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Coral restoration has been recognized as an increasingly important tool for coral conservation in recent years. In the Caribbean, the endangered staghorn coral, Acropora cervicornis has been studied for restoration for over two decades with most studies focusing on evaluating simple metrics of success such as colony growth and survivorship in both nurseries and outplanted sites. However, for reef restoration to aid in the recovery of ecological function in outplanted sites, there is a need to measure the functional ecology of the impact of outplanting. Here, we present and identify positive ecological processes and ecological functions (such as increased fish biomass, coral cover, and increased in structural complexity) relative to active reef restoration. In the Southeastern Reefs Marine Sanctuary in the Dominican Republic, we monitored the percentage of benthic cover and fish biomass alongside active reef restoration over the period of 12 months in four zones. Subsequently, we developed multidimensional analyses in conjunction with generalized linear models (GLM) and linear models. Our results show there is a remarkable spatial and temporal differentiation favoring greater ecological function in restored areas. We observed the most noticeable patterns of change in the benthos and coral species composition. We found a positive relationship between amounts of outplanted colonies with the total fish biomass for the three outplanted sites. We highlight that Scarus iseri, a parrotfish critical for grazing maintenance, was the species with the greatest benefit. Our results provide evidence of the functional importance of Acropora cervicornis in coral reef active restoration efforts.
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INTRODUCTION

For decades, coral reefs have undergone a series of changes in structure and function due to a wide range of environmental and anthropogenic impacts (D’agata et al., 2014; Anthony et al., 2015; Pendleton et al., 2016; Hughes et al., 2017). Therefore, one of the challenges for researchers, authorities and local communities is to achieve the restoration of these ecosystems and their services (Hughes et al., 2018; Lamb et al., 2018). Over the past 20 years, active reef restoration through human intervention has increased worldwide to mitigate the decline in coral cover. Propagation of corals for restoration is now considered an essential component of coral reef conservation and management strategies (Rinkevich, 2005, 2015; Precht, 2006; Edwards and Gómez, 2007; Petersen et al., 2007; Edwards, 2010; Johnson et al., 2011; Nakamura et al., 2011; Toh et al., 2012; Young et al., 2012; Chamberland et al., 2015; Lirman and Schopmeyer, 2016; Schopmeyer et al., 2017; Calle-Triviño et al., 2018, 2020; Bayraktarov et al., 2020; Shaver et al., 2020).

In the Caribbean, in the 1980s, there was a loss of up to 97% cover of Acropora cervicornis and Acropora palmata (Gladfelter, 1982; Porter et al., 1982; Knowlton, 1992; Miller et al., 2002), this decline caused its inclusion in the Union for Conservation of Nature (IUCN) as critically endangered species, and in Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) (Aronson et al., 2008). It decreases also has resulted in losses in the three-dimensional structure of shallow reefs and in ecological, economic, and social services (Bruckner, 2002; Vargas-Ángel et al., 2006; Alvarez-Filip et al., 2009).

A. cervicornis has had limited recovery due to the interactions and positive feedback of natural and anthropogenic stresses that exist at both local and global levels (Precht et al., 2002; Weil et al., 2002; Carpenter et al., 2008; Agudo-Adriani et al., 2016). To promote coral cover recovery, restoration programs in the Caribbean region have intensified the propagation of A. cervicornis fragments (Bowden-Kerby, 2001; Hernández-Delgado et al., 2001; Young et al., 2012; Lirman et al., 2014). While restoration efforts have increased exponentially (Lirman and Schopmeyer, 2016), few studies have been published on the recovery of ecosystem functions and services in outplanting sites (Griffin et al., 2012; Lirman et al., 2014; Schopmeyer et al., 2017; Calle-Triviño et al., 2020). The branching morphology of A. cervicornis provides important structural complexity for different reef organisms. Complex interactions and energy flows are formed around this species, such as high levels of primary productivity and associations between different species (Itzkowitz, 1978; Lirman, 1999; Bruckner, 2002; Goergen et al., 2019). Because of its life history characteristics and its high growth rate it has been one of the species selected to develop restoration projects in the Caribbean (Young et al., 2012; Calle-Triviño et al., 2018). However, no published scientific studies address functional aspects of A. cervicornis in outplanted areas, and a deeper understanding of the role this species plays in creating and modifying reef fish habitats is needed (Huntington et al., 2017).

