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Upwelling events can change the sea water conditions within few hours during
several months on a seasonal regimen. These events are predicted to intensify
due to climate change, exposing shallow benthic organisms to hypoxia and
thermal stress, among other extreme conditions. Some coral reefs in the Eastern
Tropical Pacific (ETP) recurrently experience upwelling events. Coral reefs off
Gorgona Island, Colombia, are exposed to lower oxygen concentrations (3.0 -
3.7 mg O, LY and lower temperatures (17 - 24°C) from mid-January to mid-
April, when upwelling develops, compared to the rest of the year (4.9 + 0.7 mg
O, L%, 284 + 0.3°C, mean + SD). While no visible signs of stress have been
reported for corals during upwelling, it can be hypothesized that corals would be
negatively affected by these changes. Therefore, the objectives of this study were
to (1) identify the effects of temperature and hypoxia on the metabolic rate (MO5,)
of Pocillopora corals under lab conditions, and (2) to examine the changes in
skeletal growth and Symbiodiniaceae density of Pocillopora in the field between
upwelling and non-upwelling seasons. Findings revealed that MO, was
significantly reduced by 20% at 24°C and significantly increased by 10% at 32°
C compared to 28°C. During the upwelling season, Pocillopora corals exhibited a
52% increase in Symbiodiniaceae density, but the growth rate decreased by 50%
compared to the non-upwelling season. Fast changes in water conditions during
the upwelling strongly affects the metabolism of Pocillopora corals. Although
conditions during upwelling were not lethal, they compromised the energy of
the coral for their vital functions, indicating that upwelling pushes them toward
their physiological limit. Consequently, predicted increases in upwelling events in
combination with ocean warming and deoxygenation may be particularly critical
for upwelling-exposed corals and the reefs they build in the Eastern
Tropical Pacific.
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1 Introduction

Upwelling is a process where cool deep waters are transported
to shallow depths due to the displacement of a surface water mass
by winds. This phenomenon can occur in the open ocean and along
coastlines, and is characterized by a series of circulation cells that
cause changes in pH, oxygen levels, and nutrient concentrations
(Spring and Williams, 2023). Coastal upwelling in the Eastern
Tropical Pacific (ETP) is initiated when wind jets exceed 10 m st
and pass from the Caribbean and Gulf of Mexico to the Pacific
through topographic depressions at the gulfs of Tehuantepec
(Mexico), Papagayo (Costa Rica), and Panama (D’Croz and
O’Dea, 2007; Coria-Monter et al.,, 2019). The temperature
decrease associated with upwelling occurs rapidly, typically within
1 hour, and is characterized by pulses that can last several hours
during the first quarter of the year (Rixen et al., 2012; Stuhldreier
et al., 2015).

In the Gulf of Panama seasonal upwelling is primarily driven by
the migration of the Intertropical Convergence Zone (ITCZ) from
10° N to 3° N during the dry season (December to April). During
this time, the northeast trade winds intensify and cross the isthmus
of Panama, causing the 20°C thermocline to reach its shallowest
position (< 20 m depth) (Poveda et al., 2006; D’Croz and O’Dea,
2007; Alexander et al, 2012). During the upwelling season the
temperature, pH and aragonite saturation decrease in the sub-
surface water column (4 — 20 m depth), while salinity, nutrients
and some carbonate parameters increase, promoting phytoplankton
growth near the surface (D’Croz and O'Dea, 2007; Manzello,
2010b). Also, hypoxic conditions (0.1 mg L") from the oxygen
minimum zone (OMZ) reach the 10 m depth (Lucey et al.,, 2021).
However, this pattern may be modified by El Nifo Southern
Oscillation (ENSO) events (Wang et al., 2017).

Despite seasonal abrupt changes in water conditions associated
with upwelling, several coral reefs are present in the ETP region
(Glynn et al., 2017a). However, at upwelling sites reef development
is limited to protected areas shielded from direct oceanic influence,
reef frameworks are thinner compared to those at non-upwelling
sites, and Pocillopora corals exhibit low growth rates. These reef
characteristics are thought to result from the low temperature, low
pH, and high nutrient availability during upwelling events (Glynn
and Stewart, 1973; Medellin-Maldonado et al., 2016; Tortolero-
Langarica et al, 2017). Nonetheless, the rates of long-term reef
accretion are similar throughout the ETP region (Toth et al., 2012;
Toth et al., 2015; Toth et al., 2017).

Upwelling has been suggested to reduce warm thermal stress
during El Nifio events and provide a thermal refuge from ocean
warming (Randall et al,, 2020), and warming associated with El
Niflo can counteract the negative effects of low temperature on coral
growth during upwelling (Vargas-Angel et al., 2001; Jiménez and
Cortes, 2003a). However, some discrepancy exists regarding trends
in bioerosion and future persistence of reefs at upwelling sites
(Manzello et al., 2008; Manzello, 2010a; Enochs et al., 2021;
Rodriguez-Ruano et al., 2023). It has been proposed that to
effectively reduce thermal stress during warming events,
upwelling must occur simultaneously and provide sufficient
cooling, phosphate levels must increase to alleviate nutrient
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starvation of Symbiodiniaceae, or corals must actively feed during
plankton blooms (Chollett et al., 2010; Riegl et al., 2019). However,
upwelling can also lead to the growth of benthic algae that compete
with corals for space, and higher abundance of suspension-feeding
macroboring fauna (Smith, 2006; Riegl et al., 2019; Palmer et al.,
2022; Rodriguez-Ruano et al., 2023).

At present, climate change is causing vertical expansion of the
OMZ and ocean deoxygenation (Clarke et al., 2021). The rate of
ocean deoxygenation in the ETP is 49 mmol m™ yr' (Stramma
etal., 2008). For the near future it is predicted that upwelling events
will increase in frequency and strength (Rixen et al., 2012; Sydeman
et al.,, 2014; Bakun et al., 2015; Fiedler and Lavin, 2017).
Additionally, the current low pH conditions at upwelling centers
highlights the susceptibility of Pocillopora corals to ocean
acidification (Manzello et al., 2008). However, predictions on the
effect of future trends of ENSO and its influence on upwelling are
uncertain (Garcia-Reyes et al., 2015; Wang et al, 2017; Bograd
et al,, 2023).

Temperature and oxygen (O,) conditions regulate many
metabolic processes, and imbalances at the organismal level can
impact ecological processes, particularly for habitat-forming taxa
such as scleractinian corals. Metabolic impairments occur because
enzyme activity is temperature-dependent, with maximum kinetics
occurring within a specific range; below or above this range,
enzymes become inactivated or denatured (Fitt et al, 2001;
Daniel et al.,, 2010; Sawall et al., 2022). Additionally, the energy
for enzymatic processes depends on ATP production, which
requires O, as the terminal electron acceptor during aerobic
synthesis (Salin et al., 2015). Mitochondrial activity is particularly
reduced under low temperature and hypoxia (Gnaiger, 2001;
Fangue et al,, 2009), which occurs at dissolved O, concentrations
(DO) < 2 mg L', or any DO insufficient to maintain metabolic
functions (Vaquer-Sunyer and Duarte, 2008; Welker et al., 2013;
Hughes et al., 2020).

