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ABSTRACT: Global warming is a severe threat to coral reefs. It has been proposed that upwelling
could minimise the thermal stress caused by ocean warming, and therefore upwelling areas may
serve as a refuge for corals. Here, using 21 yr of satellite sea surface temperature data, we analysed
the degree to which the thermal stress experienced by corals is reduced in 4 seasonal upwelling areas
with reef development: Colombia in the southern Caribbean, Panama in the eastern tropical Pacific,
Oman in the Arabian Sea and Madagascar in the Indian Ocean. Upwelling areas do not always offer
protection from thermal stress. When compared with nearby non-upwelling areas, upwelling can
only provide defence against warming events if: (1) the threat and the upwelling coincide, and (2) this
overlap produces a meaningful decrease in thermal stress in upwelling areas. These conditions were
met in only 2 of the 4 upwelling areas analysed: Colombia and Oman. In Oman, upwelling decreased
the magnitude, frequency and duration of thermal disturbances (identified when Coral Bleaching
HotSpots, anomalies exceeding the average temperature of the warmest month, are larger than 1°C),
while in Colombia upwelling only decreased their frequency. The protective role of upwelling seems
to be limited geographically; therefore, further upwelling areas need to be assessed individually in
order to evaluate their capacity as a refuge from thermal stress.
KEY WORDS: Coral reef · Upwelling · Bleaching · Climate change · Sea surface temperature ·
AVHRR
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INTRODUCTION
In the last 100 yr, global air temperature has increased 0.74°C (IPCC 2007), and the rate of temperature change is 2 to 3 times higher than has been
observed over the past 420 000 yr (Hoegh-Guldberg et
al. 2007). Although land has warmed faster than the
oceans, over 80% of the heat added to the climate system has been absorbed by the sea, the average temperature having increased by approximately 0.14 to
0.18°C per decade during the last 20 yr (Casey &
Cornillon 2001, Good et al. 2007, IPCC 2007). These
facts have prompted concern that rising seawater temperatures could increase the frequency and severity of
coral bleaching events and the irreversible decline of

coral reef ecosystems (West & Salm 2003, McWilliams
et al. 2005, Hoegh-Guldberg et al. 2007, Wilkinson &
Souter 2008).
The rise of thermal stress on coral reefs has led to
speculation that coral-dominated systems may become
increasingly restricted to locations of naturally low
thermal and/or radiative stress (Glynn 1996, Salm &
Coles 2001, Riegl & Piller 2003, West & Salm 2003,
Grimsditch & Salm 2005, Baker et al. 2008). These
areas could provide ‘pockets of resistance’ (sensu West
& Salm 2003), not by increasing the physiological
tolerance of the inhabiting corals, but by providing
extrinsic environmental conditions that reduce the
stressful conditions. Regions of relatively low thermal
and radiative stress include upwelling systems (Riegl
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2003), deep water areas of strong vertical mixing
(Skirving et al. 2006) and sites with high water flow
(Nakamura & van Woesik 2001, Nakamura et al. 2003)
or high levels of shading (Mumby et al. 2001, Fabricius
et al. 2004). Although these areas could constitute a
refuge from bleaching, they have other features that
could dampen reef development. For example, upwelling areas can be subjected to cold thermal stress
(Glynn et al. 1983), deep areas may host poorly connected reefs (Bongaerts et al. 2010), and high flow can
dislodge corals (Madin & Connolly 2006).
The present analysis focuses on just one of the
potential sources of cool water on reefs: seasonal
upwelling. Upwelling, the upward motion of subsurface water towards the surface, is an oceanographic
phenomenon that decreases sea temperature and
increases the nutrient concentration in coastal waters
(Sverdrup et al. 1942). Lower incidences of coral
bleaching and associated mortality have been related
to the influence of upwelling in the Gulf of California
(Reyes-Bonilla 2001), Mexico (Glynn & Leyte-Morales
1997), Costa Rica (Jiménez et al. 2001), Panama (Glynn
et al. 2001), Venezuela, Colombia (Rodríguez-Ramírez
et al. 2008), South Africa (Riegl 2003) and northern
Madagascar (McClanahan et al. 2007). Seasonal
upwelling (as opposed to occasional upwelling) constitutes a persistent feature in time that has the potential
to decrease the effects of thermal stress in a predictable manner (West & Salm 2003). Given the evidence listed above, seasonal upwelling areas have
been proposed as possible refugia in a warming ocean,
and therefore desirable locations for the establishment
of marine protected areas (West & Salm 2003). However, some empirical evidence suggests that the ability
of upwelling to prevent bleaching is not consistent
over time: during the 1982–83 El Niño–Southern
Oscillation (ENSO), upwelling was incapable of offsetting the warming of the water masses in Pacific
Panama. Sea surface temperatures (SSTs) in the
upwelling area of the Gulf of Panama matched those
found in the non-upwelling area of the Gulf of
Chiriquí, and coral mortality reached 84.7% in the former (Glynn et al. 1988).
Since upwelling and severe warming are seasonal
and interannually variable phenomena (Astor et al.
2003, Philander & Fedorov 2003, Wang & Fiedler 2006,
Wilkinson & Souter 2008, Bograd et al. 2009), their
temporal variability needs to be considered in order to
provide a more systematic analysis of the role of seasonal upwelling in preventing mass bleaching events.
In this paper we assess the capability of upwelling to
offset warming of the water masses using long-term
temperature records. The use of long time series allows
the evaluation of thermal patterns over continuous
scales rather than confining the analysis to particular

