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Why do mesophotic coral ecosystems have to be protected?

Abstract

Mesophotic coral ecosystems (MCEs; ~ 30-150 m depth) are among the most
biologically diverse and least protected ecosystems in the world’s oceans. However,
discussions regarding the conservation of these unique ecosystems are scarce. To
address this issue, we identified the features of MCEs that demonstrate they should be
considered as a global conservation priority. Some MCEs are characterized by their
well-preserved and unique seascapes; their narrow environmental tolerance and high
vulnerability to anthropogenic effects; and their slow recovery and reduced reproductive
performance. The unique biodiversity of MCEs includes depth-adapted specialist
species and new species, most of which are threatened or important fishery resources.
MCEs also provide refuge against human stressors, valuable ecosystem services, and
ecological connectivity. MCEs generally meet the criteria to be classified as
Ecologically and Biologically Significant Marine Areas under the Convention on
Biological Diversity. However, we highlight that many MCEs worldwide are threatened
and not yet adequately protected by fishery regulations, marine protected areas, or
considered in marine spatial planning. Establishing MCEs as a global conservation
priority requires the designation of national, international, transnational, public, and

private policies.
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effect, Global warming



1. Introduction

Centuries of oceanographic expeditions and museum collections have
indicated the existence of three-dimensional ecosystems in deep waters worldwide
(Baker et al. 2016). However, detailed descriptions of the ocean’s twilight zone (~ 30—
150 m depth) have only emerged in the last few decades, with the use of modern
oceanographic technologies (Kahng et al. 2017). Corals and light-dependent organisms
inhabit many deep habitats, particularly in tropical and subtropical ecoregions (sensu
Spalding et al. 2007), which are classified as mesophotic coral ecosystems (MCEs)
(Lesser et al. 2009; Hinderstein et al. 2010; Turner et al. 2017). In temperature areas,
TMEs (temperate mesophotic ecosystems) are also defined as light-dependent
communities located at ~30-150m depth (Turner et al. 2019).

Scientific interest in MCEs was initially driven by the ability of MCEs to
buffer shallow tropical corals (Lesser et al. 2009; Rocha et al. 2018; Bongaerts and
Smith, 2019). However, MCEs are increasingly receiving attention from the scientific
community and the general public for their unique biodiversity and ecological
importance. Yet, despite decades of research, many questions remain unanswered
(Turner et al. 2019). MCEs may have the limited potential to reseed overexploited and
stressed species in shallower waters (Loya et al. 2016; Kahng et al. 2017). However,
MCEs (particularly the deepest at 70—-150 m) are distinct from shallow-water tropical
coral reefs, which have limited potential to act as refuges and are subject to multiple
anthropogenic pressures (Rocha et al. 2018; Soares et al. 2019).

Mesophotic zone ecosystem composition varies according to the geographic area

and have a heterogeneous nature in their structure and functioning (e.g., MCEs in



seamounts, volcanic islands and continental slopes). In the coralligenous
(Mediterranean Sea) and temperate Northeastern Atlantic Ocean, heterotrophic
suspension feeding organisms dominate temperate mesophotic ecosystems (Costantini
et al. 2011; Boavida et al. 2016a,b), whereas in tropical MCEs, rhodoliths, sponges,
black corals, gorgonians, and massive corals dominate (Pyle and Copus, 2019; Soares et
al. 2019). Similar to shallow-water coral reefs, MCEs provide ecosystem goods and
services (EGS) (Baker et al. 2016). Currently, it is well established that MCEs are
important for reef biodiversity maintenance and provide fisheries resources (Kahng et
al. 2017). In this way, MCEs represent an important component of coral reef
ecosystems — potentially up to 80% of reef habitat worldwide (based on depth) (Pyle
and Copus, 2019). However, research has only been conducted over one decade;
therefore, whether MCEs provide other EGS, for example, whether they act as potential
source populations for shallow reefs or as carbon sinks, remains to be clarified
(Costantini et al. 2011; Rossi et al. 2017).

Despite their recognized importance, most MCEs do not receive protection
from marine protected areas (MPAs) and are underrepresented in marine spatial
planning (MSP) directives (Rocha et al. 2018; Soares et al. 2019). Human activity is
expected to increase anthropogenic pressure on the twilight ocean zones over the
following decades (Frade et al. 2018; Soares et al. 2019). Therefore, policies governing
the conservation of marine ecosystems that incorporate the unique and threatened
biodiversity of MCEs must be developed (Bridge et al. 2013; Turner et al. 2019).

Recent reviews (Hinderstein et al. 2010; Bridge et al. 2013; Loya et al. 2016;
Kahng et al. 2014, 2017; and Turner et al. 2019) have suggested that MCEs are among
the richest (i.e., in terms of endemic and rare species) and least protected ecosystems in

world’s oceans. However, despite their importance within the context of global



environmental change, discussions regarding the conservation of MCEs and their
required management actions are scarce (Kahng et al. 2017; Smith et al. 2019; Turner et
al. 2017, 2019).

Accordingly, MCEs urgently need to be considered as a global priority for
ocean conservation, which will require the development of national, international,
transnational, public, and private policies. In this review, we identify the features of
MCEs that support their prioritization in ocean conservation policies. We also discuss
the urgent actions that must be taken on a global level if we are to protect MCEs from
future effects. Such actions include the establishment of MPAs, ocean zoning, and
MSP. Our article is an opinionated analysis, designed to stimulate debate and action

toward MCE conservation policies.

