Cold-water event of January 2010 results
in catastrophic benthic mortality on patch
reefs in the Florida Keys

M. A. Colella, R. R. Ruzicka,
J. A. Kidney, J. M. Morrison &
V. B. Brinkhuis

Coral Reefs
Journal of the International Society for
Reef Studies

ISSN 0722-4028

Coral Reefs
DOI 10.1007/s00338-012-0880-5

25th ¥ of

Anniversary _g

@ Springer

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag. This e-offprint is for personal use only
and shall not be self-archived in electronic
repositories. If you wish to self-archive your
work, please use the accepted author’s
version for posting to your own website or
your institution’s repository. You may further
deposit the accepted author’s version on a
funder’s repository at a funder’s request,
provided it is not made publicly available until
12 months after publication.

@ Springer



Coral Reefs
DOI 10.1007/s00338-012-0880-5

REPORT

Cold-water event of January 2010 results in catastrophic benthic
mortality on patch reefs in the Florida Keys

M. A. Colella - R. R. Ruzicka - J. A. Kidney -
J. M. Morrison - V. B. Brinkhuis

Received: 18 April 2011/ Accepted: 14 January 2012
© Springer-Verlag 2012

Abstract The Florida Keys are periodically exposed to
extreme cold-water events that can have pronounced effects
on coral reef community structure. In January 2010, the
Florida Keys experienced one of the coldest 12-day periods
on record, during which water temperatures decreased below
the lethal limit for many tropical reef taxa for several con-
secutive days. This study provides a quantitative assessment
of the scleractinian mortality and acute changes to benthic
cover at four patch reefs in the middle and upper Keys that
coincided with this cold-water event. Significant decreases
in benthic cover of scleractinian corals, gorgonians, sponges,
and macroalgae were observed between summer 2009 and
February 2010. Gorgonian cover declined from 25.6 £
4.6% (mean = SE) to 13.3 & 2.7%, scleractinian cover
from 17.6 &+ 1.4% to 10.7 £ 0.9%, macroalgal cover from
82 +£52% to 0.7+ 0.3%, and sponge cover from
3.8 £ 1.4% to 2.3 £ 1.2%. Scleractinian mortality varied
across sites depending upon the duration of lethal tempera-
tures and the community composition. Montastraea annu-
laris complex cover was reduced from 4.4 + 2.4% to
0.6 &+ 0.2%, and 93% of all colonies surveyed suffered
complete or partial mortality. Complete or partial mortality
was also observed in >50% of all Porites astreoides and
Montastraea cavernosa colonies and resulted in a significant
reduction in cover. When compared with historical accounts
of cold-water-induced mortality, our results suggest that the
2010 winter mortality was one of the most severe on record.
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The level of coral mortality on patch reefs is of particular
concern because corals in these habitats had previously
demonstrated resistance against stressors (e.g., disease and
warm-water bleaching) that had negatively affected corals in
other habitats in the Florida Keys during recent decades.
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Introduction

Cold-water-induced stress and mortality are important
determinants of community structure for coral reef eco-
systems (Glynn and Stewart 1973; Glynn 1976; Coles and
Fadlallah 1991; Hoegh-Guldberg et al. 2005). In the Flor-
ida Keys, coral reefs are located near their northern lati-
tudinal limit (Vaughan 1919). Because of its subtropical
location, South Florida is periodically subjected to intru-
sions of cold, Arctic air masses that coincide with abnor-
mally strong shifts in prevailing climatic patterns (e.g.,
Arctic Oscillation). During extended periods of extreme
cold weather, seawater temperatures in shallow bay and
bank environments can rapidly plummet below the thermal
survival threshold of many tropical reef organisms (Voss
1973; Roberts et al. 1982). Ginsburg and Shinn (1964,
1994) hypothesized that the transport of inimical waters
from Florida Bay into adjacent ocean basins is a major
factor limiting reef development opposite large tidal passes
and in nearshore waters of the Florida Keys. While the
term “inimical” refers to a number of water quality
parameters (e.g., turbidity, high salinity, and high temper-
atures) thought to be detrimental to coral survival, several
studies have specifically examined the role of cold water in
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structuring nearshore coral communities in the upper and
middle Florida Keys (Marszalek et al. 1977; Hudson 1981;
Roberts et al. 1982; Walker et al. 1982; Jaap 1984; Burns
1985; Ginsburg et al. 2001; Precht and Miller 2007).

Sustained intrusions of polar air masses into South
Florida have been associated with benthic mortality in
marine communities (Voss 1973; Porter et al. 1982;
Roberts et al. 1982). Although cold-tolerance thresholds
vary between species, stony corals (Order Scleractinia) in
general become physiologically impaired when water
temperatures fall below 16°C and can only survive a few
hours at temperatures below 14°C (Mayor 1914, 1915).
One of the earliest observations linking the mortality of
corals with hypothermic stress in Florida was made in
1970 at “Hens and Chickens”, a large, intensively studied
patch reef in the upper Keys. Although in situ water
temperature data were not available then, coral mortality
at Hens and Chickens was estimated at 80% to 90% and
many large Montastraea annularis complex colonies suf-
fered near complete mortality (Voss 1973; Hudson et al.
1976). Cold-water-induced mortality in benthic commu-
nities also occurred in 1977 and 1981. In 1977, successive
cold fronts passed through South Florida causing cata-
strophic mortality of shallow, nearshore acroporid popu-
lations in the Dry Tortugas and The Bahamas (Davis
1982; Porter et al. 1982; Roberts et al. 1982). A similar
weather pattern developed in 1981 apparently causing
mortality of various coral species along the outer Florida
reef tract (Walker et al. 1982). Since then, prolonged
influxes of cold Arctic air masses have not been docu-
mented in Florida.

The Coral Reef Evaluation and Monitoring Project
(CREMP) has been monitoring benthic community com-
position at fixed survey sites throughout the Florida Keys
National Marine Sanctuary since 1996. During this time
period, CREMP has documented how both large-scale
(e.g., 1997/1998 El Niiio) and localized (e.g., harmful algal
blooms) disturbances have changed coral community
composition on reefs in the Florida Keys (Hu et al. 2003;
Somerfield et al. 2008; Ruzicka et al. 2010). Despite
widespread mortality along the outer bank reefs in the
middle and upper Keys, nearshore patch reefs have dem-
onstrated a marked resistance, with little or no coral mor-
tality documented. Because of their persistence through
severe disturbances, patch reefs were regarded as critical in
maintaining the resilience of the greater Florida reef tract
by providing essential habitat for fishes and benthic
organisms and supplying a potential source of larvae to
help replenish deteriorated offshore communities (Lirman
and Fong 2007).

