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Abstract
Refugia could provide the essential conditions for coral and coral reef persistence in the
marginal eastern tropical Pacific Ocean (ETP) by allowing corals to avoid extinction after
disturbance events and by maintaining populations that can rapidly recolonize disturbed
habitats. The low diversity and restricted ranges of ETP corals make them vulnerable to
seawater warming caused by positive phases of the El Niño-Southern Oscillation (El Niño).
However, at spatial scales ranging from individual colonies (<10 m) to regions, (>100 km)
there are areas or habitats that avoid stress or support corals that are more resistant to stress
or with the capacity to recover rapidly. These habitats may form a network of refugia that
ensures coral persistence through severe disturbance. This chapter explores evidence for the
existence of refugia at multiple spatial and temporal scales across the ETP, with recent
examples showing refugia may be common and perhaps even necessary for many species to
survive the highly fluctuating environment in this eastern Pacific tropical ocean basin.
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17.1 The Concept of Refuges and Refugia

Refuges and refugia are environments that are buffered from
acute or chronic disturbance and stress that negatively affect
organisms. These environments promote survival of species
in an ecosystem that has otherwise become hostile. In this

chapter we will follow the convention of Keppel et al. (2012)
who distinguished refuges and refugia based on spatial and
temporal scales (summarized in Fig. 17.1). At smaller scales,
refuges (singular: refuge) provide protection from distur-
bances in three-dimensional space ranging from centimeters
to hectares and across time on scales ranging from minutes
to years. Refuges can also provide advantages in biotic
interactions, such as competition or predation. For example,
an associational refuge might deter herbivory on a palatable
alga by its close spatial association with a chemically
defended plant species. Thus, refuges are related to physi-
ological and ecological spatiotemporal scales. Refugia
(singular: refugium), however, are “habitats that components
of biodiversity retreat to, persist in and can potentially
expand from under changing environmental conditions”
(Keppel et al. 2012). Thus, refugia are associated with larger
scales of kilometers and millennia, and are related to evo-
lutionary spatiotemporal scales.

There are three core processes that control the formation
and importance of refuges and refugia, (1) reduction or
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absence of stressful conditions that lead to mortality
(avoidance), (2) the promotion of conditions that favour
resistance to disturbance, and (3) enhancement of condi-
tions that lead to faster and more complete recovery before
the next disturbance. The localized reduction of stressful
conditions is the most obvious factor in forming refugia,
since an area of space or period of time where the stress does
not exist would be de facto a refuge. However, for a refuge
to scale to a refugium the avoidance must be “reliable”
(West and Salm 2003) and occur frequently enough with a
given disturbance to support the persistence of a species.
What is less obvious is that there exist conditions that
enhance biological resistance to disturbances. An example
would be two reef zones where mean thermal stress is equal,
yet one area exhibits higher background temperature vari-
ability that acclimatizes corals to periods of high temperature
stress and thus conditions corals to be more resistant to high
mean water temperatures (McClanahan et al. 2007; Davis
et al. 2011; Guest et al. 2012). Lastly, enhancement of
resistance to pulse disturbances, such as thermal stress, can
facilitate robust populations to face the next disturbance, as
they may have undergone selection for more resistant coral
host and endosymbiont Symbiodinium genotypes that might
influence greater future resistance (Baker et al. 2004; D’Croz
and Maté 2004; Guest et al. 2012; see Chap. 13, Baker
et al.). Only resistance, not recovery, is possible for con-
tinuous press disturbances (Bender et al. 1984), such as
ocean acidification. In press disturbances there is no period
during which the population is released from constant
pressure to decline in abundance. Therefore, the creation of
refugia under press disturbance may demand a greater role of
the first two core processes of avoidance and promotion of
conditions that enhance resistance.

Refugia for corals are important for preventing extinction
and increasing resilience. In the purest sense refugia allow
species to avoid local, regional, or global extinction. The
focus on extinctions and global scales may be why refugia
have received relatively little attention in marine science,
since the threat of global extinction for marine species with
open populations is widely considered to be comparatively
low relative to aquatic and terrestrial species (McKinney
1997). However, we also take a more general view of
refuges as demographic buffers that can promote
species-level resilience and, perhaps, ecological resilience
(Holling 1973) by protecting local, regional, and global
sexual and asexual reproductive pools. This view may be
more generally applicable to refuges in coral reef regions
across the tropics where extinction is not likely (Hughes
et al. 2014).

The ETP may be especially reliant on refuges for
long-term persistence of coral species and coral ecosystems.
Extreme environmental heterogeneity in the ETP ranges on
scales from colonies to reefs, habitats, islands, and regions

(Fig. 17.1). While this is certainly not unique for coral reefs
anywhere, the ETP is different from most regions due to the
presence of mesoscale upwelling, cold currents that impinge
from high latitudes, and a shallow upper mixed layer (10–
30 m depth). The mixed layer here is defined as the depth
from the surface to the depth of active mixing due to tur-
bulence caused largely by local wind forcing, and has been
formalized as a change of temperature of 0.2 °C from a near
surface value (de Boyer Montégut et al. 2004). In fact, the
ETP has some of the shallowest and strongest upper pycn-
oclines (vertical density gradients) globally, largely because
of the shallow thermocline (Fiedler and Talley 2006; see
Chap. 3, Fiedler and Lavín). The shallow thermocline and
thin upper mixed layer bring cool, nutrient rich water close
to the surface and increase the frequency and intensity of
upwelling at multiple scales (within reef to regional
domains) (D’Croz and O’Dea 2007). Other oceanographic
factors associated with the thin upper mixed layer, such as
salinity, water column productivity (e.g., concentration and
turnover of phytoplankton, zooplankton, and particulate
organic matter), and dissolved oxygen create the potential
for a mosaic of conditions over relatively small horizontal
and vertical areas. Within this diversity of environmental
conditions lie multiple refuges that are buffered from acute
and chronic disturbance or precondition coral resistance to
stress and disturbance.

