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Abstract There is strong evidence that global climate change
over the last several decades has caused shifts in species
distributions, species extinctions, and alterations in the func-
tioning of ecosystems. However, because of high variability
on short (i.e., diurnal, seasonal, and annual) timescales as well
as the recency of a comprehensive instrumental record, it is
difficult to detect or provide evidence for long-term, site-
specific trends in ocean temperature. Here we analyze five in
situ datasets from Florida Keys coral reef habitats, including
historic measurements taken by lighthouse keepers, to provide
three independent lines of evidence supporting approximately
0.8 °C of warming in sea surface temperature (SST) over the
last century. Results indicate that the warming observed in the
records between 1878 and 2012 can be fully accounted for by
the warming observed in recent decades (from 1975 to 2007),
documented using in situ thermographs on a mid-shore patch
reef. The magnitude of warming revealed here is similar to
that found in other SST datasets from the region and to that
observed in global mean surface temperature. The geologic
context and significance of recent ocean warming to coral
growth and population dynamics are discussed, as is the future
prognosis for the Florida reef tract.
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Introduction

Climate on Earth is ever changing over time, as shown even for
the relatively less dynamic Holocene (Poore et al. 2003;
Mayewski et al. 2004). However, the human species has moved
large quantities of carbon from fossil reservoirs, built over
millennia, into the atmosphere and oceans on the timescale of
centuries and thus has altered radiative forcing on Earth
(Mackenzie and Lerman 2006). The rate of change (both in
carbon distribution and global temperature) that has been ob-
served in the last 40 years could be unprecedented in the geo-
logic record (Hansen et al. 2006; Honisch et al. 2012); however,
environmental proxies of sufficient sampling resolution do not
yet exist to answer this question definitively. Most organisms
alive today are adapted to the range in temperatures experienced
during the Holocene. The best evidence for recent rapid climate
change that we presently have is the well-documented, collective
biological response to a warmer environment, including changes
in timing of life history events, range shifts, and local extinctions
for marine (Poloczanska et al. 2013), freshwater, and terrestrial
species on all continents and in all oceans (Parmesan 2006).

Because of the immense thermal inertia of the oceans and
the thousand-year timescale of ocean circulation, sea surface
temperature (SST) is warming at slower rates compared to air
over land and in a spatially heterogeneous pattern (Barnett
et al. 2005; Burrows et al. 2011). Humans have measured SST
since the invention of the thermometer several centuries ago,
but systematic monitoring only began around the turn of the
twentieth century (e.g., Vaughan 1918), and surprisingly few
long-term, in situ datasets exist (e.g., Winter et al. 1998).
Datasets measuring subsurface temperatures in coral reef
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environments are even more scarce (Hudson et al. 1991), but
starting in the 1990s, the deployment of fixed sensors (Ogden
et al. 1994) and accurate, yet inexpensive, temperature loggers
has lessened this data gap. Also, SST has been monitored
remotely from space since the 1980s with satellite-mounted
radiometers that produce infrared imagery (Good et al. 2007).

Coral reefs are an ecosystem especially sensitive to in-
creases in ocean temperature. Above-normal temperatures
are stressful to reef-building corals because of the stenother-
mal nature of the symbiosis between corals and the dinofla-
gellates (zooxanthellae) that provide up to 95 % of the meta-
bolic demands of the coral (Muscatine 1990). Unusually
warm water (as little as 1 °C above usual summer means)
can cause the breakdown of the symbiosis and the mass
expulsion of zooxanthellae, referred to as “coral bleaching.”
One of the first documented coral bleaching episodes occurred
in 1971 as a result of unnaturally augmented water tempera-
tures adjacent to an outflow pipe of a power plant cooling
system in Hawaii (Jokiel and Coles 1974). Soon thereafter,
“natural” coral bleaching was observed on coral reefs in
Florida in September 1973 (Jaap 1979), a decade later in the
Eastern Pacific (Glynn 1983), and subsequently all over the
world (see Oliver et al. (2009) for review). The first well-
documented and truly global-scale bleaching event occurred
in 1998 (Wilkinson and Hodgson 1999), and regional
bleaching events now occur nearly every year in some parts
of the world (Hoegh-Guldberg et al. 2007; Eakin et al. 2009).
The increased expanse, severity, and frequency of coral
bleaching are thought to be the result of generally rising ocean
temperatures superimposed on natural climate oscillations
(e.g., the El Niño Southern Oscillation, ENSO).
Additionally, climate change may be increasing the intensity
(Hansen et al. 2006) and the frequency of extreme El Niño
events (Cai et al. 2014).

