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			ABSTRACT

			Introduction: Coral reefs are essential ecosystems for the functioning of the planet and human well-being, providing three-dimensional habitats for a great diversity of marine life and multiple ecological, economic, and cultural services. Coral reefs are constructed by hermatypic corals, which maintain a symbiotic relationship with dinoflagellates of the Symbiodiniaceae family, which provide them with up to 90-95% of their energy in exchange for shelter and nutrients. However, this relationship has been compromised by stressors associated with climate change, human activities, and natural phenomena such as El Niño-Southern Oscillation (ENSO), which can cause the expulsion of symbionts and the loss of their energy source, thereby endangering their survival. 

			Objective: To evaluate physiological indicators (i.e., symbiont density, chlorophyll, lipids, and proteins) as tools for assessing coral health at the Isla Gaviota and Punta Galeras sites during the 2023-2024 marine heat wave period. 

			Methods: A total of 44 colony fragments, 3 to 5 cm in length, were collected from the Pocillopora verrucosa and Pocillopora damicornis morphotypes during two sampling campaigns, one in July 2023 and the other one in July 2024 at the two sampling sites. The samples were processed to determine symbiont density, chlorophyll a, lipids, and proteins. 

			Results: We found evidence that P. verrucosa and P. damicornis exhibit different adaptive strategies. On one hand, P. verrucosa showed variable responses, with temporary loss of symbionts, and compensatory energetic mechanisms that maintained photosynthetic functionality, demonstrating a gradual recovery by 2024. Pocillopora damicornis, on the other hand, showed greater physiological stability, maintaining active symbiosis and stable photosynthetic pigments, as well as protein and lipid reserves usage. Although both morphotypes have developed effective survival strategies, the observed metabolic and energetic costs highlight their long-term vulnerability. This susceptibility is particularly critical in the context of the increasing frequency and intensity of thermal stress events driven by global climate change. 

			Conclusions: This study demonstrates that the 2023–2024 marine heat wave affected the analyzed corals, with P. damicornis showing the greatest resilience potential, based on a symbiotic stability, while P. verrucosa relies on more complex, but equally functional, adaptive mechanisms.
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			RESUMEN

			Respuesta fisiológica de corales del género Pocillopora (Scleractinia: Pocilloporidae) 

			durante la ola de calor de 2023–2024 en La Paz, Baja California Sur

			Introducción: Los arrecifes de coral son ecosistemas esenciales para el funcionamiento del planeta y el bienestar humano, ya que proporcionan hábitats tridimensionales para una gran diversidad de vida marina y múltiples servicios ecológicos, económicos y culturales. Los arrecifes de coral están construidos por corales hermatípicos, que mantienen una relación simbiótica con dinoflagelados de la familia Symbiodiniaceae, los cuales les proveen hasta el 90–95% de su energía a cambio de refugio y nutrientes. Sin embargo, esta relación se ha visto comprometida por factores de estrés asociados al cambio climático, las actividades humanas y fenómenos naturales como la Oscilación del Sur-El Niño (ENSO), que pueden provocar la expulsión de los simbiontes y la pérdida de su fuente de energía, poniendo en riesgo su supervivencia.

			Objetivo: Evaluar indicadores fisiológicos (densidad de simbiontes, clorofila, lípidos y proteínas) como herramientas para valorar la salud coralina en los sitios Isla Gaviota y Punta Galeras durante el periodo de ola de calor marina 2023–2024.

			Métodos: Se recolectaron un total de 44 fragmentos de colonias, de 3 a 5 cm de longitud, de los morfotipos P. verrucosa y P. damicornis durante dos campañas de muestreo, una en julio de 2023 y otra en julio de 2024 en los dos sitios de estudio. Las muestras fueron procesadas para determinar densidad de simbiontes, clorofila a, lípidos y proteínas.

			Resultados: Encontramos evidencia de que P. verrucosa y P. damicornis exhiben diferentes estrategias adaptativas. Por un lado, P. verrucosa mostró respuestas variables, con pérdida temporal de simbiontes y mecanismos energéticos compensatorios que mantuvieron la funcionalidad fotosintética, demostrando una recuperación gradual hacia 2024. Pocillopora damicornis, en cambio, mostró mayor estabilidad fisiológica, manteniendo la simbiosis activa y pigmentos fotosintéticos estables, así como el uso de reservas de proteínas y lípidos. Aunque ambos morfotipos han desarrollado estrategias de supervivencia efectivas, los costos metabólicos y energéticos observados resaltan su vulnerabilidad a largo plazo. Esta susceptibilidad es particularmente crítica en el contexto del aumento en frecuencia e intensidad de los eventos de estrés térmico impulsados por el cambio climático global.

			Conclusiones: Este estudio demuestra que la ola de calor marina de 2023–2024 afectó a los corales analizados, siendo P. damicornis el que mostró mayor potencial de resiliencia, basado en la estabilidad de la simbiosis, mientras que P. verrucosa depende de mecanismos adaptativos más complejos, aunque igualmente funcionales.

