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Abstract With coral populations in decline globally, it is
critical that we tease apart the relative impacts of ecolog-
ical and physical perturbations on reef ecosystems to
determine the most appropriate management actions. This
study compared the trajectories of benthic assemblages
from 1998 to 2011 in three no-take reserves and three sites
open to fishing, at 7-9 and 15-18 m depth in the Florida
Keys. We evaluated temporal changes in the benthic
assemblage to infer whether fisheries bans in no-take
reserves could have cascading effects on the benthos in this
region. Coral cover declined significantly over time at our
sites and that trend was driven almost exclusively by
decline of the Orbicella (formerly Montastraea) annularis
species complex. Other coral taxa showed remarkable
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stasis and resistance to a variety of environmental pertur-
bations. Protection status did not influence coral or mac-
roalgal cover. The dynamics of corals and macroalgae in
the 15 years since the reserves were established in 1997
suggest that although the reserves protected fish, they were
of no perceptible benefit to Florida’s corals.

Keywords Coral reefs - Florida Keys - FKNMS -
Montastraea - Orbicella - Marine protected areas

Introduction

Coral reefs have degraded worldwide in recent decades,
leaving at least one-third of coral species at long-term risk
of extinction (Carpenter et al. 2008). Once-dominant coral
taxa have been particularly hard hit, leading to shifts in the
absolute and relative abundances of coral species (Aronson
and Precht 2001; Knowlton 2001; Green et al. 2008; van
Woesik et al. 2011). The coral reefs of the Florida Keys
National Marine Sanctuary (FKNMS) are no exception to
these trends (Porter and Meier 1992; Precht and Miller
2007; Somerfield et al. 2008).

The primary causes of the recent coral decline and the
controls on reef recovery have been long-standing points of
contention. At the heart of this debate is the question of
how local-scale, ecological interactions, such as herbivory
and competition, act in combination with larger-scale
physical perturbations such as thermal anomalies. In the
Florida Keys, coral disease, coral bleaching, hurricane
damage, and declining water quality have all contributed to
the decline in coral cover over the last 30 years (Precht and
Miller 2007; Causey 2008). Although the ecological
implications of these stressors are widely acknowledged,
some researchers have suggested that long-term overfishing

@ Springer


http://dx.doi.org/10.1007/s00338-014-1158-x

566

Coral Reefs (2014) 33:565-577

provided the precondition for degradation by reducing the
ability of reefs to recover from disturbance (Jackson et al.
2001; Pandolfi et al. 2003; Bellwood et al. 2004).

This line of thinking led to a global focus on estab-
lishing networks of no-take reserves with the goal of sus-
taining populations of important marine organisms and
promoting resilience in tropical habitats (Hughes et al.
2003; Bellwood et al. 2004; Mora et al. 2006; Keller et al.
2009). Marine reserves generally increase populations of
targeted fish species (Alcala et al. 2005; Bohnsack et al.
2007; Kramer and Heck 2007; McCook et al. 2010), but
proponents of reserve-based management further suggest
that reduced fishing pressure will, as a rule, have positive
effects on the benthos. In theory, reduced exploitation of
herbivorous fishes should result in higher rates of herbiv-
ory, which should reduce macroalgal biomass and enhance
the recruitment and survival of hard corals. Some investi-
gators predict, therefore, that no-take reserves will increase
the ability of reefs to recover from disturbance (Bellwood
et al. 2004; Mumby et al. 2006, 2007; Mumby and Harbone
2010).

The presumption of enhanced coral recruitment in pro-
tected areas is apparently supported in a few locations
where populations of herbivorous fish had been exploited
(Mumby et al. 2006, 2007; Mumby and Harbone 2010), but
increased herbivory has not led to healthier reefs in most
places where the relationship has been examined (e.g.,
Coelho and Manfrino 2007; Kramer and Heck 2007,
Huntington et al. 2011; Carassou et al. 2013). A series of
meta-analyses evaluating the global impact of no-take
reserves on coral assemblages found that although coral
declines were generally less severe in no-take reserves
(Selig and Bruno 2010), reserves have neither reversed the
declines in coral cover nor conferred resilience to further
disturbance (Selig et al. 2012). If reserve-based manage-
ment does not, in general, benefit coral populations, then
one or more links in the theoretical cascade must be
missing. For reserves to benefit corals, each of the fol-
lowing conditions must be met: (1) herbivore abundance
must be higher in reserves, (2) higher abundance of her-
bivores must result in increased grazing on macroalgae, (3)
increased grazing must reduce macroalgal cover, and (4)
reduced cover of macroalgae must benefit coral recruitment
or coral growth. In some areas, including the FKNMS,
herbivorous fishes are not currently important targets of
fisheries (Bohnsack et al. 2007; https://www.flrules.org/
gateway/ChapterHome.asp?Chapter=68B-42); nevertheless,
the abundances of some taxa of large, herbivorous fishes
were greater in no-take areas relative to reference sites in
the FKNMS (Bohnsack et al. 2007; Kramer and Heck
2007). The difference in the abundance of herbivorous
fishes was most likely a result of differences in the quality
of reef habitat between no-take reserves and reference sites,
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rather than reduced fishing pressure (Bohnsack et al. 2007;
cf. Jones et al. 2004). Regardless of the underlying drivers
of herbivore abundance, there should be differences in the
benthic assemblages in the no-take reserves if the abun-
dance of herbivorous fishes drives reef condition. Kramer
and Heck’s (2007) study of inshore patch reefs in the
FKNMS showed, however, that more herbivores in
reserves did not result in reduced macroalgal cover or
higher densities of juvenile corals within the reserves.
Maintaining large populations of herbivorous fishes
does not, therefore, guarantee increases in the impact of
herbivory or changes in the benthic assemblages of coral
reefs.

Furthermore, because the observed increase in macro-
algae in the Caribbean has generally followed coral mor-
tality rather than causing mortality, competitive
overgrowth of adult corals by macroalgae has not been the
proximal cause of the decline in coral cover (Aronson and
Precht 2006). Some macroalgae inhibit coral recruitment
(Kuffner et al. 2006) and reduce the growth and survival of
juvenile corals (Lirman 2001; Box and Mumby 2007).
Macroalgae, however, do not, in general, dominate reefs of
the wider Caribbean, including reefs in Florida (Bruno
et al. 2009; Schutte et al. 2010; Co6té et al. 2013). If mac-
roalgae are not, in fact, significant contemporary compet-
itors of Caribbean corals, then the relationship between the
density of herbivorous fishes and the cover of hard corals is
weak by default.

Understanding the interactive causes of coral decline
and determining the measures necessary to promote
recovery are crucial steps to managing reef ecosystems in a
rapidly changing world. A growing body of research sug-
gests that the theoretical cascade from fisheries protection
to enhanced coral populations may be an oversimplifica-
tion. If the ecological interactions between herbivorous
fishes and corals are less important than originally con-
ceived, the solutions to the coral-reef crisis may lie largely
outside the scope of local fisheries management. No-take
reserves provide the opportunity to test the relative
importance of ecological and physical controls on coral-
reef dynamics.

