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Abstract

:

Organisms that modify the availability of abiotic resources for other species can alter the structure and function of ecological communities through multiple pathways. In Florida Bay, red grouper (Epinephelus morio) engineer habitats by excavating sediment and detritus from karst solution holes and are also predators that consume a variety of benthic crustaceans and fish, some of which colonize engineered habitats. The effect of red grouper on these communities is complex as colonizing species interact with red grouper in different ways, including both direct (e.g., predator–prey) and indirect interactions. Here, I present the results of an experiment designed to test the direct effects of red grouper on faunal communities associated with Florida Bay solution holes by excluding red grouper from solution holes for four weeks. Red grouper presence generally had positive effects on the abundance, richness, and diversity of faunal communities associated with engineered habitats. Few strong interactions were observed between red grouper and colonizing species, mainly juvenile coral reef fishes. These results suggest that by acting as both a predator and habitat engineer, red grouper shape unique communities, distinct from those of surrounding areas, and influence the composition of communities associated with manipulated habitats.
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1. Introduction


Habitat-modifying species generally have positive effects on the diversity of the biotic communities that are associated with those habitats [1,2]. This is true for those species that create habitat as a function of their presence (foundation species or autogenic ecosystem engineers), and for species that modify habitats mechanically (allogenic ecosystem engineers) [3,4]. Often, the net positive effect of habitat engineers on local species diversity accrues through changes in habitat availability, where engineers create or modify habitat, allowing more species to persist in a given area [1]. Because species diversity is strongly associated with community and ecosystem function, engineers that modify the availability of habitat for other species play critical roles in maintaining both the diversity and function of ecosystems [5,6,7]. The mechanisms by which habitat engineers affect local species diversity are mainly indirect: The engineer species modifies a habitat for its own purposes and in the process indirectly alters the availability and types of resources for other species. Many engineer species, both terrestrial and marine, are known to modify habitats by digging pits or burrows which are used by other species. On land, gopher tortoises (Gopherus polyphemus), native to xeric habitats in the southeastern US, dig burrows that function as shelter for at least 60 species of vertebrate and 300 species of invertebrate animals [8,9]. In the ocean, golden tilefish (Lopholatilus chamaeleonticeps) have been documented excavating burrows that are colonized by other fishes and crustaceans [10].



Conversely, predatory fish generally have negative effects on the local species diversity of biotic communities [11,12,13,14]. These effects can be particularly strong on young fishes that have recently settled to benthic habitats following their larval planktonic stage, usually referred to as recruits, and that are highly vulnerable to predation immediately following settlement [15,16]. Fish predators can also have negative effects on the abundance and diversity of benthic invertebrate prey [14,17]. The negative direct effects of marine fish predators on species diversity are in turn modified by those factors that alter the density of prey, such as habitat complexity [18,19], or that alter the density of predators, such as fishing [20,21]. In contrast, some marine predators can have positive indirect effects on the local species diversity of biotic communities. Classic examples include the ochre sea star (Pisaster ochraceus) and the sea otter (Enhydra lutris), both of which enhance species diversity through predation. In rocky intertidal systems, predation by P. ochraceus reduces the density of a competitively dominant mussel (Mytilus californianus), thereby reducing competition for space and allowing for a more species-rich assemblage of intertidal settlers [22,23]. In kelp forest communities in the northeastern Pacific, predation by sea otters on urchins (Strongylocentrotus polyacanthus and S. franciscanus) reduces herbivory on macroalgae that create important shelter, substrate, and food sources for the species-rich kelp forest community [24,25,26]. In both examples, the positive effects of the predator accrued via indirect species interactions between the predator and the biotic community. Removal of the predator resulted in altered biotic communities at a scale beyond what was predicted based solely on the abundance of the predator; when keystone predators recolonized the area, the ecosystem reverted to its initial state [27].



Species play multiple roles within ecosystems, and a species that both engineers habitat and also predates upon colonizers of those habitats would advance the understanding of how ecological engineers affect ecosystems. One such species, the red grouper (Epinephelus morio), is a large-bodied predatory fish that modifies habitat by excavating sediment and is also a predator that consumes some of the individuals that colonize modified habitats [28,29]. Because they act as both habitat engineers and predators, the cumulative effects of red grouper on the ecosystem diversity and function will be complex as they interact with species in different ways. In Florida Bay, the benthic habitat is comprised of mostly seagrasses with occasional patches of exposed karst limestone pockmarked with complex sub-benthic crevices known as solution holes. Red grouper excavate sediment and detritus from these solution holes, thereby increasing the amount of habitat available to itself and other organisms [28]. Florida Bay solution holes may be particularly important for some species like the Caribbean spiny lobster (Panulirus argus) that use crevice shelters as daytime refuge [30]. Diet studies of red grouper have consistently found that about 80% of stomach contents consisted of decapod crustaceans, with cephalopods, amphipods, stomatopods, and demersal fishes (e.g., toadfishes, gobies, blennies, and cardinalfishes) making up the remaining 20% [31,32,33,34,35,36]. Some species commonly found in Florida Bay solution holes are also preyed upon by red grouper, including Caribbean spiny lobsters, majid crabs (Mithrax spp.), and toadfish (Opsanus spp.) [29].



A previous study of Florida Bay solution holes found that the abundance of fishes was greater in solution holes occupied by red grouper, and these communities were more species rich compared to those found in surrounding habitats [28]. This pattern could result from facilitative species interactions, such as those mediated by changes in resources (e.g., habitat availability), or through behaviorally-mediated indirect interactions (BMIIs), each of which are known to enhance local species diversity [2,21,37,38]. Red grouper are generally solitary and often display aggressive territorial behaviors toward conspecifics and other large-bodied fishes near solution holes, which may potentially disrupt the predation ability of colonizing predators [39,40]. Thus, red grouper can affect individual species within solution-hole-associated communities via habitat manipulation, predation, or by altering the behaviors of predatory colonizers. The enhancing effect of red grouper on local species diversity found previously suggests that, at the community-level, facultative species interactions (including via habitat modification) between red grouper and solution-hole-associated communities may outweigh the direct effects of red grouper predation. The importance of each interaction type will vary by species, as those species affected by changes in habitat availability will likely differ from those affected by predation from red grouper.



