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Due to climate change, coral reefs have experienced mass bleaching, and mortality events in recent years. Although coral reefs are unlikely to persist in their current form unless climate change can be addressed, local management can have a role to play by extending the time frame over which there are functional reef systems capable of recovery. Here we consider the potential application of one form of local management – management of herbivorous fishes. The premise behind this approach is that increased herbivory could shift reef algal assemblages to states that are benign or beneficial for corals, thereby increasing corals’ ability to recover from destructive events such as bleaching and to thrive in periods between events. With a focus on Indo-Pacific coral reefs, we review what is known about the underlying processes of herbivory and coral-algal competition that ultimately affect the ability of corals to grow, persist, and replenish themselves. We then critically assess evidence of effectiveness or otherwise of herbivore management within marine protected areas (MPAs) to better understand why many MPAs have not improved outcomes for corals, and more importantly to identify the circumstances in which that form of management would be most likely to be effective. Herbivore management is not a panacea, but has the potential to enhance coral reef persistence in the right circumstances. Those include that: (i) absent management, there is an “algal problem” – i.e., insufficient herbivory to maintain algae in states that are benign or beneficial for corals; and (ii) management actions are able to increase net herbivory. As increased corallivory is a potentially widespread negative consequence of management, we consider some of the circumstances in which that is most likely to be a problem as well as potential solutions. Because the negative effects of certain algae are greatest for coral settlement and early survivorship, it may be that maintaining sufficient herbivory is particularly important in promoting recovery from destructive events such as mass bleaching. Thus, herbivore management can have a role to play as part of a wider strategy to manage and reduce the threats that currently imperil coral reefs.
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INTRODUCTION

Coral reefs are important ecosystems because of the services they provide, including food-security, culture, tourism, recreation, and coastal protection (Woodhead et al., 2019). However, the corals that build reefs are sensitive to even relatively small increases in maximum temperature, and as a result, climate change has led to extensive and widespread coral bleaching and mortality in recent decades (Hoegh-Guldberg, 1999; Griffin et al., 2017; Hughes et al., 2017; Lough et al., 2018; Skirving et al., 2019; Sully et al., 2019). The scale of coral mortality associated with those events, along with an expectation of increasing frequency and severity of future events (van Hooidonk et al., 2016; Hughes et al., 2018), highlights an urgent need for strengthened informed and proactive management of these threatened ecosystems (Anthony et al., 2015; Norström et al., 2016; van Oppen et al., 2017; Hoegh-Guldberg et al., 2018; Mcleod et al., 2019).

Any solution for coral reefs must involve addressing global climate change, but local management could still have a role to play in improving corals’ ability to cope with destructive events such as mass bleaching – either by increasing scope for recovery from events, or by reducing other stressors so that corals are better able to thrive in periods between events. Although the potential for management to be effective in this regard is often framed in terms of resilience, which implies a return to pre-disturbance states, a more realistic management target might be “coral reef persistence,” i.e., extending the timeframe over which there are reefs capable of providing ecosystem services, and which are sufficiently intact to recover. Essentially, increased persistence would buy time for the larger problems to be dealt with, for coral acclimation or adaption to occur (Couch et al., 2017; Coles et al., 2018; DeCarlo et al., 2019), or for other solutions to be realized (Kennedy et al., 2013; Anthony et al., 2017).

While there are many management interventions that might promote coral reef persistence (Ladd et al., 2018; National Academies of Sciences, 2018; Mcleod et al., 2019), here we focus on one of those: management of herbivorous fishes. Although it has been widely believed that herbivore management is one of the keys to coral reef resilience (McClanahan et al., 2012; Chung et al., 2019), there has been recent push back against an overly simplistic expectation that protecting herbivorous fishes within marine protected areas (MPAs) will always or even generally benefit corals (Russ et al., 2015; Bruno et al., 2019). While it is certainly true that many coral reef MPAs have not improved outcomes for corals, some have been highly effective in this regard (Rasher et al., 2013; Bonito et al., 2014; Bonaldo et al., 2017). There is, therefore, a pressing need to better understand the circumstances in which MPAs and other forms of herbivore management are most likely to benefit corals, and equally when this approach is likely to be ineffective.

Given fundamental differences between Indo-Pacific and Caribbean reefs, especially in relation to the impacts of herbivory on algae and of algae on corals (Roff and Mumby, 2012; Doropoulos et al., 2016b; Mumby et al., 2016; Pawlik et al., 2016), and because there has been a recent review of herbivory and resilience on Caribbean reefs (Adam et al., 2015), we focus here on Indo-Pacific coral reefs. Our goals are to: (1) summarize what is known about the scope for herbivory to enhance coral vitality; (2) critically assess the evidence on the impacts of herbivore management on coral reef persistence; (3) consider which factors have contributed to the apparent failure of many MPAs to benefit corals; (4) highlight the main areas of uncertainty; and (5) provide guidance on the conditions in which herbivore management is most likely to be effective at increasing coral reef persistence.

HOW MIGHT HERBIVORE MANAGEMENT INCREASE CORAL REEF PERSISTENCE?

For herbivore management to increase coral reef persistence, a series of linked steps must occur: (1) management actions lead to increased grazing pressure, presumably by increasing the number, size or diversity of herbivores; (2) increased grazing pressure alters benthic algal assemblages, and corals are better able to thrive when benthic algae are in “cropped” states; and (3) the benefits to corals, such as increased growth or replenishment, or reduced mortality, outweigh any associated negative impacts, such as from increased corallivory (Bonaldo and Rotjan, 2018).

Regarding the first of those conditions, there is ample evidence that management can enhance coral reef herbivorous fish populations (Friedlander et al., 2007; Stockwell et al., 2009; Williams et al., 2009, 2016; Mumby et al., 2013a; Parravicini et al., 2014; Nash et al., 2016a; Bonaldo et al., 2017). Clearly, there are also circumstances in which that will not occur. For example, protection will not enhance herbivore populations much or at all where herbivores are lightly fished or unfished or where compliance is insufficient. Thus, an obvious prerequisite for implementing herbivore management at any particular location is that there can be a reasonable expectation that recovery of herbivore populations is feasible. We believe that local management should generally be able to identify the circumstances in which that is the case, and we do not consider that further here. Instead, we focus on the potential for herbivore management to enhance coral reef persistence, given an assumption that the first condition can be met.

We first consider what is known about the impacts of different types of benthic algae on corals at different life-stages, and the scope for higher grazing pressure to shift algal assemblages toward states that are more benign for corals. This part of our review therefore focuses on colony-scale processes such as coral growth, mortality, and reproduction and how those may be affected by herbivory. As we are ultimately concerned with coral reef persistence, we then shift focus to studies that have assessed reef-scale outcomes of herbivore management, all of which were conducted in MPAs and comparison sites.

