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The occurrence of coral reef communities under extreme and different-from-optimum conditions makes it
possible to test hypotheses about resilience in the face of increasing local and global impacts. Recently, coastal
marginal reefs have been hypothesized to provide refugia from natural and anthropogenic impacts. Herein, I
present empirical evidence contradicting this assumption and explain a new idea, called the “marginal reef
paradox”. The marginal reef paradox has two main contradictory concepts. First, the hypothesis that marginal
reefs may be more resilient to global changes (such as global warming and heat waves) but less resilient to local
ones (such as overfishing, runoff, local pollution, dredging, river discharge, and habitat destruction). Second,
that despite the resilience to thermal stress, the marginal reefs are not refugia to other reef ecosystems owing to
their vulnerability and because these reefs significantly differ from their tropical counterparts. Thus, marginal
reefs such as turbid-zone and high-latitude reefs are ecologically distinct ecosystems and represent limited po-
tential as refugia for other reef ecosystems. I also argue that marginal reefs are under severe anthropogenic
pressure and in as much need of conservation actions as “classical” coral reefs. Moreover, their resilience will be

lost within the next few decades if proper and urgent conservation actions are not taken.

1. Introduction

The idea that shallow-water coral reefs occur and thrive only in clear
and oligotrophic tropical waters with a characteristic temperature range
(ca. 20-30 °C) has long been an established paradigm in scientific
literature (Hughes et al., 2017). This paradigm arose because most of our
knowledge base on the structure and dynamics of reefs was developed
from research conducted primarily in the Caribbean Sea and Australia
(Mumby, 2009; Hughes et al., 2018). In these regions, “classical” reefs
occur like those described in scientific books and outreach materials:
ecosystems with a high degree of coral coverage and a significantly high
diversity of scleractinian corals. The low nutrient levels, water trans-
parency, and narrow temperature variability in such coastal systems
should be optimal for carbonate bioconstruction, as well as for the
maintenance of reefs with high productivity, biodiversity (Hughes et al.,
2018), and associated ecosystem services (Costanza et al., 2014).
However, in the last few decades, increasing information has accumu-
lated in these same regions (Smithers and Larcombe, 2003; Lybolt et al.,
2010; Guest et al., 2016; Pizarro et al., 2017) and in other seas (e.g., in
the South Atlantic Ocean, Red Sea, NW Pacific, Kuroshio region,
Mozambique, and Persian/Arabian Gulf) (Perry, 2003; Nakajima et al.,

2012; Hume et al., 2015; Suzuki et al., 2016; Porter and Schleyer, 2017;
Cruzetal., 2018; Kurihara et al., 2019) showing that shallow-water reefs
also occur in marginal or sub-optimal conditions (Perry and Larcombe,
2003). These sub-optimal conditions include significant sedimentation
rates, turbid waters, high nutrient content (such as phosphorus and ni-
trogen), high productivity (mesotrophic or eutrophic waters), and/or
highly variable temperatures (Kleypas et al., 1999; Perry and Larcombe,
2003; Halfar et al., 2005; Schoepf et al., 2015; Chow et al., 2019).

These coastal marginal reefs have broadened our knowledge of the
ecology, distribution, and social and ecological importance of these
marine animal forests (sensu Rossi et al., 2017). Studying present-day
marginal reefs is crucial to further the understanding of marine biodi-
versity, ecosystem functioning, and carbonate accretion (Hennige et al.,
2010). As global environmental change alters seascapes and energy
fluxes over seas (Rossi et al., 2019), research into populations surviving
within marginal reefs becomes extremely important, as it can provide
novel and useful insights into the future scenarios of tropical “classical”
coral reefs (Camp et al., 2018).

In addition, the occurrence of reefs under extreme and different-
from-optimum conditions makes it possible to test hypotheses about
species resilience in the face of increasing local and global
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environmental changes (Woesik et al., 2011; Morgan et al., 2016).
Recently, coastal marginal reefs have been hypothesized to provide
refugia from natural and anthropogenic impacts (Glynn, 1996; Riegl and
Piller, 2003; Cacciapaglia and Woesik, 2015; Guest et al., 2016). Mar-
ginal coral communities predisposed to high environmental plasticity
have been suggested as potential refuges for their resident populations
or immigrant species in a future of warming seas, frequent heatwaves,
and ocean acidification (Glynn, 1996; Riegl and Piller, 2003). However,
current information on coral refuge environments in marginal envi-
ronments remains highly debated (Camp et al., 2018).

