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Coral reefs are among the world’s most endangered ecosystems. Coral mortality can
result from ocean warming or other climate-related events such as coral bleaching
and intense hurricanes. While resilient coral reefs can recover from these impacts as
has been documented in coral reefs throughout the tropical Indo-Pacific, no similar
reef-wide recovery has ever been reported for the Caribbean. Climate change-related
coral mortality is unavoidable, but local management actions can improve conditions
for regrowth and for the establishment of juvenile corals thereby enhancing the recovery
resilience of these ecosystems. Previous research has determined that coral reefs with
sufficient herbivory limit macroalgae and improve conditions for coral recruitment and
regrowth. Management that reduces algal abundance increases the recovery potential
for both juvenile and adult corals on reefs. Every other year on the island of Bonaire,
Dutch Caribbean, we quantified patterns of distribution and abundance of reef fish,
coral, algae, and juvenile corals along replicate fixed transects at 10 m depth at multiple
sites from 2003 to 2017. Beginning with our first exploratory study in 2002 until 2007
coral was abundant (45% cover) and macroalgae were rare (6% cover). Consecutive
disturbances, beginning with Hurricane Omar in October 2008 and a coral bleaching
event in October 2010, resulted in a 22% decline in coral cover and a sharp threefold
increase in macroalgal cover to 18%. Juvenile coral densities declined to about half
of their previous abundance. Herbivorous parrotfishes had been declining in abundance
but stabilized around 2010, the year fish traps were phased out and fishing for parrotfish
was banned. The average parrotfish biomass from 2010 to 2017 was more than
twice that reported for coral reefs of the Eastern Caribbean. During this same period,
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macroalgae declined and both juvenile coral density and total adult coral cover returned
to pre-hurricane and bleaching levels. To our knowledge, this is the first example of a
resilient Caribbean coral reef ecosystem that fully recovered from severe climate-related
mortality events.
Keywords: Bonaire (Dutch Antilles), coral reefs, coral bleaching, hurricanes, managed resilience, Caribbean,
herbivory, resilience

INTRODUCTION

cornerstones of coral reef resilience, linking theory to practice”
(Nyström et al., 2008), gave clear advice to managers:

Large-scale and relatively recent coral mortality resulting in the
collapse of coral reef ecosystems has been both conspicuous
and well documented (Eakin et al., 2010; Hughes et al., 2018).
Declines often result from climate-induced stresses such as acute
El Niño warming or intense hurricanes. It is easy to conclude that
the long-term prognosis for coral reefs is poor, but it is inaccurate
to say there is nothing humans can do to halt or slow the decline
of these beleaguered ecosystems. In fact, evidence in support
of “managed resilience” (sensu Bruno et al., 2019) is central to
this case study.
No management actions can “climate-proof ” coral reefs.
However, some management actions may improve the recovery
of coral reef ecosystems following a climate-induced disturbance,
and thus improve “recovery resilience”. Resilience is an ecosystem
property (Holling, 1973) that affects a system’s ability to resist an
extrinsic perturbation that fundamentally changes its structure or
to recover from such perturbations (Gunderson, 2000).
We focus on the recovery of coral reefs because it has gone
undocumented in some vast tropical regions (but see Ortiz et al.,
2018). In a highly cited scientific study entitled: “Disturbance
and recovery of coral assemblages” (Connell, 1997), all existing
studies on patterns of recovery in coral reefs world-wide were
reviewed. While over 50% of Indo-Pacific coral reefs including
those in the Great Barrier Reef, Indonesia, Indian Ocean, Guam,
and Hawaii were documented to have recovered, there were no
examples of Caribbean coral reefs recovering from disturbance.
Roff and Mumby (2012) updated this analysis with 38 studies
since Connell’s publication, yet only one small part of one
Caribbean reef met the original criteria for recovery (Idjadi et al.,
2006). To date, no Caribbean coral reef system comprised of
many smaller reefs, has been shown to have recovered from a
climate-induced perturbation.
Most published studies have documented the decline of coral
reef ecosystems in the Caribbean (Gardner et al., 2003; Jackson
et al., 2014) and in the tropical Pacific (Bruno and Selig, 2007).
The global decline of coral reefs was the impetus for several
high impact scientific papers with titles such as “Confronting
the coral reef crisis” (Bellwood et al., 2004) and “Rising to the
challenge of sustaining coral reef resilience” (Hughes et al., 2010),
or specifically asking the shocking question: “Are U.S. coral reefs
on the slippery slope to slime?” (Pandolfi et al., 2005). These
alarming titles and the associated press coverage caught the
attention of managers and policy makers, but, to date, there has
been little progress operationalizing the management of coral
reef ecosystems (i.e., managed resilience) to enhance recovery
resilience. Nevertheless, some studies, such as, “Capturing the
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“Moving toward operationalizing resilience theory is
imperative to the successful management of coral reefs in an
increasingly disturbed and human-dominated environment.”
(Nyström et al., 2008).