In January 2010, a prolonged intrusion of cold Arctic air
lowered water temperatures in the Florida Keys below the
thermal threshold for corals and other tropical organisms
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for several consecutive days. Shortly after the coldest
temperatures had abated, preliminary observations sug-
gested that widespread coral mortality and bleaching was
occurring on nearshore patch reefs throughout the Florida
Keys. Lirman et al. (2011) provided a broad overview of
the 2010 cold-water event and characterized the stony coral
mortality across the entire Florida Reef Tract. Our study
expands upon these findings by integrating in situ tem-
perature data with percent cover and demographic mea-
surements to describe the full extent of benthic community
mortality at four long-term monitoring sites and establishes
a baseline to assess recovery following the event. Although
widespread coral bleaching and mortality are commonly
associated with warm-water disturbances (Baker et al.
2008; Obura and Mangubhai 2011), the results presented
here demonstrate that extreme cold-water events can be
equally, if not more destructive.

Materials and methods
Site descriptions

Inner shelf margin patch reefs are some of the most eco-
logically diverse and topographically complex habitats in
the Florida Keys (Lirman and Fong 2007). They are located
between the Florida Keys archipelago and the outer reef
tract in an area commonly referred to as Hawk Channel
(Fig. 1). Hawk Channel patch reefs are generally composed
of massive, long-lived, framework-building corals such as
Montastraea spp., Diploria spp., Colpophyllia natans, and
Siderastrea siderea and range from small coral assem-
blages to large structures with several meters of vertical
relief.

Four patch reefs were surveyed in February 2010,
approximately 3 weeks after the coldest temperatures
subsided. The four sites are located 3-5 km from shore,
vary in depth between 5 and 8 m, and vary in proximity to
tidal exchanges with Florida Bay. A single patch reef, Burr
Patch, was surveyed in the upper Keys, and three sites,
Dustan Rocks, Thor Patch, and West Turtle Shoal, were
surveyed in the middle Keys (Fig. 1). Sites in the middle
and upper Keys were targeted because the greatest levels of
cold-water mortality were reported from these areas. These
reports were confirmed in Lirman et al. (2011).

Temperature data

HOBO® U22 (Onset, Pocasset, MA) temperature loggers
are deployed at a subset of CREMP sites throughout the
Florida Keys. Temperature loggers are attached to perma-
nent station markers on the seafloor and record in situ water
temperatures hourly. Loggers were collected from three of
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Fig. 1 Map of the middle and upper Florida Keys showing the location of coral reef evaluation and monitoring project (CREMP) survey sites,
sites with temperature logger data, and historical sites where temperature data were collected

the four study sites: Burr Patch, Dustan Rocks, and West
Turtle Shoal. A logger was not deployed at Thor Patch.
Loggers were also retrieved from additional CREMP
locations to compare bottom temperatures at nearshore and
offshore environments. Two shallow nearshore areas,
Moser Channel and Dove Key, and two shallow forereef
sites, Sombrero Reef and Conch Reef, were selected
(Fig. 1). For each site, the number of hours at <16, <14,
and <12°C was calculated for the month of January. Data
acquired from the National Data Buoy Center for the Long
Key station were used to compare Florida Bay water
temperatures from 1977 and 1981 to those observed during
the 2010 event.

Video surveys

CREMP has used an established protocol to monitor ben-
thic cover at fixed sites throughout the Florida Keys since
1996 (Porter et al. 2002; Ruzicka et al. 2010). For the
present assessment, two marked sampling stations were
surveyed at each site. Video transects are prepared by
overlaying stainless steel poles atop each permanent stake

and securing three fiberglass tapes between the poles.
Plastic chains are then laid underneath the tapes to mark
the substratum for transect filming. Video was captured
using a Sony® Handycam DCR-TRV900. For each station,
video surveys covered three ~22 m x 40 cm transects,
constituting a sampling area of ~27 m?.

Images were analyzed using a custom software package,
Point Count’99, to determine the percent cover of benthic
organisms. Between 200 and 250, abutting frames were
extracted from the video for each station and overlaid with
15 random points per image, resulting in ~ 3,000 points
counted for each station. Scleractinian corals were identi-
fied to species and other benthic organisms to gross taxo-
nomic levels (sponges, octocorals [Order Gorgonacea], and
macroalgae). The octocoral category was selected if a
random point fell on any part of the organism, including
large branches that may have obscured other sessile
organisms, and is therefore a measure of both canopy and
benthic coverage (i.e., encrusting spp. such as Briareum
asbestinum or Erythropodium caribaeorum). The category
“macroalgae” was defined as any algae with recognizable
structure (e.g., Halimeda spp., Dictyota spp., Lobophora
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spp.) and also included large tufts/knobs of cyanobacteria.
Crustose coralline algae and algae turfs were not recorded
as macroalgae. A generalized linear mixed model ANOVA
with year and site as fixed effects was used to compare
changes in percent cover (mean = SE) of the major ben-
thic groups and five common stony coral species (Mon-
tastraea annularis complex [includes M. faveolata, and M.
franksi], M. cavernosa, C. natans, S. siderea, and Porites
astreoides) between summer 2009 and February 2010.
Percent cover data were pooled for each station, and square
root transformed with stations nested within sites in the
model. Because the number of stations sampled within a
site (N = 2) limited the power of intra-site comparisons,
only the effect of year is reported. All analyses were per-
formed in SAS v9.2.

Demographic surveys

Demographic surveys were modeled after those used by the
Atlantic and Gulf Rapid Reef Assessment Program (AG-
RRA) and the Florida Reef Resilience Program (FRRP)
(Lang et al. 2010; Wagner et al. 2010). Two 10 m x 1 m
belt-transect surveys were conducted at each site (i.e., one
per station; N = 8). The maximum width, the presence of
disease and bleaching, and the percentage of estimated
tissue mortality were recorded for each scleractinian coral
colony >4 cm in diameter. Mortality was identified as
“recent” if the corallite structure could be clearly distin-
guished, and there was minimal overgrowth by algae or
other fouling organisms. Otherwise, mortality was identi-
fied as “old”. Demographic surveys were not conducted in
summer 2009.

