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Herbivores are an important functional group that control algae, create new space, and promote recruitment for coral recovery. However, on many coral reefs, overfishing has greatly decreased the density of herbivores, especially fishes and gastropods, impairing coral resilience. On such overfished reefs, remnant herbivores that are not target species of local fisheries, e.g., sea urchins, are expected to play an increasingly important role, yet few studies, except for those in the Caribbean and Kenya have examined non-fish herbivores in relation to coral resilience. Here, we conducted field surveys at 30 sites along three coral reefs in Taiwan between 2016 and 2017, to examine the relative importance of six key factors for coral resilience: herbivore abundance (fishes, gastropods, sea urchins), coral cover, macroalgal cover, habitat complexity, water depth, and wave exposure. The density of juvenile coral was used as a proxy of coral resilience. Diadematid sea urchins (Echinothrix spp. and Diadema spp.) dominated most sites (19 of 30 sites) and multivariable regression models showed sea urchin density as the best positive predictor of coral juvenile density. The results elucidated the increasing role diadematid sea urchins play as remnant herbivores on overfished coral reefs in Taiwan. Given that overfishing is a widespread issue, this phenomenon may be occurring globally. More studies are needed to examine the role of remnant, but often ignored, sea urchin herbivory on coral resilience. Reef managers should consider monitoring locally remnant herbivores and incorporating them into management strategies.
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INTRODUCTION

Coral reefs are in global decline due to chronic anthropogenic disturbances (Pandolfi et al., 2003; Bellwood et al., 2004; Hoegh-Guldberg et al., 2007; Hughes et al., 2018). To reverse these trends, resilience-based management has been proposed to enhance the recovery potential of coral reefs (Bellwood et al., 2004; Hughes et al., 2017). Resilience-based management requires the control of current anthropogenic stressors and to encourage the recovery process (Mcleod et al., 2019). However, information on factors and conditions that promote recovery of coral reef is still scarce (Hughes et al., 2010).

Resilience studies are commonly based on long-term monitoring of recovery process seen in target populations/communities (Graham et al., 2015). This time-consuming process becomes a bottleneck in the advancement of resilience studies, particularly in slower dynamic communities such as coral reefs. The density of juvenile corals has been suggested as a good indicator to assess the resilience of coral populations (hereafter coral resilience) (Gilmour et al., 2013; Graham et al., 2015; Dajka et al., 2019; Nozawa et al., 2020). This is because coral recovery is typically initiated by recruits (Hughes et al., 2007b; Gilmour et al., 2013; Graham et al., 2015), and a positive correlation between juvenile coral density and recovery of coral populations has often been observed (Gilmour et al., 2013; Dajka et al., 2019; Nozawa et al., 2020). This new approach to evaluate coral resilience based on juvenile coral density significantly shortens study time and allows scientists to explore factors influencing coral resilience more efficiently.

Coral resilience has been explained by a hypothesis concerning the quantitative interactions between three key functional groups: herbivores, algae, and corals (Bellwood et al., 2004; Hughes et al., 2007a; Mumby et al., 2007; Graham et al., 2013). In a healthy coral reef ecosystem, herbivores and oligotrophic water control algal abundance, the main competitor of corals for space. However, along many contemporary coral reefs, overfishing and eutrophication weakens this balance, resulting in algal dominance on reef space that hinders coral recovery, via the coral recruitment process (Birrell et al., 2008; Mumby and Steneck, 2008). Therefore, the abundance of herbivores and algae has been considered as the main biotic factor determining coral resilience (Bellwood et al., 2004; Mumby et al., 2006).

Although less attention is paid to it, the abundance of coral itself could also influence coral resilience through stock-recruitment dynamics (Hughes et al., 2019) and competition for space between adults and recruits (Ledlie et al., 2007). Coral abundance determines the amount of locally produced larvae, which contributes to self-recruitment, especially for coral species with larvae of short-distance dispersal, such as Acropora spp. (Nozawa and Harrison, 2008) and Pocillopora spp. (Tioho et al., 2001). Coral abundance also determines the degree of competition for space between adult corals and recruits, thereby influencing coral recruit density (Baird and Hughes, 2000).

