 
in the acidity of the ocean, ocean acidification, has sev-
eral impacts on the marine environment [34, 57, 58]. Cor-
als secrete calcium carbonate skeletons to maintain the 
ecologically important three-dimensional reef matrix. 
A change in ocean chemistry affects the shallow, sunlit, 
alkaline waters corals need to build and sustain their reef 
structure that provides habitat for many organisms and 
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protects shorelines from bioerosion and storm damage 
[35, 59].

While ongoing changes in ocean chemistry directly 
influences coral physiology and accretion, it is difficult to 
quantify the rate at which ocean acidification is degrad-
ing reefs due to a lack of data at large spatial, temporal, 
and biogeochemical scales. Most acidification studies are 
conducted on single species, therefore, results are difficult 
to forecast across ecologically relevant scales [58]. Addi-
tionally, there are many assumptions and large discrep-
ancies in coral reef response to ocean acidification [58]. 
For example, biogeochemical feedback in the open ocean 
could buffer some effects of acidification; therefore, we 
must understand this potential feedback and discrepan-
cies to accurately predict the impact of acidification on 
coral reefs [60]. Also, reef-associated structure, location, 
hydrodynamics, and biogeochemical processes may vary 
across reefs and should be considered when calculating 
net community calcification rates [61].

2.3  Sea level rise

As atmospheric  CO2 concentrations increase and our 
planet continues to warm, ice sheets are melting, caus-
ing sea level fluctuations worldwide. In the twenty-first 
century alone, global sea surface levels are predicted to 
rise 2 m, creating considerable alterations in coastal shore-
line morphology with larger implications (20%) in tropical 
and subtropical habitats [62]. Low-lying coral atolls are of 
immediate concern; as the climate continues to change, 
atolls will be subject to wave-driven flooding and fluctua-
tions in freshwater availability as the reef platforms change 
[63, 64]. Since the last glacial maximum (30,000 years ago), 
geologic records from the GBR suggest that the reef has 
been more resilient to sea-level rise and warming tempera-
tures but was highly affected by increased sediment input 
[65]. While historical sea-level rise forces a landward migra-
tion of shallow-reef habitats, the GBR transitioned from 
a fringing to a barrier reef system [65]. Although there is 
evidence that coral reefs can transition as sea level rises, 
the uncertainty comes from the additive effects of a con-
tinued increase in carbon emissions and fishing pressures 
that prevent reefs from keeping up with rises in sea level 
expected by 2100 [66].

The structural complexity and integrity of coral reefs 
supports millions of people worldwide through coastal 
protection from storm damage and flooding. Coral reefs 
serve as natural barriers that protect nearly 200 million 
people worldwide from coastal flooding hazards and asso-
ciated flooding risk costs (~ $0.8 million km−1 of reef); how-
ever, it is predicted that coastal communities are at greater 
risk if reef structural complexity is not maintained than if 
sea level continues to rise [64]. The vertical accretion and 

variation in topographic complexity, along with local rates 
of sea-level rise, will determine wave height and sediment 
transport damage. Nonetheless, the wave energy dissipa-
tion is determinant on complexity rather than sea level 
[3]. Future projections indicate that coral reef erosion rates 
will exceed accretion rates due to unprecedented global 
climate change, thereby increasing the risk and associated 
costs of coastal flooding [16, 67]. Current water depths 
have increased past predicted levels for the year 2100, and 
regional-scale degradation of coral reefs due to sea-level 
rise puts many coastal communities in danger [68]. In con-
clusion, there is no singular solution to combatting global 
climate change and the negative impacts it has on coral 
reef ecosystems and the communities that rely on them. 
As humans continue to amplify greenhouse gas emissions 
and atmospheric carbon dioxide concentrations, coral 
reefs will become increasingly vulnerable [69].