2. MCEs as a global priority for ocean conservation: Key features

MCEs are characterized by a set of key features (Table 1). Furthermore, MCEs
meet the international criteria used to identify priority areas for conservation policies
(Table 1). Asaad et al. (2017) reviewed the criteria used by 15 international initiatives
and found eight common criteria used to identify areas for biodiversity conservation.
More recently, Johnson et al. (2018) reviewed the seven key scientific criteria for the
implementation of Ecologically or Biologically Significant Areas (EBSAs), according
to the Convention on Biological Diversity (CBD). These criteria, along with the key

features of MCEs, are summarized below.

Table 1. Key features of mesophotic coral ecosystems (MCEs) and international

criteria used to identify areas for biodiversity conservation (Asaad et al. 2017) and



classify Ecologically or Biologically Significant Areas (EBSAs; Johnson et al.

2018) under the Convention on Biological Diversity (CBD).

Key features of MCEs Criteria to identify CBD-approved References
areas for scientific criteria for
biodiversity the assessment and
conservation * description of EBSAs
%%
MCEs contain unique habitats;
MCE:s are distinct because they ] ] ) )
Contain unique and Uniqueness or rarity ~ Rocha et al.

have unique geomorphological, rare habitats (2018), Soares et

ecological, and oceanographic
features. These features differ

between the shallow reefs and the

al. (2019) and

Hinderstein et al.

(2010)
MCE:s.
MCEs contain high proportions
of sensitive habitats and species.
MCEs are susceptible to local
Frade et al.

(i.e., pollution, overfishing) and
global effects (i.e., warming,
acidification) and natural events
(i.e., storms, hurricanes);
common reef-building species
exhibit slow recoveries (i.e.,
scleractinian corals and black
corals), reduced coral
reproductive performance and

narrower tolerance to

. . (2018), Groves et
Include fragile and Vulnerability,

.. . .. . al. (2018), Muir
sensitive habitats fragility, sensitivity, or

et al. (2017),
slow recovery

Rocha et al.

(2018),

Shlesinger et al.

(2018) and

Soares et al.

(2019)




environmental factors.

Compared to the soft-bottom

mesophotic habitats, MCEs

Are important for Biological
exhibit higher productivity (i.e., o . o
ecological integrity productivity Bridee ef al
secondary production); MCEs are ridge etal
2013), Frade et
also important for ecological ( )
1. (2018), Kah
integrity and are potential refuges al. ( ) Kahng
t al. (2014,
against local and global human etal.(
. 2017)
stressors for some species.
Because of their distance from the
coast and location in deeper
Baker et al.
waters, MCEs in some places )
(2016), Boavida
Naturalness

have a higher degree of
naturalness (i.e., well-preserved
ecosystems) than surrounding
shallower ecosystems. They are
spread throughout the world
ocean, occurring in most global

marine ecoregions.

et al. (2016),
Bongaerts et al.
(2010), Turner et
al. (2017), Soares

et al. (2019)

MCEs provide habitats for the

survival and recovery of some )
Include species of

endangered, threatened, and )
conservation concern
declining reef species (i.e.,

fishery resources and threatened

corals).

Importance for
threatened,

endangered, or

declining species

and/or habitats

Abesamis et al.
(2017), Bongaerts
et al. (2010,
2017), Bramanti
et al. (2013),
Costantini et al.

(2011), Lindfield




et al. (2016)

MCE:s have restricted-range reef

species (30-150 m depth) Include restricted-

because of their location between )
range species

Kosaki et al.
shallow and deep waters and osakieta

2017), Rocha et
presence of light-dependent ( ). Rocha e

1. (2018
corals and algae. MCEs are al-( )

. Semmler et al.
distinct from shallow-water coral

(2017)
reefs.
Compared to the surrounding
soft-bottom mesophotic habitats, . ) ) o
Present species Biological diversity
MCEs contain higher species ) ) )
richness and and importance for life
diversity because of the higher ) ) ]
importance for life history stages of
habitat complexity (i.e., reefs, ) . Kosaki et al.
history stages species
sponge bottoms and black coral (2017), Mufioz et
forests) and the presence of al. (2017), Soares
endemic species adapted to the etal. (2019)

twilight zone. MCEs function as
nurseries (i.e., fishes, corals,

sponges, and algae).

* Asaad et al. 2017

** Reviewed in Johnson et al. 2018

2.1. Under pressure: Threats and fragilities of MCEs

Some of the most remarkable examples of MCEs are found in Australia (Sih et

al. 2017), Africa (Morais and Maia 2017), the Gulf of Mexico (Mufioz et al. 2017),



eastern Brazil (Pinheiro et al. 2017), Hawaii (Pyle et al. 2016), the Caribbean Sea
(Trembanis et al. 2017), the Coral Triangle in the Indo-Pacific, the Red Sea (Shoham
and Benayahu 2017), and the Amazon continental shelf (Francini-Filho et al. 2018;
Figure 1). In many marine ecoregions , the pristine or well-preserved nature of MCEs
(Loya et al. 2016; Kahng et al. 2017) distinguishes them from the nearby tropical
shallow reefs, which have often undergone profound transformations over the preceding

decades (Hughes et al. 2018).
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Figure 1. Mesophotic coral ecosystems (MCEs) worldwide. Circle size indicates
number of MCEs in the region. Source: mesophotic.org, Baker et al. (2016), Turner et

al. (2017) and Soares et al. (2019).