Herein, I discuss this assumption and explain a new idea, called the
“marginal reef paradox.” The marginal reef paradox has two main
contradictory concepts. First, the hypothesis that marginal reefs may be
more resilient to global changes (such as global warming and heat
waves) but less resilient to local ones (such as overfishing, runoff, local
pollution, dredging, river discharge, and habitat destruction). Second,
that despite the resilience to thermal stress, the marginal reefs are
limited refugia to other reef ecosystems owing to their vulnerability and
because these reefs significantly differ from their tropical counterparts.

Thus, nearshore marginal reefs (e.g., turbid-zone reefs, high-
temperature reefs, and high-latitude reefs) are ecologically distinct
ecosystems and represent limited refugia for other reef ecosystems. I
argue that marginal reefs are under severe anthropogenic pressure and
in as much need of conservation actions as “classical” coral reefs.
Moreover, their resilience will be lost within the next few decades if
proper and urgent conservation actions are not taken at local and global
scales.

2. Summary and evidence as to why marginal reefs were
suggested as refuges from ocean warming and heatwaves

Coral reef resilience (or stability) is generally defined as the capacity
of a reef to absorb disturbance (i.e., local and/or global impacts such as
nutrient pollution or thermal stress) without shifting to an alternative
state (phase shift from scleractinian coral to algae, zoanthids, sponges,
or octocorals) and losing their high-value goods and services (Costanza
et al., 2014). This important concept in ecology therefore encompasses
two independent processes: resistance—the magnitude of disturbance
that causes a change in structure—and recovery—the speed of return to
the original structure (Holling, 1996; and reviewed in Cote and Darling,
2010). Thus, resilience has become a core concept in the management of
coral reefs worldwide, especially in the face of climate change.

The degradation of “classical” coral reefs overseas (Mumby, 2009;
Hughes et al., 2017, 2018) has led to a growing interest in identifying
areas that can offer climate-change refugia. Research analyzing resilient
or more stable reef populations that already thrive under
naturally-occurring marginal physicochemical conditions have there-
fore become increasingly popular to advance ecosystem scale pre-
dictions; however, no single site provides a perfect analog to future coral
reefs (Camp et al., 2018).

Coastal marginal reefs have been shown to be more resilient (or more
stable) to heat waves and increasing temperatures than reefs that occur
under optimum conditions (Leao et al., 2016; Guest et al., 2016; Porter
and Schleyer, 2017; Teixeira et al., 2019). Recent evidence suggests that
these turbid-zone reefs and the ones at high-latitude have undergone
lower rates of bleaching and/or had a higher recovery capacity with
lower coral mortality rates after severe thermal stress events (Schleyer
et al., 2018; Banha et al., 2019; Teixeira et al., 2019). This resilience
based on environmental monitoring or geological studies provides
empirical evidence to suggest that marginal reefs could be refuges to
warming and heatwaves. For example, Morgan et al. (2017) described
higher bleaching tolerance in nearshore turbid-zone corals in Australia
following the 2015-2016 warming event, which reinforces their po-
tential to act as a refuge during a prolonged heatwave. Only 1.5% of the
studied coral colonies demonstrated partial bleaching, and coral cover
after the thermal stress remained unchanged from pre-event measures.
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Highlighting this viewpoint, turbidity is one of the factors that can
protect corals in turbid-zone reefs (Cacciapaglia and Woesik, 2015)
against thermal stress and solar irradiation, and is thus, one of the fac-
tors that led to the hypothesis that these marginal reefs represent
climate-change refugia. For example, despite the turbid waters they
inhabit, some inshore reefs were shown to have higher coral coverage
and abundance, larger colonies, and more recruits than those found in
more offshore and clearer waters, which was explained by the pre-
dominance of sediment-tolerant species in reefs located off the
South-western Atlantic coast (Loiola et al., 2019) and Australia (Morgan
et al., 2016).

