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Abstract

Coral reefs are increasingly impacted by marine heatwaves and global warming, with the
2023-2024 El Nifio-Southern Oscillation (ENSO) event causing unprecedented thermal
stress across the Eastern Tropical Pacific. This study assessed the effects of this event on
coral reefs in the Gulf of Papagayo, Costa Rica. Sea surface temperatures exceeded the
bleaching threshold for seven months, reaching a record 10.2 Degree Heating Weeks—twice
the levels recorded during the 1997-1998 ENSO. Benthic and fish community surveys
revealed severe coral mortality, particularly in Pocillopora-dominated reefs, with some sites
losing over 90% of live coral cover. Resilience varied across sites, likely influenced by factors
such as local water circulation, coral genetic diversity, symbiont type, and heterotrophic
capacity. Reefs with higher genetic diversity and thermally tolerant Durusdinium symbionts
showed partial recovery. Seasonal upwelling appeared to buffer thermal stress in some
areas, potentially acting as a natural climate refuge. Bleaching also impacted reef fish
communities, with a notable decline in invertebrate-feeding species on degraded reefs.
These findings highlight the interplay between prolonged thermal stress, coral biology, and
local oceanographic processes in shaping reef resilience. Identifying and protecting such
climate refugia will be critical for coral conservation under future climate change scenarios.

Keywords: bleaching; Pavona clavus; Pocillopora; resilience; sea surface temperature;
upwelling; El Nifio

1. Introduction

Corals are among the most sensitive organisms to elevated temperatures [1], largely
due to their close relationship with symbiotic algae [2]. This relationship is disrupted when
temperatures exceed the coral’s physiological thresholds, causing the coral to expel its
symbiotic microalgae—a phenomenon known as coral bleaching. During bleaching, corals
depend on stored energy reserves and residual heterotrophic feeding to survive. If the
thermal stress persists over time, the corals may die [2,3].

These bleaching events have become more frequent over the past three decades due
to both the El Nifio-Southern Oscillation (ENSO) and global climate change [4]. ENSO
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is an oceanographic-atmospheric pattern that occurs on average every 4-7 years with
varying intensities. It causes large volumes of warm water to move and remain across the
Pacific Ocean, disrupting the water column’s mixed layers and lowering the thermocline
and nutricline [5,6]. This phenomenon has severely impacted both marine and terrestrial
ecosystems [7,8]. In coral reefs, a significant loss of live coral cover has been recorded in
several regions, affecting reproductive patterns and ecological succession [4-9].

Anthropogenic global warming has elevated Earth’s mean temperature, causing El
Nifio events to become more intense and frequent [10-16]. As global warming continues,
coral bleaching events are expected to occur more frequently and intensify. Climate models
predict that rising average sea temperatures may surpass critical thresholds for corals, lead-
ing to more severe bleaching events like those observed in recent decades [17]. Moreover,
the increased frequency of extreme climate events, such as El Nifio, will place greater stress
on coral ecosystems, diminishing their resilience and raising mortality rates [2].

El Nifio events have consistently influenced the structure and dynamics of coral reef
ecosystems in the Eastern Tropical Pacific (ETP), exerting long-term ecological consequences
on reef-building corals (mainly corals of the genera Pocillopora and Porites) and associated
biota. The 1982-1983 event caused unprecedented mortality, with losses of up to 90% of live
coral cover and extensive framework erosion. Although the 1997-1998 event also generated
substantial disturbance, overall mortality was lower, highlighting regional variability and
providing evidence of partial resilience within ETP coral assemblages [9].

