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			ABSTRACT

			Introduction: Coral reef ecosystems are undergoing increasing degradation associated with oceanographic changes, higher predation, bioerosion, and anthropogenic pressures, all of which affect their structural complexity, resilience, and functioning. Visible lesions, such as algal overgrowth and tissue loss, serve as practical indicators of colony health.

			Objective: To characterize the spatial and temporal dynamics of the prevalence of algal overgrowth and predation–related tissue loss lesions, and their relationship with live coral cover, in coral communities of Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES), Gulf of California, between 2019 and 2025.

			Methods: Annual surveys were conducted by SCUBA diving. At each site, 20 m belt transects were used to quantify benthic composition and record visible lesions on scleractinian coral colonies, classified as algal overgrowth or predation–related tissue loss. Lesion prevalence was calculated at the transect level. Spatial and temporal differences in benthic cover and lesion prevalence were evaluated using PERMANOVA, generalized linear models with quasibinomial distributions, and linear mixed-effects models. 

			Results: Mean benthic composition across all sites was dominated by coral cover (41.7 ± 29.1 %), followed by algal turf (21.2 ± 20.4 %). Coral cover varied significantly among sites, years, and their interaction (p < 0.001). Algal overgrowth was the dominant lesion type, affecting 24.8 % of all colonies, and increased markedly after 2023. Predation-related tissue loss affected 10.3 % of colonies and showed strong spatial heterogeneity. Lesion prevalence differed significantly among coral species (p < 0.001), indicating species-specific susceptibility. Coral cover showed contrasting relationships with lesion types, being negatively associated with predation-related tissue loss and positively associated with algal overgrowth.

			Conclusions: The marked spatial and temporal heterogeneity in the prevalence of algal overgrowth and predation lesions indicate that coral colonies within the PNZMAES experience contrasting local biotic conditions (e.g., fish communities and coral cover). The increase in algal overgrowth after 2023 suggests ongoing benthic reorganization, while localized predation patterns highlight the importance of site-specific ecological interactions. This study provides a functional baseline for long-term monitoring and demonstrates the utility of lesion prevalence as an indicator of coral reef condition in marginal reef systems of the Eastern Tropical Pacific.
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			Resumen

			Dinámica del sobrecrecimiento algal y la pérdida de tejido por depredación

			en corales del sur del golfo de California, México (2019–2025)

			Introducción: Los ecosistemas de arrecife de coral experimentan una degradación asociada con cambios oceanográficos, alta depredación, bioerosión y presiones antrópicas, que afectan su complejidad estructural, resiliencia y funcionamiento. Lesiones visibles como el sobrecrecimiento algal y la pérdida de tejido, son útiles como indicadores de la salud de la colonia. 

			Objetivo: Caracterizar la dinámica espaciotemporal de la prevalencia de lesiones de sobrecrecimiento algal y pérdida de tejido por depredación, y su asociación con la cobertura de coral vivo en comunidades coralinas del Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES), Golfo de California entre 2019 y 2025.

			Métodos: Se realizaron muestreos anuales mediante buceo SCUBA. En cada sitio, transectos de banda de 20 m se usaron para cuantificar la composición bentónica y registrar las lesiones de sobrecrecimiento algal y pérdida de tejido por depredación sobre las colonias de coral. La prevalencia de lesión se calculó a nivel de transecto. Las diferencias espaciotemporales en cobertura bentónica y prevalencia de lesiones se evaluaron mediante PERMANOVA; modelos generales lineales con distribuciones quasibinomiales, y modelos mixtos lineales. 

			Resultados: La composición bentónica promedio estuvo dominada por coral (41.7 ± 29.1 %), seguido de tapete algal (21.2 ± 20.4 %). La cobertura de coral varió significativamente entre sitios, años, y su interacción (p < 0.001). El sobrecrecimiento algal fue la lesión dominante, afectando 24.8% de colonias, e incrementó después de 2023. La pérdida de tejido por depredación afectó al 10.3% de colonias con fuerte heterogeneidad espacial. La prevalencia de lesiones difirió significativamente entre especies (p < 0.001), indicando susceptibilidad especie-específica. La cobertura de coral se asoció negativamente con la pérdida de tejido y positivamente con el sobrecrecimiento coralino.

			Conclusiones: La heterogeneidad espaciotemporal en la prevalencia de sobrecrecimiento algal y pérdida de tejido por depredación, indica que las colonias dentro del PNZMAES experimentan condiciones bióticas locales contrastantes (e. g. comunidades de peces y cobertura coralina). El incremento en el sobrecimiento algal después de 2023 sugiere una reorganización bentónica, mientras que los patrones de depredación locales resaltan la importancia de las interacciones ecológicas específicas al sitio. Este estudio provee una línea base funcional para un monitoreo a largo plazo y demuestra la utilidad de la prevalencia de lesiones con un indicador de la condición de los arrecifes de coral marginales en sistemas arrecifales del Pacífico Oriental Tropical. 
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			INTRODUCTION

			Coral reef ecosystems are undergoing increasing degradation associated with oceanographic change, disease, intensified predation, bioerosion, and anthropogenic pressures, all of which deteriorate structural complexity, resilience, and functioning of corals (Hughes et al., 2017; Graham et al., 2024). At the colony level, ecological interactions such as competition between algae and corals and coral predation, can be recorded rapidly through the identification and description of lesions in the field and applied as practical indicators of colony condition (McCook et al., 2001; Rotjan & Lewis, 2008; Rodríguez-Villalobos et al., 2015). Integrating these lesion categories into long term monitoring can provide information about how reefs respond through time and across locations under different perturbances (Hughes et al., 2017; Graham et al., 2024).