			Palabras clave: Pocillopora; Indicadores fisiológicos; Golfo de California; Dinoflagelados; Estrés térmico.
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			Introduction

			Historically, coral research has focused primarily on communities located in regions with more stable environmental conditions for their development (e.g., low turbidity, oligotrophic waters and stable temperatures). This has allowed the establishment of physiological baselines under optimal conditions, identifying factors such as symbiont density, chlorophyll a concentration, and protein and lipid concentrations as reliable indicators of coral health (Cooper et al., 2009). However, coral communities exposed to stressful or adverse environmental conditions (e.g., variable temperature regimes, lower carbonate saturation, anthropogenic impacts) have developed high phenotypic plasticity and intraspecific morphological variation and physiological responses, particularly in regions such as the Eastern Tropical Pacific, where recent genomic studies have demonstrated that, regardless of their shared genetic background (Oury et al., 2023; Connelly et al., 2026), Pocillopora mtORF type 1 exhibits a wide range of colony morphologies including P. verrucosa, P. damicornis, P. meandrina, P. grandis/eydouxi, and P. capitata. Such marked phenotypic plasticity suggests that physiological performance may vary among morphotypes because colony architecture influences the internal light environment, water flow, mass transfer, and heat dissipation (Todd, 2008; Jimenez et al., 2011; Van Woesik et al., 2012). These factors directly affect photosynthetic efficiency, nutrient exchange, respiration, and the capacity to withstand thermal and environmental stress (Patterson et al., 1991; Nakamura & Van Woesik, 2001; Mass et al., 2010). Consequently, colonies with contrasting morphologies may exhibit different physiological responses and recovery trajectories under the same environmental conditions, despite their close genetic affinity (Todd, 2008; Darling et al., 2012; Madin et al., 2014). This phenotypic diversity therefore provides a valuable opportunity to investigate the mechanisms underlying coral resistance, acclimatization, and recovery under multiple stressors, including marine heatwaves, El Niño events, and local anthropogenic impacts (Paz-García, Hellberg et al., 2015).

			Marine heatwaves, the rising sea surface temperatures and anthropogenic activities (Anthony et al., 2007; Anderson-King et al., 2023) have compromised worldwide coral reef health due to more frequent and severe mass bleaching and mortality events reducing coral cover and the biodiversity associated with coral reefs (Hughes et al., 2018). These disturbances have highlighted the value of physiological markers as sensitive indicators of coral health, providing early evidence of sublethal stress before visible signs such as bleaching or tissue mortality become apparent. Physiological variables including chlorophyll a concentration, symbiont density, protein content, and lipid reserves reflect changes in photosynthetic performance, symbiotic functioning, energy storage, and metabolic condition, thereby offering complementary information on the physiological status and energetic capacity of corals under environmental stress (Fitt et al., 2000; Anthony et al., 2002; Grottoli et al., 2006; Rodrigues & Grottoli, 2007). Consequently, these biomarkers have become valuable tools for assessing coral resistance, acclimatization, and recovery in response to both local disturbances and large-scale climatic drivers such as the El Niño–Southern Oscillation (ENSO), whose warm phase (El Niño) is characterized by elevated sea surface temperatures, whereas its cold phase (La Niña) generally results in cooler ocean conditions (McPhaden et al., 2006).

			The intensity and duration of the thermal anomaly are critical for coral resistance and subsequent recovery. However, there are other organismal factors that have been shown to play a role in their resilience, including morphotypes, thermotolerant endosymbiont genotypes, and adaptation/acclimation to local environmental conditions through environmental stress memory (Hughes et al., 2017). Furthermore, depending on the species and local environmental conditions, several coral communities have demonstrated the capacity to acclimatize to conditions that fall outside of their physiological optimum (Paz-García, Hellberg et al., 2015). During these challenging periods, and without the continuous energy supply provided by dinoflagellates during bleaching events (due to the breakdown of symbiosis with the dinoflagellates), corals tend to utilize their stored energy reserves (e.g., lipids, proteins, carbohydrates, and tissue biomass) (Rodrigues & Grottoli, 2007), allocating the consumption of these reserves to maximize their survival.

			In 2023, an unprecedented marine heatwave developed as sea surface temperatures rose more than 1.5°C above the long-term average and were later intensified by El Niño conditions. Although these positive thermal anomalies began before the onset of El Niño, subsequent ENSO-related atmospheric and oceanographic processes further increased the intensity, duration, and geographic extent of the 2023–2024 warming event (National Oceanic and Atmospheric Administration [NOAA], 2024; Gunnarson et al., 2025). This thermal event, which occurred from May to December of 2023, precipitated a global mass coral bleaching episode (Reimer et al., 2024), with widespread bleaching and mortality reports across the Pacific, Caribbean, and Atlantic regions (NOAA, 2024).

			Given the projected increases in global temperature, together with the exceptionally high mean global surface temperature anomalies recorded in 2023 (1.45°C) and 2024 (1.5°C) (Blanchard-Wrigglesworth et al., 2025), sustained monitoring of coral communities in the Eastern Tropical Pacific is increasingly important. Understanding how physiological indicators reflect resistance and resilience to thermal stress in reef-building genera such as Pocillopora across Mexican reefs will be essential for predicting their persistence and capacity for recovery under future climate change. Therefore, the objective of this study was to evaluate physiological responses through symbiont density, chlorophyll a concentration, total lipid levels, and soluble protein concentrations in samples of P. verrucosa and P. damicornis morphotypes affected by the thermal stress event associated with the 2023–2024 El Niño–Southern Oscillation event at two distinct localities within Bahía de La Paz, Baja California Sur, in order to assess physiological plasticity in response to an acute heat stress event.

			MATERIALS AND METHODS

			Study area: This study was conducted at two locations in Bahía de La Paz (One inside and the other outside the bay), located in La Paz, Baja California Sur, Mexico. The hydrographic conditions of Bahía de La Paz are largely determined by mesoscale processes occurring in the southern Gulf of California and are also influenced by oceanographic dynamics originated in the Pacific Ocean, such as tidal forcing, water intrusions, and low-frequency circulation patterns (Merrifield & Winant, 1989; Marinone, 2003; Obeso-Nieblas et al., 2008), as well as large-scale climatic phenomena such as ENSO events (Obeso-Nieblas et al., 2008).

