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9. Ecological Shifts along the Florida Reef Tract:
The Past as a Key to the Future

William F. Precht and Steven L. Miller

As it is not in human record, but in natural history, that we are to look for the
means of ascertaining what has already been . . . in order to be informed of
operations which have been transacted in times past . . . or to events which are
in time to happen.

—James Hutton (1785)

9.1 Introduction

Does the Quaternary fossil record of Caribbean coral reefs provide an adequate
baseline from which a variety of pressing issues and challenges facing modern
reefs can be addressed? For more than a decade it has been recognized that the
sedimentary and fossil record of Quaternary coral reefs has the potential to help
decipher the role of history in the study of living reefs (Jackson 1991, 1992;
Jackson, Budd, and Pandolfi 1996). Pandolfi and Jackson (Chapter 8) demon-
strate that the predictable patterns of community membership and dominance of
acroporid species in the Caribbean throughout the Pleistocene epoch allow for a
baseline of pristine coral community composition before human exploitation.
Thus, the Pleistocene fossil record of Caribbean reefs provides a clear frame of
reference as to what to manage and conserve, and why. Or does it?

9.2 The Problem

The ecology of Caribbean and western Atlantic coral reefs has changed dramati-
cally in recent decades and it is now believed that these reefs are in crisis (Rogers
1985; Wilkinson 1993; Ginsburg 1994; Brown 1997; Connell 1997; Eakin et al.
1997; Aronson and Precht 2001a; Gardner et al. 2003). This is especially true
along the Florida reef tract (Shinn 1989; Ward 1990; Lidz 1997). But what defines
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the baseline from which we draw conclusions about change? Beginning in the
1950s with the work of the late Thomas F. Goreau and colleagues, it was recog-
nized that typical Caribbean and western Atlantic reefs displayed a generalized
zonation pattern with three common species of scleractinian corals as the primary
builders of reef framework (Goreau 1959; Glynn 1973; Goreau and Goreau 1973;
Kinzie 1973; Ginsburg and James 1974; Bak 1983; Jaap 1984; Hubbard 1988;
Graus and Macintyre 1989; Aronson and Precht 2001b). These foundation species
include Acropora palmata, A. cervicornis, and the Montastraea annularis species
complex. The thickly branching elkhorn coral, A. palmata, was dominant at the
reef crest and in the shallowest depths of the fore reef (0-5 m depth; Fig. 9.1A).
The more thinly branching staghorn coral, A. cervicornis, was dominant at inter-
mediate depths (~5-25 m) on exposed reefs, and it ranged into shallower habitats
on more protected reefs (Adey and Burke 1977; Geister 1977; Hubbard 1988;
Fig. 9.1B). The massive corals of the M. annularis species complex (Knowlton
et al. 1992, 1997) were (and remain) common in a variety of reef habitats from
<5 to >30 m. These Montastraea sibling species commonly exhibit intraspecific
changes in morphology along depth gradients revealing broad zonational overlap
(Fig. 9.1C). In addition, the branching coral A. prolifera was sometimes found
at the interface between the A. palmata and A. cervicornis zones (Fig. 9.1D). The
growth and form of this coral is intermediate between the other two Caribbean
acroporids and it is most probably a hybrid (Vollmer and Palumbi 2002).
Similarly, Acropora-dominated zonation has been found in Pleistocene and
Holocene fossil and subfossil reef deposits throughout the region. These patterns
attest to the importance of Acropora spp. in time and space for the Caribbean
(Mesolella 1967; Macintyre and Glynn 1976; James, Stern, and Harrison 1977;
Geister 1983; Macintyre 1988; Precht and Hoyt 1991; Jackson 1992; Stemann
and Johnson 1992; Hubbard, Gladfelter, and Bythell 1994; Greenstein, Harris,
and Curran 1998; Aronson and Precht 2001b). However, starting in the late
1970s, and by the early 1980s, the coral zonation pattern dominated by the
Acropora spp. had essentially disappeared on many, if not most, Caribbean reefs
(Jackson 1991, 1992; Aronson and Precht 2001b,c). Disturbances of various
types have been invoked to explain the changing face of Caribbean reefs over the
last 25 years with coral mortality, especially mortality of the Acropora spp., being
a major driving force in the transition (references in Aronson and Precht 2001b).
At the same time, herbivorous fishes have been reduced on some Caribbean reefs
by human exploitation, and the herbivorous echinoid Diadema antillarum expe-
rienced >95% mortality from disease throughout the region in 1983 to 1984 (Hay
1984; Lessios 1988). Coral mortality has in general been followed by the prolif-
eration of fleshy and filamentous (noncoralline) macroalgae, because the reduced
populations of these herbivores have not been able to keep pace with algal growth
in the vast areas of space opened by the death of corals (Steneck 1994; Aronson
and Precht 2000, 2001b; McCook, Wolanski, and Spagnol 2001; Williams and
Polunin, 2001; Williams, Polunin, and Hendrick 2001). A question of great sig-
nificance to scientists, managers, and policymakers is whether the recent changes
are something new or part of a long-term pattern of repeated community shifts.
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Figure 9.1. (A) Underwater photograph of typical in situ A. palmata forming reef flat prior
to the mortality events of the past two decades. Upper horizontal surface of live coral is con-
trolled by growth up to level of spring low tide. (B) Monospecific thicket of the branching
coral A. cervicornis at intermediate depths on the fore reef.
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Figure 9.1. (continued) (C) Three common sibling species of the Montastraea annularis
complex showing species/habitat overlap including M. franksi (lower left), M. faveolata (upper

left), and M. annularis (right). (D) Photograph of A. prolifera at the zonational interface
between A. palmata and A. cervicornis.
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There are a number of factors responsible for Acropora mortality, with white-
band disease, temperature stress, predation, and hurricanes being some of the most
significant at reducing populations both locally and regionally. Corals of the
M. annularis species complex have also declined on some reefs throughout
the region. Their mortality, however, was caused by factors different from those for
the Acropora species (see Aronson and Precht 2001b). In Florida, it is well docu-
mented that Acropora-dominated communities are dynamic at the scale of individ-
ual reefs and they have been extremely volatile over the past century (Mayer 1902;
Shinn 1976; Enos 1977; Davis 1982; Shinn et al. 1989; Jaap and Sargent 1994; Jaap
1998). At the scale of the entire reef tract, deteriorating conditions throughout the
late Holocene led to contraction of acroporid reefs and the reef system as a whole.
The current regional decline of acroporids, however, appears to be unprecedented
in at least the last few thousand years (Aronson and Precht 1997; Aronson et al.
2002a) and possibly longer (Greenstein, Pandolfi, and Curran 1998; Pandolfi and
Jackson 2001; but see Rogers et al. 2002; Shinn et al. 2003).

Assessing the novelty of the recent demise of acroporid corals requires a multi-
disciplinary approach that addresses multiple scales of space and time (Aronson
2001). Because coral reefs are both geologic and biologic entities, it should be
possible to observe the effects of various disturbances in ecological time, detect
historical changes in the paleoecological record, and deduce the multiscale processes
behind those patterns. By comparing and contrasting the structure, anatomy, and
biofacies patterns in reef-building episodes of the Pleistocene and Holocene with
the living, modern coral reef community, we focused on the question, “How do
past ecological responses of coral reef systems, recorded by the fossil record, aid
in predicting future response to global change?”

Jackson (1992), Hunter and Jones (1996), Pandolfi (1999, 2002), Pandolfi and
Jackson (1997, 2001), and Aronson and Precht (2001b) have shown that, almost
without exception, Caribbean Pleistocene fossil-reef sections exhibit species com-
position and zonation similar to modern reefs at the same location (at least prior
to the 1980s). Thus, Pleistocene reef-coral communities within the same envi-
ronment are more distinct between reefs of the same age from different places
than between reefs formed at different times at the same location. Jackson (1992),
citing examples from Barbados and other Caribbean locations, concluded that acro-
porids dominated more or less continuously during the high sea-level stands for
the past few hundred thousand years. This concordance of species composition
shows that the present clearly is a key to the past. Pandolfi (2001, 2002) suggested
that the Pleistocene data point to a high degree of order and predictability in
Caribbean coral communities over broad spatial and temporal scales. An impor-
tant result of these studies is that the recent regional demise of the acroporids in
the Caribbean and western Atlantic may be without geological precedent and that
present trends are not predicted from history, implicating humans as the vector for
this change (Stokstad 2001).

There is one major exception to this general pattern, and that is between reefs
of the last major interglacial and their Holocene to recent counterparts along the
Florida reef tract. In the Pleistocene Key Largo Limestone (Marine Isotope Stage
Se; ~125 ka), Acropora palmata is absent and there is a paucity of A. cervicornis.
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The Holocene architecture of reefs in the Florida Keys, however, is comprised
primarily acroporids (Shinn 1963, 1980, 1984, 1988, 1989; Kissling 1977a;
Lighty 1977; Shinn et al. 1981, 1989; Macintyre 1988; Lidz et al. 1997a; Precht
et al. 2000). We contend that this temporal difference provides an important clue
to understanding the present community configuration along the Florida reef
tract. This difference through time also provides essential information to help pre-
dict future changes to Florida’s reefs in response to environmental perturbations
and global change, both natural and anthropogenic.

9.3 Major Causes of Acropora Mortality: The Roles of
Temperature, Inimical Water, Disease, and Hurricanes

9.3.1 Temperature and Inimical Water

Vaughan (1914) recognized that coral reefs in the Florida Keys are at the north-
ern latitudinal limit of extensive reef growth along the Americas (that is, reefs that
form high-relief, three-dimensional, complex features constructed by scleractin-
ian corals and coralline algae). Although zooxanthellate corals occur at higher
latitudes on both coasts of Florida, only in the Florida Keys do corals construct
nearly emergent reef systems (Jaap and Hallock 1990; Fig. 9.2). Temperature has
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Figure 9.2. Index map of the Florida reef tract from the Dry Tortugas to Fowey Rocks.
The named reefs on the map are the discontinuous, nearly emergent reefs that lie seaward
of Pleistocene-age islands. Note the large tidal passes between Florida Bay and the open
Atlantic in the middle Keys and the paucity of reefs in this area. Modified from Murdoch
and Aronson (1999).
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long been considered the main control on reef distribution (Dana 1843; Vaughan
1918, 1919a) with the optimum temperature for coral growth around 26 to 27 °C
(Bosscher 1992). Cold-temperature tolerances are not well defined for corals but
early experiments documented 16 °C as stressful to most corals and exposure to
temperatures below 15 °C can result in their mortality (Mayer 1914, 1915). The
present-day global distribution of coral reefs generally coincides with the 18 °C
monthly minimum seawater isotherm (Kleypas, McManus, and Menez 1999;
Kleypas, Buddemeier, and Gattuso 2001). South Florida lies between the 18 and
20 °C isotherm, and shallow coastal waters are especially susceptible to cooling
by the passage of cold fronts (Jones 1977; Burns 1985; Walker, Rouse, and Huh
1987). On average, 30 to 40 cold fronts are recorded in south Florida every winter
season (Warzeski 1977). Using patterns of generic scleractinian coral diversity,
Porter and Tougas (2001) documented rapid faunal diminution northward along the
east coast of Florida due primarily to cold-temperature limitations. Historically,
Fowey Rocks was the northern extent of true modern reef growth and coral assem-
blages dominated by the acroporids (Vaughan 1914; Fig. 9.2). Well-developed
assemblages of reef-building head corals and octocorals have been described for
Broward and Palm Beach Counties (Raymond 1972; Goldberg 1973), and indi-
vidual colonies of reef-building species have been found as far north as North
Carolina (Macintyre and Pilkey 1969). Recently, seven areally limited areas com-
prising thickets of A. cervicornis were discovered in the waters off Broward
County, ~50 km north of Fowey Rocks (Vargas—Angel, Thomas, and Hoke 2003;
Precht unpublished data). Although there has been much discussion as to the
importance of these isolated coppices (Precht and Aronson 2004), being at
the northern edge of acroporid survival and growth make them extremely vulner-
able to natural as well as human disturbances.

Ginsburg and Shinn (1964) noted that the major reefs of south Florida occur
seaward of islands of Pleistocene limestone. They speculated that the scarcity of
thriving reefs opposite the large tidal passes of the Florida Keys is due to reduced
water quality moving through the passes (see also Ginsburg and Shinn 1994).
These waters are inimical to coral growth and hence to reef development. Newell
et al. (1959) proposed a similar model for the depauperate nature of reefs adjacent
to the Bahama Banks. Reefs in these areas are said to have been “shot in the back
by their own lagoons” (Neumann and Macintyre 1985; Macintyre, Chapter 7).

Follow-up studies and natural abiotic disturbances have supported the inimical
waters hypothesis (Marszalek et al. 1977; Shinn et al. 1989; Ginsburg and Shinn
1994; Shinn, Lidz, and Harris 1994; Smith 1994; Ginsburg, Gischler, and Kiene
2001; Cook et al. 2002; Lee et al. 2002; Smith and Pitts 2002). Specifically,
Roberts et al. (1982) and Roberts, Wilson, and Lugo-Fernandez (1992) used
satellite infrared spectral data and in situ water temperature measurements to
identify plumes of cold (<16 °C), sediment-laden water flowing through the tidal
passes for eight consecutive days in the winter of 1977, associated with the pas-
sage of three successive and unusually severe cold fronts (Fig. 9.3). The lowest
measured water temperature in the middle Florida Keys during this period was
9 °C (Hudson 1981a). These prolonged cold temperatures proved lethal to hundreds
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Figure 9.3. Satellite infrared image showing plumes of cold and turbid water flowing onto
the reef tract in the lower Keys following the passage of numerous successive cold fronts
in January 1977. Temperatures of inshore waters were ~10 °C cooler than waters in the
Gulf Stream. Vast areas of acroporid-dominated reefs were killed during this event. Image
courtesy of Harry Roberts.

of square kilometers of A. palmata and A. cervicornis (Davis 1982; Porter, Battey,
and Smith 1982; Walker et al. 1982; Roberts, Rouse, and Walker 1983; Shinn
1989). In retrospect, this was not surprising, as coral translocation experiments
moving A. cervicornis to inshore positions showed that the coral was killed out-
right when the water temperature fell to 13.3 °C (Shinn 1966, 1989). It has also
been shown that A. palmata is equally sensitive to cold temperatures (Antonius
1977; Macintyre 1988; Shinn et al. 1989; Jaap and Sargent 1994).

In the Dry Tortugas, cold fronts have dramatically reduced acroporid popula-
tions at least twice in the last century (Jaap and Hallock 1990; Jaap and Sargent
1994). During the cold-water event of 1977 described above, the Dry Tortugas
lost 96% of corals surveyed (Porter, Battey, and Smith 1982). Shinn (1984)
specifically attributed the late Holocene reduction of living coral in the middle
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and lower Keys, especially A. palmata and A. cervicornis, to frequent exposure to
cold water from the Gulf of Mexico during winter months. In the northern Keys,
Burns (1985) described conditions east of Biscayne Bay as generally suboptimal
for coral growth, due to cold-water flow from tidal passes out of the bay, with
shallower-water sites affected more than deeper reefs. Cold fronts cause the loss
of sensible and latent heat of the shallow bank and bay waters, resulting in advec-
tion and off-bank transport of superchilled water masses (Walker et al. 1982;
Roberts, Rouse, and Walker 1983). Murdoch and Aronson (1999) showed that
reefs adjacent to large tidal passes exhibited particularly low coral cover (e.g.,
Sombrero Key Reef), whereas reefs opposite large islands (e.g., American Shoal
and Alligator Reef) had higher coral cover. However, all reefs in their study showed
significantly diminished coral populations, especially the acroporids, when com-
pared to historical observations. Lighty, Macintyre, and Neumann (1980) inferred
that similar stress conditions introduced by the off-bank transport of turbid and
episodically cooled waters led to the demise of the Acropora-dominated Abaco
reef system in the Bahamas between 3000 and 4000 years ago. Following the
mortality of the acroporids, the shallow Abaco reef system converted to an alter-
native community state dominated by macroalgae that persists to this day (Lighty
1981; Conrad Neumann personal communication).