Demographic data were used to provide a description of
mortality by size class. Data concerning disease and
bleaching were not reported because the incidence of both
conditions was extremely rare. In order to characterize
mortality associated with the 2010 cold-water event, only
recent mortality was reported. Mortality was classified into
four levels of severity: mild (<10% partial mortality),
moderate (10-50% partial mortality), severe (51-90%
partial mortality), and lethal (>91% partial mortality).
Results were pooled in two ways: for all species within a
site and for five common coral species (M. annularis
complex, M. cavernosa, C. natans, S. siderea, and P. ast-
reoides) across the four study sites. For the five common
coral species, colonies were grouped into three size classes.
For M. annularis complex, M. cavernosa, and C. natans,
the following size classes were used: size class I
(4-10 cm), size class II (10-50 cm), and size class III
(>50 cm). To account for their relatively smaller size, the
two larger size classes for S. siderea and P. astreoides were
adjusted to 10-30 cm (size class II) and >30 cm (size class
III).
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Results

The coldest water temperatures were recorded on 7th and
8th January and between 10th and 15th January 2010
(Fig. 2). Of the three survey sites with loggers, the coldest
temperatures and longest exposure to lethal temperatures
were recorded at Burr Patch, in the upper Keys. Summed
for the entire month of January, water temperatures at Burr
Patch were <16°C for 150 h, <14°C for 66 h, and <12°C
for 32 h (Table 1). The minimum temperature recorded
was 11.2°C. Of the middle Keys sites, Dustan Rocks had
the longest duration of temperatures <16 and <14°C
(Table 1). Temperatures at Dustan Rocks and West Turtle
Shoal dropped below 12°C but for only 2 h or less. Water
temperatures in Florida Bay and shallow nearshore envi-
ronments decreased more rapidly and reached lower min-
ima than those of patch reefs (Table 1, Fig. 2). The Long
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Fig. 2 Hourly in situ water temperature recordings from 1 to 30
January 2010. a Upper Keys sites: Dove Key, Burr Patch, and Conch
Reef. b Middle Keys sites: Moser Channel, West Turtle Shoal, Dustan
Rocks, and Sombrero Reef. Corresponding locations are shown in
Fig. 1
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Table 1 In situ water
temperature data summarized
from 1 to 30 January 2010 for
three study sites, four reference
sites, and historical data from
1977 and 1981

The average temperature for
January was calculated from
hourly recordings.
Corresponding locations for all
sites are shown in Fig. 1

* Walker et al. (1982)
® Roberts et al. (1982)
¢ National Data Buoy Center

Sites Logger January Minimum (°C)  Duration (h)
depth (m)  average (°C) <16°C <l4°C <l2°C
Upper Keys
Burr Patch 5.0 19.6 11.2 150 66 32
Dove Key 2.7 17.6 8.8 286 229 128
Conch Reef 5.3 22.8 20.1 0 0 0
Middle Keys
West Turtle Shoal 8.0 19.9 11.7 89 49 2
Dustan Rocks 5.0 19.4 12.0 133 79
Moser Channel 4.0 171 10.8 275 154 83
Sombrero Reef 2.7 22.8 19.2 0 0 0
Historical data
Lignumvitae (1981)* 1.7 d 8.7 ~156 d d
Snake Creek (1977)° 2.0 d 12.9 ~192 d d
Hens and Chickens (1977)° 4.7 d 12.6 ~192  ~60 d
Long Key (2010)° 2.0 16.5 8.7 316 252 127

9 No data available

Key observing station in Florida Bay recorded the coldest
temperature (8.7°C) and had the longest duration of tem-
peratures <16, <14, and <12°C followed by Dove Key,
the nearshore site in the upper Keys (Table 1). Water
temperatures at Moser Channel were lower than those at
adjacent middle Keys patch reef sites but were not as low at
Long Key or Dove Key nor did low temperatures last as
long. In contrast, water temperatures at the two shallow
forereef sites, Conch Reef and Sombrero Reef, remained
>16°C throughout January (Table 1; Fig. 2).

Averaged for all sites (N = 4), the mean percent live
cover for all benthic groups (stony corals, octocorals,
sponges, and macroalgae) decreased significantly between
summer 2009 and February 2010 (mixed model ANOVA,
p < 0.011). The largest decrease in cover was for octoco-
rals, which declined from 25.6 + 4.6% to 13.3 & 2.7%.
The next largest change was for macroalgal cover
(8.2 +£52% to 0.7 & 0.3%), followed by scleractinian
corals (17.6 £1.4% to 10.7 £ 0.9%) and sponges
(3.8 £ 1.4% to 2.3 &+ 1.2%). Although mortality occurred
across all four study sites, it was most severe at Burr Patch
and Dustan Rocks. Octocoral cover was reduced by more
than half its 2009 summer value at both sites, and stony
coral cover declined from 20.3 to 8.1% at Burr Patch and
from 19.6 to 11.1% at Dustan Rocks (Table 2). This pattern
of decline was repeated for macroalgal cover, where per-
cent cover was reduced to near zero at both locations
(Table 2). A decline in sponge cover was consistent across
all sites, but the largest decrease was observed at West
Turtle Shoal, where it decreased from 6.3 to 2.5%
(Table 2).

The change in cover for the five most common scle-
ractinian species varied. Averaged for all sites (N = 4), a

significant decrease in cover was observed for M. annularis
complex, M. cavernosa, and P. astreoides (mixed model
ANOVA, p < 0.021). Percent cover of M. annularis
complex declined from 4.4 +24% to 0.6 £ 0.2%,
M. cavernosa from 4.5+ 12% to 2.6 £ 1.0%, and
P. astreoides from 0.6 &= 0.1% to 0.1 & 0.1%. The largest
reduction in cover for these three species was observed at
Burr Patch and Dustan Rocks (Table 2). A significant
change in cover was not detected for C. natans
(p = 0.054), and S. siderea significantly increased in cover
(3.0 £ 0.6% to 3.8 & 0.7%) between the sampling periods
(»p = 0.026).

