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INTRODUCTION

Coral reefs throughout the Caribbean, including
those along the Florida Keys portion of the Florida
Reef Tract (FRT), have been in decline since the
1980s (Dustan & Halas 1987, Porter & Meier 1992,
Gardner et al. 2003). This has been attributed to coral
disease, warm water bleaching, and, more con-
tentiously, declining water quality and overfishing
(Pandolfi et al. 2005, Precht & Miller 2007). Warm-
water coral bleaching events, in particular, have
increased in frequency and severity on the FRT since
the 1980s. Isolated, small-scale bleaching events

were reported in 1961, 1973, and 1983 (Shinn 1966,
Jaap 1979, 1985). There have been 5 Keys-wide
warm-water coral bleaching events from 1987 to
2013 (1987, 1990, 1997, 1998, and 2005), with local-
ized events reported in the interim (Causey 2001,
Manzello et al. 2007a,b). While widespread warm-
water bleaching did not occur from 2006 to 2013,
there were qualitative reports of moderate bleaching
every year except 2013 (Walter 2014).

Coral cover on the FRT has been ≤5% since the
1997/98 El Niño on offshore reefs and has continued
to decline (Somerfield et al. 2008, Ruzicka et al.
2013). This most recent decline was driven by mortal-
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ity of the Orbicella (formerly Montastraea) annularis
species complex (Ruzicka et al. 2013, Toth et al.
2014). The loss of the O. annularis species complex
has occurred across the Caribbean (Bruckner &
Bruckner 2006, Edmunds & Elahi 2007, Bruckner &
Hill 2009). An exception to this trend is the inshore
patch reefs that are located between the islands of
the Florida Keys and the offshore reefs. Since the
1997/98 El Niño, average coral cover on the patch
reefs has ranged from 15 to 35%, with some reefs
having values > 40% (Lirman & Fong 2007, Ruzicka
et al. 2013). This high coral cover is enigmatic
because inshore sites experience greater thermal
variability, increased turbidity/depressed light,
increased sedimentation, and elevated nutrients
(Shinn 1966, Hudson 1982, Lirman & Fong 2007).

We examined the growth and calcification of O.
faveolata over 2004 to 2013 from 2 reef sites that rep-
resent the dichotomy of present-day coral cover on
the FRT. The long-term growth dynamics of O. annu-
laris and O. faveolata on the FRT were previously
investigated (Hudson 1981, Helmle et al. 2011), but
these studies did not address growth from 1997
onward. The period we examine incorporates the
Caribbean-wide 2005 mass coral bleaching event,
the 2009−2010 cold-water bleaching, and localized
warm-water bleaching in 2011 (Manzello et al.
2007b, Kemp et al. 2011, Lirman et al. 2011, Colella
et al. 2012). These multiple thermal stress events pro-
vide an opportunity to measure the growth response

of this threatened species across sites with differing
disturbance histories and environmental conditions.
We hypothesized that the calcification rates of O.
faveolata would be greater inshore, where coral
cover is higher, relative to offshore.

MATERIALS AND METHODS

Coral growth

Small coral cores (3 cm diameter, 10 cm length)
were obtained from live Orbicella faveolta colonies
on 5 May 2014 at an offshore reef site (n = 12 cores,
Little Conch Reef: 24.9465° N, 80.50207° W, depth = 5
to 6 m) and an inshore patch reef with high coral
cover (n = 11 cores, Cheeca Rocks: 24.897377° N, 80.
61801° W, depth = 4 to 5 m) (Fig. 1). We followed the
convention of Lirman & Fong (2007), who identified 2
reef types: inshore patch reefs and offshore bank-
barrier reefs. The bank-barrier reefs occur along the
seaward edge of the shelf, whereas the patch reefs
are within the inner lagoon (Hawk Channel)
between the Florida Keys and outer bank reefs
(Marszalek et al. 1977). Inshore is defined as <4.5 km
and offshore as >4.5 km from shore. Cheeca Rocks is
2 to 2.5 km from shore, whereas Little Conch Reef is
~6 km from shore. The distance from channels
between the islands of the Florida Keys is a major
determinant of patch reef abundance. There are
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>1000 patch reefs in the upper Florida Keys where
there are no channels, whereas in the middle Keys,
where there are wide channels between islands,
there are 50 to 115 (Marszalek et al. 1977, Lirman &
Fong 2007).