3  Local impacts

While global stressors independently affect 11% of reefs 
worldwide, twice as many (22%) coral reefs are impacted 
by local impacts. Local disturbances (i.e., water quality, 
sedimentation, human use, fishing pressure) may poten-
tially influence coral reef responses to and recovery from 
climatic threats [32]. However, the potential of local action 
to offset global consequences on coral reefs is relatively 
unknown because it is difficult to assess across ecological 
scales in an experimental setting. Therefore, it becomes 
increasingly important to implement management and 
monitoring strategies that document the interaction 
of local and global drivers of environmental change to 
identify potential mitigation strategies [14]. The primary 
sources of human-induced impacts result from land-use 
change and terrestrial runoff, which have increased sedi-
mentation and eutrophication on nearshore coral reefs 
[70]. Documentation dating back to the 1970s shows many 
areas are impacted by multiple local impacts and expe-
riencing extensive coral mortality [70, 71]. The reduction 
of resilience in each area is highly location specific and 
depends on the type, duration, and magnitude of that 
impact, local environmental conditions, and overall eco-
system resiliency [72–74].

3.1  Human use: tourism and coastal development

Local anthropogenic stressors increase in number, sever-
ity, and frequency simultaneously with increasing human 
population densities [21]. Excess tourism and urban 
development such as land-use change, sedimentation, 
untreated sewage discharge, physical damage, and pol-
lution are significant environmental stress sources for 
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corals and coral reefs. Although physical space for devel-
opment in coastal areas is limited, state governments and 
commercial companies continue to support urban devel-
opment, increasing environmental stress on corals [75]. 
Although coral reef-based tourism is crucial for economic 
benefits, if degradation continues, socioeconomic services 
will decline and threaten many reef-dependent sectors of 
that society [76].

Coral reef-related tourism generates revenues in over 
100 countries across the globe [77]. In the United States, 
the National Ocean and Atmospheric Administration 
(NOAA) estimated the total economic value of coral reef 
services to be over USD 3.4 billion [78]. In the Coral Trian-
gle, marine tourism contributes to 36% of the overall tour-
ism market; however, 85% of reefs in the region are threat-
ened by local human activity [79]. Coral reef ecosystems in 
Hawaiʻi are estimated at USD 360 million a year, acting as 
an asset that supports many goods and services [80]. Many 
people rely on coral reefs for food, identity, and wealth 
in the Dominican Republic [81]. However, alongside the 
benefits of coral reef-related tourism comes significant 
impacts on the adjacent coral reefs. A health assessment of 
local reefs in the Dominican Republic has revealed signifi-
cant nutrient-based pollution, human-related structural 
damage, and overfishing that increases coral bleaching, 
mortality, and disease abundance. Therefore, the Domini-
can Republic has implemented sustainable, land-based, 
and marine management practices through ecotourism 
to sustain economic growth [81]. Likewise, urgent action 
is necessary to maintain coral reefs on the GBR. Tourism 
operators have begun acting as stewards to engage their 
guests on climate change threats and how they can take 
action to protect the GBR [82]. While Australia and other 
countries attempt to educate their tourists on environ-
mentally conscious actions, the stress from increasing 
human impact has decoupled biophysical relationships 
in coral reefs, causing dominant species to shift due to 
human-induced selective pressure [83, 84].

Land alteration and coastal development influence 
several cascading effects that cause perturbations and 
environmental change within the nearshore coral reef 
environment. Land-based sediment smothers corals, 
inhibiting them from receiving adequate light for photo-
synthesis, and triggers physiological stress that hinders 
coral recruitment, growth, and other ecosystem services 
[85–87]. Severe sedimentation due to harbor construc-
tion caused dramatic ecological declines in Pelekane Bay, 
Hawaiʻi [87]. Nonetheless, recovery and stabilization of 
coral cover was attributed to reduced sedimentation from 
watershed restoration [87]. While recovery is possible, cer-
tain taxonomic groups of corals have different thresholds 
of sediment exposure, including concentration, duration, 
and frequency; therefore, coral community composition 