Although coral reefs are complex ecosystems, relatively few
“drivers” have been shown to be most important to their
structure and function. “Drivers” are processes that control
critically important aspects of coral reefs. Several processes
can interact with one another that ultimately improve the
recovery of coral reefs (Mumby and Steneck, 2008). For
example, macroalgae (seaweed) are known to poison corals
(Rasher and Hay, 2010) and reduce or halt the settlement
and survival of juvenile corals (Arnold et al., 2010; Steneck
et al., 2014). Since herbivorous fishes, such as parrotfishes
and surgeonfishes, can reduce or eliminate macroalgae from
coral reefs (Lewis, 1986; Williams and Polunin, 2001), they
enhance coral recruitment and facilitate the growth of reef
corals (Burkepile and Hay, 2008). Some branching corals
create complex coral habitats into which juvenile reef fish
recruit (Caselle and Warner, 1996). The resulting feedbacks
maintain healthy coral reefs (Mumby and Steneck, 2008)
and are thus the “cornerstones” for managing resilience as
advocated by Nyström et al. (2008).
Coral reef “health” and resilience is complicated because all
components interact. Therefore, it is difficult or impossible to
define a specific ecosystem attribute (i.e., state variable) as being
particularly healthy or unhealthy for any given coral reef. Instead,
one must measure and track important components as they
change through time (Edmunds et al., 2019). Indeed, there is a
consensus on trends that constitute healthy trajectories in reef
condition. Trends of increasing live coral cover or decreasing
macroalgal abundance are both moving toward improved
conditions. Herbivores reduce algal abundance but the amount of
herbivory to be effective will vary from local to ocean basin scales.
For example, coral reefs at identical water depths, light, and wave
exposure have significantly greater rates of algal colonization and
growth in the Caribbean compared to the tropical Indo-Pacific
Ocean (Roff and Mumby, 2012). Accordingly, higher rates of
herbivory are necessary to limit algal growth in the Caribbean.
Managers perennially would ask how much herbivory is enough
(Bozec et al., 2016)? Studying the trajectory of algal growth over
time allows managers to determine the success or failure of
strategies to manage herbivory or other factors that contribute
to algal growth and/or success of reef corals.
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Bonaire, the reefs surveyed in the Eastern Caribbean were mostly
in leeward environments and therefore comparable in terms of
physical environment.

Here, we report on a study initiated in 2002 on the island of
Bonaire, Dutch Caribbean, in the southern Caribbean (Figure 1).
For over 15 years, we regularly monitored the abundance
of live coral, algae, reef fishes and juvenile corals at fixed
locations at multiple sites, with the aim of documenting trends
in key ecosystem drivers within the ecosystem. After 5 years
of monitoring, Bonaire’s coral reefs suffered two large-scale
disturbances from a hurricane and a coral bleaching event.
These disturbances were effectively a “stress-test” that allowed
us to gauge the recovery resilience of the monitored coral
reefs. All research was conducted in coordination and with the
support of "Stichting Nationale Parken (‘STINAPA’) Bonaire,"
the environmental organization charged with managing Bonaire’s
coral reefs during the period of study.
As is necessary with any single-location study we address the
question, “compared to what”? Accordingly, we compared our
long-term study of Bonaire’s coral reefs with a recently published
short-term but geographically broad study of the coral reefs of the
Eastern Caribbean conducted in 2013–2014, that used identical
methods at 12 islands over a 700 km area to contrast heavily
fished sites with no-take reserves (Steneck et al., 2018). Like

MATERIALS AND METHODS
Monitoring Sites and Protocols
In 2002 we began monitoring Bonaire’s coral reefs at two sites
selected by STINAPA as important and representative reef sites.
Then in 2003, we began biannual monitoring expanding to six
and then 11 STINAPA-selected sites (Figure 1). Monitoring
was conducted during the first weeks of March during each
monitoring year, so as to minimize seasonal variance.
At each site, we monitored multiple transects set at 10 m
depth. At the six long-term monitored sites established in 2003,
we placed 10 cm square tiles to create four permanent 10 m long
transects per site for quantifying benthic organisms (methods
detailed in Arnold et al., 2010). We added five new sites between
2009 and 2013, all set at 10 m depth. Since the reef slope is
steep, the transect lines set during each monitoring period at