			Ecological processes occurring within reef ecosystems strongly influence coral community dynamics and benthic composition. Herbivory acts as a key top–down control regulating algal abundance and preventing macroalgal dominance, thereby facilitating coral recruitment, growth, and post–disturbance recovery (Mumby et al., 2006; Hughes et al., 2007; Eggertsen et al., 2021; Munsterman et al., 2021). Reductions in herbivory can promote algal proliferation and contribute to coral-algal phase shifts that alter reef resilience and ecosystem functioning (McCook et al., 2001; McManus & Polsenberg, 2004). 

			

			Coral predation by fishes and invertebrates, on the other hand, is a natural ecological process in coral reefs that contributes to trophic interactions, nutrient cycling, and community dynamics (Enochs & Glynn, 2016). However, when predation pressure intensifies or interacts with other stressors, tissue loss can reduce coral growth, increase energetic stress, and facilitate secondary processes such as disease and algal colonization (Rotjan & Lewis, 2008; Lenihan et al., 2011). In the Eastern Tropical Pacific (ETP), where corallivorous fishes and invertebrates are relatively common components of reef communities, outbreaks or localized increases in corallivory have been associated with substantial tissue mortality and declines in coral cover (Enochs & Glynn, 2016). At broader scales, intense corallivory and reef degradation can contribute to reduction in reef structural complexity, altering ecological interactions and ecosystem resilience (Graham & Nash, 2013).

			In the ETP, a region where reef development is considered marginal and strongly shaped by environmental variability, dominant shallow communities are typically dominated by the genus Pocillopora (Glynn & Ault, 2000; McCook et al., 2001). In the Mexican Pacific, some of the recorded tissue loss cases in Pocillopora have been attributed to different corallivores (Rodríguez-Villalobos et al., 2015; Rotjan & Lewis, 2008). Rodríguez-Villalobos et al. (2014) described the macroscopic and microscopic pathology of coral lesions across multiple sites, defining diagnostic criteria to separate predation related tissue loss from other lesions. Based on that, Rodríguez-Villalobos et al. (2015) quantified tissue loss prevalence in Pocillopora at 44 reefs from southern to northern Mexico and differentiated the types of lesions: explained (predator induced lesions) from unexplained (white syndrome). Moreover, a documented outbreak of crown of thorns seastar (Acanthaster planci) within the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES) highlighted the capacity of corallivores to cause widespread tissue loss and mortality at local scales (Rodríguez-Villalobos & Ayala-Bocos, 2021). These studies provide a conceptual and methodological framework for understanding coral health and ecological processes in the Mexican Pacific. However, few studies in the Gulf of California have simultaneously evaluated the spatiotemporal dynamics of lesion prevalence together with changes in live coral cover, limiting our understanding of how local ecological interactions and benthic community dynamics jointly influence coral condition through time.

			In this study we addressed this gap by analyzing multi-year (2019–2025) changes in the prevalence of algal overgrowth and predation–related tissue loss in coral colonies across multiple sites of the PNZMAES, Baja California Sur, and by placing these patterns within concurrent variation of coral cover. We aim to characterize spatial and temporal dynamics of these two lesion types by providing a functional baseline for long term monitoring and conservation in a marginal ETP reef system.

			MATERIALS AND METHODS

			This study was conducted in the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES), located off La Paz Bay in the southwestern Gulf of California, Mexico. The PNZMAES established as a National Park in 2007, covers 486.54 km² surrounding the Espíritu Santo Archipelago and includes different management zones with permitted regulated tourism and artisanal fisheries (Comisión Nacional de Áreas Naturales Protegidas, 2014). Reef habitats in the region are primarily composed of rocky substrates with coral patches, forming rocky reefs with coral communities characteristic of the southern Gulf of California (Reyes-Bonilla, 2003). Coral development within the archipelago is concentrated in its southern sector, where coral communities are dominated by Pocillopora verrucosa, P. elegans, P. meandrina, and P. damicornis, with lower presence of Porites panamensis, Pavona gigantea, and Psammocora stellata (Reyes-Bonilla, 2003; Navarrete-Torices et al., 2023). Five representative reef sites (Corralito, Dispensa, Navajas, San Gabriel, and Swany) were selected in this sector because they support the largest and most persistent coral communities within the archipelago and have been included in the long-term coral reef monitoring program conducted by ECO: Ecosistemas y Conservación (Proazul Terrestre A.C.) since 2019. San Gabriel Bay contains one of the largest reef formations in the region dominated by Pocillopora species (Reyes-Bonilla & Calderon-Aguilera, 1999; Navarrete-Torices et al., 2023). The study sites encompass semi-sheltered bays (Corralito, San Gabriel, and Dispensa) characterized by consolidated reef frameworks, shallow depths (approximately 2–12 m), and reduced exposure to waves and currents, as well as wave-exposed reefs (Navajas and Swany) located along the southern margin of the archipelago, where stronger water circulation and greater hydrodynamic variability promote larval supply and coral development on rocky substrates (Navarrete-Torices et al., 2023) (Fig. 1).