Recently, coral reef ecosystems experienced their fourth major bleaching event [18].
This event was a direct result of the 2023-2024 El Nifio phenomenon [1]. The 2023-24 global
warming event was the largest ever recorded, exceeding pre-industrial levels by 1.45 °C,
a value dangerously close to the 1.5 °C threshold identified by the Paris Climate Agree-
ment [19]. Over the past 15 years, the global average surface temperature has entered a
phase of accelerated warming [19]. The 2023 event saw the Pacific and Caribbean waters of
Central America classified as the regions with the highest mortality rates due to bleaching,
a result of significant thermal stress accumulation. Costa Rica’s Pacific coast was identified
as a bleaching hotspot, reaching over 18 Degree Heating Weeks [19]. The impact of this
event was drastic in several regions of the planet including Florida [20], Australia [21]
and Mexico [22].

El Nifio events have historically impacted Costa Rica’s Pacific coast since the
1980s [23-25]. The most significant impacts occurred during the 1982-83 [23,26,27] and
1997-98 events [28]. During the 2016 event, a differential impact was observed, with the
southern part of the country (Catio Island and Golfo Dulce) being the most affected [29].

By March 2023, early signs of coral bleaching were observed in Golfo Dulce and other
regions of the Mexican Pacific (Tatiana Villalobos and Omar Valencia, pers. comm.). In
response, a rapid ecological assessment protocol was developed to monitor coral health
along Costa Rica’s northern Pacific coast. This study aimed to evaluate the condition
of coral reefs over a one-year period, from the onset of thermal anomalies to the return
of baseline temperatures, providing insights into the spatial and temporal dynamics of
bleaching under extreme ENSO conditions. We aim to test whether the 2023-2024 El Nifio
event significantly altered coral cover and bleaching severity along Costa Rica’s northern
Pacific coast. We hypothesize that the 20232024 El Nifio event significantly increased
coral bleaching severity and mortality along Costa Rica’s northern Pacific coast, with
spatial variability in impact intensity reflecting differential thermal stress accumulation
and historical exposure to ENSO events.
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2. Materials and Methods
2.1. Study Area

The Gulf of Papagayo includes the reefs and coral communities found below the Santa
Elena Peninsula, including the Murcielago Islands, Culebra Bay, and Punta Gorda (Figure 1).
The area has been extensively studied since the 1980s, and at least 16 species of reef-building
corals have been reported, with reefs and coral communities dominated by the Pocillopora
genus at depths of up to 10 m [30]. The gulf is in one of the three seasonal upwelling
areas in the Eastern Tropical Pacific (ETP) [31], which affects the region from December to
April [32,33], and brings colder (18-20 °C), acidic (pH 7.8) and nutrient-rich waters [34-36].

. Nicaragua

Caribbean
D

Papagayo
Gulf

Pacific Ocean

o
o
=
)
=
o

Coral community

A Zapotilla

Pavona Reef

A Giiri

Pocillopora Reef
Matapalo ayas del Coco

A Jicaro

Sombrero .
#"85°39'W

Figure 1. Sampling sites in the Papagayo Gulf in the North Pacific of Costa Rica.

2.2. Temperature and Thermal Stress Data

Sea surface temperature (SST) and Degree Heating Weeks (DHW) data for each sur-
veyed site were obtained from NOAA'’s Coral Reef Watch (CRW) 5 km resolution virtual
station products [37]. Historical data from 1985 to 2024 were used to calculate the Maximum
Monthly Mean (MMM) baseline following standard CRW methodology. The MMM is
defined as the highest long-term average of monthly SST at a given location and serves as
the basis for identifying anomalous warming events. Corals typically begin to experience
stress and bleaching when temperatures exceed this MMM by approximately 1 °C [38].
Accordingly, the bleaching threshold was set at MMM + 1 °C. These metrics were used
to quantify the intensity and duration of thermal stress conditions during the 20232024
ENSO event and to compare them with previous strong ENSO events (1997-1998 and
2015-2016), with particular focus on periods when DHW values surpassed CRW Alert
Levels 1 (>4 DHWs) and 2 (>8 DHWs), which indicate increasing risk and severity of coral
bleaching events.