EFFECTS OF HERBIVORY ON ALGAL ASSEMBLAGES

A large body of experimental and observational evidence indicates that herbivory has large and relatively predictable effects on coral reef algal assemblages (Hixon, 2015). Some of that comes from caging experiments which have consistently shown that, at locations where herbivorous fish populations are relatively intact, severely restricting grazing normally leads to substantial increases in algal biomass and canopy height, generally accompanied by shifts in algal communities toward domination by fleshy macroalgae, and dense turfs. Whereas, in control plots, where grazing is not restricted, algal assemblages are more generally dominated by crustose corralling algae (CCA), sparse turfs, and “bare” substrate (Hughes et al., 2007; Smith et al., 2010; Adam et al., 2011; Rasher et al., 2012; Humphries et al., 2014; Doropoulos et al., 2016b; Holbrook et al., 2016; Mumby et al., 2016).

One limitation of caging experiments is that they typically reduce grazing pressure by much more than would normally occur on even heavily fished reefs, e.g., by a factor of 10 or more (Hughes et al., 2007; Holbrook et al., 2016). However, multiple survey-based studies have shown broadly similar patterns across natural gradients of herbivory – i.e., negative associations between herbivore biomass and macroalgal cover on reefs in Australia, Hawaii, the Philippines, and American Samoa (Friedlander et al., 2007; Stockwell et al., 2009; Wismer et al., 2009; De’ath and Fabricius, 2010; Heenan and Williams, 2013). Similar reef-scale relationships between algal assemblages and intensity of herbivory were also evident in a study of herbivore management areas in Maui, Hawaii. Over the first 6 years of closure, during which time herbivore biomass increased, and parrotfish biomass more than doubled, CCA cover increased from ∼2 to ∼15%, macroalgal cover declined to near zero, and algal turfs shifted toward more heavily cropped states – i.e., sparse turfs and bare substrate. No similar changes occurred at eight comparison sites around Maui (Williams et al., 2016).

Of course, algal communities are shaped by many drivers other than herbivory, including sedimentation, turbidity, ocean chemistry, wave energy, nutrient levels, depth, temperature, substrate orientation, and preemption of space by other benthic organisms (Wismer et al., 2009; De’ath and Fabricius, 2010; Mumby et al., 2013a; Williams et al., 2015; Duran et al., 2018; Robinson et al., 2018). Reefs also vary in their capacity to support abundant herbivorous fishes (Heenan et al., 2016; Helyer and Samhouri, 2017), and there are also large differences among reefs in the extent to which herbivores have been depleted by fishing (Edwards et al., 2013). In addition, rates of herbivory and of algal growth and senescence vary seasonally (Done et al., 2007; Lefèvre and Bellwood, 2010; Brown et al., 2018). Consequently, the amount of grazing necessary to maintain algae in cropped states is likely to vary considerably among locations and time periods, as will the scope for management to raise herbivory sufficiently to cause meaningful shifts in benthic algal assemblages. Nevertheless, collectively there is strong evidence, that, where fleshy macroalgae and dense turf are abundant, increased grazing pressure could reasonably be expected to shift algae toward “cropped” states, i.e., CCA and sparse turfs.

Accepting that algal communities are affected in somewhat predictable ways by herbivory, it is less clear how much, and what type of herbivory is necessary for benthic algae to be maintained in desirable states. Certainly, parrotfishes are not the only important grazers, and instead it seems that maintaining herbivore functional and size diversity are important (Burkepile and Hay, 2008; Nash et al., 2016b). Additionally, feeding selectivity and limited diversity within some feeding groups can mean that a small number of species are particularly important at any particular location (Humphries et al., 2015; Plass-Johnson et al., 2015; Puk et al., 2016). For example, a study in Fiji found that 97% of macroalgal consumption was by four species, with little overlap among those in the algal taxa they consumed (Rasher et al., 2013).

EFFECTS OF BENTHIC ALGAE ON CORALS

Effects of Algae on Coral Condition, Growth, and Survival

In situ visual assessments of coral-algal interactions around coral colony boundaries generally show neutral or negative outcomes for coral tissue adjacent to macroalgae and turfs, i.e., tissue loss, damage, bleaching or overgrowth, but neutral or positive outcomes for tissue adjacent to CCA (Table 1). Interactions identified as corals “losing” likely have some cost to affected colonies, as they are associated with detrimental shifts in microbial communities and coral tissue hypoxia at the coral-algal interface (Barott et al., 2009). Corroboration that interactions with thick turfs and some macroalgae can translate into negative impacts on coral vitality comes from studies demonstrating reduced coral growth rate or lesion recovery, or higher tissue mortality (Table 1). In contrast, interactions between corals and either CCA or sparse or inconspicuous turfs tend to result in positive coral tissue growth at the interaction site (Haas et al., 2010; Jorissen et al., 2016).

TABLE 1. Effects of benthic algae on coral condition, mortality, and growth.
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The impacts of competition with turf and macroalgae vary considerably depending on the coral and algal species involved, as well as coral colony size and growth form (Barott et al., 2012; Swierts and Vermeij, 2016). Importantly, not all macroalgae have negative effects on corals; for example, the calcareous upright macroalgae Halimeda spp. has been shown to be a largely benign or neutral competitor (Barott et al., 2009; Brown et al., 2017). Allelopathy, i.e., chemical inhibition, appears to be a critically important mechanism. For example, transplantation of allelopathic algae (Chlorodesmis fastigiata and Galaxaura filamentosa) against coral colony edges led to tissue damage (bleaching, mortality, or overgrowth) for the majority of coral species tested, whereas transplanted non-allelopathic macroalgae (Sargassum polycystum and Turbinaria conoides) did not damage corals (Bonaldo and Hay, 2014). Close proximity with allelopathic macroalgae has also been associated with reduced rates of lesion repair for some but not all coral species (Bender et al., 2012).

Sub-lethal effects of excessive algal growth on corals potentially also include diminished reproductive capacity. For example, in long-term caging studies on the Great Barrier Reef, reproductive output was significantly reduced in coral fragments within macroalgal dominated cages (Hughes et al., 2007). Similarly, Isopora palifera colonies in plots dominated by macroalgae released around half as many larvae as colonies in plots where macroalgae was maintained at low levels over a 2 year period (Tanner, 1995).