These observations of the greater resilience of nearshore marginal
reefs against climate change-related stressors can be explained by a
number of adaptations, such as significant heterotrophic rates that
compensate for the trophic loss of the coral’s symbionts during
bleaching (Mies et al., 2018), protection against light/heat stress by
turbidity (Cacciapaglia and Woesik, 2015), and host-symbiont adapta-
tions to variable temperatures (Lien et al., 2007; Hume et al., 2015; Ng
and Ang Jr. 2016) (Fig. 1). Common survivorship traits expressed by
scleractinian corals within such marginal reefs include phenotypic
plasticity, maintenance of energy reserves (e.g., enhanced heterotro-
phy), and genetic diversity (Camp et al., 2018). The marginal reefs
generally comprise and are dominated by disturbance-tolerant massive
coral species, algae, and other stress-tolerant benthic suspension feeders
(e.g., sponges, octocorals, ascidians, and bryozoans), which increase the
ability of an ecosystem to resist the impacts of climate disturbance (Cote
and Darling, 2010). Moreover, it is well-known that massive coral spe-
cies are typically more tolerant to light and heat stress (Camp et al.,
2018).

All these ecophysiological characteristics shaped by the host-
symbiont association and functional coral traits provide empirical evi-
dence to the hypothesis that marginal coral communities are refuges to
thermal stress (Fig. 1). For example, analyzed the response of the coral
holobiont to thermal stress in stress-tolerant corals from the northern
Red Sea. Their results demonstrated species-specific responses, howev-
er, maintenance of energy reserves and heterotrophic feeding appear to
be important functional traits to explain thermal tolerance in nearshore
marginal reefs. Other evidence was provided from the world’s hottest
coral reef (Bento et al., 2016). The Persian Gulf has marginal reefs
dominated by massive stress-tolerant corals such as Poritidae and
Faviidae. Despite being less diverse and spatially complex, these com-
munities in marginal reefs appear to be resilient to ongoing human
impacts (Bento et al., 2016).

3. Evidence and examples where marginal reefs are shown to be
vulnerable to anthropogenic impacts

Despite the recognized resistance of marginal reefs to thermal stress
which partly supports the “marginal reef paradox,” recent empirical
evidence also indicates that the coastal marginal reefs will lose their
resistance to light-heat stress owing to the local impacts, increasing
warming and more frequent heatwaves predicted in the next years
(Fig. 2). For example, bleaching events affected 20 species of scler-
actinians, hydrocorals, octocorals, and zoanthids in SW Atlantic turbid-
zone reefs over the last 25 years since 1994 to 2019 (Soares et al., n.d.).
Despite the anomalies in sea surface temperatures, higher degree heat-
ing weeks, and high rates of coral bleaching (e.g., up to > 60%), these
reefs have not exhibited mass mortalities after these events (Leao et al.,
2016; Banha et al., 2019; Teixeira et al., 2019). However, in 2019, some
reefs in the SW Atlantic (e.g., the Abrolhos bank, Brazil) suffered a se-
vere bleaching event due to an El Nino event with the record of
post-bleaching mass mortality in some species (e.g., Millepora alcicornis).

Furthermore, considering the projected ocean-climate change in
IPCC (Intergovernmental Panel on Climate Change) scenarios, Mazzuco
et al. (2019) suggest that recruitment of marine populations in marginal
turbid-zone reefs could be highly sensitive to climate change in the
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Marginal Reef Paradox
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Fig. 1. Resilience of nearshore marginal reefs against climate change-related stressors (e.g., heatwaves and warming).
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Fig. 2. Marginal reefs: vulnerability to human impacts.

tropical SW Atlantic. In addition, Fine et al. (2019) argued that despite
the past bleaching events and higher temperatures, marginal coral reefs
in northern sections of the Red Sea are considered reef refugia from
global warming and acidification, at least for the coming decades. Burt
et al. (2019) also recently found, in the Persian Gulf region, impacts on
coral communities (the already rare Acropora which were locally extir-
pated in summer) due to the longest and most severe thermal stress
recorded in 2017.