Thermal stress (cool or warm temperatures) induces the
collapse of the symbiosis between the corals and the
endosymbiotic algae (Symbiodiniaceae), leading to coral
bleaching. When bleaching is not lethal, such stress increases
susceptibility to diseases, and reduces growth and reproductive
output (Baird et al., 2009; Kemp et al., 2011; Miller and
Richardson, 2015; McLachlan et al., 2020). Even if thermal stress
does not cause bleaching, at low temperatures the membrane
permeability of cells is reduced, restricting the movement of
glycerol from the symbiotic algae to the coral (Mayfield and
Gates, 2007; Rodriguez-Troncoso et al., 2014), and the respiration
rate of corals increases faster than the photosynthetic rate of the
algae with increasing temperature (Coles and Jokiel, 1977; Castillo
and Helmuth, 2005), both of which result in a deficiency of
autotrophic energy for the corals’ needs.

Hypoxia also has multiple negative impact on corals; when it is
no lethal, it causes bleaching, partial tissue detachment from the
skeleton, affects the activity of calcifying cells, homeobox genes, and
lipid metabolism; and it produces oxidative stress, and DNA
damage (Baohua et al., 2004; Weber et al., 2012; Wijgerde et al.,
2012; Haas et al,, 2014; Raj et al.,, 2020; Alderdice et al., 2021;
Johnson et al., 2021; Deleja et al., 2022; Gravinese et al., 2022). The
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co-occurrence of hypoxia and warming reduce the respiration rate
and energy for vital functions of corals (Gravinese et al., 2022), and
although corals may switch to anaerobic metabolism, this is
inefficient for survival under prolonged stress (Murphy and
Richmond, 2016; Linsmayer et al., 2020).

In Symbiodiniaceae, hypoxia can reduce the activity of
antioxidant enzymes, the respiration rate, and the photochemical
efficiency of PSII (Matta and Trench, 1991; Gardella and Edmunds,
1999; Ulstrup et al., 2005). However, hypoxia may also have no
effects on the endosymbiotic algae (Osinga et al,, 2017). The
bleaching response is associated with the activation of the
Hypoxia-Inducible Factor, a gene important for the mitigation of
hypoxic stress (Alderdice et al., 2022). However, Symbiodiniaceae
community association and hypoxia tolerance could be species and
site-specific; for example, the bleaching resistant Acropora tenuis
associates with a different Cladocopium community than the
bleaching sensible A. selago (Alderdice et al.,, 2020); Pocillopora
acuta host mainly Durusdinium in hypoxic environments
(mangroves), while Cladocopium at normoxic sites (reef); but
transplantation evidenced stable symbiont association (Haydon
et al., 2021).

Despite the well-known negative effects of hypoxia and cool
stress on scleractinian corals, and the occurrence of both conditions
in the ETP during upwelling events, there is lack of research
comparing the effects of hypoxia vs those of thermal stress
(Rodriguez-Troncoso et al., 2014; Rodriguez-Troncoso et al.,
2016; Glynn et al., 2017b; Tortolero-Langarica et al., 2017). To
our knowledge, two reports have linked bleaching and mass
mortality of Pocillopora corals with hypoxia after dinoflagellate
blooms at Cafio Island (Costa Rica) and Ensenada de Utria
(Colombia) (Guzman et al., 1990; Vargas-Angel, 1996), and our
previous work showed that the hypoxic threshold of Pocillopora
capitata (Critical oxygen tension or Pcrit = 3.7 mg L) from
Gorgona Island lies within the lower DO conditions reported on
reefs in this island (3.0 - 3.7 mg LYY (Castrillon-Cifuentes et al.,
2023). The Pcrit, a metric for assessing the minimum DO level that
maintains the metabolic rate (Negrete and Esbaugh, 2019; Regan
et al,, 2019), has been found to be closer to the lower DO levels
recorded in the environment of different scleractinian corals,
indicating their sensitivity to drops in DO below the ambient
typical range (Dodds et al., 2007; Hughes et al., 2022). Therefore,
our objective was to assess the physiological response of Pocillopora
(the main reef builder in the ETP) to rapid changes in temperature
and O, conditions that can occur during upwelling events, with
particular interest on the effect of the interaction of low
temperatures and hypoxia.

We hypothesized that exposure to cool thermal stress and
hypoxic conditions during upwelling events would significantly
affect the physiology of Pocillopora. This is because these corals
naturally experience pronounced changes in temperature and O,
conditions on a seasonal basis. To test this hypothesis, our first step
was to characterize the interannual changes in temperature and DO
on coral reefs of Gorgona Island, Colombia, in order to determine
the average and extreme conditions that corals face during
upwelling. Subsequently, we assessed the physiological response
of Pocillopora corals to these conditions using a combination of field
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and laboratory measurements. We have already characterized the
spatio-temporal changes in DO on coral reefs of Gorgona Island
(data available in Castrillon-Cifuentes et al., 2023). Therefore, this
research complements our previous publication and expands our
knowledge of coral responses to multifactorial changes in
the environment.

2 Materials and methods
2.1 Study area

Gorgona Island (2°58’10” N - 78°11°05” W, Figures 1A, B) is a
National Natural Park located 30 km off the nearest point on the
Colombian Pacific coast. Despite its tropical position, there is marked
climatic seasonality, primarily driven by the seasonal latitudinal
displacement of the ITCZ, which affects most of Panama Bight
(Rodriguez-Rubio and Stuardo, 2002; Corredor-Acosta et al., 2020).
From January to April, there is low precipitation (350 mm month™")
and the thermocline is at its shallowest position (7.5 m), allowing for
the lifting of cool, high-salinity, nutrient rich, and low-oxygen deep
waters (25°C, 30.8 PSU, 0.6 mg L of Chl-a, 4.0 mg O, L’l). For the
rest of the year, precipitation increases (587 mm month™), and the
thermocline deepens (47 m), allowing for warmer and more
oxygenated waters to occurs, but with lower salinity and
chlorophyll-a conditions (27°C, 4.9 mg O, L', 29.8 PSU, 0.1 mg L!
of Chl-a) (Giraldo et al., 2008; Blanco, 2009; Giraldo et al., 2014;
Sampson and Giraldo, 2014; Zapata, 2017; Castrillon-Cifuentes et al.,
2023). Changes in pH did not reveal a temporal pattern (Ramirez-
Martinez et al., 2022).