We evaluate the impacts of reserve-based management
on coral reefs over the period 1998-2011 to test four
hypotheses. Hypothesis 1: Because of the high frequency
of disturbance in the FKNMS, the cover of hard corals
should have declined over time, resulting in declines of
dominant taxa, and increases in the abundance of ‘weedy’
corals (Aronson and Precht 2001; Knowlton 2001) and
other non-coral benthic components [sponges (Pawlik
2011), gorgonians (Ruzicka et al. 2013), and zoanthids].
Hypothesis 2: Although the abundance of herbivorous
fishes is higher in Florida’s no-take reserves than outside
the reserves, herbivory is likely to be high throughout the
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FKNMS because herbivorous fishes are not currently tar-
geted by fishers (Bohnsack et al. 2007). For this reason, and
because of the inconsistent impacts of reserve-based
management elsewhere, the trajectories of coral cover, and
the relative and absolute abundances of dominant coral
taxa, should not have differed between no-take reserves
and reefs open to fishing. Hypothesis 3: Reserves also
should not have affected the cover of macroalgae or bare
space; coral cover should have been decoupled from algal
dynamics in the FKNMS, as has been demonstrated else-
where (Edmunds 2013). Instead, changes in coral cover
should have been modulated primarily by changes in the
physical environment. Thermal stress (including both ele-
vated temperature and high irradiance) has been an
important cause of coral decline in the FKNMS (Causey
2008). Because of relatively lower irradiance and, possibly,
lower temperatures in deeper water, deeper habitats should
have provided a refuge that increased the resilience of reefs
to further disturbance. This leads to Hypothesis 4: Declines
in coral cover and shifts in the species composition of
corals should have been less pronounced in deeper water
than in shallower depths. In conjunction with testing these
hypotheses, we compare our results with other assessments
from within the FKNMS during the same period.

Materials and methods
Study area
The FKNMS is a 9,850-km? reserve that extends from Key

Biscayne to the Dry Tortugas (Fig. 1). The fish populations
of the FKNMS have a long history of exploitation (Ault

et al. 1998; McClenachan and Kittinger 2012). Herbivorous
fishes were harvested until the early 1990s when they were
regulated as part of the ornamental-fish trade (https://www.
flrules.org/gateway/ChapterHome.asp?Chapter=68B-42).
Their harvest is now minimal compared with species tar-
geted by traditional fisheries (Bohnsack et al. 1994, 2007).
Recreational and commercial fisheries, however, continued
to reduce populations of predatory fish through the 1990s
until stricter regulations were implemented (Bohnsack
et al. 1994; Ault et al. 1998; http://myfwc.com/fishing/
saltwater/recreational/rules-by-species/).

One response was to prohibit fishing within no-take
zones on 23 coral reefs within the FKNMS beginning in
1997 (Bohnsack et al. 1994; Keller et al. 2009). Our study
did not directly assess fish populations in the FKNMS;
however, the existing literature suggests the abundances of
most commercially important fishes—serranids (grouper)
and lutjanids (snappers)—have increased in no-take
reserves since 1997 (Bohnsack et al. 2007). Furthermore,
the abundances of these taxa are now significantly higher in
no-take reserves than in adjacent fished areas (Bohnsack
et al. 2007; Kramer and Heck 2007). Adult scarines (par-
rotfish), acanthurids (surgeonfish), and pomacentrids
(damselfish) are also more abundant within marine reserves
(Kramer and Heck 2007; Bohnsack et al. 2007); however,
these among-site differences preceded the establishment of
the reserves (Bohnsack et al. 2007) and are, therefore, most
likely a reflection of among-reef habitat variability rather
than a cascading impact of protection per se. Although the
mechanisms for maintaining large populations of herbivo-
rous fishes at our sites are different from the processes
controlling those populations in most reserves, the fact that
these herbivores are apparently more abundant in Florida’s

B Land
FKNMS extent
® No-take site

© Reference site

]

Western Sambo

.{‘\\ Pelican Shoal
Eastern Sambo

Middle Sambo

3 \
Maitland

. km
0 10 20 30 40

Fig. 1 Map of the Florida Keys showing the extent of the FKNMS and locations of the study sites
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reserves than outside the reserves nevertheless allows us to
test hypotheses that elevated abundances of herbivorous
fishes in reserves will confer positive benefits to the ben-
thos on Florida’s reefs (Hypotheses 2 and 3).

By the time the no-take reserves were established, coral
cover was already low throughout the FKNMS; however,
after the 1997-98 El Nifio event and the impact of hurri-
cane Georges that same year, average coral cover dropped
below 10 % (Precht and Miller 2007; Causey 2008). Our
study assesses changes in the benthic assemblages of reefs
in the FKNMS following the disturbances of 1997-98.
After 1998, a variety of disturbances continued to com-
promise Florida’s reefs. Hurricanes impacted our study
sites in 1999, 2006, 2007, and 2008, but the most signifi-
cant storm damage occurred in 2005, when four storms
passed in close proximity (http://www.nhc.noaa.gov/). Two
additional mass bleaching events affected Florida’s reefs in
2005 and in 2010 (Causey 2008; Brandt and McManus
2009; Wagner et al. 2010), and an extreme cold water event
in 2010 also caused high coral mortality, especially on
inshore reefs (Lirman et al. 2011). Although the prevalence
of disease has been low in the FKNMS in general, coral
disease has also been a persistent source of morbidity and
mortality over the last 15 years, especially following
bleaching events (Santavay et al. 2005; Brandt and
McManus 2009).

Our long-term dataset, which spanned the period
1998-2011, assessed changes in the benthic assemblages at
‘intermediate’ (7-9 m) and ‘deeper’ (15-18 m) depths in
fore-reef habitats within three no-take reserves: Western
Sambo, Eastern Sambo, and South Carysfort reefs. Western
Sambo and Carysfort reefs were chosen because they are
the largest protected areas in the Lower and Upper Keys,
respectively. Eastern Sambo was chosen because it is a
research only area. We also surveyed three reefs where
fishing was allowed: Middle Sambo, Pelican Shoal, and
Maitland (Fig. 1). These reference sites were chosen to be
adjacent to and comparable in size with the reserve sites.
All sites supported the spur-and-groove habitat typical of
offshore, fore-reef habitats in the Florida Keys.

A rectangular plot was established on each reef in each
depth range, for a total of 12 plots. The plots extended
25 m downslope along the spurs and 80 m along the depth
contours, perpendicular to the spurs. The center of each
plot, henceforth termed a study site, was marked with a
submerged buoy, and site maps were created to allow
annual surveys.

Data collection
We conducted videographic surveys using an underwater

transecting method (Aronson et al. 1994; Murdoch and
Aronson 1999) at each of the twelve 25 m x 80 m study
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sites. Within each study site, 10 to 12, 25-m transect lines
were laid along the tops of haphazardly chosen reef spurs.
No more than one transect line was laid per spur per
sampling time. A diver swam slowly along each transect,
holding a video camera in a waterproof housing and
recording the reef surface in a 25 m x 40 cm swath: an
area of 10 m>. A vertical bar projecting forward from the
housing maintained the camera’s lens a standard 40 cm
above the reef surface. Underwater video lights were used
under low-light conditions. No transects were laid in
expansive areas of sand.