Generally, the “success” of restoration programs in the Caribbean region has been measured a single variable (i.e., growth, survival, annual productivity or percentage coverage) (Lirman and Schopmeyer, 2016; Schopmeyer et al., 2017; Ladd et al., 2018, 2019; Calle-Triviño et al., 2020; Seraphim et al., 2020). This single-variable approach at the organism level does not allow for the identification of successional processes that occur in outplanted areas and the effects on functions and resilience in these areas are unknown. The scale of the analysis to the ecosystem level to describe correlations among groups can be useful tool to evaluate restoration programs, on the premise that A. cervicornis performs as an indirect facilitating agent, providing three-dimensionality across habitat, increasing refuge availability, niches, food availability and regulating interactions between organisms on coral reefs (Graham and Nash, 2013; Agudo-Adriani et al., 2016; Floros and Schleyer, 2017).

In 2011, the Dominican Foundation for Marine Studies (FUNDEMAR) began its coral restoration program with the purpose of using fragments of the A. cervicornis coral to attempt to repopulate degraded reef areas in Bayahibe on the southeastern end of the island (Calle-Triviño et al., 2020).

In 2015, three outplanted sites and one control site were monitored for twelve consecutive months to identify if there was an influence on benthic composition, abundance of coral and fish species in the outplanted sites over time, and the interaction between these variables. In this study, we analyzed changes in benthos and in fish communities due to restoration actions in outplanted sites in the Southeaster Reefs Marine Sanctuary in the Dominican Republic.



MATERIALS AND METHODS


Study Location

The outplanted sites studied are part of the Southeast Reefs Marine Sanctuary (Figure 1). The sanctuary includes a chain of coral reefs located along the southeastern coast of the Dominican Republic with a total area of 7,862.59 km2. It was declared a protected area on August 7, 2009 by Decree No. 571-09. The reefs within the sanctuary and adjacent areas are an important tourist attraction. The study was carried out in three outplanted sites ZT1, ZT2, ZT3, and a control site “Peñon” (Table 1) all included in the area of the municipality of Bayahíbe.


TABLE 1. Codes and Geographical coordinate of the outplanted sites and control site in Bayahíbe, Dominican Republic.
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FIGURE 1. Map of outplanted sites and control site part of the Arrecifes del Sureste Marine Sanctuary.




Outplant and Control Site Establishment

During the selection and establishment of the outplanting and control sites, prospective dives were carried out in order to ensure that the selection criteria were achieved. Criteria for selection of outplanting sites included: depth (between 12 and 15 m), presence of wild A. cervicornis colonies, low sedimentation, low macroalgae cover, and the presence of calcareous coralline algae (CCA) (Edwards, 2010; Johnson et al., 2011; Mercado-Molina et al., 2013; Arias-González et al., 2015; Carne et al., 2016). Before outplanting, the substrate was cleaned using different hand tools (brushes, chisels, hammers) to remove algal mats, sediments, or macroalgae, but the CCA was undisturbed (Calle-Triviño et al., 2020).

After properly preparing the substrate, squared galvanized masonry steel nails were placed in the substrate, keeping a distance of 0.5–1 m between the nails (Mercado-Molina et al., 2013) obtaining outplant densities of 1.5 colonies per square meter. All of the outplanted colonies were harvested from FUNDEMAR’s main nursery. At that time, the genotype of the fragments was not taken into account, since the nursery had not yet been genotyped. However, it is currently known the nursery supports at least 32 individuals, indicating there was likely a mixture of genets that contributed to the outplanting. All the outplanted colonies had a size > 45 cm of linear growth, and fixed to the pre-established nails with plastic cable ties (Johnson et al., 2011). All the selection criteria and the techniques used to perform the transplants are described in Calle-Triviño et al. (2020). In each of the outplanting sites, a total of 200 colonies were outplanted in an area of 200 m2, at a depth between 12 and 15 m.