The percentage of coral colonies (all scleractinian spe-
cies) suffering lethal or severe mortality was greatest at
Burr Patch and Dustan Rocks. At Burr Patch, 35% of all
colonies suffered lethal mortality, 11% severe, 15% mod-
erate, and 39% mild (Fig. 3). At Dustan Rocks, 14% of all
colonies suffered lethal mortality, 8% severe, 15% mod-
erate, and 63% mild (Fig. 3). At West Turtle Shoal, the
incidence of lethal mortality (11%) was less compared to
Burr Patch and Dustan Rocks, as were severe (4%) and
moderate mortality (12%). Lethal mortality was not
observed at Thor Patch, and 86% of all colonies only dis-
played mild mortality (Fig. 3).

The species with the highest levels of mortality across
all sites were Montastraea annularis complex and P. ast-
reoides. Spanning all size classes, 93% of all M. annularis
complex colonies displayed some level of mortality with
lethal and severe mortality occurring in >50% of all col-
onies regardless of size (Fig. 4a). All P. astreoides colonies
measured were <30 cm in max diameter. Pooled for the
two smaller size classes, 57% of all colonies had lethal
mortality and 77% of all colonies displayed some level of
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Table 2 Percent cover of the benthic taxa groups and the five selected stony coral species at each survey site as determined by video surveys

Burr Patch Dustan Rocks ~ West Turtle Shoal =~ Thor Patch All sites F value P value
2009 2010 2009 2010 2009 2010 2009 2010 2009 2010
Benthic groups
Stony Coral 20.3 8.1 19.6 11.1 15.6 11.6 147 11.8 176 £ 14 10.7+09 2040 0.011
Octocorals 173 5.1 36.9 15.9 29.1 16.0 189 163 256+46 133 +27 90.10 0.001
Sponges 1.0 03 1.9 0.9 6.3 2.5 6.0 5.5 38+ 14 23+12 2238 0.009
Macroalgae 237 0.2 5.2 0.2 2.3 1.5 1.7 1.1 82+52 07+03 5197 0.002
Stony coral species
Montastraea annularis  10.2 1.2 6.7 0.3 0.5 0.6 0.3 0.1 444+24 06102 2591 0.007
complex
Montastraea cavernosa 1.0 03 4.6 1.7 6.0 33 6.5 5.1 45+ 12 26 £ 1.0 1391 0.020
Colpophyllia natans 36 29 14 14 33 2.7 35 2.2 294+05 23+£03 729 0.054
Siderastrea siderea 3.0 32 4.5 5.8 2.9 3.5 1.8 2.6 30£06 38+07 1190 0.026
Porites astreoides 0.8 0.0 0.5 0.0 0.4 0.1 0.7 0.4 0.6 + 0.1 0.1 £ 0.1 7397 0.001

Percent cover values for each site are the average of the two stations; no error estimate is given. Percent cover values for all sites (N = 4) are the
average £ SE. F values and P values are the results of the mixed model ANOVA test for each category (dfpum = 1, dfgen = 4). Values are from

summer 2009 and February 2010

I 1.cthal
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Fig. 3 Percentage of stony coral colonies categorized with mild
(<10%), moderate (10-50%), severe (51-90%), and lethal (>90%)
partial mortality during the 2010 cold-water event as determined by
demographic surveys. Data for all coral species were pooled within a
site. The total number of colonies surveyed is indicated at the fop of
each bar. BP Burr Patch, DR Dustan Rocks, WTS West Turtle Shoal,
TP Thor Patch

partial mortality (e.g., lethal, severe, moderate; Fig. 4b).
Lethal mortality was rarely observed in M. cavernosa, but
this species had the highest occurrence of colonies with
moderate to severe levels of partial mortality. Only three of
63 colonies (5%) had lethal mortality, but >60% of colo-
nies in the two largest size classes had moderate or severe
mortality (Fig. 4c). Lethal, severe, and moderate levels of
mortality were low in C. natans and occurred in <15% of
all colonies (Fig. 4d). Lethal mortality was not documented
for S. siderea, and the incidence of severe or moderate
mortality was extremely low with <5% recorded for any
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size class (Fig. 4e). Figure 5 shows examples of partial and
whole colony mortality on the stony corals M. annularis
complex, M. cavernosa, and C. natans, and the encrusting
octocoral E. caribaeorum.

Discussion

In January 2010, for the first time in nearly 30 years, South
Florida experienced an extreme winter event. Low air
temperatures recorded in Key West nearly matched a
record set in 1886, and a new record was set for the longest
duration of daily air temperatures <8°C, breaking a record
set in 1876 (National Weather Service 2010). Although the
paucity of in situ temperature data from previous events
limits the number of direct comparisons, results presented
here indicate that water temperatures during January 2010
were colder with lethal temperatures persisting longer than
previous cold-water events in 1977 and 1981. For example,
temperature data are available from Hens and Chickens
patch reef from winter 1977. Hens and Chickens is located
in the upper Keys ~ 10 km from Burr Patch, and the two
sites are comparable in depth and distance from shore. In
2010, Burr Patch had a temperature profile similar to that at
Hens and Chickens in 1977 and was subject to a similar
number of hours at <14°C. However, at Hens and Chick-
ens in 1977, the minimum temperature never dropped
below 12°C. In contrast, the minimum temperature at Burr
Patch in 2010 reached 11.2°C and was <12°C for 32
consecutive hours (Table 1). The worst report of cold-
induced mortalities at Hens and Chickens was in 1970, but
temperature data are not available for that event (Roberts
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during the 2010 cold-water event as determined by demographic

et al. 1982). The severity of the 2010 event may also be
demonstrated by comparing temperatures at the Florida Bay
observing stations in 1977, 1981, and 2010. The minimum
temperatures reached in 1981 and 2010 were the same
(8.7°C), but the duration of temperatures <16°C in 2010 was
more than double that in 1981 (316 h vs. 156 h; Table 1).
The number of hours <16°C was also less in 1977 (192 h)
than in 2010 (316 h), and the minimum temperature recor-
ded, 12.9°C, was nearly 2°C higher in 1977.