may be determined by species-specific sediment toler-
ance thresholds [88]. Alongside coastal development, 
sediment exposure is amplified from dredging activity and 
has both synergistic and antagonistic effects with ther-
mal stress from global climate change [89]. For example, a 
long-term coral health monitoring survey was conducted 
before, during, and after a 530-day dredging project in 
Barrow Island in Western Australia. This dredging project 
coincided with a warm water coral bleaching event. The 
data revealed that suspended sediment had both positive 
and negative effects on corals during the period of warm 
water. Under low sediment loads, the cumulative impact 
of sediment load and thermal stress was antagonistic, but 
the combined stressors were synergistic [89, 90]. As uncon-
trolled human pressure continues to have a detrimental 
effect on coral cover, land to sea management is essen-
tial to enhance reef protection and resiliency [89, 91]. The 
interplay between multiple local and global stressors is not 
well understood, thereby creating management responses 
to individual stressors at the community level challeng-
ing [73]. In many regions, the cumulative stressors from 
increased human populations do not receive the attention 
they require [73]. It is suggested that cumulative impact 
assessments are the best way to plan conservation strate-
gies to mitigate the effects of coastal development and 
global climate change [31, 73].

Since early settlement, human use and disturbance 
have disrupted the unique physical, chemical, and bio-
logical features  of coral reef ecosystems. In Kāneʻohe 
Bay, Hawaiʻi, a well-documented coral reef ecosystem, 
anthropogenic disturbance began with the first Euro-
pean settlers in 1778. By the 1960s, the coastal reefs were 
devastated by extensive dredging, increased sewage 
discharge, and excess sedimentation, leading to a loss in 
coral cover [26]. A reconstruction of the social–ecologi-
cal relationships in Hawaiian coral reef systems over the 
past 700 years showed that reefs were able to recover 
from human impacts when the stressors were reduced 
over long periods (decades+) and over large spatial scales 
(> entire island systems or regions) [92]. To this day, across 
the Hawaiian Archipelago, there is a strong gradient of 
human impact on fish assemblages and hard coral cover 
with a few remote areas with small human populations 
acting as a refuge for fisheries production and biodiversity 
functioning [93]. A land to sea management technique in 
West Maui improved coastal water quality through reduc-
ing sediment runoff and cesspool effluent, overall enhanc-
ing snorkeling experience [94, 95]. Similarly, in Brazil, stra-
tegic management actions helped protect refugee areas 
from stressors (i.e., fishing intensity, land-based activities, 
coastal development) [73]. These joint integrated land 
to sea management efforts are the interplay of multiple 
stressors.
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3.2  Pollution

Nearly 25% of coral reefs around the world are threatened 
by agricultural pollutants [96]. Agriculture is a highly ero-
sive process that passes sediment, inorganic and organic 
nutrients, and other human contaminants to waterways 
leading to the ocean and ultimately vulnerable reefs 
[96–98]. Poor watershed management and land-based 
runoff have been found to cause eutrophication, defined 
as the excessive richness of nutrients, which creates a 
dense growth of plant life and an overall decline of oxygen 
[96, 99]. On coral reefs, eutrophication can cause excessive 
growth of algae and the suffocation of coral reefs due to 
a lack of oxygen and being outcompeted for resources by 
the macroalgae whose growth is being supported by the 
excessive rich nutrient source [75, 96].

Along with agricultural pollution, sewage effluent is 
another major source of human pollution, posing sig-
nificant risks to coral reefs [96]. Sewage pollution sources 
include domestic and industrial wastewater and urban 
development from tourism and residential activities. 
Many coastal communities with fringing coral reef eco-
systems, such as Puakō in the Hawaiʻi, rely on cesspools, 
septic tanks, or aerobic/anaerobic sewage treatments that 
contribute significantly to the decline in coral reefs [100]. 
Septic tank location and corresponding sewage pollution 
aggregates along the coastline, through the surface and 
benthic waters, increasing fecal indicator bacteria (FIB) 
and nutrient concentrations that contribute to harm-
ful levels of eutrophication [100, 101]. A study on the 
effects of increased, wastewater-derived nutrients found 
that increases in sewage nutrient enrichment from hotel 
seepage pits could be responsible for lowering coral reef 
resilience leading to higher degradation rates at heavily 
affected sites [75]. Human derived sewage, primarily from 
increased tourism, creates inshore water enrichment from 
urban wastewater nutrient sources and has led to a reduc-
tion in benthic coral reef health and rugosity [59, 75]. It 
is believed that nutrient-enriched waters from sewage-
derived sources are a major local stressor responsible for 
threatening coral reef ecosystems by reducing their resil-
ience and stability [75].