Having remotely sensed temperature monitoring from
space has greatly improved predictive capabilities, allowing
for real-time detection of temperature anomalies and early
warning of bleaching events (Hu et al. 2009; Eakin et al.
2010). Caution is advised, however, when attempting to de-
rive local, absolute patterns in SST from regionally and glob-
ally synthesized satellite data products, especially in nearshore
waters typical of coral reef ecosystems. Satellites that measure
the temperature of the “skin” of the ocean are unable to
measure ambient temperature at depth and thus cannot fully
represent the subsurface environs inhabited by reef organisms
(Castillo and Lima 2010). Moreover, coral reefs are exposed
to significant thermal variability across a range of temporal
and spatial scales (Leichter et al. 2006). The shallowness of
nearshore waters makes them responsive to heat exchange
across the air–water interface (Pitts and Smith 1995) and, in
the case of the Florida reefs, to the tidally driven effects of
unusually hot or cold, very shallow (2–3-m deep), inland-bay
waters (Roberts et al. 1982).

Very few in situ water temperature data exist for the Florida
reef tract prior to 1990. Here we present comparable aspects of
some published (Vaughan 1918; Hudson et al. 1991) and
unpublished (Ogden et al. 1994) data and demonstrate that,
as is apparent elsewhere, waters off the Florida Keys warmed
about 0.8 °C since the late 1800s. We then briefly discuss the
implications of ocean warming in light of what is known about
coral growth and population fluctuations in the region over the
past century and throughout the Holocene.

Materials and Methods

Temperature Data for the Florida Reef Tract

Near the end of the nineteenth century, Vaughan (1918) ob-
tained from H.F. Moore (US Bureau of Fisheries) multi-
decadal records of SST measurements taken by lighthouse
keepers in the Florida Keys and Dry Tortugas. The two
longest and most complete records are from the lighthouses
at Carysfort Reef and Fowey Rocks, constructed in 1852 and
1878, respectively. Both lighthouses are located approximate-
ly 10 km from shore on the upper Florida Keys outer-shelf
reef, in 2 to 4 m of water (Fig. 1). Data exist for 1878 to 1899
for Carysfort Reef and 1879 to 1912 for Fowey Rocks.
Information regarding the protocol used to take the tempera-
ture measurements was not published along with the data (10-
day means of daily measurements; Vaughan 1918), but tech-
nology at the time was such that it probably involved a bucket
lowered over the side of the lowest platforms of the light-
houses (~3 m above sea level) and a mercury thermometer.
While no information was found on the methods used to
calibrate the mercury thermometers, the men employed as
lighthouse keepers were educated, highly skilled, and rotated
duty stations and schedules multiple times per year (Dean
1998), making bias in any certain direction unlikely. Using
two independent datasets (from Fowey and Carysfort) also
safeguards against any systematic bias at a single lighthouse.
The data reported here are from the published tables in
Vaughan (1918) and are also available in the electronic sup-
plementary material (Online Resource 1).