The control area (Peñon) was chosen taking into account different selection criteria, including depth (which was similar to the outplanting areas, between 12 and 15 m), distance from outplant sites (<500 m), and available historical information (Cortés-Useche et al., 2019). A single control site was chosen due to logistical and budgetary limitations of the project.



Sampling Design

In each of the three outplanted sites and in the control site, six transects of 10 m each were randomly selected based on the AGRRA (Atlantic and Gulf Reef Rapid Reef Assessment) Version 5.4 protocol (Lang et al., 2010). These transects were subsequently installed permanently along the sites to carry out the assessments. Four monitoring cycles were conducted during a 12-month period. The point intercept methodology was used for the benthos information survey, with measurements collected every 10 cm in each of the six 10 m transects; the category corresponding to the substrate observed just below each point was recorded. To determine the abundances of fish in each of the outplanted areas and the control area, four temporary belt transect surveys were performed (30 m long × 2 m wide) in the same habitat as the permanent transects. In each belt transect, the number of individuals corresponding to the commercially and/or ecologically important reef fish species covered by the AGRRA protocol was recorded, as well as their sizes in the proposed class size ranges in the protocol. Using the abundance and size class data, biomass was calculated using the length-weight relationship equation W = aLb described by Bonsack and Harper (1988). Constants (a and b) for length-weight relationships for each species were obtained from Froese and Pauly (2019).

In addition, we used the methodology proposed by Schopmeyer et al. (2017) to evaluate the growth, survival, and productivity of the colonies transplanted in outplanting sites. Schopmeyer et al. (2017) proposed the following reference points for measuring the first year of A. cervicornis restoration: (1) the survival of outplanted corals must be greater than 70% and (2) average productivity should be > 4.8 cm year–1 for outplanted corals.

We monitored sites every 3 months during the 12-month period after their establishment. Colonies from outplanted sites were individually labeled. Growth was expressed as Total Linear Extension (TLE) in cm over time for each coral, measuring from base to tip of each branch and adding up all the branches to obtain total growth of each colony (Johnson et al., 2011; Lirman et al., 2014). Data on growth, survival, and annual productivity were taken as presented by Calle-Triviño et al. (2020), and proposed and used by Lirman et al. (2014) and Schopmeyer et al. (2017) as follows:

• Total annual growth = (Final Measure − Initial Measure).

• %Survival = (# final live colonies × 100)/# initial live colonies.

• Annual productivity = (growth/initial TLE).

The mean annual productivity was calculated by pooling all outplants. This measure was proposed by Lirman et al. (2014) and used by Schopmeyer et al. (2017). We have used the same measure in order to compare results in this publication with similar studies in the United States and Puerto Rico.



Benthos Analysis and Coral Species Composition

Generalized linear model (GLM) analysis was applied to identify changes in composition of benthos, coral, and fish species in the outplanting sites over time. This analysis considers variations in abundance values and allows us to consider different types of error distributions (Warton et al., 2015). For the GLMs the negative binomial distribution was used with a link function of logarithm, because it showed the best results, reducing the over-dispersion present in the data. For hypothesis testing, 999 permutations were applied using Monte Carlo simulations, and considered within the univariate analysis influence (significance of each species) for which an adjustment procedure based on multiple tests from step-by-step resampling was used. This analysis was performed using the “mvabund” library of the statistical program R (Warton et al., 2012; R Development Core Team, 2015).

In order to know the fit and confirm the model assumptions were not violated, analysis graphs were obtained for model residuals. In other work conducted on coral reefs, biomass has been properly modeled from negative binomial GLM, thus capturing over-dispersion present in the biomass data (Ferrari et al., 2018). The ordination was visualized from a non-metric multidimensional scaling, based on the Bray-Curtis dissimilarity matrices, using data transformed to the logarithm. This analysis was made from program R’s “vegan” library. These analyses were conducted for all data transects within each site and on each of the dates sampled.



