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			ABSTRACT

			Introduction: Caribbean coral reefs have undergone long-term shifts toward macroalgal dominance, potentially constraining coral recovery and restoration outcomes. At Wave of Change (WOC) Reef, an active restoration site in the Mexican Caribbean, previous monitoring has documented high macroalgal cover, yet its intra-annual dynamics and environmental drivers remain poorly understood.

			Objectives: To (1) determine whether macroalgal cover follows a recognizable intra-annual pattern or responds primarily to episodic events; (2) evaluate whether the functional composition of the benthic algal assemblage, described in terms of growth forms, remains stable or shifts over time; and (3) identify the environmental drivers that best explain macroalgal variability.

			Methods: Fortnightly photographic benthic surveys were conducted from August 2024 to August 2025 along seven permanent 10-m transects, with 70 photoquadrats (1 m²) collected per sampling event. High-resolution photoquadrats were analyzed using the ReefCloud AI platform. Environmental variables included in situ temperature and underwater illuminance obtained from HOBO loggers, while additional environmental data (Secchi disk transparency, PAR, chlorophyll a, salinity, nitrate, phosphate, and pH) were obtained from the SIMAR database. Temporal patterns and relationships were assessed using non-parametric analyses, redundancy analysis, and beta regression models.

			Results: Upright macroalgae and algal turfs showed marked temporal variability and alternated in dominance, whereas crustose coralline algae remained consistently low. Dictyota and Halimeda dominated the upright macroalgal assemblage, representing 41.26 % and 22.78 % of its relative composition, respectively. Nitrate was the only significant environmental predictor of benthic algal composition, explaining 21.6 % of the variance and showing contrasting associations with upright macroalgae (negative) and algal turfs (positive).

			Conclusions: High-resolution benthic monitoring provides an ecological context for interpreting coral restoration trajectories beyond coral performance alone. Integrating AI-assisted benthic assessments into restoration programs can strengthen long-term evaluation and adaptive management at WOC Reef and other restoration sites in the Mexican Caribbean.
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			RESUMEN

			Entendiendo la dinámica de las macroalgas para la toma de decisiones informadas 

			en la restauración de un arrecife del Caribe mexicano

			Introducción: Los arrecifes de coral del Caribe han experimentado cambios a largo plazo hacia la dominancia de macroalgas, lo que potencialmente limita la recuperación de los corales y los resultados de la restauración. En el arrecife Wave of Change (WOC), un sitio de restauración en el Caribe mexicano, monitoreos previos han documentado una alta cobertura de macroalgas; sin embargo, sus dinámicas intra-anuales y factores ambientales determinantes siguen siendo poco comprendidos.

			Objetivos: (1) determinar si la cobertura de macroalgas sigue un patrón intra-anual reconocible o responde principalmente a eventos episódicos; (2) evaluar si la composición funcional del ensamblaje de algas bentónicas, descrita en términos de formas de crecimiento, permanece estable o cambia a lo largo del tiempo; y (3) identificar los factores ambientales que mejor explican la variabilidad de las macroalgas.

			Métodos: Se realizaron muestreos fotográficos bentónicos quincenales desde agosto de 2024 hasta agosto de 2025 a lo largo de siete transectos permanentes de 10 m, recolectando 70 fotos de marco cuadrado de 1 m² por evento de muestreo. Las fotos de alta resolución fueron analizadas mediante la plataforma de inteligencia artificial ReefCloud. Las variables ambientales incluyeron temperatura in situ y luz obtenidas mediante registradores HOBO, mientras que datos ambientales adicionales (transparencia del disco Secchi, PAR, clorofila a, salinidad, nitrato, fosfato y pH) se obtuvieron de la base de datos SIMAR. Los patrones temporales y las relaciones se evaluaron mediante análisis no paramétricos, análisis de redundancia y modelos de regresión beta. 