Prior accounts of cold-water-induced mortality focused
primarily on scleractinian corals (Voss 1973; Porter et al.
1982; Walker et al. 1982; Lirman et al. 2011); only one
study describes cold-induced mortality in octocorals, and
that only briefly (Roberts et al. 1982). In the current study,
changes in percent cover show that the entire reef assem-
blage was affected, with octocorals suffering the greatest
reduction in cover, decreasing to nearly half their 2009
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surveys. The total number of colonies is given for each species.
a Montastraea annularis complex, b Porites astreoides, ¢ M.
cavernosa, d Colpophyllia natans, e Siderastrea siderea

values. Octocoral tolerances to hypothermic stress have
been described for several species and range from 13 to
17.5°C (Goldberg 1973). Although cover of individual
octocoral species was not estimated, field observations
confirmed that encrusting (e.g., Erythropodium caribaeo-
rum), branching (e.g., Plexaura spp., Pseudoplexaura spp.,
Pseudopterogorgia spp., Eunicea spp.), and flabellate
(e.g., Gorgonia ventalina) growth forms were all affected.
Affected octocoral colonies exhibited acute and rapid tis-
sue necrosis, with no incidence of disease or bleach-
ing occurring prior to mortality. Tissue was observed
“sloughing” off colony axes and would readily detach
from the colony if lightly touched, a process similar to that
described during a warm-water mortality event in The
Bahamas in 1998 (Lasker 2005).

Less is known about the cold-water thermal tolerances
of tropical sponges; however, some tropical Atlantic
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sponge species can occur at latitudes at which annual water
temperatures drop below 12°C (Freeman et al. 2007;
Ruzicka and Gleason 2008). Cover of sponges declined
significantly, though not as much as the cover of stony
corals and octocorals, partly because the sites that were
most exposed to cold water had low sponge cover
beforehand.

The changes in scleractinian cover were a product of
coral community composition, species-specific thermal
tolerances, and the severity of cold-water exposure at each
site. Although scleractinian mortality was observed across
all sites, the declines were greatest at the two sites that
endured the longest exposure to lethal temperatures, Burr
Patch and Dustan Rocks. The significant decline in coral
cover at Burr Patch and Dustan Rocks was also directly
tied to the high cover values of M. annularis complex at
these two sites (Table 2). Montastraea annularis complex
cover exceeded 6% at both sites in summer 2009, whereas
the cover of this species at West Turtle Shoal and Thor
Patch was <0.5%. At both Burr Patch and Dustan Rocks,
the cover of M. annularis complex was reduced by >85%
following the mortality event (Table 2). The drastic
reduction in cover is directly linked to the high incidence
of lethal and severe levels of mortality observed on the
largest M. annularis complex colonies. An alarming 88%
percent of colonies in the largest size class suffered lethal
or severe mortality (Fig. 4a). Likewise, P. astreoides was
nearly extirpated at Burr Patch and Dustan Rocks. Across
the four survey sites, 57% of all colonies (spanning all size
classes for P. astreoides) suffered lethal mortality
(Fig. 4e). The lower tolerance of M. annularis complex and
P. astreoides to cold-water-induced stress has been
described before (Mayor 1914; Voss 1973; Roberts et al.
1982) and contributed heavily to the overall reduction in
coral cover reported here (Table 2). The cover of M. cav-
ernosa also significantly declined but was attributed to a
higher rates of partial, rather than lethal mortality (Fig. 4b).
Patches of surviving M. cavernosa tissue were small
and highly fragmented, often consisting of only a single or
very few polyps (Fig. 5). Corals with larger polyps, such as
M. cavernosa, are believed to have physiological advan-
tages over corals with smaller polyps during stress events
(Porter 1976; Rogers 1979, 1990; Lasker 1980), which may
explain why lethal mortality was less common for M. cav-
ernosa than for M. annularis complex and P. astreoides.

Colpophyllia natans and S. siderea were the most tol-
erant of cold-water stress among the five species examined
in detail. A significant change in cover was not detected
for C. natans, and S. siderea cover increased between
summer 2009 and February 2010. The increase in S. side-
rea cover is more likely an artifact of the image analysis
and the result of mortality to other organisms than an
increase in growth or population size of S. siderea. The
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Fig. 5 Tmages of mortality from video transects in summer 2009 ™
prior to mortality (leff) and in winter 2010 following mortality (right).
a Mortality of Montastraea annularis complex (left) and a branching
octocoral with surviving M. cavernosa tissue (right) at Dustan Rocks.
b Mortality of M. cavernosa with surviving tissue isolates and polyps
at Dustan Rocks. ¢ Partial mortality of Colpophyllia natans and whole
colony mortality of M. annularis complex at Burr Patch. d Whole
colony mortality of Erythropodium caribaeorum and M. annularis
complex at Burr Patch

mortality of large, branching octocorals and the removal
of macroalgae most likely increased the probability of a
random point landing on an S. siderea colony that may
have been obscured in the 2009 images. This idea is
also supported by the result that marginal increases in
S. siderea cover were evident across all study sites
(Table 2). The ability of S. siderea to survive during
periodic cold-water events is consistent with its broad
geographic range, which implies a greater tolerance of
extreme low temperatures. Siderastrea siderea is found in
a variety of habitats that experience annual water tem-
peratures well below 14°C, including rock outcroppings
off the coast of North Carolina (Macintyre and Pilkey
1969) and carbonate ledges in the Gulf of Mexico (Colella
et al. 2008). Additionally, early temperature experiments
by Mayor (1914) showed that this species and its conge-
ner, S. radians, are two of Florida’s most cold-water tol-
erant scleractinian species.

The results presented here are consistent with Lirman
et al. (2011). Both studies portray catastrophic mortality on
patch reefs in the middle and upper Keys with the most
adverse affects occurring at sites that had the longest
exposure to lethal temperatures. These findings are
concerning for multiple reasons. Patch reefs possess the
highest stony coral cover of any reef environment in the
Florida Keys and have been resistant to numerous stressors
in recent decades (Lirman and Fong 2007; Ruzicka et al.
2010). For example, following the mass bleaching associ-
ated with the 1997/98 El Nifio, CREMP documented a
nearly 40% reduction in scleractinian cover in the Florida
Keys; however, most of the mortality was relegated to
shallow and deep forereef environments, leaving patch
reefs relatively unaffected (Somerfield et al. 2008). Two of
the sites assessed in this study, Dustan Rocks and West
Turtle Shoal, in addition to four other patch reefs, repre-
sented six of only 10 sites monitored by CREMP (34 total)
that have not exhibited a declining trend in coral cover
since 1996 (Ruzicka et al. 2010). Corals on patch reefs are
subjected to large variations in annual temperatures com-
pared to corals on offshore bank reefs where temperatures
are regulated by oceanic currents. This regular exposure to
a wide range of temperatures over long periods of time is
believed to have increased their tolerance to temperature
fluctuations (Soto et al. 2011). Despite this increased tol-
erance, the temperature minima reached during January
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2010 greatly exceeded those normally experienced by
patch reef corals and resulted in considerable mortality.