time periods that represent snapshots in time. Upwelling would offset bleaching only if (1) upwelling
and severe warming events occur at the same time and
(2) upwelling provides sufficient cooling to reduce the
thermal stress experienced at the location. We examined the first prerequisite by determining the synchrony of upwelling and warming events in 4 regions
of the globe. We then examine the second prerequisite,
that upwelling reduces stress, by carefully examining
the impacts of upwelling on the magnitude, frequency
and duration of thermal anomalies within each region
(i.e. by comparing the stress in upwelling and nearby
non-upwelling areas).
We stress that our analysis is confined to the effects
of upwelling on the temperature experienced by corals
and excludes other potentially beneficial impacts of
upwelling associated with reduced light penetration or
increased heterotrophic feeding by corals during
plankton blooms that might be associated with upwelling events. Reduced light has the potential to
decrease, or even prevent, bleaching (Lesser & Farrell
2004, Enríquez et al. 2005), and enhanced heterotrophy has the potential to offset trophic stress associated
with a paucity of symbionts (Grottoli et al. 2006, Houlbrèque & Ferrier-Pagès 2009). Unfortunately, it is currently not possible to generalise the potential impacts
of these effects because of the lack of accurate models
of the interactions between thermal stress, radiative
stress and heterotrophic plasticity.