As MCEs primarily occur in deep waters (~30-150m depth) in areas located
away from many human activities (i.e., outside of the direct influence of domestic,
agricultural, and industrial effluents), they are characterized by well-preserved
seascapes and species. For example, because their upper (depth) limit corresponds to the
maximum depth of SCUBA diving (approximately 25-30 m depth), MCEs are not used

as recreational diving areas and are only reachable with specialized equipment and



training (Rossi et al. 2008). However, recent research has shown that in marine
ecoregions (sensu Spalding et al. 2007) such as Tropical Southwestern Pacific, Tropical
Northwestern Atlantic (Rocha et al. 2018), North Brazil Shelf and the Tropical
Southwestern Atlantic (Soares et al. 2019), natural disturbances (e.g., storms and
hurricanes) and human effects (e.g., fishing and plastic debris) have affected MCEs and
may threaten their unique biodiversity. Moreover, most of the Coral Triangle MCEs are
found on the outer barrier slopes and are close from urban centers, which means that in
some areas the MCEs are close to many human activities and their impacts
(Longenecker et al. 2019). Furthermore, MCEs are susceptible to a wide range of other
threats, including inorganic and organic contaminants (Bigus et al. 2014; Cai et al.
2016), ocean acidification (Baker et al. 2016), increased prevalence of disease outbreaks
(Smith et al. 2019), invasive species (Andradi-Brown, 2019; Soares et al. 2019),
environmental disasters (Silva et al. 2016; Soares et al. 2020), and thermal stress as a
result of a low bleaching threshold (Frade et al. 2018).

Compared to shallow-water reefs, MCEs contain a higher proportion of
vulnerable habitats and foundation species that are fragile and slow-growing (Kahng et
al. 2017; Sih et al. 2017). Such low growth rates are a result of reduced irradiance,
which makes their symbiont clade and density different from that of surface corals
(Iglesias-Prieto et al. 2004). In fact, some cnidarian species may or may not hold
symbionts depending on depth. This causes differences in energy storage capacity, with
energy storage higher in the shallow symbiont-bearing coral patches than in the deeper-
nonbearing patches (Gori et al. 2012).

In assessing the susceptibility of MCEs to temperature anomalies, it is important
to not only consider their low bleaching thresholds but also their exposure to elevated

temperatures. A recent study that assessed the incidence of bleaching in corals along a



depth gradient showed that bleaching decreases sharply with depth (Muir et al. 2017),
suggesting that MCEs may have some resilience against thermal anomalies. However,
Frade et al. (2018) found that while summer upwelling initially provided thermal relief
at upper mesophotic depths (40 m) in the Great Barrier Reef, this later subsided,
resulting in anomalously warm temperatures even at increased depths. Although
subsequent bleaching effects on the mesophotic reefs were severe (40 % bleached and
6 % dead colonies at 40 m), they were significantly lower than that observed at
shallower depths (60—69 % bleached and 8—12 % dead at 5-25 m; Frade et al. 2018).

Projected warming rates and the existing “community thermal safety margin”
(the inherent buffer against temperature anomalies based on thermal sensitivity of
constituent species; Bruno et al. 2018) may vary with the latitude among ecoregions and
MCEs. However, what constitutes the safe thermal range for MCEs is not well
understood, and it may be lower than that for shallow-water communities, especially in
tropical coasts with a unithermal water column (the same temperature from the surface
to the sea floor at mesophotic depths) (Venegas et al. 2019). A recent study showed that
thermal stress events can penetrate to the depths where MCEs are found (Frade et al.
2018), meaning the twilight zone may not represent a thermal refuge for corals.
Therefore, it is possible that the tolerance of MCEs to certain environmental changes,
such as shifts in temperature and pH, is narrower than that of shallow-water coral
ecosystems (Shlesinger et al. 2018).

There is increasing concern regarding the vulnerability of MCEs worldwide
(Rocha et al. 2018; Soares et al. 2019). Yet, the lack of long-term monitoring has
prevented direct observation of anthropogenic ocean acidification owing to increasing
atmospheric CO, in these mesophotic ecosystems. The effect of acidification on MCEs

is likely to be different to that for shallow-water reefs, as well as region-dependent. This



is because net ecosystem production (NEP = gross primary production — autotrophic
and heterotrophic respiration) and net ecosystem calcification (NEC = gross
calcification — gross CaCOj; dissolution) are generally lower in shallow-water reefs.
Bramanti et al. (2013) assessed the effects of ocean acidification on a mesophotic
species (red coral at 14 °C) and observed a net loss of calcification and a significant
change in energy storage capability with respect to the normal conditions. However, the

effect of ocean acidification on MCEs remains unclear (Morais et al. 2018).