We surveyed the study sites each summer from 1998 to
2011, with the exceptions of 2006 and 2009. In addition,
Maitland Reef and the intermediate-depth sites at Pelican
Shoal were not surveyed in 2005. Our overall sampling
design is summarized in Electronic Supplementary Mate-
rial (ESM) Fig. 1.

Image analysis

Non-overlapping still images were extracted from each
video transect using Capture It® or Sony Vegas Pro Stu-
dio® software. Random points were overlain on each image
using Coral Point Count with Excel extensions (Kohler and
Gill 2006) or using a software program developed by
T.J. T.M. Between 1998 and 2005, 50 images were col-
lected from each video transect and ten random points were
projected onto each image (Aronson et al. 1994), for a total
of 500 points per transect. In 2007, a high-definition
camera was used for the surveys, which necessitated a
change to a wide-screen video format. The shorter vertical
span reduced the total area captured in each image. We,
therefore, increased the number of captured images to 55 in
2007 and in all subsequent analyses and reduced the
number of points per frame to nine, for a total of 495 points
per transect.

Macroalgae, sponges, gorgonians, zoanthids, and sand
beneath the random points were identified categorically.
Because branching gorgonians bend with water motion, we
only counted points falling on the holdfasts. For cases in
which points fell on gorgonian branches in the still images,
we examined the video to identify the benthic constituents
beneath. An aggregate category, including crustose coral-
line algae, fine-turf algae, and bare substrate (CTB;
Aronson and Precht 2000), was also identified categori-
cally. Hard corals (Scleractinia and Milleporina) were
identified to the lowest possible taxonomic level. Hard
corals were generally identified to species, but occasionally
only generic identifications were possible. Some corals
were grouped into broader categories for statistical analysis
of the data. These corals included the three species of the
Orbicella annularis species complex [O. annularis, O.
franksi, and O. faveolata: formerly in the genus
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Montastraea (Budd et al. 2012) and hereafter termed the O.
annularis complex], Agaricia spp. (primarily A. agaricites,
but also A. fragilis, A. grahamae, A. humilis, A. lamarki,
and A. undata), Siderastrea spp. (S. siderea and S. radi-
ans), branching Porites spp. (P. divaricata and P. furcata;
P. porites was considered separately), and Millepora spp.
(M. alcicornis, M. complanata, and M. squarrosa). Colo-
nies in the O. annularis complex were almost exclusively
0. faveolata and O. franksi, but uncertainty in identifica-
tions of small colonies from the video frames necessitated
pooling the Orbicella. During the last four years of the
study—2007, 2008, 2010, and 2011—the use of a high-
definition video camera allowed us to identify macroalgae
to the genus level. These data were not analyzed statisti-
cally, but we describe overall trends in the composition of
the macroalgal assemblages.

Point-count data were used to estimate covers of the
broad categories of sessile benthos, and the absolute and
relative covers of hard-coral taxa. We estimated the abso-
Iute cover of all sessile benthos after removing the points
falling on loose sand from the total number of points for
each transect. Estimates of benthic cover were, therefore,
limited to hard substrate. To calculate the relative cover of
a coral taxon, we divided the cover of that taxon by the
total coral cover at the same site in the same year.

Statistical analysis

Using a repeated measures analysis of variance (RM-
ANOVA), we tested the hypotheses that (1) coral cover
declined over time, (2) declines in coral cover led to
increases in other taxa, (3) the covers of coral, macroalgae,
and CTB did not differ between no-take reserves and sites
open to fishing, and (4) declines in coral cover were less
extreme in deeper reef zones. We considered site, rather
than transect, as the sampling unit to avoid the problem of
spatial autocorrelation among transects within a given site.
Proportional-cover data were used in preference to per-
centages so we could employ the most appropriate trans-
formation for this type of data: the logit transformation
(Warton and Hui 2011). The RM-ANOVA carries three
assumptions: homoscedasticity, normality, and sphericity
(Zar 1999). It is not possible to test for sphericity of the
data when the number of repeated measures (years)
exceeds the number of replicates (sites), as was the case in
our analysis. As a precaution, we used the Huynh—Feldt
correction for violations of sphericity to avoid type I errors.
The raw data on the cover of hard corals conformed to the
assumptions of homoscedasticity (Levene’s test: P > 0.05)
and normality (Shapiro—Wilk test: P > 0.05) for all years.
Gorgonian cover conformed to the parametric assumptions
after logit transformation. Cover data for macroalgae, CTB,
sponges, and zoanthids were still heterogeneous or non-

normal after transformation, so rank transformations were
applied to those data. When a parametric test such as
ANOVA is applied to ranked data, as we did here, the
analysis is equivalent to a nonparametric test, rendering
moot the problems associated with violations of the para-
metric assumptions (Conover and Iman 1981). Patterns
over time and between no-take and reference sites in the
cover of hard corals, macroalgae, sponges, gorgonians,
zoanthids, and CTB, were evaluated in a two-way RM-
ANOVA design, with depth (intermediate vs. deeper) and
protection (no-take vs. reference) as fixed factors. Because
Maitland Reef and the intermediate-depth site at Pelican
Shoal were not visited in 2005, that year was excluded
from the statistical analyses; however, the remaining data
for 2005 were included in the figures. Pairwise differences
among years were assessed with Tukey’s HSD a posteriori
analysis.

Changes in the absolute and relative cover of the six
commonest hard-coral taxa—the O. annularis complex,
Montastraea cavernosa, Siderastrea spp., Agaricia spp.,
Porites astreoides, and Millepora spp.—were evaluated
using a two-way RM-ANOVA, with protection and depth
as fixed factors. Total coral cover was low throughout our
study, and the temporal variability in taxon-specific coral
cover was high. We, therefore, examined the total change
in the absolute and relative covers of the dominant coral
taxa from 1998 to 2011, rather than trying to isolate year-
to-year changes. These analyses tested the hypothesis that
overall declines in coral cover were associated with
declines in the dominant taxa (the O. annularis complex)
and increases in weedy taxa. The sphericity assumption
was not a problem because it is always met when there are
only two levels of the repeated measure, which in our case
were the years 1998 and 2011; therefore, no correction was
applied to the result of the RM-ANOVA for the taxon-
specific analyses of coral cover. The raw data for the
absolute and relative covers of M. cavernosa, Millepora
spp., the absolute covers of P. astreoides, Agaricia spp.,
and Siderastrea spp. and the relative cover of the O. ann-
ularis complex conformed to the assumptions of homo-
scedasticity (Levene’s test: P > 0.05) and normality
(Shapiro—Wilk test: P > 0.05). The absolute cover of the
O. annularis complex and the relative cover of Millepora
spp. were transformed using a logit transformation. The
relative cover data of Siderastrea spp. and Agaricia spp.
were transformed using a rank transformation.