In our view, refuges in the past have been critical in
controlling the modern fauna of ETP coral reefs. The coral
fauna of the ETP is more vulnerable to extinctions than most
of the other coral reef-supporting areas of the globe because
populations are regionally separated from the central and
western Pacific Ocean across the Eastern Pacific Barrier
(Baums et al. 2012; see Chaps. 5 and 16, Glynn et al., and
Lessios and Baums respectively) and within the ETP are
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sparse and widely separated. Many coastal and oceanic
habitats in the ETP are unfavorable for reef and coral
growth, restricting available habitat and ranges of occur-
rence. Examples include, the sedimentary dominated sys-
tems of the Pacific Central American Faunal Gap (Springer
1958; Reyes Bonilla and Barraza 2003), areas with a high
concentration of dissolved carbon dioxide (Manzello 2010),
hard-bottom habitats below the regionally shallow thermo-
cline, and areas of intense upwelling (Glynn 2003). In
addition, there is a relatively high degree of endemism
within the scleractinian fauna of the ETP (Glynn and Ault
2000). Thus, restricted environments for coral growth could
increase the risk of global extinction for ETP endemics and
regional extinction among pan Indo-Pacific species in the
ETP (Glynn 2011; Harnick et al. 2012). Both prospects
reduce ecological redundancy and can render the ecosystem
more susceptible to disturbance (McCann 2000; Loreau
2010). In addition, even the regional loss of a species can
reduce genetic diversity and the potential for speciation. This
may be particularly important in the ETP, where evidence
suggests that species have low gene flow with the western
Pacific across the Eastern Pacific Barrier, a condition that
fosters endemic genotypes (Baums et al. 2012).

In this chapter we focus primarily on refuges and refugia
from thermal disturbance, since coral habitats in the ETP
have been shown to be particularly susceptible to high and
low temperature extremes (Glynn et al. 2001; Glynn and
Fong 2006; see Chap. 8, Glynn et al.). However, this dis-
cussion could apply equally to other stressors, such as ocean
acidity, that are dealt with fully in other chapters (see
Chap. 18, Manzello et al.) and will be referenced only
briefly in this chapter. In addition, because refuges and
refugia are largely ecological and biogeographic topics that
are intimately concerned with space and time, we organize
our chapter along spatiotemporal scales (low to high).
However, we use spatial scales to divide our sections.

17.2 Intra-colony Refuges (Scales Less
Than a Meter)

Within a single coral colony there may exist areas with dif-
ferential resistance to bleaching-related mortality during
thermal stress events. Such resistance favours partial colony
mortality over whole colony mortality, which can be critical
in preserving extant genotypes and jump-starting recovery.
Many coral colonies can have morphologies that create
heterogeneous environmental conditions, or microhabitats,
that respond differently to stressors such as seawater warming
(Brown et al. 2002). For example, because light is frequently
a co-factor with thermal stress in initiating the bleaching
response, factors that reduce light can reduce the severity of

bleaching (Lesser 1997). Intra-colony shading is often
influenced by colony morphology. Massive, branching,
foliose, and encrusting (following substrate contour) colony
morphologies often possess shaded surfaces where light
stress is reduced. The empirical response of many ETP corals
to bleaching (Glynn et al. 2001) shows that shaded areas can
confer some resistance to bleaching, even though shaded
surfaces may contain different endosymbiont clades that
might be more sensitive to thermal stress even at reduced
light levels (Baker et al. 2008). In addition, mosaic patterns of
bleaching and mortality often occur even when there is no
corresponding intra-colony microhabitat identified (Glynn
et al. 2001). This suggests differences in symbiont type
within colonies, with differing susceptibilities to heat stress
(Rowan et al. 1997). Heterogeneous water velocity around
corals may also create intra-colony thermal refuges. Higher
water velocities around colony surfaces can reduce the height
of the free boundary layer that limits diffusion and advective
supply, therefore increasing the stripping of oxygen radicals
(Nakamura and van Woesik 2001) or increasing the supply of
heterotrophic food sources (Sebens et al. 1998). One would
expect that more exposed colony surfaces would benefit from
increased water velocity, but these areas may also be more
exposed to increased light, making the benefit of increased
water flow at the colony scale less clear.

Microhabitat refuges, and related partial instead of total
colony mortality, can be a potent mechanism leading to re-
covery of corals after disturbance. Rapid recovery of sur-
viving tissues has been seen in many ETP coral species after
massive thermal mortality events (Glynn et al. 2001; Glynn
and Fong 2006). In 1997–98 species such as Gardineroseris
planulata, Pavona varians, Pavona clavus, Porites lobata or
Porites evermanni, all showed intra-colony variation in
bleaching and mortality that led to partial rather than whole
colony mortality. In the case of G. planulata, upper colony
surfaces suffered severe bleaching and mortality, whilst
colony sides bleached but survived (Fig. 17.2). In addition,
poritid corals with deep tissue reserves in their porous
skeletons have been known to be resistant to whole colony
mortality as these tissues can survive bleaching events and
re-emerge to colony surfaces (Baker et al. 2008; van Woesik
et al. 2012a). Furthermore, broadcasting zooxanthellate
corals in the ETP, which includes all scleractinian species
except Porites panamensis, can rapidly recolonize areas
through sexual reproduction after thermal disturbances,
suggesting reproductive mode may play a role in resilience
(Glynn and Colley 2008).

Thus, species-specific traits determine the impact of
changing climatic conditions upon coral survival (Loya et al.
2001; van Woesik et al. 2011; Smith et al. 2013) and hence
their long-term survival and ability to recover (Darling et al.
2012; van Woesik et al. 2012a). Understanding traits that
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determine intra-colony refuges will improve predictions of
coral community response to future thermal disturbances.

17.3 Intra-reef and Inter-reef Refuges
(Scales of 10–1000s of Meters)

The effects of thermal stress at reef and inter-reef scales can
be heterogeneous due to interacting bio-physical processes
that enhance the three core processes related to avoidance,
resistance, and recovery. True reef frameworks include
biologically produced carbonate build-ups elevated above
the bedrock. Here we use the term “reef” to include coral
communities growing on bedrock or incipient carbonate
frameworks, since these habitats are likely to surpass the
numbers and areal occurrence of true reef frameworks in the
ETP (Guzmán et al. 2004). Intra-reef refuges include vertical
depth refuges that have unique features and are treated
separately in the following section.

As with coral colonies, the reef is a mosaic of heteroge-
neous physical conditions, some with the ability to change

coral exposure or response to disturbance and stress. Also,
similar to the scale of colonies, factors that increase the
variance of temperature and light conditions (see below) will
tend to create more persistent refuges with a greater potential
to form refugia, whilst biological interactions that favour
recovery, such as decreased competition for substrate, may
be inconsistent from one disturbance to the next. The various
mechanisms suggested in this section are not unique features
of ETP reefs, so this section applies more broadly to
intra-reef and inter-reef refugia globally.