With the global decline of coral reef ecosystems and a 
global increase in human populations along coastal areas, 
there have been management pushes to support waste-
water treatment that will protect coral reefs in high-risk 
areas. Sewage and nitrogen pollution in Hawaiʻi not only 
led to decreased coral calcification and reproduction but 
was also a dominant driver in reef fish biomass changes, 
altering ecosystem function [102]. In the Florida Keys, 
the local and regional variability of nitrogen enrichment 
increased the risk of coral bleaching, mortality, and disease 
under temperature stress [32]. Numerous studies confirm 

that appropriate wastewater treatment would mitigate 
local eutrophication and, in response, increase reef refu-
gia areas by 28% across the globe, giving reefs time while 
climate change is addressed at a global scale [14, 25].

3.3  Fishing pressure

Fishing, combined with other localized human drivers, 
leads to changes in fish biomass and is used as a direct 
indicator of reef health status and human disturbance 
level [103]. Pollution, fishing, and habitat drivers led to an 
overall decrease in 45% of total fish biomass over 10 years 
(2008–2018) on the west coast of Hawaiʻi [28]; however, 
regional management of these multiple factors could ben-
efit fish functional groups. For example, a ban on scuba 
spearfishing and fishing nets increased grazer populations 
after a year of management. This confirmed that both rec-
reational and commercial fishing are negatively affecting 
fish populations, but consistent management will aid in 
recovery [28, 66, 104]. Additionally, several areas across 
the Main Hawaiian Islands still support high standing 
fish stocks, which can be refugia for maintaining fisheries 
resources [93]. A decline in fish stocks can be attributed to 
numerous interactive factors, such as nutrient pollution 
and overfishing [104]. Therefore, management strategies 
should be implemented (e.g., quantifying fish biomass) to 
sustain the reefs and the livelihoods of the communities 
that rely on them [105]. In conclusion, the global decline 
of reefs is caused by two categories of localized human 
threats: overfishing and coastal development [106]. 
Managers must re-examine these threats and create risk 
assessments to effectively allocate resources and protect 
coral reefs for generations to come.

4  Actionable science advancements

There is a critical knowledge gap regarding how to deal 
with these multiple stressors that are causing various 
environmental changes and a growing need for them to 
be managed at multiple scales across different regulatory 
agencies. The increase in the severity and frequency of 
marine heatwaves challenges conventional management 
strategies [59, 107]. Therefore, there is a critical need to re-
assess restoration and management strategies to sustain 
coral reef ecosystems under these continuing challenging 
conditions [108]. The global coral reef degradation that 
has occurred over the last 30–40 years has shifted coral 
reef resilience and therefore requires focused science and 
management efforts to prevent the loss of valuable social, 
ecological, and cultural resources [109].

This section discusses (1) advances in science through 
assisted evolution, (2) creating risk assessments through 
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collaboration with local communities, scientists, manag-
ers, and policymakers, and (3) focused management strat-
egies that can be technically and economically achieved 
(Fig. 1). We aim to synthesize actionable, science-based 
solutions and collaborations that could benefit the future 
of coral reefs and the communities that rely on them.

4.1  Advances in science

Science advancements have shifted to promote coral reef 
resilience through an adaptation-focused intervention 
that will account for a suite of multiple stressors [57, 108]. 
Assisted evolution, the acceleration of evolutionary pro-
cesses through the enhancement of specific traits, includes 
four mechanisms to increase environmental stress toler-
ance: (1) epigenetic programming and exposing adult 

colonies to high levels of environmental stress, (2) manipu-
lation of the microbes associated with the coral holobiont, 
(3) culturing coral-associated endosymbiotic algae (Sym-
biodinium spp.) under future environmental conditions to 
increase bleaching resistance, or (4) selective breeding of 
the coral host itself (Fig. 1) [38, 110].