MATERIALS AND METHODS
Data source and study locations. Weekly SST data
for 1985 to 2005 were derived from the 4 km resolution
Advanced Very High Resolution Radiometer (AVHRR)
Pathfinder dataset (Casey et al. 2010). The data were
collected and processed by the National Oceanographic Data Center in cooperation with the University
of Miami, and the weekly product used was provided
by the National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch program.
Using the 21 yr dataset, we examined the timing of
upwelling and bleaching-like conditions in 4 regions of
the world, with representation from all 3 tropical
oceans. In each region, an upwelling area and a neighbouring non-upwelling area that contained coral communities were delineated. Reefs subjected to seasonal
upwelling were first located based on previous
research (Glynn 1993, Glynn et al. 2001, Díaz-Pulido &
Garzón-Ferreira 2002, McClanahan et al. 2009). Subsequently the nearest non-upwelling reef, based on
the United Nations Environment Programme–World
Conservation Monitoring Centre (UNEP-WCMC) Biodiversity Map Library, was chosen for comparison. The
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regions were (a) Colombian Caribbean at Tayrona
National Park (NP; an upwelling area, 11.5° N 74.2° W)
and Rosario NP (a nearby non-upwelling area, 10.2° N
75.8° W), (b) Pacific Panama at the Gulf of Panama
(upwelling, 7.5° N 79.0° W) and the Gulf of Chiriquí
(non-upwelling, 8.0° N 82.0° W) (c) Oman at Sûr
Maflirah Island (upwelling, 20.0° N 56.6° E) and Diymaaniyat Islands (non-upwelling, 23.9° N 58.1° E) and
(d) northern Madagascar at Cap d’Ambre (upwelling,
12.0° S 49.0° E) and Nosy be Island (non-upwelling,
13.1° S 48.2° E; Fig. 1). We briefly describe the upwelling and bleaching regime in each region below.
The Colombian Caribbean is characterised by strong
upwelling along its north coast (Andrade & Barton
2005). Upwelling occurs at the beginning of the year
because of the increase in the strength of the winds
due to the latitudinal migration of the Intertropical
Convergence Zone (Andrade & Barton 2005, Amador
et al. 2006, Wang 2007). Additionally, the influence of
the Caribbean Low-Level Jet produces a secondary
intensification of winds, and thus upwelling, during
summer (Wang 2007). On the other hand, bleaching in
the Caribbean has been reported during summer
months when incoming solar radiation is at its maximum (Wilkinson & Souter 2008).
Upwelling in the Gulf of Panama occurs also at the
beginning of the year due to the migration of the
Intertropical Convergence Zone (Amador et al. 2006).
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In the eastern tropical Pacific, warming disturbances
are associated with ENSO events, with temperature
anomalies typically lasting from March to September
of the following year, and with a mature phase of
stronger anomalies from November to January (Wang
& Fiedler 2006).
In Oman, the southwest monsoon produces winddriven upwelling off the east coast during summer
(Shi et al. 2000). Anomalously high SSTs in this region
have been attributed to unusual warming during the
summer months, occasionally linked to ENSO events
(Wilkinson et al. 1999).
Unlike the other upwelling areas described, upwelling in Madagascar is not forced by winds, but by
currents. The South Equatorial current produces upwelling at the northern and southern tips of Madagascar (McClanahan et al. 2009). This current shows no
obvious seasonal variation, and exhibits high stability
all year round (Sætre 1985). As in Oman, unusually
warm conditions in Madagascar tend to occur in summer and have been linked to ENSO events (McClanahan et al. 2007).
Identifying upwelling and warming events. Using
the weekly dataset, upwelling conditions were identified when temperatures in an upwelling area fell 3
standard deviations (SD) below the monthly average
temperature experienced in the same month in a
neighbouring, non-upwelling area.Temperatures below