Cores were obtained with a pneumatic hand-drill
with a diamond coring bit connected to a SCUBA
tank from the top of each colony along the growth
axis. Colonies that were >1 m in diameter and height,
without visible macroborers, were cored haphaz-
ardly from each reef over a spatial area of approxi-
mately 5000 m2. Each colony sampled was at least 3
to 4 m from another sampled coral. Core holes were
filled with concrete plugs and epoxy. Filling core
holes prevents the recruitment of boring organisms
that can damage coral tissue or weaken the skeleton
(e.g. Hudson 1981). Upon collection, the cores were
carefully stored in plastic bags and returned to the
lab in Miami. Cores were cut into 1 cm × 2 cm ×
10 cm slabs using a tile saw and scanned using a Sky-
scan 1174 micro-CT with a 50 kV 800µA X-ray
source at a resolution of 64.2 µm. X-ray transmission
is a function of transmission strength and thickness
and density of the object X-rayed. Due to the con-
straints of our machine, noise-free transmission was
achieved at 1 × 2 cm sample thickness. X-ray images
were collected every 0.5° over a 180° rotation and
reconstructed into an image stack using NRecon
(Skyscan software). Image stacks were rotated and
recut so that transaxial images were perpendicular to
the growth axis. Recut image stacks were imported
into CTAn (Skycan software) where a 3D region of
interest (ROI) was defined encompassing the entire
slab. The ROI was chosen parallel to the growth axis,
incorporating as many corallites as possible. ROIs
avoided areas that would impact density or blur
annual banding, like borings or corallite ‘fans’ (e.g.
Lough & Barnes 1997). Density was calibrated to X-
ray attenuation coefficient by linear regression of 3
coral samples of known density (determined using
dry weight and wax dipping by Manzello 2010a; P.
lobata, 1.13 g cm−3; Pavona clavus, 1.59 g cm−3;
Pavona gigantea, 1.34 g cm−3) as well as air (a zero
reference point). Mean density was recorded from
within each 2D ROI from each transaxial image in the
stack. Density was plotted as a function of the depth
of each transaxial image. Density/depth data were
imported into CoralXDS (Helmle et al. 2002), where
years were delineated using the peak-to-peak (high-
density band to high-density band) method. The dis-
tance between high-density peaks was used as
annual linear extension (cm yr−1) and multiplied
by bulk density to estimate annual calcification rates

(g cm−2 yr−1) (e.g. Dodge & Brass 1984). High-density
bands form in late summer for O. annularis in the
Florida Keys (Hudson et al. 1976). Thus each annual
increment integrates growth from late summer of one
year to late summer of the next year.

Temperature data

Seawater temperature was measured in situ every
30 min using HOBO Pro V2 thermistors (Onset) from
June 2010 through August 2013 at Little Conch Reef,
as well as at sites immediately to the north (Upper
Keys Inshore [UKI]: 24.93898° N, 80.56272° W) and
south of Cheeca Rocks (Middle Keys Inshore [MKI]:
24.81216° N, 80.76075° W; both sites depths = 4 to
5 m) (Fig. 1). Thermistors were affixed to rebar that
had been hammered into the reef and were 0.5 m off
the bottom. Temperature was measured every 3 h at
Cheeca Rocks (depth = 1 m) from 8 December 2011 to
31 May 2012 and 9 December 2012 to August 2013
using a conductivity-temperature sensor (Model
SBE-16 plus v. 2.2, Seabird Electronics). We com-
pared daily average temperatures from Cheeca
Rocks with the other 2 inshore sites individually and
combined to determine the best proxy for tempera-
tures at Cheeca Rocks. The average of the 2 sites pro-
vided the best fit when regressed against the Cheeca
Rocks data (r2 = 0.99, n = 372, p < 0.001). The median
and mean difference between Cheeca Rocks and the
average temperature from the 2 inshore sites was
0.02 and 0.03°C, respectively. Mean and median
temperatures at the UKI site were 25.26 and 24.80°C,
respectively, whereas they were 25.32 and 24.89°C at
MKI and 25.35 and 24.81°C at Cheeca Rocks.