Adaptive actions and restoration techniques could 
address various environmental change drivers, but all 
stressor interactions and environmental alterations must 
be considered when analyzing the emergent ecological 
effects [57]. New interventions, such as genetic engineer-
ing, could be added to the coral reef restoration toolbox, 
but there are challenges in managing risks and uncertain-
ties (Fig. 1) [108]. Therefore, while advances in science are 
important to consider when making a restoration plan, 
it is imperative to create a risk assessment outlining all 

Fig. 1  A synthesis of actionable, science-based solutions (assisted evolution, risk assessments, and focused management strategies) that 
regulatory agencies can utilize when addressing the multiple, interacting stressors driving coral reef decline
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possible options, consequences, uncertainties, and trade-
offs to fully understand the goals and objectives in the 
short and long-term [111].

4.2  Creating risk assessments

The structured decision-making framework, created by 
Anthony et al., 2020, can help develop a management 
plan for high-risk ecosystems or watersheds [108]. This 
framework allows for the creation of a risk-assessment 
that integrates both local and global management efforts 
(Fig. 1). For example, the GBR has had approximately 40% 
coral cover decline on inshore reefs adjacent to human 
influence and requires a management plan that addresses 
local and global anthropogenic impacts [21]. Of the fund-
ing allocated to threats harming the reefs, some are used 
inadequately and can be why change or mitigation is not 
happening quickly (Fig. 1) [106]. It is essential to continue 
to work towards mitigating local factors because local 
threats to corals add to the effects seen by global threats 
and may inhibit recovery [32]. Creating a strategic plan 
for long-term conservation allows for clear guidelines and 
strategic investing (Fig. 1) [39]. A risk assessment can also 
be useful in less vulnerable, more protected reefs, which 
can be a conservation investment and help to repopulate 
degraded reefs in the climate becomes stabilized [39, 112].

The carbon emissions crisis has been globally rec-
ognized in the Paris Climate agreement; however, the 
goals are ambitious, and if achieved, coral reefs are 
still predicted to decline by 70–90% across the globe 
[112]. However, not all reefs, or species of coral, are at 
equal risk of global climate change. Coral reefs vary in 
resilience, defined as the net effect of resistance and 
recovery following a disturbance [113]. Predicting tip-
ping points to environmental change is common in 
complex environmental systems, like coral reefs, when 
there are changes in climate, land-use, biodiversity, and 
biogeochemical cycles (Fig. 1) [114]. Therefore, strate-
gic management of local factors through risk-sensitivity 
planning can improve the long-term conservation and 
persistence of coral reefs under climate pressure [39]. 
Studies from Kāneʻohe Bay, Hawaiʻi, previously under 
immense anthropogenic pressure from the 1930s to the 
1970s, showed that different species have different pH, 
temperature, and sediment tolerances [115–117]. On the 
GBR, spatial resilience was determined by water qual-
ity levels and could inform strategic planning for future 
conservation goals [113]. A similar risk assessment was 
conducted in the Maldives to assess resilience by depth 
and confirmed bleaching events were too frequent and 
delayed reef recovery. Therefore, reducing local pressure 
was suggested to be the only effective way to improve 
resilience to thermal stress [118]. Resilience can vary 

region–region [19], reef–reef [113], and species–species 
[1]. It is imperative to understand multiple responses to 
both natural and anthropogenic change when conduct-
ing assessing management responses (Fig. 1) [119].

Modeling thermal thresholds and environmental 
influence is an effective way to understand past and 
future responses to human impact across larger spa-
tial gradients (Fig. 1). In Japan, coral bleaching events 
were recorded from 2004 to 2016 and revealed multiple 
factors contributing to bleaching, including a selection 
of thermal indices and multiple environmental influ-
ences [120]. The coral mortality and bleaching output 
(COMBO) model was created as a tool to calculate the 
impact of increased greenhouse gas emissions and sea 
surface temperature on local and regional scales [121]. 
In the past decade, advancements are now developing 
more complex ways in which human impacts disrupt and 
degrade coral reef ecosystem function [83]. Quantifying 
the types of human impacts and their severity across our 
gradient would likely improve future interpretation of 
the spatial patterns on the benthic cover [83]. However, 
more information about the types of human impacts 
occurring across our large spatial gradient is required 
to predict “social–ecological macroecology” accurately 
[122]. Simulation modeling in the Philippines concluded 
that increased local water quality management and 
less management designated to fishing would signifi-
cantly impact future reef state. The stressors examined 
interacted antagonistically; therefore, highlighting the 
importance of combining multiple stressors in a simula-
tion model for supporting management (Fig. 1) [119]. 
In Karimunjawa National Park, Indonesia, a multivariate 
statistical model was applied to examine community 
composition changes and concluded that water qual-
ity management across the park is critical to improving 
resiliency [123]. Lastly, statistical models were used to 
investigate various coral taxa’s responses to local stress-
ors and climate variability in the Red Sea. This model 
concluded that fishing pressure and eutrophication’s 
synergistic interactions exacerbated the impact of cli-
mate change [22]. While policymakers rely on models 
to predict regional climatic changes, they are non-linear 
in nature and often contain a high level of uncertainty 
[124]. Therefore, reliable multivariate models must 
have a well-monitored design and detailed calibration 
method [124, 125]. Modeling and incorporating multi-
ple environmental variables that are both natural and 
human-induced environmental change allows for man-
agement and policy to be focused and science-based, 
improving resiliency of reef communities to future cli-
matic events (Fig. 1).
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4.3  Focused management strategies