			The first study site, Isla Gaviota (ISLG), is located within the Bahía de La Paz (24°17’ N, 110°21’ W) (Fig. 1). This site is protected from direct wave action and experiences limited current intensity (Jiménez-Illescas, 1996). Coral communities at ISLG are distributed along a narrow platform with a steep slope descending into deeper waters approximately 20 m from the island. The second study site, Punta Galeras (PGAL), is located outside Bahía de La Paz (24°21’ N, 110°17’ W) (Fig. 1). This site is situated on a gradually sloping continental shelf composed mainly of rocky substrate interspersed with sandy patches. Coral communities at PGAL are continuously exposed to wave action and interaction with deeper Gulf waters transported through the San Lorenzo Channel by local currents (Jiménez-Illescas, 1996; Pinzón et al., 2012).

			Environmental setting: Satellite-derived environmental data were obtained from the NASA Geospatial Interactive Online Visualization and Analysis Infrastructure (Giovanni), an open-access platform for visualization and retrieval of Earth observation products. Daily sea surface temperature (SST) and the diffuse attenuation coefficient at 490 nm (KD490) were extracted at a spatial resolution of 4 km for each study site.

			To characterize historical environmental conditions, a climatological baseline was calculated for both SST and KD490 using records from 2002 to 2022. For each observation date, the climatological mean and standard deviation (SD) were calculated across all years within the baseline period. To reduce short-term variability while preserving the seasonal signal, both the climatological mean and SD were smoothed using a centered five-observation moving average (approximately 40 days).

			Daily observations from 2023 and 2024 were subsequently compared with the historical climatology to evaluate deviations from baseline conditions. Time-series plots were generated for each study site showing the climatological mean, the corresponding ±1 SD envelope, and the observed values during 2023–2024. Field sampling periods conducted in July 2023 and July 2024 were indicated in the figures to facilitate comparison between in situ measurements and the prevailing environmental conditions.

			Morphotype Selection: In the present study, genetic identification of the Pocillopora colonies was not performed; therefore, they should be conservatively considered as Pocillopora morphotypes. However, to evaluate potentially distinct physiological niches between morphotypes, colonies were visually identified to be similar to P. damicornis and P. verrucosa, according to the morphological criteria established by Veron (2000) and Veron et al. (2016) and following the descriptive keys of Ketchum and Reyes-Bonilla (2001) and Schmidt-Roach et al. (2014). Briefly, to select the colony morphotype similar to P. damicornis, we identified colonies exhibiting a caespitose corallum, with no clear distinction between branches and verrucae (i.e., lacking verrucae), featuring crowded, slender branches that increased toward the tip. On the other hand, to select the colony morphotype similar to P. verrucosa, we identified colonies exhibiting well-developed verrucae over the corallum, with separate, robust branches that were fused and either compressed or rounded at the tip (Fig. 2).

			Sample Collection: Two sampling campaigns were conducted, one in July 2023 and the other in July 2024. During the first sampling campaign (July 2023), we haphazardly selected and sampled six coral colonies per site (n = 6), belonging to each P. damicornis and P. verrucosa morphotype (first sampling campaign n = 24), and for the second sampling campaign (July 2024), we haphazardly selected and sampled another five coral colonies of those morphotypes per site (n = 5; second sampling campaign n = 20). A total of 44 coral fragments (3–5 cm in length) were collected using fine-tip pliers to minimize structural damage to the colonies. All the selected colonies showed no visible signs of bleaching or tissue lesions and were collected at a depth of 3–4 m.

			The coral fragments were transported individually in resealable plastic bags to the surface and subsequently processed aboard the vessel. Coral samples were placed in 50 mL conical tubes containing 10–20 mL of NAP stabilizing solution (RNA later; 0.5 M EDTA, 1 M sodium citrate, and ammonium sulfate in sterile water). Samples were then stored on ice and protected from direct sunlight to preserve tissue integrity during transport to the laboratory.

			Laboratory Processing: Fragments were rinsed three times with sterile-filtered seawater to remove excess NAP buffer salts before being sectioned with a sterile mortar and scalpel into two smaller fragments, each approximately 1–2 cm. One small fragment (~1 cm²) was photographed for surface-area quantification using ImageJ and further processed for simultaneous quantification of chlorophyll, symbiont density, and host soluble proteins. In contrast, the second fragment was used for total lipid quantification.

			The simultaneous processing protocol for total chlorophyll, symbiont density, and soluble protein analyses followed Klepac et al. (2023). Total chlorophyll (a + c1-c2) was extracted using 90% acetone and quantified with a Thermo Scientific Spectronic 200 spectrophotometer at wavelengths of 480, 510, 630, 647, 664, and 750 nm. Chlorophyll concentrations were calculated using the equations described by Jeffrey & Humphrey (1975):

			Chlorophyll a = 11.47E664 – 0.40E630

			In these equations, the numerical constants represent experimentally derived specific absorption coefficients, whereas and correspond to the absorbance values obtained at wavelengths of 664 and 630 nm, respectively.

			Symbiont density was quantified using a Zeiss Primo Star compound microscope and a Bright-Line™ hemocytometer after staining the symbionts with Lugol’s solution. Soluble protein concentrations were quantified using the Pierce™ Bradford Protein Assay kit (Thermo Scientific) according to the manufacturer’s protocol, and absorbance was measured at 595 nm with a Thermo Scientific Multiskan Go spectrophotometer. Total lipid extraction and quantification followed the method of Folch et al. (1957), modified as described by Rodríguez-Troncoso et al. (2016), using a gravimetric difference approach.