Besides the biotic factors, three abiotic factors have been proposed to influence coral resilience via the herbivore-alga-coral interaction: habitat complexity, water depth, and wave exposure (Mumby and Steneck, 2008; McClanahan and Muthiga, 2016). Habitat complexity influences the abundance of herbivorous fish with more complex habitats harboring increased herbivore fish abundance, while water depth covaries with light intensity, directly affecting algal abundance (Ledlie et al., 2007; Graham et al., 2015). Graham et al. (2015) highlighted habitat complexity and water depth as two key factors of coral resilience, among others, over a 17-year coral recovery documented in the Seychelles. Wave exposure is less examined in coral resilience studies, but known to influence the abundance of herbivores (Harborne et al., 2006; Bronstein and Loya, 2014) as well as the abundance and taxonomic composition of corals (Robinson et al., 2019).

To date, only a few comprehensive studies have been conducted to examine the relative importance of key factors proposed for coral resilience (Graham et al., 2015; Dajka et al., 2019; Mcleod et al., 2019). Furthermore, previous studies of coral resilience have mainly been conducted in the Caribbean (Carpenter and Edmunds, 2006; Furman and Heck, 2009; Idjadi et al., 2010), Great Barrier Reef (Darling et al., 2017), and the Seychelles (O’Leary et al., 2013; Graham et al., 2015; Dajka et al., 2019), with few studies from Southeast Asia (Muallil et al., 2020; Nozawa et al., 2020). In the present study, we examined the relative importance of herbivore and five other key factors for coral resilience: algae, corals, habitat complexity, water depth, and wave exposure at a total of 30 sites along three Taiwanese coral reefs, using juvenile coral density as an indicator of coral resilience. We focused on herbivores by covering both herbivorous fishes and benthic herbivores (sea urchins and gastropods).



MATERIALS AND METHODS

Field surveys were conducted along three coral reefs in southern Taiwan between 2016 and 2017 (Figure 1). At each coral reef, 9–11 sites were haphazardly selected at 4–13 m depth (Figure 1). A total of 30 sites were investigated, including 10 sites at Green Island, 11 sites at Orchid Island, and 9 sites in Kenting. At each site, we collected data within an area approximately equal to 50 m × 50 m.
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FIGURE 1. Survey sites (indicated by point) in three coral reef areas in southern Taiwan: Green Island, Orchid Island, and Kenting. The ID number of survey sites at each coral reef corresponds to Supplementary Table S1, where a summary of the results for each site is provided.


In this study, we investigated the density of juvenile corals (<5 cm in diameter) as a proxy for coral resilience and six factors that would influence juvenile coral densities: corals, macroalgae, herbivores, habitat complexity, water depth, and wave exposure. For herbivores, density of herbivorous fish (parrot and surgeonfish), sea urchins, and herbivorous gastropods were recorded. Habitat complexity was examined at two size-scales (decimeter and meter scale). Herbivorous fish, habitat complexity (m-scale), and wave exposure were measured at each site, while the other data were collected along a 10-m line transect (n = 5) at each site (Supplementary Figure S1). Haphazard sampling was frequently used when the spatial distribution of coral communities was unknown and random sampling raised implementational problems. Although haphazard sampling is common in field ecological studies, we acknowledge that statistical tests are not strictly valid and results could be more vulnerable to unmeasurable bias (Lewis, 2004).

Coral and macroalgal cover were estimated using the line intercept method. Five replicates of a 10-m line were placed haphazardly along hard substrate at each site (Supplementary Figure S1). Corals and macroalgae (>2 cm in trunk height) appearing below the line were photographed from above with the line. Close-up photographs were also taken for taxonomic identification to the genus level (Veron and Stafford-Smith, 2000; Wang et al., 2015). The sum of intercept distance of corals or macroalgae on each line transect was measured on photographs to determine coverage (%) as a proportion of tape length.

The density of benthic herbivores (sea urchins and herbivorous gastropods) were estimated within five replicate 10 × 2 m belt transects (Supplementary Figure S1). The number of sea urchins and macro-gastropods (>1 cm) appearing within a 1-m distance from the 10-m line-transect within both the left and right-hand sides were counted by a scuba diver using a 1-m scale as a reference. Observed individuals were photographed with a scale for taxonomic identification. At the study sites, sea urchins and gastropods were hiding in holes and crevices during the daytime survey. Therefore, care was taken to detect individuals by spending time (>10 min per survey area) looking closely into habitats. We focused on free-grazing sea urchins and ignored taxa that exclusively inhabit holes and burrows in the study locations, including Echinostrephus spp. and Echinometra spp.