			Resultados: Las macroalgas erectas y los céspedes algales mostraron una marcada variabilidad temporal y alternaron en dominancia, mientras que las algas coralinas costrosas permanecieron consistentemente bajas. Dictyota y Halimeda dominaron el ensamblaje de macroalgas erectas, representando el 41.26 % y el 22.78 % de su composición relativa, respectivamente. El nitrato fue el único predictor ambiental significativo de la composición de algas bentónicas, explicando el 21.6 % de la varianza y mostrando asociaciones contrastantes con las macroalgas erectas (negativa) y los céspedes algales (positiva).

			Conclusiones: El monitoreo bentónico de alta resolución proporciona un contexto ecológico para interpretar las trayectorias de restauración coralina más allá del desempeño de los corales por sí solos. La integración de evaluaciones bentónicas asistidas por inteligencia artificial en los programas de restauración puede fortalecer la evaluación a largo plazo y el manejo adaptativo en el arrecife WOC y otros sitios de restauración del Caribe mexicano.

			Palabras clave: cobertura de macroalgas; dinámica bentónica; restauración coralina; grupos morfofuncionales; ReefCloud.
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			Introduction

			Coral reef ecosystems host some of the highest levels of biodiversity in the marine realm while occupying less than 0.2% of the seafloor (Souter et al., 2020). These ecosystems provide a wide range of ecosystem services, including fisheries, coastal protection, and tourism, supporting the livelihoods of hundreds of millions of people worldwide (Burke & Spalding, 2022; Moberg & Folke, 1999; Morais et al., 2023; Spalding et al., 2017). 

			Despite their ecological and socio-economic importance, coral reefs are among the most vulnerable ecosystems to anthropogenic pressures (Riegl et al., 2009; Souter et al., 2020). In the Caribbean, hard coral cover declined by approximately 48% between 1980 and 2024, while macroalgal cover increased substantially over the same period (Wicquart et al., 2025). These changes have been associated with recurrent thermal stress, coral diseases, reduced herbivory, and other chronic local pressures, and can reduce structural complexity, biodiversity, ecosystem functioning, and the capacity of reefs to recover between disturbance events (Cresswell et al., 2024; Hughes, 1994; Mumby, 2009; Rivas et al., 2023; Roff & Mumby, 2012; Schmitt et al., 2022). 

			Within the Mexican Caribbean, long-term monitoring programs have documented similar trends, with declining coral cover and increasing prevalence of upright macroalgae (Contreras-Silva et al., 2020). These changes are driven by interactions between global stressors, such as climate-driven marine heatwaves, and local pressures including coastal development, eutrophication, disease outbreaks, and reduced herbivory (Bozec et al., 2008; Hughes et al., 2007; Peters, 2015; Ramseyer et al., 2021; Suchley & Alvarez-Filip, 2018).

			Benthic macroalgae are fundamental components of coral reef ecosystems, contributing to primary production and providing habitat for numerous organisms (Fulton et al., 2019). Their ecological role depends on their abundance and functional composition, both of which are regulated by a combination of bottom-up factors, including nutrients, light availability, temperature, and top-down controls such as herbivory (Littler et al., 2006; Littler & Littler, 1984). 

			To capture the functional attributes of macroalgal communities, macroalgae are commonly classified into morpho-functional groups (Steneck & Dethier, 1994). Although some classifications subdivide these groups to increase sensitivity in detecting their effects on reef processes (Balata et al., 2011), here we adopted a simplified classification based on the dominant growth forms, following Diaz-Pulido et al. (2007): upright macroalgae (MA), crustose coralline algae (CCA), and algal turfs (TA). These groups differ in their ecological roles, with upright macroalgae and algal turfs potentially competing with corals for benthic space, whereas crustose coralline algae can facilitate coral recruitment. 

			Environmental drivers of macroalgal dynamics, such as nutrient availability, light conditions, temperature, and herbivory, can vary substantially among reefs and across temporal scales, interacting to shape benthic community composition (Fabricius et al., 2023; Littler et al., 2006; Tebbett et al., 2023). In degraded reefs, high macroalgal abundance can inhibit coral recovery by competing for space, shading coral tissues, producing allelopathic compounds, and contributing to competitive exclusion (Barott et al., 2012; Hoey et al., 2011; McCook, 2001; Rasher et al., 2011; Rasher & Hay, 2010; Vermeij et al., 2010). Consequently, macroalgal cover is widely used as an indicator of reef condition and is particularly relevant for assessing the ecological context of coral restoration (McField, 2024; Smith et al., 2022).  