FIGURE 1 | Bonaire, Dutch Caribbean. Inset rectangle shows the island location and the Eastern Caribbean sites from Steneck et al. (2018) used for comparison.
Circles on the island map show the location of 10 m depth monitoring stations. Inset table shows duration and frequency of monitoring at those stations. Coastally
located rectangles show the location of no-take reserves (called “Fish Protection Areas,” or FPAs) that were established in 2008.
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structure varied over time. Here, site was included as a random
effect and year as a fixed effect within a non-parametric analysis
of variance, PERMANOVA (Anderson, 2001). The analysis was
then repeated with specific contrasts of interest. These primarily
included the key events in the time series; the impact of
Hurricane Omar compared to prior years and the impact of
the coral bleaching event compared to reefs post-Omar. Two
additional comparisons were added for interest sake. The first
compared the community structure in 2017 (7 years postbleaching) to that of the first several years post-bleaching (2011–
2015). This comparison was motivated by the rapid recovery
observed by 2017, and because it was not specified a priori,
we do not place importance on the statistical significance of
that particular comparison; rather, we are interested to see
which species drove that change. The final comparison asked
whether the final community structure (2017) differed from
that in the pre-disturbance years (i.e., prior to Hurricane Omar
and the bleaching).
To understand which species drove the major changes in
benthic community structure we used Similarity Percentage
(SIMPER) analysis (Clarke, 1993). We confined our results to the
five species or functional groups that mostly strongly accounted
for the differences in community structure.

all sites were at, or very near, the specific benthic location of
previous monitoring.
Coral and algal abundances were determined from four to
eight replicate 10 m transects. Every organism or organismgroup was identified under every cm of the transect. However,
to only compare abundances on hard substrates, measurements
taken from unconsolidated rubble or sand were removed. Each
coral species and algal functional group (sensu Steneck and
Dethier, 1994) were measured to the nearest cm. Our protocol
was commensurable with the Atlantic and Gulf Reef Rapid
Assessment (AGRRA) protocol (Lang, 2003).
Algal abundance was quantified by both measuring percent
cover (via component lengths) and canopy heights (via a ruler,
to the nearest mm) along the transects. This was done separately
for filamentous algal turfs, macroalgae, and articulated calcified
algae such as Halimeda spp. The percent cover of calcareous
crustose coralline algae and less calcified peyssonnelid algae
were quantified independently. We quantified the macroalga
Lobophora spp. separately from other algae because it is known
to be lethal to corals. We also calculated an algal biomass proxy
using the volume of algae (called an “algal index” sensu Steneck
et al., 2014) that is determined by multiplying algal percent cover
by canopy height (mm).
Juvenile coral densities were quantified by placing a
25 × 25 cm quadrat at five locations where adult coral cover
was ≤ 25% along each 10m transect (positioned 0, 2.5, 5, 7.5, and
10 m locations). Each coral species ≤ 40 mm maximum diameter
was identified and measured to the nearest mm and counted for
juvenile coral densities.
Fishes were quantified by swimming 7–10 replicate
30 m × 4 m belt transects at each site each year. This is a
standard protocol used by reef scientists (methods in Steneck
et al., 2018) and is commensurable with AGRRA. Fish surveys
were conducted before benthic surveys to minimize human
presence during fish surveys. For fish surveys, the observer
attached a 30 m line to dead coral substrate and swam slowly to
record all fish species and their sizes (to nearest cm) within the
belt. During their return visit over the 30 m belt, the observer
recorded the slower moving or less vagile fish taxa.
All of these methods and others along with results and
data appendices were produced as biannual reports delivered
to STINAPA Bonaire starting in 2003 (see Supplementary
Tables S1, S2 for benthic and fish data, respectively). The
eight reports totaled 1001 pages and all are available from
STINAPA Bonaire1 . All data critical for this study are
presented in this paper.