The response of coral reefs to maximum temperature is less clear, but elevated
water temperatures can be equally detrimental to corals (Mayer 1918). Bleaching,
the loss of algal symbionts is a response to a number of potential stresses (Williams
and Bunkley-Williams 1990). These stresses vary regionally and seasonally, and
they may act singly or synergistically to cause corals to bleach (Fitt et al. 2001).
The most obvious is temperature-induced stress. Corals are typically exposed
during local summertime to temperatures near the upper limits of their thermal
tolerances (Jokiel and Coles 1990; Glynn 1993; Hoegh-Guldberg 1999); there-
fore, coral reefs are often considered to be the ecosystems most threatened by
global warming (Glynn 1996; Hoegh-Guldberg 1999; Kleypas et al. 1999;
Walther et al. 2002). Field and laboratory studies have shown unequivocally that
sustained, anomalously high summer water temperatures are associated with
coral reef bleaching (Glynn and D’Croz 1990; Podestd and Glynn 1997, 2001)
and, if temperatures are elevated above the average maximum for a prolonged
period, many species die (Mayer 1918; Glynn 1983; Aronson et al. 2002b). Coral
bleaching in response to anomalously high summer-season temperatures has
become more frequent since the early 1980s (Glynn 1991, 1993; Hoegh-Guldberg
1999; Aronson et al. 2000; Lough 2000; Williams and Williams 2000; Kleypas,
Buddemeier, and Gattuso 2001; Wellington et al. 2001) with the earliest known
bleaching event in Florida having occurred in 1973 (Jaap 1979). Causey (2001)
documented at least seven bleaching episodes along the Florida reef tract since
then. The increased and widespread nature of these coral bleaching events over
the past two decades is convincingly correlated with increases in maximum sea
surface temperature (Kleypas, Buddemeier, and Gattuso 2001). Bleaching is not
always fatal, and some bleaching episodes on reefs in Florida have been followed
by recovery of most of the affected coral colonies (Jaap 1985; Porter et al. 1989;
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Williams and Bunkley-Williams 1990; Lang et al. 1992; Fitt et al. 1993). Because
the Acropora species live in relatively shallow water, it is thought that they may
be tolerant of, or acclimatized to, warm summertime temperatures. Shinn (1966)
recognized that the growth for A. cervicornis was greatest when temperatures
ranged between 28 and 30 °C. However, Shinn (1966) described bleaching in
A. cervicornis when transplanted in water temperatures above 31 °C. Bleaching-
related mortality of Acropora has been observed in Costa Rica (Cortés et al.
1984), Belize (Kramer and Kramer 2000), and the Florida Keys and the Bahamas
(Causey et al. 1998; Miller et al. 2002; Precht unpublished data from the sum-
mer/fall of 1998).

The inimical-waters explanation of Ginsburg and Shinn (1964) may also be
rooted in pulses of high-temperature water flowing through the tidal passes (Porter,
Lewis, and Porter 1999). Shallow, lagoonal waters equilibrate rapidly with the
atmosphere relative to the more deeply mixed oceanic waters that front the reef
(Neumann and Macintyre 1985). Therefore, it is likely that at peak summertime
temperatures waters in excess of 32 °C are commonly discharged from the Gulf
of Mexico, Florida Bay, and Biscayne Bay onto the reefs of the Florida Keys
(Ginsburg and Shinn 1994; Ogden et al. 1994). Global warming will probably
exacerbate the situation (Hoegh-Guldberg 1999; Walther et al. 2002).

9.3.2 White-Band Disease

Although the effects of temperature are important at the scale of reef systems, it
is becoming apparent that for more than two decades white-band disease (WBD)
epizootics have been the primary cause of Acropora mortality over wide areas of
the Caribbean and western Atlantic (Bythell and Sheppard 1993; Aronson and
Precht 2001b,c), including Florida (Shinn 1989; Precht and Aronson 1997), with
losses in excess of 95% regionally (Precht et al. 2002). Robinson (1973), report-
ing on the reef condition of Buck Island National Monument in the U.S. Virgin
Islands, was the first to discuss mortality related to WBD. Subsequently, Gladfelter
(1982) recognized the devastating effects of WBD on coral reef community struc-
ture. Wells and Hanna (1992) noted anecdotally that acroporids from the Florida
reef tract had up to 96% of reef cover in places in 1981. By 1986 these corals had
succumbed to disease and were reduced to only 3% of the total reef cover. Jaap,
Halas, and Muller (1988) measured a 96% decline in A. cervicornis at Molasses
Reef in the Florida Keys National Marine Sanctuary (FKNMS) during this same
period. Gleason (1984) reported that by 1982 the acroporids had been extermi-
nated on a large portion of the Florida reef tract, supporting a case for their com-
plete protection (Antonius 1994a,b). Quantitative evidence reveals that the
coverage of remnant A. palmata declined by 93% and A. cervicornis by 98%
between 1983 and 2000 at Looe Key (Miller et al. 2002). Photographic evidence
from Shinn shows that mass mortality of A. cervicornis at Grecian Rocks in
the upper FKNMS occurred during 1978 to 1979 with complete loss by 1983
(in Miller 2002). Before-and-after photographs in Ward (1990) also emphasize
the dramatic and devastating effects of coral death related to WBD in the
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Florida Keys. These various reports suggest that the 1960s and early 1970s may
represent a baseline for the status of “healthy” acroporid populations in Florida
and the Caribbean (Kramer 2002).

Even after 20 years, the etiology of the WBD epizootic remains unknown, and
recent reports reveal that there may be multiple varieties of the disease (or white
syndromes) with differing characteristics and pathologies (Antonius 1981; Gladfelter
1982; Peters, Yevich, and Oprandy 1983; Peters and McCarty 1996; Peters 1997;
Santavy and Peters 1997; Richardson 1998; Ritchie and Smith 1998; Richardson
and Aronson 2002). WBD can generally be recognized as areas of bare skeleton,
sometimes bordered by narrow bands of disintegrating, necrotic coral tissue, on
otherwise healthy-looking, golden-brown Acropora branches. The disease
spreads rapidly along the branches, usually from base to tip. The branches ini-
tially turn white and are quickly covered with a microalgal turf. The rapidly killed
colonies are often left standing in growth position; in time they are broken and
reduced to coral rubble by both physical and biological processes. Dead stands of
Acropora are especially susceptible to breakage and transport during major storms
(Hubbard et al. 1991). The resulting low-relief fields of Acropora rubble are then
overgrown by replacement species, usually macroalgae (McClanahan et al. 1999).
There is no association of WBD outbreaks with proximity to human influences;
reefs both near and far from human population centers have been affected
(Aronson and Precht 2001c¢). Of course, it could be argued that the Caribbean is
so small that the entire region lies in close proximity to sources of anthropogenic
stress (Hallock, Muller-Karger, and Halas 1993; Connell 1997; Roberts 1997;
Miller and Crosby 1999; Jackson 2001; Andréfouét et al. 2002). Based on the
results of coring Holocene reefs in Belize, Aronson and Precht (1997; see also
Aronson et al. 2002a; Aronson and Ellner, Chapter 3) have shown that the
regional mass mortality of the acroporids due to WBD was a novel event in at
least the last 3 ky.

9.3.3 Hurricanes

As previously mentioned, local populations of Acropora palmata and A. cervi-
cornis can be highly variable on a time scale of decades to centuries (Shinn et al.
1989; Jaap 1998). Both species experienced significant mortality from hurricanes
and other severe storms in the past as they have recently (Glynn, Almodévar, and
Gonzalez 1964; Ball, Shinn, and Stockman 1967; Hubbard 1988; Blanchon,
Jones, and Kalbfleisch 1997). In fact, these studies and others have led to the
opinion that hurricanes are a primary cause of present and past coral mortality,
diversity, and distribution on Caribbean reefs (Connell 1978; Porter et al. 1981;
Rogers 1993a; Aronson and Precht 1995; Blanchon 1997; and many others).
Some areas, such as Costa Rica and Panama, receive virtually no hurricanes while
others, including the Florida reef tract, suffer from regular hurricane damage
(Ball, Shinn, and Stockman 1967; Perkins and Enos 1968; Neumann et al. 1993;
Treml, Colgan, and Keevican 1997). Although hurricanes have been important at
some localities (e.g., Stoddart 1963; Woodley et al. 1981; Graus, Macintyre, and
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Herchenroder 1984; Hubbard et al. 1991; Lugo, Rogers, and Nixon 2000;
Gardner et al. 2005), they do not explain recent patterns of coral mortality in
much of the Caribbean region, including Florida.

Historical records of hurricanes in south Florida reliably date to 1871, with sev-
eral trends of increased and decreased frequency apparent (Gentry 1984; Neumann
et al. 1993). A large number of hurricanes struck the Florida Keys between 1910
and 1948, decreasing significantly over the next 50 years. In 1960 and 1965,
Hurricanes Donna and Betsy struck the upper Keys but caused substantial dam-
age to only a few reefs (Ball, Shinn, and Stockman 1967; Perkins and Enos 1968).
Recovery was rapid after Hurricanes Donna and Betsy, with little evidence of
storm effects present after one year and total recovery within five and three years,
respectively (Shinn 1976). Two storms, Hurricane Andrew in 1992 and the March
Storm of the century in 1993, caused different patterns of damage within the same
reef system, suggesting that disturbance history is an important factor determin-
ing reef condition and resilience (Precht et al. 1993; Lirman and Fong 1997).
Also, after Hurricane Andrew, 19 hard-bottom sites north of Miami revealed no
pattern of damage relative to location, orientation, or depth (Blair, McIntosh, and
Mostkoff 1994). In 1998, Hurricane Georges affected reefs of the lower and
middle Keys. On the reef at Looe Key, the resulting damage included the near-
elimination of remnant stands of Acropora spp. (Porter and Tougas 2001; Miller,
Bourque, and Bohnsack 2002; WFP and SLM personal observations). Miller
et al. (2002) commented that even in the upper Keys there was some mortality to
remnant stands of A. palmata from this storm. Results from 12 reefs sampled before
and six weeks after Hurricane Georges revealed that changes in the percent cover
of hard corals varied among sites (Miller and Swanson 1999).

The effects of hurricanes in the Florida Keys over the last 50 years can be con-
sidered minimally important at the regional scale, but probably important at the
scale of individual reefs (see Bythell, Hillis-Starr, and Rogers 2000). Significantly,
the recent period of Acropora decline in Florida (the late 1970s to early 1980s)
was coincident with an extended period of no major hurricanes. In addition, under
all but the most extreme conditions, hurricanes can be favorable to the propaga-
tion and expansion of acroporid-dominated communities by asexual reproduction
of storm-induced fragments (Shinn 1966, 1976; Gilmore and Hall 1976; Highsmith,
Riggs, and D’ Antonio 1980; Tunnicliffe 1981; Highsmith 1982; Fong and Lirman
1995; Lirman and Fong 1997; Lirman 2000; Precht et al. 2005a). It appears that,
on a regional basis at least, corals suffer greater damage from chronic distur-
bances and stresses such as disease outbreaks (Shinn 1989; Bythell, Gladfelter,
and Bythell 1993; Rogers 1993b; Bythell, Hillis-Starr, and Rogers 2000; Aronson
and Precht 2001b,c; Precht et al. 2002).

9.3.4 Other Causes of Acropora Mortality

In Florida, Enos (1977) noted that on reefs close to Key West, spatial variability
in reef vitality was random between reefs under similar physiographic and hydro-
dynamic settings. Specifically, he detailed a flourishing, healthy A. palmata reef
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assemblage at Sand Key reef, while at Rock Key about 2 km away the reef
comprised totally dead in situ stands of A. palmata. What was responsible for the
complete extirpation of A. palmata at Rock Key? In hindsight a disease epizootic
or pest outbreak seems a likely cause. Enos (1977), commenting on these enig-
matic observations made in the 1960s and early 1970s, stated, “The many dead
reefs along the Florida shelf edges may attest to similar mass mortality rather than
to creation of conditions continually unfavorable for reef growth.” Unfortunately,
we have neither premortality baselines for these reefs, nor before-during-and-after
monitoring, limiting our ability to assign causality. At local scales, additional
causes of acroporid mortality include cultural eutrophication (Weiss and Goddard
1977; Tomascik and Sander 1987; Bell and Tomascik 1994), predation by coralli-
vores (Bak and van Eys 1975; Antonius 1977; Kaufman 1977; Tunnicliffe 1983;
Knowlton, Lang, and Keller 1988, 1990; R. Bruckner, Bruckner, and Williams
1997; Miller 2001; Baums, Miller, and Szmant 2003), and sedimentation (Rogers
1983, 1990; Cortés 1994; Peters and McCarty 1996).

Jackson et al. (2001) and Jackson (2001) indicated that overgrowth by macroal-
gae following the mass mortality of Diadema antillarum was the main process
responsible for the sudden and catastrophic mortality of the Caribbean corals dur-
ing the 1980s. Based upon the timeline of disturbances in the Caribbean, how-
ever, this sequence of events is not possible. The rapid decline of Acropora in the
late 1970s and early 1980s predated the mass die-off of the herbivorous urchin
D. antillarum in 1983 to 1984, which in turn triggered dramatic increases in the
abundance of the macroalgae on which they graze. While some mortality of head
corals can be attributed to overgrowth by macroalgae, it is our contention that
coral mortality itself was the crucial precursor to macroalgal dominance (dis-
cussed in Aronson and Precht 2001b; see also Lirman 2001). This is especially so
for rapidly growing species like the Acropora, which can outcompete algae for
space and light (Jackson 1991).

Understanding the causes of recent coral mortality as well as the resulting pat-
terns of community variability along the Florida reef tract allows us to develop a
better understanding of the processes and products preserved in their Quaternary
fossil counterparts. Using analogy-based models, we will shuttle back and forth
between the ancient and the modern to develop a picture of the changing face of
Floridian reefs through time and space. Our comparative examples will, in turn,
aid in predicting the future of Florida’s reefs in an era of rapid ecological change
and the impact of man.

9.4 The Quaternary History of Reef Building in the Florida Keys

9.4.1 The Pleistocene Reef System

The Key Largo Limestone was originally named by Sanford (1909). It crops out
in an arcuate pattern, forming the present-day islands of the upper and middle
Florida Keys. The exposure extends in a discontinuous fashion from Soldier Key
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in the northeast for approximately 170 km to the southwest, terminating at the
Newfound Harbor Keys. The entire Pleistocene section is of variable composition
and consists of at least five punctuated stratigraphic units (parasequences) sepa-
rated by unconformity surfaces (Perkins 1977; Multer et al. 2002a). These units
record the major Pleistocene high-stands of sea level on the south Florida
Peninsula. Reef development in the earliest Pleistocene (Q1-Q2 units of Perkins)
was restricted to the tops of a few bathymetric highs (Multer et al. 2002a). Reefs
developed in earnest during MIS 9 (Q3 unit of Perkins) forming a bank-barrier
reef system dominated by fused massive corals (Multer et al. 2002a). These Q3
bank-barrier reefs formed at the shelf break on a broad platform and provided the
templates for late Pleistocene reef growth (Q4—Q5 units of Perkins). (Age deter-
minations for the Q1-Q4 units and assignments of Marine Isotope Stages are
based on amino acid diagenesis of fossil Mercenaria bivalves (Mitterer 1974).)