The mortality of M. annularis complex described here
also suggests that the January 2010 winter event was one of
the most severe on record. The presence of large, healthy
colonies of M. annularis complex at some patch reefs in
the middle and upper Keys prior to 2010 suggests that they
survived extreme cold-water fluctuations in the last century
(Lirman and Fong 2007; Ruzicka et al. 2010). However, it
is also possible that M. annularis complex were better
suited to endure previous cold-water disturbances. Recent
declines have been reported for M. annularis complex
throughout much of the Caribbean and have been linked to
a suite of acute and chronic stressors (Hughes and Tanner
2000; Rogers and Miller 2006; Edmunds and Elahi 2007).
It is plausible that the cumulative effect of multiple
stressors documented in the Florida Keys (Lirman 2001;
Patterson et al. 2002; Lipp et al. 2002; Lapointe et al. 2004;
Lirman and Fong 2007; Donahue et al. 2008; Wagner et al.
2010) has inhibited the ability of M. annularis complex to
persist through major disturbances like the one described
herein.

At reefs like Burr Patch and Dustan Rocks, M. annularis
complex will be noticeably absent in the future. Instead, the
coral communities at reefs like these will be characterized
by faster growing and highly reproductive corals like
P. astreoides and corals that have demonstrated the ability
to withstand numerous stressors (e.g., S. siderea). CREMP
has not documented recovery of M. annularis complex on
patch reefs located north of the Florida Keys in the decade
following a harmful algal bloom that decimated the pop-
ulation (Hu et al. 2003; Somerfield et al. 2008, Ruzicka
et al. 2010). At Burr Patch and Dustan Rocks, any recovery
of M. annularis complex will require decades, if not longer,
because the high rates of lethal and severe mortality left
only small surviving tissue fragments (Fig. 4a) and
M. annularis complex has been undergoing widespread
recruitment failure over the last quarter century (Keller and
Donahue 2006; Edmunds and Elahi 2007).

Acute disturbances that cause widespread coral mortal-
ity can often result in temporary or permanent changes in
community structure (Hughes 1994; Norstrom et al. 2009).
A proliferation of macroalgae is most commonly associ-
ated with this change (Hughes 1994; Rogers and Miller
2006; Norstrom et al. 2009), but elevated levels of mac-
roalgal cover have not been sustained on Florida Keys reefs
following catastrophic disturbances (Maliao et al. 2008;
Somerfield et al. 2008; Ruzicka et al. 2010). Sponges and
octocorals are important components of the benthic
assemblage on Florida Keys reefs and can rival or out-
number stony corals in abundance (Schmahl 1991; Miller
et al. 2009). Prior to 2010, octocoral cover exceeded the
cover of stony corals at three of the four patch reefs
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(Table 2). Although mortality rates were high for octoco-
rals, octocorals have demonstrated a marked resilience
following two periods of major disturbance in the Florida
Keys (e.g., 1997/1998 El Nino and 2004/2005 hurricane
seasons) and cover has rebounded twice (Ruzicka et al.
2010). Multiple studies on Caribbean reefs have indicated
that sponges can also become the most abundant taxa fol-
lowing major perturbations (Aronson et al. 2002; Weil
et al. 2002). Given the large octocoral and sponge assem-
blages at these sites prior to the mortality event and their
ability to recover following disturbances, we anticipate that
any temporary or permanent change in community struc-
ture would involve these taxa.

Temperature has long been recognized as a proximate
control of coral reef formation and community structure in
the Florida Keys (Vaughan 1919), and this study provides
quantitative evidence that, as hypothesized by Ginsburg
and Shinn (1964, 1994), inimical waters are important in
structuring nearshore coral communities in the Florida
Keys. Our results expand upon previous observations
(Roberts et al. 1982; Walker et al. 1982; Lirman et al.
2011) that periodic extreme cold weather fluctuations can
result in catastrophic mortality on nearshore patch reefs in
the Florida Keys. Although cold-water-induced mortalities
have been described before, the record-breaking weather of
January 2010 and concordant mortality at formerly healthy
patch reefs suggest that this event was one of the most
severe in the last century. The catastrophic mortality
described herein and by Lirman et al. (2011) is particularly
concerning because patch reefs in the Florida Keys had
previously survived numerous stressors that were delete-
rious to corals in other habitats. Our findings corroborate
those reported by Lirman et al. (2011) and when compared
with descriptions of previous cold-water mortalities on
Florida coral reefs strongly suggest the 2010 event was
likely the worst on record.

Acknowledgments Funding to support this work was provided by
U.S. Environmental Protection Agency award X7-95447709 and from
State of Florida Marine Conservation Trust Funds. All CREMP sur-
veys were authorized under Florida Keys National Marine Sanctuary
permit #FKNMS-2007-121-A2. We would specifically like to thank
Fred McManus, Bill Kruczynski, and Steve Blackburn at the U.S.
Environmental Protection Agency whose continued support of
CREMP enables the completion of special studies like these. We
would also like to thank Drs. Kathleen Semon Lunz and Amber
Whittle at the Florida Fish and Wildlife Research Institute, and three
anonymous reviewers whose comments and recommendations greatly
improved this manuscript.

References

Aronson RB, Precht WF, Toscano MA, Koltes KH (2002) The 1998
bleaching event and its aftermath on a coral reef in Belize. Mar
Biol 141:435-447



Coral Reefs

Baker AC, Glynn PW, Riegl B (2008) Climate change and coral reef
bleaching: An ecological assessment of long-term impacts,
recovery trends and future outlook. Estuar Coast Shelf Sci
80:435-471

Burns TP (1985) Hard-coral distribution and cold-water disturbances
in South Florida: variation with depth and location. Coral Reefs
4:117-124

Colella M, Richardson B, Johnson D, Ruzicka RR, Callahan MK, Bertin
M, Wheaton JW, Schmitt S, Sheridan N (2008) Assessment of
population and community structure of sessile macro invertebrates
following a benthic mortality event in the Eastern Gulf of Mexico.
Fish & Wildlife Research Institute/Florida Fish & Wildlife
Conservation Commission, Saint Petersburg, FL, p 49