The density of juvenile corals (<5 cm in diameter) was examined using 50 cm × 50 cm quadrats (n = 5) placed haphazardly on hard substrata along the 10-m line transect (Supplementary Figure S1). Quadrats were placed on relatively vacant space where >50% of the quadrat area was not occupied by sessile macro-benthos (e.g., hard corals, soft corals, macroalgae, sponges, and sea anemones). Juvenile corals in each quadrat were counted and photographed with a scale for taxonomic identification to the genus level (Veron and Stafford-Smith, 2000). The majority of juvenile corals that were larger than ∼1 cm in diameter could be taxonomically identified. The density of juvenile corals (m–2) was calculated by dividing the sum of juveniles by the amount of non-occupied area by the sessile macro-benthos in the five quadrants. The non-occupied area in each quadrat was estimated by using CPCe (Coral Point Count with Excel Extensions, ver. 4.0 software) with 100 random points (Kohler and Gill, 2006).

The abundance of herbivorous fish was estimated using the modified method of stationary point count (Colvocoresses and Acosta, 2007). Parrotfish and surgeonfish were surveyed as regionally dominant herbivorous fish groups (Muallil et al., 2020; Nozawa et al., 2020). Although we assumed both parrotfish and surgeonfish are herbivorous in this study, caution is advised when interpreting results as recent studies have indicated that many taxa in such groups are not entirely herbivores and instead feed mainly on cyanobacteria, microbes, and detritus (Clements et al., 2017; Dell et al., 2020). In the survey, three 360-degree video cameras (PIXPRO SP360, Kodak) were placed haphazardly (∼10 m away from each transect line) within the 50 m × 50 m area at each site. Each video camera was set at the time-lapse mode with an interval of 1 s with an image quality of 1440 × 1440 pixels. Videos were taken for approximately 40 min, while conducting other surveys at each site. Preliminary examination on the resolution of the video camera indicated that images of target fish taxa that are larger than 10 cm in total length could be identified within the radius of 5 m from the 360-degree video camera (ca. 78.5 m2). Therefore, we used these numbers for the abundance estimation. Due to the small survey area of each video camera, we estimated the density of herbivorous fishes at each site using the sum of fishes (>10 cm in total length) recorded by the three video cameras (total survey area of ca. 235 m2).

Habitat complexity was assessed at 2 size-scales: decimeter-scale (relief of <1 m) and meter-scale (relief of >1 m). Habitat complexity at the dm-scale was measured based on the undulation of substrate surface along the 10-m transect line using a water level logger (HOBO Water Level Data Logger; Onset Computer Corporation, Bourne, MA, United States) following Dustan et al. (2013). The water level logger also recorded depth, and average depth was calculated for each line and used in the analysis. The rugosity index was calculated by dividing the measured length of surface undulation by the measured horizontal distance (10 m) (Graham and Nash, 2013). For m-scale complexity, the seascape complexity was determined by visual estimation using four categories defined based on the abundance of large relief (>1-m height) and deep crevices (>1-m deep) at the study site: category 1 = few (abundance < 3); category 2 = several (abundance of 3–10); category 3 = many and moderately complex (abundance of >10); category 4 = very complex (abundance of >10, the max size of relief and crevices is much larger than the category 3).

Wave exposure at each site was estimated by the fetch method (Chollett and Mumby, 2012). The fetch was calculated using the fetchR package in R (R Core Team, 2018) with 36 compass directions (angle intervals of 10°). Data on wind speed and direction (2007–2018) at each site were collected from the online archive, CODiS of Taiwan Central Weather Bureau1. Wave exposure at each site (J m–3) was calculated based on these values using the linear wave theory that includes equations of “fetch-limited” and “fully developed” seas (Ekebom et al., 2003; Harborne et al., 2006; Chollett and Mumby, 2012).