			Statistical analyses: All statistical analyses were conducted in the R language (R Core Team, 2020) using the packages patchwork, ggplot2, vegan, and cowplot. Prior to analyses, assumptions of normality and homogeneity of variance were evaluated using Shapiro–Wilk and Bartlett tests, respectively. For each morphospecies, the following physiological variables were analyzed: chlorophyll concentration (Chl), lipid content (Lip), protein content (Pro), and symbiont density (Symb). All variables were inspected and categorical predictors (Morphopecies, Site, and Year) were treated as fixed factors.

			Depending on whether assumptions of normality and homogeneity of variance were met, a two-way analysis of variance (ANOVA) was applied to all physiological markers of P. damicornis and to Chl, Symb and Lip of P. verrucosa. On the other hand, since assumptions of normality were not met a Kruskal–Wallis test was applied to Pro of P. verrucosa.  The ANOVA model included Site, Year, and their interaction as fixed factors, whereas the Kruskal–Wallis analysis evaluated Site and Year independently. Box-and-whisker plots were generated to visualize the distribution of physiological indicators and the outcomes of statistical analyses. Statistical significance (α=0.05) for main effects (i.e., Site and Year) and their interaction was denoted using asterisks, where an increasing number of symbols indicates higher levels of statistical significance.

			A principal component analysis (PCA) was performed to explore multivariate patterns and elucidate whether coral morphospecies exhibited distinct physiological signatures based on their spatio-temporal history. This approach allowed for the identification of the physiological indicators (i.e., Chl, Lip, Pro, and Symb) most influential in driving observed differences across morphospecies, sampling sites, and time periods.

			In the PCA procedure, scores from the first two components (PC1 and PC2) were extracted and plotted to assess clustering patterns. To facilitate the interpretation, variable loadings were projected onto the ordination space as eigenvectors, indicating both the direction and magnitude of each physiological indicator’s contribution to the multivariate structure. Furthermore, ellipses representing 95% confidence intervals (±1 SD) were added to visualize group dispersion by morphospecies. PCA procedure was conducted using an unrotated solution obtained from singular value decomposition. No additional rotation (e.g., varimax) was applied, as the objective was to preserve the original variance structure and visualize multivariate physiological gradients among groups.

			Differences in multivariate structure among factors were evaluated using permutational multivariate analysis of variance (PERMANOVA) with the adonis2 function. The model included Morphospecies, Site, and Year as fixed effects and was based on Euclidean distances calculated from the standardized physiological indicators. Marginal tests were used to evaluate the independent contribution of each factor. Statistical significance (α=0.05) was assessed using 999 permutations.

			To verify the assumption of homogeneity of multivariate dispersion, dispersion analyses were performed using the betadisper function. Separate models were constructed for Morphospecies, Site, and Year, and statistical significance (α=0.05) was evaluated using a 999 permutations permutation test (permutest). This procedure ensured that significant PERMANOVA results were attributable to differences in centroid location rather than differences in group dispersion.

			RESULTS

			Environmental setting: Sea surface temperature (SST) exhibited a clear seasonal cycle at both study sites (Isla Gaviota: ISLG and Punta Galeras; PGAL), with minimum values during winter and maximum temperatures during late summer and early autumn (Fig. 3). However, SST during 2023 departed markedly from the historical climatology (2002–2022). Temperatures increased rapidly from late spring onwards and remained above the climatological mean throughout the summer, exceeding the historical ±1 SD envelope during the period of maximum warming at both sites.

			The highest SST values were recorded during August–September 2023, when temperatures remained consistently above the climatological range, indicating an unusually intense and prolonged warming event. Although SST declined during autumn and winter, temperatures remained close to or above the historical mean. In 2024, SST followed a seasonal trajectory similar to the climatology, although values were generally slightly higher than the historical mean during the warming season. In contrast to 2023, the summer maximum in 2024 was largely contained within the historical range of variability, particularly at PGAL. The temporal pattern was consistent between ISLG and PGAL, although ISLG exhibited slightly higher summer SST and greater departures from the climatological mean during the peak of the 2023 warming event. 

			The diffuse attenuation coefficient at 490 nm (KD490) exhibited a seasonal pattern at both study sites, with temporal fluctuations generally remaining within the historical range of variability defined by the 2002–2022 climatology (Fig. 4). Unlike SST, KD490 did not show a sustained departure from the climatological mean during 2023–2024. Both ISLG and PGAL displayed short-lived increases in KD490 throughout the study period, particularly during early 2023 and early 2024. These peaks were followed by rapid returns to values close to the climatological mean, indicating that changes in water optical properties were transient rather than persistent. It is important to note that, just before the 2023 sampling periods, the KD490 decreased below historical averages, although it remained within the ±1 SD envelope. In contrast, during the 2024 sampling, it was close to historical averages. Most observations remained within the historical ±1 SD envelope, although occasional peaks exceeded this range. The temporal patterns were broadly similar between sites; however, PGAL exhibited slightly greater variability and higher peak KD490 values than ISLG.

			Physiological responses in Pocillopora verrucosa morphotype: The two-way ANOVA showed that chlorophyll a concentration per cell (Fig. 5A) varied significantly between years (p < 0.01) and study sites (p < 0.01), with a significant interaction between both factors p < 0.05). Overall, chlorophyll content declined in 2024, with a more pronounced reduction at ISLG compared to PGAL (Table S1).

			In contrast, symbiont density (Fig. 5B) did not differ significantly between years (p > 0.05). However, a significant site effect was detected (p < 0.05), with higher symbiont densities recorded at PGAL relative to ISLG (Table S2).

