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Recovery of the Caribbean long-spined sea urchin Diadema antillarum from the pathogen-induced mass mortality event of 1983 has been slow and variable. Multiple studies indicate that post-mortality population densities are greatest in sheltered lagoon and back reef habitats, and that recovery is limited on forereefs where pre-mortality densities were also high (Miller R. J. et al., 2003; Van der Hal, 2005; Debrot and Nagelkerken, 2006; Steiner and Williams, 2006; Vermeij et al., 2010). We carried out detailed surveys of a recovering population of D. antillarum in Curacao to document an ongoing influence of habitat type on population density, and to explore what ecosystem characteristics might drive observed recovery patterns. We quantified D. antillarum population density, larval settlement rates, herbivorous fish biomass, algal turfs, macroalgae, and predatory fish biomass in sites with and without structural complexity on reefs in sheltered lagoon and backreef locations, and on the forereef, using an orthogonal survey design. D. antillarum densities were greatest in sheltered lagoon and backreef locations, with high structural complexity. However, densities were significantly lower than those reported prior to the mass mortality event. Larval settlement rates were greater in sheltered lagoon and backreef locations but did not fully account for observed patterns in urchin density. Sheltered lagoon and backreef habitats had more turf algae and fewer herbivorous fish than forereef habitats. Predator abundance was generally low and did not differ significantly among habitat types. In light of our results, we hypothesize that patterns of D. antillarum recovery in Curacao are consistent with dynamics expected in the presence of density-dependent habitat selection. More algal resources and fewer herbivorous fish provide a mechanism for increased fitness and habitat suitability in sheltered, lagoon, and backreef habitats. Forereefs, by contrast, offer reduced habitat suitability and, we hypothesize, will only be re-colonized once the carrying capacity of more favorable habitats is exceeded. We propose a number of testable predictions to explore this theory further, and advocate for including sheltered lagoon and backreef habitats in D. antillarum population surveys to monitor recovery, as well as protecting populations found in these habitats where necessary. We predict that when current populations return to pre-mortality densities, range expansion may allow for a return of D. antillarum to Caribbean forereefs.
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INTRODUCTION

The long-spined sea urchin Diadema antillarum is a keystone species on Caribbean coral reefs, and its grazing and bio-eroding behaviors act as a significant structuring force on the benthic community (Sammarco, 1982a). In 1983 a mass mortality event greater than any other recorded for a marine species, reduced D. antillarum populations by more than 95% across its entire range (Lessios et al., 1984; Lessios, 1988a). In the decades that followed, Caribbean coral reefs exhibited significant declines in health, specifically overgrowth of fleshy macroalgae and reduced live coral cover (Carpenter, 1985, 1990a; Gardner et al., 2003). The mortality of D. antillarum was not the only cause of this so-called phase shift. The region also suffered disturbance from storms (Bries et al., 2004), bleaching events (Aronson et al., 2002), coral disease and overfishing (Aronson and Precht, 2000) during this time. However, the return of D. antillarum has been demonstrated to reduce macroalgae, free up bare substrate and promote coral recruitment (Edmunds and Carpenter, 2001; Carpenter and Edmunds, 2006). As a result, D. antillarum population recovery is of great interest to coral reef managers and is widely considered to be an important and positive mechanism to promote reef recovery.