The effort to disentangle the various pathways by which species colonizing solution holes interact with red grouper will require a combination of observational and manipulative experiments. The primary goal of this study was to investigate the direct effects of red grouper on the faunal communities associated with excavated solution holes in Florida Bay by measuring the effects of red grouper presence at the community, functional group, and individual species levels. By assuming that the effects of red grouper as habitat engineer versus predator on solution hole faunal communities will occur over different time scales, a short-term manipulative experiment allowed me to isolate the direct effects of red grouper predation and agonistic behaviors on communities from the indirect effects that occur via changes in habitat availability. Red grouper were experimentally excluded from some solution holes to estimate the direct effects of red grouper presence on biotic communities over a period of days to weeks. These results were then compared to those from a multi-year observational study of solution hole habitats that was conducted concurrently and that estimated the cumulative effects of red grouper habitat manipulation on solution-hole-associated communities [29]. By comparing the results of the short-term experiment with a longer-term observational study, my goal is to more fully describe the role of red grouper in shaping these communities and to measure the various interactions that occur between red grouper and species that colonize modified solution holes.




2. Materials and Methods


2.1. Experimental Design


During the summers of 2011 and 2012, the effect of red grouper presence was tested on faunal communities associated with solution holes located in southwestern Florida Bay (Figure 1). A total of 24 solution holes were used across the two years. All solution holes used in the study were in water less than 4 m in depth (range = 2.4 to 3.7 m depth). This part of Florida Bay is characterized by patches of seagrasses, mainly Thalassia testudinum and Syringodium filiforme, interspersed with areas of exposed limestone hardbottom that is colonized by sponges and corals and pockmarked by solution holes. The solution holes surveyed for this study varied in areal size from 1.69 to 6.99 m2 (mean solution hole area ± standard error (SE) = 4.44 ± 0.37). Most holes had multiple openings with one or few deeper parts that were excavated by the red grouper. The maximum excavated depth of the solution holes surveyed for this study ranged from 26 to 77 cm deep (mean excavated depth ± SE = 45.8 ± 2.70). Prior to the start of the experiment in each year, a total of 35 solution holes were surveyed to determine occupancy by red grouper: In 2011, 26 of the 35 holes were occupied by a red grouper; in 2012, red grouper occupied 24 of the 35 holes. I randomly selected 14 sites with red grouper in 2011 and 18 sites with red grouper in 2012 to be used as experimental treatment sites and assigned half of each to one of two groups: red grouper present (control treatment), and red grouper removed (exclusion treatment). Only 14 solution holes were used in 2011 due to concerns about the amount of time needed to survey all holes; additional holes were added in 2012 to maximize the experimental sample size given our surveying ability. The total sample size for each group (control and exclusion) summed across both years was 16. In 2011 the experiment was initiated during the last week of May; in 2012 the experiment was initiated during the second week in June. Red grouper that were occupying holes chosen for the exclusion treatment were captured using hook-and-line fishing gear or fish traps and were measured, tagged, and released in empty solution holes located more than 5 km from the experimental site. All solution holes were checked at least once per every 48 h to ensure that no other red groupers had moved into the hole; if a new red grouper was present, it was captured, measured, tagged, and transported to a new site as above.



Divers trained in fish and invertebrate identification surveyed the faunal communities associated with solution holes once per week for four weeks. At each solution hole, a team of two scuba divers conducted a census of all fishes and motile invertebrates found within, in the water-column immediately above, and in a 1 m band around each hole. Fishes were counted using the point-count method, where each diver remained stationary and counted all observable individuals (mean visual survey duration = 12 min; range = 5 to 18 min). Cryptic fish species and motile macroinvertebrates were counted by examining inside all areas of the solution hole after the point-count survey was completed. Both divers counted all species present and the abundance of each species was determined as the maximum number of individuals observed by a single diver. Total species richness was determined as the sum of all species observed by both divers. All organisms were identified to species with two exceptions: juvenile grunts (Haemulon spp.) estimated to be < 5 cm total length (TL) and peppermint shrimp (Lysmata spp.). For both grunts and peppermint shrimp, multiple closely-related species appear very similar so that positive identification at the species level was impossible during diver surveys. At least six species of larger juvenile and sub-adult grunts were observed during the study, all of which are virtually identical to each other until they grow larger than ~5 cm TL, after which they develop distinguishing coloration. The peppermint shrimp species complex is composed of at least five closely-related species that may co-occur in Florida Bay, all of which have color patterns that were indistinguishable while scuba diving [41]. A complete set of visual surveys at all control and treatment holes generally took two days, where half of the holes were visited on one day and the other half on the next day. Red grouper occupancy at a given solution hole was determined by the positive identification of an individual within a solution hole during a diver survey, and both divers took care to closely observe all parts of the solution hole to determine if a red grouper was present during the survey.




2.2. Statistical Analysis


In addition to the total abundance of all fishes and motile invertebrates present at each solution hole, I calculated diversity metrics based on Hill’s numbers for each community observation using the equation:


Ha=(∑i=1spia)11−a



(1)




where pi is the relative proportion of the community made up by species i [42]. When evaluated for integer values for a of 0, 1, and 2, Ha reduces to species richness, the antilog of the Shannon–Weiner index, and the reciprocal of Simpson’s index, respectfully. Generally, as a increases from 0 to 2, the Hill’s index gives greater weight to more abundant species. I also calculated evenness using the equation:


E = H2/H1



(2)




which is the ratio of the Simpson’s reciprocal and the Shannon–Weiner antilog. Evenness represents a measure of the distribution of the abundances of each species in a community, and Hill initially proposed this version of evenness because it does not include species richness (H0), thus is relatively insensitive to sample size [43]. This version of evenness converges to 1 when all species are equally abundant, and smaller values indicate more uneven communities. I included Hill’s evenness here because the specific ways that red grouper may alter faunal communities are complex, so including multiple diversity indices should give enough variety of metrics to evaluate changes in faunal communities that could be attributed to red grouper. Because red grouper presence was the treatment variable, they were not included as a species when calculating community metrics.