2.2.  Limited potential refuge against human effects

The concept of MCE:s as a reproductive refuge became known as the “deep reef refugia
hypothesis” (DRRH) (Bongaerts et al., 2010). The DRRH suggests that the incidence
and intensity of coral bleaching; the presence of diseases in key reef-building species;
and the occurrence of storms and hurricanes, are lower in MCEs than in shallow-water
coral reefs (Loya et al. 2016; Abesamis et al. 2017; Kahng et al. 2017). In addition, the
offshore location of MCEs may mean that they are subject to less anthropogenic
pressure from chronic pollution from coastal cities, physical effects (e.g., marine debris,
anchoring, benthic infrastructure), overfishing, and high loads of sediments and
turbidity (Abaya et al. 2018; Smith et al. 2019). However, in shallower continental
shelves and lagoon atoll MCEs can occur close to the human populations, where they
are affected by coastal runoff (e.g., plastics, microplastics and extreme floods; Soares et
al. 2019; Zhang et al. 2019), abandoned fishing gears (Ballesteros et al. 2018), chemical
contaminants (e.g., polycyclic aromatic hydrocarbons, organochlorine pesticides, and
polychlorinated biphenyls [PCBs]; Cai et al. 2016; Jafarabadi et al. 2017. 2019a), labile

dissolved organic carbon (Bednarz et al. 2020), metals (Ricolleau et al. 2019; Schyff et



al. 2020), and fishing activities (Rocha et al. 2018; Soares et al. 2019). Furthermore,
persistent organic pollutants such as PCBs can have detrimental effects on ecological
systems such as MCEs owing to their high toxicity, lipophilic properties, and
widespread dispersal in the marine environment (Jafarabadi et al. 2019a, b). These
threats and others (e.g., heatwaves, warming and acidification) discussed in this
manuscript may undermine the ability of MCEs to act as a depth refugium or depth
resilience areas (sensu Bongaerts and Smith, 2019).

There is little empirical evidence to sustain that areas that provided depth
refuge (short-term buffering or shelter against a particular disturbance episode) scale to
refugia. In fact, the increasing frequency and severity of global impacts (warming and
heatwaves) and regional human disturbances (e.g., pollution and fishing activities) cast
doubt on the ability of MCEs to provide protection over the long-term (over multiple
disturbances) (Bongaerts and Smith, 2019).

The notion of a “refuge” is quite broad in spatial and temporal terms, and the
patterns and processes that define a refuge may operate at many different scales (Soares,
2020). Considering an evolutionary time scale (thousands of years), MCEs may have
served as refugia during the Pleistocene glacial extremes. However, considering an
ecological time scale (decades), the same MCEs may be unable to reseed the abutting
shallow reefs, owing to species’ demographic constraints that restrict dispersal,
recruitment, and reproduction. Furthermore, refuges have different levels of biological
organization, which range from the level of the gene to the entire ecosystem (Soares,
2020). The fact that one species occurs in both shallow and mesophotic reefs does not
confirm that the mesophotic reef acts as a refuge for the entire reef ecosystem along the

depth gradient. Rather, it suggests refuge for that particular species, which in itself



requires further assessment and validation of vertical genetic connectivity (see Section
2.3).

Testing the DRRH at the community (assemblage) level also requires caution.
When gene flow is detected across populations of shallow and deep areas, the set of
subpopulations may act as a metapopulation, in which deep areas serve as refuges
(Bongaerts et al. 2010 and references therein). The same rationale can be applied at the
community level, if depth-generalist species connect shallow and deep reefs. Such
connectivity assumes that the shallow—deep continuum encompasses a metacommunity,
1.e., a set of local communities (coral reefs) linked by the dispersal of multiple
interacting species (Morais and Santos 2018).

Morais and Santos (2018) tested five predictions concerning the validity of the
DRRH at the community level. The first prediction was that MCEs should host high
gamma (total) biodiversity to be able to export species to shallow-water coral reefs. The
second was that depth-generalist taxa should dominate the shallow ecosystems;
otherwise, local extirpation in shallow areas would not be reverted by MCEs. Third,
alpha (local) diversity should be greater in MCEs than in shallow ecosystems, given the
reduced human pressures and natural disturbances in the twilight zone. Fourth, beta
diversity (i.e., species turnover) in benthic communities should be smaller among
shallow ecosystems than among MCEs because of the human-induced spread of a few
disturbance-adapted species near the sea surface. Finally, to serve as refuges, MCEs
should encapsulate the functional attributes (e.g., reproduction mode, type of skeleton,
sexuality) observed in shallow reefs to ensure functional recovery of shallow-water
coral reefs.

Morais and Santos (2018) suggested MCEs have limited potential to serve as

refuges for SW Atlantic coral communities, which are dominated by two depth-



generalist species (Siderastrea stellata and Montastraea cavernosa). In line with this,
Rocha et al. (2018) also found limited support for the DRRH, based on the high
turnover of species (e.g., fishes and corals) with increasing depth. Laverick et al. (2018),
demonstrated that two-thirds of shallow species were present on MCEs. However,
further analysis showed that this depth pattern was driven by geographic location and
taxonomy. Community overlap between shallow and mesophotic reefs was estimated to
be as low as 26 % and as high as 97 % for some reefs. Moreover, despite the evidence
demonstrating the function of MCEs as short-term, ecological refuges; to date, there is
little support that they comprise long-term refugia (Bongaerts and Smith, 2019). This
reinforces that MCEs are not universal refuges (Bongaerts et al. 2017) and that they
have a limited potential to reseed or replenish shallow-water species in distinct regions
such as the Caribbean, Indo-Pacific (Rocha et al. 2018), and South Atlantic (Soares et
al. 2019) seas.