Temperature means, maxima, and diel variation can differ
greatly within and between reefs on scales of tens of meters
to tens of kilometers (Davis et al. 2011; Gorospe and Karl
2011), and during thermal stress events this could lead to
both areas of avoidance and areas where tolerance may be
increased (Pineda et al. 2013). Areas of avoidance could
occur where temperatures are normally lower within and
between reefs, such as microhabitats subject to vertical
mixing; and the flushing of fore-reef zones or near areas with
tidally induced pumping of deep cool water and other
localized sources of upwelling (Glynn and Stewart 1973;
Riegl and Piller 2003). However, mechanisms that cool
these areas would need to be persistent during thermal stress
events and maintain temperatures sufficiently below
bleaching thresholds to prevent thermal stress. During
regional sea warming events that induce bleaching these
areas may lose their benign characteristics and experience
the regional warming, either because they are exposed to the
open ocean where temperatures are elevated or because the
thermocline is depressed. Furthermore, in order for areas of
thermal stress avoidance to provide long-term refugia at the
intra- and inter-reef scale, processes that cause cooling
would need to be “reliable” or long-lasting over multiple
stress events (West and Salm 2003). For example, Pineda
et al. (2013) suggested that a cold-core eddy lowered sea
surface temperatures and protected exposed outer shelf reefs
in a section of the Red Sea in 2010, providing a spatially
explicit refuge from thermal stress. But, cold-core eddies are
not normally permanent features and may not always be
present during thermal stress events, in which case there
would not be a long-term refugium. Lastly, since corals in
cooler areas occupy mild thermal environments, they may
not have been previously exposed to elevated temperatures,
and therefore may show less tolerance (Oliver and Palumbi
2011). Thus, high thermal stress avoidance mechanisms at
the reef and inter-reef levels may be relatively rare.

More reliable features in shallow water that would pro-
mote avoidance of bleaching conditions and provide
potential refugia might be microhabitats shaded by perma-
nent structures and areas subject to strong currents (West and
Salm 2003). Light can vary within and among coral reefs
due to shading from reef structures, such as erect macroalgae
or coral canopies, and nearby terrain such as cliffs and

Fig. 17.2 Colonies of Gardineroseris planulata showing characteris-
tic pattern of upper surface mortality caused by top bleaching during
1997–98 El Niño. Sides of colonies served as intra-colony refuges that
allowed colony survival. Recovery is occurring through regrowth onto
damaged colony tops (Uva Is Panama, September 16, 2002; *6 m
depth; credit: T Smith)
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overhanging structures. In addition, water column light
attenuation (e.g., turbidity) and cloudiness (Glynn 1996;
Brown 1997; Mumby et al. 2002) can reduce irradiance.
West and Salm (2003) suggested that shading by subtidal
structures and adjacent terrain might be a highly reliable
factor that reduces bleaching, whereas turbidity and cloud
cover may have low reliability. Water flow that flushes
toxins or transports nutrients and food may also differ in its
reliability; permanent features, such as tidal and ocean cur-
rents, are highly reliable, whereas transient and variable
features, such as wave action, tidal range, and wind-driven
currents, will be less reliable.

Although long-term avoidance from thermal stress might
be rare on the intra- and inter-reef scale, processes that
increase tolerance to warming may promote refuges and
refugia. For example, slowing of water flows and ponding of
water on reef flats, back reef lagoons, and embayments can
lead to greater diel warming of water masses interspersed with
tidally induced flushing and cooling (Davis et al. 2011; Pineda
et al. 2013). This leads to greater variability in daily temper-
atures, consistent transient exposure to water temperatures
greater than the surrounding ocean, and a higher mean tem-
perature. Experimental and empirical evidence show that
corals exposed to greater mean, maximum and variable tem-
peratures can be more resistant to bleaching or
bleaching-related mortality during heat stress (McClanahan
et al. 2007; Bellantuono et al. 2011; Oliver and Palumbi 2011;
van Woesik et al. 2012b), and at the inter-reef scale corals
exposed to greater temperature variability are more resistant
to declining growth during and after heat stress (Castillo et al.
2012). The cause of this effect is not known, but higher
temperatures experienced by corals in warmer or variable
environments may “frontload” genes for tolerance to high
thermal stress (Barshis et al. 2013), with genetic responses
that correspond to acclimation and adaptation (Palumbi et al.
2014), or cause shifts in symbiont types (Baker et al. 2008).

Reef flats and back reefs in the ETP may act as refuges
from the worst effects of thermally induced coral bleaching
mortality. Reef flats experience higher light and more vari-
able temperatures, with higher mean and maximum/
minimum values, than surrounding reef areas. These physi-
cal regimes might precondition corals for tolerance to con-
ditions that cause bleaching (Fig. 17.3; Davis et al. 2011),
potentially forming a refugium for coral species that can
develop increased tolerance. Similarly, back reef zones with
lagoons or impounded water experience restricted flow that
allows greater diel heating and may precondition corals to
resist thermal stress (van Woesik et al. 2012b). In addition,
lagoons backed by land are often made turbid due to run-off
and accumulation of particulate matter (sediments and par-
ticulate organic matter) and nutrient enrichment of phyto-
plankton communities. Turbidity was increased by about 0.2

NTUs in the lagoon at the Uva Island study reef during one
of our surveys in 2010, although phytoplankton enrichment
(i.e., higher chlorophyll concentration) was not observed
during this period (Fig. 17.4).

17.4 Depth Refugia (Vertical Scales of 10s
of Meters)

Near-surface conditions in the ETP have the potential to
create relatively shallow depth refuges and refugia compared
with other tropical regions (Glynn 1996; Riegl and Piller
2003; Bongaerts et al. 2010; Smith et al. 2014). Because in
most locations in the ETP the oceanographic conditions limit
the formation of true light-dependent deep coral formations
(i.e., mesophotic coral reefs; Hinderstein et al. 2010), in this
chapter we refer to deeper or deep corals as any colonies
deeper than shallow water coral or coral reef formations,
typically >5–12 m. In areas without large-scale upwelling,
the upper mixed layer depth, from the sea surface to the top
of the first thermocline, is between 10 and 30 m (Table 17.1,
Fig. 17.4). The typically thin upper mixed layer in the ETP
has the potential to lower temperatures at modest depths
compared with western ocean basins in the Pacific and
Atlantic, increasing the chance to avoid thermal stress. In
addition, avoidance of bleaching with depth may be
enhanced by light attenuation, which can be substantial in
many areas of the ETP because of productive and turbid
waters. Furthermore, a prominent and dense chlorophyll
maximum layer with high abundance of phytoplankton is
associated with the bottom of the upper mixed layer (D’Croz
and O’Dea 2007) where vital plant nutrients sequestered
below the pycnocline in deeper waters are exposed in the
photic zone. The tropical chlorophyll maximum layer may
be associated with increased pelagic food (Leichter and
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Genovese 2006) that could provide heterotrophic subsidy for
bleached corals and improve recovery (Grottoli et al. 2006).