RESULTS
Trends in Coral, Algae, and Herbivores
Coral cover measured at 10 m depth at multiple sites (Figure 1)
averaged around 45% until the first decline from Hurricane Omar
(October 2008) was detected during the 2009 monitoring period
(Figure 2). This was followed by the second coral mortality
event resulting from the October 2010 bleaching event (Alemu
and Clement, 2014). Following these two disturbances, live coral
cover declined 22% from over 45% in 2007 to about 35% in
2011. Coral cover remained reduced until 2015 when it began
to increase. By 2017, live coral cover had recovered to its premortality abundance of over 47% (Figure 2). Note that even
during the period of lowest coral cover in Bonaire, it exceeded
the average found throughout the Eastern Caribbean (i.e., 17.8%
± 1.9 SE, see Steneck et al., 2018). The recovery in coral cover
we documented for Bonaire in 2017 was sustained during the
2019 monitoring session. Coral cover recorded at the 11 sites was
46.3% (±2.8 SE) during the 2019 monitoring study (completed
after the initial submission; see STINAPA website1 ).
Macroalgal abundance at all of Bonaire’s monitored sites
remained relatively low over the study period; nevertheless,
there were important changes. Percent cover of macroalgae (the
most common metric of algal abundance) varied between 1 and
6% cover at all sites from 2002 through 2005 (Supplementary
Figure S1). Then, in 2007, average algal cover increased to
8% (±2.3 SE) and peaked in 2011 at 17.7% (±2.6 SE) cover.
Algal biomass proxy (“algal index”) increased sharply in 2011
following the coral bleaching event but then declined during
each subsequent monitoring period (Figure 3). By 2017, percent
cover of macroalgae retreated back to the pre-disturbance level
of 6% (±1 SE) although canopy heights remained relatively high

Benthic Community Structure Over Time
Data on the percent cover of individual coral species as well
as the cover and canopy height of key algal functional groups
were square root transformed to down weight the influence of
the largest space occupiers. Temporal trends were then visualized
using non-metric Multidimensional Scaling Ordination based on
the Bray-Curtis dissimilarity coefficient (Clarke, 1993). First, an
analysis of change was carried out to check that community
1

https://stinapabonaire.org/nature/research-reports/coral-reefs-adjacent-waters/
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FIGURE 4 | Mean juvenile coral densities from 2003 to 2017 (results are from
316 transects and 1580 quadrats). Vertical lines showing hurricane and
bleaching impacts are labeled as in Figure 2. Note the increase in 2011 was
due to recruitment of Agaricia spp. that then grew out of the juvenile size class
and contributed to the overall increase in coral cover.

FIGURE 2 | Mean percent cover of live coral at monitored sites (variance here
and throughout is expressed as standard error). The horizontal lines illustrate
one standard error of the mean over the period. Vertical lines labeled “H” and
“B” denote Hurricane Omar (October 2008) and the severe coral bleaching
event of October 2010, respectively. For comparison, the average coral cover
in the Eastern Caribbean was (17.6% ± 1.9 SE; Steneck et al., 2018 and see
below).

Juvenile coral densities were relatively high throughout the
study period (mean: 21.7 per m2 ± 1.12 SE, from 440 quadrats
along 88 transects since 2003; Figure 4). This is high when
compared to the juvenile coral densities found in the Eastern
Caribbean, which ranged from 1 to 10 among fished and no-take
reserve sites (Figure 4; Steneck et al., 2018). Over the 2003–2017
study period, juvenile coral densities below 10 juvenile corals/m2
were only observed in 2009 and 2013 (Figure 4).
An analysis of spatiotemporal trends in juvenile coral
density unsurprisingly found that ‘year’ had the greatest impact,
explaining 26% of the variance (p = 0.001). The planned
temporal contrasts found significant effects of disturbance
(i.e., 2005/2007 pre-disturbance vs. 2009/2011) and differences
between the pre-disturbance density (2005/2007) and that
of the final year. These impacts accounted for a further 9
and 3% of the variance respectively (p = 0.001). Macroalgal
cover was negatively associated with juvenile coral density
and explained 3% of the variance (p = 0.005) on its own.
However, significant interactions occurred between time
and macroalgal cover. The overall interaction explained
5% of variance (p = 0.011) and the specific interactions,
macroalgal cover vs. disturbance effect and macroalgal cover
vs. pre/post disturbance, accounted for 4% (p = 0.006) and
1% (p = 0.02) respectively. There was no effect of macroalgal
cover pre-disturbance but a significant negative effect postdisturbance. Site was entered as a random effect but was not
significant (p = 0.57).
Bonaire’s reef corals at 10 m depth were strongly dominated
by species of the major framework-building coral Orbicella
species (Figure 5). The two dominant coral species of
that genus combine to about 20% cover. The decline
in coral cover following the two disturbance events was
sharpest in Agaricia agaricites, Madracis, and Colpophyllia
(Figure 6). These declines were added to the gradual

FIGURE 3 | Algal biomass proxy, called the "algal index" (percent cover times
canopy heights for all algae) at monitored sites from 2005 to 2017
(mean + SE). For comparison, the mean algal index across 12 islands of the
Eastern Caribbean (i.e., 882 ± 58 SE; Steneck et al., 2018) was more than
twice the maximum value recorded for Bonaire in 2011. Vertical lines denote
the hurricane (H) and bleaching (B) events.