I tested for differences in each of the five biotic community metrics—total faunal abundance, Hill’s numbers 0 to 2, and Hill’s evenness—based on red grouper presence and time from experiment start using two-way repeated measures analysis of variance (ANOVA). Species abundances were square-root transformed to conform to assumptions of normality for ANOVA tests. I tested for differences in community structure attributable to red grouper presence with permutational multivariate analysis of variance (PERMANOVA), which is similar to traditional multivariate analysis of variance but does not require that data conform to multivariate normal distributions [19]. To quantify the contribution of individual species in driving differences in the structure of communities with and without red grouper, a similarity percentage analysis (SIMPER) was performed using the abundance of each species present at the end of the experiment. To visualize patterns of community structure between solution hole communities at the start and end of the experiment, I used non-metric multi-dimensional scaling (NMDS; [44]) to ordinate the data. All NMDS ordinations were performed using raw abundance data and the default options set by the “metaMDS” function of the “vegan” R package [45].



The strength of species interactions between red grouper and solution-hole-associated fauna was measured with Paine’s index (PI; [46]). This interaction index calculates the per capita interaction strength for all species using the equation:


PIi = (Ni − Di)/(Di Y)



(3)




for each species i, where N is the mean prey abundance in the presence of a predator, D is prey abundance in the absence of a predator, and Y is a measure of predator abundance [47]. Since red grouper are generally solitary and were never observed together in holes during this experiment, Y = 1 for all replicates. Paine’s index was initially derived to quantify the effect of a consumer when the absence of said consumer resulted in a monoculture of the competitive dominant prey but has since been used to quantify the distribution of per capita effects among community members [47]. I used it here to determine the distribution of interaction strengths within the community and to identify which species have strong interactions with red grouper. I followed the methods described in Paine [46] where PI values for each species are estimated using experimental replicates for N and a mean value for D, then constructing bootstrapped confidence intervals, given that the relatively small sample size used here may underestimate the variability in D estimate. Bootstrapped 95% confidence intervals were calculated using the “resample” package in R [48].



Finally, to estimate the effect of red grouper presence on different functional groups of organisms, I calculated standardized effect sizes using Hedge’s g with the equation


g = (mwith − mwithout)/spooled



(4)




where mwith is the mean group abundance with red grouper, mwithout is the mean group abundance without red grouper, and spooled is the pooled within-group variance [49,50]. The use of standardized effect scores has previously been used to compare across studies that use different methodologies or that study different organisms [50,51]. For this study, I wanted a way to compare the effect of red grouper on the various functional groups present in experimental communities, and to compare between these experimental results and those from a multi-year observational study that was conducted concurrently at alternate sites in Florida Bay (see [29]). Faunal abundance data were not normally distributed, so bootstrapping was used to nonparametrically estimate effect sizes and confidence intervals. Functional groups were constructed for diet and habitat preference. Diet groups were based on reported diets from Fishbase and included two groups of predators—piscivores and invertivores (fishes known to consume mostly motile invertebrates)—plus benthivores (fishes known to consume mostly benthic prey), planktivores, and herbivores ([52]; see Table A1). Habitat preferences were based upon where fish species were observed relative to solution holes: Species that were always found inside holes (“demersal”), species found milling about above or adjacent to holes (“water-column”), or species that only visited holes temporarily and were not observed milling about or are known to have a more pelagic life history (“transient”). Motile invertebrates were grouped based on whether they are known prey of red grouper or not (see Table A2). I also included a group of “cleaners”—organisms known to consume ectoparasites from other species—which included both fish and invertebrate species. Effect sizes and bootstrapped 95% confidence intervals were calculated using the “bootES” package in R [53].





3. Results


A total of 51 species were documented during the two years of red grouper exclusion experiments: 42 species of fish and nine species of motile macro-invertebrates (see Appendix A). Based on the repeated measures ANOVA analysis using both years (2011 and 2012) combined, red grouper presence had a significant positive effect on total abundance (F1,143 = 58.9; p = 0.003; Figure 2), species richness (H0: F1,143= 316.9, p < 0.001; Figure 2), and Shannon–Weiner diversity (H1: F1,143 = 9.47, p = 0.015; Figure 3), and a significant negative effect on Hill’s evenness (E: F1,143 = 0.0634, p < 0.001; Figure 3) after four weeks. Red grouper presence did not have a significant effect on Simpson’s diversity (H2: F1,143 = 0.903, p = 0.344; Figure 3). The interaction between red grouper presence and time was significant for species richness (F1,143 = 39.9, I = 0.0154), but not for total abundance (F1,143 = 22.78, p = 0.064). Time since the start of the experiment had a significant effect on total abundance (F1,143 = 34.3, p = 0.024) but not on Hill’s evenness (F1,143 = 0.015, p = 0.078).



Differences in community structure before and after the four-week exclusion experiments were visualized with NMDS plots, comparing communities found at control solution holes with red grouper to those found at exclusion holes without red grouper (Figure 4). The NMDS ordination of the faunal communities at the start of the experiment shows clear overlap between all solution holes prior to treatment assignments, which was confirmed by PERMANOVA analysis (Pseudo-F1,24 = 0.737, p = 0.599). Although the NMDS plot of faunal communities after four weeks appears to show separation between control and exclusion communities, PERMANOVA analysis results did not support a significant effect of red grouper presence on faunal community structure (Pseudo-F1,30 = 1.32, p = 0.233). However, year did have a significant effect on community structure (Pseudo-F1,30 = 8.39, p = 0.001), suggesting differences between communities between the two study years. SIMPER analysis results revealed the five most abundant species—small juvenile grunts, white grunts (Haemulon plumierii), Caribbean spiny lobster, French grunts (Haemulon flavolineatum), and Pederson’s cleaner shrimp (Ancylomenes pedersoni) accounted for 84.2% of the difference in community structure (Table 1). Of the top 20 species ranked by SIMPER contribution, only four species were less abundant in holes with red grouper compared to their abundance in the exclusion treatment holes—channel clinging crabs (Mithrax spinosissimus), gray angelfish (Pomacanthus arcuatus), spotted cleaner shrimp (Periclimenes yucatanicus), and sand perch (Diplectrum formosum)—the other 16 species were all more abundant in holes with red grouper.