Interannual variability in oceanographic conditions occurs due to
ENSO events. During El Niflo, sea surface temperatures can increase
by more than 1.7°C above the mean for several months and high
oxygen conditions occur (5.1 mg O, L") due to less intense upwelling
events (Ledesma et al., 2022; Castrillon-Cifuentes et al., 2023). In
contrast, cool temperatures as low as 18°C and hypoxic conditions (<
3.7 mg O, L") have been registered on the reef slope during La Nifia
events, when upwelling intensifies (Vargasf/\ngel et al.,, 2001; Mora
and Ospina, 2002; Castrillon-Cifuentes et al., 2023).

2.2 Environmental conditions on

coral reefs of Gorgona Island during
field measurements of growth and
Symbiodiniaceae density of Pocillopora

In 2013, temperature and salinity were recorded with a datalogger
at La Azufrada (LA) reef between March 1 and July 31. During March
temperature was 24.8 + 1.5°C (mean * SD), and salinity 34.8 + 2.0
PSU. The rest of the time (April - July), temperature was 27.6 + 0.6°C,
and salinity 34.1 + 0.9 PSU (Supplementary Information File 1). All
reefs of the island exhibited the same trend of lower DO during the
upwelling season (3.5 + 0.3 mg O, L") than during the non-upwelling
season (4.7 = 0.1 mg O, L) (Castrillon-Cifuentes et al., 2023).
Chlorophyll-a concentration (a proxy for nutrient conditions) was
higher (although not statistically significantly so) during March (1.23
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FIGURE 1

(A) Location of Gorgona Island in the Colombian Pacific. (B) Black areas denote the coral reefs of Gorgona Island where colonies of Pocillopora
were collected for experiments. (C) Timeline for the data collection to stablish the normoxic and hypoxic conditions, and the cool and warm thermal
stress that face corals at Gorgona Island; also, to show when was assessed the coral response to upwelling events in the field (growth rate and
Symbiodiniaceae density) and laboratory (hypoxic threshold and respiration rate).

+ 0.056 pg L-1) than during October (1.04 + 0.056 pg L-1) (Cuellar-
Chacon, 2017). pH was 7.4 in March (Giraldo and Valencia, 2013),
and 8.6 in October (Vivas Aguas et al., 2014), but values were collected
by different devices and researchers. Nevertheless, no statistical
differences in pH conditions at La Azufrada reef were detected
between seasons in a study that was carried out from October 2010
to November 2011 (Ramirez-Martinez et al., 2022).

From November 14, 2021, to May 22, 2022, temperature was
recorded with a datalogger at La Ventana (LV) and Playa Blanca (PB)
reefs (Supplementary Information File 1). Salinity was recorded for
the same period at PB, but only until the end of February at LV due to
a device failure. Upwelling occurred from February 25 to March 31,
2022. During this period mean (+ SD) temperature was 25.9 + 1.0°C
and 26.1 * 1.1°C at LV and PB, respectively, and salinity was 32.1+
0.5 PSU at PB reef. Previous to the upwelling event (November 14,
2021 to February 24, 2022) the temperature was 27.0 + 0.3°C
at both reefs, and salinity 30.9 + 0.3 PSU at PB and 33.5 + 0.4 PSU
at LV. After the upwelling (April to May 2022) the temperature was
28.3 £0.2°Cat LV and 28.5 + 0.3°C at PB, and salinity 31.2 + 0.2 PSU
at PB. Dissolved oxygen conditions at LA reef during March 2022
were 4.8 £ 1.0 mg O, L (Castrillon-Cifuentes et al., 2023), and
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during November 2022 they were 6.7 + 0.7 mg O, L', measured with
a Firesting-GO, (PyroScience GmbH).

2.3 Field measurements of growth and
Symbiodiniaceae density of Pocillopora

2.3.1 Study organism

Species delimitation of Pocillopora corals in the ETP has not been
fully resolved, particularly if based on morphological characteristics.
According to molecular analyses there are three types of Pocillopora
within this region: type 1 is widespread throughout the ETP; type 2 is
restricted to the Clipperton Atoll, and type 3 inhabits Panama and
Galapagos Islands (Pinzon and Lajeunesse, 2011; Pinzon et al,, 2013).
Also, Pocillopora colonies from the ETP can switch morphology (Paz-
Garcia et al., 2015), but morphospecies did not exhibit differences in
growth rates (Tortolero-Langarica et al., 2017). In this text we refer to
the study organism simply as Pocillopora. The colonies selected for this
study had morphological features (Supplementary Information File 1)
of Pocillopora damicornis (Veron et al., 2022), although Schmidt-
Roach et al. (2014) state that this species is absent from the ETP.
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2.3.2 Growth rate

To identify seasonal changes in Pocillopora growth at Gorgona
Island, during 2013, 27 colonies from LA reef were monitored from
March to July. Each colony was photographed with a size reference
in March 13, May 3, and July 4, and the diameter of the colonies was
calculated using the Image] software (National Institute of Health,
USA). The growth rate of the colonies was then calculated for two
periods: March to May, corresponding to the effects of upwelling
season, and May to July, corresponding to the non-upwelling
season. Statistical differences in growth between seasons were
examined with a paired t-test after checking for the normality of
the distribution of differences between paired observations
(Shapiro-Wilk’'s W = 0.979, p = 0.842).

From November 2021 to May 2022, the growth rate of coral
fragments from LV and PB reefs were monitored (10 fragments per
reef, each one from a different colony). The fragments were cemented
with marine epoxy to ceramic tiles in April 2021 and allowed to grow
at their respective reefs, and photographed with a size reference on
November 14, 2021, and February 25 and May 22, 2022. The linear
extension based on the height of the fragments was measured using
the ImageJ software. The growth rate of the fragments was then
calculated for two periods: November 2021 to February 2022 for the
upwelling season, and February to May 2022 for the non-upwelling
season. Differences in growth between seasons and reefs were
compared using a Repeated Measures ANOVA, with season as a
within-subject factor and reef as a between-subject factor. The
normality of residuals assumption was satisfied for both seasons
(Shapiro-Wilk’s W = 0.909 and 0.951, p = 0.063 and 0.384,
respectively), and variances were homogeneous between reefs in
November-February and in February-May (Levene’s test, F = 1.566
and 4.323, p = 0.226 and 0.052, respectively).

2.3.3 Symbiodiniaceae density

To identify seasonal changes on the Symbiodiniaceae density of
Pocillopora corals at Gorgona Island, the density of algae from the
27 colonies monitored at LA reef was measured on March 13, 2013
(upwelling) and July 4, 2013 (non-upwelling). Once during each
month, a 3 cm fragment was collected. The soft tissue from the
fragments was fixed in Zenker’s solution, decalcified in HCL (4%),
preserved in 70% ethanol, and stained with Toluidine blue.
Histological slides were cut at a thickness of 5 um. On each slide,
15 polyps were randomly selected, and all endosymbiotic algae cells
within each polyp were counted. The area of the polyps in the
histological slide was calculated after measuring their diameter with
a micrometer scale. The density of Symbiodiniaceae was established
for the polyp area (um?) and extrapolated to cm® No taxonomic
identification of the symbionts was made.

