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Abstract

Despite general and wide-ranging negative effects of coral reef degradation on reef commu-

nities, hope might exist for reef-associated predators that use nursery habitats. When reef

structural complexity is lost, refuge density declines and prey vulnerability increases. Here,

we explore whether the presence of nursery habitats can promote high predator productivity

on degraded reefs by mitigating the costs of increased vulnerability in early life, whilst allow-

ing for the benefits of increased food availability in adulthood. We apply size-based ecosys-

tem models of coral reefs with high and low structural complexity to predict fish biomass and

productivity in the presence and absence of mangrove nurseries. Our scenarios allow us to

elucidate the interacting effects of refuge availability and ontogenetic habitat shifts for fisher-

ies productivity. We find that low complexity, degraded reefs with nurseries can support fish-

eries productivity that is equal to or greater than that in complex reefs that lack nurseries.

We compare and validate model predictions with field data from Belize. Our results should

inform reef fisheries management strategies and protected areas now and into the future.

Introduction

As the human population continues to grow, the food security and livelihoods of millions of

people in tropical coastal communities depends on the continued productivity of coastal fish-

eries. For many, coral reef fish provide a major source of dietary protein, as well as livelihoods,

a way of life, and cultural identity [1,2]. Yet, climate change and local anthropogenic pressures

are causing varying degrees of degradation to coral reefs [3–6]. An important concern is that

degraded reefs offer poorer habitat quality [7,8], which is expected to reduce the productivity

of future reef fisheries several-fold [9–11].

While loss of reef habitat quality is a significant concern, it is not the only driver of reef fish

productivity. The presence of nursery habitats, such as mangroves and seagrass beds, can

enhance the biomass of multiple fish species [12–15]. They do this by offering refuge from the

high predation associated with coral reefs, while also providing food for rapid growth [16–19].

The mechanism by which nursery habitats influence reef fish dynamics has particular rele-

vance in the context of reef habitat degradation.
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The survival of recruiting fish to coral habitats is contingent on their ability to find refuges

from predation, typically in crevices and branching corals [20]. Some predators, such as moray

eels, have evolved specialised hunting strategies to make use of high structural complexity, hid-

ing within cracks to ambush their prey [21,22]. Many others, however, especially those that

rely on speed and vision to hunt, are far more efficient at foraging in locations with low struc-

ture [23–25]. Grunts, for example, hunt their prey in rubble beds and seagrass [26], while

squirrelfishes emerge from the reef framework at nightfall to hunt on sand [27]. A clear trade-

off exists, then, for predatory species: complexity offers protection from one’s own predators

but hinders hunting efficiency. Given that most reef fish increase their body size several orders

of magnitude throughout ontogeny [28], it necessarily follows that the cost–benefit trade-off of

structural complexity for predators varies throughout ontogeny.

In early life, complexity is beneficial and promotes survival when predation risk is high [29].

But as predators grow and move up the food chain, they have fewer predators of their own, and

require more food, resulting in a cost of high complexity associated with reduced prey availabil-

ity. There exists, then, the potential for an important interaction between nursery-habitat use

and coral reef habitat quality. If predatory species reduce their post-settlement mortality by

using nurseries, a greater flux of larger predators will occupy the reef and take advantage of low

habitat quality to forage efficiently. Such fishes will have circumvented the high risk of predation

associated with recruiting directly to reefs of low habitat quality. Nursery habitat use might

therefore buffer the effects of low habitat quality on the productivity of predatory species. When

such productivity is utilised by fisheries, the resulting patterns in fish biomass are likely to be

complex. For example, when larger predators are removed through fishing, the predation pres-

sure on smaller predators is reduced, allowing their biomass to accumulate. Such patterns

might be most noticeable in reefs of low habitat complexity, where fish biomass is typically low.

Here, the presence of both mangrove nurseries and fishing will allow the biomass of unfished

predators to rise to levels above those expected in sites lacking nurseries or fishing.

For non-predators, low habitat complexity does not offer the same benefits—food is

likely to be equally or indeed less available and abundant when structure is lost. Nursery

habitat use will still reduce post-settlement mortality, but if the cost of increased predator

abundance on the reef outweigh this benefit, then nurseries might not promote productivity

and could potentially have a negative impact on survival for the guild as a whole. Addition-

ally, any negative effect is likely to be higher when habitat quality and therefore refuge avail-

ability is low.