			

			Protein metabolism showed a marked temporal response, as total protein concentration (Fig. 4C) increased significantly in 2024 (χ²1 = 14.12; p < 0.01) at both sites (Table S3). Lipid concentration did not differ significantly between years or sites independently (Fig. 5D); however, the interaction between factors was significant (p < 0.05). This interaction reflected a slight increase in lipid content at ISLG and a decrease at PGAL during 2024 (Table S4).

			Physiological responses in Pocillopora damicornis morphotypes: The two-way ANOVA indicated that neither chlorophyll concentration per cell (Fig. 6A) nor symbiont density (Fig. 6B) showed significant variation across any of the evaluated factors, indicating relative stability in both photosynthetic pigment concentration and symbiont populations throughout the study period (Table S5, Table S6).

			In contrast, total protein concentration (Fig. 5C) increased significantly in 2024 (p < 0.01) (Table S7). Regarding the lipid concentration (Fig. 6D), it exhibited significant differences between sites (p < 0.01) and years (p < 0.01), with an overall decline in lipid reserves during 2024. Additionally, the main effects interaction was significant (p < 0.01) (Table S8).

			Multivariate physiological patterns: Principal Component Analysis (PCA) revealed clear structure in the multivariate physiological data. The first two principal components explained 62.6% of the total variance (PC1 = 35.9%, PC2 = 26.7%; Fig. 7). PC1 was primarily associated with a negative contribution of chlorophyll a concentration (−0.69), protein concentration (−0.39), and lipid content (−0.23), in contrast to a positive contribution of symbiont density (0.56). PC2 was mainly driven by positive loadings of protein concentration (0.59), lipid content (0.61), and symbiont density (0.52). The ordination revealed partial separation between morphotypes, with clusters structured mainly along PC1. In general, differences between years and sites were evident, although these groups (i.e. years and sites) exhibited greater overlap, suggesting comparatively subtler shifts in multivariate physiological composition.

			Effects of species, site, and year: The PERMANOVA detected significant differences in multivariate physiological structure for all evaluated factors (Table S9). morphotype explained the largest proportion of variance (R² = 0.182; p < 0.01), followed by Year (R² = 0.094, p < 0.01) and Site (R² = 0.054, p < 0.05). Together, these factors accounted for approximately 33% of the total variation in the dataset.

			These results indicate that physiological profiles differ primarily between morphotype, with additional but smaller contributions from temporal and spatial variation. Tests for homogeneity of multivariate dispersion showed no significant differences among groups for any factor (Species: p = 0.21; Year: p = 1.00; Site: p > 0.05). This indicates that the significant differences detected by PERMANOVA were driven by shifts in group centroids rather than differences in dispersion, supporting the robustness of the observed multivariate patterns.

			DISCUSSION

			Satellite-derived environmental data indicated that coral colonies were exposed to markedly different thermal conditions between sampling years. During the summer of 2023, sea surface temperature (SST) remained consistently above the climatological range for several consecutive months, reflecting an unusually intense and prolonged marine heatwave associated with the 2023–2024 El Niño event. By contrast, SST in 2024 largely returned to its expected seasonal trajectory, although temperatures remained slightly above the historical mean during the warming season. In contrast to SST, the diffuse attenuation coefficient at 490 nm (Kd490) showed only short-term fluctuations and generally remained within the historical range of variability throughout the study period, indicating that water optical properties were comparatively stable. Our environmental observations are consistent with recent reports from the Mexican Pacific, which show that the 2023 marine heatwave was characterized primarily by persistent positive SST anomalies, whereas Kd490 remained within its normal seasonal variability, suggesting that thermal stress was the dominant environmental driver during this period (Sotelo-Casas et al., 2025). Together, these observations suggest that the physiological differences observed between years were more likely associated with contrasting thermal conditions than with persistent changes in water optical properties.

			Fast-growing corals of the genus Pocillopora are widely recognized as highly sensitive to elevated temperatures and particularly vulnerable to bleaching events (Darling et al., 2013). Consistent with this pattern, the two morphotypes evaluated in this study exhibited significant temporal changes in chlorophyll concentration, symbiont density, protein content, and lipid reserves between the thermal anomaly of 2023 and the subsequent year. However, the magnitude and direction of these responses differed between morphotypes, indicating contrasting physiological adjustments to thermal stress and distinct post-disturbance trajectories. The multivariate analyses further supported this interpretation, with morphotype explaining a greater proportion of the physiological variation than either site or year, highlighting the importance of intrinsic biological differences in shaping coral responses to environmental stress. 

			Due to the high phenotypic plasticity of the genus Pocillopora (Pinzón et al., 2013; Connelly et al., 2026), morphotypes (colonies based on macromorphology) are not exclusive to a single genetic species (Johnston et al., 2017). On the contrary, they are usually grouped in colonies that include several morphotypes (cryptic species), sometimes with a dominant morphotype (Oury et al., 2023). These cryptic species may exhibit distinct physiological niches (Edmunds & Burgess, 2025) and, consequently, not all of them would be ecologically equivalent (Johnston et al., 2022). According to the available genetic data, in Bahía de La Paz, corals of the genus Pocillopora belong to a single mitochondrial lineage: mtORF type 1a (sensu Pinzón & LaJeunesse, 2011), mostly grouped in colonies similar to P. meandrina, P. damicornis and P. verrucosa-(Paz-García, Aldana-Moreno et al., 2015). However, those morphotypes can display an array of phenotypic responses to temperature changes (LaJeunesse et al., 2007), water flow conditions (Paz-García, Aldana-Moreno et al., 2015), and storm frequency and water turbidity (Paz-García, Hellberg et al., 2015). Therefore, rather than representing evidence of adaptation, the observed physiological differences are more consistent with morphotype-specific acclimatization responses to thermal stress, expressed through contrasting strategies of symbiont regulation, energy allocation, and post-stress physiological adjustment.