Measuring Ecological Indicators Associated With Outplanting Efforts

To determine the increase in some variables, considered as a positive effect due to outplanting actions, two main variables known as coral indicators were calculated and obtained: (1) coral cover and (2) coefficient of functionality. Moreover, the total fish biomass and biomass of species showed a significant temporal change in the analysis of GLM.

Coral coverage was obtained directly from the benthos percentage coverage data. The coefficient of functionality was calculated considering the values and equation presented in the work of González-Barrios and Álvarez-Filip (2018). This is derived from the Reef Functional Index (RFI) which is a site-level indicator. The coefficient within the RFI quantifies the structural complexity of coral based on parametric models of coral growth and complexity of morphology (González-Barrios and Álvarez-Filip, 2018). We decided to explore the use of combined descriptors such as the RFI, as an additional descriptor to the analysis that may be relevant in reef research, provided that the robustness of this index is demonstrated in future work.

Regression models were performed to explain changes in cover, RFI, Total fish biomass and Scarus iseri biomass as a function of time (as an indicator of effort from outplanting actions), as well as models explaining changes in total fish biomass and significant fish species in the multi-dimensional GLM as a function of coral cover percentage and change in RFI (as a measure of structural complexity and proxy indicator of coral cover). Linear regression models, based on median data for sampling site and date, were chosen for this analysis using the untransformed data for coral cover and RFI, as well as a log transformation for fish biomass. Graphical residual assessments and a global test of linear models were carried out to verify the regression models’ assumptions (Pena and Slate, 2006). Regression curves of the prediction lines and 95% Wald confidence bands were plotted using the “visreg” package of the R program (Breheny and Burchett, 2017).



Hurricane Season 2016 and 2017

The impact of Hurricanes Mathew (2016), Irma and Maria (2017) could only be quantified for benthos in ZT1, due to the climatic and logistical conditions occurring in the area just after those events.

To recognize differences in coral cover and RFI, as well as total fish biomass during the period of the hurricanes (September 2016 and September 2017), a strong statistical paired sample test was conducted. In comparison, the values for the indicators mentioned above were used at the site level, considering as dependent samples each of the transects carried out during September 2016 and February 2017. There was no homogeneity of variances or normality, so we chose to perform a Yuend test for difference in trimmed means, considering only values found within the 10th and 80th percentiles of the data distribution. For the test, a 95% confidence level was considered, based on the WRS2 library of the R statistical program (Mair et al., 2016).



RESULTS

In the three outplanting and control sites, 29 species of coral and 41 species of fishes were observed (Table 2). The Scaridae family presented highest abundances, followed by the Acanthuridae family. During the 12 months of study, changes in benthic coverage (Supplementary Table 1), relative coverage of coral species (Supplementary Table 2), and relative biomass of fish species (Supplementary Table 3) were observed across sites, dates, and site-date interactions.


TABLE 2. Coral and fish species observed in the three outplanting sites and control sites.
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Growth, Survival and Annual Productivity

Mean survival of A. cervicornis fragments for the three outplanted sites during the 12-month period was 67.16 ± 13.8%, with a range of 57–83%. During this period, the most common cause of mortality was sedimentation and predation by the fireworm, Hermodice carunculata (Calle-Triviño et al., 2017, 2020). The three outplanted sites’ mean productivity value was 3.53 ± 1.40 cm year–1 (Table 3).


TABLE 3. Annual productivity and survival of Acropora cervicornis fragments in the three outplanted sites.

[image: Table 3]


Analysis of Change in Composition: Benthos, Coral, and Fish Species

Species composition showed a marked differentiation among the study sites considered. This variation was significant for benthic coverage, as well as in coral and fish species. Similarly, the variation in species composition over time was significant in benthic groups, corals, and fish species. The difference in species composition is greater only between zones or only between dates. Within each site between dates there was not statistically significant (Table 4 and Figure 2).