Turbidity is one of the factors that can protect corals by shading
against light-heat stress and is thus, one of the factors that led to the
hypothesis that these marginal reefs represent climate-change refugia.
However, the limit of this resilience against thermal stress is variable but
is probably related to the composition of stress-tolerant corals and their
functional traits (Cruz et al., 2018), geographic region (Burt et al., 2011;
Guest et al., 2016; Fine et al., 2019), the magnitude of local anthropo-
genic impacts (Cruz et al., 2018; Fisher et al., 2019), and the oceano-
graphic and atmospheric conditions during thermal stress events
(Celliers and Schleyer, 2002; Leao et al., 2016).

Seasonal oceanographic and atmospheric conditions that combine
high temperatures during extended periods, low wind speeds, reduced
sediment supply to the coast (e.g., during severe droughts or multiple
dams on tropical rivers), and reduced water turbulence may decrease
the water turbidity during thermal stress events (Soares et al., 2019a).
Although occurring in turbid waters, the occurrence of this combination
of conditions over the course of a few months coincident with the

thermal stress may expose corals in marginal reefs to intense mass
bleaching events (Celliers and Schleyer, 2002; Teixeira et al., 2019). For
example, Bahr et al. (2017) found that differing local irradiance, pre-
cipitation, and turbidity within a bay in a subtropical reef in Hawaii
created spatial and temporal variation in bleaching prevalence. More-
over, Burt et al. (2019) showed that 2017 in the Persian/Arabian Gulf
reefs was characterized by an extended period of mid-summer calm
when winds rarely exceeded breeze conditions, reducing evaporative
heat loss, and inducing dramatic warming and mass mortality compared
with non-bleaching years (2013-2016). Consequently, these seasonal
and spatial variations in oceanographic and atmospheric conditions
(combined with heatwaves and warming) indicate that even the refugia
against thermal stress provided by turbid-zone or high-temperature
marginal reefs are not universal and impervious to impacts, and this
can have long-term impacts on the stress-tolerant corals inhabiting them
(Burt et al., 2011; Leao et al., 2016).

Other recent evidence regarding the vulnerability of marginal reefs
to anthropogenic impacts is the assumption that there is a limit to the
protective function of turbidity against high light (Fisher et al., 2019)
and consequently, to the capacity of turbid-zone marginal reefs to act as
refugia. Low-to-moderate decreases in light from suspended sediments
can reduce the frequency of coral bleaching, and may reduce mortality,
especially for branching corals (Fisher et al., 2019). However, these
authors found that when sediment loads are high, any reductions in
bleaching frequency are overwhelmed by increased mortality associated
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with severe low light periods and high levels of sediment deposition. The
result is that under low sediment inputs the cumulative impact of sus-
pended sediments and thermal stress may be less than expected
(antagonistic), whereas at high sediment inputs the aggregate impact is
greater than when these stressors occur in isolation (synergistic).
Recently, Freitas et al. (2019) also highlighted the deleterious effect of
increased turbidity in bioconstruction on marginal reefs. The results of
Fisher et al. (2019) and Freitas et al. (2019) emphasize that management
of local impacts (e.g., runoff and dredging) may, in some cases, have the
capacity to modify their overall impact (including from thermal stress)
and undermine the competence of marginal reefs to provide refugia
owing to their intrinsic vulnerability.

This clearly suggests that the local anthropogenic impacts that in-
crease sediment runoff and suspended sediments above the limit of
marginal reefs is an immediate impact and must be controlled. The in-
crease in suspended sediment concentrations, through urban, agricul-
tural, and industrial runoff; deforestation; resuspension; and dredging
activities are an important local source of reef degradation in coastal
waters (Fisher et al., 2019; Freitas et al., 2019). These studies provide
empirical evidence to the hypothesis of the marginal reef paradox
showing the vulnerability of marginal reefs to local impacts, such as
elevated suspended sediment concentrations and the synergistic inter-
action between local and large-scale impacts, which may decrease the
overall resilience of marginal reefs.