Population recovery of D. antillarum has been slow and variable, both at regional (Chiappone et al., 2002; Lessios, 2005; Carpenter and Edmunds, 2006), and local scales (Lessios, 1988b; Edmunds and Carpenter, 2001; Cameron and Brodeur, 2007). Our understanding of the biological processes and ecosystem characteristics driving recovery dynamics are limited, and our attempts to manage and promote it, have been largely unsuccessful (Miller M. W. et al., 2003; Nedimyer and Moe, 2003; Dame, 2008). Here, we carried out an extensive field study on the Caribbean island of Curacao, one of few locations demonstrating signs of D. antillarum recovery in recent years (Debrot and Nagelkerken, 2006; Vermeij et al., 2010). D. antillarum populations in Curacao are patchy, and previous research on the island, prior to, and since the mass mortality event (Bak et al., 1984; Teenstra, 1986; Debrot and Nagelkerken, 2006; Vermeij et al., 2010), makes it an ideal location for studying recovery patterns, spatial distributions, and the fine-scale processes and ecosystem characteristics that are responsible for driving them. Pre-mortality population densities in Curacao were much the same as those reported elsewhere in the region, ranging from 3 to 20 individuals per square meter (Bak and Vaneys, 1975; Bauer, 1980; Bak, 1985), and though densities were variable in space [specifically being far fewer on the exposed windward shore and the isolated eastern point of the island (Bak, 1985)], D. antillarum were found in all major habitats from shallow and deep coral reefs (Bak and Vaneys, 1975; Bauer, 1980; Bak et al., 1984) to inland bays (Teenstra, 1986). Disease hit the population on October 6th 1983 and spread to affect the entire island during the following weeks, causing population decreases between 98 and 100% (Bak et al., 1984). The loss of D. antillarum in Curacao, like elsewhere, preceded a significant increase in fleshy and filamentous algae on shallow reefs (Vansteveninck and Bak, 1986) and a significant decrease in bio-erosion and structural complexity (Bak et al., 1984).

In 2002, an extensive survey was carried out to document spatial patterns in D. antillarum recovery in Curacao (Debrot and Nagelkerken, 2006). Surveys were carried out during daylight hours, and focused on distinct habitat types at different depth gradients; exposed and sheltered reefs and natural and artificial lagoons. In 2005, surveys were carried out under a similar design, examining recovery in deep and shallow water at exposed and sheltered sites (Van der Hal, 2005). These studies showed that population densities overall on the island remained at least an order of magnitude lower than pre-mortality estimates and that recovery was restricted almost entirely to shallow, sheltered habitats. Very few sea urchins were encountered on the forereef or in deeper water where they were previously ubiquitous (Bak and Vaneys, 1975; Bak et al., 1984).

A number of hypotheses have been put forward regarding the biological processes and ecosystem characteristics that prevent D. antillarum population recovery. These include larval limitation (Lessios, 1995), reduced larval settlement (Bak, 1985), a reduction in habitat structural complexity, and predation refugia (Lee, 2006; Alvarez-Filip et al., 2009), increased competitor (herbivorous fish) abundance (Carpenter, 1985) and macroalgal overgrowth (Bak, 1985). The question addressed in this study is whether variability in these characteristics is responsible for the spatial patterns of recovery observed in Curacao over recent years. We specifically investigate the prevalence, and population growth of urchins in sheltered lagoon and back-reef habitats, and their scarcity on the forereef. We contribute additional data to a time series of D. antillarum surveys that confirm the ongoing recovery pattern and present new data indicating potential mechanisms for increased suitability of sheltered habitats to D. antillarum fitness. We discuss our findings in context of the theory of density dependent habitat selection. The theory states that a dynamic population which has not reached carrying capacity will occupy habitats in an order determined by habitat suitability, i.e., habitats which offer characteristics that increase fitness are occupied first, but as population density increases, intraspecific competition for resources and space drives a reduction in the perceived suitability of these habitats and as a result, the range of the population expands (Fretwell and Lucas, 1969; Fretwell, 1972; MacCall, 1990).

METHODS

Detailed surveys of the established D. antillarum population of Curacao were carried out between May 25th and August 27th 2010. Table 1 summarizes the hypotheses tested and the data collected. All activities carried out within the scope of the study were non-invasive, did not involve endangered, or protected species, and did not require specific permission or permits. Table S1 in the online supplementary material provides all of the data presented and discussed in this paper.

Table 1. Summary of the hypotheses tested, data used, and models fitted.