Here, we explore the interaction between nursery use and reef habitat quality for predator,

herbivore, and total fisheries productivity in the Caribbean. Specifically, we ask whether man-

grove nurseries can buffer losses of fisheries productivity as reef habitats decline. To do this,

we combine empirical data on nursery habitat use with a field-tested ecosystem model that

explicitly captures habitat complexity [9,30,31].

Results and discussion

Models predict that mangroves have positive effects on the biomass of predators (43% increase

in low complexity, 24% in high complexity) and negligible or negative effects on the biomass

of herbivores (no change in low complexity, 22% decrease in high complexity) (Fig 1). Nega-

tive effects on herbivores can be attributed to the positive effects on their predators, which are,

on average, more abundant in mangroves than herbivores (0.96 predators m−2, versus 0.10

herbivores m−2). Predictions are consistent with published empirical studies that utilised 131

reef sites across the Caribbean, and showed that nurseries enhanced the abundance of
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nursery-using herbivores but reduced that of non–nursery-using species and the assemblage

overall [12].

Our models predict that the biomass of both predators and herbivores responds more

strongly to habitat complexity than to nursery availability (Fig 1; 60%–65% increase in preda-

tors with high complexity, 61%–70% increase in herbivores). Indeed, our model has been vali-

dated by comparing its fit to observed data on parrotfish biomass from the southern

Caribbean island of Bonaire. While Bonaire has a small area of mangrove on its southeastern

coast, it is too isolated to impact fish assemblages strongly [32], and so comparisons here are

limited to scenarios lacking nursery habitats. We used observed size distributions of reef crev-

ices (habitat complexity) to parameterise the model for seven Bonaire locations. Holding all

other variables constant, the model reliably captured the strong influence of habitat complexity

on the equilibrial biomass of the herbivore assemblage in unfished reefs (Fig 2).

Fig 1. Mangrove effects on biomass. Model predictions showing (A) the slight positive effect of mangrove presence on predator biomass in both degraded and healthy

reefs and (B) the slight negative effect of mangrove presence on herbivore biomass in both healthy and degraded reefs. Violin plots show the kernel probability density of

the data at different values. Points represent the mean of the data, and bars are equal to one standard error. Plots furthermore confirm the strong positive influence of

habitat quality on biomass in both groups. The data underlying this figure can be found in model outputs at https://zenodo.org/badge/latestdoi/185491459.

https://doi.org/10.1371/journal.pbio.3000510.g001

Fig 2. Model validation for Bonaire. Predicted and observed herbivorous fish biomass at seven reef locations in Bonaire

varying in habitat structural complexity/refuge availability but lacking mangrove effects. The data underlying this figure can

be found in model outputs at https://zenodo.org/badge/latestdoi/185491459.

https://doi.org/10.1371/journal.pbio.3000510.g002
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Fisheries productivity is defined here as the product of growth and abundance for fish of a

size range targeted by fisheries. Our models predict that for predators, fisheries productivity

increased in the presence of mangrove nurseries. However, a striking result is that mangrove

access more than offsets the deleterious impacts of habitat degradation on fisheries productiv-

ity for this guild. In other words, the increased productivity resulting from nursery availability

is such that degraded reefs with mangroves have equal or greater productivity than healthy

reefs without (Fig 3A). For herbivores, however, mangrove nurseries have a slightly negative

impact on productivity due to increased predation pressure from predators (Fig 3B). Neverthe-

less, when predators and herbivores are combined, the positive effects of mangrove nurseries

outweigh the costs, and low complexity reefs with mangrove nurseries have similar levels of

productivity to high complexity reefs without, supporting the theory that nursery habitats

buffer the impacts of habitat degradation on reef fisheries productivity.

The predicted impact of nurseries on productivity is greater than their impact on biomass,

for which patterns are mostly driven by habitat complexity. Not surprisingly, the apparent dis-

parity occurs because of growth and turnover. Low complexity habitats with mangrove nurser-

ies have a lower standing stock biomass of predators, but on average, those that are present

grow faster in the model (around three times as fast; 305%) due to a greater availability of prey,

resulting in higher turnover rates that contribute to productivity. Given that predatory species

are primary targets for most coral reef fisheries and generally have a higher market value than

herbivorous species, our results suggest that mangrove availability decreases the vulnerability

of reef fisheries to habitat degradation and specifically to declines in structural complexity.