One of the main empirical evidences in support of the marginal reef
paradox is the fact that recent studies suggested that marginal reefs are
more highly susceptible to local impacts, such as nutrient runoff, human
development, and river discharge (Portugal et al., 2016; Cruz et al.,
2018; Freitas et al., 2019), than “classical” reefs like the Caribbean reefs
(Fig. 1). Phase shift, resulting from reef degradation, has been frequently
recorded in tropical “classical” coral reefs in optimal conditions
(Mumby, 2009), while marginal reefs were considered more resistant.
However, Cruz et al. (2018) found that macroalgal shifts positively
correlated to ports and urbanized surfaces, higher latitudes, and shore
proximity, indicating a possible link to nutrient runoff. The high fre-
quency of these phase shifts suggests greater degradation than reported
for Caribbean reefs (Cruz et al., 2018), suggesting that marginal reefs do
not have higher natural resistance, especially to local and regional
impacts.

Highlighting this viewpoint, Lybolt et al. (2010) indicated that nat-
ural historical instability, coupled with local and regional impacts since
European colonization in Australia, severely impacted some marginal
reefs, and they thus offer limited potential refuge habitats for reef spe-
cies. Marginal reefs are not immune to local and regional impacts such as
eutrophication-stressed environments. In fact, several recent studies
emphasize the need to conserve and protect nearshore marginal reefs
from urban and industrial pollution in South China (Chen et al., 2013),
contamination in Brazil (Leite et al., 2018), and coastal development
and poor water quality in Borneo (Browne et al., 2019) and the Red Sea
(Fine et al., 2019). For example, Fine et al. (2019) highlighted the need
for immediate action to secure the northern sections of the Red Sea as a
coral reef climate change refuge by management and removal of local
impacts.

Local impacts, such as urbanization (Scherner et al., 2013; Portugal
et al., 2016; Cruz et al., 2018), fisheries (Floros et al., 2013; Giglio et al.,
2017), contamination (Cruz et al., 2018; Porter et al., 2018), and
dredging (Fisher et al., 2019) degrade coastal turbid-zone and
high-latitude marginal reefs. The vulnerability of marginal reefs to local
and regional impacts is partly explained by their unique ecological dy-
namics (Fig. 2). Marginal reefs have lower diversity across seas (Harriott
and Banks, 2002; Bennett et al., 2010; Lybolt et al., 2010; Narayan et al.,
2015; Bento et al., 2016; Cruz et al., 2018; Browne et al., 2019) than that
of “classical” coral reefs, but with significantly high rates of endemism
and the presence of species adapted to these harsh conditions (marginal
reef specialists). The combination of a few key species, endemism, small
population sizes, geographic isolation, and low functional redundancy
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in some marginal reefs leads to them having a particular vulnerability
(Fig. 2), wherein local and regional impacts that harm these key species
(such as fishing, ornamental catches, or pollution) may lead to the
instability and degradation of these ecosystems through phase shifts
(Cruz et al., 2018), high bioerosion in coral key species (Browne et al.,
2019), losses of foundation species (Portugal et al., 2016), and/or the
collapse of coastal reef fish biomass (Morais et al., 2017).

The local impacts also interact with the global impacts to undermine
the resilience of marginal reefs. For example, strong thermal anomalies,
sediment-related stress, and local nutrient pollution (e.g., nitrogen and
phosphorus) both interact and act independently to alter coral health in
a variety of ways, that finally contributes to disease, bleaching, and
mortality of reef-building corals (Wang et al., 2018; Fisher et al., 2019).
Camp et al. (2018) suggest that understanding the interaction of mul-
tiple stressors, across varying temporal scales, is an important research
priority to improve the management and conservation of marginal reefs.

The degradation of coastal marginal reefs because of local and
regional impacts and increasing risk associated with thermal stress
explained in this section undermines their potential to act as refugia
during the Anthropocene. Kavousi and Keppel (2018) proposed criteria
to determine the capacity of refugia to facilitate species persistence in
reefs, including their long-term buffering capacity, protection from
climate change-related stressors, and low exposure to non-climate dis-
turbances such as local and regional impacts. However, marginal reefs
do not meet all the above requirements to be refugia owing to the
increasing long-term impacts of climate change-related stressors on
them, and also the non-climate disturbances that they suffer because of
local anthropogenic pressures, such as urbanization, increase in sus-
pended sediments, pollution, and overfishing as reviewed in this section.