Some studies have noted that small coral colonies (<5 cm diameter) are more likely to “win” interactions (judged by condition of coral tissue at the interaction site), perhaps because they devote a greater share of their resources to colony defense than larger colonies (Barott et al., 2012; Brown et al., 2017). However, probably more important to long-term outcomes of coral-algal interactions are that large colonies tend to: (1) have greater capacity to escape by height, i.e., portions of the colony grow up and away from the benthos and so a smaller portion of the colony perimeter directly interacts with algae (Barott et al., 2012; Bonaldo and Hay, 2014); and (2) have higher surface-area to perimeter ratios (George et al., 2018), and thus greater ability to absorb the energetic costs of competition around their boundaries. This may explain why growth rates of large colonies tend to be much less affected by competition with macroalgae than are small colonies (Ferrari et al., 2012), and why it is possible for reefs to have large and well-established corals alongside high macroalgae cover.

Effects of Algae on Coral Settlement and Early Survivorship

The clearest impacts of algae on corals are on corals’ early life stages. With few exceptions, experimental studies have shown that macroalgae generally inhibits coral settlement or reduces early survivorship (Table 2). Underlying mechanisms include physical overgrowth and abrasion, but there is also considerable evidence of the importance of allelopathic effects on corals in proximity to certain macroalgae (Vermeij et al., 2009; Dixson et al., 2014; Evensen et al., 2019). In some circumstances this can lead to reef-scale coral recruitment failure at locations where macroalgae have become very abundant (Doropoulos et al., 2014). Conversely, corals preferentially settle on some types of CCA, as shown by in situ surveys (O’Leary et al., 2012) and by experimental work, including that attachment of CCA chips to tile substrate increased coral settlement eightfold (Doropoulos et al., 2016a). Impacts of turf are more complex, but low turfs, i.e., with canopy height <∼ 3 mm, do not appear to negatively impact coral settlement or early survivorship, except when in combination with sediment (Birrell et al., 2005; Diaz-Pulido et al., 2010; Leong et al., 2018).

TABLE 2. Effects of benthic algae on coral replenishment – i.e., settlement, survivorship or density of early life stage corals.
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Early stage corals have extremely high mortality rates, e.g., ∼1% of settling corals survive to ∼ 1 cm diameter (Doropoulos et al., 2015). At that highly vulnerable life stage, there are complex trade-offs for coral recruits between the negative effects of competition with uncropped algae in the form of shading, overgrowth, and smothering, vs. the risk of deliberate or incidental predation. Typically, corals preferentially settle into cryptic or sheltered microhabitats such as undersides of ledges and crevices, thereby avoiding the exposed upper surfaces where they would be more vulnerable to predation (Doropoulos et al., 2015, 2016a). These protected microhabitats can still be accessible to small herbivores that may partially control algal growth, but which are less likely to consume corals (Brandl et al., 2014).

Regardless of the relative importance of mechanisms that underlie survival of early-stage corals (Doropoulos et al., 2016b), experimental studies have consistently shown higher survivorship of early-stage corals in treatments that are accessible to herbivores and other fishes, in spite of higher predation rates (Hughes et al., 2007; Doropoulos et al., 2016a; Mumby et al., 2016). Corroboration of those experimental results in nature comes from a study of marine reserves in Fiji, where density of juvenile corals (<5 mm diameter) was around three times higher in two of three reserves (and non-significantly higher in the other), with those differences ascribed to lower macroalgal cover inside reserves (Bonaldo et al., 2017).

Although several studies have shown strong positive impacts of CCA on coral settlement and early survivorship (Table 1), there are important differences among CCA species, including that corals strongly avoid settling on some CCA species, and that spat survivorship tends to be low on non-preferred species, due to overgrowth or sloughing by CCA (Harrington et al., 2004; Price, 2010; O’Leary et al., 2012). However, there is some evidence that CCA species most favorable for coral settlement and survival tend also to be more abundant in the cryptic microhabitats favored by coral settlers (Steneck, 1986). Thus, although excessive algal growth can negatively impact corals in all life stages, perhaps what is most important for corals’ early life stages is that there is sufficient cover of benign CCAs and other preferred substrates in settlement microhabitats, and that broader reef algal communities are not dominated by allelopathic algae which can inhibit settlement or early survivorship at a distance (Evensen et al., 2019), potentially leading to reef-scale recruitment failure (Doropoulos et al., 2014).

OUTCOMES OF HERBIVORE MANAGEMENT FOR CORALS

Given the evidence above that, without sufficient herbivory reef benthic algae tend to shift toward states that are less desirable for coral wellbeing, one might expect there would be many cases in which boosting herbivory had led to increased coral cover or improved capacity of corals to recover from storms and other destructive events. In fact, evidence for the generality of those kinds of outcomes is weak (Bruno et al., 2019). Therefore, it is important to critically assess the relevant evidence to better understand why management has been ineffective in many cases, as well as to draw conclusions about where herbivore management has the greatest potential to improve outcomes for corals.

The only evidence we are aware of involving reef-scale outcomes of management comes from studies of MPAs. For example, several previous studies have synthesized evidence of MPA effects on coral cover and recovery, either as meta-analyses or in large-scale studies utilizing data from multiple MPAs and comparison areas at widely spread locations (Table 3). Those studies provide no indication that coral mortality from warming events was lower within MPAs (Ateweberhan et al., 2011; Selig et al., 2012). Also, although one study suggested that the rate of coral cover recovery following the 1998 Indian Ocean bleaching event was higher within protected areas than fished areas (Ateweberhan et al., 2011), other studies assessing recovery from major disturbances (storms, bleaching, and crown-of-thorns outbreaks) did not find evidence that coral recovery was enhanced within MPAs (Graham et al., 2011; Carassou et al., 2013).

TABLE 3. Studies synthesizing MPA effects on coral cover or recovery (meta-analyses and large-scale data syntheses).
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However, it is not always straightforward to draw conclusions on herbivore management from MPA studies. First, MPAs may have other protections that would benefit corals, such as no-anchoring rules; alternatively, they might be impacted by heavier recreational or tourist use. Also, MPAs are often established in atypical locations, undermining simple comparisons with unprotected reefs in their locality. Additionally, by no means do all coral reef MPAs enhance herbivore stocks. MPAs are likely to have only small effects in locations where herbivores are lightly fished or if compliance is weak, as was the case in some MPA studies that have addressed this topic (Carassou et al., 2013; Halpern et al., 2013). More importantly, the great majority of coral reef MPAs were not established to manage herbivores with a goal of sustaining or recovering corals, and in many cases it is unlikely they could ever be effective in that regard. For example, herbivorous fishes are not generally targeted by coral reef fisheries in either Florida or on the Great Barrier Reef in Australia (Kramer and Heck, 2007; Cheal et al., 2010), and thus there is no reason to expect that MPAs in those regions would boost herbivory. Notably, the majority of locations considered in the global studies showing no MPA effect on coral recovery were in the Caribbean or Australia – 14 of 17, and 5 of 7 MPAs, respectively (Graham et al., 2011; Carassou et al., 2013).