Suitable substrata for the formation of coral reefs is
limited in many parts of the ETP. With the exception of
oceanic islands, ETP carbonate reef build-ups are typically
shallow structures with frameworks forming in less than
10 m depth (Glynn 1976, 2000). Thus, depth refuges in
neritic reefs below 10 m will mostly consist of coral com-
munities formed of isolated colonies growing on bedrock or
coralliths on unconsolidated substrates. Since coral com-
munities may cover larger areas and host more total hard
coral populations than true structural coral reefs (Guzmán
et al. 2004), they may be particularly important in deter-
mining where refuges or refugia form.

In addition, cooler conditions with depth during periods
between El Niño events are necessary but not sufficient
evidence to demonstrate that these habitats are refuges or
refugia. The thermocline is often deepened by 5–10 m

during El Niño conditions in the ETP (Enfield 2001; Fie-
dler and Talley 2006), which has the potential to erase any
thermal buffering. Thus, there may be variability in the
cooling provided in depth refuges over El Niño conditions,
both from location to location and within a single location
over multiple thermal stress events (i.e., reliability), and
this may limit the potential for depth refugia. For example,
the handful of studies that presented data on temperature
with depth during the 1997–98 El Niño in the eastern
Pacific showed temperature was isothermal or up to 3.0 °C
cooler at 7–30 m depth [Champion Island, Galápagos
(Wellington et al. 2001); Devil’s Crown, Galápagos
(Feingold 2001); Bahía Culebra, Costa Rica (Jiménez et al.
2001)]. An understanding of the processes that control the
upper ocean vertical temperature structure during thermal
stress events in different regions is lacking both empirical
observations and mechanistic studies, and is an area of
needed investigation.
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Highly productive eutrophic areas of the ETP are less
likely to support depth refuges and refugia because condi-
tions associated with high productivity limit suitable deeper

habitats for coral growth. Eutrophic areas of the ETP
(Table 19.1) range from turbid inshore locations exposed to
terrestrial run-off (e.g., parts of the Gulf of Chiriquí in

Table 17.1 Locations and characteristics of coral community and coral reef environments in eastern tropical Pacific Ocean and their potential to
support deep refugia populations

Country Location Conditions Mixed
layer
depth
(m)

Deeper coral
species

Max.
depth
(m)

Source

Chile Easter Is. Oligotrophic 80? Cyva, Lesc, Leso,
Poda, Pove, Polo

>50 Glynn et al. (2003); Hubbard and
Garcia (2003)

Colombia Island: Gorgona Is. Mesotrophic-Eutrophic
(upwelling)

7–40 Pagi, Polo, Psspp,
Pava

<20 Zapata and Vargas-Ángel (2003);
Giraldo et al. (2008); K. Mejía, C.
Muñoz, and F. Zapata, pers. comm.

Colombia Malpelo Is. Oligotrophic 30 Polo, Poca, Pacl,
Pava, Gapl,

>30 Birkeland et al. (1975); Zapata and
Vargas-Ángel (2003)

Costa
Rica

Island: Caño Is. Oligotrophic 20* Polo, Psspp, Poel,
Pagi

<22 Guzmán and Cortéz (1989)

Costa
Rica

Coastal: Bahía
Culebra, Golfo de
Papagayo

Eutrophic (upwelling) 0–20 Lepa, Pacl, Pagi,
Pava, Poel, Polo,
Popa

<20 Jiménez et al. (2001), Cortés and
Jiménez (2003)

Costa
Rica

Coastal: Bahía
Culebra – Pta. Gorda,
Península de Nicoya

Mesotrophic 20* Lepa, Pacl, Pagi,
Poel Polo, Popa,
Pava

<20 Cortés and Jiménez (2003)

Costa
Rica

Cocos Is. Oligotrophic 13–30 Lesc, Pala, Psam,
Gplan, Pvspp

>35 Bakus (1975); Guzmán and Cortés
(2007), J. Cortés pers. comm.

Ecuador Galápagos Iss. North Oligotrophic-Mesotrophic 15–30 Cyel, Pagi, Pava,
Polo, Pacl

>40 Glynn and Wellington (1983); Banks
et al. (2009); T. Smith, unpub. data

Ecuador Galápagos Iss. West:
Deep populations not
known

Eutrophic (upwelling) 0 Pagi, Polo 5 Glynn and Wellington (1983); T.
Smith, unpub. data

Ecuador Galápagos Iss. East
and South

Mesotrophic-Eutrophic
(upwelling)

0–25 Cycu, Didi,
Psspp, Pagi, Pocl,
Polo

25 Glynn and Wellington (1983); T.
Smith unpub. data

El
Salvador

Coastal: Deep
populations not
known

Mesotrophic 20* Reyes-Bonilla and Barraza (2003)

France Clipperton Atoll Oligotrophic 30–40* Polo, Lpap[?] >50 Glynn et al. (1996)

Mexico Coastal: Deep
populations not
known

Mesotrophic-Eutrophic
(upwelling)

20–30 <10 Reyes Bonilla (2003), Carriquiry and
Reyes-Bonilla (1997)

Mexico Revillagigedo Iss. Oligotrophic 20–30* Polo, Pavona 30 Reyes-Bonilla pers. comm.