4. Limited potential refugia and management options for
marginal reefs

Refuge sites are areas that maintain good conditions being lost
elsewhere (Kavousi and Keppel, 2018). These could vary across tem-
poral scales, with some environments providing short-term refuge
against acute stress (e.g., turbid-zone nearshore reefs reducing irradi-
ance during a bleaching event) vs. long-term chronic changes (e.g.,
marginal reefs that provide refugia under extreme environmental
changes along geological history) (Camp et al., 2018). A marginal reef,
to act as a “refuge”, involves patterns and processes that operate at
different spatial and temporal scales. Considering an evolutionary time
scale (thousands of years), a given marginal reef may have served as
refugia for its ecoregion over past environmental conditions (Lybolt
et al.,, 2010). For example, Potts and Jacobs (2000) suggest that
turbid-zone coastal areas have provided ecological and evolutionary
continuity and refugia for corals during non-reefal periods when phys-
icochemical conditions have been too extreme for coral reef growth.

Nevertheless, considering an ecological time scale (decades), the
same marginal reef may be unable to reseed or recover some degraded
reefs located in optimal conditions owing to species demographic con-
straints that reduce recruitment, dispersal, and reproduction. Most
research conducted and reviewed with this perspective suggest a short-
term (i.e., months or one year) or mid-term (i.e., decades) refuge for its
own region/reef during past bleaching events and thermal stress events.
However, this does not mean that a marginal reef could act as a long-
term refuge for other reef ecosystems in the next years considering
increasing warming seas and more frequent heatwaves.

Eakin et al. (2016) suggested that it is currently unclear whether
even naturally heat tolerant corals can continue to improve their heat
tolerance fast enough to keep pace with global warming, with locations
across seas recently suffering intense bleaching. For example,
high-latitude marginal reefs and their coral communities are particu-
larly susceptible to climate change. This occurs mainly because of the
latitudinal light attenuation, geographic isolation, small population
sizes, greater predicted ocean warming, and lower Qa5 of cooler waters
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(Beger et al., 2014) (Fig. 2). Furthermore, Camp et al. (2018) also sug-
gested that, to date, it is unclear whether and to what extent
high-latitude corals can in fact serve as refugia from continued climate
change, despite evidence for some adaptations to their marginal con-
ditions. Although past examples have confirmed the role of marginal
reef ecosystems as short-term ecological “refuges”, there is thus far little
support that they comprise long-term refugia and/or could be refugia
during the ongoing Anthropocene.

Finally, a “refuge” also involves different levels of biological orga-
nization, from genes to ecosystems. Even if one species occurs in reefs in
optimal and marginal conditions, it does not support the hypothesis that
the marginal reef is acting as a refuge for the entire reef including sectors
located in optimal conditions. Highlighting this viewpoint, marginal
reefs may be ecologically distinct ecosystems and represent limited
potential refugia for other reef ecosystems such as “classical” non-
marginal coral reefs. Marginal reef species present in such ecosystems
(e.g., high-latitude reefs, high-temperature reefs, and turbid-zone reefs)
are actually marginal reef specialists, and the diversity of such reefs may
be different from that of other coral reefs owing to the high dissimilarity.

Hennige et al. (2010) provided an evidence of this viewpoint within
an Indonesian reef system. These authors evaluated coral assemblages
along an environmental gradient (e.g., light quality, temperature, and
turbidity) that included “optimal”, intermediate, and marginal sites.
Coral communities changed across this gradient from diverse, mixed
growth form assemblages to specialized, massive growth form domi-
nated assemblages. Branching species Acropora formosa and Porites
cylindrica were only identified at optimal sites. Only one species (the
massive coral Goniastrea aspera) was identified at the most marginal and
optimal sites. Consequently, it suggests refuge only for this particular
species and not at the community level owing to the low overlap in
species composition. Moreover, even for this species, further analyses
need to be conducted such as validation of genetic connectivity and
evaluation of reproductive strategies (e.g., fecundity).