Other syntheses have shown modest positive benefits on the rate of change of coral cover from being within established (>∼5 years old) Indo-Pacific MPAs (Selig and Bruno, 2010; Magdaong et al., 2014). However, it is unclear how important herbivore management may have been in those patterns, as those studies do not contain information on relative abundance of herbivores or on other aspects of management effectiveness (Table 3). We found only two syntheses which included assessments of the impacts of protection on herbivorous fishes, as well as on algal and coral cover (Table 3). One of those compared 15 MPAs in the Philippines that had been closed for between 0.5 and 11 years with 15 comparison fished areas, and found no effect of protection on coral cover, in spite of higher herbivorous fish biomass and lower macroalgal cover in long-standing MPAs (Stockwell et al., 2009). The scope to draw broad conclusions on management from that study is undermined by high variability among these reefs – e.g., coral cover varied between 5.7 and 67.3% among sites – and because of the brief duration of protection –5 years or less at half the MPAs. The other synthesis, a global study, found evidence of a positive impact of protection on coral cover in some MPAs (Strain et al., 2018). Specifically, coral cover was 8–19% higher inside well-enforced no-take MPAs that were >10 years old than in comparison open areas. That difference was due in part to the higher biomass of herbivores and lower cover of foliose algae in those protected areas (Strain et al., 2018).

Although these results provide some indications that MPAs can benefit corals in at least some circumstances, our goal is not to determine whether MPAs are a universally effective tool, but rather to draw conclusions about the potential for herbivore management of Indo-Pacific reefs, assuming that management is able to meet the most basic standard for effectiveness that we highlight above – i.e., enhance stocks of herbivorous fishes. To that end we now give detailed consideration to studies of MPAs or groups of MPAs at Indo-Pacific locations that have been comprehensively studied over a number of years and which meet that standard (Table 4).

TABLE 4. Focal MPA studies, including only MPAs where there is evidence that herbivorous fishes were enhanced by management.
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Conclusions From Focal MPA Studies

The studies summarized in Table 4 are from five locations in the Indo-Pacific. In all cases, there is comprehensive information on MPA effects on coral, herbivores and benthic algae, including data prior to the establishment of MPAs and for several years after. In four of these locations, reefs had experienced major bleaching or other destructive events immediately prior to or during the study (Table 4). These focused studies therefore allow us to draw a number of broad conclusions about the potential for herbivore management to enhance Indo-Pacific coral reef persistence including recovery from disturbance.

Herbivore Management Can Improve Outcomes for Corals in Some Circumstances

Clear evidence that marine reserves can be highly effective at promoting coral recovery comes from MPAs on the south coast of Viti Levu, Fiji. There, three small MPAs were established in 2002–2003, ∼ 2 years after a mass bleaching event that had left reefs in a degraded state, with coral cover of around 7% and macroalgal cover around 35–45% in both protected and comparison fished areas (Bonito et al., 2014). By 2010–2012, coral cover within MPAs was variously estimated at 16–23, 38–56, or 36–75% depending on the location of sampling, but had barely recovered – to around 10% – in fished areas (Rasher et al., 2013; Bonito et al., 2014; Bonaldo et al., 2017). Macroalgae continued to dominate on fished reefs but had become scarce within MPAs (Bonaldo et al., 2017). Multiple lines of evidence indicate that the reduction of the direct and indirect impacts of macroalgae was key to coral recovery within the MPAs, including demonstrated negative effects of macroalgae on coral recruitment, growth, and mortality (Bonaldo and Hay, 2014; Clements and Hay, 2015; Beatty et al., 2018; Clements et al., 2018). The obvious driver of differences in algal assemblages between these MPAs and the nearby fished areas was that herbivorous fish biomass and grazing rates had become 3–6 times higher, and herbivore diversity 2–3 times higher inside the MPAs than in fished area (Rasher et al., 2013; Bonito et al., 2014; Bonaldo et al., 2017). Thus, within those Fijian MPAs there was a clear link between protection of herbivores and the rapid and substantial recovery of coral assemblages.

A more equivocal case is that of the Kahekili herbivore fisheries management area (KHFMA) in Maui, Hawaii. The KHFMA was established in 2009 in response to concerns about the rapid decline of coral cover in that vicinity, during a period in which there had been several episodic but large-scale macroalgal blooms (Smith et al., 2005; Williams et al., 2016). By 2015, parrotfish biomass had more than doubled and algal assemblages had also changed, with cover of CCA and sparse turfs greatly increased, and macroalgae reduced to negligible levels. Coral cover, which had been declining at the time of KHFMA establishment, stabilized around 3 years after protection began. Unfortunately, any incipient coral recovery was arrested by a region-wide coral bleaching event in 2015, which caused the loss of around a tenth of the coral cover within the KHFMA (Williams et al., 2016). Thus, results from the KHFMA are not inconsistent with an expectation that herbivore management can benefit coral persistence, but definitive evidence for or against that will only become apparent over coming years as the reefs there and elsewhere in Hawaii recover from the 2015 event.

Herbivore Management Will Not Enhance Coral Reef Persistence Where There Is Already Sufficient Herbivory

In stark contrast to outcomes in Fiji and Hawaii, protection from fishing had no positive effects on coral reef recovery in Kenya from a major mortality event in 1998 (McClanahan, 2008; Darling et al., 2010). There, effective enforcement within reserves combined with high fishing pressure outside has led to dramatic differences in fish populations between fished and closed reefs, with closed reefs having around 30 times the biomass of herbivorous fishes (McClanahan, 2008). However, fishes that prey on sea urchins have also been heavily depleted in fished areas, with the consequence that superabundant sea urchins dominate herbivory on fished reefs (McClanahan et al., 2005; McClanahan, 2014). Overall, although CCA cover was reported to be higher inside closed areas, cover of fleshy algae was similar, and relatively low (<10%) in fished and closed areas (McClanahan, 2008, 2014; O’Leary et al., 2012). Thus, protection of fishes changed the nature, but not clearly the overall intensity, of herbivory inside these Kenyan closed areas.