Panamá Island: Secas Iss.,
Contreras Iss., Coiba
Island group

Mesotrophic 12–25 Cycu, Gapl, Miin,
Pach, Pacl, Pagi,
Polo, Pava, Lapa

27 Maté (2003), Authors, unpub. obs.

Panamá Island: Pearl Iss.,
Deep populations not
known

Mesotrophic-Eutrophic
(upwelling)

0–20 <10 Maté (2003)

Areas are subdivided by country, locations, productivity, depth of mixed layer, species in deep habitats, and depth ranges from 12 m to deepest
record of scleractinian coral occurrence
*Mixed layer depths estimated from Fiedler and Talley (2006), Fig. 11. Data are interpolated from predominantly open ocean CTD casts and are
approximated near bathymetric highs, such as islands and continental shelves
Species key: Cycloseris curvata = Cycu, Cycloseris vaughani = Cyva, Diaseris distorta = Didi, Gardineroseris planulata = Gapl, Leptoseris
papyracea = Lepa, Leptoseris scabra = Lesc, Leptoseris solida = Leso, Millepora intricata = Miin, Pavona clavus = Pacl, Pavona
gigantea = Pagi, Pavona varians = Pava, Pocillopora capitata = Poca, Pocillopora damicornis = Poda, Pocillopora elegans = Poel,
Pocillopora verrucosa = Pove, Porites lobata = Polo, Porites panamensis = Popa, Psammocora spp. = Psspp
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Panama, Los Cóbanos in El Salvador), seasonal coastal
upwelling regions (i.e., the Gulfs of Tehuantepec, Papagayo,
and Panama), and continuous coastal and oceanic upwelling
areas (e.g., the western and southern Galápagos, the coasts
of Peru and Ecuador). When zooxanthellate corals occur in
eutrophic environments, strongly attenuated incident light
can reduce the maximum depths of occurrence, such as in
Panama (Glynn 1976), and in these areas corals may not
exist to depths that interact with the first (shallowest) ther-
mocline. This turbidity can be increased by sediment in
terrestrial run-off or upwelling-increased productivity that
stimulates blooms of phytoplankton and zooplankton.

In addition, low temperature thermal stress from seasonal
and continuous upwelling can limit the occurrence of deeper
corals or, in the case of the Peruvian coastline, can prevent
the occurrence of any zooxanthellate corals. The 20 °C
isotherm often surfaces during upwelling conditions, with
even more extreme temperatures in subsurface areas (Glynn
and Stewart 1973; Jiménez 2001). Periods of exposure to
these temperatures that last longer than a few weeks can
inhibit coral growth and lead to coral mortality (Glynn and
Stewart 1973; Glynn 1990; Glynn and Fong 2006). Coastal
upwelling environments are present in the Gulf of Tehuan-
tepec, Gulf of Papagayo, Gulf of Panama, and off the
Ecuadorian mainland, and in these upwelling areas most
corals are restricted to shallow depths (<5 m) (Glynn and
Leyte-Morales 1997; Glynn 2000, 2003). At Gorgona
Island, Colombia the influence of the Gulf of Panama
upwelling across the larger Panama Bight likely causes
periodic intrusions of cold water to shallow depths (Giraldo
et al. 2008), and this may explain why deep corals are not
abundant around this nearshore island (Table 19.1; F. Zap-
ata, pers. comm.). Shallow water upwelling refuges and
refugia are discussed later in this chapter.

Less productive and turbid oligotrophic areas of the ETP
have been shown to support depth refugia in at least one
case. In the Contreras Islands a neritic depth refugium has
been shown for one species of coral. Populations of the
extremely thermally sensitive hydrocoral Millepora intricata
that are restricted to the Gulf of Chiriquí, Panama survived
in depth refuges (>12 m depth) over the two most severe
recent El Niño events (1982–83, 1997–98), while the two
congeners Millepora boschmai and Millepora platyphylla
without deep populations were driven to regional extinction
in the ETP (Smith et al. 2014). Deep populations likely
provided planktonic recruits for recolonization of shallow
habitats after thermal stress, allowing partial recovery of
shallow water populations. In the same study, reef core
records indicated that M. intricata persisted at two reefs in
Panama throughout the last half of the Holocene period
(5500 BP), including over a period of heightened ENSO
activity that likely generated El Niño conditions that sur-
passed the severity of those in 1982–83 and 1997–98 (Toth

et al. 2012). Smith et al. (2014) concluded that depth refuges
in the ETP were necessary for M. intricata to avoid regional
extinction, and provided evidence of the deep refugia
hypothesis (Glynn 1996; Riegl and Piller 2003; Bongaerts
et al. 2010). Also, post-El Niño deep refugia hydrocoral
populations were not found in structure-forming coral reefs,
but were present in coral communities associated with
bedrock or in corallith deposits along the deep talus slopes of
coral reefs. This further suggests that zooxanthellate coral
communities growing outside of true reefs form an important
component of depth refugia in the ETP.

Many other areas in the ETP may also support depth
refugia for certain coral species, but there are much less data.
For this reason we will discuss different oligotrophic areas of
the ETP and their potential to support depth refugia, which
we hope will encourage further investigations in this region.
In neritic environments on the continental shelf of the
tropical Pacific Americas, where turbidity and cold water are
not limiting, significant coral communities form at locations
between 10 and 40 m, and could therefore harbour refuge
populations. Deeper scleractinian corals along the conti-
nental mainland appear to be sparser than in offshore areas
(Table 19.1), but the size of the extensive Central American
coastline suggests that the total number of deep coral colo-
nies could be large. Many sections along the continental
mainland of the ETP show some deep coral development,
particularly in Costa Rica and Panama (Table 19.1). Near-
shore deep coral development, however, may be rare or
lacking in Mexico and El Salvador (Reyes Bonilla 2003;
Reyes Bonilla and Barraza 2003).

There are well-developed deep coral communities present
at several neritic islands where waters are clearer than the
adjacent continental mainland and deep temperatures are not
limiting. Examples include Caño Island (Guzmán and Cortés
1989), Costa Rica; and the Secas Islands, Contreras Islands,
and Coiba Island group, Panama (Glynn and Maté 1997). At
Caño Island, isolated patches of Porites lobata, Psammo-
cora spp., Pocillopora elegans, and Pavona gigantea occur
to 22 m depth although there is a sand margin at a modest
12 m depth near the main reef. Guzmán and Cortés (1989)
suggested that deeper corals growing on the reef slope (>5 m
depth) had higher survival than shallow corals during the
1982–83 El Niño, which may suggest a depth refuge during
this thermal stress event.

In Panama, our recent observations of non-coral, rock
outcrops have revealed the presence of zooxanthellate coral
communities occurring deeper than 20 m in the Coiba Iss.
group, the Secas Iss., and the Contreras Iss.. In the Contreras
Iss., along a rock outcrop just north of the Uva Island study
reef, abundant isolated colonies of Gardineroseris planulata,
Millepora intricata, Pavona chiriquiensis, Pavona clavus,
Pavona gigantea, Porites lobata, and Pavona varians occur
between 18–25 m. Similar communities have been observed
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around the Coiba Iss. group (Guzmán et al. 2004) and the
Secas Iss. (T. Smith, unpub. observ.).