Fig. 1. Assessed regions in (a) Colombian Caribbean, (b) Pacific Panama, (c) Oman and (d) northern Madagascar. Upwelling
areas are shown in dark gray and non-upwelling areas in light gray
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this threshold are likely to belong to a different statistical population (Zar 1999). This index provides a
simple proxy to identify upwelling conditions, when
waters are significantly colder than in the surrounding
areas.
Conversely, HotSpot anomalies (Liu et al. 2006) were
used to identify warming conditions that may produce
bleaching. HotSpots measure the difference between
the recorded temperature and the average temperature of the hottest month at that location. Only positive
values are derived, since HotSpots were designed to
measure positive thermal stress (Liu et al. 2006). In this
study, only HotSpots larger than 1°C were used to indicate excessive thermal stress. Previous studies have
found that corals are acclimated to local conditions
(Coles et al. 1976, Coles & Jokiel 1977, Goreau &
Hayes 1994, Brown et al. 1996, Castillo & Helmuth
2005, Ulstrup et al. 2006), and temperatures of 1°C
above local seasonal maxima are enough to cause
stress (Strong et al. 1997, Goreau et al. 2000, Liu et al.
2006). HotSpots were chosen over accumulated measures of stress such as Degree Heating Weeks (Liu et
al. 2006) because the instantaneous coincidence of
upwelling and warming needed to be assessed.
Data were collected within a region of 256 km2 (16 ×
16 pixels) around each location of upwelling or nonupwelling. This area is small enough to prevent contamination of upwelling and non-upwelling areas, yet
large enough to provide a good sample size for statistical analyses. Homogeneity of each 256 km2 area was
verified by computing the local mean and the variance
using sliding windows of varying sizes (Fortin & Dale
2005).
Prerequisite 1: Synchrony of upwelling and warming events. To estimate the temporal overlap of
upwelling and warming conditions, the probability of
occurrence of upwelling events was calculated and
compared to the incidence of severe warming episodes
in the region. For the entire weekly dataset, upwelling
and warming events were identified using the metrics
described above. Upwelling conditions were identified
in each of the 4 upwelling areas. Severe warming conditions typically affect extensive areas (Baker et al.
2008, Wilkinson & Souter 2008), but the ability to
detect their signal (HotSpots) in a given month
changes among locations within a region. Because
HotSpots are more likely when temperatures are close
to the seasonal maximum, but given that the timing of
the hot season changes among locations, areas with
differing thermal regimes should be assessed to obtain
a comprehensive estimate of the occurrence of severe
warming. This is why in the present study, warming
conditions were said to occur in a region if HotSpots
were found in either the upwelling or non-upwelling
areas. Moreover, by allowing warming to be identified

within upwelling areas, this approach is consistent
with studies that have demonstrated local acclimation
of corals to temperature and the occurrence of bleaching once temperature anomalies are experienced (e.g.
Glynn & D’Croz 1990, D’Croz et al. 2001).
Each month of the time series was categorised as
having an upwelling and/or HotSpot event if at least
one week of the month was positive for the respective
event. Using this monthly information, the number of
times upwelling (Fu) and warming (Fw) were present in
a given month was calculated for the entire time period
(over 21 yr), in addition to the joint occurrence of the 2
events (Fu艚w). This allowed independent monthly estimates of the frequency of each type of event to be
obtained and their intersection in each region. The
monthly incidence was then converted into the statistical likelihood of an event occurring in any given year
using a binomial distribution. To allow clear comparisons to be drawn among regions, we standardised our
results by dividing the joint probability of warming
and upwelling (Pu艚w) by the warming probability Pw
(i.e. giving the proportion of warm periods for which
upwelling also occurs). We call this value (Pu艚w/Pw)
‘standardised joint occurrence’ throughout the text.
The timing of warming and upwelling events found
in our work coincide with temporal patterns previously
reported for the studied areas (Sætre 1985, Wilkinson
et al. 1999, Shi et al. 2000, Andrade & Barton 2005,
Amador et al. 2006, Wang & Fiedler 2006, Wilkinson &
Souter 2008), which confirms the appropriateness of
the metrics used to quantify these events.
Prerequisite 2: Reduction of thermal stress by
upwelling. The co-occurrence of severe warming
events and upwelling is not enough to identify an area
as a meaningful refuge; upwelling should also translate into a milder thermal disturbance regime in that
area. Three elements should be considered when
assessing the impact of stressful events on biological
systems: the intensity or magnitude of the disturbance,
the duration of individual stress episodes and the temporal frequency of different episodic events (Connell
1978, Pickett & White 1986). Following this categorisation, if upwelling can provide refuge from warming,
then upwelling areas would be characterised by
smaller thermal anomalies, shorter anomalous periods
and/or fewer anomalous episodes in the long term
when related to nearby, non-upwelling reefs.
To gain some insight into the overall effect of
upwelling on decreasing thermal stress in an area, the
long-term stress undergone in the last 21 yr (1092 wk)
by the 4 regions assessed was quantified. Anomalous
events were again identified when HotSpots were
larger than 1°C. Using the weekly data, the magnitude
of HotSpots, the duration of the anomalous episodes
(when HotSpots were registered in contiguous weeks)
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Fig. 2. Probability of occurrence of upwelling and warming events, as well as their joint incidence in (a) Colombian Caribbean,
(b) Pacific Panama, (c) Oman and (d) northern Madagascar. Warming events were identified when HotSpots in the region (considering upwelling and adjacent non-upwelling areas) exceeded 1°C. Upwelling conditions were identified when temperatures
in upwelling areas were 3 SD below the monthly average temperature experienced in the same month in a neighbouring nonupwelling area. Probabilities were calculated from monthly incidence of upwelling/warming conditions in 21 yr; whiskers
indicate 95% confidence intervals (1985 to 2005 AVHRR Pathfinder data)