			Restoration efforts have expanded across the Mexican Caribbean, and several studies have been conducted in nearby reefs (Calle-Triviño et al., 2025; Cortés-Useche et al., 2021; Medina-Valmaseda et al., 2020; Uribe et al., 2026). In this context, the surrounding benthic condition may influence restoration outcomes, particularly through competitive interactions between corals and dominant benthic groups such as algal turfs and upright macroalgae (Vermeij et al., 2010). However, high-resolution temporal studies on macroalgal dynamics at active restoration sites remain scarce, and no prior ecological data are available for the Wave of Change Reef. 

			To address this knowledge gap, this study aimed to characterize intra-annual macroalgal dynamics at an active restoration site in the Mexican Caribbean by: (1) determining whether macroalgal cover follows a recognizable intra-annual pattern or responds primarily to episodic events; (2) evaluating whether the functional composition of the macroalgal community, described in terms of growth forms, remains stable or shifts over time; and (3) identifying the environmental variables that best explain macroalgal variability. By addressing these questions over a full annual cycle, this study established the first ecological baseline for the Wave of Change Reef and provided information to support adaptive coral restoration strategies in the Mexican Caribbean.

			MATERIALS AND METHODS

			Study area: The study was conducted at Wave of Change (WOC) Reef (20.7502444, -86.950905), a shallow patch reef located approximately 1 km off Playa Paraíso, Quintana Roo, in the Mexican Caribbean (Fig. 1). The site forms part of the northern sector of the MAR and is characterized by a low relief hardbottom, a depth interval of 4 to 10 m, coral formations up to 7 m in height, scattered coral colonies, and extensive macroalgal growth. The region’s climate is characterized by warm, subhumid conditions, with annual precipitation ranging from 1 500 to 2 000 mm, and the lowest rainfall occurs during the winter. The wave conditions consist mainly of short-period wind waves, with heights ranging from 0.2 to 0.6 m during 60% of the year and rarely exceeding 2 m (Uribe et al., 2026). High-energy hydrometeorological phenomena occur between April and May, and the hurricane season lasts from June through November (De-la-Lanza, 2006).

			Since 2022, WOC Reef has been the focus of an integrated coral restoration program led by the Wave of Change Innovation Hub of the Iberostar Group (Blanco-Pimentel et al., 2022; Calle-Triviño et al., 2025). The program includes in situ coral nurseries, an outplanting area of approximately 600 m², and a land-based coral propagation facility. Annual monitoring based on the Atlantic and Gulf Rapid Reef Assessment (AGRRA) protocol has documented high macroalgal cover, ranging from 35 % in October 2022 to 66 % in November 2025 (unpublished data). During this period, monitoring at WOC Reef also documented multiple local stressors, including Sargassum influxes, mass coral bleaching associated with the 2023 marine heatwave, coral diseases including stony coral tissue loss disease (SCTLD) and white band disease, hurricane impacts, and reduced herbivory pressure. The surrounding coastal area is also subject to ongoing coastal development. 

			Macroalgal monitoring design: To quantify macroalgal dynamics within the restoration area, fortnightly benthic surveys were conducted from August 2024 to August 2025. Two sampling events were carried out per month, except in August 2024, December 2024, and August 2025, when only one survey was conducted. No sampling was performed in April 2025 due to adverse weather conditions. A total of 21 surveys were conducted during the one-year monitoring period.

			A fixed monitoring area was established within the 600 m2 core restoration zone (Fig. 1). Seven permanent 10 m transects were deployed, separated by 4-6 m and located at depths ranging from 6.2 m to 7.1 m. Benthic composition was assessed using high-resolution photoquadrats (1 m2) collected at 1 m intervals along each transect, resulting in a total of n = 70 photoquadrats per sampling event. Images were captured using an Olympus TG-4 camera with underwater housing. To ensure consistency in quantitative image analysis, photographs were taken at 1 m to 1.5 m above the substrate and oriented parallel to the seafloor by a team of two divers (Fig. 2). 