To explore whether fishing modified our observed patterns, we simulated a modest but uni-

form level of fishing on model systems and examined the consequences for predator fish bio-

mass (Fig 4). The addition of fishing reversed the relative importance of habitat complexity

and mangroves on fish biomass. While habitat complexity was the key driver of predator bio-

mass in the absence of fishing (Fig 1), biomass was now greater on reefs with mangrove nurs-

eries, irrespective of habitat complexity (Fig 4). To understand why this is the case, we have to

consider the difference between the nonequilibrium conditions in an exploited system, where

fishing removes some of the predator biomass, and the equilibrial behaviour of the model

without fishing. When the model reaches equilibrium, any additional biomass emanating

from mangrove nurseries that is unable to find refuges—as is common in degraded reefs—will

be consumed by larger predators and promote productivity without increasing biomass. The

removal of some larger would-be predators by fishing means that a proportion of new immi-

grants in low complexity habitats remain as biomass rather than being consumed and contrib-

uting to productivity.

The model also predicts that the positive impact of rugosity on fish biomass will tend to

weaken, albeit remain, when the system is fished (Fig 1 vs. Fig 4). We sought empirical support

for this model prediction from a field study in Belize that contrasted fish assemblages with and

without access to mangrove nurseries [14]. The study sampled at least three reefs within each

of six regions, half of which had strong mangrove connectivity and half that lacked mangroves.

While the field study did not sample the range of habitat quality considered in the model (it

considered moderate to high complexity only), mangroves significantly influenced the nature

of the relationship between habitat complexity (rugosity) and predator biomass. In areas rich

in mangrove, there was no relationship between carnivore biomass and rugosity (Fig 5A; linear

mixed effects model with region as a random effect, p = 0.95). Although the overall biomass of

carnivores was similar in the sites lacking mangroves (linear mixed effects model, p = 0.30),

the relationship with rugosity was positive, explaining 30% of variance (Fig 5A; p = 0.012).

Importantly, fishing pressure was lower in these regions because fishers tend to use mangrove

islands for temporary camps and shelter and therefore create greater pressure in the
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mangrove-rich reefs [14]. Thus, the presence of a positive relationship between rugosity and

carnivore biomass is expected in relatively lightly fished systems, even if they lack mangroves

(see Fig 4). Note that the only protected reef site in the data set was an area lacking mangroves,

which not surprisingly had one of the highest overall biomasses of predators (Fig 4A).

The absence of a relationship between rugosity and predator biomass in mangrove-rich

areas is consistent with theory. This is because (1) predators fare relatively well at low rugosity

when mangroves allow fishes to circumvent the early predation bottleneck and (2) some of

this high productivity at low complexity is manifest as elevated biomass because fishing pre-

vents saturation of predators. That means that a portion of the elevated prey production

remains as unconsumed biomass and tends to ‘level out’ the relationship with rugosity. This

process of biomass accumulation may be exacerbated by supplemental individuals migrating

from mangroves in seasonal bursts and therefore contributing higher biomass that has not yet

been consumed and converted into productivity higher up the food chain. We do, however,

consider whether variable levels of fishing among mangrove-rich sites could be confounding

our interpretation of the absence of a rugosity–biomass relationship. While absolute fishing

Fig 3. Mangrove effects on the fisheries productivity in high and low complexity reefs. Plots show model

predictions for the fisheries productivity of (A) predators, (B) herbivores, and (C) the combined assemblage in

scenarios with high and low complexity reefs with and without mangrove nursery supplements. Violin plots show the

kernel probability density of the data at different values. Points represent the mean of the data and bars are equal to

one standard error. The data underlying this figure can be found in model outputs at https://zenodo.org/badge/

latestdoi/185491459.

https://doi.org/10.1371/journal.pbio.3000510.g003

Fig 4. Mangrove effects on biomass under moderate fishing pressure. Reef predator biomass in response to habitat

complexity and mangrove nursery availability, and under the influence of moderate (F = 0.4) fishing pressure. The data

underlying this figure can be found in model outputs at https://zenodo.org/badge/latestdoi/185491459.

https://doi.org/10.1371/journal.pbio.3000510.g004
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levels have not been quantified, the variability in fishing intensity is far greater among the six

regions (particularly between mangrove-rich and mangrove-poor regions) than among sites

sampled within each region, which are easily visited by the same fishers. In contrast, the vari-

ability in rugosity occurs among sites within a region; a linear model of rugosity among reefs

in the three mangrove-rich regions found no significant differences (p = 0.59, n = 10). Thus, it

is unlikely that the absence of a functional relationship between rugosity and biomass can be

attributed to relatively intense fishing at reefs with higher habitat complexity.

