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Corals, specifically the Atlantic staghorn coral, Acropora cervicornis, are under major
threat as disturbance events such as storms and disease and predation outbreaks
increase in frequency. Since its population declines due to a wide spread disease
event in the early 1980s, limited long-term monitoring studies describing the impact
of current threats and potential recovery have been completed. The aim of this study
was to document the impacts of environmental (tropical storms, increased wind) and
biological (disease and predation) threats on A. cervicornis to further understand its
population dynamics and potential for recovery. Two high-density A. cervicornis patches
(greater than 1 hectare each) were surveyed tri-annually (winter, summer, fall) from
2008–2016. A. cervicornis percent cover, canopy height, census of individuals, and
prevalence and occurrence of disease, predation, and bleaching were evaluated within
permanent 3.5 m radial plots (n = 27 and 31). Temporal variability was observed
in mean percent live cover at both patches and showed an overall loss of tissue.
Frequent disturbances such as tropical storms, hurricanes, and disease events, caused
increased, prolonged, and widespread mortality. Periods void of disturbance allowed for
recovery and growth. Prevalence and occurrence of disease and predation were highly
variable between monitoring events. They were also found to be significantly higher
on masses (individuals ≥ 1.5 m) than on colonies and during summer surveys (June–
August). These data indicate that substantial length of time between major disturbance
events is necessary for recovery and growth of this species. The implication of these
results is that given the current rates of growth, recruitment, and storm frequency,
natural species recovery is unlikely unless large scale issues like climate change and
ocean warming, which affect the intensity and frequency of disease and predation,
are addressed.

Keywords: demographic monitoring, time series, disease, fireworm, long-term monitoring, Florida

INTRODUCTION

Acropora cervicornis is a fragile, vulnerable, and dynamic species that has been known to change
in abundance and/or cover quickly (e.g., weeks to years) in response to disease outbreaks, tropical
disturbances, or climatic events (Shinn, 1976; Antonius, 1977; Davis, 1982; Knowlton et al., 1990;
Schopmeyer et al., 2012; Miller et al., 2014a) and was frequently found lining the fore reef of many
Caribbean, Florida, and Gulf of Mexico coral reefs. Its fast growth rate and ability to reproduce
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asexually allow it to propagate quickly across a site, forming
mainly monotypic stands referred to as thickets, fields, stands,
or patches (Davis, 1982; Bruckner, 2002; Acropora Biological
Review Team, 2005). A. cervicornis plays a significant role in
the coral reef community by contributing to reef complexity
and habitat framework (Goreau, 1959; Goreau and Goreau,
1973; Adey and Burke, 1977; Neigell and Avise, 1983). The
habitat diversity and ecological benefits provided by the structure
of A. cervicornis colonies are virtually irreplaceable within the
natural marine community.

Acropora cervicornis populations became spatially and
regionally isolated following a multi-decadal white band
disease outbreak starting in the 1970s which left the surviving
populations most commonly distributed as individual colonies
or much smaller patches (Gladfelter, 1982; Bythell et al., 1989,
1993; Aronson and Precht, 2001; Acropora Biological Review
Team, 2005). This dramatic decline leads to its listing as
threatened under the United States Endangered Species Act (US
ESA; National Marine Fisheries Service, 2006) and as critically
endangered on the International Union for Conservation of
Nature (IUCN) Red List of Threatened Species (Aronson et al.,
2008). Since this dramatic decline, recovery has been limited
with few known high cover populations remaining throughout
the species’ range (Vargas-Ángel et al., 2003; Keck et al., 2005;
Grober-Dunsmore et al., 2006; Lirman et al., 2010; Walker et al.,
2012; Busch et al., 2016). One region where numerous large
patches of A. cervicornis exist today is within the Southeast
Florida Coral Reef Ecosystem Conservation Area and more
specifically in Broward County, FL, at the northern-most extent
of this species’ range (Vargas-Ángel et al., 2003; Walker et al.,
2012; D’Antonio et al., 2016).

However, few data exist on the temporal and spatial variability
of the demography and ecology of A. cervicornis (Mercado-
Molina et al., 2015; Goergen et al., unpublished), and we are only
beginning to define the impact disease and predation have on
the persistence of this species outside of large scale catastrophic
events (Williams and Miller, 2006; Miller et al., 2014a,b; Goergen
et al., unpublished). To fully understand the population dynamics
of this threatened species and to further inform restoration
and conservation efforts, these data need to be evaluated over
the long-term.