The distribution of interaction strengths between red grouper and associated species varied based on the calculations of Paine’s index (PI) values for each species. Of the 51 species observed during the experiment, 28 species had non-zero PI values and 23 species had interaction strengths equal to zero, indicating that their abundance was not different between treatment groups (Figure 5). Bootstrapped means and their corresponding standard error values indicated that seven species or species complexes had PI values with 95% confidence intervals that did not include zero (Table 2): juvenile white grunts (PI ± SE: 4.97 ± 2.38), porkfish (Anisotremus virginicus; 0.36 ± 0.16), gray angelfish (−0.17 ± 0.063), hogfish (−0.033 ± 0.015), peppermint shrimp (−0.178 ± 0.069), sand perch (−0.211 ± 0.091), and spotted cleaner shrimp (−0.244 ± 0.079). Standardized effect size analysis of functional groups indicated significant positive effects of red grouper presence on the abundance of only the invertivore fish group (Table 3); the 95% confidence intervals of effect size on all other functional groups included zero, suggesting that red grouper did not have a significant effect on the abundance of these functional groups.



Across the two years of experiments, 21 red grouper colonized one of the exclusion holes following the removal of the initial individual (N2011 = 8; N2012 = 13). On average, empty holes were recolonized within a week (mean days to replacement ± SE = 6.62 ± 1.14). Red grouper that moved into empty solution holes were significantly smaller than the individual that was removed immediately prior, by approximately 4 cm (mean difference ± SE = −3.91 ± 1.39; T20 = −2.82, p = 0.011; Figure 6). Of the 21 total re-colonization events, nine were multiple re-colonization events where the removed red grouper was either the third or fourth individual to be removed from the hole during the experiment. Including the initial removals at the start of the experiments, the mean size of red grouper removed from solution holes was 45.4 cm TL (± SE = 1.25); the mean size of red grouper in control treatment holes was 48.3 cm TL (± SE = 1.75).




4. Discussion


Evaluating multiple community-level metrics indicated that red grouper presence resulted in higher abundance, species richness, and diversity of faunal communities associated with solution holes. These results generally match the predicted effects of a habitat engineer—communities with the engineer had more members and were more diverse compared to those where the engineer was excluded [1,2]. These results also confirm those of previous observational studies of Florida Bay solution holes that also found more abundant and species-rich communities in solution holes with red grouper [28,29]. While these patterns are consistent with the predicted effects of habitat engineers, they are contrary to the general effects expected of piscine predators that have been shown to reduce the species richness of prey communities through both selective and non-selective predation [12,15]. Instead, increased abundance and richness in the presence of a predator more closely resembles the effects of keystone predators that enhance diversity by limiting herbivory [22,25]. Red grouper have multiple roles in the ecosystem, acting as both habitat-engineer and predator in these communities and so they affect solution hole communities in multiple ways. By assuming that the indirect effects of red grouper on communities will manifest via changes in habitat availability (i.e., engineering effects) and thus over longer time scales (months to years), the results presented here from short-term (days to weeks) exclusion experiments isolate the direct effects of red grouper predation and agonistic behaviors on communities. Even at the short-time scale of these experiments, red grouper had positive effects on multiple community metrics, suggesting that their role as habitat engineer may be stronger than their effect as a predator.



At the community level, red grouper presence had a positive effect on abundance and richness but variable effects on diversity, as shown by the results of enhanced diversity on H1 (Shannon–Weiner) but no effect on H2 (Simpson’s) diversity, and depressed evenness (see Figure 3). Analyzing the same data with different Hill’s indices allows for the separation of the relative contributions of species within a single mathematical framework [54]. As the value of a increases (within Ha), more weight is given to abundant species, so here the effect of red grouper presence on faunal community diversity diminishes as abundant species are given more weight [42]. Similarly, Hill’s evenness (E) is the ratio of abundant species to common species and here was used as a metric to compare the structure of species assemblages across solution holes [55]. Higher species richness and lower evenness could both occur if both rare and common species increased relative to abundant ones in communities with red grouper. Again, this result runs counter to the predictions for piscine predators, which tend to reduce species richness while increasing the evenness of prey communities [12].



Somewhat surprisingly, red grouper did not show strong effects on the abundance of their prey, as measured at either the functional group and individual species levels. The prey group was dominated by Caribbean spiny lobsters, which were abundant in solution holes irrespective of the presence of red grouper. Red grouper are well-known predators of lobsters, and thus a strong, direct interaction with red grouper is not entirely unexpected [35,36]. However, the experimental evidence described here suggests this interaction is positive: spiny lobsters increased when in the presence of the red grouper, a result that is at odds with an assumed predator–prey dynamic. Spiny lobsters are primarily nocturnal and seek out crevice shelters during the day, and solution holes in Florida Bay are known to host lobsters in high abundance relative to surrounding habitats [34,56]. Through excavation, red grouper likely increase the availability of suitable habitat for spiny lobster, and the positive interaction measured here suggests that habitat availability may be more important than the increased risk of mortality that comes with cohabitating with a predator. Here, the results of this experiment included all spiny lobsters together, irrespective of their size, which could mask asymmetry in predation effects across lobster size. In 2013, I conducted additional experiments to test how the interaction between red grouper and Caribbean spiny lobsters changed across lobster ontogeny. These experiments revealed that predation by red grouper was strongest on small juvenile lobsters and decreased with increasing lobster size [57]. While the cumulative interaction between red grouper and all spiny lobsters was positive, this result was driven by the increased abundance of large juvenile and adult lobsters that overshadowed the decrease in small juveniles due to predation.



Effects of short-term red grouper exclusion at the functional group level were negligible. The only significant effect of red grouper on any functional group was on the invertebrate predators (see Table 3). However, the absolute number of invertivores encountered during the experiments totaled just three individuals across both years: one goliath grouper (Epinephelus itajara) and one green moray (Gymnothorax funebris) in 2011, and one green moray in 2012, all observed in control treatment holes with red grouper. No invertebrate predators were encountered in exclusion treatment holes in either year. Although goliath groupers and green morays could potentially have significant effects on the abundance of invertebrate prey in solution holes, given their rarity and the relatively small effect size of red grouper on all invertebrate predators measured during the observational study (see Table 3), it is unlikely that red grouper have ecologically significant effects on the abundance or presence of other invertebrate predators in this system. The fact that no other effects were detected among any of the other functional groups suggests that the exclusion experiment may have been too short to detect any significant direct effects of red grouper at the functional group level, and potentially for individual species as well.