TABLE 4. Variation in species composition between dates, zones and between dates and zones.
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FIGURE 2. Non-metric multidimensional scaling (NMDS) analysis based on groups’ composition: (A) benthos, (B) corals, and (C) fishes in the three outplanted sites and the control site over time.


For benthic coverage composition, all components of the benthos were identified as important contributors between zones, being the abiotic substrate the only coverage value that was not significant. Outplanting sites ZT2 and ZT3 are very similar, while site ZT1 shows stronger differentiation, especially at earlier dates. Throughout time, outplant sites tended to be increasingly similar in their composition (Figure 2). Change in benthic cover composition over time was mainly attributed to increase coral cover, decrease macroalgae, and abiotic substrate in outplanted areas, these types of cover being significant in the temporal change.

Moreover, 13 of the 29 registered coral species were found to contributed significantly to the variation between areas. The most noticeable result in the case of the temporal variation in the composition of coral species, those that presented significant values, were the species A. cervicornis and those belonging to the genus Agaricia spp., observing a general increase of the former (because of the outplanting) and a decrease of the latter (Supplementary Table 2).

Regarding differentiation in fish species composition between zones, six of the 41 species registered was significant (Supplementary Table 3). In fish species the only significant temporal variation was the species S. iseri, which presented a considerable increase especially in the outplanted sites.



Ecological Benefits Due to Outplanting

Analysis of the regression models showed clear ecological benefits due to transplantation, mainly expressed in increased coral cover and increased structural complexity evidenced in the RFI (Figures 3A,B). If we consider date as a descriptive variable in the linear models (Figures 3C,D), the fitting (R2) is very low and not significant (Table 5). However, this increase in habitat complexity and coral cover also reflected in an increase in total biomass for all fish species sampled, especially S. iseri (Figures 3E–H).


TABLE 5. Linear models of the different variables used during 12-months period of study.
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FIGURE 3. Ecological benefits due to outplanting. Considering date as a descriptive variable (A) coral cover, (B) Reef Functional Index (RFI), (C) total fish biomass, and (D) Scarus iseri biomass. considering Coral cover and RFI as a proxy of habitat complexity, reflected increase in (E,G) total fish biomass and (F,H) Scarus iseri biomass.


Coral coverage showed an annual increase of 24.69% ± 5.40% SE in the outplanted sites. This increase in coral cover was directly reflected in an increase in RFI, showing an increase of 0.141 RFI, ± 0.03 SE per year (RFI theoretically ranges from a scale of 0 to ∼1), mainly due to the contribution of A. cervicornis, a species of high functional value (Table 5). In general, it was observed that the ZT1 area presented a lower increase of coral cover, since from the beginning of outplanting events, it was the one that presented the highest values for coral cover (Figures 3A,B).

The relationship between RFI and coral cover with fish biomass showed an exponential increase, expressed from a linear model with a logarithmic transformation of fish biomass (Figures 3E–H and Table 5). The increase of ∼20% of coral cover and 0.15 RFI (∼the 1-year increase in transplant effort) is reflected in an increase of ∼1,100 g/100 m2 in untransformed values of fish biomass. This increase in biomass was also found in the species S. iseri (the only species found to be significantly P permuted < 0.05 in the multivariate GLM). The increase in S. iseri biomass was also exponential related to the RFI and coral cover increase, showing a slightly better adjustment than the total biomass (Table 5) and an increase of ∼200 g/100 m2 in untransformed values of biomass due to an increase of ∼20% of coral cover and 0.15 RFI.

While efforts in the outplanting sites were intensified, RFI increased directly proportional to the increase in percentage of coral coverage. At the same time, the percentage of macroalgae coverage and abiotic substrate available for colonization decreased.