Similarly, at four extremely well-studied MPAs and comparison areas in the Philippines, there were no positive impacts of protection on coral cover, and no evidence of improved recovery within reserves following a number of disturbances during up to 30 years of monitoring (Russ et al., 2015). Conversely, there was clear evidence of “bottom-up” effects, namely that parrotfish abundance increased as availability of preferred feeding substrata increased. However, at all studied areas, macroalgal cover remained at 0% at all times — i.e., in both fished and closed areas, grazing pressure was sufficient to maintain algae in cropped states throughout. Thus, in this case, there was no deficit of herbivory for management to address. While this highlights that simply establishing MPAs does not by itself improve outcomes for corals, it does not undermine the potential utility of herbivore management in locations where there is an “algal problem” to address.

Increased Corallivory Can Be a Detrimental Consequence of Herbivore Management

As well as differences in sea urchin densities, another key difference between Kenyan fished and closed areas was that corals in closed areas experienced much higher levels of tissue loss from coral predators, including the large parrotfishes and triggerfishes that had become abundant within MPAs (McClanahan et al., 2005). As increased number and size of parrotfishes is not only a likely outcome, but generally an explicit goal of herbivore management, there is clearly potential for increased corallivory to be a common undesirable consequence of protection. On Kenyan reefs, the primary corallivorous parrotfish was the steephead parrotfish, Chlorurus strongycephalus (McClanahan et al., 2005), a species that is known to consume large amounts of coral (Lokrantz et al., 2008). However, parrotfishes were by no means the only corallivorous fishes on those reefs; in fact, the main predator of branching corals within Kenyan MPAs was the red-lined triggerfish Balistapus undulatus (McClanahan et al., 2005). As B. undulatus is also the primary predator of sea urchins, more restricted management such as protecting only herbivores, might have led to better outcomes for corals in Kenyan protected areas. More generally, limited protection is likely also to be more palatable to local stakeholders (Cinner et al., 2009).

Inherent Complexity Can Overwhelm or Obscure Management Effects

A more complex case is that of coral reefs in the Seychelles that lost >90% of coral cover during the 1998 warming event (Graham et al., 2015). By 2011, 12 of 21 reefs studied had recovered to something approaching pre-1998 coral-dominated states, whereas coral cover remained low and reefs had become dominated by fleshy macroalgae in the other nine locations. For these Seychelles reefs, being located within an MPA did not increase the likelihood of recovery to coral-dominated states. However, compliance appears to have been weak in the Seychelles MPAs (Daw et al., 2011), which may also explain why herbivore biomass and MPAs effects varied so considerably among individual reserves, habitat types, and time periods (Graham et al., 2007). In addition, even if there were not clear protection effects on coral recovery, the state of herbivorous fish population was important, as maintaining herbivore biomass above a fairly low threshold was a predictor of coral recovery at Seychelles reefs (Graham et al., 2015). More recent studies of those reefs have shown that high functional and size diversity of herbivorous fish communities prior to the disturbance was actually key to the recovery to coral-dominated states, as that diversity enabled herbivorous fish populations to respond to the change in reef states as coral substrate was replaced by algae following the disturbance (Nash et al., 2016b). Therefore, while the Seychelles MPA studies are not supportive of a simple management effect, they do suggest that maintaining sufficient amount and types of herbivory will increase the scope for reef recovery following disturbance.

SUMMARY

Coral vitality is negatively affected by interactions with certain types of algae, including some types of macroalgae as well as thick turf mats; whereas corals are generally better able to thrive when algal assemblages comprise sparse turfs, bare substrate, and CCA. Importantly, “problem algae” are not simply macroalgae, as: (i) there is considerable variability in the impacts of different species and growth forms of macroalgae; and (ii) there can be strong negative impacts of interactions with some types of CCA and turf. In particular, thick turfs, especially where those trap sediment, can have as negative impacts on corals as “problem” macroalgae.

The impacts of benthic algae on corals vary greatly depending on coral size, growth-form, and life stage. The clearest negative effects of some macroalgae and thick turfs are on corals’ ability to settle and survive into adult life stages. Although large corals can be vulnerable to extreme algal overgrowth and partial mortality, growth and total-mortality rates of large adult colonies are generally less impacted by algal interactions for two main reasons: (i) they can have greater capacity to escape by height, resulting in less of the colony being in close proximity to benthic algae; and (ii) their relatively high surface-area-to-perimeter ratios means that the costs of interactions at their boundaries are relatively smaller for the colony as a whole.

With considerable natural variability and several confounding factors, higher levels of herbivory will tend to shift algal communities toward states that are more benign for corals.

Increased corallivory, especially by large parrotfishes, has the potential to undermine benefits of herbivore management, but the importance of that factor will vary considerably depending on the species and size ranges present, as well as the particular form of management employed. More generally, herbivore management should not be focused only on restoring parrotfishes. Instead, maintaining diversity is probably key due to both feeding selectivity and complementarity. A high degree of herbivore functional and size diversity appears also to be a key factor facilitating herbivory community responses to major events such as mass coral mortality.

Herbivore management is not a panacea, but has the potential to enhance coral reef persistence in the right circumstances; essentially when there is a deficit of herbivory that management can solve. Specifically, that means: (i) that there is an “algal problem,” i.e., abundant macroalgae or dense turfs, or reason to believe that one might develop – perhaps because that had occurred on reefs elsewhere in the locality under broadly similar circumstances, or based on experimental evidence, such as manipulation of grazing pressure to determine whether local reefs are close to thresholds that could make them vulnerable to persisting phase shifts (Schmitt et al., 2019); and (ii) that herbivore stocks or functional diversity are depleted and management actions can reasonably be expected to increase those; which implies, among other things, that there can be sufficient compliance. Those condition have not been met at many existing MPAs, which should not be surprising as most MPAs were not established to enhance herbivory or to increase coral resilience. It is also important that any benefits to corals from increased herbivory are not overwhelmed by other factors, such as heavy sedimentation, that make areas poorly suited to coral growth (Rodgers et al., 2009; Stender et al., 2014). Understanding when those conditions apply requires local knowledge and good judgment. With the aim of grounding our conclusions, we consider application of those to the potential for applying herbivore management on reefs in Hawaii (Supplementary Appendix A).