Ironically, it was the recognition of cold water stress as a
major driver of coral mortality and sub-lethal reductions in
coral growth (Hudson et al. 1976) that motivated the initiation
of underwater temperature monitoring in the Florida Keys.
Hudson (1981a) conducted a coral transplantation study in
1975 that included one of the first deployments of underwater
“temperature loggers.” These loggers (General Oceanics mod-
el #3011) consisted of 8-mm cameras in housings that were set
to take hourly photographs of a wristwatch and a dial read-out
Fahrenheit thermometer. Hudson and colleagues established
four permanent sites for monitoring underwater temperature in
the upper Florida Keys (Hudson et al. 1991), including three
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sites along an on- to offshore transect from Snake Creek tidal
channel in Islamorada, FL, to the outer-shelf reef at Crocker
Reef. From 1975 to 1990, data (Online Resource 2) were
gathered using this method, including regular calibration at
intervals of 120 days or less (Hudson et al. 1991). Starting in
1990, Ryan Industries, Inc., thermographs were deployed at
those sites and at additional strategic locations along the
Florida reef tract. Later, Sea-Bird Electronics, Inc., thermo-
graphs were gradually phased in such that 38 thermographs
were deployed in total, completing a network of sensors from
southern Broward County to the Dry Tortugas. The instru-
ments used in this network were calibrated regularly by the
manufacturers when they were sent in for battery changes.
The digital data since 1990 are available on the National
Oceanographic Data Center (NODC) Oceanographic Data
Archive (http://www.nodc.noaa.gov/cgi-bin/OAS/prd/text/
query) and are easiest to locate by querying the data
submitter’s name, “Jeff Anderson.” The dataset from Hen
and Chickens Reef, located on the landward edge of Hawk
Channel, is the most complete and longest record resulting
from these efforts, and is analyzed here for the composite time
period from 1975 to 2007 (Online Resource 2). The
thermograph sensor at Hen and Chickens Reef was always
placed in the same open-ended cavity within a Montastraea
faveolata coral, 0.5 m above the seafloor, in approximately
4 m of water depth. We also used thermograph data from
Carysfort Lighthouse (1990 to 2008) for comparison with
the lighthouse keeper data taken at this same location a cen-
tury earlier. The thermograph was strapped to a cross member
of the lighthouse structure in ~1 m of water depth.

The SEAKEYS (Sustained Ecological Research Related to
Management of the Florida Keys Seascape) Program,

developed in the late 1980s as a resource management frame-
work for marine ecosystem research coordination and integra-
tion, was designed to encompass the geographic and time-
scales of natural phenomena and processes (Ogden et al.
1994). At the core of the program were six fixed, automated,
solar-powered, satellite-linked monitoring stations deployed
by the National Data Buoy Center (NDBC). The NOAA
Coastal-Marine Automated Network (C-MAN) weather sta-
tions were enhanced for the program tomeasure oceanograph-
ic as well as standard meteorological parameters. Underwater
sensors at 1- and 3-m depths measured temperature, salinity,
and light. Enhanced C-MAN stations were installed during
1991–1992 at Fowey Rocks, Molasses Reef, Sombrero Key,
and Sand Key Reef. For this study, we used the water temper-
ature (“WTMP”) data from the C-MAN station at Fowey
Rocks (FWYF1; Online Resource 3), available online
(http://www.ndbc.noaa.gov/), for comparison to the Fowey
Rocks lighthouse keeper data taken a century earlier at the
same location. The temperature sensor is fixed to the
lighthouse iron support structure approximately 1 m below
the water surface.

Statistical Analyses

All datasets were analyzed using the software Statistix© ver-
sion 10.0 (Analytical Software, Tallahassee, FL, USA). The
NDBC (Fowey) and thermograph (Carysfort) data were com-
pared to the Vaughn (1918) lighthouse keeper data using
Student’s t tests for each month of the year. To adjust for the
increased probability of type II error resulting from the num-
ber of t tests performed, a more conservative cutoff for statis-
tical significance was applied (Bonferroni adjustment: alpha =
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0.05/12 tests = new P-value<0.004). The Vaughn (1918) data
were reported in 35 10-day periods, with one remaining 15-
day period. We therefore averaged three 10-day periods to
arrive at “monthly” means, leaving “December” with only
25 days. No supporting evidence for the unusually low tem-
perature data in the Fowey record for 1902 and 1903 could be
found in air temperature data for Miami or Key West, so data
for those years were eliminated from the statistical analyses as
a conservative measure. For the NDBC and thermograph data,
hourly values were averaged to obtain daily data, and daily
data were compiled to obtain monthly means. Since only one
measurement was made per day by the lighthouse keepers, we
included any day in the NDBC dataset for which there was at
least one measurement. For the Hen and Chickens Reef
dataset, hourly data were averaged for daily data, which were
averaged for monthly data. Linear regression analyses were
used to detect trends in meanmonthly underwater temperature
for each month of the year. We excluded any month from the
datasets that was missing more than 3 days of measurements.