2.3. Field Assessments

Reef surveys were conducted at five sites in the Gulf of Papagayo between July 2023
and November 2024 (Figure 1). Three sites—Sombrero (3 m), Jicaro (7 m), and Matapalo
(7 m)—were coral reefs dominated by Pocillopora spp. The remaining two sites included
Giiri-Gtiiri (6 m), a reef dominated by Pavona clavus, and Zapotillal (6 m), a coral community
growing on basaltic substrate. Surveys were carried out during five periods: July 2023,
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October-November 2023, January 2024, July—August 2024, and November 2024. Due to
logistical constraints, not all sites were visited during every monitoring period; however,
each site was surveyed on at least three occasions. On each reef survey, benthic and fish
community data were collected via SCUBA using standard methodologies.

All surveys were conducted at fixed geographic coordinates to ensure consistency
across sampling events. Although permanent transects were not established, the fringing
configuration of the reef, together with its relatively small size and shallow depth, restricted
the available working area. These characteristics allowed fieldwork to be consistently
carried out within the same zones, minimizing spatial variability in the observations. The
sites were chosen based on the historical presence of coral reefs and coral communities in
the area.

In the present study, when coral growth occurred on a basaltic structure formed pri-
marily by coral skeletons it was considered a coral reef, but when this basaltic structure
was absent and the substrate consisted of sand or rock it was considered a coral commu-
nity [39,40]. Through this important distinction it is possible to know the contribution of
corals to the construction of the topographic characteristics and to determine the vitality of
the coral formations over time [41].

2.3.1. Benthic Cover

Benthic community data were collected using a photo-quadrat methodology along
three 20 m transects at each site. Along each transect, 20 photographs of 50 x 50 cm
quadrats were taken—one every meter as the diver advanced. Images were analyzed
using PhotoQuad software v1.4 [42]. Substrate cover was estimated by overlaying 50
stratified random points on each photograph and identifying the substrate beneath each
point to the lowest possible taxonomic level. Each substrate was then assigned to one
of the following functional groups: live coral, pale coral, bleached coral, recently dead
coral, crustose coralline algae (CCA), macroalgae, turf algae, or others. The “others”
category included cyanobacteria, sponges, ascidians, anemones, sand, rubble, rock, and
other unclassified substrates.

2.3.2. Fish Community

Fish community data were collected using three belt transects per census, each measur-
ing 20 m in length, 5 m in width, and 2 m in height. Within each transect, all fish observed
were counted, identified to species level, and assigned to a total length category: <5, 5-10,
10-15, 15-20, 20-25, 25-50, 50-100, 100-150, 150-200, 200-250, and 250-300 cm [43,44].
Size frequency data for each species were then converted to biomass using species-specific
length—weight relationships, following the equation W = aLb, where W is weight (g), L is
total length (cm), and a and b are constants obtained from FishBase [45].

2.4. Statistical Analysis

Prior to statistical analyses, data distributions were assessed using the Shapiro-Wilk
test for normality and Levene’s test for homogeneity of variances. Because several datasets
deviated from these assumptions, we applied non-parametric approaches. To assess differ-
ences in mean coverage of healthy, pale, bleached and overall live coral across monitoring
dates, Kruskal-Wallis tests were performed. When significant differences were detected,
post hoc pairwise comparisons were conducted using Mann—-Whitney U tests.

Non-metric multidimensional scaling (NMDS) analyses were conducted to assess
variations in benthic cover and fish community composition across sites and monitoring
periods during the 2023-2024 ENSO event. Prior to analysis, both benthic cover (%) and
fish biomass (kg m~2) data were log-transformed using the formula logjo(x + 1). Sites
were categorized into three reef types: Pocillopora-dominated reefs, Pavona-dominated reefs,
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and coral communities. Analysis of Similarities (ANOSIM) tests were used to evaluate
differences in benthic cover and fish community composition among reef types. Additional
ANOSIM tests were performed to assess differences based on reef condition, classifying
sites into three status categories: healthy (>90% of live coral cover classified as healthy),
bleached (>30% of live coral cover classified as bleached), and severely degraded (live
coral cover—including healthy, pale, and bleached—declined by at least 50% relative to the
initial estimate).