			Fieldwork: Annual underwater surveys were conducted during the summer season (July–September) from 2019 to 2025 using SCUBA. All study sites were surveyed within the same sampling campaign, typically over a one-week period, thereby minimizing seasonal variation among sites. Depending on the year, four to six independent 20-m transects were surveyed at each site. Transects were randomly established during each annual survey rather than permanently fixed, providing spatial replication while avoiding repeated sampling of identical locations. Transects were positioned parallel to the shoreline at depths ranging from 2 to 12 m.

			Benthic composition was quantified using ten systematically distributed PVC quadrats (0.25 m²) placed at regular intervals along each transect. Within each quadrat, the percentage cover of live coral, dead coral, macroalgae, algal turf, crustose coralline algae (CCA), cyanobacteria, sand, and other benthic components was visually estimated following the standardized monitoring protocol used throughout the long-term ecological monitoring program, ensuring methodological consistency among sampling years. Coral health assessments were conducted within a 2-m-wide belt (1 m on each side of the transect). All coral colonies larger than 10 cm in maximum diameter located within the belt were examined and classified as either healthy or presenting visible lesions. Lesion identification followed the standardized field diagnostic criteria developed for Eastern Tropical Pacific coral reefs by Rodríguez-Villalobos et al. (2014). For analytical purposes, lesions were grouped into two categories: (1) predation-related tissue loss, defined as localized or partial loss of living coral tissue exhibiting macroscopic characteristics consistent with corallivore feeding and subsequently classified according to the presumed predator (fish or invertebrates), and (2) algal overgrowth, defined as the direct overgrowth of living coral tissue by macroalgae or algal turf, representing active coral–algal competitive interactions rather than colonization of previously dead skeleton (McCook et al., 2001; Rodríguez-Villalobos et al., 2014; Wolf & Nugues, 2013).

			Sampling effort was evaluated descriptively by summarizing the number of transects, quadrats, and coral colonies surveyed at each site and year (Table S1). The monitoring design maintained a comparable sampling effort among sites and years, providing a robust basis for temporal and spatial comparisons.

			Data analysis: All data were organized at the transect level, with each transect representing the fundamental sampling unit nested within site and year. A consolidated database was constructed and standardized for site, year, and categorical variables. Quadrat-level observations were first summarized to obtain benthic cover estimates for each transect. Transect-level values were subsequently averaged by site and year exclusively for descriptive purposes, whereas all statistical analyses retained individual transects as independent replicates. Benthic composition (%) was calculated per transect as the proportion of quadrat area occupied by any given category relative to the total benthic area across the ten quadrats surveyed. Spatial and temporal patterns in benthic composition and lesion prevalence were initially explored through descriptive statistics, temporal trend visualizations, and boxplots. Lesion prevalence was calculated separately for each lesion type at the transect level following what was applied in the study of Rodríguez-Villalobos (2016), as the percentage of colonies presenting a given lesion within the total number of colonies assessed.

			Predation-related tissue loss was classified using standardized gross morphological diagnostic criteria described by Rodríguez-Villalobos et al. (2014) and Rodríguez-Villalobos et al.      (2015), based on the external appearance of lesions observed during field surveys (see representative examples in Fig. 2). Only tissue-loss lesions exhibiting diagnostic characteristics consistent with predation were included in the analyses. Fish predation was identified by discrete bite scars, typically presenting irregular or semicircular areas of tissue removal with sharp margins produced by scraping or biting corallivorous fishes. Invertebrate predation was recognized by localized tissue loss displaying characteristic feeding patterns associated with corallivorous invertebrates, including more continuous or well-defined areas of tissue removal that generally followed the contour of the coral colony. This classification allowed estimation of total predation prevalence as well as fish- and invertebrate-specific prevalence. 

			Algal overgrowth was considered a secondary lesion resulting from the colonization of recently exposed coral skeleton by turf algae (Fig. 2) or macroalgae following tissue mortality, regardless of its original cause, whereas crustose coralline algae and cyanobacteria were retained as independent benthic categories and were not considered algal overgrowth. Representative photographs of the lesion categories used for field identification are provided in Figure 2. Because photographic documentation was not systematically collected throughout the monitoring program, these figures illustrate the principal diagnostic features rather than every lesion type recorded during the study.

			Differences in overall benthic community composition among sites and years were evaluated using permutational multivariate analysis of variance (PERMANOVA) based on Bray–Curtis dissimilarities with 999 permutations. Homogeneity of multivariate dispersion was assessed using the betadisper procedure, and significant spatial effects were further explored using pairwise PERMANOVA comparisons. Temporal and spatial variation in live coral cover and total algal cover was evaluated using linear mixed-effects models (LMMs). Response variables were log-transformed [log (x + 0.1)] to improve residual normality and homogeneity of variance. Site, Year, and their interaction were included as fixed effects, whereas transect identity was included as a random intercept to account for variability among transects.  Model significance was assessed using analysis of deviance with F-tests. To identify differences among sites and years, post hoc pairwise comparisons were conducted using estimated marginal means (emmeans). 