Results

Comparing the NDBC data at Fowey Rocks Light and the
thermograph data at Carysfort Light to the lighthouse keeper
data at their respective locations showed that water tempera-
ture on the northern Florida reef tract has increased over the
last century (Figs. 2 and 3; Table 1). For Fowey Rocks, the
months of June through December show statistically signifi-
cant warming. If the estimates of warming for all of the
months are averaged, the period from 1991 to 2012 was
~0.8 °C warmer than the earlier period (1879 to 1912). For
Carysfort, the months of April through October show statisti-
cally significant warming. If the estimates of warming for all
of the months are averaged, the later period (1990 to 2008)
was ~0.8 °C warmer than the earlier period (1878 to 1899).
Figure 3 shows that corals at Fowey Rocks and Carysfort Reef
now spend July, August, and September in water temperatures
averaging above 29 °C, whereas a century ago, the monthly
average SST was at (August) or below (July and September)
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Fig. 2 Time series of monthly mean water temperature taken by light-
house keepers in the late nineteenth and early twentieth centuries
(Vaughan 1918) and by fixed sensors at the same locations a century
later. No supporting evidence for the Fowey data in the shaded portion
(1902 and 1903) could be found in air temperature data for Miami or Key

West, so these data were eliminated from the statistical analyses as a
conservative measure. Dashed lines are for visual reference, marking the
upper and lower boundaries within which coral growth is generally
optimal
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that value. The Pearson’s correlation coefficient was 0.907 for
the overlapping portions of the two lighthouse keeper datasets,
and 0.997 for the NDBC FWYF1 and Carysfort Reef thermo-
graph datasets.

Despite some gaps in the Hen and Chickens Reef underwater
temperature time series, the 32-year record included enough
months with complete measurements (ranged from 19 years
for June to 23 years for January) to detect statistically signif-
icant trends in monthly mean temperature (Fig. 4). Analyses
detected warming at the P<0.05 level for January, February,
March, June, and August (Table 2). Only August showed
warming at the Bonferroni-corrected P<0.004 level (Fig. 4b);
however, since different years are included in each of the
separate regressions, an argument could be made against neces-
sity of the Bonferroni adjustment. If the reported slopes for each

month’s regression line are averaged, the estimated annual
warming was 0.9 °C over the 32-year time period.

Discussion

The datasets analyzed here show ~0.8 °C of ocean warming
for the Florida Keys outer-reef tract between the late 1870s
and the early 2000s and ~0.9 °C of warming at Hen and
Chickens in-shore patch reef from 1975 to 2007. These are
three independent lines of evidence demonstrating statistically
robust, local-scale warming despite a great amount of intra-
and inter-annual variability in ocean temperature (Fig. 2).
These results are in general agreement with the slow, fluctu-
ating rate of warming observed in global surface temperature

Fig. 3 Comparisons of mean
water temperature for two multi-
decadal time periods from the turn
of the twentieth and twenty-first
centuries at a Fowey Rocks
Lighthouse and b Carysfort Reef
Lighthouse. Error bars are ± 1
SE, where n = the number of
years with three or fewer days of
data missing for that month.
Dashed lines are for visual
reference and correspond with
temperatures known to be
stressful (29 °C) and very
stressful (30 °C) for many coral
species
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over the century before 1975, followed by rapid (~0.2 °C per
decade) warming from 1980 to 2005 (Hansen et al. 2006).
SST, which is warming more slowly than air over land
(Burrows et al. 2011), has shown warming of about 0.04 °C
per decade from 1960 to 1999 in the North Atlantic (Gleckler
et al. 2012). The closest fixed site, long-term dataset we know
of to our sites is that of Winter et al. (1998) at La Parguera,
Puerto Rico; the warming trend observed there in the summer
maximum SST, from 1966 to 1995, was 0.7 °C. Additionally,
Sheppard and Loughland (2002) found a remarkably similar
0.9 °C warming in the subtropical Arabian Gulf from 1980 to
2000.