Reef fish species were classified into six functional groups based on feeding habits:
detritivorous herbivores, macroalgae herbivores, invertebrate feeders, omnivores, plank-
tivores, and piscivores. To assess differences in overall fish biomass and biomass per
functional group across reef status categories, Kruskal-Wallis tests were performed. When
significant differences were detected, post hoc pairwise comparisons were conducted using
Mann-Whitney U tests. At last, we used Procrustes analysis to assess the concordance
between trajectories of benthic cover and fish community composition, with statistical
significance evaluated through permutation tests.

3. Results
3.1. Temperature and Thermal Stress

NOAA'’s Coral Reef Watch satellite data show that the surveyed reefs in the Papagayo
Gulf experienced abnormally high sea surface temperatures (SSTs) and thermal stress
during several months in 2023 and 2024. SSTs exceeded 30 °C from May to October
2023 and again in May 2024, surpassing the estimated bleaching threshold of 29.9 °C
(calculated as the maximum monthly mean from 1985 to 2024 + 1 °C) (Figure 2A). Degree
Heating Weeks (DHWs) exceeded eight from July to August 2023 and again from October
to November, reaching Alert Level 2, which indicates a high risk of widespread coral
bleaching (Figure 2B). A maximum of 10.2 DHWs was recorded at the end of July 2023—
the highest ever observed for the region and over two times greater than the previous
maximum of 4.1 DHWs recorded during the 1997-1998 ENSO event.
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Figure 2. Dynamics in (A) mean sea surface temperature and (B) degree heating weeks at the
surveyed reef sites in the Papagayo Gulf, North Pacific of Costa Rica, retrieved from the NOAA /CRW
time series. The orange lines show the values throughout the 2023-2024 ENSO event. The other
colored lines refer to previous warming events.

3.2. Benthic Cover

The 2023-2024 ENSO event had a significant impact on live coral cover across some
reefs in the Papagayo Gulf. Mean live coral cover (£95% CI), including healthy, pale,
and bleached corals, declined across the five surveyed sites declined from 42 (£37) % to
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Cover %

Cover %
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13 (£11) % between July 2023 and the July-November 2024 monitoring period (Figure 3A).
However, these differences were not statistically significant (Kruskal-Wallis; p = 0.11), as
trajectories of coral cover varied substantially among sites. While some reefs experienced
near-total coral mortality, others showed relative stability in live coral cover throughout
the event (Figure 3B).
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Figure 3. Change in the cover of the major benthic categories during the 2023-2024 ENSO event.
(A) Change in mean coral cover (£95% CI) across all surveyed sites. (B) Change in the mean cover of
the major benthic categories at each site.

The reefs of Sombrero and Jicaro, where Pocillopora was the dominant reef-building
coral, experienced near-total coral mortality by October 2023 and January 2024, respectively
(Appendices A and B). At Matapalo, another Pocillopora-dominated reef, healthy coral cover
was approximately 48% in January 2023. By January 2024, healthy coral cover had declined
to 18%, with 23% and 27% of the remaining live coral categorized as bleached and pale,
respectively. By July 2024, however, signs of recovery were observed, with healthy coral
cover rebounding to around 49% (Figure 3B; Appendix C).

At Guiri, a Pavona-dominated reef, signs of thermal stress and bleaching were already
apparent by July 2023, and by October, nearly all corals had bleached (Appendix D). Overall,
live coral cover at this site declined from 19% in July 2023 to just 4% by August 2024. By
contrast, minimal signs of bleaching were observed at Zapotillal—a coral community
growing on basalt substrate—in July 2023, January 2024, and July 2024, and the estimated
mean live coral cover even showed a slight increase over the course of the monitoring
period. (Figure 3B).