To address these questions, two semi-continuous patches of
A. cervicornis (>1 hectare each) were used to evaluate temporal
patterns in species abundance, percent cover, and the presence,
prevalence, and occurrence of disease, predation, and bleaching.
These analyses will be the first of its kind for this species, which
further our understanding of the dynamics of the threats affecting
remaining, future, and restored populations.

MATERIALS AND METHODS

Two large semi-continuous patches of A. cervicornis, BCA
and Scooter, formally known as Dave and Oakland I patches,
respectively (Vargas-Ángel et al., 2003), were surveyed three
times per year during Winter [(WS) February/March], Summer
[(SM) June–August], and Fall [(F) October/November] from

Summer 2008 through Fall 2016. These monitoring periods will
be referenced by the season followed by the last two digits of
the year throughout the rest of this paper (e.g., SM09 is Summer
2009). An additional survey was completed 10 September 2012,
following the passing of Tropical Storm Isaac (TSI12) on 26
August 2012. Prior to the initial survey (June 2008), the boundary
of each patch was mapped using a handheld GPS. Plots were
installed in a grid with spacing appropriate to cover the patch
and the surrounding area to account for possible patch growth or
movement (Walker et al., 2012). Thirty-two plots each separated
by 30 m were installed at BCA, and 31 plots were installed at
Scooter with 23 m separation.

Monitoring methodologies were modified from a previously
developed Acropora spp. demographic monitoring protocol
(Williams et al., 2006). Radial plots 7 m in diameter (38.48 m2),
marked by a permanent center pin and tag designated the
survey area. Temporary transect lines, 7 m in length were
laid perpendicular to each other across the center of each plot
defining the survey area during monitoring events. Condition
characteristics and a species census were completed in all
plots. Condition characteristic data included: (1) estimates of
percent cover of live A. cervicornis, (2) the presence and
relative ranking of tissue loss caused by white band disease,
rapid tissue loss (Williams and Miller, 2005), and predation
by the bearded fireworm (Hermodice carunculata), three-spot
damselfish (Stegastes planifrons), and the corallivorous snail
(Coralliophila abbreviata), and (3) presence and severity of
bleaching. Maximum A. cervicornis canopy height was measured
within the plot boundary. During the species census, all
A. cervicornis individuals were counted and categorized as either
a loose fragment, colony [well defined boundary of continuous
skeleton (dead or alive), attached, <1.5 m diameter] or a mass
(difficult to define boundary, typically > 1.5 m in diameter).
Beginning in F10, individuals that showed signs of disease
were quantified to obtain disease prevalence of colonies and
masses. Presence of disease was not quantified on loose fragments
because the cause of recent mortality on fragments could not
be identified confidently. All individual areas (occurrences)
of recent mortality within the plot boundary were counted
based on cause (rapid tissue loss, white band disease, fireworm,
and snail); recently dead areas separated by living tissue were
counted as separate occurrences. The occurrence of damselfish
predation and bleaching were not recorded because of the
difficulty in defining and enumerating individual gardens and
areas of bleaching.

Meteorological data were obtained from multiple online
resources to better describe the conditions during tropical
disturbances and aiding in identifying other causal events. Storm
track, wind swath data, and individual storm reports were
downloaded from the National Hurricane Center1. Wind data for
2008 were collected from the National Centers for Environmental
Information Fort Lauderdale Airport station2, which is located
approximately 3 km inshore and 10 km from the study sites;
however, in 2009, a closer station was established on the ocean

1www.ncdc.noaa.gov
2www.nhc.noaa.gov
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approximately 6.5 km south of the study sites. Therefore, 2009–
2016 were downloaded from the National Data Buoy Center
station PVGF1-Port Everglades Channel, FL3. Rainfall data were
obtained from the South Florida Water Management Districts
Hollywood Station (2008–Oct 2014) and S36-RR Station (Nov.
2014–20164). Temperature (◦C) was recorded every 2 h using
Onset Hobo Pendant R© Temperature/Light loggers or TidbiT R© v2
Temperature loggers attached to a permanent pin at each patch.
Data were recorded from June 2008 at BCA and February 2010
at Scooter until the end of the study. Loggers were exchanged
every 3–6 months. Unfortunately, a series of faulty loggers at
Scooter resulted in missing data from 27 February 2014 to 10
August 2016.

Data Analysis
Plots in which A. cervicornis were never recorded during the
duration of the study were not included in the analysis (n = 5
for BCA). Data collected within each monitoring event by patch
providing event means. For annual analyses, the three monitoring
events completed during that calendar year were used; the TSI12
event was included in 2012 for a fourth event for that year. For
the seasonal analyses, all years were used within each season;
monitoring event TSI12 was included in the summer season
(Winter n = 8 events, Summer n = 10, and Fall n = 8).