The unit that is the focus of this chapter is confined to the uppermost exposed
portions of the Key Largo Limestone and was originally described by Agassiz
(1896). These exposed sections are equivalent to the Q5 unit of Perkins (1977).
The reefs were formed during the last major interglacial high sea-level stand (MIS
5e) and are equivalent to and transitional with the oolitic facies of the Miami
Limestone (Coniglio and Harrison 1983; Kindinger 1986; Evans 1987; Shinn
et al. 1989). Age determinations for this unit give an estimate of between 120 and
135 ka (Broecker and Thurber 1964; Osmund, Carpenter, and Windom 1964;
Mubhs et al. 1992; Fruijtier, Elliott, and Schlager 2000). Evidence for at least two
separate sea-level peaks during MIS 5e have been documented throughout the
Caribbean including south Florida (Muhs et al. 1992; Precht 1993; Neumann and
Hearty 1996; White, Curran, and Wilson 1998; Fruijtier, Elliott, and Schlager
2000). The local maximum sea level during MIS S5e has been calculated at ~7 m
above present (Randazzo and Halley 1997; Lidz 2000a,b) and is in close correla-
tion with the elevation of 7.5 £ 1.5 m proposed by Cronin et al. (1981) for the
U.S. Atlantic Coastal Plain. This also corresponds with an elevation of 6 = 1 m
measured along the north coast of Jamaica (Precht 1993). The maximum eleva-
tion of the Key Largo Limestone is presently found on Windley Key; the top sur-
face of this formation is slightly less than 6 m above sea level (Halley, Vacher,
and Shinn 1997). Where the elevated portions of the Key Largo Limestone are
penetrated by mechanical methods (quarrying, canal cuts, marina excavations,
mosquito ditches, building foundations, and core borings) they reveal the pres-
ence of a coral-rich, reefal limestone (Pasley 1972; Hodges 1977; Harrison,
Cooper, and Coniglio 1984; Multer et al. 2002a).

All the coral species present in these limestones are found living today in the
waters of the Florida reef tract (Stanley 1966). However, not all of the corals
living today are present in the Key Largo Limestone (Hoffmeister et al. 1964).
Specifically, there is an absence of A. palmata, a paucity of A. cervicornis, and
dominance by an assemblage of M. annularis, Diploria strigosa, and Porites
astreoides. Stanley (1966) commented that there is a fortuitous juxtaposition of
these Pleistocene deposits with the recent, offering a special opportunity for
application of the principle of uniformitarianism. Nevertheless, inferences drawn
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from comparison of modern and ancient reefs can give rise to misleading or
incorrect interpretations, confounding our understanding of reef systems and
hindering our ability to decipher the real story locked in the rocks (Wood 1999).
Specifically, the time-averaged and incomplete nature of both the fossil and strati-
graphic records may limit direct translation between the modern and ancient (Roy
et al. 1996; Greenstein, Curran, and Pandolfi 1998; Pandolfi 2002; Shinn et al.
2003). Also, not all corals stand the same chance of preservation in the fossil
record further confounding interpretations (Hubbard, Gladfelter, and Bythell 1994;
Pandolfi 2002). Finally, having an understanding of paleogeographic setting is
an important component to the application of uniformitarianism-based analogies.
Interestingly, several different and contrasting explanations exist that describe the
environment of formation of the exposed, coral-rich unit of the Pleistocene Key
Largo Limestone. The most important aspect of the various explanations is recon-
ciliation of the absence of A. palmata in the Pleistocene with an abundance of
A. palmata in the Recent (the last 10 ka).

Six hypotheses have been developed for the QS5 unit (MIS 5Se) of the Key Largo
Limestone.

Hypothesis 1: The reefs grew in deeper water (water depths 6—12 m) dominated by
Montastraea annularis and formed a broad and homogeneous coral plantation on
the east Florida shelf but at some distance inside the shelf margin (Stanley 1966).
Hypothesis 2: The deposit represents an arcuate series of coalesced low-energy
patch reefs, dominated by M. annularis and located shoreward of an active acro-
porid-dominated barrier reef on a broad carbonate shelf (Hoffmeister and Multer
1968; Hoffmeister 1974; Friedman 1977; Hodges 1977; Jones 1977; Multer
1977; Greenstein and Pandolfi 1997; Greenstein, Pandolfi, and Curran 1998).
Hypothesis 3: Linear concentrations of lagoonal back-reef corals grew along the
edge of an elongate, submerged, antecedent high (Dodd, Hattin, and Liebe 1973).
Hypothesis 4: The shelf-margin sand-shoal complex known as White Bank, and
associated inner-shelf patch reefs, are the modern-day analogy for the exposed
Key Largo Limestone (Perkins 1977). Similar shelf-margin sand shoals and patch
reefs migrated landward during Pleistocene (QS5) sea-level rise and did not require
a seaward reef barrier for their inception. At sea-level maximum, the leading shal-
lowest edge of the transgressive unit was preserved as an arcuate patch-reef and
skeletal-sand complex.

Hypothesis 5: Numerous shallow-water patch reefs developed over an antecedent
bathymetric high (the Northern Keys High), with associated skeletal grainstones,
packstones, and wackestones. From this topographic high, the limestone dips steeply
seaward, suggesting a sloping, ramp-type, carbonate shelf (Multer et al. 2002a,b).
Hypothesis 6: A concentric rim of shallow-water reefs dominated by M. annularis
formed a bank-barrier complex. The bank-barrier complex separated a vast, shallow,
carbonate platform dominated by bryozoan-rich skeletal packstones with localized
lagoonal patch-reefs to the west (Gulf of Mexico), from a broad, coral-studded shelf
to the east (Shinn et al. 1977, 1989; Shinn 1984, 1988; Harrison and Coniglio 1985;
Textoris, Fuhr, and Merriam 1989; Halley, Vacher, and Shinn 1997).
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Testing these hypotheses requires a careful evaluation of the chronostratigra-
phy and biofacies in relation to the known sea-level history during Key Largo
time (MIS 5e):

Hypothesis 1: Stanley (1966) described the exposed MIS 5e Key Largo reef
limestones as having a deep-water (6- to 12-m) origin. He based this interpreta-
tion on the absence of shallow-water A. palmata and an abundance of head corals,
including large M. annularis colonies. Stanley (1966) emphasized that “the lack
of zonation . . . and the apparent homogeneity of the entire Key Largo reef mass
indicate that no significant energy gradient existed during reef growth.” An excel-
lent deeper-water modern counterpart exists in the Diploria—Montastraea—Porites
zone on the reefs of the Flower Garden Banks in the Gulf of Mexico (Bright et al.
1984; Gittings et al. 1992). Recently, Lidz, Reich, and Shinn (2003) discussed the
possibility that the “corals of the Key Largo Limestone prefer low-energy condi-
tions and generally grow in water deeper than 5 m.”

These deeper-water interpretations can be falsified based on the position of the
exposed Key Largo Limestone relative to the known sea-level maximum. The
maximum paleo-water depths for the corals can be calculated by taking the dif-
ference between the maximum sea-level elevation (+7 m) and the elevation of the
coral biofacies in question (+1-6 m). For Stanley’s deeper-water (6—12 m depth)
hypothesis to be correct, either neotectonic uplift or a MIS Se high stand of at
least 18 m above present sea level would be required. Furthermore, numerous
corals exposed in outcrop are flat-topped or have developed “micro-atoll” mor-
phology as a response to growth up to the mean level of spring low tide (Fig. 9.4;
see Stoddart and Scoffin 1979). Based on this evidence, most corals in the Key
Largo Limestone must have formed in waters ~1 to 5 m deep. These reefal
deposits are also stratigraphically equivalent to and interfinger with the exposed
oolitic shoal facies of the Miami Limestone negating the deeper-water interpreta-
tion (Halley and Evans 1983; Kindinger 1986). The evidence for a relatively shal-
low-water origin is clear, but the interpretation of shelf setting and physical
environmental regimes is not.

Hypothesis 2: Hoffmeister and Multer (1968) postulated that the Key Largo
Limestone represents a series of low-energy patch reefs that formed in a back-reef
environment. They based this hypothesis on the high-energy conditions favorable
for the growth of A. palmata. They argued that A. palmata is not a common biotic
constituent on most modern-day patch reefs in the Florida Keys and that its absence
in the Key Largo Limestone, therefore, demands a low-energy interpretation. This
interpretation requires that a high-energy reef-crest community dominated by
acroporids lie somewhere seaward on the outer margin of the Key Largo platform.
They knew that to substantiate this interpretation they had to prove that this hypo-
thetical outer reef existed (see Hoffmeister 1974). In the 1960s Hoffmeister and
Multer drilled a series of deep cores throughout the Florida Keys to test and refine
their facies model. Using a core boring drilled through the rear zone behind the
crest of the present-day reef at Looe Key, they encountered what was believed to
be an A. palmata-bearing Pleistocene limestone at ~17 m below present sea level
(Multer and Hoffmeister 1977; also reported in Halley, Vacher, and Shinn 1997).
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(A)

Figure 9.4. (A) Montastraea annularis colony in the Dry Tortugas. Coral is flat-topped in
response to growth up to level of spring low tide. (B) Outcrop photograph of flat-topped
M. annularis colony in growth position in Windley Key Quarry (Pleistocene, Florida
Keys).
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Figure 9.4. (continued) (C) Micro-atoll of living Diploria strigosa colony. This growth
form is an excellent marker for spring low-tide levels. (D) Outcrop photograph of micro-
atoll structure in M. annularis as a response of coral growth up to sea level, Windley Key
Quarry. These paired photographs show the utility of the comparative approach in paleoe-
cologic investigations.



9. Ecological Shifts along the Florida Reef Tract 255

This was the first time that A. palmata had ever been reported in the Pleistocene
Key Largo Limestone, and at the time it suggested that an outer reef existed in
approximately the same geographic position as the modern reef tract
(Hoffmeister 1974; Multer and Hoffmeister 1977), some 7 km east of the exposed
Pleistocene deposits of the Keys.

Although the hypothesis initially appears reasonable, the stratigraphic relationship
between a shallow-water reef community with A. palmata at approximately —17 m
and a known time-equivalent sea level of +7 m requires either active tectonic tilting
of the platform and/or substantial erosion (~24 m) of the entire seaward platform
margin. Hoffmeister and Multer (1968) preferred the latter interpretation although
they indicated, “[T]here is a strong possibility that this was aided by a certain
amount of down-tilting or faulting or both.” However, the south Florida platform
has been tectonically stable during the late Quaternary (Davis, Hine, and Shinn
1992; Lidz, Reich, and Shinn 2003), and although possible, erosion of up to 24 m
of limestone in 120 ky is not likely. Actual erosion rates can be calculated by tak-
ing the difference between the maximum sea level at Key Largo time (+7 m) and
the current preserved elevations of the exposed Key Largo Limestone (+1-6 m)
throughout the Keys. Subtraction reveals no more than a few meters of loss in the
last 120 kyr. Interestingly, Halley and Evans (1983) calculated the amount of sur-
face dissolution to be around 2.64 m for the stratigraphically and mineralogically
equivalent Miami Limestone during the same interval of subaerial exposure. In
addition, the occurrence of A. palmata living at paleo-water depths in excess of
20 m cannot be reconciled with the known shallow-depth distribution and absolute
water-depth limits of this species (Lighty, Macintyre, and Stuckenrath 1982).

Most important for testing the hypothesis are recently obtained dates of the
Pleistocene A. palmata from the core samples. Dating revealed a Holocene age
of 2.3 ka (see Multer et al. 2002a), falsifying this early hypothesis. Additional
Pleistocene core samples obtained and dated by Multer et al. (2002a) lying directly
beneath the Holocene reef tract are not time-equivalent with the exposed lime-
stones of the Florida Keys. Instead, they are part of younger Pleistocene MIS 5S¢
and 5a outlier reefs of Lidz et al. (1991; Fig. 9.5), and these are discussed in more
detail later in this chapter.

Using the hypothesis of Hoffmeister and Multer (1968) and Hoffmeister
(1974), several subsequent researchers have reached similar conclusions about
environmental conditions during development of the Key Largo fossil assem-
blage. Greenstein and Pandolfi (1997; see also Greenstein, Pandolfi, and Curran
1998) compared life and death assemblages of coral taxa found on living patch
reefs and the offshore reef tract with fossil coral assemblages of the Key Largo
Limestone. They determined, based on the paucity of acroporids, that the living
composition of modern patch reefs was statistically more similar to that of the
Key Largo Limestone than to that of the modern offshore reef tract. This similar-
ity led them to conclude that the Key Largo Limestone must have been a series of
low-energy patch reefs, supporting the original interpretation of Hoffmeister and
Multer (1968). Sixty percent of their modern patch-reef death assemblage, how-
ever, was formed by the two major acroporid species, including A. palmata
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Figure 9.5. Generalized sea-level curve for the last 140 ky. Episodes of reef growth
occurred during times of sea-level maximum. Marine Isotope Stages of the major high-
stands are labeled. Data are from numerous sources, including Chappell (1983), Chappell
and Shackleton (1986), and Buddemeier and Kinzie (1998). SL, modern sea level.

(Greenstein and Pandolfi 1997). We agree with Greenstein and Pandolfi that
although branching corals are probably overrepresented in the death assemblage,
it is a reasonable proxy for the fossil assemblage that will result eventually (see
also Kissling 1977a). Pandolfi (2002) concluded that there is a high degree of
fidelity between the original coral life assemblages and both their adjacent death
assemblages and their fossil counterparts in the Caribbean (see also Kidwell 2001).
Greenstein and Pandolfi (1997) specifically highlighted the fact that life assem-
blages examined in the patch-reef environment were dominated by M. annularis
and P. astreoides, whereas the death assemblage was dominated by A. cervicornis.
It should be noted that their surveys were performed well after the excision of the
acroporids from these reefs as discussed earlier. Their result of abundant Acropora
spp. (including the presence of A. palmata) in the modern patch reef death assem-
blage should therefore not be surprising as Gilmore and Hall (1976) indicated pop-
ulations of A. cervicornis on patch reefs of the upper Keys, while Shinn et al. (1989)
noted that several large patch reefs contained significant populations of A. palmata
on their seaward sides before their demise of the past two decades.

If the death assemblages of modern patch reefs of Florida are the appropriate ana-
logues for the fossil record, as postulated by Greenstein and Pandolfi (1997; see also
Greenstein and Curran 1997), what happened to all the Acropora in the
Key Largo Limestone? An explanation to support this hypothesis would be the
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taphonomic diminution of the acroporids in the transition from the death assemblage
to the fossilized reef. However, based on widespread preservation of the acroporids
throughout the Caribbean in fossil reefs of the same age and in similar environments,
the patch reef model of Greenstein and Pandolfi (1997) is not tenable.