Ecological Costs Due to the 2016 and 2017 Hurricane Season

During the study period, three hurricanes (Hurricane Matthew, 2016; Irma and Maria, 2017) directly impacted outplanted sites and some reefs in the Southeast region of the Dominican Republic (National Hurricane Center, NOAA). The impacts of these hurricanes were reflected in the outplanted sites, finding change in species composition and a significant loss of coverage of 24% for the ZT1 outplanted site (the only one in which the benthos following the impact of hurricanes could be quantified), which occurred between September 2016 and February 1, 2017 (Figures 4A,B). This loss of coverage resulted in a decrease of 0.103 RFI. These results show a significant reduction caused by the Hurricane season (Table 6).


TABLE 6. Ecological cost due hurricanes in three outplanting sites and one control.
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FIGURE 4. Ecological costs due to Hurricane season 2016-2017. (A) Non-metric multidimensional scaling (NMDS) analysis based on species composition in outplanted site ZT1 over time. (B) Change in coral cover over time.


Ecological cost due hurricanes on the fish biomass was not so evident, finding a significant decrease of the total biomass of 1,874.1 g/100 m2 only in the ZT1 site (p-value = 0.030). However, in other outplanted areas, a decrease in biomass was also identified, despite not being statistically significant (Table 6).



DISCUSSION

To our knowledge, this is the first study to explore the restoration of ecological functions at A. cervicornis outplanted sites in the Dominican Republic by including approaches using multiple variables to describe the correlations between the habitats studied (Bayraktarov et al., 2020; Boström-Einarsson et al., 2020; Seraphim et al., 2020). Here, we demonstrate that active restoration efforts result in direct ecological benefits, and help restore ecological function, expressed in the increased coral cover, structural complexity, and fish biomass described in this study.

To understand the relationship between physical structure features and associated fauna, we monitored progression of two habitat descriptors, both structural, over 12 months, and their association with variation in fish abundance, to identify the role that Acropora spp. has in maintaining ecosystem services, not only as a creation of breeding habitats for fish (Darling et al., 2017; Floros and Schleyer, 2017), but also by decreasing the space available for colonization by opportunistic fast-growing organisms, such as algae and/or sponges (Agudo-Adriani et al., 2016; Mora et al., 2016). Furthermore, as in this case, the change in the relative cover between A. cervicornis and Agaricia spp. can be beneficial, considering that our results indicate that with restoration efforts, a change in the increased dominance of A. cervicornis is obtained, which would help to recover previous reef states (O’Dea et al., 2020), as efforts in the outplanting sites increase.

Few studies have tracked the community dynamics of reef organisms after restoration (Opel et al., 2017; Bayraktarov et al., 2020; Boström-Einarsson et al., 2020; Seraphim et al., 2020). The results presented in this study show that the positive effects of restoration are reflected in a temporal variation in benthic cover composition, as well as in coral and fish species composition. They show that with the rehabilitation of a single species (A. cervicornis), the functions of an outplanted site, such as herbivory, are recovered by increasing the total biomass of fish and in particular of the parrotfish S. iseri. In this case although this is a small-scale study we were able to observe positive changes over time while active restoration actions were constantly carried out in these reef patches that are part of an important MPA for the southeastern zone of the country (Shaver and Silliman, 2017; Calle-Triviño et al., 2018, 2020; Cortés-Useche et al., 2018, 2019, 2021).

Increased A. cervicornis coverage may improve the functions of coral reef ecosystems by generating beneficial interactions between species (Shaver and Silliman, 2017), as for example in this case study where it was evident that by performing constant actions of active restoration, such as removal macroalgae when preparing substrate in outplanting sites and by having the surfaces occupied by colonies of A. cervicornis, the abiotic substrate available to be colonized also decreased, which may influence the decrease in the cover of opportunistic species such as sponges, algae mats, macro-algae that can contribute to increased bio-erosion (Yap, 2013). In addition, was increasing structural complexity, which was shown to increase RFI and total fish biomass in the outplanted sites.