Hourly sea temperature data from the Molasses
Reef C-MAN station (MLRF1, 1 m depth; Fig. 1), an
offshore reef, are available nearly continuously since
1988 (www.ndbc.noaa.gov), allowing us to put our
3 yr of data into a longer-term context. The climatol-
ogy for MLRF1 was determined as previously de -
scribed (Manzello et al. 2007a). A bleaching thresh-
old was determined for MLRF1 as a monthly mean
temperature of 30.4°C (Manzello et al. 2007a). To
determine if this threshold was exceeded, we calcu-
lated the running 30 d mean sea temperature for
each site.

Statistical analysis

Statistical analyses were performed using Sigma
Plot 12. We utilized the Durbin-Watson statistic to
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test for temporal autocorrelation, which can occur in
growth time-series (e.g. Lough & Barnes 1997), but
our data did not exhibit temporal autocorrelation.
Student t-tests were used to compare annual growth
between inshore and offshore sites because the data
conformed to the assumptions of normality and
homoscedasticity.

RESULTS

Temperature data

The FRT experiences a large seasonal amplitude in
temperature that increases with proximity to shore
(Table 1, Fig. 2). Molasses Reef (MLRF1) exceeded
the 30.4°C threshold in 2011, coincident with bleach-
ing at Cheeca Rocks (D. P. Manzello pers. obs.).
Bleaching was not observed, however, at Little
Conch Reef. Seven of the 10 summers from 2004 to
2013 were warmer than the climatology at MLRF1
(2004−2007 and 2009−2011), and the bleaching
threshold was reached in 3 of these years (2005,
2007, and 2011) (Fig. 2).

The winter of 2009−2010 was the coldest in the
27 yr temperature record from MLRF1. From the win-
ter of 2008−2009 through the summer of 2011, there
was an increase in seasonality at MLRF1, with 3 con-
secutive cold winters and 3 consecutive warm sum-
mers (Fig. 2). This pattern was unprecedented in the
MLRF1 record.

Coral growth data

Rates of extension and calcification were higher at
Cheeca Rocks every year from 2004 to 2013 except
when there were thermal stress events that impacted
Cheeca Rocks and not Little Conch Reef (Fig. 3). The
cold-water event of 2009 to 2010 and warm-water
bleaching in 2011 impacted growth at Cheeca Rocks,
but not Little Conch Reef. The 2011 warm-water
bleaching at Cheeca Rocks led to the only year of
growth where extension and calcification rates were
significantly greater at Little Conch Reef (t-tests;
Extension: t = 2.30, p < 0.05; Calcification: t = 2.83, p
< 0.01; df = 10 for both). A similar depression in
extension and calcification was evident at both sites

from the 2005 bleaching, but the 2005
event impacted growth at Cheeca
Rocks far less than the 2011 event
(Fig. 3).

Despite the contrasting disturbance
histories from 2004 to 2013, overall
mean extension and calcification
rates were higher at Cheeca Rocks,
albeit not significantly (Table 2).
When the annual increments of
growth associated with thermal stress
specific to only Cheeca Rocks were
removed (2009− 2010, 2011− 2012:
Table 2), mean extension and calcifi-
cation were significantly greater at
Cheeca Rocks (t-tests; Extension: t =
3.75, p < 0.01; Calcification, t = 3.94,
p < 0.001; df = 12 for both). Density
was similar with and without the
stress periods included in the analy-
sis. All growth parameters from 2004
to 2013 at Little Conch Reef were
unchanged when the years
2009−2010 and 2011−2012 were
removed. Density was greater off-
shore except for 2005 to 2007, and the
overall mean difference between
sites from 2004 to 2013 was signifi-
cant (t = 3.12, p < 0.01, df = 16).
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Site Season Daily Min. 30 min Running
Year mean (± SD) or measurements 30 d mean

Max. Min. or Max. Min. or Max.