[image: image]

Study Sites

Surveys were carried out along the southern leeward shore of Curacao at 20 sites spanning ~50 km (Figure 1). Table S2 in the Online Supplementary Material provides details of individual study sites with GPS coordinates. Study sites were selected non-randomly to reflect an orthogonal design allowing us to partition the influences of habitat type (sheltered lagoon or back-reef versus fore-reef) from habitat complexity (complex versus low-relief). Habitats were selected for compatibility with earlier recovery surveys on the island (Debrot and Nagelkerken, 2006). Sheltered lagoon and backreef habitats (hereafter referred to as sheltered habitats) were hard-bottom and rubble substrates located within or close to natural or artificial bays, while forereef habitats were located on the fringing reef, close to the drop-off zone. Complex and non-complex habitats were selected based on an initial visual assessment, where complex habitats were dominated by structures with relief >20 cm, and non-complex sites were dominated by low-relief hard substrate including rubble. Rugosity was measured at each site to confirm the clear distinction between habitat types (complex = 1.7 ± 0.08, non-complex = 1.2 ± 0.02, F = 17.5, df = 18, p < 0.001). Given prior knowledge that shallow depths are preferential habitat for recovering populations of D. antillarum (Carpenter and Edmunds, 2006; Debrot and Nagelkerken, 2006), all surveys were conducted at depths of 6 m or less. Breakwater habitats were also included as structurally complex, forereef sites in shallow water. At each survey site, transects 25 m long by 4 m wide were established and marked (n = 3). For each treatment group (sheltered low-relief, sheltered complex, fore-reef low-relief, and fore-reef complex), there was a minimum of three survey sites.
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FIGURE 1. Map of Curacao showing the 20 survey locations on the leeward shore. *Depicts locations where larval settlement plates were deployed.



Sea Urchin Census

Sites were surveyed for population density during daylight hours (0800–1700). Counts were made of all urchins encountered along belt transects and converted to densities per square meter. The time taken to carry out searches was dependent on the nature of the habitat, with more complex environments requiring longer search times to ensure that all urchins were identified. Urchin sizes were estimated to the nearest 5 cm, but because D. antillarum smaller than 10 mm in test diameter are notoriously difficult to survey in the field during the day (Bak, 1985), they were excluded from analyses.

Larval Settlement Rates

To estimate larval settlement rates of D. antillarum, settlement plates were constructed following the design of Bak (Bak, 1985). Each plate consisted of two sheets of plastic egg crate measuring ~60 cm by 30 cm, with a sheet of white plastic sandwiched between. Settlement plates were pre-conditioned in seawater for a minimum of seven days prior to deployment to allow for the colonization of a natural biofilm. Plates were deployed at 15 of the 20 survey sites between May 25th and June 11th (n = 3 per site, see Figure 1 for locations of settlement surveys), the subset being determined by logistical and financial constraints. Deployment of settlement plates was timed in advance of the predicted summer spawning peak in June and July (Bak, 1985), and the order of deployment and monitoring was randomized between habitat types. Plates were attached to the substrate by a buoyed rope 10 cm above the substrate to ensure that recruits settled from the water column rather than migrating from the substrate (as in Miller et al., 2009). Settlement plates were first checked 2 weeks following their deployment, ensuring that they had been in the water for a total of 3 weeks to obtain the optimum level of bio-fouling for D. antillarum larval settlement (Bak, 1985; Vermeij et al., 2010). Plates were checked at approximately monthly intervals over a 3-month period. On each check, all D. antillarum discovered were counted and removed. An average rate of settlement based on all three collections was calculated and taken forward for further analyses.