Of particular significance to corals, the months of July,
August, and September all showed statistically significant
warming at Fowey Rocks and Carysfort Reef, and August
showed statistically significant warming at Hen and
Chickens Reef. Temperature stress and risk of coral
bleaching are most acute during the months when annual
temperatures peak (Jokiel and Coles 1990), and indeed

August was the month with the highest mean SST in all
five datasets analyzed here. The timing of bleaching epi-
sodes observed in the Florida Keys between 1989 and
2005 was well explained by maximum monthly mean
SST and by the number of days that water temperature
was above 30.5 °C (Manzello et al. 2007), and the fre-
quency of bleaching events reported increased over this
time period (Oliver et al. 2009).

High-temperature anomalies are not the only cause of
temperature stress on corals. Common in subtropical waters,
winter cold fronts can have major influences on coral survival
and the distribution of coral populations in the Florida Keys
(Porter et al. 1982). In January 2010, a severe cold front
resulted in nearshore SST below 15 °C for multiple days,
causing catastrophic mortality of corals on inshore patch reefs
in the Florida Keys (Lirman et al. 2011; Colella et al. 2012).
However, no mortality was observed during this event on the
outer-reef tract. The winter months of December, January,
February, and March showed warming in the datasets

Table 1 Sea surface temperature (SST) collected by lighthouse keepers
(century 1) compared to National Data Buoy Center (NDBC) fixed-
sensor SST (FWYF1; century 2) at Fowey Rocks Lighthouse and ther-
mograph SST (century 2) at Carysfort Lighthouse, respectively. P-values

are reported for two-sample Student’s t tests comparing the centuries. For
tests where variance was unequal, a P-value is reported (in italics) using
Satterthwaite’s method assuming unequal variance. P-values<0.004 are
in bold, denoting statistical significance as per the Bonferroni adjustment

Month Century Fowey: lighthouse keeper vs. FWYF1 Carysfort: lighthouse keeper vs. thermograph

N (years) Mean SST (°C) SE (°C) P-value Warming (°C) N (years) Mean SST (°C) SE (°C) P-value Warming (°C)