We used regression analysis to test the hypothesis that
differences in macroalgal cover were related to changes in
coral cover on Florida’s reefs. One assumption of regres-
sion analysis is that the data are independent and not
temporally autocorrelated. To overcome the problem of
autocorrelation, we used the difference in cover between
sequential time steps for the regression. We tested the
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statistical hypotheses that (1) changes in coral and mac-
roalgal cover were negatively related within the same time
step, which tests the hypothesis that macroalgae were
actively overgrowing corals (cf. Lirman 2001) and (2) a
change in macroalgal cover during 1 year negatively
influenced change in coral cover the following year (i.e.,
there was a 1-year time lag). We were generally able to
detect newly recruited corals 1 year after recruitment
(~5 mm in diameter) with our video survey methods
(Toth, personal observation). The latter analysis, therefore,
tested the hypothesis that macroalgal cover impacted coral
recruitment. The residuals of the regressions were both
non-normal (Shapiro-Wilk test: W;o; = 0.889, P < 0.001
and W59 = 0.077, P < 0.001), so we used Kendall’s rank
regression. All univariate statistical analyses were con-
ducted using IBM SPSS® version 20.

Results
Temporal changes in hard-coral cover

The initial cover of hard corals at our sites ranged from 1 to
13 %, with a mean cover of 5.1 % (1.1 SE). Coral cover
declined significantly through time (F, 9 = 7.972,
P = 0.002; Fig. 2; Hypothesis 1) and reached its lowest
value in 2008. Overall, coral cover declined in relative
terms by more than half after 1998. Although coral cover
showed some recovery during the last two surveys (2010
and 2011), most notably at the no-take sites (Fig. 2), by
2011 average cover of hard corals at our sites was only
2.4 % (£1.1 SE; ESM Table 1).

The decline in overall hard-coral cover was driven by a
significant reduction in the absolute and relative covers of
the O. annularis complex between 1998 and 2011 (Fig. 3;
Fi15=9.770, P = 0.014 and F,g = 12.647, P = 0.007;
ESM Tables 4-7; Hypothesis 1). The O. annularis com-
plex was the dominant space occupant in 1998, averaging
2.2 % (£0.9 SE) of benthic cover and 30.6 % (+7.4 SE) of
hard-coral cover at our sites. By 2011, the average absolute
cover of the O. annularis complex was reduced to 0.2 %
(£0.1 SE) and the average relative percent cover of this
taxon was only 6.0 % (£1.6 SE). Most of the decline in
cover of the O. annularis complex can be attributed to the
partial mortality of large colonies, which in some cases
were initially several meters in longest horizontal
dimension.

Although we did not detect significant temporal changes
in absolute cover of the other five dominant coral species,
the ~92 % reduction in cover of the O. annularis complex
led to increases in the relative abundance of some other
taxa. There were significant increases in the relative covers
of both Siderastrea spp. and Millepora spp. between
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1998 and 2011 (Fig. 3; F;g = 46.582, P < 0.001 and
Fi 3 =26.207, P = 0.001; ESM Tables 8-15; Hypothesis
1). Temporal differences in the absolute and relative covers

of Agaricia spp., P. astreoides, and M. cavernosa were all
nonsignificant (ESM Tables 16-27).

Impacts of no-take reserves on hard-coral cover

The largest absolute reduction in both total coral cover and
cover of the O. annularis complex over the study period was
at the no-take sites, which had higher initial coral cover than
the reference sites (Fig. 2); however, there was no differ-
ence in total coral cover or cover of the O. annularis
complex between the no-take and reference sites (ESM
Tables 2-7; Hypothesis 2). There were significant interac-
tions between year and protection for the absolute and rel-
ative covers of Agaricia spp. (Fy g = 5.650, P = 0.045 and
Fi g = 10.947, P = 0.011). This effect was likely a result
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of larger temporal change in the relative cover of Agaricia
spp. in the no-take reserves compared with the reference
sites (Hypothesis 2). The absolute and relative cover of
Siderastrea spp., Millepora spp., P. astreoides, and M.
cavernosa did not differ significantly between reserves and
reference sites (ESM Tables 8—15 and 20-27).

Differences in hard-coral cover between depths

There was no difference in total coral cover between the
intermediate (7-9 m) and deeper (15-18 m) sites (Fig. 2;
ESM Table 3; Hypothesis 4); however, the relative cover of
Siderastrea spp. was significantly higher at the deeper depths
than at the intermediate depths (F;g = 8.332, P = 0.020),
and there was a significant interaction between year and depth
for the absolute cover of Siderastrea spp. (Fig = 7.345,
P = 0.027; Hypothesis 4). There were no significant differ-
ences in either absolute or relative cover of the other domi-
nant taxa between depths (ESM Tables 4-7 and 12-27).

Algal dynamics
Taken together, macroalgae and CTB accounted for the

largest percentage—89.4 % (£0.4 SE)—of the benthic
assemblages across years, depths, and sites, with CTB

generally dominating. Dictyota spp. dominated the mac-
roalgal assemblage, accounting for 31.2 % (1.8 SE) of
benthic cover across years, depths, and sites. Halimeda spp.
were also common, constituting 2.2 % (£1.3 SE) of total
benthic cover. Other taxa, especially Stypopodium zonale
and Lobophora variegata, were abundant at some sites
during some years, but were not generally a significant
proportion of the benthic assemblage (ESM Fig. 5).

Itis clear from Fig. 4 that macroalgae and CTB fluctuated in
a reciprocal manner between 1998 and 2011 (ESM Table 1),
and temporal variations in macroalgae and CTB were highly
significant (Fj9g0 = 15.393, P < 0.001 and Fyog = 13.172,
P < 0.001, respectively). Trends in macroalgal and CTB cover
were similar between depths and between no-take and refer-
ence sites (ESM Tables 28-31). Furthermore, the relationships
between changes in macroalgal and coral cover were nonsig-
nificant (Kendall’s rank regression: 1 = —0.096, P = 0.061;
with a 1-year lag in coral cover: T = 0.031, P = 0.321). Taken
together, these results reflect the negligible impact of protec-
tion on the algal dynamics of reefs at our study sites.

Other benthos

The cover of gorgonians varied significantly over time
(F7.59 = 6.570, P < 0.001), averaging 2.3 % (£0.2 SE) of
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Fig. 4 Temporal changes in Macrolagae CTB
mean (£SE) cover of 100 7-9m 100 - 7-9m
macroalgae and CTB (crustose Q pe
coralline algae, fine-turf algae, 80 1 80 4 K
and bare substrate) at no-take
fmd refer.ence sites in 60 60 8 “ o )
intermediate and deeper depths /@ \Q
40 Q Q/D 40 A
= 20 Q\Q\A 20
o K
> .
O 01— — ‘ ‘ 0
-
c
@ 100 15-18 m 100 1 15-18 m
]
o
80 4 80 -
5 CHE
0 Q Q
. VA NS
40 1 { 40 1 :
- o é
o ©
20 A Q\E\Q 20 4 —e— No-take
Q \O\ O~ Reference
0 r r r —O— r r 0 . . . . . . .
r\%g% rLQQQ rLQQ(L rLQQD‘ -7,006 q’Q ° ILQ'\Q rLQ’\'L »\%Q’@ r\o.)g% q’QQQ rLQQq’ vLQQD‘ %006 rLQQ% rLQ\Q ILQ'\QI

Year

Year

100
80+
60+

20+

Percent Cover

O_
8
—@— Hard Corals
—vy— Macroalgae
—a— CTB
—— Gorgonians
64 —A— Sponges
) —@— Zoanthids
>
[
O
S | 2z /Y \Bt i3
[0
o

0 60— —Q0—0—0
ag T ag T T T T

1998 2000 2002 2004 2006 2008 2010

2012
Fig. 5 Temporal trends in the cover (mean + SE) of hard corals,

macroalgae, CTB, gorgonians, sponges, and zoanthids, pooled across
sites and depths

@ Springer

the benthic cover across depths, years, and sites (Fig. 5).
Gorgonian cover was highest in 2001-2003, but was low
for the remainder of the study (ESM Table 1; ESM Fig. 2).
There was no difference in the cover of gorgonians
between depths or between no-take reserves and reference
sites (ESM Tables 32, 33); however, there was a significant
interaction between year and depth (Fp79 = 5.902,
P < 0.001).