Coles SL, Fadlallah YH (1991) Reef coral survival and mortality at
low temperatures in the Arabian Gulf: new species-specific
lower temperature limits. Coral Reefs 9:231-237

Davis GE (1982) A century of natural change in coral distribution at
the Dry Tortugas: A comparison of reef maps from 1881 and
1976. Bull Mar Sci 32:608-623

Donahue S, Acosta A, Akins L, Ault J, Bohnsack J, Boyer J, Callahan
M, Causey B, Cox C, Delaney J, Delgado G, Edwards K, Garrett
G, Keller B, Kellison GT, Leeworthy VR, MacLaughlin L,
McClenachan L, Miller MW, Miller SL, Ritchie K, Rohmann S,
Santavy D, Pattengill-Semmens C, Sniffen B, Werndli S,
Williams DE (2008) The state of coral reef ecosystems of the
Florida Keys. In: Waddell JE, Clarke AM (eds) The state of coral
reef ecosystems of the United States and Pacific Freely
Associated States: 2008. NOAA Technical Memorandum NOS
NCCOS 73, NOAA/NCCOS Center for Coastal Monitoring
and Assessment’s Biogeography Team, Silver Spring, MD,
pp 161-187

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

Freeman CJ, Gleason DF, Ruzicka R, van Soest RWM, Harvey AW,
McFall GB (2007) A biogeographic comparison of sponge fauna
from Gray’s Reef National Marine Sanctuary and other hard-
bottom reefs of coastal Georgia, U.S.A. In: Custédio MR, Lobo-
Hajdu G, Hajdu E, Muricy G (eds) Porifera research: biodiver-
sity, innovation and sustainability. Série Livros 28, Museu
Nacional, Rio de Janeiro, pp 319-325

Ginsburg RN, Shinn EA (1964) Distribution of the reef-building
community in Florida and the Bahamas. Am Assoc Pet Geol Bull
48:527

Ginsburg RN, Shinn EA (1994) Preferential distribution of reefs in
the Florida reef tract: The past is the key to the present. In:
Ginsburg RN (ed) Global aspects of coral reefs, health, hazards,
and history. University of Miami, Coral Gables, pp H21-H26

Ginsburg RN, Gischler E, Kiene WE (2001) Partial mortality of
massive reef-building corals: An index of patch reef condition,
Florida reef tract. Bull Mar Sci 69:1149-1173

Glynn PW (1976) Some physical and biological determinants of coral
community structure in the Eastern Pacific. Ecol Monogr
46:431-456

Glynn PW, Stewart RH (1973) Distribution of coral reefs in the Pearl
Islands (Gulf of Panama) in relation to thermal conditions.
Limnol Oceanogr 18:367-379

Goldberg WM (1973) The ecology of the coral-octocoral communi-
ties off the Southeast Florida coast: Geomorphology, species
composition, and zonation. Bull Mar Sci 23:465-487

Hoegh-Guldberg O, Fine M, Skirving W, Johnstone R, Dove S,
Strong A (2005) Coral bleaching following wintry weather.
Limnol Oceanogr 50:265-271

Hu C, Hackett KE, Callahan MK, Andrefouet S, Wheaton JL, Porter
JW, Muller-Karger FE (2003) The 2002 ocean color anomaly in

the Florida Bight: A cause of local coral reef decline? Geophys
Res Lett 30:1151-1154

Hudson JH (1981) Growth rates in Montastrea annularis: A record of
environmental change in Key Largo Coral Reef Marine Sanc-
tuary, Florida. Bull Mar Sci 31:444-459

Hudson JH, Shinn EA, Halley RB, Lidz B (1976) Sclerochronology:
A tool for interpreting past environments. Geology 4:361-364

Hughes TP (1994) Catastrophes, phase-shifts, and large-scale degra-
dation of a Caribbean coral reef. Science 265:1547-1551

Hughes TP, Tanner JE (2000) Recruitment failure, life histories, and
long-term decline of Caribbean corals. Ecology 81:2250-2263

Jaap WC (1984) The ecology of the South Florida coral reefs: A
community profile. A final report by U.S. Fish and Wildlife
Service for the U.S. Department of Interior. Minerals Manage-
ment Service Gulf of Mexico OCS Region, Metairie, LA, p 152

Keller BD, Donahue S (2006) 2002-03 Florida Keys National Marine
Sanctuary science report: an ecosystem report card after five
years of marine zoning. Marine Sanctuaries Conservation Series
NMSP-06-12. U.S. Department of Commerce, National Oceanic
and Atmospheric Administration. National Marine Sanctuary
Program, Silver Spring, MD, p 358

Lang JC, Marks KW, Kramer PA, Kramer PR, Ginsburg RN (2010)
AGRRA protocols version 5.4. Atlantic and Gulf Rapid Reef
Assessment Program, University of Miami, Florida. http://www.
agrra.org

Lapointe BE, Barile PJ, Matzie WR (2004) Anthropogenic nutrient
enrichment of seagrass and coral reef communities in the Lower
Florida Keys: Discrimination of local versus regional nitrogen
cycles. J Exp Mar Biol Ecol 308:23-58

Lasker HR (1980) Sediment rejection by reef corals: The roles of
behavior and morphology in Montastrea cavernosa (Linnaeus).
J Exp Mar Biol Ecol 47:77-87

Lasker HR (2005) Gorgonian mortality during a thermal event in the
Bahamas. Bull Mar Sci 76:155-162

Lipp EK, Jarrell JL, Griffin DW, Lukasik J, Jacukiewicz J, Rose JB
(2002) Preliminary evidence for human fecal contamination in
corals of the Florida Keys, USA. Mar Pollut Bull 44:666-670

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

Lirman D, Fong P (2007) Is proximity to land-based sources of coral
stressors an appropriate measure of risk to coral reefs? An
example from the Florida Reef Tract. Mar Pollut Bull
54:779-791

Lirman D, Schopmeyer S, Manzello D, Gramer LJ, Precht WF,
Muller-Karger F, Banks K, Barnes B, Bartels E, Bourque A,
Byrne J, Donahue S, Duquesnel J, Fisher L, Gilliam D, Hendee J,
Johnson M, Maxwell K, McDevitt E, Monty J, Rueda D, Ruzicka
R, Thanner S (2011) Severe 2010 cold-water event caused
unprecedented mortality to corals of the Florida Reef Tract and
reversed previous survivorship patterns. PLoS ONE 6(8):e23047.
doi:10.1371/journal.pone.0023047