As expected, the reefs where most corals had died by the end of the monitoring
period—]Jicaro, Sombrero, and Guiri—exhibited the most pronounced changes in benthic
cover composition during the 2023-2024 ENSO event (Figure 4A). Benthic cover trajectories
varied among Pocillopora-dominated reefs, Pavona-dominated reefs, and coral communities
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A. Benthic Cover

(ANOSIM; p < 0.001). Although the NMDS analysis showed a clear separation in benthic
community composition by reef type at the beginning of the monitoring period, this
distinction diminished over time. As bleaching progressed and widespread coral mortality
occurred at several sites, benthic compositions converged, particularly between Giiiri
(Pavona-dominated) and Jicaro and Matapalo (both Pocillopora-dominated). Consequently,
a significant difference in benthic composition was also detected when reefs were grouped
by status—healthy, bleached, or severely degraded—rather than by reef type (Figure 4A;
ANOSIM, p < 0.001).

B. Fish Community
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Figure 4. Non-metric multidimensional scaling (NMDS) plots showing changes in (A) benthic cover
composition and (B) fish community composition during the 2023-2024 ENSO event. NMDS stress
values and ANOSIM p-values comparing between reef types and reef status are shown. The results
of a Procrustes analysis, assessing the concordance between changes in benthic and fish community
composition, are also presented. Asterisks (*) indicate statistically significant differences (p < 0.05).

3.3. Fish Community

Similarly to the benthic cover, the trajectories of fish community composition during
the 2023-2024 ENSO event varied among reef types (Figure 4B; ANOSIM, p = 0.028). In
Zapotillal—a coral community—fish community composition remained relatively stable
throughout the monitoring period. In contrast, at other reefs, fish communities changed
as bleaching progressed and widespread coral mortality occurred. NMDS plots indicated
a trend toward separation in fish community composition between healthy and severely
degraded reefs; however, high variability within groups was observed, and the ANOSIM
comparing reef types was not statistically significant (p = 0.101). Procrustes analysis showed
moderate concordance between the trajectories of benthic cover and fish community com-
position, indicating a co-association between these ecological components (Figure 4; Sum
of Squares = 0.72, p = 0.008).

In reefs where Pocillopora was the dominant reef-building coral, overall fish biomass per
square meter showed a decreasing trend as corals bleached and died (Figure 5A). Despite
this tendency, mean fish biomass did not differ significantly across reef statuses (Kruskal-
Wallis; p = 0.09), which may be reflecting the limited time frame covered in this study
instead of an ecological effect. Among the fish functional groups considered, invertebrate
feeders consistently exhibited the highest biomass across all reefs. However, their biomass
was significantly greater in healthy reefs compared to bleached or severely degraded reefs
(Figure 5B). Other functional groups, such as piscivores and macroalgae-feeding herbivores,
displayed trends of higher and lower biomass, respectively, in healthy reefs relative to
severely degraded reefs, although these differences were not statistically significant.
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Figure 5. Comparison of fish biomass per square meter among reefs with different health statuses
(healthy, bleached, and severely degraded), where Pocillopora was the dominant reef-building coral.
(A) Total fish biomass across reef conditions. The X symbol denotes the mean. The p-value from
the Kruskal-Wallis test assessing differences among reef statuses is shown. (B) Mean fish biomass
(£95% CI) per functional group. Asterisks (*) indicate statistically significant differences (p < 0.05)
between reef statuses. Numbers (1, 2, 3) indicate which reef statuses differ significantly based on
pairwise Mann-Whitney U tests: (1) healthy, (2) bleached, (3) severely degraded.

4. Discussion

The 2023-2024 ENSO event stands out as the most intense marine heatwave ever
recorded in the Gulf of Papagayo. It not only reached the highest levels of thermal stress
observed in the region to date but was also marked by an unprecedented duration, with
sea surface temperatures (SSTs) exceeding 30 °C continuously from May to October 2023
(Figure 2). This prolonged exposure to elevated temperatures resulted in the complete loss
of live coral cover on the Jicaro and Sombrero reefs, both located in the inner bay. In contrast,
reefs situated in the outer bay, such as Matapalo, Giiiri, and Zapotillal, demonstrated greater
resistance and partial recovery from bleaching, experiencing less severe impacts compared
to the inner bay sites.