			Physiological response of Pocillopora verrucosa morphotype: Overall, this morphotype exhibited a post-stress physiological strategy characterized by greater physiological plasticity and the conservation of energy reserves. Pocillopora verrucosa exhibited a physiological strategy consistent that may promote resilience, potentially supported by heterotrophic plasticity (Radice et al., 2019). Chlorophyll a concentration per cell differed significantly among years, sites, and their interaction (p < 0.05), with higher values recorded in 2023 relative to 2024. Chlorophyll reduction observed in 2024 likely reflects a residual effect of the thermal stress associated with the 2023 El Niño event. The significant Site × Year interaction indicates that temporal changes in chlorophyll concentration were not uniform between locations. This pattern suggests that local environmental conditions modulated the physiological response to the regional thermal anomaly. PGAL is characterized by stronger hydrodynamic conditions than ISLG (Paz-García, Aldana-Moreno et al., 2015), which may enhance heat dissipation and reduce the intensity of thermal stress experienced by coral colonies. Consequently, differences in chlorophyll dynamics between sites may reflect variation in the balance between thermal stress and photoacclimatory responses. Under these conditions, symbiont cells may increase their chlorophyll content despite reduced cell densities, consistent with photoacclimation, whereby the remaining symbionts increase their pigment content to maximize light absorption and partially offset reductions in symbiont abundance (Fitt et al., 2000; Brown, 1997).

			A similar response has been documented in P. acuta, a species closely related to the so-called P. damicornis complex (Oury et al., 2023), where colonies exposed to thermal stress regulated symbiont density without major changes in pigmentation or chlorophyll a concentration, suggesting density-compensation mechanisms as part of thermal acclimatization (Poquita-Du et al., 2020). Such adjustments may have helped maintain carbon translocation to the host despite thermal anomalies, sustaining colony metabolism during stress conditions.

			Symbiont density differed significantly between sites (p < 0.05), with higher values at PGAL. These results suggest that colonies maintained relatively stable symbiont populations despite elevated temperatures, indicating that thermal stress may not have exceeded the threshold necessary to trigger massive symbiont expulsion and due to the strong current regime at PGAL reported by Paz-García, Aldana-Moreno et al. (2015) which may reduce thermal stress through enhanced water flow and heat dissipation (Paz-García, Aldana-Moreno et al., 2015). In this sense, the maintenance of symbiont density despite changes in chlorophyll concentration (as seen in our data) may reflect physiological adjustment mechanisms described by Rodrigues & Grottoli (2007), in which preservation of symbiont populations—at the expense of pigment concentration—facilitates faster recovery once stressful conditions subside. The absence of significant temporal variation in symbiont density is noteworthy because large reductions in symbiont abundance are commonly associated with bleaching responses during severe thermal stress (Brown, 1997; Fitt et al., 2000). In the present study, colonies maintained relatively stable symbiont populations despite the 2023 thermal anomaly, suggesting that physiological adjustments occurred primarily through changes in pigment concentration and host energy reserves rather than through extensive symbiont loss.

			Our results showed lower total protein concentrations in 2023 than in 2024. This reduction is consistent with a physiological response to thermal stress, during which protein reserves may have been utilized to meet increased energetic demands or reflect reduced protein synthesis associated with stress-induced metabolic adjustments. Although the mechanisms underlying these changes were not directly assessed, similar decreases in tissue protein content have been reported in thermally stressed corals and are commonly interpreted as indicators of physiological impairment and energetic imbalance (Anthony et al., 2002; Grottoli et al., 2006; Rodrigues & Grottoli, 2007).

			The higher protein concentrations observed in 2024 may reflect physiological adjustments occurring after the thermal anomaly and are consistent with early post-stress recovery reported in previous studies. In this context, Poquita-Du et al. (2020) reported that Pocillopora species upregulated genes involved in cell proliferation and DNA repair after the cessation of thermal stress, processes that may contribute to tissue rebuilding and increased protein content. Likewise, Rodrigues and Grottoli (2007) proposed that recovery of tissue biomass and protein reserves can occur during the early stages of post-bleaching recovery. Therefore, although our data do not allow direct inference of the underlying mechanisms, the observed increase in protein concentration is consistent with a post-stress physiological patterns trajectory following the 2023 marine heatwave.

			Lipid reserves showed significant differences in the interaction between year and site (p < 0.05). At PGAL, lipid content declined during 2024, which may indicate the use of stored energy reserves during post-stress recovery. This interpretation agrees with Rodrigues & Grottoli (2007), who associated depletion of lipid energetic reserves with recovery processes when photosynthetic input is insufficient to meet metabolic demands.

			In contrast, lipid content increased at ISLG during 2024. This pattern may reflect a greater capacity for heterotrophic compensation. Alternatively, local environmental conditions, including lower water flow and higher turbidity, may enhance food retention and feeding opportunities, facilitating replenishment of energy reserves. Corals capable of increasing lipid reserves after thermal stress have been reported to compensate for energetic deficits through increased heterotrophic feeding (Grottoli et al., 2006). So, the lower water flow and higher turbidity characteristic of ISLG (Paz-García, Aldana-Moreno et al., 2015) could have enhanced nutrient retention and heterotrophic feeding efficiency, facilitating replenishment of energetic reserves.