GAPS AND RESEARCH DIRECTIONS

There is a pressing need to improve our understanding of the effects of parrotfish corallivory. There appears to be considerable variability among parrotfish species, size classes and regions (Bonaldo and Rotjan, 2018), as well as in the degree to which different coral species are able to sustain that form of predation. Ultimately, whether the effects of increased grazing along with increased corallivory is a net benefit or hindrance to corals is likely to vary greatly among locations, depending in part on the mix of parrotfish species and size classes present. Highly corallivorous species – those taking 20% or more of their bites on coral tissue – tend to be large-bodied excavators such as Bolbometopon muricatum, Cetoscarus bicolor, Chlorurus gibbus and C. strongycephalus (Bonaldo and Rotjan, 2018), but those are not abundant in all locations. The relative importance of corallivory is also likely to vary among reefs. For example, although “natural” reefs can have both high coral cover and abundant corallivorous parrotfishes, e.g., Wake Atoll (Muñoz et al., 2012), it may still be the case that certain parrotfish species or size-classes tend to have net negative impacts on corals, and perhaps especially so on degraded reefs where coral cover is lower, and thus corallivory is more concentrated (Rice et al., 2019). Intriguingly, the Fiji MPAs, where herbivore management was highly effective, had few large-bodied parrotfishes, likely in part due to the small size of those protected areas (Bonito et al., 2014; Bonaldo et al., 2017). It is therefore conceivable that management should not aim to recover or sustain the larger size classes of some species of parrotfishes. Clearly any such policy would have to balance any potential benefits against the important and distinct role of large parrotfishes as excavators and herbivores (Bellwood and Choat, 1990; Lokrantz et al., 2008; Ong and Holland, 2010).

While the impacts of management on herbivorous fishes have been relatively well studied, with a few exceptions, there has been much less focus on the direct and indirect effects of management on other coral reef herbivores, such as sea-urchins. This is in spite of the fact that sea-urchins can become the dominant herbivores on some reefs (O’Leary and McClanahan, 2010; Humphries et al., 2014), and are such effective grazers they have even been used as macroalgal biocontrol agents (Neilson et al., 2018). As we describe above, release from predation pressure and competition with other herbivores led to the explosion of sea-urchin abundance on fished reefs in Kenya (McClanahan, 2000). However, there appears to be considerable variability among locations in the importance of the various factors including predator density that drive sea-urchin abundance on coral reefs (Tebbett and Bellwood, 2018). Thus, for most reefs it remains difficult to predict the extent to which grazing by sea-urchins and other non-fish herbivores (Goatley et al., 2012; Altman-Kurosaki et al., 2018) may be able to compensate for loss of fish herbivory should herbivorous fishes become depleted, as well as how best and in what circumstances management might promote such herbivory.

Cleary there is complexity in the relative importance of factors that affect coral vitality, including not only interactions with algae, but also other factors, such as sedimentation, temperature, light intensity, wave exposure, biogeography, and nutrient levels (Williams et al., 2011, 2018; Gove et al., 2015; Goatley et al., 2016; Fox et al., 2018; Jouffray et al., 2019). It is also likely that grazing behavior and outcomes vary considerably depending on local conditions (Goatley et al., 2016) and also that critical ecological functions – in terms of herbivory – will change as reefs themselves change (Bellwood et al., 2018). Understanding the relative importance of the multiple factors affecting coral condition and recovery would greatly benefit from focused longitudinal studies of coral vital rates (e.g., reproduction, growth, and mortality) across a range of environments. The rapid development of computer-intensive technologies, such as high resolution three dimensional photo-mosaics (Burns et al., 2016; Edwards et al., 2017), has transformed researchers’ ability to precisely track outcomes at colony level, and to relate those to potential drivers. A focus on vital rates, allied with the improving capacity to generate large amounts of data, will help to clarify the amount and type of herbivory that is necessary to enhance coral persistence, and how that varies depending on a range of other environmental and habitat factors. That in turn would help to establish locally relevant management targets.

A fundamental question for managers considering herbivore management for coral reef persistence is at what stage that should be implemented. Self-evidently, there will be some lag before herbivore stocks recover sufficiently to begin to improve conditions for corals. The timespan involved will vary among species and depending on the degree of depletion but is likely to be at least several years, and could be much longer, given that some larger-bodied and longer-lived taxa can take a decade or more to approach new equilibria following protection (McClanahan et al., 2007; McClanahan, 2014). There is also growing evidence that undesirable feedbacks can mean that once reef benthic communities have shifted to alternate states, they have a tendency to remain there (Mumby et al., 2013b; van de Leemput et al., 2016). For example, once a reef algal community becomes dominated by large macroalgal plants, it can require greater amounts of herbivory to recover to a turf-dominated state than, absent the disruption, would have been necessary to maintain it in its former state (Schmitt et al., 2019). The relative unpalatability of some macroalgae can also mean that phase-shifted reefs have greater dependence on a relatively small number of herbivores, those that can consume those plants (Rasher et al., 2013; Puk et al., 2016). Collectively, therefore, it seems that proactive management of herbivores, i.e., in advance of anticipated coral loss, may be a more generally appropriate strategy than introducing herbivore management following destructive events. However, the scope for management to make wise judgments on where and when to implement herbivore management would be greatly improved by focused collaboration between managers and researchers, utilizing a mix of experimental, observational, and modeling approaches (Mumby et al., 2016; van de Leemput et al., 2016; Schmitt et al., 2019).

Finally, one reason it can be difficult to draw conclusions from previous studies is that widely used algal functional classifications such as “macroalgae” and “turf” are not only inherently broad categories, but also that those terms have not been consistently applied. “Turf” is perhaps an even broader and less clearly defined term than “macroalgae,” potentially encompassing such diverse assemblages as sparse mixed-species turfs; apparently bare substrate; clumps of filamentous algae; as well as dense turf mats comprising multiple algal species potentially including diminutive forms of macroalgal species (Connell et al., 2014). Thus, although these terms are useful, much complexity and nuance is lost when results are presented only in those terms, and it would be extremely valuable if more detail were provide, including for example canopy height, morphology, taxonomic composition.

CONCLUSION

We stress again that while herbivore management has the potential to benefit some coral reefs, herbivore management is at best buying time. Global warming is manifestly the foremost current threat to coral reefs, and must be addressed by the global community if reefs as we know them will have any chance to persist. However, the seriousness of the threat to coral reefs seems to necessitate action on multiple fronts. Herbivore management has a role as part of a larger strategy to build networks of resilient reefs that would provide the greatest time for the larger problems to be dealt with, and which would increase scope for eventual recovery (Beyer et al., 2018).
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Location Study focus & evidence CCA MA Turf Study
Coral settlement

GBR Proportion of larvae settling on substrate impacted for treatments with seawater previously containing * Birrell et al., 2008
macroalgae. *Impacts varied among macroalgal species (Lobophora positive, Padina negative).
High turfs reduced settlement, low turfs reduced settlement only in combination with sediment. N/X  Birrell et al., 2005
Coral settlement substantially reduced by presence of macroalgae but not low turf (<3 mm). N X Diaz-Pulido et al., 2010

Palau Near total failure of coral settlement at reefs that had lost coral cover and with abundant macroalgae N Doropoulos et al., 2014
(Liagora). Cause presumed to be physical, microbial or allelopathic interaction with macroalgae.
Coral settlement 8 x higher in treatments with CCA disks added. P Doropoulos et al., 2016a
Settlement of Acropora negatively affected by presence of macroalgae (Lobophora) at multiple N Evensen et al., 2019
experimental spatial scales and in field trials. Strong evidence of allelochemical mechanism.