JAN 1 29 22.3 0.23 21 22.6 0.33

2 20 23.2 0.19 0.006 0.9 14 23.5 0.25 0.038 0.9

FEB 1 30 22.5 0.24 21 23.0 0.20

2 21 23.1 0.18 0.025 0.6 14 23.4 0.18 0.18 0.4

MAR 1 31 23.2 0.20 20 23.2 0.21

2 20 23.7 0.20 0.076 0.5 14 23.8 0.24 0.044 0.6

APR 1 32 24.5 0.21 21 24.1 0.16

2 20 24.9 0.14 0.064 0.4 14 25.0 0.19 0.0013 0.9

MAY 1 32 25.8 0.26 21 25.8 0.18

2 21 26.6 0.14 0.011 0.8 14 26.8 0.15 0.0003 1.0

JUN 1 32 27.4 0.25 21 27.5 0.16

2 19 28.3 0.11 0.001 0.9 14 28.5 0.12 <0.0001 1.0

JUL 1 32 28.6 0.24 20 28.7 0.14

2 19 29.5 0.09 0.001 0.9 13 29.6 0.12 0.0001 0.9

AUG 1 32 29.0 0.18 20 29.1 0.17

2 20 29.9 0.09 0.0002 0.9 14 30.1 0.11 <0.0001 1.0

SEP 1 32 28.6 0.17 20 28.8 0.14

2 21 29.3 0.07 0.0002 0.7 14 29.4 0.10 0.0007 0.6

OCT 1 31 27.2 0.13 22 27.3 0.15

2 21 27.9 0.10 0.0001 0.7 14 27.9 0.12 0.0028 0.6

NOV 1 31 25.1 0.20 22 25.5 0.20

2 21 26.0 0.10 0.0005 0.9 14 26.0 0.10 0.018 0.5

DEC 1 31 23.2 0.26 21 24.0 0.21

2 22 24.5 0.13 0.0001 1.3 14 24.5 0.15 0.055 0.5
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Fig. 4 Underwater temperature
data for Hen and Chickens Reef
off of Islamorada, FL, USA from
1975 to 2007. a Time series plot.
b Mean monthly temperature
during August. The line is derived
from a simple linear regression.
Dashed lines are for visual
reference and correspond with
temperatures known to be
stressful (29 °C) and very
stressful (30 °C) for many coral
species

Table 2 Hen and Chickens Reef
underwater (≈4-m depth) temper-
ature, 1975 to 2007. Results are
reported for the linear regression
of monthly means vs. time
(years). The plus symbol indicates
a statistically significant warming
trend, and the P-value is the
probability that the trend could be
due to chance alone. P-values at
or less than 5 % are in italic. The
equal symbol indicates that there
was not a significant trend
detected

Month N (years) Trend P-value Slope
(°C year−1)

Estimated
warming (°C)

Jan 23 + 0.05 0.055 1.8

Feb 22 + 0.04 0.067 2.1

Mar 22 + 0.05 0.043 1.4

Apr 20 = 0.31 0.022 0.7

May 20 = 0.15 0.027 0.9

Jun 19 + 0.02 0.041 1.3

Jul 21 = 0.18 0.018 0.6

Aug 22 + 0.003 0.039 1.2

Sep 21 = 0.16 0.018 0.6

Oct 20 = 0.57 0.010 0.3

Nov 21 = 0.81 −0.004 −0.1
Dec 22 = 0.60 0.011 0.4
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presented here, but due to inherently higher variability of
temperatures during winter, comparisons for these months
were not as statistically robust. Interestingly, a winter cooling
trend was observed in satellite SST data for waters around
Florida (including Florida Bay) from 1985 to 2009 (Chollett
et al. 2012). For the outer-reef tract though, biological evi-
dence supports a winter warming trend in the form of the
recently documented range expansion of the coral Acropora
cervicornis northward into Broward County, FL (Precht and
Aronson 2004). Corals in the genus Acropora are known to be
very sensitive to low-temperature extremes (e.g., Shinn 1966).
Similar poleward range expansions over the last several de-
cades have been documented for multiple species of Acropora
on the east coast of Australia (Baird et al. 2012) and in Japan
(Yamano et al. 2011).

In general, coral growth (annual linear extension) rates in
the tropics are found to be negatively correlated with annual
mean SST, and this relationship is often used to reconstruct
past sea surface temperature (Saenger et al. 2009; Cantin et al.
2010; Vasquez-Bedoya et al. 2012). However, manipulative
experiments indicate a parabolic relationship between coral
growth (calcification and/or linear extension) and SST (Jokiel
and Coles 1977; Jokiel and Coles 1990), with highest growth
rates found at temperatures 1 to 2 °C below the mean annual
maximum. Thus, in subtropical regions, the relationship be-
tween coral growth and SST is complicated by the extreme
seasonality in SST, and winter warming caused by global
climate change could actually cause an increase in annual
coral growth rates. Cooper et al. (2012) recently showed
evidence for increased coral calcification rates at high-
latitude reefs in Western Australia correlating with ocean
warming, in contrast with a decrease found at low-latitude
reefs. An investigation of trends in coral growth in the north-
ern Florida Keys from 1937 to 1996 (using seven cores of