Reef Fish Abundance

The fish species targeted in surveys included the 15 top predators of D. antillarum identified by Randall (Randall et al., 1964) along with additional species (mainly wrasses) proposed to be D. antillarum predators (pers. comm., Mark Vermeij, Curacao 2010), and common herbivorous species which act as resource competitors (Hay and Taylor, 1985). Fish counts were made along belt transects (25 m long by 4 m wide) using visual census. A trained SCUBA diver conducted an initial swim, at a speed of ~5 m per minute to record large, mobile species. This was the first activity carried out, to ensure that fish were not disturbed before they could be counted. A second swim was then made to record all site-attached or cryptic species. All fish lengths were estimated to the nearest 5 cm and converted to biomass densities using allometric relationships (Bohnsack and Harper, 1988).

Turf Algae Growth

Settlement plates were used not only to quantify D. antillarum settlement rates, but also to provide a proxy for the variation in turf algae growth between sites. After a period of 8 weeks in the water, photographs of settlement plates were taken, and analyzed using the software package Coral Point Count with Excel extensions (CPCE; Kohler and Gill, 2006). Turf algae was identified using the definition that it is “1–10 mm thick, often interspersed with sediment and comprising various species of diatoms, blue-green algae, and simple filamentous representatives of Phaecophycophyta and Rhodophycophyta” (Carpenter, 1981). Percent cover of turf algae was estimated based on 100 random points overlaying a total area of 864 cm2 from two pictures, one on either side of each settlement plate. This measure reflects net turf algal abundance and takes into account the confounding influence of grazing by herbivorous fish, but not by resident urchins that could not access plates in mid-water.

Macroalgal Abundance

Percent cover of macroalgae was estimated in 25 randomly distributed 0.25 m2 quadrats along each transect during August 2010. Quadrats were divided into 25 squares (each representing 4% of the total cover) and the number of squares dominated by fleshy macroalgae was recorded. Results were scaled up to represent percent cover within a transect and percentages were then averaged to give a mean percent cover per site.

Statistical Analyses

Averages of all response variables were taken at the level of site and taken forward in analyses. Many responses were continuous, but commonly included zeroes. For example, D. antillarum, predatory fish and herbivorous fish counts are expressed as population densities, but include instances where there were no individuals. Variables such as these are not well described by common probability distributions, normal, poisson, or gamma, so were instead described by a Poisson-gamma distribution. We used the statistical computing program R, with the package “Tweedie” to estimate probability distributions and fit generalized linear models (GLMs). In line with the factorial experimental design, models were fitted to allow for differences between habitat type (sheltered and forereef) and substrate type (low-relief and complex), as well as interactive effects between these attributes. Results reported relate to the minimum adequate model that is also given in Table 1.

RESULTS

Population Recovery and Distribution

Across the 20 sites surveyed on the leeward coast of Curacao, D. antillarum densities varied from 0 to 3.35 m−2. In relation to habitat type and habitat complexity, D. antillarum population densities were significantly higher in sheltered habitats (1.18 ± 0.45), than on forereefs (0.05 ± 0.02, p < 0.01, df = 19) and also on complex (0.63 ± 0.29) vs. low-relief (0.10 ± 0.09) substrate (p < 0.01, df = 19), with no interaction (Table 2; Figure 2A, error bars represent 95% confidence intervals). Combining our data with density measurements from past studies in Curacao, we demonstrate that (i) Current population densities remain significantly lower than pre-mortality densities, in any habitat type, indicating that populations are not close to carrying capacity, and (ii) recovery is progressing more quickly in sheltered habitats than on the forereef (Figure 2B, error bars represent ± 1 standard error).

Table 2. Summary of statistical analyses from the study of D. antillarum populations and associated population dynamic drivers in Curacao in 2010.
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FIGURE 2. (A) D. antillarum populations in Curacao in relation to habitat type and substrate structural complexity. Error bars represent 95% confidence intervals and appear absent in forereef locations due to extremely small numbers. (B) Densities of D. antillarum in sheltered and fore-reef habitats in Curacao, prior to the mass mortality event, indicating carrying capacity, and at three survey intervals post-mortality; 2002 data from Debrot and Nagelkerken (2006), 2005 data from Van der Hal (2005), and 2010 data from this study. Error bars represent one standard error, and are absent for pre-mortality data in sheltered locations due to a lack of available data.