Despite ongoing discussions regarding the DRRH—the outcomes of which are
likely to vary by species and ecoregion (Bridge et al. 2013; Bongaerts et al. 2017)—we
propose that the limited potential for MCEs to act as refuges is important for the
conservation of both shallow and mesophotic ecosystems, fishery-targeted species
(Lindfield et al. 2016) and regional reef diversity (Morais and Santos, 2018). For
instance, MCEs can act as limited refuges for some species and as marine biodiversity
reservoirs, if adequately protected. Moreover, MCEs could play a major role in
maintaining important tropical seascapes and resources (Kahng et al. 2017; Muir et al.
2017; Muiioz et al. 2017), but our understanding of MCEs is so limited that informed
decision-making is challenging. At the species level, MCEs may provide refuge for
endangered, threatened, and declining reef species (Baker et al. 2016; Kahng et al.

2017). However, the potential for MCEs to provide refuge is dependent on the



implementation of global policies, which provide them with adequate protection (Rocha

et al. 2018; Soares et al. 2019).

2.3. Horizontal and vertical connectivity

MCEs are found in the intermediate (“twilight”) zones of the ocean and are
important for vertical and horizontal connectivity (Slattery et al. 2011; Hammerman et
al. 2017). Horizontal connectivity is that between ecosystems and populations and can
be distributed along one or more marine ecoregions. Vertical connectivity, on the other
hand, is connectivity along a depth gradient and is important in the context of the
DRRH and population maintenance. The role of MCEs in vertical connectivity has been
supported by statistical models and studies of genetic and reef community composition
(Holstein et al. 2016; Semmler et al. 2017). However, physiological changes (e.g.,
reproduction) in mesophotic populations, resulting from adaptation, may prevent full
vertical connectivity with shallow habitats (Smith et al. 2016; Shlesinger et al. 2018).

Coral reproductive performance (e.g., spawning times, fecundity, oocyte sizes)
decreases with depth; although some reef-building species are capable of reproducing at
mesophotic depths, their contribution to the replenishment of shallow reefs is likely to
be inconsequential (Shlesinger et al. 2018). It is possible that vertical connectivity
exists for some reef species living in the upper (30—-50 m) and mid (50-70 m)
mesophotic zones that share some common species and are genetically connected with
the shallow-water reefs (Semmler et al. 2017; Morais and Santos 2018). However, the
deeper mesophotic zone (70—150 m) tends to be populated by depth specific species
that are uncommon in shallow waters (Baker et al. 2016; Pyle et al. 2016). Costantini et

al. (2016) showed that shallow populations are genetically isolated from deeper ones



and that at least for Mediterranean gorgonians, the DRRH is not valid. Environmental
barriers such as pycnoclines may be key to understanding the lack of connectivity
between shallow and deep populations of the same species (Costantini et al. 2011;
Costantini et al. 2016). A slight difference in water mass density may lead to isolation
or low gene flow between coral patches that are only a few meters apart, because of the
buoyancy properties of coral propagules.

Horizontal connectivity is critical for the movement of species between
distinct seascapes (Slattery et al. 2011; Hammerman et al. 2017). Pinheiro et al. (2017)
suggested that patches of MCEs connect remote islands, seamounts to the inner
continental shelf. In this way, lagoon MCEs (e.g. Great Barrier Reef, New Caledonia
lagoons and Polynesian large atolls) (Bridge et al. 2019, Pichon 2019) may be stepping
stones for adult fish allowing them to find a refuge during reproductive or ontogenic
migrations and, consequently, important for horizontal connectivity. The stable
environmental conditions and presence of connecting currents characteristic of MCEs
may be important factors influencing connectivity for sessile suspension feeding
organisms (Rossi et al. 2008). As such, species inhabiting MCEs often show different
patterns of horizontal connectivity unlike their counterparts in shallow waters.
Moreover, MCEs can act as ecological corridors for species, even across areas
traditionally considered to be biogeographical barriers (e.g., large freshwater plumes,
ocean gyres; Soares et al. 2019). For example, the extensive MCE beneath the Amazon
River plume (reviewed by Francini-Filho et al. 2018) is critically important for
horizontal connectivity between Caribbean and Brazilian reefs. Similarly, a deep (~100
m) coral habitat discovered along the southwestern Iberian coast in the Atlantic has
provided evidence of gene flow with Mediterranean corals, despite the local complex

oceanography (Boavida et al. 2016).