Another point of concordance between our model predictions and empirical data can be

obtained by comparing the variability of predator biomass between reefs with access to man-

grove nurseries versus those without. The model predicts that variance in predator biomass

among complex reefs with mangroves is greater than that among complex reefs that lack nurs-

eries (Fig 1; variance without mangroves, 98.1, versus with mangroves, 268.4). This was also

borne out in the field data, which were converted to units of standard deviations of the mean

in order to compare among sites. The variance among sites in mangrove-rich systems was sig-

nificantly greater than that among sites lacking mangroves (Fig 5B, Mann-Whitney test of dif-

ferences in standardised z-scores, which express biomass of carnivores at each site as the

number of standard deviations from their shared mean [i.e., their variability], gives p = 0.02

with medians of 0.55 versus 1.27 for mangrove-absent versus -rich systems, respectively). Note

that there was no significant confounding difference in the rugosity between the mangrove-

rich and mangrove-absent treatments (linear model with region nested as a random effect

within mangrove category, p = 0.16). The enhanced variance among mangrove-rich systems

was not associated with rugosity; rather, it reflects the combined effects of variable strength of

mangrove-reef nursery habitat connectivity among sites [33] and differences in fishing pres-

sure among regions that prevent some of the biomass gain being converted to productivity. In

short, both the field data and models support the conclusion that mangroves reduce the depen-

dency of predators on reef complexity.

Fig 5. Empirical trends in predator biomass with and without mangrove nurseries. The relationship with habitat complexity (A) and differences in the variance

in biomass among sites within a mangrove treatment (B). Panel (A) includes regression fits, where the significant regression for mangroves absent is predator

biomass, (log10) = 3.20 + 0.589 � rugosity. The reef site protected from fishing is shown with an open square. Panel (B) presents boxplots of variance in carnivore

biomass with median and interquartile range. The data underlying this figure can be found at https://zenodo.org/badge/latestdoi/185491459.

https://doi.org/10.1371/journal.pbio.3000510.g005
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Conclusions

Here, we present both theoretical and empirical support for the conclusion that mangrove

nurseries have the capacity to reduce the vulnerability of coral reef fisheries to ongoing and

future habitat degradation. While our results offer a glimmer of hope that losses of reef fisher-

ies productivity can be constrained through the provision of a good nursery habitat, this does

not undermine the importance of coral reef habitat health nor the impacts of its loss. We pre-

dict that biomass on degraded reefs will be lower than on healthy reefs, and this has significant

implications for ecosystem functioning and the multitude of services aside from fisheries that

coral reefs support [34,35]. Yet, the protection and restoration of mangrove habitats should

remain a priority as part of the battle to mitigate climate change impacts on coral reefs and

their functioning. Indeed, an interesting avenue for future research would be to consider the

design and feasibility of creating artificial mangrove habitat in environments that either do not

support natural mangrove forests or have too large a tidal range to provide stable nursery func-

tions in coastal fringes (e.g., subtidal deployment of artificial lagoonal structures).

Methods

The model

A size-based, energy-flux ecosystem model for Caribbean coral reefs was used to capture

changes in reef fish biomass and productivity under different habitat complexity and nursery

scenarios. The model describes production and predation links between three size-structured

trophic groups. Predators feed on other predators, herbivores, and invertebrates in a size-

based manner, determined by an average predator–prey mass ratio. Herbivores graze turf

algae, which is replenished at every time step based upon in situ estimates of benthic produc-

tivity. Finally, invertebrates feed on detritus, which fluxes into the system as a result of death

and defecation in all three trophic groups.