and the total frequency of discrete anomalous events
was calculated for the entire dataset in upwelling and
non-upwelling areas in each of the regions (Fig. 2). For
each region, upwelling and non-upwelling disturbance estimates were then compared using 1-tailed
tests (t-tests and Z-test for 2 proportions). To reduce a
potential influence of spatial autocorrelation, only random subsets of 30% of the delineated areas were used,
and a bootstrap procedure (1000 iterations) was used
to compute average statistics and their SE.

RESULTS
Prerequisite 1: Synchrony of upwelling and
warming events
Warming events occurred during the summer
months in the Colombian Caribbean, Oman and Northern Madagascar (Fig. 2a,c,d) but year-round in Pacific
Panama (Fig. 2b). In the southern Caribbean and the
eastern tropical Pacific, upwelling occurred at the be-

ginning of each year. The temperature decrease was
acute in the eastern tropical Pacific, but the cooling
lasted longer in the southern Caribbean (Fig. 2a,b).
This implies that the capability of upwelling to counteract bleaching conditions is greater in the Caribbean,
where there is larger co-occurrence of seasonal cooling
of water masses and episodic warming. In this region,
the average of the standardised joint occurrence was
0.74. This implies that 74% of the time, when warming
was present, upwelling was also present. In the Pacific,
thermal anomalies can occur in any month, so upwelling would be able to offset warming only during
the short cooling season. Thus, given the limited duration of upwelling, the average of the standardised joint
occurrence of the 2 events in this area was only 0.41.
Upwelling off the east coast of Oman was active during
summer, which coincides with the occurrence of warm
anomalies (Fig. 2c). Upwelling therefore counteracted
warming events during most of their duration, and the
average of the standardised joint occurrence was 0.86.
In Madagascar, upwelling occurred all year round.
Consequently, upwelling decreased the temperature of
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the water most of the year, and the average of the standardised joint occurrence was 73% (Fig. 2d).
In summary, the average of the standardised joint
occurrence of warming and upwelling conditions was
generally moderate to high ranging from 41% in Tropical Eastern Pacific to 73, 74 and 86% in Madagascar,
the southern Caribbean and Oman, respectively.

Prerequisite 2: Reduction of thermal stress
by upwelling
When comparing the thermal disturbance regime in
upwelling and nearby non-upwelling areas, upwelling
did not decrease the magnitude of the thermal anomalies, the duration or the frequency of the anomalous
periods in the eastern tropical Pacific or northern
Madagascar (1-tailed Student’s t-test, p > 0.05 for all
contrasts). In contrast, upwelling in Colombia provided
a significant reduction in the frequency of anomalous
periods, decreasing the total occurrence of disturbance
events by 12% (1-tailed Z-test for 2 proportions, mean
± SE: Z = –3.55 ± 0.03, p < 0.05).
Oman is the only case study analysed in which
upwelling was able to reduce the 3 measures of thermal stress, decreasing the magnitude of the thermal
anomalies (by 4%), the duration (by 24%) and frequency (by 55%) of disturbance events when compared to neighbouring non-upwelling areas (t-tests
and 1-tailed Z-test for 2 proportions, t = –9.67 ± 0.02, t =
–10.39 ± 0.03, Z = –23.91 ± 0.02, p < 0.05).