Cheeca Rocks
2010 Summer 30.82 (1.021) 33.38 33.91 31.68
2010−11 Winter 21.54 (1.936) 16.58 15.71 18.69
2011 Summer 30.95 (0.917) 33.03 33.48 31.76
2011−12 Winter 22.95 (1.710) 18.17 17.45 21.43
2012 Summer 30.19 (1.221) 32.77 33.40 31.32
2012−13 Winter 22.90 (1.352) 19.73 19.20 22.18

Little Conch
2010 Summer 30.33 (0.659) 32.17 32.85 30.90
2010−11 Winter 22.30 (1.297) 18.34 17.75 21.39
2011 Summer 30.45 (0.671) 31.43 31.94 30.91
2011−12 Winter 23.72 (1.403) 19.95 18.46 22.59
2012 Summer 29.63 (0.858) 31.17 31.59 30.41
2012−13 Winter 23.73 (1.069) 21.12 19.98 22.80

MLRF1
2010 Summer 29.93 (0.415) 30.74 N/A 30.3
2010−11 Winter 22.50 (1.004) 22.50 N/A 21.9
2011 Summer 30.08 (0.639) 31.05 N/A 30.7
2011–12 Winter 24.24 (0.785) 21.88 N/A 23.5
2012 Summer 29.14 (0.587) 30.32 N/A 29.8
2012−13 Winter 24.26 (0.666) 22.30 N/A 23.4

Table 1. Sea temperatures (°C) at Cheeca Rocks, Little Conch Reef, and
Molasses Reef (MLRF1) from the summer of 2010 through the winter of
2012−13. Min. or Max.: minimum values reported for winter; maximum values 

reported for summer
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DISCUSSION

The growth and calcification of Orbicella faveolata
at Cheeca Rocks was greater than at the offshore site
and markedly resilient to both cold- and warm-water
thermal stress, as rates rebounded in the year follow-
ing a stress event to near or greater than pre-stress
rates. The highest rates of extension and calcification
at both sites occurred in 2012 and 2013, which coin-
cided with temperatures at MLRF1 that were similar
to the climatology for 2 consecutive years (2012 &
2013; Fig. 2). This was the only time in the period
2004 to 2013 when there were 2 consecutive years
without temperatures that were colder or warmer
than the climatology.

The extremely cold winter of 2009 to 2010, which
caused catastrophic mass mortality of corals on many
inshore patch reefs, depressed rates of extension and
calcification at Cheeca Rocks. Despite this depres-
sion, extension and calcification rates were no differ-
ent between Cheeca Rocks and Little Conch in
2009−2010 (Fig. 3). Cheeca Rocks did not experience
a mass mortality of corals during this event because it
was located outside of the area where sea tempera-
tures were coldest that was just slightly to the north-
east (Lirman et al. 2011). Recent mortality was 14.2%
when Cheeca Rocks was surveyed in February 2010

(FRRP 2014). Offshore reefs did not experience cold
enough conditions to cause bleaching, mortality, or
significant reductions in the physiological function of
O. faveolata (Lirman et al. 2011, Kemp et al. 2011,
Colella et al. 2012).

Mean coral cover at Cheeca Rocks was 42.9% from
2006 to 2011 (FRRP 2014), and the O . annularis spe-
cies complex accounted for >70% of this cover in
2012 (D. P. Manzello unpubl. data). Conversely, coral
cover at Conch Reef was very low from 2004 to 2011,
ranging from 1.1 to 2.9% (CREMP 2014). The growth
rates of O. faveolata at this site were lower than at
Cheeca Rocks except when Cheeca Rocks experi-
enced thermal stress that did not occur offshore. The
elevated extension and calcification rates, coupled
with the quick recovery in growth after thermal
stress, are likely important factors to the mainte-
nance of high coral cover at Cheeca Rocks.

Several hypotheses have been proposed to explain
the persistence of high coral cover on the inshore
patch reefs of the Florida Keys. It has been suggested
that the high temperature variance at the inshore
patch reefs may have led to thermal acclimatization
and/or adaptation, resulting in an increased resist-
ance to thermal stress (Lirman & Fong 2007, Soto et
al. 2011). Others have proposed that the elevated tur-
bidity inshore may lead to higher heterotrophic feed-
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ing or reduce photo-oxidative damage during warm-
water stress via shading (Lirman & Fong 2007, Zepp
et al. 2008, Ayoub et al. 2009, Soto et al. 2011).
Recently, it was discovered that aragonite saturation
state (Ωarag) is elevated inshore, another possible con-
tributing factor (Manzello et al. 2012).