Hawaii Planulae survival reduced in treatments with macroalgae present. Settlement and/or early survivorship N Vermeij et al., 2009
also reduced in presence of macroalgae, with impacts varying among algal species.

Singapore  Coral settlement reduced in tanks with macroalgae present for some but not all species of algae. N/X Leong et al., 2018
Early coral survivorship (to 21-28 days)

Fiji Survivorship lower for spat produced by corals from inside MPAs compared to corals in macroalgal N Beatty et al., 2018
dominated open areas. Spat survivorship also reduced when out-planted to macroalgal-dominated
areas.

Palau Survivorship of coral spat on exposed top side of tiles not correlated with algal cover. X X Doropoulos et al., 2016a

Singapore  Coral spat survivorship was reduced when in contact with Sargassum, but not with Bryopsis. N/X Leong et al.,, 2018
Densities of coral recruits or juveniles in relation to benthic algae in cages/treatments

GBR Following 30-month experiment, the density of new colonies on reef substrate in cages (with N Hughes et al., 2007
abundant macroalgae and reduced CCA) was ~1/3 of that in uncaged control plots.

Moorea Density of recruits (~1 year old) declined rapidly at low cover (~5%) of macroalgae (Lobophora) in N Mumby et al., 2016
herbivore-restricted treatments. Recruit density 15 x higher in open areas than in cages.
Density of recruits (<1 cm) was 4 x higher in full macroalgal removal treatments, than in control plots N Bulleri et al., 2018
or where holdfasts remained. Bacterial inhibition implicated.

Palau Density of recruits on experimental tiles with different microhabitats showed recruit density consistently P N Doropoulos et al.,
positively correlated with CCA and negatively with turf and encrusting macroalgae (Lobophora). 2016b

Singapore  Recruit survivorship over ~8 weeks declined more in cages than in grazed areas. *Reduced recruit * * Leong et al.,, 2018
density not associated with high algal biomass, but with increased sediment trapping by
ungrazed algae.
In situ densities of coral recruits or juveniles in relation to benthic algae

Hawaii Recruit (1-3 polys, <3.2 mm) density strongly negatively correlated with macroalgal cover. N Vermeij et al., 2009

Kenya Recruit (<3 cm, believed to be < 1 yr old) densities higher in areas with elevated cover of CCA. P O’Leary et al., 2012
Additionally, coral recruits show preference for CCA over other available substrate.

Micronesia  Densities of coral juveniles (<4 cm diameter) negatively correlated with macroalgal index N P’ Mumby et al., 2013a

(=cover x height), but positively with turf index (at locations where turf canopy height largely <5 mm).

Impacts of CCA, macroalgae (MA) and turf algae on corals are classified as: R, positive effect; N, negative effect; X, no effect; *, complicated results, described in study
evidence column.





OPS/images/fmars-06-00557-t001.jpg
Location

Line Islands

Maldives

Vietnam

Fiji

GBR

GBR

Red Sea

Moorea

Fiji

GBR

Fiji

GBR
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Study

Visual assessment of coral-algal interactions - based on evidence of tissue loss, damage, bleaching, or overgrowth

Corals mostly won or had neutral outcomes when interacting with CCA, Peysonnelia or Halimeda;
but mostly lost to fleshy macroalgae and turf. *Interactions with turf were “not as dramatic” and
“appeared more gradual”.

Corals tended to win against CCA and lose against turf. *Outcomes of coral-turf interactions were
more favorable for corals at remote locations, and for smallest colonies (<5 cm diameter).

Corals tended to win the majority of encounters with CCA, but mostly lost encounters with turf,
cyanobacteria, and macroalgae. *Relatively even with Halimeda. Outcomes most favorable for
smallest colonies (<5 cm).

*Turf algae won or had neutral interactions, but variation among coral growth forms: encrusting
and massive corals had best outcomes, and branching the worst.

*Variation among species of coral and macroalgae, but corals in contact with non-allelopathic
macroalgae were always undamaged, whereas corals in contact with allelopathic macroalgae
typically showed signs of bleaching, mortality or overgrowth. Transplant experiments confirmed
that colony damage occurred for corals placed in direct contact with allelopathic macroalgae.
Coral mortality in high/low macroalgal treatments

Coral mortality rates inside herbivore-exclusion cages ~2 x control rates, following build-up of
macroalgae in cages.

P

Quantified advance or retreat of coral tissue interacting with algae or extent of tissue bleaching

*Porites corals superior competitors (i.e., no observed mortality) when interacting with mixed turf
or with Chlorodesmis, but suffered substantial overgrowth and subsequent mortality when in
proximity with red turf species Anotrichium tenue and Corallophila huysmansii, both presumed to
be allelopathic, and when adjacent to Lobophora variegata.

Coral tissue was lost from interactions with macroalgae or turf, *but no tissue loss occurred when
no conspicuous algae were present. Massive coral growth forms were more resilient to algal
overgrowth than branching growth forms.

Coral edges were overgrown by turf, macroalgae and cyanobacteria (approx. 1 cm/month), but
coral gained against CCA. *Coral outcomes were much better against sparse turfs than thick turfs.
*Contact with allelopathic macroalgal species caused visible bleaching and loss of photosynthetic
efficiency.

Growth of coral fragments in contact or close proximity with algae

*Presence of Hypnea pannosa had minor and non-significant effects on growth rate of branches
of Porites cylindrica. Contact with Lobophora variegata, somewhat decreased coral skeletal
extension in one time period but not another.

Growth rate of Montipora fragments declined linearly with density of Sargassum fronds in contact
with the coral. *However, being surrounded by Sargassum dramatically reduced rates of predation
on corals by Acanthaster planci starfish.

Coral growth rates lower when in proximity to Sargassum, and rate of decline increased with
macroalgal density.

Increase of macroalgae inside cages to ~25% cover only marginally and non-significantly
impacted growth rates of coral fragments relative to uncaged controls (where algae in cages were
mostly non-allelopathic Padina).