Highlighting this opinion, Camp et al. (2018) suggested that
knowledge of the connectivity of marginal coral populations relative to
adjacent, optimal reefs is a research priority. The capacity to act as
refugia will also depend partly on the dispersal of adults and juveniles,
with sessile brooding species more likely to exhibit survival and
persistence to suboptimal environments over multiple generations
compared to broadcast spawning species that may recruit into the sub-
optimal environment as progeny from “parents” in less stressful reefs
(Camp et al., 2018).

Other empirical evidence about the differences in marginal reefs and
“classical” reefs and the limitation to act as refugia are supported by
empirical evidence provided by research conducted on the marginal
high-latitude reefs. These marginal reefs can be considered extreme
coral reefs which differ considerably from their tropical counterparts in
many ecological aspects (Beger et al., 2014; Camp et al., 2018). The
unique diversity of high-latitude marginal reefs is because of the overlap
of tropical and temperate species ranges, species that are rare or absent
at lower latitudes (where “classical” tropical coral reefs are), strong
seasonality in species composition, and a significant number of endemic
species (e.g., nestedness) (Beger et al., 2014). Species temporal turnover
can be high depending on larval supply and recruitment from lower
latitudes and fluctuations in environmental conditions (Beger et al.,
2014), and consequently, high-latitude marginal ecosystems are home
to an ecologically and functionally distinct reef community.

These patterns of unique diversity and high turnover of species
provide evidence that “classical” reefs in optimal sites are ecologically
distinct from the marginal reefs, such as turbid-zone and high-latitude
reefs. Camp et al. (2018) argued that the heterogeneous nature of reef
systems (including marginal and optimal sites) challenges the ability of
environments to act as a refuge against multiple abiotic parameters. The
same pattern of distinct and heterogeneous ecosystems was recently
found between the shallow water and mesophotic reefs in the South
Atlantic (Morais and Santos, 2018; Soares et al.,, 2019b) and
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Caribbean/Indo-Pacific reefs (Rocha et al., 2018). Concerning the ca-
pacity to act as refugia, this has been shown to be often true for meso-
photic reefs, which were initially proposed to be potential refugia for
shallow reef species (Morais and Santos, 2018; Rocha et al., 2018).

One of the assumptions of the marginal reef paradox is the vulner-
ability of coastal marginal ecosystems to local and regional impacts
compared to that of “classical” coral reefs indicated by the empirical
evidence discussed in this perspective paper (e.g., Portugal et al., 2016;
Cruz et al., 2018). Cote and Darling (2010) indicated that management
that controls local stressors to reverse degradation and recover original
reef species assemblages will actually increase the proportion of sensi-
tive taxa within the community and may decrease ecosystem resilience
to climate change. This may be true of “classical” coral reefs that
comprise stress-sensitive species across seas (e.g., Caribbean Sea and
Indo-Pacific). In contrast, one of the concepts of the marginal reef
paradox suggests that coastal marginal reefs are a distinct ecological
ecosystem and respond differently than the “classical” coral reefs. The
coral communities evolved and naturally comprise stress-tolerant taxa
that dominate the community and provide important ecosystem func-
tions, such as the nursery effect and habitat complexity.

Coastal marginal reefs have a higher vulnerability especially if local
and regional impacts remove these foundation species. Human pressures
that impact vulnerable life history stages, decreasing reproductive
output and the supply of recruits essential for coral reef recovery need to
be controlled using the best management strategies. Moreover, marginal
reefs can be highly vulnerable to the loss of their few foundation or
ecoengineering species, as niche specialization or temporal and spatial
segregation makes each species unique (i.e., narrow ecological redun-
dancy) (Fig. 2). This pattern was suggested by Mora et al. (2016) and is
even more important in the coastal marginal reefs considering the lower
diversity of reef-building species than in “classical” coral reefs.