			Physiological response of Pocillopora damicornis morphotype: Overall, this morphotype exhibited a strategy characterized by the maintenance of symbiotic functioning during thermal stress, albeit at a higher energetic cost. In contrast to P. verrucosa morphotype, Pocillopora damicornis morphotype exhibited a strategy characterized by apparent thermal resistance but accompanied by higher energetic costs. Neither chlorophyll concentration nor symbiont density varied significantly among years, sites, or their interaction (p > 0.05), indicating a stable photophysiological status of the coral system throughout 2023 and 2024. Recent experimental evidence indicates that physiological responses to thermal stress in Pocillopora depend strongly on the energetic condition of colonies, particularly the availability of lipid reserves prior to bleaching (Yu et al., 2025).

			This pattern is consistent with the apparent maintenance of the symbiotic association and photosynthetic capacity during the early stages of thermal stress, although such responses may involve trade-offs with other physiological processes related to energy reserves and tissue maintenance (Grottoli et al., 2006; Rodrigues & Grottoli, 2007; Anthony et al., 2009). This is consistent with the findings of Rodrigues and Grottoli (2007) for Porites compressa, where colonies maintained stable chlorophyll and symbiont concentrations during bleaching stress while experiencing substantial depletion of energetic reserves.

			Despite the stability of the photosynthetic system, total protein concentration differed significantly between years, with lower concentrations during 2023 and substantially higher values in 2024. This pattern resembled our observation in P. verrucosa morphotype, suggesting that the holobiont still experienced physiological stress despite maintaining symbiotic stability. This apparent stability in the symbiotic system does not necessarily indicate reduced physiological stress, as colonies may instead rely on internal energetic reserves to sustain metabolism during thermal stress (Yu et al., 2025).

			Thermal stress in the genus Pocillopora has been associated with the upregulation of genes involved in apoptosis and protein catabolism, processes that may contribute to tissue degradation during bleaching events (Poquita-Du et al., 2020). Although gene expression was not evaluated in the present study, these molecular responses provide a plausible mechanistic framework for the lower protein concentrations observed in 2023.The subsequent increase in protein concentration during 2024 suggests activation of recovery-related pathways associated with cell division, proliferation, and DNA repair, similar to those reported by Poquita-Du et al. (2020). This recovery pattern is consistent with the hierarchical recovery framework proposed by Rodrigues and Grottoli (2007).

			Consequently, although P. damicornis morphotype maintained a relatively stable photosynthetic system, this strategy appears to have imposed a greater energetic cost than in P. verrucosa morphotype. This sustained physiological investment may lead to a faster depletion of metabolic reserves, thereby increasing vulnerability to prolonged or repeated thermal stress events. Such a trade-off suggests that while P. damicornis morphotype may exhibit immediate resilience, its long-term persistence could be compromised if recovery periods between stress anomalies are insufficient.

			Recent experimental evidence indicates that colonies of P. damicornis can exhibit distinct physiological trajectories under identical thermal stress depending on their energetic condition, highlighting the importance of energy reserves in determining bleaching responses and recovery potential (Yu et al., 2025).

			Multivariate physiological patterns and ecological implications: Multivariate analyses indicated that morphotype identity was the primary driver of physiological responses, explaining the largest proportion of multivariate structure. These results demonstrate that physiological responses differed between Pocillopora morphotypes as reported by Smith et al. (2017).

			The ordination analysis (PCA) revealed a partial separation between morphotypes. In general, differences between years and sites were evident, although these groups (i.e. years and sites) exhibited greater overlap, suggesting comparatively subtler shifts. These results suggest the existence of alternative physiological strategies related to energy acquisition and storage. Colonies with high symbiont densities may reflect a greater relative dependence on autotrophic carbon acquisition, whereas colonies with greater tissue reserves may follow a more conservative strategy centered on energy storage and recovery capacity (Burmester et al., 2018, Wall et al., 2020, Wiedenmann et al., 2023).

			The opposing loadings of symbiont density and protein concentration and lipid content along PC1 also suggest the presence of physiological trade-offs. Such trade-offs are consistent with differences in resource allocation, where investment in maintaining symbiont populations may occur at the expense of host energetic reserves, or vice versa. Ecologically, these differences are important because colonies with reduced tissue reserves may become more vulnerable to future disturbances despite maintaining apparently stable symbiont populations (Schoepf et al., 2021; Keister et al., 2023).

			Temporal variation explained a significant proportion of the multivariate structure, indicating that physiological conditions shifted between sampling periods. Given the timing of the surveys, these changes likely reflect physiological adjustments associated with thermal stress during the 2023–2024 marine heatwave and El Niño conditions. In contrast, site effects explained a smaller proportion of the variance, suggesting that local environmental conditions modulated physiological responses but were secondary to morphospecies-specific traits and temporal variability (Schoepf et al., 2021; Roik et al., 2024).

			Importantly, differences in multivariate structure were not driven by heterogeneity in within-group dispersion, indicating that the observed patterns reflected genuine shifts in physiological states rather than differences in variability among groups. Overall, the combination of morphospecies-specific physiological strategies, energetic trade-offs, and temporal shifts highlights the complexity of coral responses to thermal stress and emphasizes the importance of integrating multiple physiological indicators to better understand coral resilience under ongoing climate change. 

			These physiological differences may have important ecological consequences because repeated marine heatwaves have already produced substantial changes in coral community structure and benthic composition across the Mexican Pacific (Sotelo-Casas et al., 2025). Consequently, understanding morphotype-specific physiological responses may improve predictions of reef persistence under future warming scenarios. Moreover, from a restoration perspective, identifying morphotypes capable of maintaining favorable physiological condition after thermal anomalies could improve the selection of resilient donor colonies for restoration programs in the Mexican Pacific, an approach recently highlighted for P. verrucosa (Macedo-Rodríguez et al., 2026).