(Supplementary Figure S2). Nevertheless, the average percent
cover of macroalgae at all study areas of the Eastern Caribbean
was 25%, four times higher than that recorded for Bonaire
(Steneck et al., 2018).
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dominant species increased in the most recent monitoring
periods (Figure 6).
Although all major species of reef fishes were censused
regularly (see STINAPA website2 ), here we report only on scarine
(parrotfish) populations. Parrotfish have been shown to be the
most abundant and most important herbivores on Caribbean
coral reefs and can facilitate coral recruitment by reducing algal
biomass (Mumby et al., 2006; Arnold et al., 2010; Mumby and
Harborne, 2010; Steneck et al., 2014).
Parrotfish biomass and population densities declined from
2003 to 2009 (Figures 7, 8). Both biomass and abundance then
stabilized until 2017 when parrotfish densities increased sharply.
Parrotfish biomass recorded in 2017 was twice that recorded
throughout the Eastern Caribbean, including the no-take reserves
(i.e., "EC-NTR" in Figure 7). Parrotfish biomass did not change
following the hurricane and bleaching events (Figure 7). In
contrast, parrotfish population density declined in 2011 and
remained low by Bonaire’s standards until 2017 (Figure 8).
Monitoring should be continued to be sure parrotfish abundance
remains sufficiently high to control algal abundance.

FIGURE 5 | Average percent cover of coral species from all 307 transects
quantified from 2004 (when we began documenting individual species) to
2017.

Benthic Community Structure Over Time
The benthic community structure varied significantly over time
and space (p = 0.001; Figure 9A). Specifically, each of the major

declines in the two dominant species O. annularis and
O. faviolata. Montastraea cavernosa increased in abundance
over the early post-recovery study period. All of the six

2

https://stinapabonaire.org/nature/research-reports/coral-reefs-adjacent-waters/

FIGURE 6 | Abundance trajectories of the six most abundant coral species since 2004. Vertical yellow bars denote the timing of Hurricane Omar and the 2010 coral
bleaching event.
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macroalgal cover and canopy height. Yet the impact of the
bleaching event only explained 4% of the total variance.
By 2017 coral cover had recovered to pre-disturbance levels
(Figure 2), but the community structure had not yet returned
to earlier compositions (p = 0.001, Figure 9A). Indeed, the
difference in community structure between pre-disturbance
and 2017 accounted for 12% of total spatio-temporal variance
(Figure 9C). Looking specifically at the final periods of reef
recovery that occurred between the post-bleaching years 2011–
2015 and 2017, we found that the change in benthos was
characterized by increases in the major framework builders
Orbicella and Montastraea with a concomitant decline of
macroalgae (Figure 9C). This final period of recovery accounted
for 6% of total variance. Note that 46% of all the variance in
benthic community structure could not be accounted for in terms
of the major disturbance and recovery events.
FIGURE 7 | Mean parrotfish biomass from repeated fish transects (+SE). The
horizontal lines represent the mean values for the Eastern Caribbean no-take
reserves (“EC-NTR”) and fished areas ("EC-Fished") studied in Steneck et al.
(2018).