Percent cover was estimated for each plot during each event
and was used to calculate mean cover by patch. Trends in mean
percent cover of living (PCL) A. cervicornis were analyzed using
Time Series Analyses followed by decomposing the components
and analyzing the decomposed trend component with a linear
regression (R Core Team, 2017). Simple linear regressions were
used to analyze the annual trend observed in PCL. One-way
analysis of variance (ANOVA) was used to assess the differences
in PCL between seasons. Post hoc comparisons were performed
using Tukey’s HSD tests. Kruskal–Wallis test by ranks was
used to explore absolute change in PCL. When significant,
multiple comparisons two-tailed post hoc tests were performed
to determine significance between factor levels.

The total abundance of fragments, colonies, and masses in
each individual plot were averaged by patch for each event,
year, and season. The trends in mean abundance of fragments,
colonies, and masses were analyzed using a Poisson regression
for both between monitoring events and years. In addition,
to determine differences in mean abundance and absolute
change in abundance between seasons, Kruskal–Wallis test by
ranks followed multiple comparisons two-tailed post hoc tests
were used.

The presence of disease and predation was analyzed through
the prevalence of plots with each condition. During each event,
researchers documented the presence or absence of white disease,
fireworm predation, damselfish predation, snail predation, and
bleaching. A sum of the total number of plots with each
condition was divided by the total number of plots with living
A. cervicornis surveyed providing a prevalence for each condition
for each event. Mean prevalence of plots with each condition was

3www.ndbc.noaa.gov
4my.sfwmd.gov

calculated annually and seasonally. These data indicate how wide-
spread each condition was at each patch. Prevalence of white
disease was also calculated per plot by dividing the number of
colonies or masses with disease by the total number of colonies
or masses in each plot. Disease prevalence was analyzed using
binomial (plot prevalence) and quasi-binomial (colony and mass
prevalence) generalized linear models between monitoring event,
years, and seasons. When the model identified significant factors,
post hoc multiple comparisons with a Bonferroni correction were
employed to define specific contrasts of factor levels.

The occurrence of white disease, fireworm predation, snail
predation, and bleaching were summed by their occurrence on
colonies or masses per plot. Mean number of occurrences of
each condition per plot was calculated per monitoring event,
year, and season. These data were analyzed using Kruskal–Wallis
ANOVAs, and when significant, multiple comparisons two-tailed
post hoc tests with a Bonferonni correction were performed.

Individual plot canopy height was used to calculate a mean
canopy height per patch for each event. These data were analyzed
across all events using linear regression analyses for both between
monitoring events and annual changes.

RESULTS

Across the 8 years of the study, abundance and health of
A. cervicornis were surveyed within 27 plots at BCA and 31 plots
at Scooter, five plots at BCA never had A. cervicornis so were
not included in the analysis. The center pin was not located for
two plots at Scooter following the SM15 and F15 events because
of A. cervicornis overgrowth and were not included following
these events.

Disturbance Events
Tropical storm force winds, identified by the predicted area
of the wind swath published by NOAA5, impacted southeast
Florida during six named storm events (Table 1). Each storm had
different conditions (temperature change, wave height, rainfall,
and wind speed) and relate to the range of impacts at each
patch. The passing of all storms, except Hurricane Sandy at BCA,
resulted in mean PCL losses ranging from 1.5–50% for both
patches. The largest PCL losses by area were 78 m2 for BCA
during monitoring event WS09 and 116 m2 for Scooter during
TSI12. Besides named storms, additional high energy periods
during the study were identified by elevated mean daily wind
speeds greater than the average sustained wind produced by a
tropical storm, 12.78 kts (Table 2). Additional losses of >20%
relative mean cover per patch were observed between events not
associated with named storms at at least one patch during: WS10,
F11, SM15, F15, WS16, and SM16.

Cover Characteristics
Percent cover of living decreased for both patches during
the study, although only BCA had a significant, decreasing
linear trend [r2 = 0.5013, F(3,20) = 6.702, p < 0.001; Scooter:

5http://www.nhc.noaa.gov
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TABLE 2 | Number of days between monitoring events in which the wind speed was greater than the average wind speed (12.78 kts) observed in southeast Florida for
the six tropical storms occurring during the study.