			Lesion prevalence was analyzed using generalized linear models (GLMs) with a quasibinomial error distribution and logit link to account for proportional response variables and moderate overdispersion. Analyses were conducted at the transect level using the number of affected colonies relative to the total number of colonies surveyed per transect (expressed as binomial successes and failures). Separate models were fitted for total tissue loss, fish predation, invertebrate predation, and algal overgrowth. Site, Year, and their interaction were included as explanatory variables for the spatial–temporal analyses, whereas coral taxon was used as the explanatory variable in species-level analyses. Model significance was evaluated using analysis of deviance with F-tests, and significant effects were explored using pairwise comparisons of estimated marginal means (emmeans). Model assumptions were evaluated through graphical inspection of residuals and by assessing residual normality, homogeneity of variance. Model coefficients, standard errors, 95% confidence intervals, diagnostic statistics, and sample sizes are provided in the Supplementary Material to facilitate interpretation and assessment of model performance. 

			Species-level analyses were performed after pooling all Pocillopora species into a single taxonomic category (Pocillopora spp.). This approach was adopted because reliable identification of Pocillopora species based on colony morphology is often challenging in the field, particularly across long-term monitoring programs, and because Pocillopora represented most colonies surveyed. Grouping these taxa reduced potential identification bias, increased sample size, and improved the robustness of species-level statistical analyses. All other coral taxa were analyzed individually.

			Finally, linear mixed-effects models (LMMs) were used to evaluate the relationship between live coral cover and lesion prevalence. Coral cover (%) was included as a continuous fixed effect, lesion type (predation-related tissue loss vs. algal overgrowth) as a categorical fixed effect, and their interaction was included to test whether the relationship between coral cover and lesion prevalence differed between lesion types. Site and Year were included as random intercepts to account for the hierarchical sampling design and the lack of independence among observations collected within the same reef and sampling year. Model assumptions were evaluated by visual inspection of residuals and fitted values. All statistical analyses were performed in R version 4.4.2 (R Core Team, 2024) using Rstudio software with the packages tidyverse (Wickham et al., 2019), vegan (Oksanen et al., 2025), pairwiseAdonis (Martinez-Arbizu, 2017), lme4 (Douglas et al., 2015), emmeans (Lenth, 2025). Statistical significance was evaluated at α = 0.05.

			RESULTS

			Benthic composition

			Mean benthic cover across study sites during all years of study was dominated by coral (41.7 ± 29.1 %, mean ± SD), followed by algal turf (21.2 ± 20.4 %) and sand (12.7 ± 11.2 %). Lower covers were recorded for dead coral (12.4 ± 14.4 %), other benthic components (7.5 ± 8.2 %), coralline algae (6.8 ± 8.8 %), macroalgae (2.7 ± 3.7 %) and cyanobacteria (0.9 ± 1.4 %) (Table S2). Coral cover exhibited high variability, ranging from 0.9 % in Corralito to 100 % in Dispensa and Navajas, while algal turf reached maximum values of 79.3 % in Swany, reflecting strong spatial and temporal heterogeneity among sites.  Corralito was dominated by algal turf, reaching 47.3 ± 18.5 % in 2024 and 44.6 ± 9.9 % in 2025, along with high dead coral cover (32.0 ± 11.5 % in 2025). Coral cover at this site was relatively low at the beginning of the monitoring in 2019 with 5.9 ± 4.2 % increasing to 37.9 ± 30.0 % in 2022. At Swany, algal turf reached up to 50.4 ± 36.0 % in 2020 and 49.7 ± 14.1 % in 2024, with an important dead coral in 2025 (34.5 ± 22.4 %), while coral cover remained intermediate and highly variable (8.5 ± 1.7 % in 2019 and 37.3 ± 25.5 % in 2022) (Fig. 3).

			In contrast, San Gabriel, Dispensa, and Navajas were characterized by consistently higher coral cover. San Gabriel reached 75.8 ± 15.1 % in 2024 but showed a marked decline in 2025 (29.1 ± 14.6 %), with increases in algal turf (37.8 ± 33.1 %) and other benthic components. Dispensa maintained high coral dominance, peaking at 81.2 ± 18.4 % in 2025, with low algal cover (< 25 %). Similarly, Navajas exhibited the highest coral cover values (92.0 ± 3.2 % in 2024; 73.7 ± 28.5 % in 2025), with consistently low algal cover (< 5 % in recent years). Overall, two benthic configurations were identified: (1) algal-dominated sites (Corralito and Swany), where the higher percentage of algal turf and other algal components was associated with lower and more variable coral cover, and (2) coral-dominated sites (San Gabriel, Dispensa, and Navajas), where the predominance of coral cover reflected greater structural stability despite some temporal fluctuations (Fig. 3).

			PERMANOVA confirmed significant differences in benthic composition among sites (F = 24.52, R² = 0.334, p < 0.001), years (F = 4.81, R² = 0.016, p = 0.007), and their interaction (F = 2.95, R² = 0.040, p < 0.001), indicating that temporal changes depend on site conditions. Site explained the largest proportion of variance, suggesting that benthic structure is primarily driven by spatial differences. Post hoc comparisons proved that Corralito and Swany differed significantly from all other sites (p < 0.001), whereas Dispensa, Navajas, and San Gabriel did not differ significantly among themselves (p > 0.05). No significant differences in multivariate dispersion were detected among groups (p = 0.057), although the result was close to the conventional significance threshold, suggesting a tendency toward greater within-site variability in some reefs (Fig. 4).