2.4. Biomass of fishery resources

Overfishing as a result of inadequate fishery policies and excessive tourism
pressure has resulted in a reduction in the biomass of fishery resources—primarily of
high-trophic level species—in the shallow-water reefs (Mufloz et al. 2017; Arias-
Gonzéles et al. 2017). Because of the large distance from the shore and the water
column depth, fishing effort in MCEs is generally lower than that in shallow-water reefs
(Bridge et al. 2013; Sih et al. 2017). Moreover, fishing on MCEs are difficult especially
using fixed nets (e.g. gill nets), drop lines as well as some hook and line techniques (e.g.
bottom longlining). Consequently, some MCEs often have a higher biomass of fishery-
targeted species than other areas (Lindfield et al. 2016; Abesamis et al. 2017). However,
these stocks are very vulnerable to overfishing because the fish populations may be
composed by species with slow growth, high longevity, low densities, and fragile
populations (e.g., life history strategies and low connectivity along a depth gradient)
(Pyle et al. 2019). Numerous seamount MCEs in the Indo-Pacific which have been
nearly destroyed by bottom trawl fishing in the 1960-1990 period. This was possible
because these seamounts are not within the Economic Exclusive Zone of nearby
countries and therefore suffer uncontrolled exploitation in the high seas (Gianni 2004).

Unless effective fisheries management decisions are made, the increasing
fishing pressure in MCEs is likely to exacerbate biomass collapse and species
impoverishment in many tropical and subtropical regions (Rocha et al. 2018; Soares et
al. 2019). We strongly recommend establishing MCEs as a global priority for
conservation action, as a way to ensure the ongoing, sustainable use of MCEs.

The relatively high fish biomass of some MCEs may also be because of their



morphological (e.g., outer continental or insular shelves, low-gradient slopes, steep
slopes, walls) and/or oceanographic features (Sherman et al. 2019) such as upwelling’s
that considerably increase fish biomass. Bastos et al. (2013) described the
geomorphological features of MCEs, which include banks, paleochannels, submerged
pinnacles, and coalescent structures with sinkhole-like depressions. These features may
enhance fish biomass and productivity in the MCEs found in the SW Atlantic. In the
waters of the NW Atlantic, the geomorphology of MCEs was found to be inherited from
a variety of pre-existing geological structures of highly diverse origins (Locker et al.
2010). Notably, mesophotic species richness correlates with live coral cover, as the
abundance of crevices and ledges promotes a high abundance of cryptic species (e.g.,
invertebrates, basslets, squirrel fishes, and gobies) and large demersal fishes (reviewed

in Kahng et al. 2010; Boavida et al. 2016).

2.5. Biological diversity: Endemism and poorly known biodiversity

MCE:s (and similar systems in the twilight zone) possess a unique biodiversity
that includes depth-adapted specialist species (Bongaerts et al. 2015; Rocha et al. 2018).
A robust comparison of species overlap between MCEs and shallow reef fishes in
Palau, Papua New Guinea and Fiji was recently provided (Pyle and Copus, 2019).
Whereas the pairwise overlap of shallow reef species ranges from 50% to 64% (40% for
all three localities), the overlap among MCE fish species is 6.1-9.4% (3.8% for all three
localities). This depth pattern indicates that MCEs fishes tend to have higher rates of
endemism than shallow reef species (Pyle and Copus, 2019). The endemic reef fish
found in the Caribbean Sea (Tornabene et al. 2016), Australia (Sih et al. 2017), Hawaii

(Kosaki et al. 2017), and Brazil (Pinheiro et al. 2017) confirm this pattern..



Furthermore, new species, endemic sponges (Baker et al. 2016; Pomponi et al. 2019),
and other reef marine invertebrates have also recently been described (Leal et al. 2017).
Pinheiro et al. (2017) proposed that South Atlantic seamount-endemic fish species
evolved recently during a period characterized by changes in sea-level, as a result of
intermittent connectivity caused by repeated aerial exposure of seamounts. This may
explain why over 90 % of fish in the Brazilian Vitoria-Trindade seamount Chain are
endemic (11 % of which were only recently discovered; Pinheiro et al. 2015).

Even in areas that are relatively well-studied (e.g., the temperate coast of
Europe), recent explorations into the deeper realms have revealed unexpected important
coral communities and associated biota. For example, along the southwestern Iberian
coast, temperate mesophotic ecosystems have sheltered long-lived corals as a result of
the protective “roughness” of the terrain (Boavida et al. 2016). Mixed hard coral,
gorgonians, sponge forests, and a mosaic of calcareous algae, bryozoans, and ophiuroids
dominate the 40-50 m deep zone. At 60 m, zoanthids that are 3 m tall become abundant.

Deeper still at 100 m, precious red corals dominate the assemblages, punctuated by rarer

black corals (Figure 2).




Figure 2- Temperate mesophotic ecosystems at approximately 100 m depth in the
North East Atlantic Ocean (west coast of Portugal). Left panel, assemblage
dominated by large zoanthid and octocorals; center panel, a rare giant gorgonian;

right panel, a rarer black coral garden. Image credits: Armando Ribeiro.

The recent findings summarized in this review highlight the importance of
twilight ecosystems as biodiversity hotspots of unique, rare, and endemic species.
However, the ongoing discovery of new species confirms that we are still in the early
stages of the process to characterize MCEs. Hence, conclusions about geographic and
depth endemism must be interpreted with caution (Turner et al. 2019). With the
continued exploration of mesophotic ecosystems, some reef species currently labeled as
endemic will likely be discovered elsewhere. Furthermore, it is predicted that the
exploration of highly diverse and under-studied locations, such as the Coral Triangle

and the South Atlantic Ocean will provide new and much-needed knowledge of MCEs.