DISCUSSION
Bonaire’s Resilient Coral Reefs
Bonaire’s coral reefs are characterized by having much higher
parrotfish biomass, lower abundance of macroalgae and higher
coral cover than most Caribbean coral reefs (Figures 2–10).
In 2017, Bonaire’s coral and algal cover were at or better than
the Caribbean average from the 1970’s (Figure 10; Jackson
et al., 2014). Also, Bonaire’s coral species composition is a
throwback to the structure of coral reefs past (with the exception
that acroporids remain lacking). For example, while most coral
reefs throughout the Caribbean in recent decades have been
dominated by “weedy” coral species such as Porites astreoides,
P. porities, Agaricia spp., and Siderastrea spp. (Pandolfi and
Jackson, 2006; Steneck et al., 2018; Bruno et al., 2019), the
dominant corals on Bonaire’s reefs were the massive reef building
corals of the past such as Orbicella annularis, O. faveolata,
and Montastraea cavernosa (Figure 5). The relatively delayed
recovery among the massive reef building Orbicella corals
(Figure 6) compared to the rapid recovery in the “weedy”
Agaricia sp. (Figure 6) contributed to the low proportion of
variance explained post-disturbance (Figure 9). However, all of
the massive reef building corals were increasing in coral cover by
the most recent 2017 study (Figure 6). In sum, Bonaire’s coral
reefs appear to have uniquely resisted the changes that have swept
through the Caribbean and have shown the capacity to recover
(Figures 2–8). Therefore, Bonaire’s coral reefs are, by definition,
resilient - but why?
What is unique about Bonaire’s reefs and their management?
Clearly, factors such as low hurricane frequency in the Southern
Caribbean and limited terrestrial runoff due to the island’s low
rainfall and low relief have likely contributed to Bonaire’s reef
condition. Moreover, the fact that the reefs experience low levels
of wave exposure – they occur on the leeward side of the island –
also suggests that macroalgal growth rates should be lower than
those found in windward systems such as Belize, Florida, and
Jamaica (Renken et al., 2010). However, those factors alone
have not been enough to confer recovery resilience elsewhere
in the Caribbean.

FIGURE 8 | Parrotfish population density (mean ± SE). Notations as
in Figure 2.

periods of reef state differed from one another (p = 0.001).
The hurricane led to important declines in Orbicella faveolata
and O. annularis, though Montastraea cavernosa was able to
increase during this period (Figure 9B). Not surprisingly,
macroalgal cover and canopy heights also increased following
the hurricane. Overall, the impact of the hurricane explained
9% of the total spatio-temporal variance of benthic community
structure (Figure 9C). The advent of bleaching post-hurricane
led to further changes in the community, characterized by
further losses in the two Orbicella species listed as well
as a reduction in M. cavernosa and continued increases in
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FIGURE 9 | Temporal changes in benthic community structure for the major periods of disturbance and recovery. Visualization is provided using a non-metric MDS
(A). The top five most important taxa characterizing benthic changes (B) are ordered in declining sequence (i.e., 1 being most important), and a breakdown of
variance components is provided (C) for the total spatio-temporal variability in community structure, including the contrasts.

is recognized and treasured as the main resource of Bonaire’s
existence and sustainable development.”3
Over recent decades, Bonaire’s coral reefs became a favored
destination within the scuba diving community because the reefs
were known to be in relatively good condition and almost all
dive sites were accessible from shore. Diving on coral reefs
with abundant coral and fishes continues to be the island’s
primary tourist draw (Uyarra et al., 2005). This also created
a unique funding opportunity because STINAPA Bonaire is
a Non-Government Organization (NGO) that began charging
a fee for scuba diving in 1992. The user fee funds Bonaire’s
National Marine Park management (i.e., >90% of STINAPA
Bonaire’s budget is covered by the diving user fee; Solofa,
2017). Analysis of the diving user fee determined it was a good
business model for sustainable financing for Bonaire’s marine
conservation (Thur, 2010).
Management efforts often fail unless they conform with
socioeconomic needs. Several factors contributed to Bonaire’s
management success. The early and successful development of
the dive and hotel industries became the island’s economic
engine. In recent years, most economically important fishing
targeted pelagic fish such as mahi mahi, tuna, and wahoo rather
than coral reef dwelling fishes (Nenadovic, 2007). The relatively
vibrant tourism-driven economy meant that relatively few people
in Bonaire depended on fishing coral reef fishes for food.

FIGURE 10 | Comparison of mean coral and macroalgal abundance for
Bonaire and the rest of the Caribbean between 1970 and 2011 (from Jackson
et al., 2014).

Effective and Sustainable Managed
Resilience

Managing for Resilience, Monitoring for
Trends

The recent history and management of Bonaire’s coral reefs
is unique and worthy of specific consideration because social,
ecological and economic synergies may have evolved that resulted
in uniquely effective but also sustainable coral reef management.
Starting in the 1960s, scuba diving on Bonaire’s coral reefs
became the island’s biggest tourist draw and economic engine.
By 1994, nearly half of the 57,000 tourists who visited the
island were scuba divers (De Meyer, 1998). In 1971 the island
banned spearfishing (Table 1). We are not aware of any other
island in the Caribbean (or elsewhere) having adopted that
regulation at that time. The spearfishing ban preceded the 1979
establishment of the Bonaire National Marine Park (BNMP)
managed by STINAPA Bonaire. STINAPA Bonaire is a nongovernment organization founded with the vision that: “nature