There is great potential for depth refugia at oceanic islands
located far from the continent. Offshore islands and archi-
pelagos in the far eastern Pacific exist across an enormous
expanse of ocean and a diverse array of abiotic settings
(Fiedler 1992; Fiedler and Talley 2006; see Chap. 3, Fiedler
and Lavín), ranging from the intense upwelling of the west-
ern Galápagos Islands to the oligotrophic waters surrounding
Clipperton Atoll. Islands that support light-dependent corals
include the Revillagigedo Islands, Clipperton Atoll, Cocos
Island, Easter Island (Rapa Nui), Malpelo Island, and the
Galápagos Archipelago. Clear oceanic environments with no
upwelling to moderate levels of upwelling might support
refuges at depths considered mesophotic in the Western
Atlantic and Pacific Ocean basins (30–150 m; Hinderstein
et al. 2010). Examples include Clipperton Atoll, Cocos
Island, Easter Island, Malpelo Island, and the northern
Galápagos Islands (Darwin and Wolf Islands) (Table 19.1).
Each of these islands supports zooxanthellate corals,
including some shallow water species, to depths greater than
30 m (Table 19.1). Perhaps the most spectacular example of
deep, light-dependent coral communities is found at Clip-
perton Atoll, and was well described by Glynn et al. (1996)
who sampled high coral cover to 60 m.

There is both direct and indirect evidence that deep coral
populations at oceanic islands can endure thermal stress
events better than shallow reefs. Cover of Gardineroseris
planulata, Pavona spp., Pavona varians, Porites lobata, and
Psammocora stellata on two reefs at Cocos Island was
higher in deeper reef areas (>9 m) than shallow areas of the
same reefs, where some coral species disappeared after the
1982–83 El Niño event (Guzmán and Cortés 1992). Indeed,
some of these colonies may have assisted in recolonization
and recovery of shallow water areas (Guzmán and Cortés
2007). There is also direct and indirect evidence from the
Galápagos Archipelago that some oceanic islands demon-
strated greater coral survival in deeper areas after thermal
stress. The best evidence for a depth refuge effect in an
oceanic setting comes from Feingold (2001) who showed
that fungiid corals at around 33 m did not bleach during the
1997–98 warming event, whereas corals present around
16 m were nearly all bleached. This study attributed the
difference to both decreasing irradiance and more variable
temperatures at depth caused by the intrusion of cooler water
associated with the thermocline.

Coral reefs in the northern Galápagos were heavily
impacted by the 1982–83 El Niño event (Glynn et al. 2009),
but recent surveys at Darwin and Wolf Islands in 2012
reported extensive deep coral populations in depths greater
than 20 m (Glynn et al. 2015; T. Smith, unpub. data). Coral
cover peaked at 54 % in 24 m depth in Bahía Tiburón, Wolf
Island, whereas coral cover at 10 mwas 18.5 %. Deeper coral

populations were also observed, but not quantified at
Marchena Island. In the southern Galápagos at Floreana
Island, cover at 20 m depth was 7.6 % and declined to 0 % at
30 m, showing a more limited potential for a deep refugium
possibly related to cooler, more oligotrophic conditions (but
see the discussion of fungiid survival above). At other oceanic
islands, the evidence for a depth refuge is more equivocal. At
Easter Island a 1–2 °C positive temperature anomaly (26–
27 °C) caused some bleaching to 30 m (Glynn et al. 2003).
Light-dependent corals occur much deeper (to 50+ m) at
Easter Island, but their condition was not observed and coral
mortality was not quantified (P. Glynn, pers. comm.).

17.4.1 Species-Specific Aspects of Depth
Refuges

A prerequisite for a coral species benefitting from a depth
refugium is that the species is a depth generalist. For
example, it was seen that among milleporid species in the
Gulf of Chiriquí that those species without a deep population
were driven to regional extinction in the ETP, whereas
Millepora intricata was able to survive in deep zones over
two extreme El Niño disturbances (Smith et al. 2014). Not
only does M. intricata survive in deep areas but it also seems
to be abundant at depth. This is important, since mortality
from bleaching did extend into deeper zones, albeit at a
reduced rate, and having high abundance at depth helped
ensure some survivors for re-expansion. Among the low
diversity ETP hermatypic coral faunas there are many spe-
cies with wide depth ranges that may be able to benefit from
depth refuges (Table 19.1).

The exact reason that some species are depth generalists
while others are confined to shallower depths has not been
well studied. In other systems, heterotrophic plasticity, the
ability to shift from autotrophy to heterotrophy to meet
colony energetic demands, has been postulated as a mech-
anism maintaining colony fitness at deeper depths (Lesser
et al. 2010). In shallow waters less than 6 m depth in the
Gulf of Panama, Palardy et al. (2005) found that the
mounding corals Pavona clavus and Pavona gigantea were
more adept at heterotrophic feeding on zooplankton than
branching Pocillopora damicornis during non-upwelling
conditions. The agariciids P. clavus, P. gigantea, and
P. varians all have wide depth ranges across the ETP
(Table 19.1) and their survival at greater depths may be
facilitated by their heterotrophic food capture abilities.

Among the milleporids, Millepora intricata is likely a
competent heterotrophic feeder (Lewis 1989) and this may
facilitate its ability to occur across a variety of depths.
However, under the assumption that all milleporids are
efficient at heterotrophic feeding, it is not clear why the two
milleporid species that went regionally extinct did not occur
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deeper than 15 m. They may be more dependent on pho-
totrophy than assumed or the morphologies of Millepora
boschmai (columnar to upright plates) and Millepora
platyphylla (upright plates) may be maladapted to persist at
low light levels and unidirectional currents of deeper water,
as opposed to high light conditions and oscillatory,
wave-driven currents of shallow water.

ETP coral species that occur more rarely or not at all in
greater depths may have reduced fitness in deeper zones that
is related to reliance on phototrophy for energy acquisition.
One pattern that supports this hypothesis is that where
shallow trending species do have a deep extended range it is
in clear oceanic environments (Table 19.1). This includes
Porites lobata, which may not be able to meet a majority of
its energetic needs heterotrophically (Grottoli et al. 2006).
This species is confined to substrates less than 20 m depth in
more turbid environments, but can occur deeper at locations
where the water clarity is higher. In the clear waters of the
northern Galápagos Islands and Clipperton Atoll where
P. lobata does occur below 20 m depth it is much reduced in
cover relative to shallow water, unlike species in the genus
Pavona that have a much more even distribution with depth
or even increase in cover below 20 m (Glynn et al. 1996,
2015). This also suggests a greater reliance of P. lobata on
phototrophy than Pavona spp.