			Linear mixed-effects models revealed significant Site × Year interactions for both coral cover (F = 3.33, p = 0.012) and algal cover (F = 5.16, p < 0.001), demonstrating that temporal trajectories differed among reefs. Consequently, the main effects of Site and year were interpreted within the context of these interactions. Coral cover varied significantly among sites (F = 37.03, p < 0.001) and years (F = 12.55, p < 0.001), whereas algal cover differed significantly among sites (F = 23.88, p < 0.001) but did not exhibit a consistent overall temporal trend (p = 0.299).

			Lesion prevalence

			Out of 8 557 coral colonies observed, 24.8 % (n=2 120) exhibited algal overgrowth and 10.3 % (n = 879) showed predation-related tissue loss. Of the latter, 3.9 % colonies (n = 335) were affected by fish predation and 6.4 %(n=546) by invertebrate predation. Overall, 34.0 % (n = 2 913) presented at least one lesion, 1.01 % (n = 86) exhibited both lesion types. Lesion prevalence varied across sites over years, reflecting differences in predation and algal overgrowth processes within the coral community. Algal overgrowth ranged from 0.0 to 100.0 %, whereas total predation ranged from 0.0 to 80.0 %. Fish predation varied between 0.0 and 31.5 %, while invertebrate predation ranged from 0.0 to 80.0 % (Fig. 5, Table S3). 

			In Corralito, tissue loss prevalence was initially high, with a mean of 57.3% (95% bootstrap CI: 38.5–76.1) in 2019, but declined to 3.9% (95% bootstrap CI: 0.4–8.6) by 2025. Conversely, algal overgrowth was absent at the beginning of the study and increased after 2023, reaching 57.4% (95% bootstrap CI: 49.5–66.8) in 2025 (range: 42.1–82.8%). Swany showed intermediate tissue-loss prevalence, peaking at 20.2% (95% bootstrap CI: 14.4–25.8) in 2021, whereas algal overgrowth increased progressively after 2022, reaching 38.0% (95% bootstrap CI: 21.4–55.2) in 2025. In contrast, tissue loss remained consistently low in Dispensa, Navajas, and San Gabriel, generally below 12%, whereas algal overgrowth increased markedly after 2023, reaching maxima of 47.4% (95% bootstrap CI: 40.3–55.8) in Dispensa (2024), 48.1% (95% bootstrap CI: 43.4–53.8) in Navajas (2024), and 65.5% (95% bootstrap CI: 61.9–69.6) in San Gabriel (2024) (Fig. 5). Complete descriptive statistics are provided in Table S4. Invertebrate predation accounted for most tissue-loss lesions throughout the study, particularly in Corralito, where it reached 55.9% (95% bootstrap CI: 38.1–73.3) in 2019, and in Swany, where it peaked at 20.2% (95% bootstrap CI: 14.2–25.8) in 2021. By contrast, fish predation remained comparatively low across sites and years (Table S5). The absence of data for Dispensa corresponds to a missing survey resulting from logistical constraints during that sampling campaign.

			Generalized linear models indicated that total predation prevalence varied significantly among sites (F = 27.19, p < 0.001), years (F = 39.37, p < 0.001), and their interaction (F = 6.09, p < 0.001). Fish predation showed only a significant site effect (F = 2.72, p = 0.033), while invertebrate predation showed significant effects of site (F = 41.54, p < 0.001), year (F = 92.72, p < 0.001), and their interaction (F = 2.77, p = 0.030). Algal overgrowth showed strong effects of site (F = 20.33, p < 0.001), year (F = 185.79, p < 0.001), and their interaction (F = 14.81, p < 0.001). Complete model outputs, including parameter estimates, standard errors, and 95% confidence intervals, are presented in Table S6 and Table S7. Post hoc comparisons indicated that Corralito exhibited significantly higher predation prevalence than most reefs (p < 0.001), whereas San Gabriel exhibited significantly lower predation prevalence (p < 0.05) but higher algal overgrowth prevalence during the later years of the study (p < 0.001). Overall, lesion dynamics differed between lesion types: algal overgrowth displayed a pronounced temporal increase, whereas predation-related tissue loss was characterized mainly by spatial heterogeneity among reefs.

			Species-specific lesion prevalence

			Lesion prevalence differed among coral taxa for both tissue loss and algal overgrowth (Fig. 6, Table S8). Algal overgrowth was generally more prevalent than tissue loss across most taxa. The highest mean algal overgrowth prevalence was recorded in Psammocora stellata (63.0%, 95% bootstrap CI: 37.0–87.0), although this taxon was represented by only 16 colonies (0.2% of all colonies surveyed). Among the dominant reef-building taxa, algal overgrowth reached 37.2% (95% bootstrap CI: 24.8–50.0) in Pavona gigantea and 30.3% (95% bootstrap CI: 26.1–34.7) in Pocillopora spp., whereas Porites panamensis showed substantially lower prevalence (12.2%, 95% bootstrap CI: 7.9–17.4). Tissue-loss prevalence was highest in P. gigantea (22.4%, 95% bootstrap CI: 11.1–35.1) and P. panamensis (16.4%, 95% bootstrap CI: 10.7–23.0), followed by Pocillopora spp. (11.7%, 95% bootstrap CI: 9.0–14.7), while no tissue-loss lesions were recorded in P. stellata.