The cover of sponges, which on average accounted for
3.5 % (£0.2 SE) of benthic cover, varied significantly
through time (Fj079 = 7.216, P < 0.001; Fig. 5; ESM
Table 1) and was higher at deeper depths (F; g = 51.804,
P < 0.001; ESM Fig. 3). There was, however, no signif-
icant difference in sponge cover between no-take and
reference sites (ESM Tables 34, 35). Other than a sig-
nificant  interaction = between year and  depth
(F1079 = 4269, P <0.001), all other interactions
between year, depth, and protection were nonsignificant
(ESM Tables 34, 35).

The cover of zoanthids was low throughout our study,
typically accounting for <0.2 % of the total benthic
assemblage (mean 0.1 = <0.1 SE; Fig. 5; ESM Table 1).
Zoanthid cover varied significantly though time
(Fro.80 = 2.299, P = 0.020; ESM Fig. 4) and was signifi-
cantly higher in 2010 and 2011 compared with all other
years (Tukey’s HSD: P < 0.05). Zoanthid cover was also
significantly higher at intermediate depths (F; g = 28.899,
P = 0.001). Differences among depths were especially
pronounced in later study years, which may explain the
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significant interactions between year and depth
(Fi080 = 2.861, P =0.004) and year and protection
(Fro.80 = 2.580, P = 0.009; ESM Fig. 4). Zoanthid cover
did not differ between no-take and reference sites, and all
other interaction effects were nonsignificant (ESM
Tables 36, 37).

Discussion
Changes in the benthic assemblages of Florida’s reefs

Coral cover at our study sites declined over the 14-year
period from 1998 to 2011. Disease outbreaks, hurricane
damage, and thermal stress were likely the most significant
causes of coral loss (Brandt and McManus 2009; Lirman
et al. 2011; Ruzicka et al. 2013); however, local-scale
factors, including hydrography, nutrient levels, and pre-
dation, have doubtless interacted with regional- to global-
scale events (Precht and Miller 2007; Wagner et al. 2010).
The loss of cover was similar at both depths, falsifying our
hypothesis that depth provided a refuge from disturbance
(Hypothesis 4).

The decline was driven almost entirely by reduction in
the cover of the once-dominant O. annularis complex
(Fig. 6; see Ruzicka et al. 2013). Other investigators
observed similar patterns of coral decline driven by the loss
of the O. annularis complex in Curagao (Bruckner and
Bruckner 2006), the U.S. Virgin Islands (Edmunds and
Elahi 2007), and Puerto Rico (Bruckner and Hill 2009). In
contrast, abundance of the O. annularis complex has
remained relatively stable on Florida’s patch reefs (Ruzi-
cka et al. 2013; but see Lirman et al. 2011). Subtracting the

0. annularis complex from total coral cover in our data, we
found essentially no change in the absolute cover of the
remaining corals (Fig. 6). The persistence of five sub-
dominant taxa—M. cavernosa, Siderastrea spp., Agaricia
spp., P. astreoides, and Millepora spp.—through multiple
perturbations was likely due in part to their relatively high
recruitment rates and eurytopic proclivities (Chiappone and
Sullivan 1996; Moulding 2005). At our sites, the complete
or, more often, partial mortality of colonies of the O.
annularis complex increased the relative abundance of the
‘weedy’ coral taxa Siderastrea spp. and Millepora spp.
(Knowlton 2001), which supports Hypothesis 1.

Concurrent with the decline in coral cover after 1998,
Ruzicka et al. (2013) detected a trend of increasing cover
of gorgonians in the FKNMS. That was not a consistent
pattern in our data. There are two likely reasons for the
difference: (1) we measured the cover of gorgonian hold-
fasts only, whereas Ruzicka et al. measured canopy cover;
and (2) Ruzicka et al. primarily observed increases in
shallow habitats (1-6 m depth), whereas our surveys were
conducted in deeper habitats. Our data, like those of Ruz-
icka et al. (2013), do not support the suggestion that
sponges are becoming more abundant on Floridian reefs
(McMurray et al. 2010; Pawlik 2011).

Impact of no-take reserves

As predicted by Hypothesis 2, there were no significant
differences in coral cover between our sites in no-take
reserves and reference areas. Declines in coral cover were
actually greater (although not significantly so) in the no-
take reserves, the opposite of expectation if the reserves
had conferred resistance or resilience to coral assemblages.
It is unlikely, however, that protective status per se was
responsible for the difference. Instead, because coral cover
was initially higher at the no-take sites (Miller et al. 2000),
the absolute decline at these sites was more substantial.
The declines in coral cover at all our sites, irrespective
of protective status, add to a growing body of work
showing that, across multiple reef-habitat types, increasing
the abundance of herbivorous fishes does not guarantee
cascading impacts on corals. We did not directly assess fish
abundance in this study, and the lack of a reserve effect
could be a result of high levels of herbivory throughout the
FKNMS; however, if the greater abundance of herbivorous
fishes in Florida’s no-take reserves had resulted in signif-
icantly higher herbivory, as is commonly assumed, then
macroalgal cover should have been lower and the cover of
CTB should have been higher within the reserves. In
reality, as predicted by Hypothesis 3, we found no signif-
icant difference in the cover of CTB and macroalgae
between no-take reserves and reference sites at both depths.
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Apparently, one or more steps of the predicted cascade are
not occurring within Florida’s no-take reserves.

The macroalgal assemblages were dominated by Dict-
yota spp., a taxon that has been shown to limit coral
recruitment (Kuffner et al. 2006), reduce the growth of
juvenile corals (Lirman 2001; Box and Mumby 2007), and
cause partial colony mortality due to shading (Lirman
2001). Macroalgal cover on Florida’s reefs varies among
habitats, seasons, and years (Lirman and Biber 2000;
Ruzicka et al. 2013). In general, however, macroalgal
cover is highest in the summer months (Lirman and Biber
2000) when we conducted our surveys, which coincides
with the spawning season of most corals in this region (van
Woesik 2010). Coral recruitment and post-settlement sur-
vival are the processes most sensitive to competition with
macroalgae (Kuffner et al. 2006; Box and Mumby 2007).
If, therefore, macroalgae were a central driver of changes
coral cover in the Florida Keys, the effects would have
been most significant during this critical period. The reci-
procal patterns of cover of macroalgae and CTB and the
lack of correlation between coral and macroalgal cover
suggest that coral and macroalgal cover are presently
decoupled on Florida’s reefs (Fig. 5), as Ruzicka et al.
(2013) also observed. The trajectories of corals and algae
are also decoupled on reefs elsewhere (Aronson et al. 2012;
Edmunds 2013), suggesting that the primary drivers of
change in benthic assemblages now operate at regional to
global scales (Toth et al. 2012).