Hodges (1977) supported the low-energy origin for the Key Largo Limestone
based on the orientation of head corals in Pleistocene outcrop, where measurements
revealed that upright in-place colonies dominate. Recently, Meyer et al. (2003)
also concluded that because of high hurricane frequency in the Florida Keys, these
in-place colonies are a consequence of their protected setting behind the shelf-
margin reef tract. Geister (1980) explained that the almost exclusive occurrence
of M. annularis in the Key Largo Limestone indicates protected conditions or a
growth depth below normal wave base. It has been shown, however, that corals of
the M. annularis species complex are extremely robust and resistant to the effects
of storms, including hurricanes (Stoddart 1963; Woodley et al. 1981; Graus,
Macintyre, and Herchenroder 1984; Woodley 1992; Bythell, Hillis-Starr, and
Rogers 2000; Jackson and Johnson 2000), and that their distribution and zonation
are due to a combination of factors including, but not limited to, competitive
interactions with other corals—notably the Acropora species (Porter et al. 1981;
Rylaarsdam 1983; Tunnicliffe 1983; Huston 1985; Aronson and Precht 2001b).
In fact, large, centuries-old colonies of the M. annularis species complex appear
to be the most resistant corals to catastrophic hurricanes in the Caribbean
(Stoddart 1963; Woodley 1992; Aronson and Precht 2001b). Upright
Montastraea colonies, therefore, do not necessarily indicate conditions of low
wave energy.

Graus and Macintyre (1989) demonstrated that the M. annularis species com-
plex occurs at a minimum depth of 1 m in fore-reef environments in the absence
of Acropora. Adey and Burke (1977) also showed that on some reef flats of the
eastern Caribbean, colonies of M. annularis, P. astreoides, and Diploria spp. often
become as abundant as A. palmata. In Barbados, Montastraea spp. have replaced
A. palmata in the shallow fore reef (Lewis 1984). Hunter and Jones (1996) found
coral associations dominated by M. annularis, Diploria spp., and Siderastrea spp.
in both patch-reef and reef-tract facies of the Pleistocene Ironshore Formation of
Grand Cayman. They distinguished between habitats on the presence/absence of
rare corals such as Meandrina meandrites, with Meandrina generally being absent
from lagoonal patch reefs. Meandrina colonies are an integral part of the coral
fauna of the Key Largo Limestone leading again to the interpretation of a reef-
tract setting for the Key Largo fossil assemblage.

Also important in eliminating Hypothesis 2 is the occurrence of M. annularis in
reef-crest positions from locations along the Florida reef tract. Vaughan (1919b)
identified M. annularis as the predominant coral species in the shallow Tortugas
reef community (Fig. 9.6). Also, Shinn et al. (1977), citing modern examples from
the Florida Keys, noted that in areas of low A. palmata abundance or absence, head
corals predominate in the reef-crest facies. Specifically, they stated, “[T]he reefs
at Marker G and those at Dry Tortugas have the same coral fauna as the Key
Largo formation, but the lack of A. palmata shows that it is no longer necessary
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Figure 9.6. High-energy, reef-crest community dominated by monospecific stands of
massive M. annularis. Photo is from the Dry Tortugas. This modern-day coral assemblage
is an excellent counterpart to the fossil reef exposures of the Pleistocene Key Largo
Limestone.

to call on a patch reef origin. Reefs can form and keep pace with sea level at the
platform margin, for reasons not (yet) understood, without the help of
A. palmata.”

Hypothesis 3: Dodd, Hattin, and Liebe (1973) proposed a modification of the
Hoffmeister and Multer (1968) patch-reef hypothesis for the exposed Key Largo
Limestone. They speculated that the linear nature of the exposed Key Largo
Limestone reef system is analogous to an elongate series of modern patch reefs
dominated by head corals forming on a bathymetric high on the lagoon floor near
Big Pine Key. Antecedent control can explain the linear nature of these reefs, but
the rationale used above to falsify the patch-reef origin of Hypothesis 2 is the
same here.

Hypothesis 4: Perkins (1977) proposed an explanation based on an analogy
with the modern shelf-margin sand-shoal complex, White Bank, and associated
inner-shelf patch reefs. The present-day White Bank is a continuous sand shoal
that is 40 km long and 1 to 2 km wide. White Bank is actively migrating in a land-
ward direction due primarily to transport by storms (Ball, Shinn, and Stockman
1967; Enos 1977). Adjacent, patch reefs are often engulfed by these migrating
sands. Perkins (1977) proposed that similar sand shoals and patch reefs migrated
landward during Pleistocene (Q5) sea-level rise on a carbonate ramp and did not
require a seaward reef barrier for its inception. At sea-level maximum, the leading
shallowest edge of the transgressive unit was preserved as an arcuate patch-reef
and skeletal-sand complex.
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Perkins could not reconcile the absence of A. palmata in the Pleistocene with-
out calling on a patch-reef origin. He commented that the modern patch-reef
assemblages on the inner shelf were mostly devoid of A. palmata and were more
in accord with those of the exposed Q5 coralline facies. Although Perkins’ asser-
tion that a hypothetical reef barrier seaward of the present-day Keys did not exist
was recently borne out by detailed subsurface investigations (Multer et al. 2002a),
we can eliminate the patch-reef origin of Perkins using the same rationale dis-
cussed above for Hypothesis 2. Moreover, biotic constituent analysis of sediment
types from White Bank has little resemblance to the sediments preserved in the
exposed Key Largo Limestone (Stanley 1966; Enos 1977).

Hypothesis 5: Multer et al. (2002a) recently proposed that the exposed MIS 5e
reefs of the Key Largo Limestone were shallow-water patch reefs that developed
on an antecedent bathymetric high (the Northern Keys High). Based on core and
outcrop investigations, they identified well-developed patch reefs with grain-
stones and packstones forming on the highest elevations of the underlying older
Key Largo units. Multer et al. (2002a, p. 254) specifically noted, “In the upper
Keys, Q5e patch reefs, grainstones and packstones became well developed on the
highest elevations of the Northern Keys High. Some can be seen today exposed
in the Windley Key Fossil Reef State Park (formally called the Windley Key
Quarry) and along the Key Largo Cross Canal.” Multer et al. (2002a,b) argued
that the steeply seaward-dipping geometry of this unit and the absence of an
Atlantic breakwater dominated by A. palmata supports the contention that the
seaward edge of the MIS Se platform had a ramp-type character.

Reconstruction of the entire south Florida platform during MIS Se reveals
that the reefs of the upper and middle Keys separate a broad, flat, shallow car-
bonate platform dominated by back-reef mudstones and skeletal packstones
rich in bryozoans to the west (Perkins 1977), from a gently seaward-dipping,
coral studded platform to the east (Figs. 9.7 and 9.8). The location of the Upper
Keys High thus formed the locus of an arcuate shelf-break between fore- and
back-reef environments at the peak of the last interglacial maximum, negating
a ramp-type setting proposed by Multer et al. (2002a,b); see Ahr (1973). The
Northern Keys High controlled the position of the reef-crest community at this
shelf edge and was inherited from underlying older (Q3 and Q4) Pleistocene
reefal limestones (Harrison and Coniglio 1985). This reef-on-reef stratigraphic
sequence indicates that subsequent episodes of reef development magnified the
underpinnings of the Northern Keys High. Hence, this shelf edge reveals that
the exposed reefs of MIS Se were the breakwater reefs of the Florida platform,
contrary to the “patch-reefs developed on a carbonate ramp” interpretation of
Multer et al. (2002a,b).

Hypothesis 6: This brings us to the final hypothesis of Shinn et al. (1977),
Harrison and Coniglio (1985), and others. Understanding what we do about the
role of inimical bank waters, the susceptibility and vitality of the acroporids, and
the multihabit distribution of M. annularis, we can now reconstruct the reef com-
munity and associated environments that formed during the higher sea level of the
last major interglacial episode.
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Figure 9.7. Paleogeographic reconstruction of the Florida Peninsula at ~125 ka during
Marine Isotope Stage Se, when sea level was ~7 m higher than today. Modified from
numerous sources, including Perkins (1977), Harrison and Coniglio (1985), and Multer
et al. (2002a). Note the location of stratigraphic cross section (A-A”) shown in Fig. 9.8.
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Figure 9.8. Stratigraphic cross section (A-A’) across the Florida Keys and reef tract.
Stratigraphic units follow terminology of Perkins (1977) and Multer et al. (2002a).
Modified from numerous sources including Perkins (1977), Harrison and Coniglio (1985),
Lidz et al. (1997a), Lidz (2000a), and Multer et al. (2002a).

Based on time-space relationships in paleoecology and basic ecological princi-
ples we would expect that fossil abundance would be greatest near the center of
the geographic range of the species in question and progressively decrease to the
margin, as optimal conditions graded to less favorable ones (Brown 1984). Because
coral reefs of south Florida are at the latitudinal extreme of reef development in
the western Atlantic, the absence of A. palmata in the Key Largo Limestone is not
surprising, due to contraction and expansion of species ranges in response to chang-
ing environmental conditions through time and space. At the apex of the last major
interglacial, the entire south Florida Peninsula was flooded, creating a broad, shal-
low Bahamas Bank-type carbonate platform (Fig. 9.7). This would have allowed
unimpeded flow from a much-enlarged Gulf of Mexico over a broad, shallow car-
bonate bank in the west to the Straits of Florida and open Atlantic in the east. Reef
communities forming at the interface between the two would have been bathed by
clear, warm, oceanic waters from the Gulf Stream on incoming tides and waters of
variable quality, especially in regard to temperature, salinity, and sediment on out-
going tides. With no exposed islands (Keys) to protect the reefs, during the winter
months, chilled and sediment-laden bank waters would have periodically poured
onto these shelf-margin reefs. Under this scenario the resulting coral community
would have been devoid of the shallow, thermophilic reef-crest species A. palmata
(Harrison and Coniglio 1985; Shinn 1988). At slightly deeper depths on the
fore reef, ephemeral coppices of A. cervicornis would have filled in sheltered
pockets in a Montastraea—Diploria—Porites head-coral assemblage.

One line of circumstantial evidence supporting the inimical-conditions model
for the Key Largo Limestone comes from the measured growth rates of M. annu-
laris in the fossil record compared to their living counterparts. Hudson (1981a,b)
showed that under optimum conditions, the modern growth rate of M. annularis
along the modern Florida reef tract is ~10 mm year~', whereas in the Key Largo
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Limestone it is half that (Hoffmeister and Multer 1964; Shinn et al. 1989).
Landon (1975) noted a similar relationship for the extension rates of all forms of
the M. annularis complex, Siderastrea siderea, and Porites porites. These
reduced growth rates most probably indicate fluctuating and hostile environmen-
tal conditions that were unfavorable to all but the hardiest reef-building species
during the last major interglacial in Florida.

Stratigraphically, the reconstruction of the exposed Q5 unit of the Key Largo
Limestone is straightforward, with the arcuate reef margin of the Montastraea—
Diploria—Porites community forming in the position of the present-day islands of
the Florida Keys. The location of the exposed Pleistocene reef tract is controlled by
the underlying Q3 reefal unit (Perkins 1977; Harrison and Coniglio 1985; Multer
et al. 2002a). The sediment accommodation space is filled to its maximum at the
point of the shallowest reef community on this topographic feature, forming a series
of discontinuous, shallow, bank-barrier type reefs stretching for almost 170 km
(Fig. 9.7). This interpretation requires fewer assumptions about complex geologic
processes; specifically tectonic movement, tilting, or large-scale erosion of the
platform are not necessary to explain the geography, topography, and species com-
position of the Key Largo Limestone. Of greatest significance, it does not require
A. palmata to have been extant in these high-energy, shallow-water reef communities.

Accepting Hypothesis 6 leads to an interesting question: What would other-
wise-healthy Caribbean reefs look like in the absence of the acroporids? To
address this question, we have to understand why, under optimum conditions, the
acroporids are competitively superior in the first place. In the case of A. palmata,
extremely rapid growth and asexual propagation favor the buildup of dense stands
in shallow water that are resistant to all but the most extreme storms. These dense
coral forests grow above and ultimately shade out most other corals, including the
slower-growing M. annularis species complex (Jackson 1991). At intermediate
depths, the more fragile, branching A. cervicornis has similar traits, enabling the
species to overwhelm other corals and form monospecific thickets (Tunnicliffe
1983). If the acroporids were excised from the reef, subordinate understory
corals, including the M. annularis species complex and others, would be released
from spatial competition. Those remaining species would then respond based on
their individual ecologies, with some becoming the new spatial dominants.

Using Hypothesis 6 as our model for the Key Largo Limestone, we can predict
the future direction of the reef communities in Florida under a scenario of declin-
ing importance of Acropora spp. Originally, the coral community would be dom-
inated by early successional brooding species, especially Agaricia spp. and Porites
spp. (Hughes 1985, 1994; Kojis and Quinn 1994; Aronson and Precht 2001c;
Edmunds and Carpenter 2001; Knowlton 2001; Cho and Woodley 2002). Many
of these brooding species (e.g., P. astreoides), however, are relatively short-lived
(Kissling 1977b; Hughes 1985). Because of their longevity and their ability to
build large, massive, wave-resistant colonies, over time (probably centuries) the
M. annularis species complex would become the spatial dominants in this depth
range (see discussion of Edmunds and Bruno (1996) in Aronson and Precht
2001b; see also Hughes and Tanner 2000).
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Testing this prediction in real time requires a modern example of a shallow-
water, relatively high-energy Caribbean/western Atlantic reef that is, and always
has been, totally devoid of Acropora species. The rim and main terrace reefs
(2-15 m depth) of Bermuda as described by Logan (1988) fit these requirements.
The Bermudian coral fauna is depauperate compared to the rest of the
Caribbean—West Indian biogeographic province, with low winter water tempera-
tures invoked as the main cause. These rim/terrace communities are dominated by
a Diploria—Montastraea—Porites assemblage and have high coral cover (Dodge,
Logan, and Antonius 1982; Logan 1988; Smith et al. 2002). Growth, form, com-
position, percent cover, and spatial orientation of corals from these Bermudian
reefs are in many respects similar to those observed in the Key Largo Limestone
(Thaddeus Murdoch personal communication).

9.4.2 The Late Pleistocene: Marine Isotope Stages 5c, 5b, and 5a

Toscano and Lundberg (1998, 1999)—see also Lidz et al. (1991), Ludwig et al.
(1996), Lidz et al. (1997b), Multer et al. (2002a), Lidz, Reich, and Shinn
(2003)—have shown that the reefs that lie beneath the Holocene and modern reef
tract are equivalent to MIS Sc and 5a, and they have been dated at approximately
106 to 112 ka and 78 to 86 ka, respectively. Recently, Lidz (2004) documented
MIS 5b reefal deposits dating between 87 and 94 ka sandwiched between the MIS
5c and 5a outlier reefs. These outlier-reef deposits exhibit a shelf-margin, wedge
geometry, onlapping the seaward-dipping MIS 5Se surface (Fig. 9.8), and they
form the antecedent underpinning for Holocene reef development in the Florida
Keys (Multer et al. 2002a; Lidz, Reich, and Shinn 2003). At the time of the MIS
5a high stand, sea level stood ~9 m below the present. Paleogeographic recon-
struction of the MIS 5a Florida Peninsula reveals a broad, exposed, low-relief
plateau with reef development confined to the seaward edge of the platform. This
fossil reef subcrops along the entire length of the Florida Keys (Lidz, Reich, and
Shinn 2003).