			Photographic surveys capture only the visible benthic surface. Organisms occurring beneath the macroalgal canopy, such as crustose coralline algae or cryptic invertebrates, may therefore be underestimated when macroalgal cover is high. Accordingly, the estimates represent visible benthic cover.

			Image analysis using ReefCloud: Photoquadrats were analyzed using ReefCloud, a machine-learning-based image analysis platform developed by the Australian Institute of Marine Science (Australian Institute of Marine Science, 2024). A total of 1 470 photoquadrats were obtained during field surveys; however, 86 images were removed due to insufficient quality, yielding a final dataset comprising 1 384 photoquadrats. Retained high-resolution photographs were subsequently pre-processed using Adobe Lightroom to comply with analytical quality standards. (Fig. 2).

			Benthic cover was estimated using automated classification based on 50 randomly distributed points per image across 46 benthic categories following AGRRA conventions (Lang et al., 2010). To improve classification accuracy, automated predictions were validated by manually annotating 15 points per image. Percent cover of upright macroalgae (MA), crustose coralline algae (CCA), and algal turfs (TA) was calculated for each image by assigning the corresponding benthic categories to their respective growth-form groups.

			Fortnightly cover for each algal group was estimated as the mean percentage across the photoquadrats retained for each sampling event.

			Environmental variables: Environmental variables potentially associated with macroalgal dynamics were obtained from in situ measurements and remote datasets. Temperature and underwater illuminance, used as a proxy for relative light availability, were recorded using a HOBO UA-002-64 data logger. Fortnightly values were calculated as the average of daily measurements. Additional environmental variables were obtained from the Coastal Marine Information and Analysis System (SIMAR), including Secchi disk transparency, chlorophyll a concentration, salinity, dissolved nutrients (nitrates and phosphates), pH, and satellite-derived photosynthetically active radiation (PAR).

			Statistical analyses: All statistical analyses were performed in R software version 4.5.3 (R Core Team, 2026). Macroalgal cover and environmental variables were initially explored using descriptive statistics and visual inspection of temporal patterns. Normality was assessed using Shapiro–Wilk tests. Because several variables did not meet the assumptions of normality and the dataset consisted of a limited number of fortnightly observations, non-parametric analyses were first used to explore bivariate relationships. 

			Associations between macroalgal cover and environmental variables were evaluated using Spearman’s rank correlation coefficients (ρ). The p-values were adjusted for multiple simultaneous comparisons using the Benjamini-Hochberg method. 

			To explore the multivariate relationship between benthic algal composition and environmental variables, a redundancy analysis (RDA) was performed in vegan (Oksanen et al., 2026). The relative cover of upright macroalgae, crustose coralline algae, and algal turfs was used as a response variable, and environmental predictors were standardized as z-scores. Prior to the RDA, Spearman correlations among environmental predictors were examined to reduce multicollinearity. When pairs of predictors were strongly correlated (|ρ| > 0.7), one variable was retained based on measurement approach and ecological relevance. Accordingly, photosynthetically active radiation (PAR; ρ = 0.96 with illuminance) and salinity (ρ = 0.76 with illuminance) were excluded in favor of in situ illuminance; pH (ρ = −0.93 with temperature) was excluded in favor of in situ temperature; chlorophyll a (ρ = −0.88 with Secchi depth) was excluded in favor of Secchi depth because turbidity-related conditions have been identified as important drivers of macroalgal dynamics (Fabricius et al., 2023); and phosphate (PO₄; ρ = 0.72 with nitrate) was excluded in favor of nitrate (NO₃), given its established relevance to macroalgal growth (Larned, 1998; Seelen et al., 2025). The significance of the overall model and individual explanatory variables was assessed using free permutation tests with 9 999 permutations. RDA results were visualized using an ordination biplot to identify the main environmental gradients associated with benthic algal composition.