Larval Settlement and its Relation to Population Density

D. antillarum larval settlement was variable in space, with significantly higher rates observed in sheltered habitats (0.86 ± 0.28) vs. forereef (0.24 ± 0.12) locations (p = 0.05, df = 14, Table 2; Figure 3). We did not test for a response in larval settlement to habitat structural complexity because larvae settling on uniform settlement plates will not be influenced by substrate complexity. Our results suggest that sheltered habitats may have higher larval retention or increased larval production. However, there was no significant correlation between larval settlement and population density, which implies that post-settlement processes, including post-settlement survivorship, are also important.


[image: image]

FIGURE 3. D. antillarum larval settlement rates in sheltered and fore-reef habitats in Curacao. Error bars represent 95% confidence intervals.



Ecological Factors Influencing Post-Settlement Fitness

Examining fish communities, macroalgal cover, and turf algae in sheltered and forereef habitats with and without structural complexity we found that (i) sheltered habitats had fewer herbivorous fish (3.90 ± 1.04 vs. 17.19 ± 4.68, p < 0.001, df = 19), more turf algae growth (31.11 ± 8.71 vs. 2.98 ± 1.32p < 0.001, df = 14), and higher macroalgal cover (25.72 ± 6.06, vs. 7.13 ± 1.95, p = 0.01, df = 19), but no difference in predator abundance; and (ii) structural complexity was not related to predators, herbivorous fish, macroalgal cover, or turf algae (Table 2; Figures 4A–D, error bars in figures represent 95% confidence intervals).
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FIGURE 4. The ecological factors hypothesized to influence D. antillarum post-settlement fitness (A, predators; B, herbivore competitors; C, turf algae on settlement plates; and D, macroalgae). Error bars represent 95% confidence intervals.



DISCUSSION

The spatial distribution of D. antillarum populations in Curacao in 2010, when combined with survey data from previous years (Debrot and Nagelkerken, 2006; Vermeij et al., 2010), support the conclusion that recovery is largely restricted to sheltered lagoon and backreef habitats. The same pattern has also been documented elsewhere (Miller R. J. et al., 2003; Steiner and Williams, 2006). In this study, we set out not only to document this continued trend in Curacao, but also to explore the processes likely to drive the pattern and shed light on why D. antillarum continue to be scarce on the forereef where they were once prevalent. Our data allowed us to decouple the effects of habitat type and habitat complexity, demonstrating that each is a driver of D. antillarum abundance. We then examined differences in larval settlement rates, and ecological factors influencing post-settlement recruitment and survival among distinct habitat types.

The Role of Larval Settlement

D. antillarum larval settlement rates and population densities were both greater on average in sheltered versus forereef habitats in Curacao. However, tests for a direct correlation between larval settlement rates and population density were non-significant. It was not possible within the realm of this study to ascertain whether sheltered habitats have higher larval settlement rates due to larval retention or higher production, or whether established populations provide increased settlement cues. Further studies of larval supply and settlement dynamics are important for our understanding of D. antillarum recovery, with a key remaining question being, to what extent larval supply and larval retention drive population abundances? In our study, the non-correlation between larval settlement and established populations implies that larval supply is not limiting, and post-settlement processes are also important in determining observed spatial distributions of D. antillarum.