			Despite differences in central tendency, lesion prevalence showed substantial variability among transects, with values ranging from 0 to 100% for most taxa. This broad range reflects the binomial nature of lesion prevalence, which is constrained between 0 and 100%, and the heterogeneous spatial distribution of affected colonies among transects. Because Pocillopora spp. accounted for 81.9% of all colonies surveyed (7 006 colonies), estimates for this genus are supported by a substantially larger sample size than those for rarer taxa, whereas estimates for P. stellata should be interpreted cautiously owing to its limited representation (16 colonies). Complete descriptive statistics, including bootstrap confidence intervals, medians, interquartile ranges, and sample sizes, are provided in Table S8.

			Generalized linear models revealed significant differences among coral taxa in the prevalence of all lesion types. Total tissue-loss prevalence differed significantly among coral taxa (F = 13.77, p < 0.001), as did fish predation (F = 10.73, p < 0.001), invertebrate predation (F = 6.57, p < 0.001), and algal overgrowth prevalence (F = 10.40, p < 0.001). These results indicate that coral taxa differ in their susceptibility to both predation-related tissue loss and algal overgrowth, supporting the species-specific patterns observed in Fig. 6 and Table S8. 

			Coral cover and lesion prevalence

			The relationship between live coral cover and lesion prevalence differed between lesion types (Fig. 7). Linear mixed models showed that predation-related tissue loss was negatively associated with coral cover (β = −0.25), indicating lower predation prevalence at higher coral cover. In contrast, algal overgrowth showed a positive relationship (β = 0.35), increasing with coral cover. The interaction between coral cover and lesion type was significant (β = 0.60), confirming contrasting trends between lesion types. Despite these trends, an important variability was observed, reflected by the dispersion of data points around the fitted relationships, indicating that lesion dynamics are not only determined by coral cover but also influenced by site-specific conditions. 

			DISCUSSION

			Coral community condition is shaped by the interaction of multiple stressors operating across spatial and temporal scales. Under stressful conditions, corals may undergo deterioration that often manifests as visible lesions at the colony level. Lesions, including algal overgrowth and predation-related tissue loss, reflect both biotic interactions and environmental stressors such as competition and physical damage (McCook et al., 2001; Hughes et al., 2007; Rotjan & Lewis, 2008). In the Eastern Tropical Pacific (ETP), reef systems are characterized by high environmental variability and relatively low structural complexity, increasing their sensitivity to both regional oceanographic processes and local ecological conditions (Glynn & Ault, 2000; Rodríguez-Villalobos et al., 2015; Glynn et al., 2016). In this context, the marked spatial and temporal variability in lesion prevalence observed in this study indicates that coral health dynamics in the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES) are governed by the interaction between regional drivers and site-specific ecological processes. 

			The marked increase in algal overgrowth observed after 2023 across multiple sites suggests an intensification of coral–algal interactions rather than algal overgrowth itself being the primary mechanism of reef decline. Competition for space between corals and algae is widely recognized as one of the major ecological processes influencing reef resilience because algae can inhibit coral recruitment, reduce colony growth, and limit post-disturbance recovery (McCook et al., 2001; McManus & Polsenberg, 2004; Hughes et al., 2007; Inagaki & Longo, 2024). Consequently, the prevalence of algal overgrowth documented in this study likely represents only one manifestation of broader competitive interactions occurring within the benthic community. In Pocillopora-dominated reefs of the Eastern Tropical Pacific (ETP), benthic dynamics have frequently been reported following disturbance events, where algal expansion increases after coral mortality, thermal stress, or physical tissue damage (Glynn & Ault, 2000; McCook et al., 2001; McManus & Polsenberg, 2004). Coral communities in the Gulf of California are particularly vulnerable to these processes because reef development is naturally patchy and strongly influenced by environmental variability, making benthic composition highly responsive to disturbance events (Reyes-Bonilla, 2003). In the southern Gulf of California, Rodríguez-Villalobos and Ayala-Bocos (2021) documented a massive outbreak of the corallivorous sea star Acanthaster planci at El Corralito reef within the PNZMAES during 2017–2018, where intense predation caused extensive tissue loss and rapid degradation of Pavona and Pocillopora colonies. According to Reyes-Bonilla et al. (2026), this outbreak was likely driven by the 2015–2016 ENSO sequence, with El Niño promoting larval recruitment through elevated sea temperatures and the subsequent La Niña increasing juvenile survival by enhancing algal food availability. Although our study began after this outbreak, the elevated tissue-loss prevalence observed at El Corralito during the first years of monitoring is consistent with the documented impacts of this event. Such disturbances can generate large areas of exposed substrate and partially dead colonies that facilitate algal colonization and subsequent benthic shifts. In this context, the temporal synchrony of increased algal overgrowth observed across multiple sites in the present study suggests the influence of broad-scale environmental drivers acting simultaneously with local ecological processes regulating benthic recovery dynamics. 