We examined factors that would influence the density of juvenile corals using generalized linear mixed models (GLMMs). A Gamma error distribution with a log link function was used for the response variable (juvenile coral density). In the model, eight predictor variables were considered: herbivorous fish density, sea urchin density, coral cover, macroalgal cover, dm-scale habitat complexity, m-scale habitat complexity, water depth, and wave exposure. Herbivorous gastropods were virtually absent at most sites and therefore ignored in the analysis (see “Results” section). Juvenile sea urchins (<2 cm in test size) are less influential in controlling algae and consequently were excluded from sea urchin density data. In the analysis, predictor variables were standardized by subtracting the mean and dividing by two standard deviations (Gelman, 2008). We first examined an overall model by combining all data from the three coral reef areas and then examining individual models for each coral reef area. Study sites that were nested within coral reef areas were treated as random factors. No multicollinearity was detected in the models at a criterion of variance inflation factors < 2.5. The Akaike information criterion corrected for small size (AICc) was used for model selection. Best models of <2 ΔAICc were selected, and model averaging was performed within them (Burnham and Anderson, 2002; Zuur et al., 2009). In the averaged model, the mean and 95% confidence intervals (CIs) of the estimated coefficients were calculated for each predictor variable. Predictors were inferred as significant when 95% CIs of coefficient excluded zero. The relative importance of each predictor in the averaged model was calculated by summing the Akaike weights for the predictor over the best models (Burnham and Anderson, 2002). This index ranges from 0 to 1 with a higher value for the higher relative importance. All analyses were performed in R ver. 3.6.1 (R Core Team, 2018) with the packages, lme4 ver. 1.1-23 and MuMin ver. 1.43.10.



RESULTS

We described the state of the six biological variables: corals, juvenile corals, herbivorous fishes, sea urchins, herbivorous gastropods, and macroalgae recorded along the three Taiwanese coral reefs. A summary of results at each site for the biotic variables and three abiotic variables (habitat complexity, water depth, wave exposure) is provided in Supplementary Table S1.

Coral cover varied among the three reefs with the highest average cover recorded in Green Island [mean ± SE: 42.9 ± 1.8%], followed by Orchid Island [28.4 ± 1.9%], and Kenting [19.4 ± 1.7%] (Figure 2A). Of the total 50 coral genera identified, those dominant in total cover were Montipora (23.7%), Porites (16.9%), Pocillopora (8.4%), and Acropora (8%). In contrast, the density of juvenile coral was the highest in Orchid Island [mean ± SE: 34 ± 2.6 indiv./m2], followed by Kenting [22.7 ± 2.4 indiv./m2] and Green Island [20.8 ± 1.3 indiv./m2] (Figure 2B). The dominant genera of juvenile corals were similar to those of adult corals, including Porites (26%), Montipora (17%), and Pocillopora (14%).
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FIGURE 2. Abundance [mean ± SE] of (A) hard coral, (B) juvenile coral, (C) macroalgae, (D) herbivorous fish, (E) sea urchins (mostly diadematids) on three Taiwanese coral reefs in 2016–2017. The densities of juvenile coral, sea urchins, and herbivorous fish have different scales.


Macroalgal cover was relatively low at all sites, ranging from 0 to 28.1% on average. Kenting had the highest macroalgal cover [mean ± SE: 7.4 ± 1.3%], followed by Green Island [2.8 ± 0.4%], and Orchid Island [2.1 ± 0.3%] (Figure 2C). Of a total of 19 genera identified, dominant genera in total cover were Codium (29.3%), Galaxaura (21.6%), and Laurencia (16.1%).

The overall density of herbivorous fish (parrotfish and surgeonfish) was low [mean ± SE: 4.2 ± 0.2 indiv./235 m2] on these Taiwanese coral reefs. Orchid Island had the highest average density [5.1 ± 0.3 indiv./235 m2], followed by Kenting [4.3 ± 0.3 indiv./235 m2] and Green Island [2.93 ± 0.2 indiv./235 m2] (Figure 2D). Surgeonfish dominated herbivore fish assemblages (91.6%). Although taxonomic identification to genus level was difficult using the method in the present study, Nozawa et al. (2020) reported four surgeonfish genera Acanthurus, Ctenochaetus, Naso, and Zebrasoma within the coral reef areas in 2012–2014. Herbivorous gastropods were virtually absent at all sites, with only nine individuals recorded (five in Green Island, two in Orchid Island, and two in Kenting): These were Turbo chrysostomus (seven individuals) and Monetaria sp. (two individuals). Compared with herbivorous fishes and gastropods, sea urchins were the most abundant herbivores (in density) on 19 of 30 coral reef sites (Figure 2E and Supplementary Table S1). However, their density varied greatly from 0 to 14 indiv./20 m2 among sites. The average density of sea urchins [mean ± SE] was 2 ± 0.4 indiv./20 m2 in Kenting, 1.4 ± 0.4 indiv./20 m2 in Orchid Island, and 0.6 ± 0.2 indiv./20 m2 in Green Island (Figure 2E). Most sea urchin species belonged to the family Diadematidae, consisting of the genera Diadema (66.1%) and Echinothrix (33.9%). Except for diadematids, only three individuals of Tripneustes gratilla were recorded (note that Echinostrephus spp. and Echinometra spp. were not considered in this study).