Cambronero-Solano et al. [46] analyzed the water mass behavior in both the inner and
outer parts of Culebra Bay between 2017 and 2019. Their findings indicated that the inner
part of the bay remained warmer than the outer parts during the negative ENSO phase.
This may be due to less circulation in the inner part, and the fact that water is retained for
longer periods of time. These conditions could help explain why reefs in the inner part
of the bay suffered more from the impacts of the 2023-2024 ENSO than those located in
other regions.

Another key factor in coral response is the genetic diversity and connectivity that may
exist between different populations. In 2023, Hidalgo-Sanchéz et al. [47] determined that
the Jicaro coral reef had very low genetic diversity of Pocillopora corals, which were the
only reef builders present. The results showed that this reef supported a highly clonal
population, possibly due to strong asexual reproduction. Furthermore, the Matapalo reefs
and the Zapotillal coral community were found to have greater genetic diversity and
higher connectivity between them. The fact that the Jicaro reef was composed almost
entirely of clones made it more vulnerable to the impact of high temperatures, as it lacked
intra-population variability to support a broader stress response. In contrast, Zapotillal
and Matapalo reefs, with greater population diversity and a greater presence of sexual
reproduction, were better acclimatized and therefore more resilient than Jicaro. This could
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also explain the death of the Sombrero reef, which, although it did not undergo the same
population genetic analysis, is located even further inside the Bay and shares similar
conditions with Jicaro.

Likewise, a recent assessment of the diversity of symbiotic microalgae associated with
four coral genera (Pavona, Porites, Pocillopora, and Psammocora) at several sites in Bahia
Culebra showed that most corals have flagellated endosymbionts associated with the genus
Cladocopium [48]. This genus of flagellated endosymbiont is known to occur in cooler envi-
ronments with lower turbidity [49]. In addition, the presence of the genus Durusdinium was
identified in corals of the genus Pocillopora at locations such as Matapalo [48]. Durusdinium
has been identified as a genus of flagellated endosymbiont tolerant to thermal stress [50-52].
Therefore, this may also represent a factor in the recovery of the Matapalo reef, compared
to other sites in the Bay. In Panama and Ecuador, it has been observed that after El Nifio
events, corals hosting this type of endosymbiont showed greater tolerance to bleaching [53].

Now the question arises as to what other mechanisms could be involved in the
recovery of corals under such an intense water warming event. An interesting example is
the Giiiri reef, which was visited monthly throughout the El Nifio event as part of a coral
restoration project [54,55]; Alvarado et al. prep. At this location, bleaching was intense, with
several colonies remaining pale for at least six months (Figure 3). During our field visits,
we observed bleached coral colonies with open polyps during the day, which could be
interpreted as a possible feeding action by the organism. Hughes & Grottoli [56] determined
that coral heterotrophy may function as a mechanism to withstand prolonged thermal
stress. The acquisition of diverse food sources by corals is vital for resilience and recovery,
which under thermal stress events remains dependent on heterotrophy [57]. Likewise, the
type of endosymbiont that the coral possesses, whether Cladocopium or Durusdinium, will
affect its trophic strategy. Corals dominated by Cladocopium may have a greater autotrophic
capacity than those possessing Durusdinium. This heterotrophic capacity in corals hosting
Durusdinium is greater in summer, when temperatures are warmer [58].

Culebra Bay is in an area of coastal upwelling, where from December to April, because
of the trade winds, the surface layers of the sea are replaced by cold waters rich in nutri-
ents [33]. The warmest months in Culebra Bay are from May to September, when the trade
winds are absent and the intertropical convergence zone shifts northward. By October, sea
temperatures begin to drop as the trade winds become more intense, and the intertropical
convergence zone shifts southward. The coldest temperatures are reached in February and
March. The difference in average temperature between the upwelling and non-upwelling
seasons can be as much as 4 °C.