The no-take reserves in our study did not benefit corals
or confer resilience to disturbance at the spatial and tem-
poral scales of our study. On Florida’s reefs, the elevated
abundance of herbivorous fishes at no-take sites do not
necessarily translate to significant changes in macroalgal
cover (Kramer and Heck 2007). Furthermore, macroalgae
do not dominate most coral reefs in Florida or elsewhere,
and there is no evidence that macroalgae control the
abundance of corals at our sites. Our results contribute to a
growing body of work that suggesting that cascading
benefits of no-take reserves to corals may be the exception,
rather than the rule (Coelho and Manfrino 2007; Kramer
and Heck 2007; Selig and Bruno 2010; Huntington et al.
2011; Selig et al. 2012 Carassou et al. 2013).

Prospects for recovery

When the no-take reserves were established within the
FKNMS in 1997, Florida’s reefs had already lost almost all
their acroporid corals to white-band disease in the 1980s
(Aronson and Precht 2001; Precht et al. 2004). The
remaining corals were about to experience a series of dis-
turbances that included the most extreme thermal-stress
event on record: the 1997-98 El Niflo. As a result, our sites
were highly degraded at the outset of our study, and
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additional perturbations over the 14-year period degraded
the reefs even further by reducing the cover of the O.
annularis complex. The O. annularis complex and Acro-
pora spp. were the primary framework builders of Florida’s
reefs, and their loss will likely compromise future reef
accretion (Aronson and Precht 2001; Precht and Miller
2007).

By the end of our study, coral cover averaged only
2.4 % at our sites. The relative cover of hard corals, across
all study sites and depths, dropped by more than 50 %
during the study period. Although that figure sounds dra-
matic, it is misleading because coral cover was initially
very low. During our 14-year study, the absolute cover of
hard corals dropped by an average of only about 3 %. In
functional terms, coral cover was low in 1998 and some-
what lower in 2011.

Recruitment levels of the O. annularis complex were
very low during the study period. In 512 permanent,
95 x 65 cm quadrats at the study sites, one of us (S.R.S.,
unpublished data) recorded only 15 recruits of the O.
annularis complex from 1998 to 2008. Recruitment of the
O. annularis complex has been rare throughout the
Caribbean even when adult colonies have been abundant
(Edmunds and Elahi 2007). It is, therefore, unlikely that the
Orbicella populations of the Florida Keys will recover
within the next few decades in the face of continued per-
turbation (Edmunds and Elahi 2007; Bruckner 2012).

Our study tested four hypotheses about the controls on
benthic assemblages in the FKNMS. As we predicted with
Hypothesis 1, coral cover declined significantly over a per-
iod of 14 years, primarily as a result of significant reductions
in the cover of the O. annularis complex. These declines
resulted in increases in the relative abundances of Sider-
astrea spp. and Millepora spp., but no change in the absolute
cover of any of the sub-dominant corals, which suggests
these taxa may be particularly resistant or resilient to envi-
ronmental perturbations. Coral cover declined at all sites
irrespective of protective status, as predicted by Hypothesis
2. In fact, although coral cover was significantly higher in
no-take reserves at the outset of our study, the coral
assemblages were similar at all of our sites by the end.
Despite the putatively higher abundance of herbivorous
fishes in no-take reserves, the algal dynamics of Florida’s
reefs were also independent of protective status, as predicted
by Hypothesis 3. Finally, we did not observe a difference in
coral cover between depths, as predicted by Hypothesis 4,
which suggests that the environmental perturbations driving
coral declines may not be modulated by depth refugia in the
bathymetric range examined.

Coral assemblages in the spur-and-groove habitats that
characterize our study sites have converged on the com-
position of hardground communities, which constitute
98 % of the hard-bottom habitat in the Florida Keys
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(Precht and Miller 2007). This convergence is a manifes-
tation of a general trend to biotic homogenization of coral
assemblages across habitat and latitude on Florida’s reefs
(Burman et al. 2012). Protective status did nothing to
hamper that transition. Although no-take reserves clearly
benefit target species of fishes, the cascading benefits of
reserves on the benthic assemblages are not always real-
ized. For many locations, including the Florida Keys, the
remedies for the benthic assemblages must be sought
elsewhere.

Acknowledgments We are grateful to S. Burman, M. Dardeau, N.
Hilbun, Y. Hintz, J. Hobbs, L. Kellogg, N. Lemoine, E. Looney, S.
Lewis, J. Reynolds, W. Scott III, E. Tuohy, and L. Young for assis-
tance with field work and image analysis. We thank the staff of
NOAA'’s National Undersea Research Center in Key Largo, Florida,
operated by the University of North Carolina—Wilmington (NURC-
UNCW) for logistical support. In particular, S. Miller and O. Rutten
of NURC-UNCW provided critical assistance during our work in the
Upper Keys. We thank S. Baumgartner and the staff of the FKNMS’s
Key West office for support in the Lower Keys. D. Ward provided
diving and boat support. Special thanks go to B. Causey and the late
B. Keller of the FKNMS for support and encouragement. Three
anonymous reviewers provided thoughtful commentary on the man-
uscript. This research was funded by the FKNMS, NOAA’s Coral
Reef Conservation Program, and the U.S. Environmental Protection
Agency and administered by S. Vargo at the Florida Institute of
Oceanography. Field work was conducted under permits from the
FKNMS. This is Contribution Number 120 from the Institute for
Research on Global Climate Change at the Florida Institute of
Technology. The data from this study will be made available to
interested researchers on request.

References

Alcala AC, Russ GR, Maypa AP, Calumpong HP (2005) A long-term,
spatially replicated experimental test of the effect of marine
reserves on local fish yields. Can J Fish Aquat Sci 62:98-108

Aronson RB, Precht WF (2000) Herbivory and algal dynamics on the
reef at Discovery Bay, Jamaica. Limnol Oceanogr 45:251-255

Aronson RB, Precht WF (2001) Evolutionary paleoecology of
Caribbean coral reefs. In: Allmon WD, Bottjer DJ (eds)
Evolutionary paleoecology: the ecological context of macroevo-
lutionary change. Columbia University Press, New York,
pp 171-233

Aronson RB, Precht WF (2006) Conservation, precaution, and
Caribbean reefs. Coral Reefs 25:441-450

Aronson RB, Precht WF, Macintyre IG, Toth LT (2012) Catastrophe
and the life span of coral reefs. Ecology 93:303-313

Aronson RB, Edmunds PJ, Precht WF, Swanson DW, Levitan DR (1994)
Large-scale, long-term monitoring of Caribbean coral reefs: simple,
quick, inexpensive techniques. Atoll Res Bull 421:1-19