Favorable Characteristics of Sheltered Locations

On average, we found that sheltered habitats in Curacao had fewer herbivorous fish, higher amounts of algal turf growth, and higher percent cover of macroalgae than exposed fore-reef habitats. Turf algae are the food of choice for D. antillarum (Carpenter, 1981), and represent an informative measure of resource availability. Elevated algal turf growth on settlement plates in sheltered habitats might be attributable to enriched nutrient supply from inland bays or industry on the shore, because these sites are all located closer to shore and to inland bays than forereef habitats. Quantifying differences in nutrient supply between these habitats is an important next step. It is interesting to note, however, that prior to the 1983 mass mortality event, both Bauer (1980) and Ogden and Carpenter (1987) reported that D. antillarum population densities were highest in nutrient enriched locations, close to sewage outlets that had elevated levels of algal growth. Furthermore, Furman and Heck (2008) noted that D. antillarum were seen to migrate onto nutrient enriched treatment patches in their study, suggesting that they are capable of detecting cues from nutrients or from algae, and that they show an active preference for such cues. Our results lend support to both of these studies, raising the possibility that D. antillarum in Curacao favor sheltered lagoon and backreef habitats because they are have more resources. There is, of course, also an interacting influence of herbivory from fish, which were not excluded from grazing settlement plates. Lower herbivorous fish abundance at sheltered locations raises the possibility that interspecific competition plays a role in determining observed distribution patterns. Herbivorous fish can graze just as much, if not more, algae or seagrass than D. antillarum (Hay, 1984; Carpenter, 1985; Furman and Heck, 2008) and have the potential to act as resource competitors (Hay and Taylor, 1985; Carpenter, 1990b). Whether we consider algal turf growth and herbivorous fish abundance independently or in combination, we find that increased resource availability and reduced resource competition are each potential mechanisms for increased suitability of sheltered habitats for D. antillarum in Curacao.

Increased macroalgal cover in sheltered habitats where D. antillarum population densities were greatest is somewhat counter-intuitive given the widely reported negative correlation between D. antillarum population density and macroalgal abundance due to the impact of grazing (Carpenter, 1986; Hunte and Younglao, 1988; Edmunds and Carpenter, 2001). However, population densities of D. antillarum in Curacao in 2010, even at their highest, were still relatively low. The relationship between urchin density and macroalgal abundance is non-linear, such that macroalgae are only significantly reduced when urchin densities equal or exceed around one individual per square meter (Mumby et al., 2006). Only a handful of locations in Curacao in 2010 had population densities in excess of one individual per square meter, which may explain this result. What is interesting is that our result conflicts with the hypothesis that macroalgae have a negative impact on D. antillarum larval settlement (Bak, 1985). The hypothesis was put forward by Bak (1985) when he noted reduced settlement rates in locations lacking urchin populations. He did not design his study to determine the mechanism for the difference, but rather suggested that it could be attributable to the build-up of filamentous algae on settlement plates. There have been relatively few other studies of D. antillarum settlement in general (but see Miller et al., 2009) and none designed specifically to test the hypothesis. Williams et al. (2011) found that algal “fouling” of settlement plates in their study in Puerto Rico had no significant impact on D. antillarum settlement, and Levitan et al. (Levitan, 1988a) found no evidence for increased juvenile recruitment to locations grazed by urchins. Further work is needed to thoroughly test the effect of macroalgae on D. antillarum settlement and survival, but our study suggests that, in Curacao at least, macroalgal cover does not have a negative impact on D. antillarum recovery.

The Importance of Structural Complexity

D. antillarum densities were greater in Curacao in locations with high structural complexity, and this pattern held true even in forereef locations where densities were generally low. This is not surprising given that D. antillarum spend most of their time dwelling within crevices during the day to avoid diurnally hunting predators and will abandon areas lacking refugia if a predation risk is perceived (Carpenter, 1984). Positive correlations have been documented between urchin abundance and habitat complexity (Weil et al., 1984), and their survival and persistence following translocations are greatly increased when predation refugia are provided (Dame, 2008). Our experimental design allowed us to decouple the importance of refugia from other confounding ecosystem characteristics that might differ as a result of habitat complexity. We found that structurally complex habitats did not offer any other favorable ecosystem characteristics, when compared to low relief habitats. There was no difference in algal turf growth, herbivorous fish abundance, macroalgal cover, or predator abundance. The result reinforces the importance of structural complexity for D. antillarum recovery; when all else is equal, urchins do better in habitats with high structural complexity. Given that predator abundance did not differ between habitat types in Curacao, it is likely that habitat complexity is key in mediating predation risk for D. antillarum, and lower population densities of urchins in low-relief habitats can be attributable to an increase in actual predation mortality in the absence of refugia. Identifying shallow reef habitats with high structural complexity along the shore of Curacao was not easy, and coral reefs globally appear to be losing their structural complexity (Alvarez-Filip et al., 2009). This could be a real concern for widespread D. antillarum recovery in light of our results. It raises the question of whether Caribbean reefs have changed so much in the past decades that their habitat suitability to D. antillarum has reduced.