2.6. Ecosystem goods and services (EGS)

Globally, coral reefs are increasingly important providers of EGS (Costanza et
al. 1997, 2014). In just two decades, there has been a 44-fold increase in the estimated
value of EGS provided by shallow-water coral reefs, increasing from approximately
8,000 to 352,000 USD ha™ yr'' (Costanza et al. 2014; Paoli et al. 2017). Estimating the
value of MCEs, both economically and intrinsically (Batavia and Nelson 2017), is not
trivial, particularly in global assessments. While MCEs provide a number of EGS that
are also provided by shallow coral ecosystems (e.g., nursery effects and importance for

biogeochemical cycles), they also provide distinct EGS (Holstein et al. 2019). For



example, MCEs are potential refuges and carbon sinks (Bridge et al. 2013; Loya et al.
2016). In fact, the most neglected ecosystem service provided by mesophotic animal
forests is their carbon sink function (Rossi et al. 2017).

MCE:s also provide protection from storms and are important potential sources of
biotechnological products and fisheries resources (Loya et al. 2016; Holstein et al.
2019). We believe that the range and value of the EGS provided by MCEs justify their
protection through the implementation of appropriate policies (Rocha et al. 2018;
Soares et al. 2019). Furthermore, we believe that further research must be conducted to
understand how the cumulative effect of human stressors effect the EGS provided by
MCEs. Only then will we be in a position to discuss the challenges faced by MCEs and

define the actions to improve ocean governance in the twilight zone (Baker et al. 2016).

3. Ocean conservation: Establishment of protection of MCEs

In this review, we outline why global conservation policies must focus on
heterogeneous set of MCEs. MCEs contain high levels of biodiversity; mesophotic
reefs, rhodolith beds, black coral, octocoral forests, and sponge aggregations are all
important and distinct seascapes. MCEs are not homogeneous systems globally, but
cover a number of marginal subsystems which have distinct characteristics (species
richness, functional diversity, complexity, and endemism level) that need further
research and high-resolution mapping overseas.

MCEs are also key contributors to the so-called good environmental status
(European Union Marine Strategy Framework Directive) of the oceans. To date, some
measures have been put in place to protect threatened species (mostly corals and fishes),

which primarily include restrictions on fisheries exploitation and the aquarium trade



(Aguilar et al. 2017; Smith et al. 2019). In addition, measures to control invasive
species in MCEs, such as culling and trapping, are increasingly being adopted.
However, the effectiveness of these measures is debatable, and in the case of the
invasive species, the lionfish, there is little evidence to suggest that these controls
mitigate its effects (Andradi-Brown, 2019). Moreover, while species-specific protection
is important and needs to be improved upon, if the conservation of MCEs is to be
effective, ecosystem-level approaches and most critically, the spatial management of

human activities must be implemented (Figure 3).
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Figure 3. Mesophotic coral ecosystems: human effects and scientific and

management strategies that must be addressed to make them a conservation priority.

A number of the seascapes found in MCEs are listed as “vulnerable marine
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ecosystems,” “sensitive habitats,” or “essential fish habitats” (Aguilar et al. 2017).
However, broader legal tools are required at the local, regional, and international level

to effectively protect the distinct seascapes that have been identified in the mesophotic



zone (Soares et al. 2019). Despite this, many countries still have not provided data on
the existence of mesophotic ecosystems in their waters, and even in the cases where
MCE data is available, very few countries have taken the management actions and high-
resolution mapping required to preserve these important ecosystems (Aguilar et al.
2017).

Knowledge of the structure, function and resilience of MCEs is scarce (Turner
et al. 2017). However, the characteristics of MCEs indicate that they are ecologically
and biologically significant marine areas that require protection. Therefore, the
precautionary principle of environmental law should be implemented to protect the
relevant EGS and mesophotic areas of high biological importance (Smythe et al. 2017,
Johnson et al. 2018). This protection can be achieved through the creation of MPAs, by
regulating fisheries and by implementing large marine spatial planning (LMSP) (Figure
3).

LMSP includes ocean zoning (OZ) and the protection of vulnerable marine
ecosystems (e.g., through the designation of no-take zones). OZ can be used to regulate
the anthropogenic activities (and other threats) that have direct effects on MCEs, such as
fishing (Morais and Maia 2017; Rocha et al. 2018), deployment of submarine cables,
invasive species (Andradi-Brown, 2019), and activities related to the mining of oil and
gas (Silva et al. 2016; Frometa et al. 2017; Soares et al. 2020). Conservation strategies
that utilize OZ and LMSP include the designation of fishing closures, rigorous
environmental licensing, and surveillance of shipping lines (Baker et al. 2016; Soares et
al. 2019, 2020) (Figure 3). However, in order for such protection measures to be
adopted, it is imperative to determine how to translate scientific knowledge into
resources that are accessible for conservation practitioners. Asking the question “what

are the important messages required to inform stakeholders?” is a good way to begin



addressing this issue (Turner et al. 2019).