Most of the pocilloporid species have narrow and shallow
depth ranges (Table 19.1), and reveal markedly reduced
fitness in deeper water. Colonies of Pocillopora damicornis
transplanted from 10 m to 18 m in the Gulf of Chiriquí
showed very low survival (6.7 %, n = 15) and negative
growth (−28 %, n = 1) over 3.4 years (T. Smith, unpub.
data; methods as for Millepora intricata in Smith et al.
2014). Reduced fitness at greater depths at the same location
where M. intricata occurred in a refugium might indicate a
decrease in colony energy with decreased photosynthesis,
but this was not tested directly.

17.4.2 Vertical Connectivity of Deeper Water
Refugia

Very little is known about the connectivity of deeper coral
populations via pelagic larval dispersal and other areas
(seeding) or among themselves (self-recruitment). While this
is difficult to study, larval connectivity has extremely
important ramifications for the potential contribution of
deeper reef areas to the resilience of the ETP coral fauna
after disturbance and its potential to serve as refugia. Deeper
coral populations will go extinct if they are only sinks for
shallow water larvae and shallow water corals are extirpated.
Furthermore, deeper-living corals will never contribute to

shallow water recovery if they are only self seeding, which
might occur if deep populations are adapted to
deeper-occurring habitats. In this case the deeper corals may
be a refugium for the species, but not for the full genetic
diversity of the species. However, if deeper corals are just
part of a network of larval exchange between all habitats,
then they may have an important role in coral recovery
following disturbance.

In the only demonstrated example of a deep refugium—
Millepora intricata in the Gulf of Chiriquí—larval contri-
bution from deep to shallow was inferred, suggesting the
ability for deep populations to increase resilience (Smith
et al. 2014). The inference was made possible because
shallow water populations were likely to have been extir-
pated across most of the range, whereas deeper populations
were extant. When shallow water populations reappeared at
study sites a few years after a severe El Niño thermal dis-
turbance it seemed likely they recruited from abundant
deeper populations within a hundred meters distance, rather
than from distant shallow water survivors, if present but not
observed. In other species where shallow water populations
are not entirely decimated by El Niño disturbances,
demonstrating connectivity and its importance for popula-
tion recovery will require genetic methodologies. This pre-
sents its own challenges, such as the development of genetic
markers for different species, lack of population structure,
and the need for many samples to be compared from each of
the habitats. A full evaluation of the hypothesis that deeper
areas are refugia from thermal stress events will require these
sorts of studies.

17.5 Regional Refugia (Scales of 1000 km
and Greater)

Regional refugia occur when large-scale physical oceano-
graphic conditions increase the probability of survival for a
large proportion of reef organisms over a large-scale dis-
turbance. The best, and perhaps only, possible example of
regional refuges occur in large scale upwelling centers where
cooler conditions may act to lower thermal stress during
ENSO associated warming events. A regional refugium may
also exist, however, as a meta-refuge due to interacting
networks of refuges at smaller scales. Thus, there are two
types of regional refuges that might occur: (1) an overar-
ching regional refugium where conditions provide avoidance
for some of the corals in a region, and (2) a meta-refugium,
where regional conditions favour the formation of multiple
refuges that combine to increase the potential of a region to
maintain biodiversity. We will address overarching and
meta-refugia separately.
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17.5.1 Overarching Regional Refugia

The most cited overarching regional refugia for corals
includes areas where relatively cooler water is present during
large-scale high thermal stress events. Conditions for shal-
low water regional refugia are largely favoured by upwelling
of cool water into surface layers (Glynn 1996; West and
Salm 2003). Distinct seasonal upwelling occurs at three
areas along the Central American coastline (Gulf of
Tehuantepec, Gulf of Papagayo, and the Gulf of Panama).
Seasonal upwelling in the Gulf of Panama provided a ther-
mal refuge for corals during ENSO related sea warming over
the 1997–98 El Niño event (Glynn et al. 2001). In addition,
non-seasonal upwelling has been suggested as lowering the
incidence of bleaching during the 1997–98 El Niño event in
the Gulf of California relative to lower-latitude areas of the
ETP (Reyes-Bonilla 2001). More continuous upwelling
occurs in the western Galápagos, due to the shoaling of the
equatorial undercurrent (Cromwell current), and along the
South American mainland coast (Colombia, Ecuador, Peru)
from Ekman coastal upwelling.

Scaling upwelling refuges to long-term refugia is com-
promised if upwelling and thermal stress timing are not
coincident (Chollett et al. 2010), or if upwelling prevents
acclimation to anomalously warm conditions (D’Croz and
Maté 2004). Since high thermal stress created by El Niño
conditions can occur throughout the year there is not always
synchrony between heat stress and the seasonal upwelling in
the Gulf of Panama (Glynn et al. 2001; Chollett et al. 2010).
Furthermore, ENSO results in a general deepening of the
thermocline (Enfield 2001; Fiedler and Talley 2006) and
therefore upwelled waters may still be anomalously warm,
even if cooler than the mean temperatures of adjacent areas.
Since coral bleaching thresholds are specific to the back-
ground climatology (Coles et al. 1976) and corals from the
Gulf of Panama have been shown to be more sensitive to
thermal stress (D’Croz et al. 2001; D’Croz and Maté 2004),
a long-term refugium caused by the Gulf of Panama
upwelling may be compromised. The same general princi-
ples apply for the upwelling Gulf of Papagayo, whereby
there is potentially some benefit from upwelling, but positive
thermal anomalies associated with El Niño events do occur
and result in moderate coral mortality (Jiménez et al. 2001,
2010). Upwelling as a mechanism creating a thermal refu-
gium has been examined less extensively for coastal
upwelling in the Gulf of Tehuantepec.

Positive El Niño-Southern Oscillation anomalies are most
pronounced at the equator (+0.5–1.0 °C) and this negates the
potential for an upwelling refugium in the Galápagos
Archipelago. The corals and coral reefs of the equatorial
upwelling Galápagos Archipelago were shown to be very
sensitive to thermal stress in the 1982–83 and 1997–98 El

Niño events (Glynn 1994; Glynn et al. 2001). Here, hetero-
geneous thermal zones across the region were uniformly
warm, causing anomalies as high as 1–2 °C (Glynn 1990;
Wellington et al. 2001). The entire equatorial region is highly
susceptible to positive temperature anomalies (+1–2 °C)
during El Niño events because the mixed layer depth remains
relatively constant, whereas the thermocline is depressed
below the mixed layer and cool water is not brought to the
surface (Fiedler and Talley 2006).