Evidence for Density-Dependent Habitat Selection

We propose that the D. antillarum distribution patterns observed in this study, when combined with temporal data (Van der Hal, 2005; Debrot and Nagelkerken, 2006), and observed differences in ecosystem characteristics between habitat types, are in line with expectations from the theory of density-dependent habitat selection (see Fretwell and Lucas, 1969; Fretwell, 1972; Morris, 1989; Shepherd and Litvak, 2004). Our data elucidate potential mechanisms by which sheltered, lagoon, and backreef habitats confer higher levels of fitness on D. antillarum than forereefs. Sheltered habitats have increased turf algae and decreased herbivorous fish, which may translate to increased resource availability. We propose that this difference in habitat suitability is driving the D. antillarum population, which has not yet reached carrying capacity in any habitat type (see Figure 2B), to occupy sheltered lagoon and backreef habitats preferentially. Furthermore, given the observed patterns in larval settlement, we identify a mechanism by which this habitat choice is being made. In line with the theory, we predict that only when carrying capacity in sheltered locations has been reached will the populations' range expand to the forereef. Figure 5 shows a graphical representation of the density-dependent habitat selection hypothesis in relation to sheltered and forereef habitats. The mechanism, by which increasing population density will lead to a decline in the quality of sheltered habitats in future, i.e., grazing impact on algae, is well documented. High population densities of D. antillarum can rapidly deplete algal resources (Sammarco et al., 1974; Sammarco, 1982a,b) and as resources become limited, D. antillarum shrink in body size (Levitan, 1987, 1988b, 1989). Gamete production is positively correlated with body size (Levitan, 1991), and thus high population density will eventually lead to a reduction in reproductive fitness. Furthermore, D. antillarum are mobile and able to actively select favorable habitats on the scale of tens of hundreds of meters (Lessios et al., 2001). We therefore conclude that there is both pattern and process evidence for a role of density-dependent habitat selection in the recovery dynamics of D. antillarum. A number of testable predictions would lend additional support to this hypothesis and improve our understanding of the recovery dynamics of D. antillarum: (i) The fitness of D. antillarum is higher in sheltered, vs. forereef locations under current conditions; (ii) Resources for D. antillarum are limited in Curacao (and perhaps elsewhere) in forereef habitats; and (iii) D. antillarum larvae can detect and respond to resource availability and preferentially settle in favorable habitats.
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FIGURE 5. A graphical representation of the Basin Theory of density dependent habitat selection showing how alternative habitat types are occupied depending on overall population size. Habitat suitability and per capita growth rate increases downwards and the irregular, basin-shaped curve represents a continuous topography of habitat suitability where A and B are examples of habitat types. Dashed lines represent population size and carrying capacity, K is reached when per capita growth rate becomes zero. Figure recreated from MacCall (1990).



Implications for Management

With respect to management and promotion of D. antillarum recovery, we advocate measures to monitor and protect locally dense wild populations, even though they may exist in bays, backreefs, and other “undesirable” locations where their grazing function is not perceived to be important. We recommend including more of these habitat types in population surveys and protecting populations found in them where necessary. In addition, given the observed ubiquitous benefit of complex over non-complex substrates for D. antillarum, the protection, and/or restoration of structural complexity in shallow sheltered and forereef habitats is likely to be essential for widespread population recovery.
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