In the context of OZ and LMSP (Agardy et al. 2011), adapting existing MPAs for
the conservation of MCEs is an important strategy. There are two ways this can be
achieved: 1) by adjusting management objectives when MCEs are already included in
existing MPAs or (2) by creating or expanding existing MPAs to protect MCEs, using
systematic conservation planning (as defined by Margules and Pressey 2000).
Regarding the first option, while some MCEs are legally included within the boundaries of
existing MPAs, the management and conservation objectives for these areas often do not
address MCEs directly because they are mostly focused on the shallow reefs (Soares et al.
2019; Turner et al. 2019). This can result in endemic MCE species or vulnerable habitats
being left outside of the scope of the MPA’s direct protection. As such, it is essential to
update the management plans of existing MPAs to include specific actions for MCEs, for
example, to reconcile economic activities (e.g., through the implementation of
fishing closures) and improve MCE environmental monitoring and surveillance (Turner et
al. 2019).

The second option for adapting existing MPAs for the conservation of MCEs
involves the discovery of MCEs that are not yet managed by MPAs (Bridge et al. 2013;
Moura et al. 2013; Turner et al. 2017, 2019). Existing networks of MPAs (e.g., the
Indo-Pacific MPAs that cover shallow-water reefs; Bridge et al. 2013) can be expanded to
include MCEs, or alternatively, new MPAs can be created (e.g., in the Great Amazon Reef;
Francini-Filho et al. 2018). Mapping and identifying (Margules and Pressey 2000) vulnerable
MCEs is necessary to design and prioritize MPAs that protect the important living marine
resources and ensure the maintenance of ecosystem services. However, vulnerable habitats
are not always designated as MPAs because of conflict between conservation goals and

human socioeconomic activities (e.g., fishing, mining for



petroleum and gas). This was demonstrated by Lindegren et al. (2018) who highlighted that neither
the world’s most diverse nor most productive ecosystems are currently the most protected.

Knowledge of the size, connectivity, spacing, and shape of MPAs, as well as of the health
status and resilience of MCEs, is required to inform the conservation actions discussed in the
previous paragraphs (Canovas-Molina et al. 2016; Rodriguez-Rodriguez et al. 2016; Rocha
et al. 2018; Soares et al. 2019). As such, to devise effective governance plans, there is an
urgent need to understand the ecological role of MCEs, particularly in areas where environmental
change as a result of climate change or local stressors is occurring faster than the system can
recover. It is also important to build networks of MPAs (Roberts et al. 2018), which include
MCEs. However, regardless of whether actions are local, regional, or global, MPAs will be more
effective if shallow and mesophotic coral reefs are protected together (e.g., Morais and Santos
2018).

Systematic conservation planning, which aids in identifying high-priority zones, is a useful
tool for designating MPA networks (Margules and Pressey 2000). However, because there are
additional challenges in assessing remote and deep ecosystems such as MCEs (Turner et al. 2019),
key indicators such as biodiversity, endemism, genetic connectivity, and EGS should be
monitored, standardized, and used to generate protocols for evaluating the progress of MCE
conservation. It has been suggested that thermal stress and ocean acidification are the greatest
existential threats to MCEs (Smith et al. 2019). However, there are also many local disturbances
that are amenable to the resilient-based management (McLeod et al. 2019) strategies
described in this manuscript. Worryingly, continued business-as-usual emissions will likely

further disrupt many shallow-water reefs and MCEs. Therefore, we believe that immediate



action must be taken to decarbonize the economy, enhance carbon sinks, and ensure the
effective conservation of these irreplaceable ecosystems.
4. Conclusions

In this review we have demonstrated that MCEs are significant in terms of
their high biodiversity and that they represent a natural heritage for mankind.
Furthermore, we have argued that MCEs must be protected to avoid unnecessary
declines in biodiversity and in the ecosystem services on which the society depends. In
recent years, a growing body of evidence has led to several descriptions of MCEs
around the world (Hinderstein et al. 2010; Bridge et al. 2013; Baker et al. 2016; Loya et
al. 2016; Kahng et al. 2014, 2017; Turner et al. 2019). In this review, we have identified
the key characteristics that support the inclusion of MCEs in global conservation
policies (summarized in Table 1).

In order to address the challenges associated with protecting MCEs, the right
questions (Turner et al. 2019) need to be identified, for example, questions relating to
the similarities and dissimilarities between mesophotic and shallow coral ecosystems.
There is empirical evidence that supports the hypothesis that protecting mesophotic
reefs will also help to conserve shallow-water species (Laverick et al. 2018).
Furthermore, it is important to note that without protecting mesophotic-specialist
assemblages, connectivity between shallow and mesophotic reefs would be
compromised, which would affect the potential refuge dynamics between these two
important ecosystems. The unique biodiversity found exclusively in waters deeper than
30 m warrants protection in its own right, and we propose that further research into
these relatively ignored taxa and geographic regions will help improve the resilient-
based management strategies (McLeod et al. 2019) proposed in this manuscript.

Because beta diversity may be high, especially in shallow-water tropical coral reefs, and



many species are specialized in mesophotic depths (Morais and Santos, 2018; Rocha et
al. 2018), conservation and management actions should integrate the protection of
shallow and MCEs to maintain the regional (gamma) reef diversity. MCEs are

important marine ecosystems that can no longer be left unattended.
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Highlights

1. Discussions concerning the conservation of mesophotic coral ecosystems
(MCEs) are scarce

2. This study identifies key features that support the establishment of MCEs as a
global priority in conservation

3. This perspective highlights the fact that MCEs are key ecosystems for
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