Alternatively, the strong direct effects of red grouper could be limited to a narrow range of species, regardless of the duration of experiments. While red grouper presence generally enhanced the abundance, richness, and diversity of communities, the effects of red grouper presence on individual species were highly variable. Structural and abiotic changes that result from habitat engineering will have variable consequences for specific members of associated biotic communities, as the effects of engineer presence will depend on both species-specific responses to modified habitats and on species-specific interactions with the engineer [58]. The results of the exclusion experiment show that the presence or absence of red grouper had no effect on the abundance of most of the fish and invertebrate species present in these communities but had a strong effect on the abundance of just a few species. In fact, only two species had significant positive interactions with red grouper—white grunts and porkfish (see Table 2). Both white grunts and porkfish are reef-associated species and were mainly observed as juveniles in solution holes; most of the white grunts and porkfish counted here were all smaller than 15 cm TL. Time from the start of the exclusion experiment was a significant factor for explaining patterns of both abundance and evenness, likely driven by pulses of reef fish recruitment to solution holes. Fish recruitment in Florida Bay and the adjacent reef tract tends to increase between May and November, with peak recruitment occurring between June and August [59,60]. In both 2011 and 2012, the exclusion experiment was conducted during June and July, well within the prime settlement window for fish recruitment. The growth rate of juvenile grunts was estimated previously at 0.25 to 0.75 mm per day [59], thus a 1 cm long grunt recruit that settled to a solution hole at the start of the experiment would initially be counted as a juvenile grunt recruit (a combined group of all six grunt species due to the difficulty in visually determining the species of individuals < 5 cm TL) but later catalogued by species anywhere from six to 16 days after settlement. The growth of juvenile grunt recruits from the species complex into the individual species categories could explain the significance of time as a factor in describing patterns of species richness and evenness, as the grunt species complex differentiated from the complex into the individual species across the duration of the experiments.



The effect of red grouper on the abundance of juvenile reef fishes was particularly large according to multiple metrics analyzed here and in the observational study that was conducted concurrently at an alternate set of solution holes [29]. In addition to the significant positive interactions measured experimentally between red grouper and white grunts and porkfish, the two functional groups that included juvenile grunts—planktivores, water column fishes—both showed large effects due to red grouper presence in the observational study (see Table 3). The SIMPER analysis of abundance data found that the juvenile grunt species complex was the most influential group for influencing community structure, followed by white grunts, Caribbean spiny lobster, and French grunts (see Table 1). Together, juvenile grunts, white grunts, and French grunts accounted for 56.4% of the difference in communities with and without red grouper. Adult grunts were very rarely encountered during diver surveys; most grunts were small (< 15 cm TL) and were observed milling about above and around solution holes in mixed schools with the occasional juvenile parrotfish. Juvenile grunts have not been documented as part of red grouper diets, and red grouper had negligible effects on the abundance of piscivores in the community, based on the standardized effect size on piscivore group abundance. These results suggest that red grouper may enhance juvenile reef fish abundance via a behaviorally-mediated indirect interaction (BMII) mediated through changes in the behavior of resident and transient predators. In 2013, this hypothesis was tested by transplanting invasive lionfish (Pterois volitans and P. miles) into solution holes with and without red grouper [33]. After six weeks there were significantly more juvenile reef fish when red grouper and lionfish were both present compared to lionfish alone. In addition, analysis of lionfish stomach contents revealed that lionfish switched from a fish-dominated diet in the absence of red grouper to a crustacean-dominated diet in the presence of red grouper. These results suggest that territorial behaviors by red grouper toward other large-bodied fishes that live in or visit solution holes may disrupt the predatory ability of these piscivores and result in enhanced juvenile reef fish survival and abundance.



Five species had small but significantly negative interactions with red grouper: hogfish, sand perch, peppermint shrimp, spotted cleaner shrimp, and gray angelfish (Table 2). Both hogfish and sand perch are transient benthivores, which may avoid solution holes occupied by a red grouper or be deterred by agonistic territorial displays. Peppermint shrimp and spotted cleaner shrimp both belong to the “cleaners” functional group, which was numerically dominated by a third species—the Pederson’s cleaner shrimp. Negative responses by the rarer members of this group could be the result of competition for space among cleaners, as both Pederson’s and spotted cleaner shrimp are both strongly associated with anemones, a potentially limited resource around solution holes [61]. Angelfishes are primarily considered reef-associated species, though both juveniles and adults of all four species commonly found in south Florida were regularly encountered in Florida Bay solution holes [29]. Adult angelfishes primarily consume sponges, but juveniles also consume algae and cleaning behavior by juveniles of at least one species has been reported [52,62]. In terms of individual species interactions, three of the four species had negative interactions with red grouper, though only the interaction between gray angelfish and red grouper was significant. Adult angelfishes are relatively large bodied, and though they were most often observed milling about above and around solution holes, they would also commonly dart into holes as divers approached, thus the negative interactions observed between angelfishes and red grouper could result from competition for space within solution holes. However, although both juveniles (< 10 cm TL) and adults were observed in solution holes, they were counted together in a single category. Juvenile angelfish may benefit from red grouper presence through the same mechanisms as juvenile grunts, and further investigation into possible ontogenetic variations in this interaction would clarify the nature of this interaction.



While the community-level effects of red grouper on the abundance and diversity of solution hole communities are clear, their effects on the larger Florida Bay ecosystem remain untested. Solution holes make up a relatively small portion of the benthic habitats in Florida Bay (~3%) but are important diurnal refuges for lobsters and other invertebrates and may function similarly for juvenile reef fish before they move onto adjacent reef habitats as adults [34,56,63]. Comparing the cumulative (i.e., direct plus indirect) effects of red grouper described in Ellis et al. [29] with the direct effects of red grouper presence on solution hole faunal communities described here suggests that there are relatively few negative direct effects of red grouper presence. Instead, red grouper presence had consistently positive effects on the abundance and species diversity of faunal communities over short (days to weeks) and long (multi-year) time scales, likely attributable to increased habitat availability and BMIIs mediated by territorial behaviors. Estimating the effects of red grouper presence in a hierarchical framework (e.g., community, functional group, individual species) by using both observational and experimental methods allowed me to describe the cumulative effects of red grouper as both a habitat engineer and predator along with the direct effects that red grouper had on individual species. These results illustrate the complex effects of a predatory habitat engineer on faunal communities associated with engineered habitats.