Ault JS, Bohnsack JA, Meesters GA (1998) A retrospective
(1979-1996) multispecies assessment of coral reef fish stocks
in the Florida Keys. Fish Bull 96:395-414

Bellwood DR, Hughes TP, Folke C, Nystrom M (2004) Confronting
the coral reef crisis. Nature 429:827-833

Bohnsack JA, Harper DE, McClellan DB (1994) Fisheries trends from
Monroe County, Florida. Bull Mar Sci 54:982-1018

Bohnsack JA, Harper DE, McClellan DB (2007) Coral reef fish
response to FKNMS management zone: the first ten years
(1997-2007). Progress Report to the Florida Keys National
Marine sanctuary. PRBD 08/09-10

Box SJ, Mumby PJ (2007) Effect of macroalgal competition on
growth and survival of juvenile Caribbean corals. Mar Ecol Prog
Ser 342:139-149

Brandt ME, McManus JW (2009) Disease incidence is related to
bleaching extent in reef-building corals. Ecology 90:2859-2867

Bruckner AW (2012) Factors contributing to the regional decline of
Montastraea annularis (complex). Proc 12th Int Coral Reef
Symp: ICRS2012_11B_1

Bruckner AW, Bruckner RJ (2006) The recent decline of Montastraea
annularis (complex) coral populations in western Curacao: a
cause for concern? Rev Biol Trop 54:45-58

Bruckner AW, Hill R (2009) Ten years of change to coral
communities off Mona and Desecheo Islands, Puerto Rico from
disease and bleaching. Dis Aquat Org 87:19-31

Bruno JF, Sweatman H, Precht WF, Selig ER, Schutte VGW (2009)
Assessing evidence of phase shifts from coral to macroalgal
dominance on coral reefs. Ecology 90:1478-1484

Budd AF, Fukami H, Smith ND, Knowlton N (2012) Taxonomic
classification of the reef coral family Mussidae (Cnidaria:
Anthozoa: Scleractinia). Zool J Linn Soc 166:465-529

Burman SG, Aronson RB, van Woesik R (2012) Biotic homogeni-
zation of coral assemblages along the Florida reef tract. Mar
Ecol Prog Ser 467:89-96

Carassou L, Léopold M, Guillemot N, Wantiez L, Kulbicki M (2013)
Does herbivorous fish protection really improve coral reef
resilience? Study from New Caledonia (South Pacific). PLoS
ONE 8:e60564

Carpenter KE, Abrar M, Aeby G, Aronson RB, Banks S,
Bruckner A, Chiriboga A, Cortés J, Delbeek JC, DeVantier
L, Edgar GJ, Edwards AJ, Fenner D, Guzman HM, Hoek-
sema BW, Hodgson G, Johan O, Licuanan WY, Livingstone
SR, Lovell ER, Moore JA, Obura DO, Ochavillo D, Polidoro
BA, Precht WF, Quibilan MC, Reboton C, Richards ZT,
Rogers AD, Sanciangco J, Sheppard A, Sheppard C, Smith J,
Stuart S, Turak E, Veron JEN, Wallace C, Weil E, Wood E
(2008) One-third of reef-building corals face elevated
extinction risk from climate change and local impacts.
Science 321:561-563

Causey B (2008) The history of massive coral bleaching and other
perturbations in the Florida Keys. In: Wilkinson C, Souter D
(eds) Status of coral reefs after bleaching and hurricanes in 2005.
Global Coral Reef Monitoring Network, and Reef and Rainforest
Research Centre, Townsville, p 152

Chiappone M, Sullivan KM (1996) Distribution, abundance and
species composition of juvenile scleractinian corals in the
Florida reef tract. Bull Mar Sci 58:555-569

Coelho VR, Manfrino C (2007) Coral community decline at a remote
Caribbean islands: Marine no-take reserves are not enough.
Aquat Conserv: Mar Freshw Ecosys 17:666—685

Conover WJ, Iman RL (1981) Rank transformations as a bridge
between parametric and nonparametric statistics. The American
Statistician 35:124-129

Coté IM, Precht WF, Aronson RB, Gardner TA (2013) Is Jamaica a
good model for understanding Caribbean coral reef dynamics?
Mar Pollut Bull 76:28-31

Edmunds PJ (2013) Decadal-scale changes in the community
structure of coral reefs of St. John, US Virgin Islands. Mar Ecol
Prog Ser 489:107-123

Edmunds PJ, Elahi R (2007) The demographics of a 15-year decline
in cover of the Caribbean reef coral Montastraea annularis. Ecol
Monogr 77:3-18

@ Springer



576

Coral Reefs (2014) 33:565-577

Green DH, Edmunds PJ, Carpenter RC (2008) Increasing abundance
of Porites astreoides on Caribbean reefs mediated by an overall
decline in coral cover. Mar Ecol Prog Ser 359:1-10

Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C,
Grosberg R, Hoegh-Guldberg O, Jackson JBC, Kleypas J, Lough
JM, Marshall P, Nystrom M, Palumbi SR, Pandolfi JM, Rosen B,
Roughgarden J (2003) Climate change, human impacts, and the
resilience of coral reefs. Science 301:929-933

Huntington BE, Karnauskas M, Lirman D (2011) Corals fail to
recover at a Caribbean marine reserve despite ten years of
reserve designation. Coral Reefs 30:1077-1085

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW,
Bourque BJ, Bradbury RH, Cooke R, Erlandson J, Estes JA,
Hughes TP, Kidwell S, Lange CB, Lenihan HS, Pandolfi JM,
Peterson CH, Steneck RS, Tegner MJ, Warner RR (2001)
Historical overfishing and the recent collapse of coastal ecosys-
tems. Science 293:629-638

Jones GP, McCormick MI, Srinivasan M, Eagle JV (2004) Coral
decline threatens fish biodiversity in marine reserves. Proc Natl
Acad Sci USA 101:8251-8253

Keller BD, Gleason DF, McLeod E, Woodley CM, Satie A, Causey
BD, Friedlander AM, Grober-Dunsmore R, Johnson JE, Miller
SL, Steneck RS (2009) Climate change, coral reef ecosystems,
and management options for marine protected areas. Environ
Manage 44:1069-1088

Knowlton N (2001) The future of coral reefs. Proc Natl Acad Sci
USA 98:5419-5425

Kohler KE, Gill SM (2006) Coral Point Count with Excel extensions
(CPCe): A Visual Basic program for the determination of coral
and substrate coverage using random point count methodology.
Comput Geosci 32:1259-1269

Kramer KL, Heck KL Jr (2007) Top-down trophic shifts in Florida
Keys patch reef marine protected areas. Mar Ecol Prog Ser
349:111-123

Kuffner IB, Walters LJ, Becerro MA, Paul VJ, Ritson-Williams R,
Beach KS (2006) Inhibition of coral recruitment by macroalgae
and cyanobacteria. Mar Ecol Prog Ser 323:107-117

Lirman D (2001) Competition between macroalgae and corals: effects
of herbivore exclusion and increased algal biomass on coral
survivorship and growth. Coral Reefs 19:392-399