Sea urchin density was the only significant positive predictor of juvenile coral density in the overall GLMM for the three Taiwanese coral reefs (coefficient = 0.415; 95% CI lower = 0.227, upper = 0.604) (Figures 3A, 4A) and was also the only significant positive predictor in individual GLMMs for each reef (coefficient = 0.339–0.551) (Figures 3B–D, 4B–D). The relative importance of sea urchin density was the maximum value (1.00) in all the GLMMs (Supplementary Table S2). Besides sea urchin density, water depth (coefficient = −0.269; 95% CI lower = −0.501, upper = −0.037) and habitat complexity at m-scale (coefficient = −0.405; 95% CI lower = −0.648, upper = −0.161) were selected as significant negative predictors in the overall GLMM for all reefs (Figure 3A). However, these were not significant predictors in the GLMMs for the individual reefs, except for habitat complexity at m-scale in Orchid Island (Figure 3C). In addition to these predictors, habitat complexity at dm-scale was selected as a significant positive predictor only in the GLMM for Green Island (Figure 3B).
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FIGURE 3. Multi-model-averaged parameter estimates for the predictors of juvenile coral density in the multivariable regression analysis. Mean coefficient estimates (±95% confidence intervals) are plotted for (A) all locations, and for individual coral reefs for (B) Green Island, (C) Orchid Island, and (D) Kenting. Abbreviations of predictors in figures (B–D) denote, SE, sea urchin density; HF, herbivorous fish density; C, coral cover; MA, macroalgal cover; HCdm, habitat complexity at decimeter-scale; HCm, habitat complexity at meter-scale; D, water depth; WE, wave exposure.
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FIGURE 4. The marginal effect of sea urchin (mostly diadematids) density (±95% confidence intervals) on juvenile coral density, estimated at the mean of other predictors in the GLMM for (A) all locations, and for individual coral reefs for (B) Green Island, (C) Orchid Island, and (D) Kenting.




DISCUSSION

The present study demonstrated that diadematid density was the primary positive driver of juvenile coral density, suggesting the important role of diadematids for coral resilience on the Taiwanese coral reefs. The dominance of diadematids was most likely owing to the population decline of other macro-herbivores, fishes and gastropods that are target species of local fisheries on coral reefs, whereas diadematids are not. In the present study, non-diadematid sea urchins and herbivorous gastropods were rarely seen, and many herbivorous fishes were small in size (personal observation). This reflects the severe overfishing problems occurring along Taiwanese coral reefs (Dai et al., 2002) and elucidates the increasing role of diadematids as remnant herbivores on the overfished coral reefs.

A shift in dominant herbivore taxa from herbivorous fishes to sea urchins has been documented on overfished coral reefs in other regions of the world, including the Caribbean and eastern Africa (McClanahan and Kurtis, 1991; Jackson et al., 2001). Of these, the best example is Diadema antillarum, that became the dominant herbivore on coral reefs in the Caribbean due to historical overfishing of other herbivorous animals (Jackson et al., 2001). However, the sudden regional die-off of D. antillarum by an epidemic in 1983 was followed by the significant decline of coral due to overgrowth by blooms of macroalgae across the Caribbean (Lessios, 1988; Hughes, 1994). This catastrophic event revealed the important role D. antillarum plays as the remaining dominant herbivores pre-1983, facilitating a coral-dominated state by controlling macroalgae on the overfished Caribbean reefs (Lessios, 1988; Hughes et al., 1999; Edmunds and Carpenter, 2001; Carpenter and Edmunds, 2006). Although the recovery of D. antillarum populations has been prolonged and patchy (Lessios, 2016), studies have reported the strong association between their recovery, lower macroalgal abundance, and higher coral recruit abundance (Edmunds and Carpenter, 2001; Carpenter and Edmunds, 2006; Idjadi et al., 2010).