The corals at Cheeca Rocks are tolerant of very
warm conditions, as they experienced temperatures
>1°C greater than the bleaching threshold at MLRF1
each summer from 2010 to 2012 (Fig. 2, Table 1).
Corals do have higher bleaching thresholds in turbid
environments (Jokiel & Brown 2004), but it has not
yet been tested if this is due to thermal acclimatiza-
tion/adaptation of the corals, shading, or an interac-
tion of the two factors. The 2005 bleaching event sim-

ilarly impacted the growth of O. faveolata at both the
inshore and offshore sites, suggesting that if shading
is promoting the high inshore coral cover, it may not
be reflected in the growth of individual corals.

Elevated lipid reserves, linked to higher heterotro-
phic feeding, occur in corals on nearshore, turbid
reefs in Australia (Anthony 2006). Given that
increased heterotrophy during bleaching can lead to
higher survival and quicker recovery (Grottoli et al.
2006, Rodrigues & Grottoli 2007), this has been
explored as a potential mechanism promoting the
high inshore coral cover. However, the data obtained
to date were inconclusive because coral lipid sources
(heterotrophic versus autotrophic) were highly vari-
able for the same species on the same reef, overshad-
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owing any differences across sites (Teece et al. 2011).
The importance of heterotrophy during and after
bleaching has yet to be explored; thus, heterotrophy
cannot be ruled out as a factor in the inshore-offshore
patterns, as it may contribute to the rapid recovery in
growth inshore after thermal stress.

Elevated nutrients at the inshore sites may also be
contributing to the faster growth/calcification and
lower skeletal density, as this has been shown in the
field and experimentally (Edinger et al. 2000, Dunn
et al. 2012). Nutrient levels are significantly elevated
inshore (Boyer & Briceño 2006, Lirman & Fong 2007).
Corals respond to declines in cross-shelf water qual-
ity (e.g. increase in suspended sediment, elevated
nutrients, and decrease in light availability) by
extending their skeleton at the same or greater rates
as unaffected corals, but generally at the expense of
skeletal density (Carricart-Ganivet & Merino 2001).
Because of this depressed density inshore, calcifica-
tion tends to be highest offshore. Cheeca Rocks did
exhibit depressed skeletal density and elevated
extension, but calcification was also elevated, differ-
ing from typical ‘stretch-modulation’ (Carricart-
Ganivet & Merino 2001).

The seasonally elevated inshore Ωarag during the
spring and summer may also contribute to the
higher rates of calcification (Manzello et al. 2012).
Springtime mean inshore Ωarag in the upper FRT
was 4.7 from 2009 to 2011. Conversely, Ωarag on off-
shore reefs was 3.9 at the same time. The majority
of reefs studied to date exhibit average Ωarag values
< 4, usually around 3.3 to 3.8 (Manzello 2010b).
Fewer studies have been conducted in the Atlantic
than in the Pacific, but the presently available data
show similar Ωarag values in both oceans. Samples
collected from reefs in St. John and St. Thomas dur-
ing the summer of 2013 had a mean (standard error
of the mean) Ωarag = 3.9 (0.015) (n = 72, D. P.
Manzello unpubl. data). In La Parguera Puerto Rico,
average Ωarag collected bi-weekly for 3 yr from 2009
to 2011 was 3.6 (D. K. Gledhill unpubl. data). The

inshore-offshore gradient on the FRT is opposite to
what has been shown for other reef environments,
as Ωarag usually declines from the open ocean into
lagoonal environments (Suzuki & Kawahata 2003).
The fact that calcification is highest inshore in the
Florida Keys, differing from classic ‘stretch-modula-
tion’ (Carricart-Ganivet & Merino 2001), may be a
result of the elevated Ωarag inshore.

Future research is needed to determine which of
the aforementioned factors are driving the faster
inshore calcification and how this relates to the
persistence of the high coral cover at these sites.
This research will yield valuable insights for coral
reef managers as they work to conserve these valu-
able resources with climate change and ocean
acidification.
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