Reef complexity parameterisation

Coral reef structural complexity is described in the model by the abundance and size distribu-

tion of reef crevices. For model validation, reef crevices were measured in 5-cm size classes in

situ at seven reef locations inside the marine reserve on the southern Caribbean island of Bon-

aire. At each time step in the model, the density of available refuges in a given size class deter-

mines what proportion of prey are vulnerable to predation, versus safe in hiding places. Given

that refuge density remains constant through time, the shape of the resulting vulnerability

function is density dependent and thus implicitly captures competition for refuge space.

To explore how the availability of mangrove nurseries interacts with habitat complexity to

determine fisheries productivity, we ran model scenarios based on a factorial design: complex

and noncomplex coral reefs with and without nursery habitats. We considered seven complex

coral reef scenarios based on the measured crevice data from the seven reef locations in Bon-

aire for which the model has previously been validated. This allowed us to capture variability

in model predictions that is driven by realistic differences in the size distribution of refuges on

relatively healthy, complex reefs. Degraded reefs were modelled by removing from the data

small refuges between 5 and 30 cm in size, because many of these are provided by branching

corals, which are the first to erode in the face of habitat degradation. In addition, the abun-

dance of crevices >30 cm was reduced by 50% to capture the loss of many of the spaces

between corals, whilst allowing for the persistence of some larger structures associated with

the underlying topography of the substrate. As a result, there were seven low complexity reef
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scenarios, each representing the simulated degradation of the Bonaire reefs for which the

model was validated.

Mangrove nursery effect parameterisation

Fish density data from 16 mangrove habitat sites around four reef locations (Lighthouse

North, Tobacco North, Tobacco South, and Turneffe) in Belize (data sourced from [14]) pro-

vided estimates for the abundance of reef fish available to migrate to coral reefs if an adjacent

mangrove nursery was present. To account for ontogenetic migration, whereby fish remain in

nurseries until they are large enough to have improved survival in the adult habitat, we added

all supplemental fish (total density across size classes) at a size of approximately 16–18 cm,

which is the size at which fish appear to move onto the forereef from nursery habitats [14].

Supplemental individuals were added to the relevant predatory or herbivorous size spectrum

in a model run at each time step (representing constant replenishment). We had 14 non-nurs-

ery scenarios in which no supplemental fish were added: seven for complex reefs and seven for

degraded reefs. In addition, all possible nursery supplements were applied to all possible reef

complexities; seven complex, seven degraded, resulting in 224 (16 × 14) nursery scenarios.

Based on observed differences between the area covered by mangrove habitat versus coral reef

habitat in Belize (approximately 2 times as much mangrove [14]), we doubled the density of

fish in mangroves to capture realistic densities, arriving at our modelled reefs. For every model

run, biomass and productivity (the product of abundance and growth) of predatory fish was

calculated when the model had reached equilibrium. Fig 6 provides a schematic overview of

the model (A) and examples of the vulnerability function for reefs with high and no structural

complexity (B). Model equations (S1 Table), parameters (S2 Table), and additional model

details (S3 and S4 Tables and S1 Text) are provided as supporting information.

Fig 6. The size-based ecosystem model. (A) Schematic overview of the size-based, energy-flux ecosystem model showing predator, herbivore, and

invertebrate size spectra and associated fluxes in primary production and detritus. (B) Examples of the vulnerability function for reefs with high

(upper) and zero (lower) habitat complexity.

https://doi.org/10.1371/journal.pbio.3000510.g006
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Belize data for model testing and comparison

Model predictions relating to nursery and complexity effects on fish biomass were compared

to field surveys from at least three Orbicella reefs within each of six regions in Belize. Half of

the sites surveyed had strong mangrove connectivity, whilst half lacked mangroves. At each

site, fish biomass was quantified using belt transects (see Supporting information for full

details). In addition, the chain and tape method was used to obtain a simple metric of reef

rugosity. The sites selected for this aspect of the study were not primarily chosen based on

their structural complexity, and as a result, all fell within a medium to high complexity range.

Supporting information

S1 Table. Model equations.

(DOCX)

S2 Table. Parameter definitions, values, and units.

(DOCX)

S3 Table. Allocation of empirically measured crevice densities to model fish body mass

increments based on length–weight conversion parameters; a = 0.025, b = 3, and the rela-

tionship, weight = a � length ^ b.

(DOCX)

S4 Table. Supplemental predator and herbivore fish densities from 16 mangrove sites in

Belize.

(DOCX)

S1 Text. Model descriptions and parameter justification.

(DOCX)
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