Funding


This research was funded by grants to the author from the Florida State University’s Department of Biology, Florida Sea Grant and the Guy Harvey Ocean Foundation, PADI Foundation, Sigma Xi, and by donations from 37 donors through a crowd-funding initiative hosted by the now defunct SciFlies.org.




Acknowledgments


This project was made possible thanks to field assistance provided by A. Carreiro, C. Ellis, B. George, K. Kingon, A. Lentner, N. Levine, J. Lewis, and N. Norton. All research activities described here were conducted with permissions from the Florida Keys National Marine Sanctuary (permits #FKNMS-2010-058 and #FKNMS-2012-078). Logistical support was provided by the FSU Coastal and Marine Laboratory and the FSU Academic Diving Program. This manuscript and the project described herein was completed as part of the author’s doctoral dissertation and as such received valuable input from his committee, including F. Coleman, T. Miller, E. DuVal, B. Inouye, and M. Huettel. Special thanks to C. Koenig and M. Wilkerson. The manuscript was improved thanks to critical comments from A. Acosta, J. Herbig, J. Gutiérrez, and J. Keller, and to assistance with figures from M. Hunter and J. Ritch.




Conflicts of Interest


The author declares no conflicts of interest.





Appendix A




[image: Table]





Table A1. Fish species observed at solution holes used for experiments conducted in Florida Bay in 2011 and 2012. Functional group classifications were based on reported diet information for the Feeding group, and the location of individuals in relation to solution holes as observed during diver surveys for the Habitat group. BA = herbivores (consume primarily benthic algae); CL = cleaners (consume ectoparasites); INV = invertivores; PL = planktivores; PV = piscivores; ZB = benthivores (consume primarily small benthic invertebrates); DEM = demersal fishes primarily observed inside solution holes; MILL = milling behavior, where the fish was found in the water-column above and around solution holes; TRANS = transient fishes observed visiting solution holes.
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Family

	
Species

	
Common Name

	
Functional Group




	
Feeding

	
Habitat






	
Acanthuridae

	
Acanthurus chirurgus

	
Doctorfish

	
BA

	
MILL




	

	
Acanthurus coeruleus

	
Blue Tang

	
BA

	
MILL




	
Apogonidae

	
Apogon binotatus

	
Barred Cardinalfish

	
PL

	
DEM




	

	
Apogon maculatus

	
Flamefish

	
ZB

	
DEM




	
Balistidae

	
Balistes capriscus

	
Gray Triggerfish

	
ZB

	
MILL




	
Chaetodontidae

	
Chaetodon ocellatus

	
Spotfin Butterflyfish

	
ZB

	
MILL




	

	
Chaetodon sedentarius

	
Reef Butterflyfish

	
ZB

	
MILL




	
Gerreidae

	
Eucinostomus melanopterus

	
Flagfin Mojarra

	
ZB

	
TRANS




	
Ginglymostomatidae

	
Ginglymostoma cirratum

	
Nurse Shark

	
INV

	
DEM




	
Gobiidae

	
Coryphopterus glaucofraenum

	
Bridled Goby

	
BA

	
DEM




	

	
Elacatinus oceanops

	
Neon Goby

	
CL

	
DEM




	
Haemulidae

	
Anisotremus virginicus

	
Porkfish

	
CL/ZB

	
MILL




	

	
Haemulon chrysargyreum

	
Smallmouth Grunt

	
ZB

	
MILL




	

	
Haemulon flavolineatum

	
French Grunt

	
ZB

	
MILL




	

	
Haemulon plumierii

	
White Grunt

	
ZB

	
MILL




	

	
Haemulon sciurus

	
Bluestriped Grunt

	
ZB

	
MILL




	
Labridae

	
Lachnolaimus maximus

	
Hogfish

	
ZB

	
TRANS




	

	
Thalassoma bifasciatum

	
Bluehead Wrasse

	
CL/PL

	
TRANS




	
Lutjanidae

	
Lutjanus griseus

	
Gray Snapper

	
ZB

	
TRANS




	

	
Lutjanus synagris

	
Lane Snapper

	
ZB

	
TRANS




	

	
Ocyurus chrysurus

	
Yellowtail Snapper

	
PV

	
TRANS




	
Mullidae

	
Pseudupeneus maculatus

	
Spotted Goatfish

	
ZB

	
TRANS




	
Muraenidae

	
Gymnothorax funebris

	
Green Moray

	
INV/PV

	
DEM




	

	
Gymnothorax vicinus

	
Purplemouth Moray

	
INV/PV

	
DEM




	
Pomacanthidae

	
Holacanthus bermudensis

	
Blue Angelfish

	
ZB

	
MILL




	

	
Holacanthus ciliaris

	
Queen Angelfish

	
ZB

	
MILL




	

	
Pomacanthus arcuatus

	
Gray Angelfish

	
ZB

	
MILL




	

	
Pomacanthus paru

	
French Angelfish

	
CL/ZB

	
MILL




	
Pomacentridae

	
Abudefdef saxatilis

	
Sergeant Major

	
ZB

	
MILL




	
Scaridae

	
Scarus coeruleus

	
Blue Parrotfish

	
BA

	
TRANS




	

	
Scarus iseri

	
Striped Parrotfish

	
BA

	
TRANS




	

	
Sparisoma aurofrenatum

	
Redband Parrotfish

	
BA

	
TRANS




	
Sciaenidae

	
Equetus lanceolatus

	
Jacknife Fish

	
ZB

	
DEM




	

	
Pareques acuminatus

	
High-Hat

	
ZB

	
DEM




	
Scorpaenidae

	
Pterois miles/volitans

	
Lionfish

	
PV

	
DEM




	