2008 2009 2010 2011 2012 2013 2014 2015 2016

Fall to winter na 19 13 6 10 0 11 9 19

Winter to summer na na 8 3 5 0 3 3 3

Summer to fall na 4 4 14 18 6 3 7 18

na = not enough data were available or no surveys were conducted (i.e., Winter and Fall, 2008).

r2 = 0.07924, F(3,20) = 0.5738, p > 0.05; Figure 1). PCL within
individual plots at BCA ranged from 0 to 70%, with an overall
study mean of 8.6 ± 0.38% (±SE). PCL was greater at Scooter
with an overall mean of 16.0 ± 0.48% but had a similar range
from 0 to 75%. Fluctuation in cover was observed at both patches
between monitoring events, years, and seasons with the greatest
increases for both patches in 2013 and during the summer
(Figures 1, 2). However, these gains were not enough to outweigh
the total losses, and by area BCA experienced a net loss of
144 m2 of living A. cervicornis and Scooter 173 m2. The greatest
PCL losses occurred following system-wide disturbance events
such as tropical storms, hurricanes, or disease events (Table 1
and Figure 2).

The absolute change in mean PCL varied between monitoring
events at both patches (X2 = 106.88 and 174.28, df = 24, p< 0.001
BCA and Scooter, respectively; Figure 2). The largest increases
were observed from the winter to summer monitoring events
where average increases in percent cover per plot were 1.4 and
1.9% at BCA and Scooter, respectively (Figure 2, yellow bars).
When all years were pooled, 74 (BCA) and 68% (Scooter) of the

plots had a mean PCL increase during the summer monitoring
events. A negative percent change in mean PCL was observed for
a majority of the fall to winter and summer to fall monitoring
periods. The magnitude of change was larger at Scooter for 60%
of the monitoring events, and BCA and Scooter differed in gain
or loss of tissue during six monitoring events (Figure 2).

Mean canopy height at BCA ranged from 38 to 55 cm
and had an overall mean of 45.6 ± 0.74 cm (±SE). Mean
canopy height at Scooter ranged from 32 to 48 cm and had
an overall mean of 43.2 ± 0.50 cm. Monitoring event had a
significant effect on the absolute change in canopy height [BCA-
r2 = 0.1069, F(16,408) = 3.051, p < 0.001; Scooter-r2 = 0.1907,
F(16,470) = 6.923, p < 0.001]. Canopy height varied across the
study increasing during summer events and decreasing toward
the end of the study, as indicated by a large portion of the plots
having negative change in height for the final events (Figure 3).

Species Census
A total of 4,692 colonies were counted at BCA (density of
0.18 ± 0.01 col/m2) and 11,894 at Scooter (0.40 ± 0.01 col/m2)

FIGURE 1 | Percent live cover of Acropora cervicornis per plot for BCA (blue) and Scooter (red) across monitoring periods (A,D), annually (B,E), and seasonally
(C,F). Boxes represent the 25 and 75% quartiles with whiskers extending 1.5 ∗ interquartile range, the line represents the median, and dots are considered outliers.
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FIGURE 2 | Absolute change in percent cover between monitoring events by site BCA (A), Scooter (B). Colors represent seasonal changes from Fall to
Winter—blue, Winter to Summer—yellow, and Summer to Fall—red, the green bar represents change in cover between the SM12 and the TSI12 monitoring events.
Boxes represent the 25 and 75% quartiles with whiskers extending 1.5 ∗ interquartile range, the line represents the median, and dots are considered outliers.

across the entire project. Mean colony abundance at Scooter
exhibited a significant decreasing trend (p < 0.001), with
moderate but significant seasonal variation (X2 = 17.097,
p < 0.001) whereas BCA remained relatively stable with only
a few monitoring events having significant deviations from
the mean (p < 0.001), but had no significant seasonal change
(X2 = 1.5795, p > 0.05; Figure 4). On average, 70 colonies
were lost at Scooter and 20 at BCA between each summer
and fall monitoring event. Significant increases in mean colony
abundance were observed in the summer at Scooter and the
winter events at both patches (p < 0.05). The mean number
of masses per plot for both patches was less than 4 (Figure 4).
Counts of masses increased at Scooter from 2008 to 2010 and
then remained stable. The most masses counted during one
monitoring event were at Scooter with 119 masses during SM11.
Significant seasonal changes in the abundance of masses were
observed at Scooter, with greatest changes observed in the
summer (p < 0.05).