			Although benthic algal cover increased concurrently with algal overgrowth at several reefs, these variables quantify different ecological processes. Benthic cover includes algae occupying all available substrates, whereas algal overgrowth represents direct interactions between algae and living coral tissue. Consequently, increases in algal cover do not necessarily translate into proportional increases in coral overgrowth, as much of the algal community may develop on rock, dead coral, or other benthic substrates rather than on living colonies (McCook et al., 2001; McManus & Polsenberg, 2004).

			In contrast, predation-related tissue loss showed no consistent temporal trend (Fig. 5) but exhibited strong spatial heterogeneity, with localized peaks at specific sites such as Corralito. This pattern is consistent with previous research demonstrating that corallivory is primarily structured by local ecological conditions, including predator assemblages and habitat characteristics, rather than regional environmental forcing (Rotjan & Lewis, 2008). Coral predation can directly reduce tissue and increase susceptibility to secondary stressors such as disease or algal colonization, amplifying its ecological impact (Rotjan & Lewis, 2008). In the Mexican Pacific, Rodríguez-Villalobos et al. (2015) indicated that a substantial proportion of tissue loss in Pocillopora spp. is attributable to corallivores, particularly invertebrates, supporting the predominance of invertebrate predation (Acanthaster planci) observed in this study (55.9 ± 22.3 % in Corralito and 20.2 ± 8.0 % in Swany). 

			An important result of this study is the contrasting relationship between coral cover and lesion types, indicating that different ecological processes (herbivory and coral predation) drive each type of tissue damage. The negative association between coral cover and predation suggests that predation pressure may increase in structurally degraded or simplified habitats, where coral colonies become more exposed. Structural complexity is a fundamental driver of coral reef ecological dynamics because it mediates predator-prey interactions, habitat use, and refuge availability (Hixon & Beets, 1993; Almany, 2004; Graham & Nash, 2013). Reef degradation and the loss of three-dimensional structure can alter trophic interactions and increase the vulnerability of reef organisms to predation, particularly in habitats with reduced refuge availability (Alvarez-Filip et al., 2009; Graham & Nash, 2013). Experimental studies have further demonstrated that predation pressure and coral density can directly influence coral performance and growth, emphasizing the importance of local ecological interactions in structuring coral communities (Shantz et al., 2011). Likewise, Lenihan et al. (2011) showed that corallivory, habitat structure, and competitive interactions contribute to shifts in coral community composition, supporting the idea that predation-related tissue loss in the PNZMAES may reflect localized ecological conditions associated with habitat degradation and reduced structural complexity. In the present study, these conditions may be reflected by the increase in algal overgrowth, the persistence of partially dead colonies, and the strong spatial heterogeneity observed among sites, all of which suggest localized benthic reorganization processes within the reef community. 

			Conversely, the positive relationship between coral cover and algal overgrowth suggests that reefs with relatively high coral abundance remain susceptible to competitive interactions with algae. Reefs are increasingly recognized as highly dynamic benthic systems in which changes in benthic composition can occur even in reefs retaining substantial coral cover (Tebbett et al., 2023). Coral-dominated habitats provide substrate and structural surfaces that can facilitate algal colonization under specific environmental conditions, particularly following disturbance or partial tissue mortality (McCook et al., 2001; Inagaki & Longo, 2024). Coral-algal interactions are central drivers of reef phase shifts, where macroalgae can inhibit coral recruitment, reduce colony growth, and reinforce reef degradation (McManus & Polsenberg, 2004). However, despite the increase in algal overgrowth observed in this study, several sites maintained relatively high coral cover, suggesting that herbivory may still be sufficient top-down control to limit complete algal dominance and support coral persistence within the PNZMAES. This interpretation is consistent with regional assessments from the southern Gulf of California, where herbivorous fish assemblages around Espíritu Santo, Cerralvo, and La Paz have shown overall stability or increases in biomass despite localized declines in the density of some species (Thompson-

			Poo et al., 2021). Such patterns suggest that herbivory may remain functionally important in maintaining benthic balance, even under changing community structure. Similar context-dependent relationships have been documented across reef systems undergoing benthic reorganization, where coral cover alone does not reliably predict reef condition without considering concurrent ecological processes such as herbivory, competition, and disturbance history (Mumby et al., 2006; Hughes et al., 2007). The widespread increase in algal overgrowth observed after 2023 was likely not driven by a single factor. Coral–algal interactions are regulated by both top-down processes, such as herbivory, and bottom-up drivers, including nutrient availability, temperature anomalies, and disturbance history, which together influence algal proliferation and the competitive balance between corals and algae (Mumby et al., 2006; Hughes et al., 2007; Evensen et al., 2021). The synchrony observed among several reefs therefore suggests that regional environmental forcing acted simultaneously with local ecological processes to shape the observed benthic dynamics. Ongoing analyses integrating fish and invertebrate assemblages with herbivory and corallivory processes are expected to further elucidate the ecological mechanisms underlying these benthic dynamics within the PNZMAES.