	
Scorpaena plumieri

	
Spotted Scorpionfish

	
PV

	
DEM




	
Serranidae

	
Diplectrum formosum

	
Sand Perch

	
ZB

	
TRANS




	

	
Epinephelus itajara

	
Goliath Grouper

	
INV

	
DEM




	

	
Epinephelus morio

	
Red Grouper

	
INV

	
DEM




	

	
Hypoplectrus puella

	
Barred Hamlet

	
ZB

	
MILL




	

	
Mycteroperca bonaci

	
Black Grouper

	
PV

	
MILL




	
Sparidae

	
Calamus calamus

	
Saucereye Porgy

	
ZB

	
TRANS
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Table A2. Motile macroinvertebrate species observed at solution holes used for experiments conducted in Florida Bay in 2011 and 2012. Functional group classifications were based on reports of species consumed by red grouper (RG Diet) or as consuming ectoparasites (CL).
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Phylum

	
Family

	
Species

	
Common Name

	
Functional Group




	
RG Diet

	
CL






	
Arthropoda

	
Hippolytidae

	
Lysmata spp.

	
Peppermint shrimp

	
N

	
Y




	

	
Majidae

	
Mithrax spinosissimus

	
Channel clinging crab

	
Y

	
N




	

	
Palaemonidae

	
Ancylomenes pedersoni

	
Pederson’s cleaner shrimp

	
N

	
Y




	

	

	
Periclimines yucatanicus

	
Spotted cleaner shrimp

	
N

	
Y




	

	
Palinuridae

	
Panulirus argus

	
Caribbean spiny lobster

	
Y

	
N




	

	
Scyllaridae

	
Scyllarides aequinoctialis

	
Spanish lobster

	
Y

	
N




	

	
Stenopodidae

	
Stenorhynchus seticornis

	
Yellowline arrow crab

	
N

	
N




	

	
Xanthidae

	
Menippe mercenaria

	
Florida stone crab

	
N

	
N




	
Echinodermata

	
Clypeasteridae

	
Clypeaster rosaceus

	
Inflated sea biscuit

	
N

	
N
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Figure 1. Map of the 35 solution holes located in southwest Florida Bay surveyed in 2011 and 2012. Circles indicate holes where red grouper were present one of the two years, triangles indicate holes where red grouper were present both years, and open squares indicate holes where red grouper were absent both years. 
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Figure 2. Total abundance (A) and species richness (B) of fishes and motile invertebrates associated with solution holes in Florida Bay occupied by red grouper (control treatment, “CON”; filled circles; n = 16) versus holes where the red grouper was removed (removal treatment, “REM”; open circles; n = 16). Error bars are ± 1 SE. 
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Figure 3. H1 diversity (Shannon-Weiner; A), H2 diversity (Simpson; B), and Hill’s evenness (C) of faunal communities associated with solution holes in Florida Bay that were occupied by red grouper (control treatment, “CON”; n = 16) versus holes where the red grouper was experimentally removed (removal treatment, “REM”; n = 16) Error bars are ± 1 SE. 
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Figure 4. Non-metric multidimensional scaling (NMDS) plots of community structure of faunal communities associated with solution holes in Florida Bay before (A) and after (B) experimental exclusion of red grouper from treatment sites (REM; open circles; n = 16), compared to control sites (CON; filled circles; n = 16) where red grouper remained present. 
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Figure 5. Distribution of interaction strengths between red grouper and species associated with solution-hole faunal communities in Florida Bay calculated with Paine’s index (PI) based on red grouper exclusion experiments conducted in 2011 and 2012. 
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Figure 6. Size of the initially-removed red grouper versus the size of recolonizing red grouper removed from exclusion treatment solution holes in Florida Bay during experiments in 2011 (diamonds; N = 8) and 2012 (circles; N = 13). The dashed line represents a 1:1 size relationship. Filled points indicate single recolonization events, and open points represent multiple recolonization events. 
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Table 1. Similarity percentage (SIMPER) contribution scores, ranks, and rank abundance of the 20 species with the highest influence on faunal community structure from surveys of solution hole communities with and without red grouper in 2011 and 2012.
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	Common Name
	Species
	Individual Contribution
	Cumulative Contribution
	SIMPER Rank
	Rank Abundance





	Juvenile grunts
	Haemulon spp.
	0.276
	0.276
	1
	3



	White grunt
	Haemulon plumierii
	0.216
	0.492
	2
	2



	Caribbean spiny lobster
	Panulirus argus
	0.217
	0.709
	3
	1



	French grunt
	Haemulon flavolineatum
	0.072
	0.781
	4
	5



	Pederson’s cleaner shrimp
	Ancylomenes pedersoni
	0.061
	0.842
	5
	4



	Gray snapper
	Lutjanus griseus
	0.034
	0.876
	6
	6



	Porkfish
	Anisotremus virginicus
	0.015
	0.891
	7
	7



	Channel clinging crab
	Mithrax spinosissimus
	0.013
	0.904
	8
	8



	High-hat
	Pareques acuminatus
	0.012
	0.916
	9
	9



	French angelfish
	Pomacanthus arcuatus
	0.010
	0.926
	10
	13



	Blue angelfish
	Holacanthus bermudensis
	0.009
	0.935
	11
	10



	Florida stone crab
	Menippe mercenaria
	0.009
	0.944
	12
	11



	Peppermint shrimp
	Lysmata spp.
	0.007
	0.951
	13
	16



	Queen angelfish
	Holacanthus ciliaris
	0.007
	0.958
	14
	15



	Hogfish
	Lachnolaimus maximus
	0.006
	0.964
	15
	14



	Spotted cleaner shrimp
	Periclimenes yucatanicus
	0.005
	0.969
	16
	19



	Doctorfish
	Acanthurus chirurgus
	0.005
	0.974
	17
	20



	Striped parrotfish
	Scarus iseri
	0.004
	0.978
	18
	17



	Sand perch
	Diplectrum formosum
	0.004
	0.982
	19
	22



	Bluestriped grunt
	Haemulon sciurus
	0.003
	0.985
	20
	18
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Table 2. Species-specific interaction strengths based on Paine’s index (PI) values derived from exclusion experiments conducted in 2011 and 2012, with means ± 1 SE, and 95% confidence intervals generated from bootstrapped standard errors for the 28 species with non-negative PI values. Bold values indicate significant interactions based on 95% CI.
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	Species
	Common Name
	Experimental Effect [PI]
	Bootstrapped Effect (± SE)
	95% CI