Net outcomes of synchrony and impact on
thermal stress
Our results led to 3 distinct outcomes for the 4
upwelling areas analysed: (1) synchrony of upwelling
and warming and significant reduction of stress in
Colombia and Oman; (2) partial synchrony of upwelling and warming events and no reduction of thermal stress in the eastern tropical Pacific; and (3) synchrony but no reduction of stress in northern
Madagascar.
To understand the net outcomes of variable synchrony and impact on thermal stress, the monthly frequencies of HotSpots were disaggregated for each
area (upwelling and non-upwelling) within each of the
regions assessed (Fig. 3). In both upwelling and nonupwelling areas, warming conditions were more likely
when water temperatures were closer to the maximum
monthly climatological mean of the location.
In Colombia, the temporal overlap between upwelling and warming conditions at the beginning of
summer due to the influence of the Caribbean Low-

level Jet (Wang 2007) reduced the length of the warm
season in upwelling areas by approximately 4 mo in
comparison to nearby non-upwelling areas (Fig. 3a).
The shortened warm season translates into a shorter
period of vulnerability to thermal stress, and a lower
frequency of thermal disturbance events (decrease of
10%). In this region of the southern Caribbean,
upwelling may indeed provide a refuge from warming.
In the Gulf of Oman, upwelling occurred at the peak
of the warm season and provided cooler conditions
than in nearby non-upwelling areas. Upwelling decreased the maximum monthly mean by 2.3°C and
punctuated the warm season, decreasing its total
length by 1 mo. In this way, upwelling weakened and
shortened the warm period, reducing the incidence of
thermal anomalies by 54%. In Oman, therefore,
upwelling can provide effective protection against
severe warming.
Warm seasons did not coincide in upwelling and nonupwelling areas of the eastern tropical Pacific (Fig. 3b).
Maximum incoming solar radiation occurs during the
boreal winter in this region (Amador et al. 2006). This
results in warmer waters in non-upwelling areas, but
not in upwelling areas, where upwelling decreases the
temperature of the waters and delays the onset of the
warm season. As ENSO disturbances are possible all
year, and upwelling does not decrease the length of or
weaken the warm season, both upwelling and nonupwelling locations are equally vulnerable to thermal
disturbances. Additionally, sporadic ENSO events produce both a strengthening of the thermal anomalies
and the weakening of the upwelling, further decreasing the significance of upwelling as a protection in the
eastern tropical Pacific.
In Madagascar, the South Equatorial Current (McClanahan et al. 2009) reduces temperatures throughout the year. The seasonal temperature patterns in
upwelling and non-upwelling areas were almost indistinguishable (Fig. 3d): summers were equally long,
the period of vulnerability to anomalies was similar,
and consequently upwelling offers no significant
protection from thermal stress.

DISCUSSION
While there is evidence that upwelling has helped reduce the effects of bleaching at particular locations and
times (Glynn & Leyte-Morales 1997, Glynn et al. 2001,
Jiménez et al. 2001, Podestá & Glynn 2001, ReyesBonilla 2001, Reyes-Bonilla et al. 2002, Riegl 2003,
Riegl & Piller 2003, McClanahan et al. 2007, RodríguezRamírez et al. 2008), it does not necessarily follow
that this oceanographic process will generally have
such beneficial consequences. Although a number of
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upwelling regions remain to be analysed, our case
studies reveal important differences in the potential of
upwelling in the mitigation of warming. Upwelling is
unable to counteract thermal stress if there is asynchrony between upwelling and warming (e.g. Panama).
In contrast, if upwelling and warming are synchronous — as occurred in 3 of the 4 case studies — then
upwelling will only provide a thermal refuge during
warming if it also decreases the strength or the duration
of the warm season and thus the period of vulnerability
to thermal anomalies. This was found to be the case in
Colombia and Oman but not in Madagascar.
In addition to the modification of the thermal stress
regime, upwelling is likely to influence 3 other factors
that might mediate the bleaching response of corals:
incoming light, food supply and aragonite saturation
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state (Mumby et al. 2001, Lesser & Farrell 2004, Grottoli et al. 2006, Anthony et al. 2008, Baker et al. 2008).
Upwelling draws nutrient-rich waters to the surface,
promoting the growth of plankton and decreasing
the penetration of light (D’Croz & Robertson 1997,
Matthews et al. 2008). The reduction of light penetration leads to decreased radiative stress, potentially mitigating the negative synergistic effects of thermal and
radiative stress in bleached corals (Lesser & Farrell
2004, Enríquez et al. 2005). Furthermore, it has been
speculated that increases in plankton abundance and
therefore food supply account for faster rates of recovery after bleaching episodes in some upwelling areas
(Salm & Coles 2001, Wilkinson 2002). Upwelling,
through the upward movement of deep water masses,
is also likely to bring waters to the surface that have a