Nearly 18,000 fragments were counted at the patches during
the study. Total fragments counted per monitoring event ranged
from 15 to 359 at BCA (plot average = 6.3 ± 0.31 fragments)
and 80 to 1,313 at Scooter (17.6 ± 0.73 fragments). Two major
fragmentation events occurred at Scooter, WS10 and WS15,
where total fragment counts were over 1,000. Four additional

events (TSI12, F15, WS16, and F16) had counts 30% over the
patch mean. Fragment counts at BCA were highest during TSI12
and WS16 where total fragment counts were over 300. Differences
were found between the annual means of fragment counts, with
2010, 2015, and 2016 as high years at Scooter and 2012 and 2016
at BCA. Mean fragment counts differed significantly between
seasons (Figure 4); on average, there were 88 and 243 fewer
fragments counted in the summer than in the previous winter at
BCA and Scooter, respectively (p < 0.05).

Condition Characteristics
The most prevalent condition recorded for both patches, when
all seasons and years were pooled, was fireworm predation
followed by white disease, damselfish predation, snail predation,
then bleaching. Two white diseases were observed at both
patches, rapid tissue loss and white band disease, but because
the distinction between them is uncertain, they were pooled
as white disease for analyses. Similar annual and seasonal
patterns were found between patches for all conditions, although
prevalence rates were higher at Scooter for all conditions besides
damselfish predation and bleaching. Overall mean prevalence
of plots at BCA and Scooter, respectively, was 44.1 ± 1.88
SE% and 72.0 ± 1.6% for fireworm predation, 44.3 ± 1.88 and
66.6 ± 1.68% for disease, 38.8 ± 1.84 and 33.2 ± 1.67% for
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FIGURE 3 | Absolute change in canopy height between monitoring events of living Acropora cervicornis by site BCA (A), Scooter (B). Colors represent seasonal
changes from Fall to Winter—blue, Winter to Summer—yellow, and Summer to Fall—red, the green bar represents change in cover between the SM12 and the
TSI12 monitoring events. Boxes represent the 25 and 75% quartiles with whiskers extending 1.5 ∗ interquartile range, the line represents the median, and dots are
considered outliers.

damselfish predation, 6.6 ± 0.94 and 17.9 ± 1.36% for snail
predation, and 6.2 ± 0.91 and 3.4 ± 0.65% for bleaching.

Disease prevalence oscillated during the study, resulting in
monitoring event, year, and season as significant factors in
explaining prevalence of disease (glm, <0.001; Figures 5, 6). The
presence of disease increased at times when water temperatures
were warmer and following disturbance events. The highest (or
near highest) disease prevalence was observed during TSI12, and
highest number of occurrences was during SM15 (Figures 5,
6). The year 2013 had the lowest mean maximum temperatures
and significantly lower disease prevalence (Tukey, p < 0.01)
and occurrence counts. Disease was more widespread (present
in more plots) at Scooter than BCA (Figures 5, 6), and when
present, it was recorded as the primary cause of recent mortality
58 ± 5 and 57 ± 4% of the time at BCA and Scooter, respectively.
Overall mean prevalence of disease was higher on masses 36 ± 2.5
and 41 ± 1.9% than on colonies 8 ± 0.8 and 7 ± 0.5% for BCA
(X2 = 37.525, p < 0.001) and Scooter (X2 = 88.801, p < 0.001),
respectively. Nearly three times the occurrence counts occurred
on masses than colonies (BCA: X2 = 58.352, p < 0.01; Scooter:
X2 = 121.4, p < 0.001).

Fireworm predation affected 40–90% of the plots at Scooter
with mean occurrence counts ranging from 1–10 recently preyed

upon branch tips on colonies and 1–44 tips on masses per plot.
Prevalence of plots with fireworm predation was lower at BCA,
affecting fewer than 70% of the plots during any monitoring
event. However, BCA had similar mean occurrence counts on
colonies (1–8 tips) as Scooter, but much fewer on masses (2–
14 tips). When present, it was recorded as the primary cause
of mortality in 30 ± 5 and 41 ± 4% plots on average for BCA
and Scooter, respectively. Prevalence of fireworm predation was
significantly higher in 2015 at both BCA and Scooter (Tukey,
p < 0.001) and significantly lower in 2013 at Scooter (Tukey,
p < 0.001). Summer prevalence at Scooter was significantly
higher than fall and spring (Tukey, p < 0.001), and occurrence
counts were the lowest in the fall on both colonies and masses
(Figures 5, 6).