The luminosity (amount of white) in the color of the 27 colonies
monitored at LA reef was determined in the photos used to measure
the growth. Luminosity is related to the density of Symbiodiniaceae
in corals, and lighter colors (or high luminosity) in the coral
correspond to low algal density (Siebeck et al., 2006). Differences
between the upwelling and non-upwelling seasons for the density of
Symbiodiniaceae and the luminosity in the color of corals were
compared using a paired t-test. Both Symbiodiniaceae density and
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luminosity satisfied the normality of paired differences assumption
(Shapiro-Wilk’s W = 0.937 and 0.930, p = 0.101 and
0.071, respectively).

Assuming that coral tissue luminosity is an indicator of
Symbiodiniaceae density (Siebeck et al., 2006), the luminosity in the
color of coral fragments from LV and PB reefs was measured in photos
taken during February and May of 2022 (upwelling and non-upwelling,
respectively). Differences in the luminosity of coral fragments at each
reef were assessed between seasons using a repeated measures
ANOVA. These data met the assumption of normality of residuals
in both February (Shapiro-Wilk's W = 0.973, p = 0.828) and May
(Shapiro-Wilk’s W = 0.964, p = 0.646) as well as the assumption of
homogeneity of variances between reefs both in February (Levene’s test
F = 0.020, p = 0.888) and in May (F = 0.024, p = 0.879).

2.4 Definition of thermal conditions
to evaluate the metabolic response
of Pocillopora

Temperature data loggers (Onset Hobo) were located at 1 and
5 m depths on LA reef during 2015, 2017, and 2019. Data were
retrieved to account for the thermal variability that may occur on
coral reefs of Gorgona Island. Data loggers recorded every 30
minutes for the entire year or until battery depletion. The annual
average temperature (27.5 + 1.5, mean * SD) was calculated
between January 1 and the last record of each year: November 15,
2015, December 31, 2017, and October 9, 2019 (Figure 1C). The
upwelling season was described using the data between January 19
and April 15, time at which temperatures < 26°C (annual mean -
SD) begin to occur, while data after April 16 were used for
characterizing the non-upwelling season (Table 1).

A normal thermal condition was 27.5 + 1.5°C, which corresponds
to the mean annual temperature. Cool stress conditions, which occur
during the upwelling season, were defined as any temperature < the
mean - SD (24.0°C). Warm stress conditions were temperatures > the
annual mean + SD (29.0°C). Cool events (< 24°C) were more intense
during 2019. Warm events (> 29°C) occurred through all year, but
were more intense between May and July, and in specially during
2015 (Supplementary Information File 1).

2.5 Metabolic response of Pocillopora to
changes in temperature and DO

On November 12, 2021, seven fragments from different colonies
of Pocillopora were collected at LA reef and transported to the
laboratory on the island. There, the fragments were incubated in
hermetically sealed respiration chambers filled with seawater from
the reef (6.2 mg O, L', 30 PSU). The respiration chambers were
kept at 28 £ 0.7°C (mean + SD, a normal thermal condition), in the
dark for 6 hours, including 1 hour of acclimation and 5 hours for
DO measurements.

To maintain a stable temperature, all respiration chambers were
incubated in a water bath equipped with a thermostat and submersible
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TABLE 1 Descriptive statistics for the thermal variation (°C) recorded by data loggers at La Azufrada reef, at 1 and 5 m depth, and during the years
2015, 2017, and 2019.

Annual Upwelling season Non-upwelling season
mean + SD mean + SD Min mean + SD Min

2015 28.1+1.0 26.8 + 0.8 23.0 293 287 + 04 264 304

2017 274+ 1.4 259 +2.0 18.8 295 28.0 + 0.5 257 303
1m

2019 273+ 1.4 256+ 13 212 30.6 28.1 0.5 24.5 30.9

mean 276 + 1.4 261+ 16 21.0 29.8 274+19 255 305

2015 279 + 1.1 264+ 1.0 22.1 29.0 286 + 04 26.1 29.8

2017 271418 251425 17.2 29.1 279 0.5 256 30.0
5m

2019 270 £1.8 248 + 1.7 18.4 295 28.0% 0.5 24.6 313

mean 274+ 17 255 +2.0 19.3 29.2 27.0 + 24 255 304

water pump to circulate the water and homogenize the temperature. A
total of eight respiration chambers were used, seven containing coral
fragments and one serving as a control, containing 363 ml of water
and no coral to measure background or microbial respiration. All
respiration chambers had internal water movement generated by
peristaltic pumps. Changes in DO (mg L") were recorded every 20
minutes with a Firesting-GO, (PyroScience GmbH); the sensor was
calibrated according to the manufacturer’s instructions.

The process was repeated on November 17, 2021, with different
colonies than those employed for the normal thermal conditions,
and with a water bath at 32.0 + 0.3°C (Warm stress), which exceeds
by ~1°C the maximum temperature recorded by the loggers, and is a
temperature that occurred during a previous El Nifio event (Vargas-
Angel et al, 2001). On February 27, 2022, the experiment was
repeated (using again different colonies) with a water bath at 24.0 +
1.1°C (Cool stress). To maintain this low temperature, frozen gel
packages were added to the water bath, and coral fragments were
left in the respiration chambers for 7 h, with 1 h for acclimation and
6 h for DO measurements. This time encompassed the time
required to deplete DO to hypoxic levels, which occurs during the
upwelling season. All incubations ended when DO fell to < 2.0 mg
L' in at least four respiration chambers, which was after 6 h in the
28°C and 32°C incubations, and 7 h in the 24°C incubation.

The metabolic or respiration rate (MO,) was calculated using the
calc_MO?2 function of the Respirometry package in R (Seibel et al.,
2021). We set the bin_width to 0 which computes a MO, value from
one PO, observation to the next along the incubation period. Then the
Perit of each coral fragment at the given temperature was calculated
using the calc_pcrit function with the paired PO, and MO, values
obtained after applying the calc_ MO2 function and established
according to the broken stick regression (Yeager and Ultsch, 1989).
Scripts and data are presented in Supplementary Information File 2.
The Pcrit of each coral fragment at the given temperature was
statistically compared using a one-way ANOVA. The data met the
assumptions of homoscedasticity (Cochran’s test C = 0.53, df = 2,
p = 0.36) and normality of residuals (K-S d = 0.13, p > 0.20).