The younger MIS 5c, 5b, and 5a reef tracts had the advantage of being shel-
tered from deleterious bank waters by the emergent Florida platform. These pro-
tected shelf-margin reefs were probably responsible for the reappearance of
A. palmata on the Florida reef tract in the late Pleistocene. Evaluation of the
stratigraphic position and subsea elevation of the MIS 5c and 5a reefal units by
Toscano and Lundberg (1998) also confirms the tectonic stability of the Florida
platform throughout the late Quaternary.

9.4.3 The Latest Pleistocene and Holocene History of Reef-Building

The last glacial maximum (LGM) occurred during the Pleistocene Epoch about
18 ka. At that time, global sea level was ~120 m lower than today (Matthews
1986; Fairbanks 1989; Bloom 1994). CLIMAP (1976) hindcast models indicated
that minimum sea-surface temperatures during this time were less than 2 °C cooler
than those associated with modern Caribbean seas. Since then debate has arisen
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as to whether tropical SSTs may have been as much as 4 to 5 °C colder during
this period (Guilderson, Fairbanks, and Rubenstone 1994; Beck et al. 1997).
However, recent data and global climate models estimate a drop of no more than
~2.5 °C (Crowley 2000). Trend-Staid and Prell (2002) found only a 1.0 to 1.5 °C
drop at the LGM in samples from near Barbados. The data, coupled with other
data from all ocean basins, led them to the conclusion that SSTs in the western
tropics and subtropics were essentially indistinguishable from modern values.
This suggests that temperature was not low enough to terminate reef development
through the last major glacial-interglacial cycle. The coral faunas that comprised
the reef-building episodes of the previous interglacial high stands show amazing
similarity in species composition throughout the Pleistocene and Holocene, so we
can speculate that these corals and reef communities persisted in downslope
refugia during the glacial low sea stands.

Pandolfi (1999) speculated that the major drop in sea level at the LGM resulted
in a dramatic loss of habitat, causing the rapid extinction of some widespread
Caribbean coral species. The fact that Indo-Pacific corals did not experience sim-
ilar extinctions under essentially the same sea-level and temperature history
argues against these as being the primary causal agents (Budd, Johnson, and
Stemann 1994). This is also contrary to evidence from Pleistocene molluscan
assemblages which reveal species responding to sea level and climate change by
fluid geographic shifts rather than by extinction or speciation (Roy et al. 1996).
Thus, quantitative habitat loss associated with geological-scale processes seems
an unlikely extinction mechanism, especially in light of the fact that Kleypas
(1997) calculated that during the LGM coral reef growth was more extensive than
previously thought. Paulay (1990) indicated that reef geomorphology was an
important control in the distribution of bivalve species through glacial—
interglacial cycles. He noted that although inner-reef lagoons are stranded during
glacial low stands, resulting in extirpation of soft-bottom bivalve fauna, coral-
dominated fore-reef environments persisted, albeit displaced downslope. As the
continental shelves were flooded at 8 to 10 ka the total area available for reef
growth increased. Goreau (1969) used the phrase “post-Pleistocene urban
renewal of coral reefs” to describe the Holocene reemergence of reefs associated
with the flooding of platforms during the last deglaciation.

SSTs in the subtropical western Atlantic show a warming between 14 and 10 ka,
a maximum that is warmer than today between 10 and 6 ka, and a late-Holocene
cooling to modern values (Balsam 1981; Ruddiman and Mix 1991; Bradley 2000).
Evidence from coring submerged reefs off Barbados (Fairbanks 1989) shows a
backstepping of A. palmata communities that essentially track postglacial sea level
from 17.1 to 7.8 ka. Sea-level curves derived from dates of A. palmata allow for
the calculation of the rate of glacial meltwater discharge into the Atlantic
(Fairbanks 1990). Rates of rise of sea level were rapid during this period, punctu-
ated by two periods of extremely rapid rise (meltwater pulses) in the latest
Pleistocene. During these rapid bursts, sea-level rise apparently outstripped the
accumulation rates of A. palmata, leading to brief hiatuses of reef growth (i.e.,
incipient drowning), followed by a backstepping of the shallow-reef communities
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to more shoreward positions higher on the shelves. In south Florida, such drowned
shelf features have been identified using high-resolution seismic, side-scan sonar
and in situ sampling by submersibles in water depths of 50 to 124 m (Locker et al.
1996). Although the rate of rise in sea level during the Holocene (the last 10 ky)
has never exceeded the maximum accretion rate of A. palmata, reef growth was
not continuous but punctuated by a series of reef ridges and troughs (Lighty 1977;
Lighty, Macintyre, and Stuckenrath 1978; Lidz and Shinn 1991; Toscano and
Lundberg 1998; Precht et al. 2000; Lidz, Reich, and Shinn 2003).

In some areas, numerous distinct relict reef ridges are present (Lighty,
Macintyre, and Stuckenrath 1978) while in other areas there is a gradational sep-
aration (Toscano and Macintyre 2003). These relict Holocene reefs, comprised
primarily of A. palmata, are found at water depths between 20 and 7 m south of
Miami and between 27 and 7.8 m depth to the north (Toscano and Lundberg
1998; Toscano and Macintyre 2000). In all, very few reefs have been sampled and
dated, making it difficult to evaluate the precise chronology of the turn-on and
turn-off of this reef system.

Throughout most of the early to middle Holocene, however, oceanic conditions
were favorable for the growth and accumulation of A. palmata along much of the
Florida reef tract. In fact, major Acropora-dominated reefs were well-developed
off Palm Beach County (Lighty 1977; Lighty, Macintyre, and Stuckenrath 1978),
indicating that water quality along the platform margin was more favorable to
coral growth than today. A buried topographic feature lying off Fort Pierce may
be the northernmost extent of this mid-Holocene reef tract (Hine 1997).

We interpret this northward range expansion of the Acropora spp. as a reflection
of northward excursions of warm water related to a unique conjunction of factors.
First, during this time lower sea level placed the active shelf-margin reef system in
closer proximity to the equable waters of the Gulf Stream. Second, the period from
about 9 to 5 ka corresponds to the mid-Holocene Warm (Zubakov and Borzenkova
1990; Pielou 1991; Maul 1992; Thompson et al. 1998; Zhou, Baoyin, and Petit-
Marie 1998; Kerwin et al. 1999). Terrestrial records indicate that the climate in
North America was 2 to 4 °C warmer than at present during this interval (Folland,
Karl, and Vinnikov 1990). Climate simulations suggest that North Atlantic SSTs
were at least 4 °C warmer than today at 6 ka (Kerwin et al. 1999). Stable oxygen-
isotopic values recorded in sediments from the extratropical North Atlantic also
indicate warmer-than-present SSTs during the mid-Holocene (Ruddiman and Mix
1991). Evidence from both terrestrial and coastal regions shows that warming dur-
ing this interval allowed many organisms to increase their ranges northward
(Clarke et al. 1967; COHMAP 1988; Delcourt and Delcourt 1991; Pielou 1991;
Salvigsen, Forman, and Miller 1992; Dyke, Dale, and McNelly 1996; Strasser
1999; Dahlgren, Weinberg, and Halanych 2000; Jackson and Overpeck 2000).
This period of thermal optimum during the Holocene also correlates with the
northernmost position and expansion of coral reefs in the Pacific (Taira 1979;
Veron 1992). Warmer conditions apparently allowed the northward expansion of
acroporid-dominated reefs throughout southeast Florida (Precht and Aronson
2004). As temperatures have cooled since the middle Holocene (~5 ka to present),
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the conditions for acroporid reef growth have diminished and the northward limit
of the reef tract has progressively moved south to its present position. While reefs
at their latitudinal extremes have responded rapidly to climate flickers, results
from coring studies of Holocene reefs in the insular tropical Caribbean support the
notion that tropical oceanic climates have been buffered from climatic variability
(Gill, Hubbard, and Dickson 1999).

Dead and senescent Holocene reefs are also present throughout the middle
Florida Keys (Lidz, Robbin, and Shinn 1985; Shinn et al. 1989; Shinn, Lidz, and
Harris 1994; Lidz and Hallock 2000). Geologic investigation of these reefs has
shown that the acroporids were again the major constructors and frame builders
until the late Holocene. Reconstruction of these shallow shelf-margin reefs in
relation to sea-level rise by Lidz and Shinn (1991) showed that the flooding of
Florida Bay around 2 to 3 ka was contemporaneous with the localized demise of
A. palmata on many of these reefs. Specifically, Lidz, Reich and Shinn (2003)
commented that this flooding led to deteriorating water quality by tidal and
storm-driven mixing of bay and Gulf waters, causing the coral reef system to
decline. Shinn et al. (1981) indicated that the deep-reef spurs (15-20 m) at Looe
Key initiated around 6.5 ka, with the shallow-reef spurs developing ~4 ka and
ceasing ~800 years ago. In the lee of large islands, however, some reefs main-
tained active growth and were dominated by the acroporids until the combined
events of the last few decades led to their decline. Such reefs can have Holocene
deposits >14 m thick (e.g., Grecian Rocks and Key Largo Dry Rocks).

These spatial examples of reefs with differing geologic histories confirm the
inimical-waters model of Ginsburg and Shinn (1964, 1994). They also attest to
the fact that conditions favorable to expansive reef growth have been diminishing
on the Florida platform for the past few millennia.

9.5 The Present Status of the Florida Reef Tract

All of the classic environmental issues faced by coastal communities and coral
reefs worldwide (Wilkinson 2002) are concentrated in the narrow strip of land
that is the Florida Keys. These issues include development, ship groundings, pol-
lution, and overharvesting. Regional and global perturbations that affect coral
reefs, such as coral bleaching and coral disease, are also present in Florida. The
decline of living reefs in Florida was first reported by Voss (1973) and was a
concern in the Florida Keys as early as the 1950s. Indeed, the perceived degra-
dation of coral reefs from overfishing, coastal development, and increasing vis-
itation in Key Largo were the main reasons for the creation of the world’s first
coral reef marine protected area, John Pennekamp Coral Reef State Park, in
1960 (Voss 1960). Although various forms of reef protection in Florida have
been around since the 1960s, most of these have been set ad hoc and without
programs in place to assess their efficacy. Recently a systematic, ecosystem-
based management approach has been implemented to protect Florida’s reefs
(NOAA 2003).
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We are aware of only one quantitative reef-monitoring program from the early
1970s for the lower Florida Keys (Kissling 1977a). This study integrated hydro-
logical, sedimentological, and ecological elements of nine reef areas located from
Looe Key to Sand Key. Kissling’s data indicated diverse living coral assemblages,
with death assemblages dominated by fragments of Acropora spp. Subsequent
monitoring studies by Dustan (1977), Dustan and Halas (1987), Jaap, Halas, and
Muller (1988), and Porter and Meier (1992) all documented examples of coral
decline but only from single sites or at limited spatial scales. Extrapolating these
results to the entire Florida reef tract is problematic due to variability at scales
larger than those of individual reefs (Murdoch and Aronson 1999). Further, these
studies focused on the emergent reef systems in the Keys that represent a habitat
type that comprises a small fraction of total area in the region. Additional one-
time assessments without temporal follow-ups include work in the early 1980s in
John Pennekamp Coral Reef State Park and the Key Largo Coral Reef Marine
Sanctuary (Voss 2002), Biscayne National Park (Burns 1985) and Looe Key
(Wheaton and Jaap 1988); in 1995 throughout the Keys (Murdoch and Aronson
1999); and in 1996 for 20 reef sites in the upper Keys (Chiappone and Sullivan
1997). At Looe Key, landscape-scale reef censuses were performed in 1983 and
2000 (Miller, Bourque, and Bohnsack 2002).

The US Environmental Protection Agency (EPA) in conjunction with the
Florida Marine Research Institute (FMRI) and NOAA started the first Keys-wide
status-and-trends program in 1996 (Jaap et al. 2001). This program documented
coral cover during the period 1996 to 2000 (and continues to the present), with
estimated declines as high as 36% and averaging about 6% to 10% across 40 sta-
tions sampled in multiple coral reef habitats. Although it was spatially extensive,
the program began long after substantial coral loss had already occurred, partic-
ularly the demise of the branching corals A. palmata and A. cervicornis. Of the
40 stations in the study, only seven contained A. palmata in 1996. At these seven
sites, the average loss of A. palmata was 85% between 1996 and 1999 (Patterson
et al. 2002). At first blush these results are alarming; however, they need to be
placed in perspective. The average percent cover of A. palmata at the seven sites
was around ~5% in 1996 and had declined to ~2% by 1999, which is an absolute
change in coral cover of only 3%. One of the stations sampled included the reef
at Rock Key. There, A. palmata cover dropped from <4% to slightly less than 2%.
This is the same reef that Enos (1977) described as having no living A. palmata
in the early 1970s.

It could well be that these small populations of A. palmata represent residual,
transient, or marginal populations that are highly susceptible to both biotic and
physical disturbances including disease, predation, storms, cold fronts, and coral
bleaching events. Interestingly, the period 1996 to 2000 of the Jaap and Patterson
studies spanned two major coral bleaching events in 1997 to 1998, continued out-
breaks of pests and disease, and the passage of a major hurricane directly over many
of the sampling stations. At this writing, there has not been a coral-bleaching event
in Florida since 1998, and recently published data from the EPA study show a
leveling off of coral decline after that last regional disturbance (Wilkinson 2004).
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The EPA program and two other Keys-wide sampling programs (Murdoch and
Aronson 1999; Miller, Swanson, and Chiappone 2002) are important because
they documented patterns of community structure, and underlying processes that
drive community structure can sometimes be inferred from patterns that emerge
across multiple spatial scales (Cale, Henebry, and Yeakley 1989; Aronson 1994,
2001; Done 1999). The EPA results focused on change over time (Jaap et al.
2001), but understanding change across spatial scales is also important. For
example, across deeper reef sites (13—19 m) in the Keys, spatial variability was
found to be greater between adjacent reefs than across geographic regions
(Murdoch and Aronson 1999). Assessments of marine protected areas across the
Florida Keys, which were originally selected to capture much of the shallow
spur-and-groove habitat in the FKNMS, revealed that these reefs are as likely to
be different from each other as they are from surrounding reference sites or those
subjected to fishing (Miller, Swanson, and Chiappone 2002). Both studies sug-
gest that processes operating at multiple spatial scales determine coral commu-
nity structure. Furthermore, these results are important from a management
perspective because it is easier and more cost-effective to manage a system if
one knows the constraints of overall system variability and history instead of try-
ing to achieve results that are outside the bounds of the system (Allen and
Hoeskstra 1992; Jameson, Tupper, and Ridley 2002). This premise will be dis-
cussed in more detail below.

The longest historical record available for the Florida reef tract is derived from
maps of community distributions in the Dry Tortugas, meticulously prepared by
Alexander Agassiz in 1881 and then redrawn from new surveys in 1976 (Agassiz
1883; Davis 1982). A number of interesting changes in coral community struc-
ture occurred over that century, all of which could be attributed to natural system
variability. For example, the spatial extent of octocoral-dominated communities
increased from ~5 to 17%. Thousands of square meters of A. palmata were alive
in 1881, but they were largely reduced to alga-covered rubble by the late 1970s,
with only two living patches (~600 m?) in 1976. A. cervicornis cover was not
common in the late 1880s, according to Agassiz’s map; it dominated many loca-
tions by 1976 (Davis 1982), only to suffer >90% morality during the winter cold
fronts of 1977 described earlier. These results suggest a dynamic system in the
Dry Tortugas, just west of the Florida Keys, outside the bounds of direct human
influences such as coastal development.