Snail predation was not observed at every monitoring
event and increased significantly in prevalence toward the
end of the study (2013–2016) at Scooter (glm, p < 0.01).
Prevalence was between 0 and 40% of plots at BCA and 0–
60% at Scooter. Although snail predation was affecting close
to half of the plots when present, mean occurrence counts
were less than three per plot, affecting masses significantly
more than colonies (Kruskal–Wallis, p < 0.001), and
when present, was only the primary cause of mortality
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FIGURE 4 | Mean number of colonies (A–C), masses (D–F), and fragments (G–I) by plot for BCA (blue) and Scooter (red) by monitoring event (A,D,G), year (B,E,H),
and season (C,F,I). Error bars indicate ± 1 SE.

in 3 ± 2 and 12 ± 4% of plots on average at BCA and
Scooter, respectively.

Damselfish predation was present during all events
and was more wide-spread at BCA than Scooter. It
was the primary condition when present in 48 ± 5
and 34 ± 5% of the plots on average at BCA and
Scooter, respectively. Damselfish predation significantly
increased during the study for Scooter (glm, p < 0.05).
No seasonal trends were detected in the prevalence of
damselfish predation.

Bleaching was not present during all events and was
significantly higher during the fall for BCA (Tukey, p < 0.001)
and summer for Scooter (Tukey, p < 0.01). Bleaching was more
prevalent at BCA than Scooter, affecting up to 70% of the
plots (Figures 5, 6). Masses were more affected by bleaching
than colonies.

Temperature
Monthly mean temperature increased during the study
(Figure 7). The maximum monthly mean ranged between
29.2 and 30.8◦C. The warmest month was August for all
years except 2008 when July was the warmest. Mean daily
temperatures were above 31◦C for 1 day in 2010, 5 days in
2011, 10 days in 2014, and 11 days in 2015. Minimum monthly
mean increased during the study, ranging from a low in 2009
of 21.5◦C to a high in 2014 of 23.9◦C. From January 2012
through 2016, only 5 days fell below 22◦C, whereas from
January 2009 through December 2011 there were 83 days
below 22◦C.

DISCUSSION

Presented here is a portion of the one of the longest continuous
demographic-based monitoring datasets, specifically targeting
long-term monitoring of the threatened coral A. cervicornis.
Published studies on the demography of this species are either
sporadic across many years, missing short-term temporal changes
and drivers of mortality and recovery, or cover only a few
years, missing long-term trends and factors affecting life history
characteristics such as impacts from destructive events that
may not occur during the time frame of the study. This study
included 8 years of observations of two high density populations
and documented temporal variation in: PCL, fragment, colony,
and mass abundance, and prevalence and occurrence of disease
and predation. Environmental disturbances and disease caused
significant decreases in PCL and total abundance of colonies.
Disease was constantly present and increased during the
summer, following Tropical Storms, and on masses. Predation by
fireworms, snails, and damselfish caused minimal mortality when
compared to disease, but their chronic presence is concerning
for species growth, reproduction, and possible transmitter of
disease. Unfortunately, the overall health of the two patches
deteriorated significantly over the 8 years of this study. Mean
cover of living A. cervicornis decreased by over 50% at both
patches (17–3% BCA; 26–7% Scooter) due to the increasing
prevalence of predation and disease and the high frequency of
disturbances such as tropical storms, hurricanes, high energy
events, and a widespread disease event affecting the Florida Reef
Tract (Precht et al., 2016).
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FIGURE 5 | Mean prevalence and occurrence of disease, predation, and bleaching by plot at BCA. Prevalence is indicated by the lines on each graph; solid lines
represent prevalence of plots with condition. For disease, dotted and dashed lines represent prevalence on colonies and masses, respectively. Occurrences of each
condition were counted on colonies (dark bars) and masses (light bars). Occurrences were not counted for Damselfish predation.

Disturbances during the study disrupted the demography of
A. cervicornis. During these periods, we documented an increase
in disease and predation (typically during the summer) and an
increase in fragmentation (during the fall and winter). In fact,
the two largest fragmentation events were subsequently followed
by an increase in disease prevalence. Exposed skeleton from
fragmentation could increase disease susceptibility (Knowlton
et al., 1981). In the best-case scenario, we would have expected
to see a shift from fragment to colonies and eventually to masses
across the study. However, our data indicate that fragment
survival and attachment rate may be very low, but similar to what
has been previously reported (Highsmith et al., 1980; Knowlton
et al., 1981, 1990; Heyward and Collins, 1985; Dollar and Tribble,
1993; Miller et al., 2016a). These rates were not enough to replace
the loss of tissue caused by disturbance events. The frequency of
disturbance events varied between years; however, during years of
few or no disturbances such as 2013, both patches exhibited signs
of recovery with increased PCL. This relatively mild year, with
lowest maximum mean water temperatures, average wind speeds,
and above average rainfall, resulted in the lowest prevalence
of both disease and fireworm predation at both patches. This

year could be a model year for conditions that allowed for
population recovery.