There are several benefits to implementing focused man-
agement strategies that can assess benthic composition 
status and trends to mitigate local factors [126]. It is essen-
tial to consider local factors in management strategies 
because they play a role in resiliency to global climate 
change (Fig. 1) [21]. For example, when synthesizing mul-
tiple stressor interactions, it was concluded that manag-
ing sedimentation and nutrient loading could reduce coral 
bleaching [8]. To reduce regional threats, managers and 
other governance authorities should consider a holistic 
approach [119]. Management efforts should not focus 
on restoring historical baseline assemblages but should 
instead adapt to support natural recovery processes and 
embrace new and evolving conditions on a reef (Fig. 1) 
[127]. Ecosystem governance needs to shift to a new 
paradigm that embraces rapid change due to the unprec-
edented global heatwaves from 2014 to 2017 and contin-
ued anthropogenic pressures [128].

The suggested themes to improve governance in com-
plex ecosystems are to address proximal and distal drivers, 
reduce those drivers’ levels, and weaken positive feedback 
responses contributing to degradation [128]. It is also sug-
gested for coral reefs to prioritize areas that demonstrate 
fewer bleaching signs than predicted by degree heating 
weeks recorded in that area [129]. Over the long term, 
those are the reefs that may be more resilient to thermal 
stress [129]. Spatial prioritization is also important when 
implementing marine protected areas (MPAs) (Fig.  1) 
[130]. Along with providing refuge to corals from human 
impact (i.e., tourism, fishing, etc.), the systematic conser-
vation planning of an MPA allows for larval connectivity 
that self-sustains coral and reef fish recruitment (Fig. 1) [71, 
131]. For example, zoning was implemented in the GBR 
protected areas to regulate the overexploitation of valu-
able resources [130, 132]. There needs to be a fundamental 
restructuring of institutional governance towards plane-
tary stewardship to navigate the Anthropocene and capi-
talize on sustainable ecosystem management across the 
globe. Sustainable development and collaboration needs 
to be accelerated to mitigate and adapt to the planet’s 
current and future transformations [133].

Recent developments of resilience-based management 
(RBM) plans aim to sustain the natural reef processes that 
support valuable ecological and social systems in a localized 
area, rather than focusing on global climate disturbances 
such as bleaching events (Fig. 1). RBM highlights reducing 
local pollution sources, protecting diversity, and maintaining 
connectivity pathways on reefs to adapt to change while 
simultaneously supporting resilience [127]. Apart from 
ecological disturbances, various socioeconomic factors 
can transform coral reef communities [134]. Participatory 

planning should be promoted to increase social acceptance 
and strengthen conservation strategies by considering the 
community’s social and cultural characteristics [134, 135]. 
Management strategies that foster social adaptive capac-
ity are better fit to address the complex changes in coastal 
marine socio-ecological systems, such as coral reefs, and 
should be accompanied by cost–benefit analysis to secure 
incomes, livelihoods and food security benefits for coastal 
communities (Fig. 1) [136, 137].