Rate of lesion repair

*Allelopathic green algae Chlorodesmis fastigiata prevented coral recovery from lesions in one
species of coral, but not another. Other algae, including turf, Lobophora and a CCA had no effect
on lesion recovery.

N

N*

N*

N*

Barott et al., 2009

Barott et al., 2012

Brown et al., 2017

Swierts and Vermeij, 2016

Bonaldo and Hay, 2014

Hughes et al., 2007

McCook, 2001; Jompa and
McCook, 2002, 2003a,b

Haas et al., 2010

Jorissen et al., 2016

Rasher and Hay, 2010

Jompa and McCook, 2002,
2003b

Clements and Hay, 2015

Clements et al., 2018

Rasher et al., 2012

Bender et al., 2012

Impacts of CCA, macroalgae (MA) and turf algae on corals are classified as P, positive effect; N, negative effect; X, no effect; *, complicated results, described in study
evidence column.
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Location Study focus & evidence post-event Algae  Coral Studies

Fiji Comparisons among 3 MPAs and nearby open areas. Areas closed in 2002-2003, 10-12 P = Rasher et al., 2013;
following mass bleaching event in 2000 that left coral cover at ~7% at all sites. From Bonaldo and Hay, 2014;
surveys in 2010-2012, herbivore biomass and grazing rates were several times higher Bonito et al., 2014;
inside MPAs. MPAs had recovered to coral-dominated states, having ~3-11 x coral Bonaldo et al., 2017
of open areas. Macroalgae cover negligible in MPAs but ~50 + % in open areas.
Macroalgae-coral interactions were 23-67 x more prevalent in open areas.

Kenya No difference in coral recovery rates (~ 2%/year) between fished (n = 7) and MPA To 10 % X McClanahan et al., 2005;
(n = 5) sites. In comparison to open areas, MPAs had 30 x biomass of herbivorous McClanahan, 2008, 2014;
fishes, but open areas had 5 x more urchins than fished areas. MPAs had Darling et al., 2010;
~10 x biomass of corallivores. Erect algal cover not consistently different between Humphries et al., 2015
open area and fished areas and generally <10%.

Philippines  Study of change within 4 MPAs and open areas over extended periods. Parrotfish * X X Russ et al., 2015
abundance had no effect on coral cover; instead responded to changes in habitat,
lagging impacts of bleaching, storms, and recovery. Macroalgae was ~0% at all time
periods in all locations. *Study locations were impacted by several events over study
period. Generally higher parrotfish abundance within MPAs, but no data on size or
biomass, or of other herbivorous fishes.

Seychelles  Assessed changes within 9 MPA and 12 open sites over a period including 1998 To13 X* Graham et al., 2007, 2015;
bleaching event, and associated loss of ~90% of coral. Latest surveys in 2013. Wilson et al., 2012; Nash
*Likelihood of recovery to coral dominated state was not related to protected status, etal., 2016b
but herbivore biomass above a low threshold was important. Recovery strongly
associated with high functional and size diversity of herbivorous fishes before the
bleaching event, as that limited herbivore biomass following bleaching events.

Hawaii Herbivorous fish biomass increased, macroalgal cover declined and CCA increased P * Williams et al., 2016

over 6 years of closure. *Coral cover stabilized, having been declining at time of
establishment. Regional-scale mass bleaching event led to mortality of around one
tenth of living coral tissue in last year of study.

Several studies involve recovery from major destructive events (shown below as “years since event” to latest available data). MPAs effects on algae and coral are classified
as: P, positive; X, no effect; *, complex (no studies showed negative effects. More details of those cases are given in the study evidence column). MPA effects on algae
considered positive if macroalgal cover was reduced or if algal biomass declined, MPA effects on coral considered positive if coral cover was increased by protection.
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Coral loss as a result of bleaching events

Compared mean coral cover from fully closed and fished sites before 1998
bleaching event with mean cover by management status 1-2 years after the event.
28-55 samples per combination of period and status.

Compared coral change 1-2 years after temperature anomaly at 298 MPAs and
comparison sites (within 200 km). No difference in coral loss relating to
management.

Coral recovery following major disturbance

Compared coral cover shortly after 1998 bleaching event from IO closed and fished
areas (55 and surveys, respectively) with cover by management status up 6 years
later (77 and 38 surveys).

Assessed coral-recovery index (CR = absolute rate of coral cover change after
event/proportion of coral lost in the event). Compared CR in MPAs and open areas.
Around half of the studies were for <5 years.

Annual rate of change in coral cover from disturbance to post-disturbance peak of
“recovering” reefs. Compared by management status (protected, restricted, mixed,
and open). 7 of 48 sites were MPAs. Lowest rate of recovery in protected areas.
Long-term change of coral cover within MPAs and open areas

Quantified annual coral cover change in out of protected areas (137 MPA, 162
non-MPA; data taken from 1981 to 2010, which period included the 1998 mass
bleaching event). Coral change/year: ~2% in MPAs; ~0% outside.

Assessment of annual change in coral cover using data from 1969 to 2006. In total
310 MPAs compared with all open reefs w/in 200 km. Overall, coral cover stable
within MPAs, but declining in open areas. For Indo-Pacific, MPA impact only
positive after >5 years of protection.

Differences in coral cover between established MPAs and comparison areas
Study of 15 MPAs and 15 open areas closed for 0.5-11 years. MPA had higher
herbivore biomass. Old MPAs or those with higher parrotfish biomass had less
macroalgae. No indication that coral cover was higher in MPAs or increased with
MPA age. Macroalgal cover highly variable, and <20% at all but 2 sites.

Study of 30 MPAs and comparison areas w/in 10 km. Old (>10 years),
well-enforced, and no-take MPAs were associated with 8-19% higher coral cover,
as well as higher biomass of herbivores and lower foliose algal cover.

Since event

1-2

<7

Median: ~5.

4-25

MPA age
to 29

to 70

0.5-11

Varies, >10

EHA X

MEHA P

Ateweberhan et al., 2011

Selig et al., 2012

Ateweberhan et al., 2011

Carassou et al., 2013

Graham et al., 2011

Magdaong et al., 2014

Selig and Bruno, 2010

Stockwell et al., 2009

Strain et al., 2018

Studlies either involve recovery from major events or assessments of MPAs of varying age. Column “MEHA” indicates whether study includes data on the type of
management (M), management effectiveness (E), herbivore populations in and out of the reserves (H), and algal cover in and out of reserves (A). MPA effects relate to
impacts of MPAs on coral cover: “B” positive effect; “X,” no effect.
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