	Haemulon plumierii
	White grunt
	4.96
	4.97 (± 2.38)
	0.206, 9.737



	Panulirus argus
	Caribbean spiny lobster
	3.39
	3.29 (± 2.57)
	−1.85, 8.44



	Haemulon spp.
	Juvenile grunts
	1.57
	1.56 (± 1.19)
	−0.811, 3.95



	Ancylomenes pedersoni
	Pederson’s cleaner shrimp
	0.520
	0.512 (± 0.257)
	−0.0031, 1.03



	Lutjanus griseus
	Gray snapper
	0.482
	0.482 (± 0.255)
	−0.0282, 0.992



	Anisotremus virginicus
	Porkfish
	0.362
	0.356 (± 0.161)
	0.0332, 0.679



	Haemulon flavolineatum
	French grunt
	0.281
	0.290 (± 0.449)
	−0.607, 1.19



	Pareques acuminatus
	High-hat
	0.0191
	0.0198 (± 0.082)
	−0.159, 0.198



	Holacanthus bermudensis
	Blue angelfish
	−0.0125
	−0.0119 (± 0.0408)
	−0.0945, 0.0697



	Lachnolaimus maximus
	Hogfish
	−0.0333
	−0.0331 (± 0.0149)
	−0.0629, −0.00329



	Haemulon chrysargyreum
	Smallmouth grunt
	−0.0375
	−0.0368 (± 0.0362)
	−0.109, 0.0356



	Mycteroperca bonaci
	Black grouper
	−0.0500
	−0.0515 (± 0.0485)
	−0.148, 0.0455



	Lutjanus synagris
	Lane snapper
	−0.0583
	−0.0572 (± 0.0563)
	−0.170, 0.0554



	Scarus coeruleus
	Blue parrotfish
	−0.0625
	−0.0624 (± 0.0607)
	−0.184, 0.0590



	Pomacanthus paru
	French angelfish
	−0.0625
	−0.0634 (± 0.0563)
	−0.183, 0.0558



	Balistes capriscus
	Gray triggerfish
	−0.0625
	−0.0643 (± 0.0606)
	−0.185, 0.0568



	Haemulon sciurus
	Bluestriped grunt
	−0.0667
	−0.0685 (± 0.0438)
	−0.156, 0.0190



	Menippe mercenaria
	Florida stone crab
	−0.0750
	−0.0730 (± 0.0670)
	−0.207, 0.0611



	Scarus iseri
	Striped parrotfish
	−0.0833
	−0.0812 (± 0.0551)
	−0.191, 0.0290



	Holacanthus ciliaris
	Queen angelfish
	−0.100
	−0.0999 (± 0.0518)
	−0.204, 0.00373



	Acanthurus chirurgus
	Doctorfish
	−0.104
	−0.103 (± 0.0686)
	−0.241, 0.0339



	Equetus lanceolatus
	Jackknife fish
	−0.108
	−0.107 (± 0.0712)
	−0.250, 0.0350



	Mithrax spinosissimus
	Channel clinging crab
	−0.145
	−0.147 (± 0.0873)
	−0.321, 0.0279



	Ocyurus chrysurus
	Yellowtail snapper
	−0.163
	−0.161 (± 0.0812)
	−0.323, 0.00199



	Pomacanthus arcuatus
	Gray angelfish
	−0.169
	−0.172 (± 0.0632)
	−0.298, −0.0458



	Lysmata spp.
	Peppermint shrimp
	−0.175
	−0.178 (± 0.0694)
	−0.317, −0.0395



	Diplectrum formosum
	Sand perch
	−0.215
	−0.211 (± 0.0911)
	−0.393, −0.0290



	Periclimenes yucatanicus
	Spotted cleaner shrimp
	−0.244
	−0.244 (± 0.0794)
	−0.402, −0.0848
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Table 3. Standardized effects of red grouper on the abundance of functional groups of fishes and motile invertebrates associated with solution holes in Florida Bay, calculated with Hedge’s g. Experimental effects based on results from red grouper exclusion experiments conducted in 2011 and 2012, described here. Observational effects are based on 99 observations of non-manipulated solution hole communities at three sites in Florida Bay between 2010 and 2013, described by Ellis et al. [29]. Functional group classifications for the fishes were based on reported diet information or by the location of individuals in relation to solution holes as observed during diver surveys. Functional group classifications for the invertebrates were based on reports of species known to be prey for red grouper. The functional group “cleaners” includes both fish and invertebrate species known to consume ectoparasites. Values in bold are statistically significant from zero.
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	Functional Group
	Effect Size g, Experimental
	95% CI
	Effect Size g, Observational
	95% CI





	All Fishes
	0.538
	−0.281, 1.09
	1.41
	1.11, 1.70



	Herbivores
	0.224
	−0.550, 1.03
	0.626
	0.216, 0.943



	Planktivores
	0.012
	−0.650, 0.823
	1.02
	0.792, 1.23



	Benthivores
	0.546
	−0.194, 1.07
	0.645
	0.375, 0.865



	Invertivores
	0.677
	0.362, 1.11
	0.439
	0.043, 0.734



	Piscivores
	0.151
	−0.622, 0.751
	0.276
	−0.127, 0.716



	Demersal Fishes
	0.469
	−0.215, 1.19
	0.768
	0.249, 1.23



	Water Column Fishes
	0.499
	−0.152, 1.10
	1.34
	1.07, 1.60



	Transient Fishes
	0.396
	−0.340, 1.04
	0.0239
	−0.393, 0.376



	All Invertebrates
	0.346
	−0.446, 1.15
	1.12
	0.682, 1.51



	Red grouper Prey
	0.309
	−0.464, 1.10
	0.771
	0.375, 1.16



	Not Prey
	0.184
	−0.479, 1.05
	0.959
	0.561, 1.38



	Cleaners
	0.395
	−0.427, 1.16
	0.993
	0.539, 1.39
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