			Subsequently, beta regression models were fitted to evaluate the relationship between NO₃ concentration and the cover of each algal group (MA, CCA, and TA) separately. Cover values were converted from percentages to proportions, and the Smithson–Verkuilen transformation was applied to avoid exact values of 0 and 1 (Smithson & Verkuilen, 2006). The NO₃ model was compared using Akaike’s Information Criterion (AIC) against alternative models that included illuminance, temperature, or Secchi depth, as well as a null model. No alternative model provided a better fit based on AIC, and the NO₃ model was retained, consistent with the RDA results. Model fit and influential observations were evaluated through visual inspection and Cook’s distances. For the CCA model, two influential observations corresponding to the November sampling events were identified and excluded from the final model. Statistical significance was evaluated at α = 0.05.

			RESULTS

			Temporal patterns of macroalgal cover: Benthic algal cover at WOC Reef showed marked temporal variability from August 2024 to August 2025 (Fig. 3). Fortnightly mean upright macroalgae cover ranged from a maximum of 60.32 % ± 20.63 % (SD) on 29 August 2024 to a minimum of 20.51 % ± 12.95 % (SD) on 8 June 2025. Crustose coralline algae (CCA) reached a maximum cover of 10.77 % ± 17.12 % (SD) on 13 November 2024 and a minimum of 0.31 % ± 0.98 % (SD) on 21 February 2025. Algal turfs (TA) reached a maximum cover of 55.54 % ± 19.34% (SD) on 08 May 2025 and a minimum of 16 % ± 10.76 % (SD) on 29 August 2024. Temporal fluctuations indicated an alternating pattern of dominance between upright macroalgae and algal turf throughout the monitoring period.

			

			Composition of the benthic assemblage: The benthic algal assemblage at WOC Reef alternated between dominance by upright macroalgae (MA) and algal turfs (TA) throughout the monitoring period (Fig. 4). MA represented the dominant functional group during 11 of the 21 sampling events, with cover ranging from 0 % to 96 % across photoquadrats and a mean cover of 37.7 % ± 11.5 % (SD). The remaining 10 sampling events were dominated by TA, which ranged from 0 % to 94 % across photoquadrats and had a mean cover of 35.8 % ± 11.0 % (SD). In contrast, CCA remained consistently low throughout the study, with a mean cover of 2.16 % ± 2.81 % (SD), although cover across individual photoquadrats ranged from 0 % to 80 %. Within the upright macroalgal assemblage, Dictyota spp. and Halimeda spp. were the predominant genera, representing 41.26 % and 22.78 % of MA relative composition, respectively.

			Environmental variables and their relationship with macroalgal cover: Exploratory Spearman correlation analysis showed no statistically significant associations between macroalgal groups and the evaluated environmental variables after adjustment for multiple comparisons (Fig. 5). 

			The redundancy analysis (RDA) identified nitrate concentration (NO3) as the only significant environmental predictor associated with benthic macroalgal dynamics (F₁,₁₉ = 5.24, p = 0.028; Fig. 6). The model contained a single constrained axis (RDA1), which explained 21.6% of the total variance (adjusted R2 = 17.5%). Upright macroalgae showed a negative association with RDA1 (score = -3.03), whereas crustose coralline algae and algal turfs showed positive associations (scores = 2.33 and 0.99, respectively). 

			Based on the RDA results, beta regression models were fitted to further evaluate the relationship between nitrate concentration (NO₃) and the cover of upright macroalgae (MA), algal turfs (TA), and crustose coralline algae (CCA; Fig. 7). Nitrate concentration showed a significant negative association with MA cover (β = −9.38, SE = 3.53, p = 0.008, pseudo-R² = 0.27), indicating lower MA cover at higher NO₃ concentrations. In contrast, TA cover showed a significant positive association with NO₃ concentration (β = 6.88, SE = 3.49, p = 0.049, pseudo-R² = 0.15). The initial model for CCA suggested a positive association with nitrate concentration (β = 22.16, SE = 5.23, p < 0.001, pseudo-R² = 0.21); however, influence analyses identified two highly influential observations (Cook’s D = 1.08 and 0.41; threshold = 0.19). After excluding these observations, the association between NO₃ concentration and CCA cover was no longer significant (β = −2.05, SE = 8.41, p = 0.807, pseudo-R² = 0.004). 