The MO, values recorded on each coral from one PO,
observation to the next were grouped according to whether they
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were below or above the Pcrit, which corresponds to hypoxic and
normoxic conditions, respectively. Then, the mean MO, at
normoxic and hypoxic conditions for each coral fragment at their
respective temperature were compared statistically using a Repeated
Measures ANOVA. Raw data met the assumptions of homogeneity
of variances and covariances (Box’s M test= 9.2, df= 6, p=0.2). MO,
data were standardized as the amount of O, consumed per mass of
coral tissue per minute (mg O, g min™"). The weight of coral tissue
was determined by the difference between the wet and dry (ash-free)
weights of the coral fragments.

3 Results

3.1 Field measurements of growth and
Symbiodiniaceae density of Pocillopora

The growth rate of Pocillopora colonies during 2013 and at La
Azufrada reef during the upwelling season was 43.3% lower than
during the non-upwelling season (t-test: -2.1, df = 26, p = 0.04). The
mean (£ SD) growth rate during upwelling was 0.017 + 0.01 cm day-1
vs. 0.030 + 0.02 during non-upwelling. The same seasonal pattern was
evidenced in coral fragments monitored from November 2021 to
May 2022 at Playa Blanca and La Ventana reefs: during the upwelling
season growth rate was reduced by 68% (Table 2). However, during
both seasons, coral fragments at Playa Blanca reef exhibited a lower
growth rate (-0.001 vs. 0.0003 cm day™ during upwelling and non-
upwelling season, respectively) compared to fragments at La Ventana
reef (0.004 vs. 0.008 cm day during the upwelling and non-
upwelling season, respectively).

Symbiodiniaceae density was significantly higher in March than
in July 2013, a reduction of symbiotic algae populations from the
upwelling to the non-upwelling seasons of 53% (Table 2). As
expected, the luminosity of colonies was significantly lower in
March than in July 2013, indicating that colonies had darker
colors, and likely a higher density of Symbiodiniaceae, during the
upwelling season (Figure 2). The same seasonal pattern of low
luminosity during the upwelling season was found for the coral
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TABLE 2 Statistical analysis to identify the effects of upwelling and non-upwelling seasons on the physiology of Pocillopora from Gorgona Island.

Physiological

Season Mean (£ SD) value Statistical test P value
feature
Upwelling 0.017 (0.01) cm day™
La Azufrada 2013 Non- t-test: -2.1, df= 26 0.04
. 0.030 (0.02) cm day
upwelling
Growth rate Upwelling 0.001 (0.005) cm day’ Repeated measures Reef: 0.0004
ANOVA: o
Playa Blanca and La Season: 0.03
Ventana 2022 Non- 1 Reef (F: 18.0, df: 1). Reef x Season:
upwelling 0.004 (0.006) cm day” Season (F: 4.9, df: 1) 04 '
Reef x Season (F: 0.7, df: 1) :
Uwell 784.7 (185.8) x 10* cells
wellin,
p g cm?
Symbiodiniaceae density La Azufrada 2013 t-test: 4.9, df: 26 0.00004
Non- 513.1 (181.7) x 10? cells
upwelling cm?
Upwelling 63.4 (9.4)
La Azufrada 2013 N t-test: -10.2, df: 26 < 0.0000001
on-
. 101.6 (16.9)
upwelling
Luminosity Upwelling 121.5 (25.1) Repeated measures
ANOVA: Reef: 0.2
Playa Blanca and La 2022 Reef (F: 1.5, df: 1). Season: 0.004
Ventana Non- 1409 (27.5) Season (F: 10.4, df: 1) Reef x Season:
upwelling Reef x Season (F: 0.10, df: 0.7
1)

fragments at La Ventana and Playa Blanca reefs during 2022, but no
statistical differences between reefs were observed (Table 2).

3.2 Metabolic response of Pocillopora to
changes in temperature and DO

The critical oxygen tension of Pocillopora was significantly
influenced by temperature (one-way ANOVA, F=7.9,df=2,p =
0.003); specifically, Pcrit decreased as temperature increased. At 24°
C the Pcrit was 4.2 + 1.2 mg O, L', at 28°C it was 3.7 + 1.0 mg O,
L™ and at 32°C the Pcrit was 1.9 + 0.7 mg O, L'".

Temperature also had a significant effect on the MO, (Repeated
measures ANOVA, F = 4.31, df = 2, p = 0.02), such that oxygen
consumption increased as temperature increased. At 24°C the MO2
was 0.46 +0.18 mg O, g min™", at 28°C it was 0.74 + 0.33 mg O, g
min’}, and at 32°C it was 0.74 + 0.55 mg O, g'1 min’. When corals
were first exposed to normoxic conditions and then to hypoxic
conditions, as expected, the MO, decreased significantly from 0.85
+0.47 mg O, g min"' t0 0.45 £0.15mg O, g min™ (F=18.0,df =
1, p = 0.0004).

There was a significant interaction between temperature and O,
conditions (i.e., normoxia and hypoxia) on the MO, (F = 5.42, df =
2, p = 0.01). Under normoxic conditions the rate of oxygen
consumption increased with temperature, and as expected the
MO, was different between the extreme temperatures, also
between 24°C and 28°C, but not between 28°C and 32°C
(Figure 3, Table 3). In contrast, under hypoxic conditions the
MO, tented to increase from 24°C to 28°C, but tended to
decrease from 28°C to 32°C. Both at cool and warm temperatures
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MO, was lower respect the normal condition (28°C). However,
none of the latter differences were significant. In short, temperature
had the expected effect under normoxia but not under hypoxia
(Figure 3, Table 3).

4 Discussion

Many corals exhibit seasonal modulation of their physiology,
with lower symbiont densities and tissue biomass during the
warmer months than during cooler months, because warm
conditions affect the symbiosis between the coral and the
Symbiodiniaceae leading to energy deficits (Fagoonee et al., 1999;
Fitt et al., 2001; Kemp et al., 2011; Kemp et al., 2016; Gantt et al.,
2023). Our study provides evidence of plasticity in the physiology of
Pocillopora in response to seasonal changes in environmental
conditions. However, the pattern of reduced coral biomass during
warm months due to the sensibility of Symbiodiniaceae does not
hold true for corals that are influenced seasonally by upwelling, such
as those at Gorgona Island, where abrupt changes in ambient
conditions (mainly low temperature and dissolved oxygen
conditions) significantly affect coral performance.

4.1 Growth rate

Our study reveals that both colonies and fragments of Pocillopora
exhibit reduced growth rates during the upwelling season compared
to the non-upwelling season. We observed a 43.3% reduction in
growth rate for colonies and a 68% reduction for fragments. Our
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FIGURE 2

Seasonal changes of zooxanthellae density (green) and luminosity
(white) of Pocillopora from La Azufrada reef during 2013.

findings are consistent with the results of Glynn and Stewart (1973) in
the Gulf of Panama, who described seasonal variation in the growth
of Pocillopora fragments due to changes in temperature, with a drop
in growth rate of approximately 80% during the upwelling season
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FIGURE 3
Effect of temperature and oxygen conditions (normoxia and
hypoxia) on the metabolic rate of Pocillopora
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(February and March: < 0.5 mm month™) compared to the growth
rate before upwelling (2 - 3 mm month™), and growth cessation
occurring at temperatures below 20°C.