Other over-arching regional refugia may be found in
coastal areas. There is some evidence that neritic regions
near the Central American coast may be less sensitive to
coral bleaching than offshore regions. There may have been
an offshore-to-onshore decline in coral mortality during El
Niño events in Ecuador and Panama due to lower SSTs and
reduced light penetration and irradiance stress (Glynn et al.
2001). However, it is also possible to expect the same
offshore-to-inshore differences due to a reduction in the
penetration of Kelvin waves associated with El Niño events
by geomorphological and orographic effects in neritic
habitats. If true, this may provide additional support for
Macintyre’s hypothesis (Macintyre et al. 1992) that shel-
tering from El Niño warming events and cool upwelling
conditions could facilitate the accumulation of large coral
reef frameworks in some near-shore eastern Pacific areas via
avoidance.

17.5.2 Meta-Refugia

Refugia operate on scales of time and space that necessitate
protection from multiple disturbances. Different types of
refuges across diverse habitats may be protective (e.g.,
prevent extirpation) in any given disturbance, but perhaps
not in subsequent disturbances. In this case no particular
refuge may be a refugium because of vulnerability at some
point in time and space. However, within a spatial network
of habitat patches connected by larval exchange and the
possibility of recolonization, different refuges acting in
concert could act as a meta-refugium that reduces the risk of
regional extinctions. Under this scenario a network of
ephemeral refuges permits expansion under classical
meta-population dynamics (Hanski 1998). While metapop-
ulation theory is well established, the suggestion of
meta-refugia is here used to illustrate the idea that having
resistant populations in a diversity of refuges, even if no one
refuge can scale to a refugium, may limit the chance of
extinction across all interconnected habitat patches and
together these multiple patches (refuges) may scale to a
refugium.

The prospect of meta-refugia is hypothetical, but some
areas of the ETP may be less resistant to long-term changes
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in ENSO frequency and intensity because of a lack of refuge
networks. For example, upwelling areas have low habitat
diversity because upwelling limits depth refuges and restricts
most coral growth to protected areas in the lee of persistent
upwelling streams. Therefore, upwelling areas may be less
resistant and resilient in the context of meta-refugia, since all
biota may respond equally to large-scale disturbances, such
as El Niño seawater warming. Conversely, neritic,
non-upwelling areas north of the equator in Costa Rica and
Panama may have an increased possibility for meta-refuges
since they have the potential for depth refuges, possess a
high degree of habitat heterogeneity (turbidity gradients,
island and coastal areas, oceanographic variability), and
could be well connected. They also have a high abundance
of corals, which could be evidence that refugia are present
and have been protective in the past, or that refugia are
present because of the high abundance of corals. While this
may seem circular, large populations increase the number of
habitats, including refuges, that are occupied (Hanski 1998),
and occupation of more refuge habitats may increase the
resilience of metapopulations. Empirically, from the marine
fossil record, being widespread and having greater habitat
breadth, albeit at a coarser scale than we are examining here,
has been shown to decrease the probability of extinction
(Harnick et al. 2012).

17.6 Conclusion

Refugia as a means for corals to avoid extinction or to
rapidly recolonize susceptible habitats after disturbance
seem to be an important mechanism for coral and coral reef
persistence in the marginal eastern tropical Pacific Ocean.
However, it seems that certain types of refuges may be more
likely to scale to a refugium. In particular, conditions that
favour partial colony mortality, such as intra-colony envi-
ronmental heterogeneity, may favour refugia for
shallow-water species susceptible to seawater warming, such
as Pocillopora spp. and Gardineroseris planulata. Intra-reef
and inter-reef thermal refugia may occur where temperatures
are normally elevated, such as lagoons, reef flats, or on reefs
that are relatively warm relative to local open ocean condi-
tions. These areas may increase local tolerance through
acclimation or adaptation. Avoidance of thermal stress at
intra- and inter-reef scales may be comparatively rare,
however, since cooling processes are often not reliable
during warm anomalies, and corals in cooler environments
are susceptible to any change from the highest normal mean
thermal conditions. A depth refugium was confirmed for at
least one zooxanthellate species, the hydrocoral Millepora
intricata, and a refuge was shown for a fungiid scleractinian

species at one site over the 1997–98 El Niño event. Other
depth generalist species, such as Pavona spp. may benefit
from increased resilience after disturbance because of
reduced or no mortality in depth refuges; however, demon-
strating depth refugia for other species still needs empirical
data through El Niño disturbances. At the scale of regions,
seasonal upwelling has been shown to be a refuge over
specific events, but whether this scales to a long-term refu-
gium depends critically on whether cooling from upwelling
is always timed to avoid periods of thermal stress. Other
large-scale upwelling areas, such as the western and south-
ern Galápagos and the South American coast appear vul-
nerable to the cessation of cooling upwelling during El Niño
events. In these areas reduced cooling due to a deepened
equatorial thermocline during El Niño and a coral fauna that
may be more susceptible to elevated temperatures because of
normally cooler temperatures, may compromise regional
refuges and refugia. Hypothetically, the existence of
meta-refugia may ensure the long-term persistence of coral
species and coral reefs in the ETP by supporting corals in
diverse types of refuges that together scale to a refugium.

There remains a great deal of work to be done if we are to
understand how refugia support corals and other sessile
marine species in a warming ocean. Future research in the
ETP should target the thermal responses of species in more
marginal hermatypic coral habitats, such as deep areas below
the thermocline, and corals growing on rock outcrops and
unconsolidated substrates. This will help us understand the
full demographic ramifications of refugia in maintaining
coral populations. In addition, the impacts of chronic stress,
such as low aragonite saturation states or low oxygen con-
centrations, in limiting the extent of coral development and
growth are important considerations for understanding the
limits to the scale of refugia. Because the ETP has a sub-
stantial record of coral ecological research, is prone to
repeated thermal disturbances, has a wide diversity of
oceanographic conditions, and supports a number of coral
species at various stages of rarity and vulnerability to
regional extinction, it is an ideal region to continue the study
of refugia in the modern ocean.
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