Frontiers in Marine Science | www.frontiersin.org

Overall, fishing pressure on Bonaire’s coral reefs is relatively low
and management actions have actively reduced emerging threats.
Traditional shore-based hook and line fishing and regulations
that restricted destructive practices such as anchoring and
spearfishing had been banned years ago (Nenadovic, 2007). Fish
traps, that naturally capture and kill parrotfish (Hawkins et al.,
2007), were rarely used in Bonaire, but once they began being
used (Nenadovic, 2007) legislation was passed in 2010 to phase
them out along with a complete ban on the harvest of parrotfishes
(Table 1). The cumulative results of these unique traditions and
3
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TABLE 1 | Summary timeline of Bonaire’s coral reef management actions and environmental events.
Year

Management history

Environmental and reef events

1971

Banned spearfishing

1975

Banned harvest of live coral

1979

Bonaire National Marine Park established

Entire coast to 60 m depth (2700 hectares)

1980s

Acropora mass mortality. “STINAPA Bonaire” is
established as a separate NGO foundation.

Part of Caribbean-wide decline

1992

Nature Tag (fee) funds STINAPA Bonaire NGO for
reef management

Accounts for 93% of the management
budget

1999

First AGRRA survey

2003

Regular monitoring begins

2008

No fishing areas established (“Fish Protection Area”
or FPA).

Hurricane Omar October 2008

2009

Declining parrotfish, juvenile corals and increasing
algae

1st Lionfish (October 2009)

2010

Fishing for parrotfish banned, fish traps phased out

Massive coral bleaching event

Hurricane Lenny (first hurricane since 1877)
(De Meyer, 1998)

Bonaire referendum votes to join
Netherlands

of coral reefs (Kramer, 2003). Nevertheless state variables, when
taken as a “snap shot,” cannot depict the trajectory or resilience
potential of a coral reef ecosystem. What is needed is to determine
the processes that drive those state variables.
The “two faces of resilience” (Holling, 1996) integrate both
the capacity of an ecosystem to resist change or its capacity to
recover to its previous state following a disturbance (Gunderson,
2000; Mumby and Steneck, 2011). Management actions generally
cannot prevent coral mortality from coral bleaching, hurricanes
or disease which means that studies that fail to detect an effect
of reserves on coral resistance (Bruno et al., 2019) should not
be a surprise. Rather, managed resilience primarily focuses on
processes contributing to the recovery of coral reefs. Assuming
a reef is not ’starved’ of coral larvae (e.g., Hughes et al., 2019), the
fundamental drivers facilitating coral recruitment and regrowth
include (but are not limited to) ecological processes that limit
algal production.
Numerous studies determined abundant algae impedes
or halts coral recruitment (Birkeland, 1977; Arnold et al.,
2010; Hughes et al., 2010; Steneck et al., 2014), therefore
factors limiting algal biomass are fundamental to the
recovery resilience of coral reefs. Herbivory resulting in
relatively algal-free Caribbean coral reefs in the 1970s
(Figure 10) was maintained by both herbivorous sea
urchins and parrotfishes (Hay, 1984). However, following
Diadema’s mass mortality in the 1980s, parrotfish became the
primary herbivore limiting algae throughout the Caribbean
(Mumby, 2006). While today parrotfish is perhaps the
most important herbivore group in the Caribbean, that is
certainly not the case globally. Thus, there is no applicable
circumtropical “parrotfish paradigm” (as asserted by Bruno et al.,
2019) because a diversity of other herbivores (including
acanthurids; Mumby et al., 2016) and other functional
groups of fishes (Bellwood et al., 2006) can limit algae
and thus indirectly drive coral reef recovery in tropical
Indopacific coral reefs. Further, because the abundance of
algae reflects both the rates of production and consumption