			Collectively, these findings demonstrate that closely related Pocillopora morphotypes can follow distinct physiological pathways under the same thermal anomaly. These observations agree with recent experimental evidence demonstrating that colony energetic condition is a key determinant of bleaching susceptibility and recovery trajectories in Pocillopora (Yu et al., 2025). Collectively, these findings demonstrate that closely related Pocillopora morphotypes can exhibit contrasting acclimatization responses to the same thermal anomaly, reflecting different strategies of energy allocation and physiological adjustment. Understanding this intraspecific variation is critical for predicting coral persistence under ongoing climate change and increasingly frequent marine heatwaves. Furthermore, the identification of morphotypes that maintain favorable physiological performance following thermal stress may provide valuable criteria for selecting resilient colonies in conservation and reef restoration programs throughout the Eastern Tropical Pacific.
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			Fig. 1. Sampling locations in Bahía de La Paz: Isla Gaviota (ISLG) and Punta Galeras (PGAL). Black dots indicate the sampling points and their location within Bahía de La Paz.
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			Fig. 2. Photographs of Pocillopora morphotypes in Bahía de La Paz. A) The P. damicornis morphotype is characterized mainly by a lack of verrucae, whereas B) the P. verrucosa morphotype features well-developed verrucae over the corallum.
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			Fig. 3. Temporal variation in sea surface temperature (SST) at Isla Gaviota (ISLG) and Punta Galeras (PGAL) in La Paz, Baja California Sur, Mexico from January 2023 to December 2024 relative to the historical climatology (2002–2022). The black line represents the climatological mean SST, while the gray shaded area indicates ±1 standard deviation of the historical record. The red line shows the observed daily SST during 2023–2024. Vertical bands indicate the periods during which field sampling was conducted in July 2023 and July 2024.
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			Fig. 4. Temporal variation in the diffuse attenuation coefficient at 490 nm (KD490) at Isla Gaviota (ISLG) and Punta Galeras (PGAL) in La Paz, Baja California Sur, Mexico from January 2023 to December 2024 relative to the historical climatology (2002–2022). The black line represents the climatological mean KD490, and the gray shaded area indicates ±1 standard deviation of the historical record. The blue line shows the observed daily KD490 during 2023–2024. Vertical bands indicate the periods during which field sampling was conducted in July 2023 and July 2024.
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			Fig. 5. Boxplot representation of physiological responses in Pocillopora verrucosa morphotype. Two-way ANOVA results are shown for chlorophyll a concentration, lipid content, and symbiont density, whereas protein content was analyzed using a Kruskal–Wallis test. Interannual variation in A) total chlorophyll concentration, B) symbiont density, C) protein concentration, and D) total lipid content at the sampling sites Isla Gaviota (ISLG) and Punta Galeras (PGAL) in La Paz, Baja California Sur, Mexico, during 2023 and 2024. Asterisks denote statistical significance as follows: *** p < 0.001, ** p < 0.01, * p < 0.05.
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			Fig. 6. Boxplot representation of physiological responses in Pocillopora damicornis morphotype. Two-way ANOVA results are shown for chlorophyll a concentration, lipid content, symbiont density and protein content. Interannual variation in A) total chlorophyll concentration, B) symbiont density, C) protein concentration, and D) total lipid content at the sampling sites Isla Gaviota (ISLG) and Punta Galeras (PGAL) in La Paz, Baja California Sur, Mexico, during 2023 and 2024. Asterisks denote statistical significance as follows: *** p < 0.001, ** p < 0.01, * p < 0.05.
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			Fig. 7. Principal Component Analysis (PCA) of standardized physiological variables (chlorophyll concentration, lipid content, protein content, and symbiont density) across morphotypes, sites, and years. PC1 and PC2 explained 62.6% of the total variance (PC1 = 35.9%, PC2 = 26.7%). Points represent punctual observations, colored by species and shaped by year, with site indicated by filled (PGAL) and unfilled (ISLG) symbols. Ellipses represent 95% confidence intervals for each morphotype. Arrows indicate variable loadings, with their direction and length reflecting the contribution of each variable to the ordination space. Pdam= Pocillopora damicornis, Pver= Pocillopora verrucosa, ISLG= Isla Gaviota, PGAL = Punta Galeras in La Paz, Baja California Sur, Mexico,
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ABSTRACT

Introduction: Coral reefs are essential ecosystems for the functioning of the planet and human well-being,
providing three-dimensional habitats for a great diversity of marine life and multiple ecological, economic, and
cultural services. Coral reefs are constructed by hermatypic corals, which maintain a symbiotic relationship with
dinoflagellates of the Symbiodiniaceae family, which provide them with up to 90-95% of their energy in exchange
for shelter and nutrients. However, this relationship has been compromised by stressors associated with climate
change, human activities, and natural phenomena such as El Nifio-Southern Oscillation (ENSO), which can
cause the expulsion of symbionts and the loss of their energy source, thereby endangering their survival.
Objective: To evaluate physiological indicators (i.¢., symbiont density, chlorophyll lipids, and proteins) as tools
for assessing coral health at the Isla Gaviota and Punta Galeras sites during the 2023-2024 marine heat wave
period.

Methods: A total of 44 colony fragments, 3 to 5 cm in length, were collected from the Pocillopora verrucosa and
Pocillopora damicornis morphotypes during two sampling campaigns, one in July 2023 and the other one in July