			DISCUSSION

			Macroalgae play a central role in shaping benthic conditions across the wider Caribbean, where long-term shifts from coral-dominated to macroalgal-dominated states have been widely documented (De-Bakker et al., 2016; Gardner et al., 2003). The consistently high macroalgal cover recorded at WOC Reef throughout the monitoring period aligns with regional patterns observed in degraded reefs exposed to chronic local stressors and represents conditions that may constrain coral recovery (Ceccarelli et al., 2018; Hoey et al., 2011; Smith et al., 2022; Van-Woesik et al., 2018). These conditions indicate persistent macroalgal dominance and limited benthic space available for coral recruitment and growth. 

			The benthic assemblage at WOC Reef alternated between dominance by upright macroalgae and algal turfs throughout the monitoring period. Fleshy macroalgal cover remained above 20% throughout the monitoring period, with Dictyota and Halimeda representing 41.26 % and 22.78 % of MA relative composition, respectively. Both genera are common components of Caribbean reef assemblages, but differ substantially in their ecological traits. In particular, Dictyota spp. can compete with corals for benthic space and affect coral settlement and performance through mechanisms that include allelopathic interactions (Arnold et al., 2010; Barott et al., 2012; Rasher & Hay, 2010). Algal turfs also remained persistently abundant and constituted the dominant benthic group during nearly half of the sampling events. Algal turfs are fast-growing, opportunistic competitors that can overgrow coral margins, alter coral–algal interactions, and promote microbial conditions that may negatively affect adjacent coral tissue, thereby potentially affecting coral growth, settlement, and survival (Barott & Rohwer, 2012; Cetz-Navarro et al., 2015). The observed alternation between upright macroalgae and algal turfs therefore suggests dynamic shifts in benthic dominance through time.

			Among the environmental variables evaluated, nitrate concentration was the only predictor significantly associated with benthic algal composition. Higher nitrate concentrations were associated with increased algal turf cover and reduced upright macroalgal cover, suggesting that nutrient variability may contribute to shifts in benthic dominance at WOC Reef. Although nutrient enrichment is commonly associated with increased macroalgal proliferation and coral reef degradation in Caribbean reefs (D’Angelo & Wiedenmann, 2014; Lesser, 2021), the contrasting responses of upright macroalgae and algal turfs indicate that nutrient variability does not uniformly affect all algal groups.  Similar dynamics have been reported in reef systems where nutrient availability interacts with physical disturbance, herbivory, and seasonal environmental variability to influence benthic composition (Adam et al., 2021; Fabricius et al., 2023; Maldonado-Sánchez et al., 2026). Moreover, the relatively limited variance explained by the RDA suggests that additional ecological processes not evaluated in this study may contribute to the observed temporal variability in benthic dominance.

			The absence of significant associations with the other environmental variables evaluated should not be interpreted as evidence that these factors are ecologically unimportant. In particular, WOC Reef experienced mass coral bleaching associated with the 2023 marine heatwave prior to the monitoring period considered here. Coral mortality and partial tissue loss following severe thermal stress can increase the availability of exposed substrate for algal colonization, particularly by fast-growing algal turfs (Diaz-Pulido & McCook, 2002). Therefore, the persistently high cover of upright macroalgae and algal turfs observed during 2024–2025 may partly reflect legacy effects of the 2023 thermal disturbance, as well as contemporaneous environmental variability and local ecological processes such as herbivory and nutrient availability. This disturbance history provides an important context for interpreting the high algal cover observed throughout the monitoring period, even though the present study was not designed to quantify the direct effects of the 2023 heatwave.