These collaborative, proactive management strategies 
are crucial for coral reef persistence because prevention is 
more effective and efficient than repair after the damage 
is done [138]. Even the GBR, one of the most well-managed 
systems, has lost a significant percentage of live coral color 
[9]. Therefore, it is crucial to pursue ecosystem-based man-
agement that is adaptive to fully understand the ecological 
processes that maintain coral reefs at large scales (Fig. 1) [12]. 
Ecosystem-based management can combat climate change 
by reducing local anthropogenic stressors and highlighting 
human-assisted evolution for change-ready MPAs [139]. 
With climate-induced coral bleaching being the main threat 
to coral reefs, it is important that management focus on how 
reefs respond to and recover from these devastating events. 
Predicting these regime shifts and identifying critical thresh-
olds will guide managers through reef-specific management 
and adaptation tools (Fig. 1) [140]. Alongside predicting 
stress tolerances and thresholds, management of coral reef 
ecosystems will benefit from integrated land to sea models 
and scenario planning that includes human-induced change 
(Fig. 1). Planning strategies need to ensure the local human 
impacts will be minimized to assist in coral reef recovery 
under the future projected climate change impacts. Aware-
ness of natural resources has led many local communities 
to implement place-based management enclosures and 
sustainable practices [141]. This place-based management 
strategy aims to reduce human impacts on coral reefs in a 
changing climate (Fig. 1) [141]. Overall, while managers and 
decision-makers attempt to create management strategies 
to mitigate global environmental change and its impact on 
reefs, there is still a research gap surrounding the assessment 
of the different strategies being utilized to understand the 
trade-offs and synergies [69]. Collaboration and coopera-
tion across countries to re-organize the scientific research 
surrounding coral reef management is crucial to ensure 
science-based solutions lead to coral reef protection mov-
ing forward through the Anthropocene.

5  The path forward

Multiple environmental stressors significantly impact 
coral reefs. There is a global disparity in reef resilience 
across the globe; therefore, their persistence depends 
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on conservation and management strategies specific 
to impacts experienced within that ecosystem [8, 19]. 
Therefore, local and regional managers should work 
together to mitigate the effects of climate change based 
on local conditions and responses [22, 121]. For exam-
ple, large declines in reef populations across the Hawai-
ian Archipelago raised concerns of dangerous levels of 
overfishing and led to a local, watershed-based frame-
work for resource management to protect key species 
[93]. Since global factors require numerous countries’ 
assistance, it will be difficult and timely to get a proper 
collaboration or agreement that is agreed upon by all 
parties. In contrast, local factors can be dealt with imme-
diately and directly. For example, appropriate wastewa-
ter treatments can mitigate local eutrophication and 
increase temporary refugia areas to 28%, allowing coral 
reefs to be relieved of the local stressor while interna-
tional agreements are found to abate global stressors 
[14]. It is suggested that managers spend time identi-
fying coral reef locations that, in the absence of other 
impacts, are most likely to have a heightened chance 
of surviving projected climate changes relative to other 
reefs and protect those reefs (Fig. 1) [39]. Multiple envi-
ronmental variables are simultaneously interacting on 
coral reefs causing widespread degradation and under-
standing climate change impacts on reefs starts with 
managing local stressors that will, in return, help miti-
gate the global drivers of change.

The advancements outlined in this review have cre-
ated a debate between scientists and resource man-
agers about whether focusing efforts on mitigating 
local impacts will increase the resiliency of coral reef 
ecosystems to global climate change. This lack of clar-
ity surrounding the recent disagreements on coral reef 
conservation practices has created many challenges in 
implementing actionable, science-based solutions that 
will benefit the communities that rely on them (Fig. 1). 
For example, some researchers argue that global warm-
ing is the universal threat to coral reef integrity and func-
tion [12, 37, 142]. In contrast, others believe local activi-
ties and land-based sources of pollution are the most 
critical threats [83, 96, 109]. Lastly, some believe local 
and global threats act in combination [66, 104]. To plan, 
mitigate, and restore the future of coral reefs, it is essen-
tial to acknowledge that 61% of reefs are simultaneously 
affected by local and global stressors. It cannot be a ‘one 
size fits all’ solution for reef protection [14]. Our review 
recommends actionable science-based advancements 
based on a local risk assessment that are unique to each 
region or reef system.
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