The multivariable regression analyses performed in this study indicated that only a few of the examined factors, that have been proposed as key factors for coral resilience elsewhere were significant drivers of juvenile coral abundance along Taiwanese coral reefs. The results suggest a high variation in primary factors of coral resilience among locations (Roff and Mumby, 2012) and indicates the importance of examining factors at each location. Herbivorous fishes are often dominant, regarded as the key functional group of coral resilience on pristine coral reefs (Gilmour et al., 2013) or in marine reserves (Mumby et al., 2007; Graham et al., 2015). However, on Taiwanese reefs, herbivorous fishes were not abundant, and their function was weakened (i.e., no significant correlation with juvenile coral density). Furthermore, recent studies have indicated that many nominal herbivorous fish taxa such as parrotfish and surgeonfish actually feed on non-algal foods including cyanobacteria, microbes, and detritus and are not main contributors of algal removal (Clements et al., 2017; Dell et al., 2020).

Macroalgae are also the well-known primary negative driver of coral recruits and resilience on Caribbean coral reefs (Hughes, 1994; Edmunds and Carpenter, 2001; Carpenter and Edmunds, 2006). However, outside the region, macroalgae are often not abundant and hence not a major competitor for space, as seen in the present study (Bruno et al., 2009; Roff and Mumby, 2012). Water depth was negatively associated with juvenile coral abundance in the present study, possibly owing to larval settlement patterns of the dominant coral taxa, Porites and Pocillopora spp., with more recruits at shallower sites observed locally (Nozawa et al., 2013). In contrast, it was the positive driver of coral resilience in the Seychelles (Graham et al., 2015).

Habitat complexity is a well-studied habitat characteristic that often indicates positive effects on coral recruits and resilience, owing to its positive association with herbivorous fish abundance (Graham and Nash, 2013; Graham et al., 2015). In our multivariable regression analyses, opposite effects of habitat complexity emerged depending on the habitat scale; the decimeter-scale habitat complexity showed a tendency of a positive effect on juvenile coral abundance, whereas the meter-scale habitat complexity indicated negative effects. This contrasting pattern suggests the importance of scale in habitat complexity (Tokeshi and Arakaki, 2012). It might be partially explained by the possible scale-dependent impact of habitat on grazing activity of the locally dominant herbivore, diadematids. The decimeter-scale habitat complexity could enhance diadematid abundance by providing shelter and hence, increasing gross grazing rate (Lee, 2006), whereas the meter-scale complexity would create a dynamic water environment that often reduces diadematid grazing (Foster, 1987; Rogers and Lorenzen, 2016).

A key strategy, for resilience-based management of coral reefs, is to restore functional herbivory via recovering herbivorous fish populations (Graham et al., 2013; MacNeil et al., 2015; Topor et al., 2019), while the use of benthic herbivores, including sea urchins has rarely been discussed outside the Caribbean. The use of benthic herbivores has two clear advantages over herbivorous fishes, especially for small-sized marine reserves: (1) fewer protection efforts for species like diadematids as they are often not fishery species and (2) reduced management effort because of their limited mobility. Given the time-consuming and challenging process in recovering and maintaining the sufficient density of herbivorous fish populations, including strict fishery regulations and large-sized marine reserves (MacNeil et al., 2015), it would be wise to consider benthic herbivores, ahead of, or alongside herbivorous fishes, as they may be easier to recover and manage than fish (Maciá et al., 2007; Neilson et al., 2018). However, more information is needed to realize the full potential of benthic herbivores in coral reef management. For example, grazing activity of Diadema sea urchins could cause damage to corals and coral recruits under high-density conditions (Sammarco, 1980, 1982; Bronstein and Loya, 2014). Research areas to fully understand the value of benthic herbivores are a priority and may include the selection of local candidate species, their effective population densities, and their effects on the alga-coral interaction.
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