			From a restoration perspective, the ecological conditions documented at WOC Reef have important management implications. At this active restoration site, coral outplants are monitored as part of the ongoing restoration program, while the present study provides complementary information on the benthic conditions surrounding these interventions. The persistently high cover of upright macroalgae and algal turfs, together with consistently low CCA cover, indicates that restored corals are developing within a benthic environment characterized by sustained algal competition. Although the present study did not directly test the effects of these benthic conditions on coral outplant performance, these site-specific observations highlight the importance of considering benthic dynamics alongside transplant monitoring when evaluating restoration trajectories at WOC Reef. Integrating these complementary datasets could help determine whether temporal changes in the surrounding benthic community correspond with variation in outplant survival, growth, lesion recovery, or physiological performance. These findings also suggest that active restoration at WOC Reef may benefit from complementary management actions to reduce local pressures, including macroalgal control, herbivore protection, and improvements in local water quality.

			The study also highlights the utility of AI-assisted image analysis platforms such as ReefCloud for high-resolution benthic monitoring. Processing 1 384 photoquadrats through a standardized automated workflow enabled repeated assessment of benthic composition across the annual monitoring period. Such approaches can facilitate the analysis of large image datasets and improve the feasibility of incorporating high-frequency benthic monitoring into restoration programs. Nevertheless, automated classifications, as implemented here, require expert validation, and photographic approaches quantify only visible benthic cover and may underestimate organisms obscured beneath macroalgal canopies.

			For lower-frequency reef monitoring programs, such as annual AGRRA assessments, total macroalgal cover remains a useful broad indicator of benthic condition and facilitates comparisons among sites and years. However, whenever sampling design and image resolution allow, distinguishing major growth-form groups can provide additional ecological information that total cover alone may obscure. This distinction is particularly relevant when upright macroalgae and algal turfs show contrasting temporal patterns or environmental responses, as observed at WOC Reef. In the context of an integrated restoration program, this additional resolution can also support site-specific management decisions. For example, information on the composition and spatial dynamics of algal assemblages, combined with knowledge of herbivore feeding preferences and habitat requirements, could help identify areas where complementary interventions involving sea urchins, herbivorous crabs, or fishes may be most appropriate. Thus, the level of functional resolution should be matched to the monitoring objective and sampling frequency. Total macroalgal cover may be sufficient for broad assessments of reef condition, whereas growth-form classification can provide additional information to understand ecological processes and to plan adaptive restoration actions.

			Overall, this study provides the first high-resolution temporal assessment of macroalgal dynamics at WOC Reef and establishes an ecological baseline for evaluating future changes at this active restoration site. The persistent abundance and temporal alternation of upright macroalgae and algal turfs, together with the association between nitrate concentration and benthic composition, demonstrate that the ecological context surrounding restored corals is dynamic rather than static. In restoration contexts, benthic monitoring can complement coral performance indicators such as survival, growth, lesion recovery, and physiological performance, providing a broader framework for evaluating restoration trajectories. Beyond its role in ecological assessment, repeated benthic monitoring can also serve as a platform for research, evaluation, and social appropriation of knowledge by facilitating the documentation and communication of ecological change associated with restoration efforts. Integrating benthic dynamics with coral performance metrics can provide a more comprehensive understanding of restoration trajectories and strengthen adaptive management at WOC Reef and other restoration sites across the Mexican Caribbean.

			CONCLUSIONS

			This study establishes the first high-resolution temporal baseline of macroalgal dynamics at WOC Reef and shows that persistent algal dominance at this active restoration site is not static. The recurrent alternation between upright macroalgae and algal turfs reveals a dynamic benthic environment in which the relative dominance of algal groups can shift substantially on short timescales.	

			Nitrate emerged as the environmental variable most clearly associated with these shifts, but the contrasting responses of upright macroalgae and algal turfs indicate that nutrient variability does not uniformly affect the algal assemblage. Moreover, the limited explanatory power of the environmental variables evaluated suggests that benthic trajectories at WOC Reef result from interacting processes that extend beyond the drivers captured in this study, potentially including the legacy of recent disturbances and local ecological processes.