M. faveolata) did not find any trends (Helmle et al. 2011).
Interestingly, that study also reported no warming trend in the
Had1SST gridded data at that location during that time period.
In Fig. 5, we summarize the results of three well-replicated,
previously published coral growth studies conducted in the
Florida Keys withM. faveolata (120 cores, Hudson 1981b; 12
cores, Hudson 1983; 24 cores, Hudson et al. 1994). The figure
shows that coral growth at the three reefs has followed very
different trajectories since around 1920, so these data do not
support SST as a likely determinant of coral linear extension
rates for this species in the Florida Keys. Incidentally, the
1910s and 1920s constituted a period of major land use
change in South Florida, including the completion of the
Overseas Railroad, stretching from Miami to Key West, the
construction of which involved engineering many artificial
land bridges connecting islands in the chain, as well as the
“re-plumbing” of the Florida Everglades. Earlier work identi-
fied these land use changes in coral growth and skeletal
fluorescence records (Hudson et al. 1989; Smith et al. 1989).
Since those coring studies (Fig. 5) were completed by the
early 1980s, it is unknown at this time whether or how coral
growth responded to the rapid warming identified here in the
Hen and Chickens underwater temperature dataset from 1975
to 2007. While the cores of Hudson et al. (Hudson 1981b;
Hudson 1983; Hudson et al. 1994) constitute an extremely
valuable archive that can be used for future studies including
paleoreconstruction of environmental variables in the Florida
Keys, new cores will be necessary to assess coral growth
trajectory in the recent decades marked by accelerated
warming. Surprisingly, we cannot even pinpoint the environ-
mental variables responsible for differential calcification rates
observed on today’s reefs in the Florida Keys (Kuffner et al.
2013), so there is still much to learn about this fundamental
process.

Fig. 5 Graphical summary of
M. faveolata growth (mean
annual linear extension) measured
from X-rays of coral cores taken
from three areas of the Florida
reef tract (Hudson 1981b; Hudson
1983; Hudson et al. 1994).
Locations of coring expeditions
are included in Fig. 1. Error bars
are±1 SE
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With the goal of understanding and predicting the impacts
of anthropogenic warming in the context of natural tempera-
ture variability, coral chronology research needs to progress
from using only coral growth records, which are clearly re-
sponsive to other variables in addition to SST. Using
paleoreconstruction techniques such as trace metal and iso-
tope proxies has proven useful (Druffel 1997), and recent
methodological improvements allowing sub-annual resolution
of the record are opening up further opportunity to obtain
temperature records dating before the 1870s and into the
Holocene fossil record (e.g., Flannery and Poore 2013).
Since mean linear extension does not track mean annual
temperature in the Florida Keys verywell, as explained earlier,
geochemical proxies are a more robust way to reconstruct
temperature for this subtropical region. Preliminary results
using trace metal proxies show some evidence for recent
(~1970 to 1995) warming (Flannery and Poore 2013), but
greater replication and longer records are desirable. Given
the discrepancies among satellite-derived data, gridded data
products like HadSST1, and in situ data (Leichter et al. 2006;
Castillo and Lima 2010), we propose that in situ data are best
for calibration of paleoproxies, especially for shallow, near-
shore waters in subtropical regions.

Geologic Context of Recent Climate Change

As mankind continues to accelerate the redistribution of car-
bon on Earth, some researchers predict dire consequences for
coral reef ecosystems on a global scale. As a result of the
combined effects of ocean warming and acidification, they
warn of a near complete loss of reefs and their ecosystem
services by the middle of the twenty-first century (Hoegh-
Guldberg et al. 2007; van Hooidonk et al. 2013). Since acute
temperature stress causes coral mortality, whereas ocean acid-
ification (OA) is expected to cause only sub-lethal declines in
calcification rates, ocean warming will likely continue as the
main climate-change-related cause of reef decline. The stress
agents causing coral loss, however, do not have to be the same
as those preventing the recovery of reefs, and this is where OA
could play a main role, because of its effects on early life
history stages of corals (Cohen et al. 2009; Albright et al.
2010) and the crustose coralline algae (CCA) they depend on
for settlement (Kuffner et al. 2008). It is important to consider
OA in the proper context, though; ecosystem metabolism and
watershed processes exert strong, and sometimes overriding,
effects on coastal pH, and presently we only have evidence for
pH declines from OA in the open ocean (Duarte et al. 2013).