Although different methods were applied in our work and the
work of Glynn and Stewart (1973), the growth rate of our fragments
(Upwelling: 0.4 mm month™; Non-upwelling: 1.3 mm month™) was
similar to the growth rate reported by these authors. Interestingly,
they did not find differences between measuring the growth rate with
photographic records (as we did) or staining corals with alizarin red.
Previous growth rates of Pocillopora fragments reported for Gorgona
Island during the non-upwelling season were between 1.9 and 4.8 cm
year’1 (Lizcano-Sandoval et al., 2018; Ishida-Castafieda et al., 2020),
and the growth rate of our fragments during the non-upwelling
season was close to that range (1.6 cm year™').

Additionally, as reported by Ceéspedes-Rodriguez and Londoiio-
Cruz (2021), we found low growth rates at Playa Blanca reef, where
higher sediment loads may account for depressed coral growth (Zapata,
2001). However, we discard the possibility that the low growth rate at
Playa Blanca was the result of differences in temperature or DO
between reefs, as both abiotic conditions respond to seasonal changes
and there is no between-reef variability in such parameters (SM1;
Castrillon-Cifuentes et al., 2023). Although salinity was lower at Playa
Blanca than at La Ventana during the non-upwelling season,
conclusions cannot be made due to a lack of data for La Ventana
during the upwelling season.

The negative effect of upwelling on the growth rate of
Pocillopora in the ETP can also be observed when comparing
localities influenced or not by these events (Manzello, 2010a;
Medellin-Maldonado et al., 2016; Randall et al., 2020), as well as
during ENSO events that modulate upwelling intensity. During La
Nifa events, upwelling intensifies and causes low growth rates in
Pocillopora (Tortolero-Langarica et al., 2017), and at upwelling
localities Pocillopora experiences increases in growth rates during
moderate El Nifio events (Vargas-Angel et al., 2001; Jiménez and
Cortes, 2003b). Additionally, tissue recovery after thermal stress has
been found to be greater in response to warm stress rather to cool
stress events (Glynn and Fong, 2006).

We propose that the low growth rate of Pocillopora during the
upwelling season could be the result of reduced metabolic activity,
particularly in the calcifying cells, due to low DO and temperature
conditions. At upwelling localities, low temperatures coincide with
low DO conditions (Rixen et al, 2012), and the coral reefs of
Gorgona Island are no exception (Castrillon-Cifuentes et al., 2023).
As a result of this stressful environment, metabolic constraints
occur due to reduced ATP production under hypoxia and reduced
enzymatic activity at low temperatures (Fitt et al., 2001; Gnaiger,
2001; Fangue et al.,, 2009; Salin et al., 2015; Sawall et al., 2022).
Additionally, we suspect that negative effects of low DO in the
environment could be worsened due to the development of hypoxia
within coral tissues, which might result from the night respiration
of Symbiodiniaceae (Altieri et al, 2017), whose population was
observed to increases during the upwelling season (Table 2).

Acidifying conditions, which characterizes the ETP, also
contributes to depress growth rate (Manzello, 2010a), but its
seasonal variation was not evident on coral reefs at Gorgona Island
(Ramirez-Martinez et al., 2022). Although there is a consensus that
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TABLE 3 Multiple comparison test (Fisher LSD) to determine the probability of significant differences in the metabolic rate at different temperatures
(24, 28 and 32°C) and oxygen conditions (Nor, normoxia; Hyp, hypoxia).

24°C - Nor 24°C - Hyp 28°C - Nor 28°C - Hyp 32°C - Nor 32°C - Hyp
24°C - Nor
24°C - Hyp 0.690
28°C - Nor 0.014 0.005
28°C - Hyp 0.569 0331 0.065
32°C - Nor 0.0002 0.00006 0.135 0.001
32°C - Hyp 0.340 0.582 0.001 0.132 0.0001

the decreased production of cement components in Pocillopora reefs
at upwelling localities of the ETP is the result of low €2,4; (Manzello
etal., 2008), we propose that O, limitation may also play a vital role in
this process. Low DO in the environment reduces ATP production by
the calicoblastic mitochondria, which is required to pump calcium
ions and protons for coral skeleton construction. Therefore, under
conditions of low temperature, low glycerol, and low O,, it is expected
that the calicoblastic mitochondria will not be able to produce skeletal
components (Colombo-Pallotta et al.,, 2010). In fact, well-oxygenated
conditions (80 — 100% oxygen saturation) are required for optimum
calcification rate in Galaxea fascicularis, and neither feeding nor light
conditions mitigate the negative effects of hypoxia on calcification
(Wijgerde et al,, 2012). In Acropora millepora, DO rather than pH
controls coral growth (Wijgerde et al., 2014).

To explain how corals survive stressful conditions, like those
that occurs during the upwelling in the ETP, Wooldridge (2014) has
highlighted a series of counterintuitive trade-offs between linear
extension rate and other traits such as skeletal density, lipid storage,
immune response, and reproductive capacity. This may be the case
for Pocillopora at Gorgona Island, as ambient conditions during the
upwelling season depress their metabolism, but corals can survive
even worsen conditions: the co-occurrence of sub-aerial exposure
during spring tides that also happens during the upwelling season.
To survive sub-aerial exposure, Pocillopora corals at Gorgona Island
seem to maintain their growth rate while reducing reproductive
output (Castrillon-Cifuentes et al.,, 2017). As consequence of low
sexual reproduction, populations are primarily maintained through
fragmentation (Munoz et al., 2018). Hence, high growth rates
during the non-upwelling season (Lizcano-Sandoval et al., 2018;
Ishida-Castaieda et al., 2020; Cespedes-Rodriguez and Londofo-
Cruz, 2021) is advantageous for asexual reproduction.

4.2 Symbiodiniaceae density

Symbiodiniaceae density (or luminosity as its proxy) in
Pocillopora corals at Gorgona Island varied seasonally, with a 53%
higher density during the upwelling season compared to the non-
upwelling season. Mayfield and Gates (2007) propose that corals
under stress disrupt the symbiosis, because the cell’s ability to
transport molecules (mainly Glycerol and free amino acids)
across membranes is affected creating osmotic stress, which in
turns results in reactive oxygens species (ROS) formation,
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photoinhibition, apoptosis and exocytosis of Symbiodiniaceae,
and host cell detachment. Most records of bleaching events (loss
of Symbiodiniaceae or their pigments) are attributed to thermal
stress, mainly due to warm temperatures (Hughes et al, 2017;
Hughes et al., 2018); however, other physical factors (light, depth,
currents) that modulates temperature (Van Oppen and Lough,
2009), as well low salinity (Kerswell and Jones, 2003; Kongjandtre
et al,, 2021) also contributes to bleaching.