Coral diseases are known to peak when there have
been significant or prolonged changes in water temperature,
sedimentation, pollution, predator lesions, or for unexplainable
reasons (Harvell et al., 1999, 2007). Our data indicate that the
diseases affecting A. cervicornis, while continuously observed
in background levels, may also be exacerbated by increased
water temperatures and disturbance events. It is also likely that
fireworms and snails may be acting as vectors or reservoirs
for pathogens as there is a relationship between the prevalence
of disease and predation at both sites (Williams and Miller,
2005; Gignoux-Wolfsohn et al., 2012; Miller et al., 2014b;
Bright et al., 2015). Above average air temperatures from May
through mid-October 2009 caused SST to remain high through
October, resulting in over 80 days at or above 30◦C. This
increased duration of warmer waters preceded one of the highest
prevalence of disease (70–94% of plots) and predation (80–90%
of plots) recorded for this study, and prevalence remained high
for the next two monitoring events, leading to a major decrease
in live tissue at Scooter (−121 m2). Live tissue at BCA at this time
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FIGURE 6 | Mean prevalence and occurrence of disease, predation, and bleaching by plot at Scooter. Prevalence is indicated by the lines on each graph; solid lines
represent prevalence of plots with condition. For disease, dotted and dashed lines represent prevalence on colonies and masses, respectively. Occurrences of each
condition were counted on colonies (dark bars) and masses (light bars). Occurrences were not counted for Damselfish predation.

also decreased but only slightly (−20 m2), and the prevalence of
disease and predation were elevated but lower than Scooter.

The occurrence of disease was significantly higher in 2015
during a widespread disease event affecting the entire Florida
Reef Tract (Miller et al., 2016a; Precht et al., 2016). These two
patches of A. cervicornis were not spared from this outbreak,
but were affected on different time scales. Increased presence
of disease was maintained at Scooter into the following year,
and while there was a decrease in occurrences, prevalence
indicated that disease was still present across the entire patch
at greater than average prevalence rates. BCA however, had a
slight reprieve from disease and a small increase in percent
cover, until Hurricane Matthew passed by in October 2016,
further reducing PCL at both sites. Prevalence of disease may
have been lower at BCA simply due to the sparseness of
tissue remaining.

Predation by fireworms and snails varied radically during the
study by years, seasons, and sites. The variability was similar to
what Miller et al. (2014b) reported across 2 years at multiple
sites. While prevalence levels were chronic, the mean tissue

lost per colony has been described as 3% (Goergen et al.,
unpublished). Fireworms typically feed on the live branch tips of
colonies, removing the growing end, and stunting branch growth.
Regrowth and repair over the consumed area is unlikely (Berkle,
2004; Miller et al., 2014b). Increased occurrence and prevalence
of fireworm and snail predation toward the end of the study
could be severely damaging for the future growth of the species
because predation may become more focused due to the lack
of tissue available, leading to the removal of more growth tips
from the same colonies. Moreover, fireworms have been a proven
vector of a bleaching pathogen (Sussman et al., 2003), which is
of great concern because colonies with predation lesions may be
more likely to become diseased (Miller et al., 2014b) and both
fireworms and snails have been associated with increased disease
prevalence (Knowlton et al., 1990; Miller et al., 2014b; Bright
et al., 2016). Therefore, it may be advantageous to manage both
snail and fireworm populations to increase the health and growth
of A. cervicornis.

Not only do the presence of disease and predation have
a spatial and temporal component, they were also variable
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FIGURE 7 | Daily mean water temperature at BCA—blue and Scooter—red.
Missing data for Scooter from 2014 to 2016 are due to faulty loggers.