long-term management practices resulted in Bonaire’s unusually
abundant parrotfish, low macroalgal cover, and abundant coral
(Figures 2–4, 7–9). However, rather than “grazing intensity
[being] sufficiently high that macroalgal blooms are prevented”
(Mumby and Steneck, 2008) we found levels of herbivory were
sufficient to reverse a small macroalgal bloom over time.
Bonaire’s long duration of reduced fishing pressure on
parrotfish likely resulted in the island’s unusually abundant
parrotfish populations. This created grazing pressure that could
have prevented an earlier phase shift to macroalgae when
the herbivorous sea urchin Diadema antillarum suffered a
mass mortality throughout the Caribbean (1983-1984; Lessios
et al., 1984). During that time, many Caribbean reefs were
under intense fishing pressure (for numerous fish species,
including parrotfish). Without fish predators or herbivore
competitors, Diadema populations expanded to become the
primary herbivore on most heavily fished reefs (Hay, 1984).
Following the mass mortality of the sea urchin, the heavily fished
coral reefs rapidly became macroalgal-dominated (Hughes, 1994;
Steneck, 1994). However, there is no record of Bonaire having
abundant Diadema or becoming algal dominated after the
sea urchin mass mortality event (Van Duyl, 1985). Even if
parrotfish had been relatively rare prior to the 1971 ban on
spearfishing, more than a decade had passed prior to the
sea urchin decline. Since a study in Bermuda determined
parrotfish abundances can recover in less than a decade
(O’Farrell et al., 2015), it is likely that Bonaire’s parrotfish
were sufficiently abundant to have prevented the macroalgal
phase shift that swept through most of the rest of the
Caribbean in the 1980s.
Knowing the history of an ecosystem can help interpret its
current state. Measurements of state variables such as the percent
cover of live coral, macroalgae, and the abundance of reef fishes
are often taken as indicators of the condition of coral reefs. In fact,
based on those variables, Bonaire was identified as one of three
coral reefs in the tropical western Atlantic determined to be in
“better” condition following a 1-year, Caribbean-wide assessment
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of algae (Steneck and Dethier, 1994), lower rates of algalclearing herbivory are necessary on reefs having a lower
productivity potential such as tropical Indopacific coral reefs
(Roff and Mumby, 2012).
Prior to our study, no systematic monitoring had been
conducted on Bonaire’s coral reefs. The mass mortality of the
relatively shallow (<10 m) acroporid corals in the 1980s and
Hurricane Lenny in 1999 damaged coral reefs both shallower
and at locations other than our monitored reefs (Figure 1).
The greatest perturbations to Bonaire’s monitored coral reefs
occurred between 2008 and 2010, with coral mortality from
Hurricane Omar and the coral bleaching event, respectively.
These disturbances resulted in a 22% decline in coral cover which
is the greatest documented acute decline in Bonaire’s history
(Figure 2). When coral dies, it is quickly colonized by benthic
algae. Because algae respond most rapidly to the increased
surface area created by the recently dead coral, herbivore per
area bite rates declined. Over time, as coral cover increased
(Figure 2), herbivory may once again become concentrated
to pre-disturbance levels (Figure 3). By 2017 we observed a
modest increase in parrotfish density and adult and juvenile coral
abundances and declining macroalgal abundance (Figures 2–7).
Collectively, these trends represent the first example of complete
resilience of a coral reef ecosystem in the Caribbean.

2010), and thus, the frequency of collisions with Bonaire will
likely increase as well. Coral bleaching throughout the tropics
has been increasing in recent decades (Hughes et al., 2018).
Moreover, even in relatively well-managed systems like the Great
Barrier Reef, coral recovery rates have been declining in recent
decades because of a combination of water quality (MacNeil
et al., 2019) and the legacies of major disturbances which have
a disproportionate impact on subsequent recovery rates (Ortiz
et al., 2018). Therefore, concerns continue that even the best
managed coral reefs may be unable to recover in a world growing
increasingly hostile to these ecosystems (Hughes et al., 2018).
Nevertheless, there is much to learn from the management
successes of Bonaire’s coral reefs. They demonstrate that local
management today can contribute to the recovery resilience of
this endangered ecosystem.

Social-Ecological Feedbacks and an
Uncertain Future
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grazing pressure from large parrotfishes resulted in increases in
algal abundance and drove coral recruitment to zero (Steneck
et al., 2014). Our study suggests that managing to maintain
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can create conditions that facilitate survival and growth in both
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contributed to the recovery resilience of this coral reef ecosystem.
It is also important that tourists who flock to Bonaire to view
healthy reefs pay for the management necessary to keep them
in that condition.
While we found complete recovery occurred 8–10 years
following climate-driven disturbances, we hasten to point out
that both hurricane and coral bleaching events have been
increasing in frequency in recent decades. The Southern
Caribbean has naturally low hurricane frequency. Prior to
Hurricane Lenny in 1999, the last major hurricane to hit Bonaire
was in 1877 (De Meyer, 1998), however Hurricane Omar struck
9 years after Lenny. Climate change is certainly increasing the
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