Under no stress conditions corals also constantly expel
Symbiodiniaceae (1% of the population per day; Davy et al,
2012), and the density of Symbiodiniaceae varies temporally in
response to environmental conditions. In P. damicornis and
Pocillopora verrucosa from Hawaii and the Red Sea, an increase
in Symbiodiniaceae density during winter is promoted by an
increase in nutrients rather than by changes in temperature
(Stimson, 1997; Al-Sofyani and Floos, 2013; Sawall et al., 2014).
Similarly, Acropora formosa has more symbiotic algae during the
autumn-winter than during the spring-summer, and the temporal
pattern is explained by a combination of temperature, solar
radiation, nitrate, and oxygen concentration (Jones and
Yellowlees, 1997). The effect of oxygen on Symbiodiniaceae was
explained as hyperoxia inducing the accumulation of ROS
(Fagoonee et al., 1999). However, ROS can form during both
hypoxia and hyperoxia and can inhibit photosynthesis among
other metabolic processes (Ulstrup et al., 2005; Welker et al.,
2013; Deleja et al., 2022).

In the ETP only one study reported temporal variation of
Symbiodiniaceae density, and found a positive correlation between
Symbiodiniaceae density and increased nitrate and phosphate
concentrations (Martinez-Castillo et al., 2020). The effect of
thermal stress is well documented through experiments and field
measurements during El Nifio events; temperatures above 30°C
resulted in a decrease in symbiont density in Pocillopora capitata,
P. verrucosa, P. damicornis, Pocillopora elegans, and Porites lobata
(Glynn and D’croz, 1990; Glynn et al., 2001; Hueerkamp et al., 2001;
D’Croz and Mate, 2004; Flores-Ramirez and Lifian-Cabello, 2007;
Rodriguez-Troncoso et al., 2016). Conversely, low temperatures (19°
C) increased the Symbiodiniaceae density in P. verrucosa by 27%
(Rodriguez-Troncoso et al., 2014).

Overall, the high density of Symbiodiniaceae in Pocillopora corals
during the upwelling season at Gorgona Island could be a result of the
combined effects of high nutrient concentrations that enhance algae
population growth, low dissolved oxygen levels (but not at hypoxic
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levels) that reduce the possibility of oxidative stress, and the thermo-
tolerance of the symbionts (Cunning et al., 2013; Baker et al,, 2017;
Palacio-Castro et al., 2022). However, further research is needed to
understand the specific contributions of these environmental factors
to the population dynamics of Symbiodiniaceae, including the
molecular identification of symbionts and the quantification of the
translocated fixed carbon from the algae to the host under upwelling
conditions (thermal stress and hypoxia).

We also suspect that increases in Symbiodiniaceae density during
the upwelling affect the growth rate of corals, because under low
temperatures the movement of glycerol might be restricted causing
osmotic stress, low temperatures can cause metabolic depression in
coral’s cells, and low oxygen in the environment and inside corals
tissue (due to increased Symbiodiniaceae number and its night
respiration) limits the calcification process (Colombo-Pallotta et al.,
2010). In fact Rodriguez-Troncoso et al. (2014) evidenced that during
low temperatures Symbiodiniaceae increase but corals lipids
(glycerol) decrease.

Additionally, during the upwelling season, Symbiodiniaceae are
likely to reduce their photosynthetic capacity due to self-shading
resulting from the increased number of algae and less availability of
CO, from the coral metabolism to start up photosynthesis
(Hoogenboom et al., 2010). Moreover, if corals host thermo-
tolerant Symbiodiniaceae like Durusdinium (formerly known as
clade Dj LaJeunesse et al.,, 2018), this might account for reduced
growth rates. It is known that symbiosis with this algae reduces
coral growth rates but allows higher survivorship under thermal
stress (Little et al., 2004; Manzello, 2010a; Cunning et al., 2015;
LaJeunesse et al., 2018). Further research is needed to understand
the specific contributions of these factors to the growth rates of
corals during the upwelling season.

4.3 Critical oxygen tension

Temperature had a significant effect on the Pcrit of Pocillopora
corals at Gorgona Island. These parameters were negatively related,
as increases in temperature caused a decrease in the Pcrit. Species
with a lower Pcrit are likely more tolerant to hypoxic conditions, as
they possess a greater capacity to extract O, from a hypoxic
environment and might delay the initiation of anaerobic
metabolism (McArley et al., 2019). If an organism is able to do
s0, it can avoid the accumulation of lactic acid or other by-products
of anaerobic metabolism, which cause a decrease in pH within the
tissue (Grieshaber et al., 1988). Scleractinian corals activate
anaerobic metabolism during hypoxic exposure, but they employ
opine dehydrogenases rather than lactate dehydrogenase (Murphy
and Richmond, 2016; Linsmayer et al., 2020). However, anaerobic
metabolism seems to be inefficient for survival under multifactorial
stress conditions or under prolonged periods (Weber et al., 2012).

During the non-upwelling season, it is likely that Pocillopora
corals face well-oxygenated conditions, as the Pcrit of coral
fragments incubated at 28°C (ambient temperature) was similar
to the lower edge of dissolved oxygen (DO) conditions on the reefs
of Gorgona Island (Pcrit: 3.7 mg L™'; Environmental DO range: 3.7
- 6.5 mg L', mean: 49 mg L). During the upwelling season,
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Pocillopora might face hypoxia, as the Pcrit of corals incubated at
24°C falls within the range of DO that the reefs experienced during
that season (Pcrit: 4.2 mg L-1; Environmental DO range: 3.0 - 6.6
mg L', mean: 4.2 mg L'l). Corals incubated at warm conditions
(32°C) had an enhanced ability to extract O, from the environment
(at least up to 6 h, incubation time) and maintain their MO, over a
broad range of DO conditions (Pcrit = 1.9 mg L™"). This suggests
that atypical warm episodes during the upwelling season (SM1)
could ameliorate the effect of deoxygenation.

To the best of our knowledge, this is the first time that the Pcrit
of a tropical scleractinian coral has been tested under different
thermal conditions. Only one study assessed the Pcmax (an
analogous value to Pcrit) of different coral species, but at their
mean ambient temperature (Hughes et al., 2022). In the cold-water
coral Lophelia pertusa, the Pcrit was lower at a cooler temperature
(6.5°C, Pcrit = 5-6 Kpa) than at normal (9°C) or warm (11°C)
conditions (Pcrit = 9-10 Kpa) (Dodds et al., 2007). In Crassostrea
gigas, the Pcrit increases with temperature, and this positive relation
was assumed to be an effect of the low solubility of oxygen in warm
waters (Le Moullac et al., 2007).