One peculiar event recorded in the reefs of the Dry Tortugas occurred in 1878
and was referred to as “black water” (Mayer 1902; see also Davis 1982). This
event purportedly eliminated almost all the A. cervicornis from the Dry Tortugas,
yet historical records show some recovery of the affected populations only a few
years later (Agassiz 1883). In 2002 a large mass of black water originally of
unknown origin was spotted off the southwest coast of Florida. Preliminary
results indicate that a bloom of diatoms commingled with a “red tide” were the
main constituents of the black water (South-West Florida Dark-Water Observations
Group 2002). This water mass moved toward the Dry Tortugas and lower Florida
Keys, with some reports of mortality to sponges and corals (Hu et al. 2003).
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Ongoing investigations and surveys will hopefully shed some light on this enigmatic
condition and, in retrospect, on the event of 1878.

Evaluating the present state of Florida Keys reefs and predicting their future
requires that managers and scientists integrate historical information with an
understanding of the agents that drive community change at multiple spatial and
temporal scales in the present. In practice, managers address these challenges
at local scales and over careers that are shorter than many of the underlying
ecological processes that affect the way coral reefs look and function. From a
societal perspective, working for short-term gains is the easiest and often most
politically expedient course of action, but the recent regional and global declines
in coral reefs over the last two decades require bold and unconventional approaches
(Buddemeier 2001). The following sections describe factors that affect the present
state of reefs in Florida. We will use this information to make predictions about
the future trajectory of these reefs in ecologic and geologic time.

Such discussions typically follow a standard approach by listing and distin-
guishing natural from human-caused stresses to reefs. We will instead identify what
we believe to be the principal threats caused by humans and then dismiss most of
them as not relevant to the long-term condition of reefs in the Florida Keys. For
example, physical impacts such as damage by divers or snorkelers and individual
dredge-and-fill projects are clearly important as factors that cause damage locally
(Taylor and Saloman 1968) but generally do not have systemwide effects on the
condition of reefs. Similarly, harvesting of live rock (coral rubble with living coelo-
bites, endoliths, and epibionts) may have been important historically when live rock
was routinely extracted from reefs in the Florida Keys, but such activity is now pro-
hibited. Furthermore, it is well documented that marine collectors extract large
numbers of ornamental species, but this reduction is not thought to impact long-
term reef condition or growth. Vessel groundings are among the most destructive
anthropogenic factors causing significant localized damage to Florida’s reefs; how-
ever, detailed management strategies addressing these insults have been evaluated
and are now being implemented (Precht 2006). Introduction of exotic species is a
potential problem (Stachowicz et al. 2002) but is not currently viewed as a factor
affecting reef condition. It is possible that many marine diseases are invasive
species but this linkage has not been established. We do not mean to imply that
these factors are unimportant to the condition of the Florida reef tract. Indeed, it is
precisely the fact that these and other impacts were important at the scale of indi-
vidual reefs along the Florida Keys that caused them to be managed and protected
in the first place (Jaap 1994; Davidson 2002; NOAA 2003).

9.5.1 Water Quality

The most publicized environmental issue related to the demise of coral reefs is
declining water quality. The reason water quality is so often cited as the cause of
coral reef decline in the Keys is that the increased abundance of algae observed
on reefs over the last two decades supports an intuitive assumption that nutrient
enrichment must be the cause (Szmant 2002). Those who advocate nutrient
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pollution as the primary factor behind coral reef decline in the Keys have pro-
posed connections from agricultural runoff in the Lake Okeechobee region,
through the Everglades, into Florida Bay, and ultimately to the offshore coral reefs
of the Keys (Brand 2002; Lapointe, Matzie, and Barile 2002). Although the
Everglades system is eutrophic in its northern reaches, including the Lake
Okeechobee watershed, path analysis of nutrient concentrations reveals an
extremely oligotrophic system to the south, through Everglades National Park
and into Florida Bay (Stober et al. 2001). If agricultural nutrients do not impact
the southern reaches of Everglades National Park and Florida Bay, or do so min-
imally, then it is even less likely that effects will be seen on the offshore reefs.
At an even larger scale, it has been suggested that the entire Caribbean basin may
be enriched due to its semienclosed geography and increased runoff from poor
land-use practices, coastal development, and deforestation (Muller-Karger et al.
1989; Hallock, Muller-Karger, and Halas 1993). Regionally, large volumes of
Mississippi River water have been found embedded in the Florida Current from
Key West to Miami, confirming large-scale connectivity (Lee et al. 2002),
and this water may have an influence on reef growth and development (Ogden
et al. 1994).

In addition to supposed linkages with agricultural runoff from the Everglades,
sewage pollution from local sources is often emphasized as the cause of ecosys-
tem decline in the Florida Keys (Lapointe, O’Connell, and Garrett 1990). What,
then, explains the unambiguous increases in algae that are seen Caribbean-wide?
Recent reviews of the role of nutrient enrichment on coral reef decline (Szmant
2002) and the relationships among nutrients, algae, and competition between
algae and corals (McCook 2001; McCook, Jompa, and Diaz-Pulido 2001) suggest
that the increased abundance of algae is not due to nutrients but instead is explained
by the availability of new substrate for algal colonization following coral mortal-
ity (Aronson and Precht 2001b; Williams, Polunin, and Hendrick 2001;
McManus and Polsenberg 2004). The role of herbivores is clearly also a factor in
explaining increased algal abundance on reefs in Florida, from the demise of
D. antillarum throughout the Caribbean (Lessios 1988), to observations that an
inverse relationship exists between algae and herbivorous fish biomass surveyed
on 19 reefs throughout the Caribbean (Williams and Polunin 2001). Distinctions
are typically not made between benthic habitats nearshore (especially hard-
bottom communities and seagrass beds close to shore) and the main reef tract
located 5 to 7 km offshore. While few data exist to suggest that changes in off-
shore reef communities were caused by local pollution sources in Florida, and
although few historical data exist regarding nutrient pollution, algal abundance,
or coral cover (Szmant 2002), strenuous debate about the relative importance of top-
down (Hughes et al. 1999; Miller et al. 1999; Aronson and Precht 2000) versus
bottom-up (Lapointe 1997, 1999) processes continues (see Davidson 1998).

The water-quality debate is additionally fueled in Florida by reports of
increased nutrient concentrations (Lapointe, O’Connell, and Garrett 1990), the
presence of viral tracers (Paul et al. 1995) and fecal indicator bacteria (Paul et al.
1997) that are detectable in nearshore waters and corals (Lipp et al. 2002), but
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other studies have not found increased nutrients or these microbial constituents
in offshore waters or sediments (Szmant and Forrester 1996), seagrass beds
(Fourqurean and Zieman 2002), or algae (Hanisak and Siemon 1999). A three-
year study of nearshore waters (Keller and Itkin 2002) throughout the Keys
found that total nitrogen and phosphorus concentrations did not differ signifi-
cantly between developed and undeveloped shorelines, although variability was
high. Boyer and Jones (2002) revealed that ambient water quality along the
Florida Keys and throughout the FKNMS was most strongly influenced by natu-
ral oceanographic parameters. While they noted that differences in various water-
quality parameters were significantly different across many of their 150 stations, the
absolute differences were small and not likely to be biologically important.

Sewage disposal via septic tanks and cesspits represents a pollution threat to
canals and nearshore waters due to the highly porous Key Largo Formation, upon
which the Keys have been developed. Rates of contaminated groundwater flow to
nearshore waters have been measured from injection wells and septic systems
(Lapointe and Clark 1992; Shinn, Reese, and Reich 1994; Paul et al. 1995).
Factors that influence groundwater flow include the difference in water level
between Florida Bay and the Atlantic Ocean, daily tidal cycles, and meteorology
(Reich et al. 2002; but see Shinn, Reich, and Hickey 2002). Additional evidence
for reduced water quality stems from patterns of groundwater discharge detected
using chemical tracers (Corbett et al. 1999) and the presence of over 20,000 septic
systems, some 2000 remaining cesspits, and approximately 5000 shallow-water
injection wells located in porous limestones throughout the Keys (Shinn 1996;
Kruczynski and McManus 2002). Influences related to storm-water runoff are
also sources of pollution (Lapointe and Matzie 1996; Brad Rosov personal com-
munication). Hudson et al. (1994) contended that domestic sewage from the
Miami area has been a major factor in reducing coral growth rates in the upper
Keys since the 1950s. However, Ginsburg, Gischler, and Kiene (2001) demon-
strated that corals from these upper Keys reefs had less dead tissue per colony
than those on reefs in the middle and lower Keys.

Chiappone (1996) and Miller, Chiappone, and Swanson (unpublished data)
found that along a gradient from onshore to offshore, coral cover was highest and
algal cover lowest on nearshore patch reefs with a switch to algal dominance as
one moves to reefs offshore throughout the FKNMS. This is contrary to the results
one would expect if land-based sources of nutrients and pollutants were responsi-
ble. Miller, Weil, and Szmant (2000) found similar relationships in both coral
cover and coral recruitment on reefs of the northern Keys.

Risk et al. (2001) indicated that it is possible to discern natural versus anthro-
pogenic nutrients (especially sewage) using geochemical techniques. Ward-Paige,
Risk, and Sherwood (2005) measured 6'°N in gorgonian corals and Lapointe,
Barile, and Matzie (2004) measured 8'°N in macroalgae, both concluding that
anthropogenic nitrogen pollution was responsible for the increased 8°N values
they found. However, Swart, Saied, and Lamb (2005) measured 8'°N in the scle-
ractinian Montastraea faveolata and did not find any indication of nitrogen
pollution. Furthermore, based on extensive sampling and a thorough literature
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review, Swart (personal communication) cautions that for several reasons it is not
possible to use specific '°N values alone as an indicator for sewage, including:
(1) variable isotopic signals for sewage that are not always heavy; (2) 8'°N results
measured for particulate organic material that did not differ along nearshore to
offshore transects throughout the Keys; and (3) discovery that the 8'>N of partic-
ulate organic matter from inshore stations is largely derived from seagrasses and
macroalgae, not sewage. Even if sewage pollution makes its way to offshore
reefs, the amount supplied must be measured relative to substantial natural nutri-
ent sources due to Gulf Stream flow, tidal flushing (Szmant and Forrester 1996),
and upwelling (Leichter, Stewart, and Miller 2003). The Gulf Stream and tidal
movements must also be considered a diluting influence relative to potential
sewage inputs.

One of the largest quantified sources of episodic nutrient additions to offshore
reefs in the Keys is frequent cold-water upwelling events that deliver high con-
centrations of nitrate and phosphate on a regular basis (Lapointe and Smith 1987;
Leichter and Miller 1999; Leichter, Stewart, and Miller 2003; Smith et al. 2004;
for a similar analysis from the Great Barrier Reef, Australia, see Andrews and
Gentien 1982; Sammarco et al. 1999). Leichter, Stewart, and Miller (2003) noted
enriched 8"°N at depth related to internal tidal bores. More recently, Leichter (per-
sonal communication) measured the 8'°N values of the upwelled nitrate in these
waters and found them to be sufficiently high to confound interpretations that
sewage or runoff is responsible for increased 8'°N measured in seaweed collected
along the outer reef tract (Lapointe, Barile, and Matzie 2004). These upwelling
events deliver water with 10- to 40-fold higher nutrient concentrations than pub-
lished estimates of inputs to nearshore waters from wastewater and stormwater.
Based on the physical oceanographic processes responsible for the transport and
delivery of these high-concentration nutrient pulses, it is likely that the offshore
reefs of the Florida reef tract have historically and periodically been subjected to
high concentrations of nonanthropogenic nitrate and phosphate. Periodic advec-
tion of coastal waters may also deliver pulses of nutrient-rich water to the offshore
reefs (Pitts 2002).

Szmant (1997, 2002) suggested that the level of topographic complexity on a
reef indirectly influences the effects of nutrient input and uptake. In the absence
of overfishing or mass mortalities of herbivores, topographic complexity determines
the availability of shelter for herbivores. The recent mass mortality of the acrop-
orids has greatly reduced the topographic complexity of these reefs, reducing her-
bivore populations and thereby reducing rates of algal consumption in the face of
pulsed or chronic nutrification (Szmant 1997). For coral reef and seagrass habi-
tats, however, it has been shown that intact herbivore populations can compensate
for effects of increased nutrient supply by locating and consuming nutrient-
enriched algae (Boyer et al. 2004). While the necessary modeling has not been
conducted to quantify the relationships among various nutrient sources and sinks
in the Keys, blaming sewage from leaking cesspits or runoff from the Everglades
Agricultural Area as the primary causes of coral-reef decline in Florida is almost
certainly an oversimplification.
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Water quality, however, explains some important things about the Florida reef
tract. For instance, in the last few thousand years, reef development has been
greater seaward of the Keys than seaward of the tidal passes between them. As pre-
viously discussed, this inimical-waters model explains the discontinuous nature of
reefs along the reef tract. One would therefore expect a similar effect today with
coral assemblages being healthier and more robust where the Keys block the
flow from Florida Bay. This, in fact, is not what is happening, as essentially all
reef communities of the Keys—even those blocked from Florida Bay—are in
decline (Murdoch and Aronson 1999). It may well be that all reef areas of the
Keys, not just those seaward of the tidal passes, are being exposed to poor-quality
water. However, water quality along the Florida reef tract is best seaward of
Key Largo (Boyer personal communication); yet coral loss has historically been
highest in this area. This is exactly opposite of Lapointe’s hypothesis for
local nutrient sources as the proximal cause of reef decline in the Keys. It is
becoming increasingly apparent that regional- and global-scale causes of reef
decline are most important in structuring modern reef communities including
those in Florida.

Gardner et al. (2003) used meta-analysis to assess the extent of coral decline
across the Caribbean since the 1970s. Their results revealed that reefs from all
regions were affected. Interestingly, Florida’s reefs showed lower levels of loss
than other regions. In general, the same maladies affecting coral reefs in Florida
are present throughout the Caribbean, with reefs both near and far from anthro-
pogenic sources of nutrients displaying similar community shifts from coral to
macroalgal domination (Aronson and Precht 2001c). For instance, Lapointe,
Littler, and Littler (1997) used reefs of the offshore barrier reef tract of Belize in
the vicinity of Carrie Bow Cay as an example of a low-nutrient (oligotrophic) reef
system and as a counterpoint to the Florida reef tract (Lapointe 1997). Like
Florida, these Belizean reefs have recorded significantly reduced coral popula-
tions, especially the acroporids, with concomitant increases in macroalgae over
the past two decades in the absence of nutrient enrichment (Riitzler and
Macintyre 1982; Littler et al. 1987; Aronson et al. 1994; McClanahan and Muthiga
1998; McClanahan et al. 1999; Aronson and Precht 2001b; Precht and Aronson
2002). Likewise, McClanahan et al. (2003) showed through experimental manip-
ulation that coral mortality combined with low herbivory is responsible for the
high levels of macroalgae reported on remote patch reefs at Glovers Reef Atoll,
Belize. In another manipulative field experiment off Key Largo, Miller et al.
(1999) found strong effects on increasing frondose macroalgal biomass as a
response to exclusion of large herbivorous fishes and only negligible effects from
nutrient enrichment.