Fig. 3. Monthly distribution of temperature averages (lines) and frequency of thermal anomalous events (percentage of weeks
when HotSpots exceeded 1°C; bars) in upwelling and non-upwelling nearby areas in (a) Colombian Caribbean, (b) Pacific
Panama, (c) Oman and (d) northern Madagascar. Horizontal lines highlight warm months in upwelling (dark gray) and nonupwelling (light gray) areas, when monthly temperatures were less than 1°C below the maximum monthly mean (1985 to 2005
AVHRR Pathfinder data). SST: sea surface temperature
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reduced aragonite saturation state (Feely et al. 2008,
Manzello et al. 2008), potentially aggravating the
effects of coral bleaching (Anthony et al. 2008). This
implies that the same deeper water masses that are
beneficial for coral reefs, bringing cool and turbid
waters as a defence against bleaching and nutrients to
satisfy their heterotrophic needs, could also contain a
chemical hazard. Additional research is required into
the geographic and temporal likelihood of this mechanism to provide a clear assessment of the strategic
value of upwelling areas as a refuge from climate
change.
Although the extent to which upwelling may mitigate bleaching impacts through enhanced heterotrophy and reduced solar radiation are not yet clear, these
benefits are only likely to accrue when upwelling and
warming are synchronous. Such effects would therefore be less likely in the eastern Pacific than in the
other regions studied which had higher synchrony.
Moreover, these non-thermal benefits may be particularly important in locations like Madagascar, where
our analysis predicts the co-occurrence of upwelling
and warming but no significant thermal protection.
The significance of upwelling regions as refuges for
coral reefs will ultimately depend on their reliability in
time. There is a large degree of uncertainty regarding
the effects of climate change on upwelling intensity
(Wang et al. 2010). While increases in wind stress and
cooling have been observed in some of the main eastern boundary upwelling systems during the last few
decades (Bakun 1990, Snyder et al. 2003, McGregor et
al. 2007, Vargas et al. 2007), some evidence to the contrary also exists in which upwelling has decreased (Di
Lorenzo et al. 2005). Such uncertainty in the future
dynamics of upwelling should be borne in mind before
any action is taken to stratify reef management activities on the basis of upwelling refugia from bleaching.
The incidence of upwelling and warming is variable
on seasonal and interannual time scales. Our analysis
of seasonal upwelling in 4 geographic locations concluded that synchrony between warming and upwelling is often high but does not necessarily confer a
refuge from thermal stress. We recommend that management actions predicated on upwelling-based refugia consider both the synchrony and extent of the impact of upwelling on thermal stress. We also point out
that while upwelling may confer benefits to reefs, in
terms of reduced bleaching incidence, they have the
potential to cause detrimental effects if aragonite saturation state is reduced and/or if elevated turbidity reduces rates of coral calcification to the extent that reef
accretion ceases. In short, upwelling has the potential
to benefit some reefs in the short term, but whether upwelling proves to be an ‘ace up the sleeve’ for reef conservation in the long term remains to be seen.
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