Macintyre IG, Pilkey OH (1969) Tropical reef corals: tolerance of low
temperatures on the North Carolina Continental Shelf. Science
166:374-375

Maliao RJ, Turingan RG, Lin J (2008) Phase-shift in coral reef
communities in the Florida Keys National Marine Sanctuary
(FKNMS), USA. Mar Biol 154:841-853

Marszalek DS, Babashoff G, Noel MR, Worley DR (1977) Reef
distribution in South Florida. Proc 3rd Int Coral Reef Symp 2:
223-229

Mayor AG (1914) The effects of temperature on tropical marine
animals. In: Mayor AG (ed) Papers from the Tortugas Labora-
tory of the Carnegies Institute of Washington, vol VI., Carnegie
Inst WashWashington, D.C., pp 1-24

@ Springer


http://www.agrra.org
http://www.agrra.org
http://dx.doi.org/10.1371/journal.pone.0023047

Coral Reefs

Mayor AG (1915) The lower temperature at which reef-corals lose
their ability to capture food. Carnegie Inst Wash Year B, p 212

Miller SL, Chiappone M, Rutten LM (2009) Large-scale assessment
of the abundance, distribution, and condition of benthic coral
reef organisms in the Florida keys National Marine Sanctuary —
2009 Quick look report and data summary. CMS/UNCW, Key
Largo, FL, p 329

National Weather Service (2010) Historic cold wave in Key West.
National Weather Service, Southeast Regional Headquarters.
http://www.srh.noaa.gov/media/key/Climate/201001-ColdWave.
pdf

Norstrom AV, Nystrom M, Lokrantz J, Folke C (2009) Alternative
states on coral reefs: beyond coral-macroalgal phase shifts. Mar
Ecol Prog Ser 376:295-306

Obura D, Mangubhai S (2011) Coral mortality associated with
thermal fluctuations in the Phoenix Islands, 2002-2005. Coral
Reefs. doi:10.1007/s00338-011-0741-7

Patterson KL, Porter JW, Ritchie KB, Polson SW, Mueller E, Peters
EC, Santavy DL, Smith GW (2002) The etiology of white pox, a
lethal disease of the Caribbean elkhorn coral, Acropora palmata.
Proc Natl Acad Sci USA 99:8725-8730

Porter J (1976) Autotrophy, heterotrophy, and resource partitioning in
Caribbean reef-building corals. Am Nat 110:731-742

Porter JW, Battey JF, Smith GJ (1982) Perturbation and change in
coral reef communities. Proc Natl Acad Sci USA 79:1678-1681

Porter JW, Kosmynin V, Patterson KL, Porter KG, Jaap WC,
Wheaton JL, Hackett K, Lybolt M, Tsokos CP, Yanev G,
Marcinek DM, Dotten J, Eaken D, Patterson M, Meier OW, Brill
M, Dustan P (2002) Detection of coral reef change by the Florida
Keys coral reef monitoring project. In: Porter JW, Porter KG
(eds) The Everglades, Florida Bay, and coral reefs of the Florida
Keys: an ecosystem sourcebook. CRC Press, Boca Raton, FL,
pp 749-769

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

Roberts HH, Rouse LJ, Walker ND, Hudson JH (1982) Cold-water
stress in Florida Bay and Northern Bahamas: A product of winter
cold-air outbreaks. J Sediment Res 52:145-155

Rogers C (1979) The effect of shading on coral reef structure and
function. J Exp Mar Biol Ecol 41:269-288

@ Springer

Rogers CS (1990) Responses of coral reefs and reef organisms to
sedimentation. Mar Ecol Prog Ser 62:185-202

Rogers CS, Miller J (2006) Permanent ‘phase shifts’ or reversible
declines in coral reef cover? Lack of recovery of two reefs in
St. John, US Virgin Islands. Mar Ecol Prog Ser 306:103-114

Ruzicka R, Gleason D (2008) Latitudinal variation in spongivorous
fishes and the effectiveness of sponge chemical defenses.
Oecologia 154:785-794

Ruzicka R, Semon K, Colella MA, Brinkhuis V, Morrison J,
Macaulay K, Kidney J, Porter JW, Meyers M, Christman M,
Colee J (2010) 2009 Coral reef evaluation and monitoring
project final report. Fish & Wildlife Research Institute/Florida
Fish & Wildlife Conservation Commission, Saint Petersburg,
FL, p 110

Schmahl GP (1991) Community structure and ecology of sponges
associated with four southern Florida coral reefs. In: Rutzler K
(ed) New perspectives in sponges biology. Smithsonian Institu-
tion, Washington, DC, pp 376-383

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

Soto IM, Muller-Karger FE, Hallock P, Hu C (2011) Sea surface
temperature variability in the Florida Keys and its relationship to
coral cover. J Mar Biol: doi:10.1155/2011/981723

Vaughan TW (1919) Corals and the formation of coral reefs. Annual
Reports Smithsonian Institution 17:189-238

Voss GL (1973) Sickness and death in Florida’s coral reefs. Nat Hist
72:41-47

Wagner DE, Kramer P, Woesik RV (2010) Species composition,
habitat, and water quality influence coral bleaching in southern
Florida. Mar Ecol Prog Ser 408:65-78

Walker ND, Roberts HH, Rouse LJ, Huh OK (1982) Thermal history
of reef-associated environments during a record cold-air out-
break event. Coral Reefs 1:83-87

Weil E, Hernandez-Delgado EA, Bruckner AW, Ortiz AL, Nemeth
M, Ruiz H (2002) Distribution and status of Acroporid coral
(Scleractinia) populations in Puerto Rico. In: Bruckner AW (ed)
NOAA Tech Memo NMFS-OPR-24, Silver Spring, MD,
pp 71-98


http://www.srh.noaa.gov/media/key/Climate/201001-ColdWave.pdf
http://www.srh.noaa.gov/media/key/Climate/201001-ColdWave.pdf
http://dx.doi.org/10.1007/s00338-011-0741-7
http://dx.doi.org/10.1155/2011/981723

	Cold-water event of January 2010 results in catastrophic benthic mortality on patch reefs in the Florida Keys
	Abstract
	Introduction
	Materials and methods
	Site descriptions
	Temperature data
	Video surveys
	Demographic surveys

	Results
	Discussion
	Acknowledgments
	References