The impact of the onset and presence of the upwelling period was also evident in
2023, when temperatures begin to gradually drop after October, reaching below 28 °C
by December, indicating that this ocean-atmospheric phenomenon is a factor that will
help corals recover from bleaching. During the Papagayo upwelling, the entry of cold
waters [36] and the presence of greater cloudiness probably help to compensate for marine
heat waves [28], which could indicate that these reefs function as thermal refuges [59].
Randall et al. [60], based on historical data on sea surface temperature and coral cover
and growth rate on coral reefs in the Gulf of Panama, where upwelling occurs, versus the
more thermally stable Gulf of Chiriqui, propose that upwelling is buffering the impacts
of climate change, as well as thermal stress events during El Nifio. They propose that the
presence of upwelling zones can serve as climate refugia. Such refuge effects provided by
upwelling systems from bleaching have also been observed in southern China [61] and
the Galapagos [62].

The results of this study reveal that fish community composition responded variably
to the 2023-2024 ENSO event, depending on reef type. Reefs dominated by Pocillopora
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showed a general decline in fish biomass as coral died. In contrast, the fish community
at Zapotillal—a relatively stable coral community—remained consistent throughout the
monitoring period. As the Pocillopora reef undergoes bleaching, it gradually loses the
diversity of fauna associated with live coral, which serves as a food source for other
organisms, including fish. In contrast, the coral community at Zapotillal is developing
on a basaltic rocky reef with intermediate structural complexity, providing refuges for
various organisms, promoting algal growth on the substrate, and supporting a more
diverse array of food sources (e.g., algae and invertebrates). This difference may explain
the contrasting impacts of ENSO at the two sites. Although coral bleaching also occurs
at Zapotillal, the fish community relies on alternative food sources that are less affected.
In more coral-dependent systems like Jicaro, the loss of live coral has a more pronounced
effect on associated fish communities. The moderate concordance between benthic and
fish community trajectories underscores the importance of benthic structural complexity
in maintaining reef fish resilience and suggests that widespread coral mortality likely led
to the degradation of critical fish habitat—a pattern widely documented in response to
thermal disturbances [63,64].

Fish communities’ responses to coral bleaching and mortality are known to vary
over time [65,66], and are more likely to be extensive when there are changes in the reef
structural complexity [65]. These modifications happened due to changes in fish species
fitness, habitat loss and dependency on living corals (e.g., obligated corallivores). The
specific trend experimented by each species is determined by their tolerance to disturbances
and functionality [67]. Among the fish functional groups assessed, invertebrate feeders
exhibited significantly higher biomass in healthy reefs than in bleached and dead reefs,
underscoring their reliance on live coral shelter and foraging resources [68]. Past research
in the northern Pacific of Costa Rica has shown that dead coral reefs host significantly
different fish communities than live coral reefs, with lower biomass across most functional
groups [69]. In our study, apart from invertebrate feeders, no statistically significant
differences were observed among the other groups.

Even though no statistical differences were detected, a slight increase in both types of
herbivores was observed in both bleached and severely degraded reefs (Figure 5). After
coral cover depletions, immediate increases in herbivorous fish abundance have been
reported due to greater algal cover, but these tend to decline as the coral framework erodes
or there is redistribution of individuals [65]. At the same time, piscivores also did not
show any statistical differences across reef states, but a slight decline in their biomass was
detected in severely degraded reefs (Figure 5). This pattern may be related to the overall
stability in fish biomass regardless of the health status, given that piscivore abundances
tend to decrease when prey availability is reduced [66]. Lastly, it is relevant to point out
that in species without obligate feeding behaviors, shifts in their prey may occur; however,
long term declines can still be expected as their food availability is reduced [67]. Altogether,
the obtained results suggest that while the effects of coral mortality on fish communities
may already be emerging, the time frame of this study may have been too short to fully
capture long-term changes in community composition. Thus, continued monitoring is
necessary, particularly in reefs where most corals have died, as fish communities are likely
to undergo further shifts over time.