The data presented in this paper provide empirical evidence
that ocean waters around Florida reefs have warmed since the
turn of the last century. It remains to be determined if this
geologically short period of warming represents a lasting
departure from the range in temperatures observed during
the Holocene and whether or not the rate of warming has

precedence in the fossil record. In the Gulf of Mexico
(GOM), the early Holocene was characterized by high vari-
ability in SST, and there is evidence of a 1.5-°C warming over
~200 years (LoDico et al. 2006), with periods of time through-
out the Holocene being warm or warmer than modern times
(Poore et al. 2003; Richey et al. 2007). The temperature-
sensitive coral Acropora palmata built the Flower Garden
Banks in the northwest GOM between 10,000 and 6,800
calibrated years before present, likely taking advantage of
warmer winters (Precht et al. 2014). Sample resolution in the
geologic record is not presently adequate to assess whether
summer SSTs, specifically, were warmer than modern. If they
were, it would be very instructive to know if reefs of the early
and mid-Holocene suffered decreased growth rates and/or
mortality from coral bleaching. With the accuracy and resolu-
tion of new paleoproxies increasing all the time, the scientific
community is well poised to address these uncertainties.

Prognosis for Florida Reefs

Change in community structure (loss of corals) is the domi-
nant driver resulting in negative carbonate budgets on reefs
(Perry et al. 2013). Given its present state of low (less than
10 %) coral cover, the prognosis for reef building along the
Florida reef tract is not a good one. However, the Florida Keys
reefs have not been keeping up with sea level for the past
6,000 years. Only in the Dry Tortugas, the western terminus of
the reef system, are Florida Holocene reefs thicker than a few
meters (Shinn et al. 1977). Punctuated growth and regional
demise of reefs throughout the Holocene geologic record are
not unique to Florida. Periods of reef collapse pre-dating
anthropogenic climate change were attributed to subtle chang-
es in sea level (Florida: Lidz and Shinn 1991; Great Barrier
Reef: Perry and Smithers 2011) and shifts in climatology
(Eastern Pacific: Toth et al. 2012).

The few reefs that were accreting in the main Keys during
the past century were dominated by large A. palmata stands,
which experienced major declines in the early 1980s resulting
from coral disease. Also, bleaching during the 1997/1998 El
Niño and cold stress events (Colella et al. 2012) left the
monitored reefs in the Keys with less than 5 % coral cover
(Ruzicka et al. 2013; Toth et al. 2014). The outer-reef tract off
the middle Keys, in particular, has shown degradation as
documented by an increased abundance of coral-derived par-
ticles in reef sediments comparing surveys in 1989 with those
from mid-century surveys (Lidz and Hallock 2000; Lidz et al.
2006). Regardless of what combination of stressors caused
this recent bout of degradation, anthropogenic climate change
continuing on the trajectory set in the past few decades will
likely prevent reef recovery in the near future. Hardbottom
communities with small, scattered coral heads may persist,
dominated by species that are more resistant than others to
bleaching, disease, and cold water stress (e.g. Siderastrea

Estuaries and Coasts (2015) 38:1085–1096 1093



siderea, Lirman et al. 2011; Burman et al. 2012). Recent
apparent recovery of A. cervicornis populations in the Dry
Tortugas (Lidz and Zawada 2013) and range expansion north-
ward along the reef tract (Precht and Aronson 2004) indicate
that this species could be a “winner” in some areas, provided
that they are spared exposure to cold stress events (Shinn
1966). However, studying bioerosion (Hudson 1977) is likely
to reveal the most information regarding just how long the
Florida reef tract will continue to serve as habitat for fisheries
and a protector of shorelines because reef accretion is clearly
already negative in many areas.
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