As the Pcrit is an effective way to measure tolerance to hypoxic
condition, it has been intensively assessed in fish. Within species, high
temperatures result in a higher Pcrit (Rogers et al., 2016), but
variation in this pattern occurs among species; for example, various
Etheostoma species had a low Pcrit at warm temperatures, possibly
because they had a mechanism to increase O, transport at higher
temperatures (Ultsch et al., 1978). Because cnidarians lack of
ventilation or circulatory systems, we propose that the mechanism
that operates in Pocillopora to increase O, transport at warm
conditions is related with the Diffusive Boundary Layer (DBL).

The DBL is the water layer adjacent to the surface of all coral
polyps, where diffusion is the main method of transport for oxygen
(and other substances) from the environment to the corals’ cells. In
this transport process the cilia of polyps aid in generating vortices to
move O, within this layer (Shapiro et al., 2014; Pacherres et al.,
2020; Pacherres et al., 2022). We speculate that low temperatures
can lead to decreased ciliary activity (Muscatine et al., 1991), and
because the viscosity of water increases at cooler temperatures
(Bolton and Havenhand, 2005), the O, diffusion through the DBL
is reduced, resulting in a high Pcrit of Pocillopora at 24°C, and in an
efficient oxygen transport at warm conditions (28 and 32°C), as
result of low water viscosity and normal activity of cilia.

4.4 Metabolic rate

The MO, is a sensitive indicator of an organism’s response to
environmental changes, as it integrates numerous energy-requiring
processes, such as growth, reproduction, and tissue repair (Edmunds,
2005). We found that temperature and DO conditions significantly
affect the rate of oxygen consumption (MO,), as expected, since
enzymes involved in respiration are temperature- and oxygen-
dependent in order to successfully produce ATP (Sawall et al., 2022).

Under normoxic conditions, MO, increases with temperature.
This pattern has been observed in all stony corals examined (Coles
and Jokiel, 1977; Castillo and Helmuth, 2005; Dodds et al., 2007;
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Paradis et al., 2019; Gravinese et al., 2022). However, this correlation
is only positive within a specific range, known as the optimum
temperature range. Beyond this range, the temperature becomes
lethal at either low or high critical values (Sokolova and Pértner,
2003). While the high and low temperatures tested in this study had
statistically significant effects on Pocillopora metabolism, the duration
of the incubations should not be considered indicative of a critical
range. Therefore, further tests are needed to identify long-term
thermal tolerance.

An indicator of compensatory acclimation to temperature
should display an inverse correlation between MO, and
temperature (Ulbricht, 1973). According to Al-Sofyani and Floos
(2013), if acclimation is complete, the MO, of corals should be
identical during the summer and winter, as is the case for P.
verrucosa in the Red Sea; this, however, is not the case for
Pocillopora at Gorgona Island. Therefore, our corals were not
acclimated to the cool stress conditions that occur during the
upwelling season, as MO, at 24°C was statistically different from
that at 28°C. However, corals in warm conditions might have been
acclimated, as differences in MO, between 28°C and 32°C were not
significant (Table 3). It is important to mention that incubations at
24°C were conducted during the upwelling season, when the corals
were naturally subjected to upwelling. Incubations at 28°C and 32°C
were conducted during the non-upwelling season.

The low MO, of Pocillopora at cool temperatures validates the
reduced growth rate during the upwelling season reported by this
and previous studies, as well as the limited reef development during
La Nifa events and at upwelling centers (Glynn et al., 2017a). The
similar MO, at normal and warm temperatures supports the idea

10.3389/fmars.2023.1212717

that moderate El Nifio events can ameliorate the negative effect of
upwelling, which reduces metabolism and, in particular, skeletal
growth (Vargaszngel et al.,, 2001; Jiménez and Cortés, 2003a).

A decrease in MO, occurs under hypoxic conditions at any
temperature, but it is more marked at extreme temperatures
(Figure 3, Table 3). In Orbicella faveolata, combined exposure to
warm and hypoxic conditions reduces the respiration rate by 62.8%,
which is associated with a gradual shift to anaerobic respiration
(Gravinese et al., 2022). Testing whether anaerobic metabolism is
activated in Pocillopora during extreme upwelling conditions
requires further research. However, the fact that corals are less
efficient in terms of growth opens up this possibility as a costly way
to survive stressful conditions.

5 Conclusion

Our results demonstrated that the environmental variability
that occurs during upwelling events at Gorgona Island has negative
effects on the physiology of Pocillopora (Figure 4); specifically, cool
thermal stress and hypoxia that develop during upwelling result in
significant changes in the growth rate, respiration rate, and
Symbiodiniaceae density of corals. It is possible that Pocillopora
corals on the reefs of Gorgona Island have reached their
physiological limits and rely on trade-offs to survive the stressful
upwelling conditions, as the aforementioned physiological traits did
not appear to contribute to mortality. Therefore, the occurrence of
additional stressors or the intensification of upwelling could be
detrimental to this island’s primary reef constructors.

Upwelling season

Cool thermal stress and hypoxia

High Symbiodiniaceae density

Low respiration rate

v
Low polyp and ciliar activity

Low O, diffusion through DBL

v

Low ATP production

High Pcrit

Low growth rate

Non-upwelling season

Warm and normoxic conditions

Low Symbiodiniaceae density

Normal Carbon production

Normal respiration rate

v
Active polyp and cilia

0, diffusion through DBL

v
ATP production
v

Low Pcrit

High growth rate

FIGURE 4

Response of Pocillopora to cool and hypoxic conditions that occur during upwelling events. The observed response of corals during the upwelling and non-
upwelling season is presented in blue font. Factors that promote (yellow lines) or depress (red lines) coral growth rate are denoted inside circles. During the
upwelling season, the high density of Symbiodiniaceae results in low photosynthesized carbon and enhanced hypoxia within coral tissue. The cool and
hypoxic ambient conditions lead to a low respiration rate, resulting in less available energy (ATP) for polyp activity. This reduction in polyp activity, in turn,
decreases the diffusion of oxygen (O,) through the Diffusive Boundary Layer (DBL), resulting in a high Pcrit value. A high Pcrit value indicates that corals are
less tolerant to hypoxic conditions. Finally, due to low ATP, cool stress, and hypoxia, corals have a reduced growth rate.

Frontiers in Marine Science

11

frontiersin.org


https://doi.org/10.3389/fmars.2023.1212717
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Castrillon-Cifuentes et al.

In contrast, coral metabolism increased when exposed to
elevated temperatures and abundant oxygen. This may explain
why Pocillopora in upwelling regions thrive more during El Nifio
events, as warm conditions appear to alleviate the metabolic
constraints that occur during upwelling. However, we do not
suggest that El Niflo events are advantageous for Pocillopora, as
our experiments evaluated coral responses to brief periods of
exposure to stressors and not responses to long-term warming.
However, the postulated oxygen extraction efficiency under warm
conditions could account for the observed tolerance of Pocillopora
corals and the resilience of reefs to El Nifo events in the ETP.
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