across different life history stages, affecting masses more than
colonies. The prevalence of disease for this study ranged from
0 to 37% on colonies (mean approximately 7%) which was
similar to previous reports across the species’ range (Lirman
et al., 2010; Miller et al., 2014a; Goergen et al., unpublished).
However, on masses (what others may consider large colonies,
thickets, or patches) prevalence was higher, with a range of 2–
84% (mean 38%), than previously reported (Vargas-Ángel et al.,
2003; Ladd et al., 2016; Goergen and Gilliam, 2018). Because
of this discrepancy, high density patches may not be able to
persist long-term under modern day conditions. While healthy
populations do still exist (Walker, 2017), the loss of cover
may be a cyclical event linked to population growth (density)
and age. While we were unable to age the patches anecdotal
observations of patch structure and successional stages such as
height and extant of old dead structure and abundance and
size of Agaricia spp. colonies on dead structure, indicate that
BCA is older and experienced cover decline prior to Scooter.
Therefore, as populations grow and potentially expand into high
density patches, disease and predation are likely to increase after
some time, causing substantial mortality subsequently weakening
the skeleton and increasing the likelihood of fragmentation.
This process could be detrimental to the persistence of the
dense patches unless the fragmentation of a patch can shift to
an alternate stable state such as isolated colonies; however, we
found very low reattachment success of loose fragments. On
the other hand, signs of recovery were present in this study
in 2013 when predation and disease prevalence were minimal,
maximum water temperatures were lower, and there were only
a few days of elevated winds. Unfortunately, reducing water
temperatures and wind speeds is out of our direct control;
however, active management of predators may be a feasible
task. This may be even more prudent in high density areas
where disease is more prevalent. Because we still do not know
the etiology and transmission mechanisms of these diseases
(spreading could be occurring through water movement or fish)
by abating disease where it is most abundant will benefit the rest
of the marine community.

Extreme changes in cover may not indicate a total loss
of A. cervicornis tissue at the site. Its high frequency of
fragmentation and dislodgement (Goergen et al., unpublished)
and fast growth rate allow for fast propagation across sites if
conditions are conducive (Highsmith et al., 1980). In previous
research, we have shown that the centroids of the densest portions
of these patches are indeed shifting (Walker et al., 2012). This
shift in live cover is evident in the monitoring plots surrounding
the high density areas in the direction of the centroid shift.
However, increases in cover in these plots is very minimal (less
than 5%) and is in no way equivalent to what was lost in the
other plots. In addition, it was most common for plots to decrease
in live cover and simultaneously increase in dead skeleton,
indicating high mortality and not extreme movement that could
support the notion that the population is just shifting spatially.
However, there is evidence that propagation is still occurring
through colony fragmentation and dislodgement. Propagation
through fragmentation has the potential to support the existence
of this species in low levels but gains do not keep up with the
mortality observed. Despite there being evidence of reef recovery
from the propagation of A. cervicornis through fragmentation in
the Florida Keys in the 1970s (Gilmore and Hall, 1976; Shinn,
1976), current ocean conditions and the increase in frequency
of disturbance events will make it difficult for A. cervicornis to
recover naturally. Population enhancement by way of outplanting
colonies in low density aggregations from nurseries could have
a positive effect on this species’ long-term sustainability while
larger environmental issues are tackled (Miller et al., 2016b;
Goergen and Gilliam, 2018; Hughes et al., 2018).

Overall, our results confirm that A. cervicornis is greatly
affected by extreme environmental conditions, disease, and
predation. Unfortunately, our data also indicate that prevalence
of disease, predation, and fragmentation are increasing and
having an even greater detrimental effect on the long-term
persistence of this species. As oceans continue to warm (Hughes
et al., 2018), warm water driven factors such as bleaching,
disease, and predation will increase in frequency and likely
intensity. Without time for recovery and growth between these
major events, this species will not recover naturally. Of concern
is the relationship between disease and predation prevalence
and occurrences on masses, which is implying density driven
mortality and indicating a cyclical component to the existence
of the species. As populations become denser and age, disease
and predation become more widespread causing populations to
decline to remnant patches of isolated colonies. Furthermore,
under modern day reef condition and the frequent occurrences of
storms and elevated winds, paired with seasonal and sometimes
chronic disease and chronic predation, the ability for a population
to grow into these large patches may be difficult. However,
these populations are of upmost importance to the continued
existence of the species providing an abundance of larvae during
spawning and through fragmentation these populations are likely
a source to local expansion through propagation of fragments.
Therefore, we suggest specific management actions such as the
management of predator populations; this may not only lead
to improved growth of colonies by reducing the number of
damaged growth ends, but could also lead to a reduction in
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disease due to their abilities to be vectors of pathogens. This
may be even more prudent in high density areas where disease
is more prevalent, because the etiology of these diseases is still
unknown, and they could also be spreading by water movement
or fish, by abating disease where it is most abundant would benefit
the rest of the marine community. Furthermore, supporting
population enhancement by advising practitioners to outplant
at lower densities would also improve the health and longevity
of A. cervicornis. While colonies may eventually grow together,
outplanting them further apart provides more time for growth
and healthy colonies to spread across the reef.
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