Lirman D, Biber P (2000) Seasonal dynamics of macroalgal
communities of the northern Florida Reef Tract. Bot Mar
43:305-314

Lirman D, Schopmeyer S, Manzello D, Gramer LJ, Precht WF,
Muller-Karger F, Banks K, Barnes B, Bartels E, Bourque A,
Byrne J, Donahue S, Duquesnel J, Fisher L, Gilliam D, Hendee J,
Johnson M, Maxwell K, McDevitt E, Monty J, Rueda D, Ruzicka
R, Thanner S (2011) Severe 2010 cold-water event caused
unprecedented mortality to corals of the Florida Reef Tract and
reversed previous survivorship patterns. PLoS ONE 6:e23047

McClenachan L, Kittinger JN (2012) Multicentury trends and the
sustainability of coral reef fisheries in Hawai’i and Florida. Fish
Fish 14:239-255

McCook LJ, Ayling T, Cappo M, Choat JH, Evans RD, De Freitas
DM, Heupel M, Hughes TP, Jones GP, Mapstone B, Marsh H,
Mills M, Molloy FJ, Pitcher R, Pressey RL, Russ GR, Sutton S,
Sweatman H, Tobin R, Wachenfeld DR, Williamson DH (2010)
Adaptive management of the Great Barrier Reef: a globally
significant demonstration of the benefits of networks of marine
reserves. Proc Natl Acad Sci USA 107:18278-18285

McMurray SE, Henkel TP, Pawlik JR (2010) Demographics of
increasing populations of the giant barrel sponge Xestospongia
muta in the Florida Keys. Ecology 91:560-570

Miller SL, Swanson DW, Chiappone M (2000) Multiple spatial scale
assessment of coral reef and hard-bottom community structure in

@ Springer

the Florida Keys National Marine Sanctuary. Proc 9th Int Coral
Reef Symp:23-27

Mora C, Andréfouét S, Costello MJ, Kraneburg C, Rollo A, Vernon J,
Gaston KJ, Myers RA (2006) Coral reefs and the global network
of marine protected areas. Science 312:1750-1751

Moulding AL (2005) Coral recruitment patterns in the Florida Keys.
Rev Biol Trop 53:75-82

Mumby PJ, Harbone AR (2010) Marine reserves enhance the
recovery of corals on Caribbean reefs. PLoS ONE 5:e8657

Mumby PJ, Harborne AR, Williams J, Kappel CV, Brumbaugh DR,
Michell F, Holmes KE, Dahlgren CP, Paris CB, Blackwell PG
(2007) Trophic cascade facilitates coral recruitment in a marine
reserve. Proc Natl Acad Sci USA 104:8362-8367

Mumby PJ, Dahlgren CP, Harborne AR, Kappel CV, Micheli F,
Brumbaugh DR, Holmes KE, Mendes JM, Broad K, Sanchirico
JN, Buch K, Box S, Stoffle RW, Gill AB (2006) Fishing, trophic
cascades, and the process of grazing on coral reefs. Science
311:98-101

Murdoch TJT, Aronson RB (1999) Scale-dependent spatial variability
of coral assemblages along the Florida reef tract. Coral Reefs
18:341-351

Pandolfi JM, Bradbury RH, Sale E, Hughes TP, Bjorndal KA, Cooke
RG, McArdle D, McClenachan L, Newman MJH, Paredes G,
Warner RR, Jackson JBC (2003) Global trajectories of the long-
term decline of coral reef ecosystems. Science 301:955-958

Pawlik JR (2011) The chemical ecology of sponges on coral reefs:
natural products shape natural systems. BioScience 61:888-898

Porter JW, Meier OW (1992) Quantification of loss and change in
Floridian reef coral populations. Am Zool 32:625-640

Precht WF, Miller SL (2007) Ecological shifts along the Florida Reef
Tract: the past as the key to the future. In: Aronson RB (ed)
Geological approaches to coral reef ecology. Springer, New
York, pp 237-312

Precht WF, Robbart M, Aronson RB (2004) The potential listing of
Acropora species under the U.S. Endangered Species Act. Mar
Pollut Bull 49:534-536

Ruzicka RR, Colella MA, Porter JW, Morrison JM, Kidney JA,
Brinkhuis V, Lunz KS, Macaulay KA, Bartlett LA, Meyers MA,
Colee J (2013) Temporal changes in benthic assemblages on
Florida Keys reefs 11 years after the 1997/1998 El Nifio. Mar
Ecol Prog Ser 489:125-141

Santavay DL, Summers JK, Engle VD, Harwell LC (2005) The
condition of coral reefs in South Florida (2000) using coral
disease and bleaching as indicators. Environ Monit Assess
100:129-152

Schutte VGW, Selig ER, Bruno JF (2010) Regional spatio-temporal
trends in Caribbean coral reef benthic communities. Mar Ecol
Prog Ser 402:115-122

Selig ER, Bruno JF (2010) A global analysis of the effectiveness of
marine protected areas in preventing coral loss. PLoS ONE
5:€9278

Selig ER, Casey KS, Bruno JF (2012) Temperature-driven coral
decline: the role of marine protected areas. Global Change Biol
18:1561-1570

Somerfield PJ, Jaap WC, Clarke KR, Callahan M, Hackett K, Parter J,
Lybolt M, Tsokos C, Yanev G (2008) Changes in coral
communities among the Florida Keys, 1996—2003. Coral Reefs
27:951-965

Toth LT, Aronson RB, Vollmer SV, Hobbs JW, Urrego DH, Cheng
H, Enochs IC, Combosch DJ, van Woesik R, Macintyre 1G
(2012) ENSO drove 2500-year collapse of eastern Pacific coral
reefs. Science 337:81-84

van Woesik R (2010) Calm before the spawn: global coral spawning
patterns are explained by regional wind fields. Proc R Soc B
277:715-722



Coral Reefs (2014) 33:565-577 577

van Woesik R, Sakai K, Ganase A, Loya Y (2011) Revisiting the Warton DI, Hui FKC (2011) The arcsine is asinine: the analysis of

winners and the losers a decade after coral bleaching. Mar Ecol proportions in ecology. Ecology 92:3-10
Prog Ser 434:67-76 Zar JH (1999) Biostatistical analysis. Pearson Prentice-Hall, Upper
Wagner DE, Kramer P, van Woesik R (2010) Species composition, Saddle River, NJ, p 663

habitat, and water quality influence coral bleaching in southern
Florida. Mar Ecol Prog Ser 408:65-78

@ Springer


https://www.researchgate.net/publication/264499330

	Do no-take reserves benefit Florida’s corals? 14 years of change and stasis in the Florida Keys National Marine Sanctuary
	Abstract
	Introduction
	Materials and methods
	Study area
	Data collection
	Image analysis
	Statistical analysis

	Results
	Temporal changes in hard-coral cover
	Impacts of no-take reserves on hard-coral cover
	Differences in hard-coral cover between depths
	Algal dynamics
	Other benthos

	Discussion
	Changes in the benthic assemblages of Florida’s reefs
	Impact of no-take reserves
	Prospects for recovery

	Acknowledgments
	References