The changes in fish composition and the decline of certain functional groups
may signal trophic vulnerability and reflect a broader loss of ecosystem services pro-
vided by reef fishes. These services include regulating functions such as algal control
and parasite removal [70,71], supporting functions like nitrogen fixation and sediment
processing [71-73], and provisioning services tied to fisheries and tourism, including the
ornamental trade [74,75]. Ecosystem services frameworks help capture the full social-
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ecological role of reef fishes, encompassing not only their ecological functions but also their
cultural significance, economic value, and conservation importance as recognized by IUCN
listings [76-78]. The decline in key fish groups following bleaching events may therefore
not only affect biodiversity but also compromise critical services essential for ecosystem
functioning and human wellbeing. Overall, these findings highlight the functional vul-
nerability of certain reef fish groups to thermal disturbances and underscore the need for
conservation strategies that integrate both benthic and fish community structure, as well as
the ecosystem services they support, to strengthen reef ecosystem resilience.

5. Conclusions

The 2023-2024 ENSO event represented an unprecedented episode of thermal stress
for coral reefs in the Gulf of Papagayo, surpassing previous events in both duration and
intensity. Coral responses to this event were highly heterogeneous, highlighting the critical
role of both intrinsic factors—such as genetic variability, the type of endosymbionts present,
and the ability to shift toward heterotrophic feeding—and extrinsic factors, including reef
location within the bay, prevailing ocean current systems, and the presence of seasonal
coastal upwelling, in shaping coral resistance and resilience to bleaching. Notably, recovery
observed at sites like Matapalo and Zapotillal underscores the importance of conserving
areas with high biodiversity and genetic connectivity. Furthermore, the buffering effect of
seasonal upwelling suggests that such regions may serve as natural climate refugia under
future warming scenarios.

These findings emphasize the urgency of incorporating ecological and oceanographic
insights into reef management and conservation strategies. In a context where global pres-
sures such as ocean warming remain beyond immediate control, the effective management
of local stressors—including intensive tourism, overfishing, and coastal development—is
essential to support coral recovery following bleaching events [17]. Prioritizing the protec-
tion of resilient reef areas and promoting measures that enhance the adaptive capacity of
coral ecosystems will be vital to safeguard biodiversity and ecosystem services (tourism
and artisanal fishing) in the face of ongoing climate change.
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Appendix A
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Figure A1l. Progress of the impact of the El Nifio phenomenon 2023-2024 on the Jicaro reef, Culebra
Bay. (A) December, 2020; (B) July, 2023; (C) August, 2023; (D) September, 2023; (E) November, 2023;
(F) January, 2024; (G) March, 2024; (H) April, 2024.
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Appendix B

December, 22 June, 23

October, 23

Figure A2. Progress of the impact of the El Nifio phenomenon 2023-2024 on the Sombrero reef,
Culebra Bay. (A) December, 2022; (B) June, 2023; (C) July, 2023; (D) August, 2023; (E) October, 2023;
(F) January, 2024.

Appendix C

September, 23

&

-

Figure A3. Progress of the impact of the El Nifio phenomenon 2023-2024 on the Matapalo reef,
Culebra Bay. (A) July, 2022; (B) June, 2023; (C) July, 2023; (D) September, 2023; (E) December, 2023;
(F) January, 2024.
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Appendix D

June, 23

July, 23

Figure A4. Progress of the impact of the El Nifio phenomenon 2023-2024 on the Giiiri-Giiiri reef,
Culebra Bay. (A) September, 2022; (B) June, 2023; (C) July, 2023; (D) August, 2023; (E) September,
2023; (F) October, 2023; (G) November, 2023; (H) July, 2024.
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