To determine if there were linkages between deteriorating water quality and reef
condition in the Florida Keys, Dustan (1994) performed coral vitality studies off
Key Largo. He used reefs from San Salvador Island in the easternmost Bahamas
as his “unaltered” control. Nutrient-depleted, oligotrophic pelagic waters bathe
these Bahamian reefs and local anthropogenic impacts were deemed minimal.
Interestingly, there was no statistical difference in diseased and degraded corals
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between the Bahamian reefs and the reefs in the Florida Keys. The Bahamian reefs
had suffered the same catastrophic losses of acroporid corals in the early 1980s
related to the Caribbean pandemic of WBD (Shinn 1989; Aronson and Precht
2001b). More recently, a coral-bleaching event recorded in 1995 at San Salvador
resulted in a significant decline of the remaining coral species, with concomitant
increases in macroalgae. This community shift occurred without changes in herbi-
vore abundance or nutrient concentrations (Ostrander et al. 2000).

Bryant et al. (1998) profiled the Florida Keys reefs as one of the world’s twelve
most threatened. However, they stated, “[D]espite years of research, it is difficult
to lay blame for damage on specific anthropogenic stresses.” Association between
nearshore nutrient enrichment and coral mortality followed by a shift toward
macroalgal dominance does not by itself prove a causal connection. In fact, evi-
dence linking anthropogenic nutrients to coral reef decline in Florida remains cor-
relative. The most important consequences of increased nutrification may,
however, lie in an increase in the severity and duration of coral diseases (Bruno
et al. 2004) and in the inability of coral reefs to recover from disturbance events,
especially if human activities serve to increase the frequency and/or intensity of
the disturbance regime (McCook, Wolanski, and Spagnol 2001).

Lastly, Kinsey (1991), Smith and Buddemeier (1992), and Buddemeier and
Kinzie (1998) have pointed out that elevated nutrient levels are commonly regarded
as intrinsically damaging to the physiological function of corals. Nevertheless,
corals often grow well at high nutrient levels (Atkinson, Carlson, and Crow 1995;
Szmant 1997). Furthermore, corals can persist in close juxtaposition to macroalgae
that are commonly regarded as superior competitors in high-nutrient situations (see
de Ruyter van Steveninck, Van Mulekon, and Breenan 1988; Miller 1998; McCook
2001; Jompa and McCook 2002). Clearly the role of nutrients on coral reefs is not
completely understood.

9.5.2 Climate Change

On coral reefs, most predictions of the effects of global climate change have been
confined to temperature-induced coral bleaching (Hoegh-Guldberg 1999; Walther
et al. 2002), rising sea level (Graus and Macintyre 1998), and changing ocean
chemistry (Kleypas, Buddemeier, and Gattuso 2001; Buddemeier, Kleypas, and
Aronson 2004). Recent reports have also identified the poleward expansion of reef
corals as a response to climatic warming (Precht and Aronson 2004). The effects
of climate change are most likely to be seen in community and species responses
to the changes in the nature, intensity, and/or frequency of extreme events.

In the last two decades, documented coral bleaching events have increased
in frequency and intensity both globally and regionally (Hoegh-Guldberg 1999).
Evidence from sclerochronological studies supports the suggestion that wide-
spread coral bleaching is a recent phenomenon (Halley and Hudson, Chapter 6).
Stone et al. (1999) proposed that the sudden occurrence of mass bleaching episodes
is coincident with intensification of El Nifio—Southern Oscillation (ENSO)
events, which may be augmented by global warming (Hoegh-Guldberg 1999;
Aronson et al. 2002b; Hughes et al. 2003).
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In Florida, bleaching events occurred during 1983, 1987, 1989, 1990, 1991,
1997, and 1998 (Causey 2001). Mortality after the 1983 bleaching event, affect-
ing only the outer reefs in the lower Keys, was estimated at 3 to 5% (Causey
2001). The first major Keys-wide bleaching event occurred in 1987, with recov-
ery of most of the affected colonies. The worst years on record for coral bleach-
ing were 1997 and 1998, worldwide and in Florida (Causey et al. 2000;
Wilkinson 2000). In the Keys, corals remained bleached or mottled from 1997
into 1998, when they experienced another episode of bleaching due to excessively
warm summertime conditions (Edmunds, Gates, and Gleason 2003). These con-
secutive bleaching events in Florida caused alarm among local scientists and
managers. Declines in coral cover were reported during the 1997 to 1998 period
(Jaap et al. 2001), but because high-frequency before-during-and-after sampling
was not conducted, the relationship between coral mortality and bleaching
remains correlative. Two hurricanes also affected the region during this period,
further confounding interpretations. Although estimates of bleaching-related
coral mortality are not available for Florida, anecdotal evidence suggests that
bleaching has killed large numbers of corals (Causey 2001) and must be consid-
ered a significant threat to reefs in Florida (Szmant 2002). The projected contin-
uing increases of bleaching events on Florida’s coral reefs related to global
warming are likely to decrease coral abundance into the future (Hoegh-Guldberg
1999; Walther et al. 2002; Sheppard 2003). Bleaching was not observed in
Florida in 1995, yet major bleaching with associated mortality was observed in
Belize (McField 1999) and at San Salvador Island in the Bahamas (Ostrander
et al. 2000).

Predicted effects of changes in seawater chemistry on reef growth (carbonate
production) are based largely on geochemical evidence and modeling. Essentially
all of the experiments that have manipulated seawater carbonate chemistry and
measured effects on corals, calcifying algae, and coral reef mesocosms indicate
that calcification approaches a linear response to decreased carbonate saturation
state (Kleypas, Chapter 12). Based on the factors that control CaCOj, precipita-
tion, it is very likely that dissolution will increase on reefs as atmospheric CO,
concentrations increase, leading to reduced capacity for reef building.

Extreme weather and climate events will likely increase in the future (Easterling
et al. 2000), especially in mid- to high-latitude settings. For coral reefs the most
profound changes are likely to be seen at the latitudinal extremes of reef building,
including the reefs of Florida. Increases in extreme high temperatures, decreases
in extreme low temperatures, and increases in tropical storms and hurricanes will
likely add stress to a reef system already suffering from numerous natural and
anthropogenic perturbations.

9.5.3 Overfishing

Overfishing is often considered to be one of the most significant threats to coral
reef ecosystems (Roberts 1995; Jackson et al. 2001). At high intensities, fishing
reduces species diversity and can lead to extirpations of not only target species,
but other species as well. Most importantly, overfishing interacts with other
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disturbances such as disease outbreaks in populations of herbivorous sea urchins,
reducing the capacity of reefs to recover from natural perturbations such as
hurricanes (Hughes 1994; Nystrom, Folke, and Moberg 2000; Knowlton 2001;
Bellwood et al. 2004).

In the Florida Keys overfishing of finfish and shellfish has resulted from a com-
bination of commercial pressure and substantial recreational effort (Bohnsack,
Harper, and McClellan 1994; Ault, Bohnsack, and Meester 1998; Bohnsack
2003). Substantial declines have occurred in historically productive snapper and
grouper fisheries (Ault et al. 2001). Densities of herbivorous fish, however, remain
high compared to many sites in the Caribbean, mostly because fishermen do not
target these species (Aronson et al. 1994; Bohnsack, Harper, and McClellan 1994).
This is especially relevant in Florida because herbivorous fish may have amelio-
rated the effects of the 1983 to 1984 mass mortality of the sea urchin Diadema
antillarum compared to other sites with depauperate herbivorous fish populations,
which suffered substantial increases in macroalgal cover and biomass after the
urchin dieoff (Hay 1984; Carpenter 1990a,b; Aronson and Precht 2000, 2001b).

One model of coral-reef ecology holds that the persistence of reef communi-
ties turns on positive interactions between corals and herbivorous fish (Hay 1981;
Hay and Goertemiller 1983; Hay and Taylor 1985; Lewis 1986; Szmant 1997).
Several studies have demonstrated the negative effects of fishing on tropical
resources (Hughes 1994; Roberts 1995; Rogers and Beets 2001). Results from
marine protected areas also suggest that such connections can be important
(McClanahan and Muthiga 1988). Equally important, some authors have argued
historical declines in the population densities and body sizes of herbivorous and
predatory fish have gone unrecognized as potential agents of change in coral reef
habitats (Jackson 2001; Jackson et al. 2001).

Pandolfi et al. (2003) argued that the only reasonable explanation for the long-
term degradation of reef systems is overfishing. The loss of large predators,
including groupers, snappers, and sharks, has likely had substantial cascading
effects on the structure of fish assemblages (Aronson 1990; Ault, Bohnsack, and
Meester 1998; Pauly et al. 1998; Steneck 1998), which in turn has led to collapse
of whole reef ecosystems at the global scale (Pandolfi et al. 2003).

The idea that overfishing has been a main cause of the collapse of coral assem-
blages on reefs of Florida and the Caribbean has been the subject of contentious
debate (Aronson et al. 2003; Precht et al. 2005b) that continues to the present (Precht
and Aronson 2006). It is clear that overfishing can eliminate entire functional groups
and lead to trophic cascades on reefs (Pauly et al. 1998), but there is no evidence that
reef decline in Florida or elsewhere in the Caribbean have been compromised by
these actions.

Coral reef ecosystems throughout the Caribbean and western Atlantic includ-
ing Florida have been overfished for decades and perhaps centuries (see Wing and
Wing 2001). It may well be that reefs with their full complement of trophic levels
and resources will be more resilient to disturbances than those that are over-
exploited (Knowlton 2001), but it remains premature to assume that coral assem-
blages will automatically recover to historic levels if fish populations are restored.
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Effective management strategies such as the creation of marine reserves should
help restore and protect fishery resources, possibly resulting in increased reef
resilience. In the FKNMS, the recent establishment of some 23 no-take marine
reserves is a first step.

9.5.4 Diseases

Major disease events in recent years have changed the way reefs look over rela-
tively short time scales. For example, in the early 1980s a disease epidemic killed
almost all the D. antillarum that once thrived in the Caribbean region (Lessios,
Robertson, and Cubit 1984), including the Florida Keys (Forcucci 1994). D. antil-
larum was an important grazer, and after the mass mortality substantial and long-
term increases in macroalgal populations generally resulted, especially on reefs
subjected to intense fishing pressure (Hay 1984; Carpenter 1990a,b; Hughes 1994).

Urchin recovery has begun at a few locations in the Caribbean (Aronson and
Precht 2000; Edmunds and Carpenter 2001; Cho and Woodley 2002) but not in the
Florida Keys, where a second dieoff was observed in the early 1990s (Forcucci
1994). A recent Keys-wide survey counted few urchins but discovered evidence of
significant adult populations in the Dry Tortugas (Chiappone et al. 2001).
Although the cause of the urchin dieoff remains unknown (but see Bauer and
Agerter 1987), it represents one of two ecologically critical disease outbreaks that
swept through the Caribbean and Florida in the last 25 years.

The second epidemic, WBD (discussed previously), still affects acroporid
corals in Florida (Precht and Aronson 1997; Porter et al. 2001; Santavy et al.
2001). The loss of the acroporids due to WBD significantly reduced the three-
dimensional structure of the reefs and effectively eliminated two of the major
reef-building corals from the region (Sheppard 1993; Aronson and Precht 2001c;
Precht et al. 2002). Coring studies in Belize and Jamaica have revealed that the
regional mass mortality of acroporid corals from WBD was novel on a centennial
to millennial scale (Aronson et al. 2002a; Wapnick, Precht, and Aronson 2004).
The combined effects of the two lethal, essentially concurrent, Caribbean-wide epi-
zootics resulted in what was apparently an unprecedented, regional shift from
coral to macroalgal dominance (Knowlton 2001).

Estimates of the prevalence of WBD in remnant A. cervicornis and A. palmata
populations in the FKNMS were obtained over the period 1999 to 2001 and were
3.2% and 5.6%, respectively (Chiappone, Miller, and Swanson 2002). In addition
to WBD, another lethal disease known as white pox, which is specific to A. palmata,
has been identified throughout the Florida reef tract (Holden 1996). The common
bacterium Serratia marcescens has been implicated (Patterson et al. 2002).
Because S. marcescens can be a human fecal enterobacterium, Patterson et al.
(2002) inferred that its pathway into the marine environment is likely via human
waste. However, further evidence is needed to substantiate this species as more
than an incidental pathogen. Others have noted that S. marcescens is commonly
found throughout the marine realm, including in the gut tracts of fish (Bruckner
2002). As enterobacteria are ubiquitous in the marine environment, it should not
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be surprising that some should be opportunistic pathogens of fish and marine
invertebrates, including corals that are already stressed.

Beginning in the 1970s and continuing through today, coral diseases or dis-
ease-like syndromes have appeared in other coral species throughout the Caribbean
(Antonius 1977; Edmunds 1991; A. Bruckner, Bruckner, and Williams 1997,
Nagelkerken et al. 1997; Santavy et al. 1999; Garzon-Ferreira et al. 2001),
Bermuda (Garrett and Ducklow 1975), and the Florida Keys (Dustan and Halas
1987; Kuta and Richardson 1996; Richardson et al. 1998; Porter et al. 2001;
Santavy et al. 2001; Patterson et al. 2002). Other environmental stressors such as
pollution, increased nutrients, increased iron supply, African dust, and temperature
may be associated with coral disease outbreaks, yet no firm connections have
been established (Shinn 1996, 2001; Epstein et al. 1998; Hayes and Goreau 1998;
Harvell et al. 1999; Hayes et al. 2001; Jackson et al. 2001; Richardson and
Aronson 2002; Bruno et al. 2004). Antonius (1977) described a white syndrome
in acroporid corals, which he termed shut-down reaction (SDR). He noted that
even a slight break in coral tissue in “stressed” colonies triggered SDR. The
symptoms of SDR are similar to WBD but highly accelerated. It may be that
stress due to increased temperature contributes to white syndromes in the acrop-
orids. The long-term impacts of coral diseases on populations remain difficult to
assess, but disease is clearly a major factor in the continued decline of corals and
reef function in Florida.

9.6 The Future

Future climatic and environmental changes are emerging as major research priorities
in the new millennium. The National Research Council (1988) recommended that
studies documenting population, community, and ecosystem responses to rapid
environmental changes of the Quaternary could provide the necessary insight into
the rates and directions of biotic changes in the future. It has been argued that
Quaternary reefs from the Caribbean display stability and persistence in coral
assemblage structure through time and, therefore, constitute the most important
database for the study of modern reefs (Jackson 1991, 1992; Pandolfi and Jackson
1997; Pandolfi 1999, 2002). While we agree that these studies demonstrate pre-
dictable patterns of reef community membership in tropical areas during
glacial-interglacial cycles, we disagree with the notion that persistent, tropical
coral assemblages represent biologically integrated faunas (e.g., Jackson 1994).
Rather, persistence was likely due to individual species tracking suitable habitats,
favorable environmental conditions, and fluctuating sea levels in time and space
(see Brett, Miller, and Baird 1990; Holland 2000).