Improved A. cervicornis cover provides increased structural complexity and architecture of the ecosystem which, in turn provides a greater number of refuges and feeding grounds for other commercially and/or ecologically important invertebrates (e.g., octopus, lobsters) and of course for reef fish (Cabaitan et al., 2008; Yap, 2009; Schopmeyer and Lirman, 2015; Huntington et al., 2017; Opel et al., 2017; Shaver and Silliman, 2017). Thus, observation of the dynamics of fish communities after transplants is fundamental to understanding the ecology of the system and evaluating the “rapid” contributions of restored sites (Opel et al., 2017; Ladd et al., 2019; Seraphim et al., 2020). Some authors report that outplanting efforts in coral restoration projects cause an immediate change in the ecological function and services of degraded regions of the reef, therefore, they think that restoration influences and in turn facilitates the repair of ecosystem function (Agudo-Adriani et al., 2016; Lirman and Schopmeyer, 2016; Opel et al., 2017; Shaver and Silliman, 2017). However, of the more than 200 cases on coral restoration in published scientific literature, whose objectives were primarily aimed at assessing recovery of ecosystem functions, appropriate metrics were not used to assess project success in relation to that objective (Boström-Einarsson et al., 2020).

In the case of fishes, although the temporal variation is significant, it is not as strong as the two components mentioned above (coral cover and structural complexity), in this variation there is a considerable increase in the S. iseri species. We therefore suppose that this particular species has a strong association with A. cervicornis. Nevertheless, this is only the first result derived from a small-scale experiment. It is worth mentioning that S. iseri is a species that benefits when there is a high connection between habitats, as in the case of mangroves, sea grasses and coral reefs (Mumby et al., 2004; Harborne and Mumby, 2018), these three ecosystems are present in the study area within < 1 km distance from each other. The presence of these three together may contribute to the recruitment of S. iseri. Our results suggest that A. cervicornis may be an optimal habitat that can facilitate the reintroduction of S. iseri, and it is likely that this fish species is a good indicator of improved fish recruitment conditions as a function of habitat improvement. Considering that this fish is associated with highly complex reefs, it is probable that increasing RFI will be reflected in increased S. iseri due to increased habitat availability.

Our results suggest that through active restoration, positive outcomes in reef health are seen. Over short periods of time, this recovery does not equate to sustained recovery of the ecosystem, particularly since events such as El Niño, warming events (which can associate pathogenic microorganisms and disease outbreaks), increased acidification, among others, are becoming more frequent thus reducing recovery time (Hughes et al., 2018; Goergen et al., 2019). The assessment conducted here indicates that after the hurricanes, although there was a decrease in fish biomass, the loss would probably have been greater without restoration efforts (Figure 5). It would be important to observe these analyses when transplanting with other reef-building species such as those of the Orbicella complex, which have different functional traits, and to use different indicators that can provide a proxy for the changes that can be observed at the ecosystem level.


[image: image]

FIGURE 5. Conceptual model. Species restoration induces habitat rehabilitation, increasing coral cover, RFI, and biomass in this particular case study of Scarus iseri. Damage from storms or hurricanes would be even greater if no active restoration efforts were undertaken. Continued active restoration efforts will improve the ecological health of coral reefs.


These results offer a hopeful glimpse into the return of certain ecosystem functions with sustained reef restoration of A. cervicornis. It will be necessary to monitor the changing ecology of restoration projects long-term to further validate the longevity of these results. While the standard biological metrics of restoration efforts should continue (such as survival and growth of the transplanted corals), this study indicates the functional ecology must also be monitored (Goergen et al., 2020).

This study represents an important advance in the restoration of Caribbean coral reefs, which have been exposed to various impacts that have resulted in significant losses in their coverage, structural complexity and considerable loss of fish biomass (Gardner et al., 2003; Arias-González et al., 2017). Besides, it highlights the importance of restoration and active conservation measures for coral reefs.

This study emphasizes the relevance of using ecosystem-level scales of analysis to describe correlations between fish communities and habitat to identify important changes in coral reef function and resilience (Graham and Nash, 2013), and their potential positive effect on coral reef systems. Furthermore, the importance of continuing to increase scientifically based active restoration efforts in the southeast region of the Dominican Republic and to continue to demonstrate the effectiveness of restoration within MPAs.
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