			Importantly, these results also suggest that algal overgrowth and predation may not operate independently. Experimental studies have demonstrated that these processes can interact synergistically, such that algal–induced tissue damage may facilitate the aggregation of corallivores (mostly invertebrates), thereby increasing overall coral mortality (Wolf & Nugues, 2013). In addition, tissue lesions generated by predation or algal overgrowth may increase coral susceptibility to secondary infections and disease development by exposing coral skeleton, tissue integrity, and raising opportunistic microbial colonization in damaged tissues (Rodríguez-Villalobos et al., 2014; Rodríguez-Villalobos, 2016). This interaction provides a potential mechanism for the co-occurrence of lesion types observed in this study and highlights the role of ecological processes in coral degradation. In this context, the lesion patterns documented here likely reflect cumulative processes affecting coral health, rather than isolated disturbance events, reinforcing the value of lesion-based data for long-term reef monitoring. Interactions may be particularly important in marginal reef systems of the ETP, where environmental stress and localized disturbances can intensify coral susceptibility to disease and tissue mortality.

			Overall, this study demonstrates that algal overgrowth and predation–related tissue loss represent distinct but interacting indicators of coral condition. Their combined analysis indicates that coral communities in the Archipiélago de Espíritu Santo are shaped by both regional temporal changes and strong local heterogeneity. By integrating lesion prevalence with live coral cover, this study provides a functional baseline that improves the interpretation of reef condition and contributes a robust framework for monitoring and management in marginal reef systems of the Eastern Tropical Pacific.
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			Fig. 1. Study area and sampling locations within the Parque Nacional Zona Marina Archipiélago de Espíritu Santo (PNZMAES), Baja California Sur, Mexico. The inset map shows the regional location of the study area within the Gulf of California.
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			Fig. 2. Representative examples of coral conditions and lesions recorded during the study. (A) Healthy colonies. (B) Algal overgrowth by algal turf. (C) Tissue loss caused by invertebrate predation (Acanthaster planci). Fish predation was identified in the field following the gross morphological criteria of Rodríguez-Villalobos et al. (2014) and Rodríguez-Villalobos et al. (2015).
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			Fig. 3. Temporal variation in benthic composition across study sites in the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES) from 2019 to 2025. Bars represent the relative cover (%) contribution of major benthic categories per site and year.
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			Fig. 4. Temporal trends in mean coral and algal cover (± SE) across study sites in the Archipiélago de Espíritu Santo National Marine Park (PNZMAES) from 2019 to 2025.
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			Fig. 5. Temporal variation in mean lesion prevalence and coral cover across study sites in the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES) from 2019 to 2025. Bars represent mean prevalence of algal overgrowth and predation-related tissue loss, while the line indicates mean coral cover. Bars represent the mean prevalence, and error bars indicate 95% bootstrap confidence intervals.
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			Fig. 6. Distribution of algal overgrowth and tissue loss prevalence among coral species recorded in the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES) between 2019 and 2025.
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			Fig. 7. Relationship between coral cover and mean lesion prevalence across all sites and years in the Parque Nacional Zona Marina del Archipiélago de Espíritu Santo (PNZMAES). Lines represent linear models fit with 95 % confidence intervals.
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ABSTRACT
Introduction: Coral reef ecosystems are undergoing increasing degradation associated with oceanographic
changes, higher predation, bioerosion, and anthropogenic pressures, all of which affect their structural com-
plexity, resilience, and functioning. Visible lesions, such as algal overgrowth and tissue loss, serve as practical
indicators of colony health.
Objective: To characterize the spatial and temporal dynamics of the prevalence of algal overgrowth and pre-
dation-related tissue loss lesions, and their relationship with live coral cover, in coral communities of Parque
Nacional Zona Marina del Archipiélago de Espiritu Santo (PNZMAES), Gulf of California, between 2019 and
2025.
Methods: Annual surveys were conducted by SCUBA diving. At each site, 20 m belt transects were used to quan-
tify benthic composition and record visible lesions on scleractinian coral colonies, classified as algal overgrowth
or predation-related tissue loss. Lesion prevalence was calculated at the transect level. Spatial and temporal dif-
ferences in benthic cover and lesion prevalence were evaluated using PERMANOVA, generalized linear models
with quasibinomial distributions, and linear mixed-effects models.
Results: Mean benthic composition across all sites was dominated by coral cover (41.7 + 29.1 %), followed by
algal turf (21.2 + 20.4 %). Coral cover varied significantly among sites, years, and their interaction (p < 0.001).
Algal overgrowth was the dominant lesion type, affecting 24.8 % of all colonies, and increased markedly after
2023. Predation-related tissue loss affected 10.3 % of colonies and showed strong spatial heterogeneity. Lesion
prevalence differed significantly among coral species (p < 0.001), indicating species-specific susceptibility. Coral
cover showed contrasting relationships with lesion types, being negatively associated with predation-related tis-
ste loss and positively associated with algal overgrowth.
Conclusions: The marked spatial and temporal heterogeneity in the prevalence of algal overgrowth and preda-
tion lesions indicate that coral colonies within the PNZMAES experience contrasting local biotic conditions (e.g.,
fish communities and coral cover). The increase in algal overgrowth after 2023 suggests ongoing benthic reorga-
nization, while localized predation patterns highlight the importance of site-specific ecological interactions. This
study provides a functional baseline for long-term monitoring and demonstrates the utility of lesion prevalence
as an indicator of coral reef condition in marginal reef systems of the Eastern Tropical Pacific.

Key words: Coral lesions, benthic cover, prevalence, marginal reefs, Gulf of California.