Much can be learned about coral ecology from Pleistocene reefs of the
Caribbean: the persistence of reef zonation schemes through time, the continuity
of environments during sea level fluctuations, and the fidelity of community and
species composition during successive high stands in the tropics. It may well be,
however, that reefs living under suboptimal conditions in more thermally reactive
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areas, including reefs in Florida tell a different story and may be more useful for
predictive studies. We believe that had Jackson, Pandolfi, and colleagues looked
in the other direction, at the latitudinal extremes of subtropical reef systems, they
would have come to a very different conclusion about the stability of reef ecosys-
tems. For instance, the reef community at Rottnest Island off Western Australia
(32°S) has some 25 species of zooxanthellate corals, most occurring at the south-
ern limits of their ranges, with Acropora spp. being rare (Marsh 1992). However,
during the last major interglacial (MIS 5e) major reefs were formed by both
staghorn and tabular Acropora spp. (Szabo 1979; Playford 1988). In a similar
analysis, Veron (1992) showed that on the world’s highest-latitude coral reef in
Tateyama, Japan (33.5°N), differences in species composition between the mid-
Holocene and the modern indicate that even a brief period of regional or global
warming can produce significant changes in coral assemblages. Conversely, in
the insular tropics the mid-Holocene temperature maximum had no effect on
species composition or reef-building (Gill, Hubbard, and Dickson 1999).

When conditions have been favorable in Florida, as they were during the
middle Holocene, acroporids have dominated the shallow-reef community. When
conditions have deteriorated, as in the Pleistocene, head corals have dominated
and persisted. Species replacements and range expansions in the past, especially
of the Acropora spp., emphasize the resilience of reef ecosystems and the indi-
vidualistic responses of coral species to rapid environmental change in the absence
of major human modification of the seascape.

Recent changes to Florida’s coral reefs could persist for decades or longer, and
it is unclear how future global climate change will interact with disease and other
stresses (Brown 1997; Harvell et al. 1999; Kleypas et al. 1999). The virulence of
some coral diseases may be positively correlated with increases in temperature,
which could doom reefs in the face of global warming (Rosenberg and Ben-Haim
2002). The combined effects of numerous anthropogenic impacts could alter
ecosystem resilience and prevent recovery of the affected reefs (Knowlton 1992;
Nystrom, Folke, and Moberg 2000; McCook, Wolanski, and Spagnol 2001).

What is required for recovery in the Florida Keys? Of course, the recent demise
of the Acropora in the Caribbean has not yet been tied to extinction. In ecological
time, the prolific growth of the acroporids (see Shinn 1966, 1976) could essentially
repopulate all of the habitats occupied in Florida prior to the WBD epidemic.
Populations of Acropora spp. persist throughout their geographic range, including
Florida, and substantial recovery could occur on a decadal scale (Woodley 1992;
see Idjadi et al. 2006). If the acroporids do recover, we would expect prolific and
expansive acroporid thickets in the lee of large islands or seaward of the mainland
of the Florida Peninsula, in areas protected from inimical waters.

Recent observations in the Keys show that short-term, sporadic, and spatially
limited acroporid thickets can develop from remnant populations. Demise of these
reoccurring smaller populations remains highly probable, but in the face of global
warming a northward expansion of the acroporids and the reef tract is also possi-
ble, mimicking the conditions of the mid-Holocene (Precht and Aronson 2004).
The recent occurrence of A. cervicornis thickets off Fort Lauderdale presents an
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interesting case. Are these populations a harbinger of impending global change,
or do they merely represent the temporary range expansion of remnant stands,
which are likely to be killed by the next cold front or hurricane?

Factors related to biology may limit recovery of the acroporids. Dependence on
asexual propagation in the acroporids comes at the expense of larval production
(Hughes 1989; Knowlton, Lang, and Keller 1990). A. palmata and A. cervicornis
are broadcast spawners, releasing their eggs into the water column for fertiliza-
tion and development. Because these corals are now rare, they may be experi-
encing an Allee effect; colonies may be too far apart for high fertilization success
(Knowlton 1992). Low levels of sexual recruitment by A. cervicornis have slowed
its recovery at most Caribbean localities. Although rapid growth and fragmenta-
tion are also strategies employed by A. palmata, this species shows slightly higher
rates of sexual recruitment to disturbed areas than A. cervicornis (Highsmith 1982;
Rosesmyth 1984; Jordan-Dahlgren 1992). Currently, brooding coral species,
which retain their eggs after internal fertilization and release their offspring as
planula larvae, are recruiting more successfully than broadcast spawners in the
Caribbean (Fig. 9.9). All Caribbean representatives of the families Agariciidae
and Poritidae are brooders, and Agaricia agaricites, P. astreoides, and P. porites
are among the first coral species to appear on disturbed reef surfaces, including
Acropora rubble fields (Bak and Engel 1979; Rylaarsdam 1983; Rogers et al. 1984;
Hughes 1989; Edmunds et al. 1998; Aronson and Precht 2001¢; Knowlton 2001).

What else could prevent recovery? Disease pathogens are still present (Santavy
et al. 2001; Aronson and Precht 2001c; Patterson et al. 2002), cold-weather fronts
still occur, bleaching events are increasing in frequency and intensity, hurricanes

Figure 9.9. Present-day coral assemblage in many shallow fore-reef settings. Brooding species
dominate, especially Porites astreoides, P. porites, and Agaricia agaricites (forma danai).
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can set back reef development, and predators are continuing to take their toll on
remnant populations (Knowlton, Lang, and Keller 1990; Bruckner, Bruckner, and
Williams 1997; Miller 2001), especially when other stressors are also present
(Hughes 1989, 1994; Knowlton 1992; Hughes and Connell 1999). Suitable sub-
strate may also limit larval recruitment where algal populations remain high
(Hughes and Tanner 2000). If one or both of the Acropora species do not recover,
we predict continued high abundance of fleshy macroalgae and an increasing role
for weedy, fecund, brooding corals such as Porites and Agaricia. At longer time
scales of decades to centuries, we predict that slower-growing, eurytopic, head-
coral species, especially the Montastraea species, will prevail.

In retrospect, we are lucky to have reefs in Florida at all. Disease outbreaks;
coral bleaching; extreme weather events, including hurricanes and cold fronts;
and the average annual position of the Gulf Stream all affect the nature and pres-
ence of reefs in Florida. A major challenge to scientists and managers working in
the Keys is to understand the combined effects of natural system variability and
human-caused damage. Can we use our knowledge of reefs through time in
Florida and the rest of the Caribbean to establish guidelines, methods, and strate-
gies for protection and stewardship?

9.7 Management Implications at the Interface of Geology
and Ecology in South Florida

Wood (1999) stated, “[A]ncient reefs are too often studied solely as geological
phenomena with little regard to the detailed biological interactions within their
constructional communities.” Her premise was that if one does not understand the
biology of a reef, one does not understand the reef at all. Conversely, Aronson and
Precht (2001b) commented “. . . that paleobiologists pay close attention to ecology,
but ecologists largely ignore the fossil record.” They noted that if the important
questions for the future are to be answered, we must combine the two disciplines
as Gould (1981) suggested.

Paleoecological studies of Pleistocene and Holocene reefs: (1) make it possible to
investigate ecological processes that occur over temporal scales longer than most
long-term (decadal-scale) ecological studies; (2) provide a baseline for the condition
of reefs prior to human influence; and (3) enable us to evaluate the response of corals
and coral reefs to environmental changes of magnitudes that are beyond historical val-
ues but within the range of projected global change. Understanding natural change in
reef community structure preserved in fossil sequences can provide a major source of
information for predicting future change. Specifically, the lessons learned from pale-
oecological studies can form the basis for the restoration and management of modern
ecosystems (Foster, Schoonmaker, and Pickett 1990). If present approaches to con-
servation are not sufficient to preserve or restore existing or damaged reef systems
(Buddemeier 2001), then can we do anything that will make a difference?

Coral reefs in the Florida Keys that are typically described as the ones in need
of salvation represent only a fraction—about 2%—of the total coral habitat in the
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Florida Keys (FMRI 1998). These are the shallow spur-and-groove locations that
until recently were dominated by A. palmata and A. cervicornis, and they are the
reefs that kept pace with rising sea level through the Holocene; they are the named
reefs on nautical charts (Fig. 9.2). What about the other 98% of coral habitat in
the Keys? There are vast stretches of shallow and deep hard-bottom habitats char-
acterized by low hard-coral cover, variable but often-high algal cover, and variably
abundant gorgonians and sponges (Enos 1977; Chiappone and Sullivan 1994).
Many of these habitats are probably little changed over the last 20 years (and pos-
sibly much longer), but monitoring programs do not typically include such sites
in their studies (Hughes 1992).

It has been argued that the coral reef scientific and management community
has failed the world’s coral reefs (Risk 1999; Bellwood et al. 2004). In Florida,
this implied failure is based on the hypothesis that diminished water quality is the
single most important cause of environmental degradation in the Everglades, in
Florida Bay, and on the reefs of the Florida Keys, and that the woes that beset
these systems are local, human-induced, and reversible. It is easy to come away
with this view after reading the literature (Lapointe 1997; Bacchus 2002; Brand
2002; Lapointe, Matzie, and Barile 2002; Lipp et al. 2002; Patterson et al. 2002;
Porter et al. 2002) and being exposed to the idea as presented in the popular
media (e.g., Lapointe 1989; Torrance 1991; Dustan 1997; Barnett 2003), but evi-
dence linking nutrient loading to reef degradation remains elusive (Szmant 2002).

We contend that the focus on nutrient pollution as the primary factor responsi-
ble for the decline of coral reefs in the Florida Keys is misplaced. Unfortunately,
politicians, managers, and the public are receptive to such arguments because poor
sewage treatment and runoff from the Everglades Agricultural Area are things that
make intuitive sense as causal agents and also have strong emotional appeal. As
a result, the paradigm of nutrient pollution and coral decline has dominated debate
in Florida for over 15 years. Nobody is going to argue that sewage pollution or
untreated agricultural runoff is a good thing. However, intuition and emotional
appeal are nonscientific approaches that seldom leave room for alternative or
complementary views. One of our primary motivations for writing this chapter is
that we believe it is time to move to a more balanced dynamic between the multiple
stakeholders throughout south Florida and the scientists who help inform them.

Winter cold fronts, hurricanes, global warming combined with increasing
ENSO intensity (causing coral bleaching), and coral and urchin diseases are stres-
sors in the Florida Keys that have well-known cause-and-effect relationships at
multiple spatial and temporal scales. These punctuated extreme events have
strongly influenced the trajectory of these coral communities, yet authors advo-
cating the primacy of diminished water quality in reef decline have essentially
overlooked them. As Pennisi (1997) commented, “[The] lack of a clear smoking
gun even for reefs as well studied as Florida’s have been due partly to the ten-
dency of reef scientists to focus their research on a single parameter—say, water
quality.” Nutrient pollution is clearly a threat, and it is possible that gradual dete-
rioration of water quality at the regional scale has predisposed the reef biota to
the sudden and radical shifts observed in the past few decades (Dubinsky and
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Stambler 1996; Vitousek et al. 1997). Management steps are already under review
to clean up nearshore waters in the Florida Keys (i.e., the Florida Keys Water
Quality Improvement Program; Kruczynski and McManus 2002), and systemwide
water-quality and habitat-restoration efforts are ongoing under the Comprehensive
Everglades Restoration Plan (Causey 2002). In 1998 the Governor of Florida
issued Executive Order 98-309, directing local and state agencies to coordinate
with Monroe County to eliminate cesspits, failing septic systems, and other sub-
standard sewage systems. Additionally, in 2001 the Florida Keys Water Quality
Act (Public Law 106-554) was approved by the U.S. Congress and authorized the
U.S Army Corps of Engineers to provide technical and financial assistance for
wastewater treatment and stormwater management projects to improve water
quality of the FKNMS. When implemented, engineering solutions to improve the
quality of nearshore waters certainly will not hurt the offshore reefs, and they may
provide some benefit; however, it is absurd to think that the Florida reef tract will
recover within our lifetime if we do not address the larger-scale causes of reef decline.
Saving coral reefs rests on our ability to forge a comprehensive, sophisticated,
and accurate understanding of the mechanisms responsible for coral reef decline
and regeneration. Therefore, it is imperative that managers and policymakers
directly address the range of factors that have devastated coral populations and
hinder their recovery. As Knowlton (2001) noted, it would be prohibitively expen-
sive to repair reefs crippled by the negative synergistic effects of different types
of stressors, including global warming and emergent diseases, yet these stressors
need to be addressed at multiple scales if reefs as we know them are to survive.

9.8 Summary and Conclusions

By studying reef communities through the Quaternary and their changes over
time, it is possible to understand more fully the history of development, structure,
and function of modern reef systems. Conversely, modern reefs form the founda-
tion for understanding the multiscale processes behind the preserved sedimentary
architecture and biofacies of the fossil reef sequences. The principle of uniformi-
tarianism forms the basis for understanding changes in reefs through time and
space. Studies of Caribbean Quaternary reefs emphasize the persistence in com-
position and zonation over broad spatial and temporal scales. It may well be,
however, that Quaternary reefs living under nonoptimal conditions, including
those in Florida, may prove more useful for predicting the future trajectory of reef
communities.

In this chapter, we have attempted to synthesize the Quaternary history of reef
development in Florida. Using the maxim “the past is the key to the future,” we
have tried to tease out those factors most responsible for reef decline in Florida,
both historically and recently. Living coral reefs of Florida have been in a state of
flux for the past 25 years. Among these changes has been the near-elimination of
the dominant coral species Acropora palmata and A. cervicornis, with concomitant
increases in macroalgae. Winter cold fronts, hurricanes, global warming (causing
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coral bleaching), and coral disease are stressors in the Florida Keys that have well-
known cause-and-effect relationships. These rapid, rare, and extreme events have
strongly influenced the composition of reef communities in the Florida Keys.

Whether these recent changes are natural cyclic events or the result of human
activities has been a topic of strenuous debate. To address this issue, we asked the
question, “Did episodes of reef degradation occur in the past, before the era of
human interference, or is the current state of coral reefs unique to our time?”
Because coral reefs are both geologic and biologic entities, it is possible to observe
the effects of various disturbances in ecological time, detect historical changes in
the paleoecological record, and deduce the multiscale processes behind those
patterns. For Florida at least, the present reef community assemblage, highlighted
by diminishing Acropora populations, is not unique in space or in time. This is
contrary to results from other areas of the Caribbean.

Being at the northern limit of reef growth in the western Atlantic, Florida is
subjected to a host of conditions unfavorable to prolific reef development. In fact,
we are lucky to have reefs at all in Florida. Disease epidemics, coral bleaching
events, extreme weather conditions including hurricanes and cold fronts, as well
as the average annual position of the Gulf Stream affect the ecological history of
reefs in Florida. Throughout the Quaternary, Florida’s reefs have been subjected
to numerous large-scale disturbances that have reorganized the coral community
structure. Although in many cases the causes of these disturbance events have
been different, the resulting community shift away from dominance by Acropora
spp. has been similar. When conditions have been favorable on time scales of mil-
lennia, as in the early to middle Holocene, acroporids have dominated the shal-
low-reef community. When conditions have deteriorated, as in the Pleistocene,
head corals have dominated and persisted. Quaternary reefs from Florida empha-
size the resilience of reef ecosystems and the individualistic responses of coral
species to rapid environmental change in the absence of major human modifica-
tion of the seascape. These ecological shifts in coral community composition are
preserved in the fossil and subfossil record of these reefs and allow us to use the
past as a key to predicting the future of reefs in a world now besieged by numer-
ous disturbances and the influence of man. As Gene Shinn has repeatedly empha-
sized, the story written in the geologic history of coral reefs is our most reliable
guide to their uncertain future.
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