			For coral restoration, these findings demonstrate the importance of evaluating the ecological setting in which restored corals develop rather than considering coral outplants in isolation. At WOC Reef, high algal dominance and low CCA cover identify benthic conditions that should be incorporated into restoration planning and adaptive management. Therefore, high-resolution benthic monitoring can complement coral performance indicators and provide a broader platform for research, evaluation, and knowledge exchange around restoration trajectories.

			The photographic approach used here provides a reproducible framework for repeated benthic assessment, although estimates are restricted to the visible benthic surface and may underestimate CCA and other cryptic components beneath the macroalgal canopy. Future monitoring that integrates benthic dynamics with coral performance metrics and complementary assessments of understory communities will provide a more comprehensive understanding of restoration trajectories at WOC Reef and strengthen adaptive management at restoration sites across the Mexican Caribbean.
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			Fig. 1. Location of WOC Reef. Black dots indicate the locations of the seven fixed transects.
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			Fig. 2. Macroalgal monitoring protocol using photoquadrats along fixed transects, image processing, and automated analysis via ReefCloud.
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			Fig. 3. Temporal trends in upright macroalgae (MA), crustose coralline algae (CCA), and Algal Turfs (TA) cover at WOC Reef from August 2024 to August 2025.
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			Fig. 4. Relative contribution of the three algal functional groups to the benthic assemblage at WOC Reef during the monitoring period.
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			Fig. 5.  Spearman’s correlation matrix between functional macroalgal groups and environmental variables. 
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			Fig. 6. Redundancy analysis (RDA) biplot showing the relationship between nitrate concentration (NO₃) and benthic macroalgal composition at WOC Reef. 
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			Fig. 7. Beta regression models evaluating the relationship between nitrate concentration (NO₃) and the cover of the three functional macroalgal groups at WOC Reef. 
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ABSTRACT
Introduction: Caribbean coral reefs have undergone long-term shifts toward macroalgal dominance, potentially
constraining coral recovery and restoration outcomes. At Wave of Change (WOC) Reef, an active restoration
site in the Mexican Caribbean, previous monitoring has documented high macroalgal cover, yet its intra-annual
dynamics and environmental drivers remain poorly understood.
Objectives: To (1) determine whether macroalgal cover follows a recognizable intra-annual pattern or responds
primarily to episodic events; (2) evaluate whether the functional composition of the benthic algal assemblage,
described in terms of growth forms, remains stable or shifts over time; and (3) identify the environmental drivers
that best explain macroalgal variability.
Methods: Fortnightly photographic benthic surveys were conducted from August 2024 to August 2025 along
seven permanent 10-m transects, with 70 photoquadrats (1 m*) collected per sampling event. High-resolution
photoquadrats were analyzed using the ReefCloud Al platform. Environmental variables included in situ tem-
perature and underwater illuminance obtained from HOBO loggers, while additional environmental data (Secchi
disk transparency, PAR, chlorophyll a, salinity, nitrate, phosphate, and pH) were obtained from the SIMAR data-
base. Temporal patterns and relationships were assessed using non-parametric analyses, redundancy analysis,
and beta regression models.
Results: Upright macroalgae and algal turfs showed marked temporal variability and alternated in dominance,
whereas crustose coralline algae remained consistently low. Dictyota and Halimeda dominated the upright mac-
roalgal assemblage, representing 41.26 % and 22.78 % of its relative composition, respectively. Nitrate was the
only significant environmental predictor of benthic algal composition, explaining 21.6 % of the variance and
showing contrasting associations with upright macroalgae (negative) and algal turfs (positive).
Conclusions: High-resolution benthic monitoring provides an ecological context for interpreting coral restora-
tion trajectories beyond coral performance alone. Integrating Al-assisted benthic assessments into restoration
programs can strengthen long-term evaluation and adaptive management at WOC Reef and other restoration
sites in the Mexican Caribbean.

Key words: macroalgal cover; benthic dynamics; coral restoration; morpho-functional groups; ReefCloud.