Long-disturbed marginal reefs may evolve by historical processes
such as environmental filtering. The environmental filtering theory
(Pavoine et al., 2011) assumes that abiotic factors (e.g., higher tem-
peratures, sedimentation, and turbidity) constrain certain traits within
limits, resulting in coral species possessing similar traits (Wong et al.,
2018) which allow them to survive these suboptimal environmental
conditions and shaped marginal reef communities with a higher resil-
ience to climate disturbances such as thermal stresses. However, this
process also generates the pattern observed in the marginal reef paradox
that the few key foundation species have similar sensitivity to distur-
bances which increases their risk to local and regional impacts. This
pattern also suggests that entire reef functions can be lost because of
single disturbances, such as overfishing, habitat destruction, and/or
pollution.

Management options include passive conservation strategies, such as
the sewage systems in coastal areas, immediate control of runoff, and
no-take reserves (marine protected areas) that aim to minimize local and
regional impacts. Establishing effective no-take marine protected areas
in suitable high-latitude marginal reefs to enhance connectivity along
dispersal routes and maintain ecosystem resilience through reduced
anthropogenic impacts may be an important strategy (Beger et al.,
2014). Moreover, it is very important to avoid the worst management
options, such as flawed control of diffuse impacts as fishing, oil spills and
impacts from the urban, agricultural, and industrial coastal zones.

5. Is there sufficient evidence to support the claim of a
“marginal reef paradox”?

A paradox is a statement or concept that contains conflicting ideas.
The marginal reef paradox suggested in this perspective paper has two
main concepts as described in the introduction. The marginal reef
paradox is supported by empirical evidence discussed in this perspective
paper. This evidence comes mainly from research conducted in marginal
turbid-zone reefs, high-temperature reefs, and high-latitude reefs
distributed around the world. However, more studies are necessary to
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verify if some concepts are applied (or not) to other kinds of marginal
ecosystems (Camp et al., 2018), where communities survive and
flourish, such as macro-tidal reefs, tide-pools, CO5 vents, ojos (low pH
springs), mangrove systems, upwelling areas, and mesophotic and deep
reefs. Moreover, considering the limited studies on multiple human
impacts in distinct marginal reef ecosystems across seas, future research
should be conducted to analyze the adherence (or not) to the two core
concepts of the marginal reef paradox.

Moreover, the marginal reefs are distinct ecosystems and may only
have resilience up to a point, as even thermal- and turbid-tolerant spe-
cies will have stress limits that may be exceeded by ongoing ocean
warming, acidification, and other local and regional impacts such as
continental runoff. Their resilience will be lost within the next few de-
cades if proper and urgent conservation actions are not taken. The
increased frequency, intensity, and duration of heatwaves and pro-
longed and continuous global warming (Guinotte et al., 2003; Skirving
et al., 2019), ocean acidification (Kurihara et al., 2019), and increased
local and regional impacts because of the human population in coastal
zones will lead to reductions in the resilience of coastal marginal reefs in
the ongoing Anthropocene. Despite the natural resilience of these
coastal systems to turbidity, sedimentation, temperature variability, and
high nutrient levels, the marginal reef paradox indicates that it is still
very important to protect these reefs when their unique characteristics
are considered.

Despite current knowledge gaps, marginal coral reefs may have an
unrecognized (and disproportionally) high conservation value, owing to
the trait selection of resident coral populations adapted to suboptimal
conditions. Moreover, marginal environments may offer genetic rescue
(e.g., heat-tolerant genotypes across latitudes), which again gives them a
high research and conservation value (Camp et al., 2018). How the
future seascape of marginal reefs will be shaped by the multiple (local
and global) stressors is an important question that must be addressed to
reduce and adapt to the diverse impacts on these unique and ecologi-
cally distinct reef ecosystems.

The “marginal reef refugia hypothesis” at the community (assem-
blage) level needs to be tested further using ecological (alfa, beta, and
gamma diversity) and genetic connectivity approaches, but the evidence
discussed in this perspective paper indicates a limited potential to act as
refugia in the Anthropocene. The marginal reef paradox also indicates
that if these shallow water reefs are to act as limited refugia in the
context of ongoing environmental changes, it is necessary to ensure local
and regional conservation actions (i.e. fisheries management and urban
development and pollution control) around nearshore marginal reefs, as
well as to reduce carbon emissions.
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