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SEA-LEVEL RISE AND THE REDUCTION IN
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Abstract. Forests dominated by Pinus elliottii var densa have undergone a reduction
in area in the Florida Keys (USA). A previous investigation interpreted the presence of
halophytic species in a former pine forest in Key Largo as evidence of sea-level rise. We
therefore examined aerial photos and field evidence to learn how the 15-cm rise in local
sea level over the last 70 yr had affected the distribution of pines on a second island, where
intact pine forests still remained in 1991. The distribution of in situ dead pine stems showed
that the area occupied by pines on Sugarloaf Key was 88 ha at some time prior to the
earliest available aerial photographs, in 1935. The area of pine forest was reduced to 46
ha by 1935, and continued to decrease through 1991, when it covered 30 ha. The pattern
of pine mortality was related to topographic position, with the areas where pines died
earliest occupying the lowest elevations. Our analysis of current vegetation patterns showed
that the areas of earliest pine mortality are now populated by a higher proportion of
halophytic plant assemblages than areas of more recent pine mortality. We also compared
the physiological responses of pines in two portions of the island: one where pine forest
reduction had been most pronounced, and a second where the extent of the forest had
changed little over the past 50 yr. Both groundwater and soil water salinity were higher in
the area of rapid pine forest reduction, and the pines sampled there exhibited higher
physiological stress, as indicated by pre-dawn water potential and stemwood carbon isotope
ratios. These results suggest that the salinization of ground- and soil water that occurs as
sea level rises is a major factor in the reduction of pine forests of Sugarloaf Key. If sea
level continues to increase, the Florida Keys will experience a decline in both landscape
and species diversity, as species-rich upland communities are replaced by simpler mangrove
communities. This pattern may also occur in other low-lying island ecosystems with limited
freshwater resources.
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stable isotopes.

INTRODUCTION

Forests of South Florida slash pine (Pinus elliottii
var densa) are currently found on ten islands in the
southwesternmost (Lower) Florida Keys. Historical ac-
counts and remnant woody materials indicate that pine
forests have been completely displaced by other veg-
etation types on at least one other Lower Keys island,
as well as on Key Largo in the Upper Keys (Alexander
1953, Dickson 1955). Furthermore, on several of the
islands that presently support pines, dead snags and
logs occur well beyond the perimeter of the existing
forest.

Pine forests of the Florida Keys are maintained by
fire, which interrupts a successional sequence leading
toward more shade-tolerant, broad-leaved species (Al-
exander 1967, Alexander and Dickson 1972, Carlson
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1989, Snyder et al. 1990). The reduction in pineland
extent described above may therefore have resulted
from an absence of fire ignition in recent decades, or
through human suppression of those fires that did oc-
cur. Alternatively, Alexander (1976) found pine re-
mains in areas of Key Largo currently occupied by
mangroves. He proposed that sea-level rise was re-
sponsible for the disappearance of the pine forest on
that island, by flooding low-lying pine communities
and favoring salt-tolerant mangroves over freshwater-
dependent pineland plants.

The Key Largo pine forest studied by Alexander had
been reduced to scattered individuals by the 1930s,
and contained no live pines by the time he first ex-
amined it in 1952 (Alexander 1953). With so little
evidence, it was impossible to derive any strong infer-
ences regarding the mechanisms of the proposed sea-
level-rise effect. However, several Lower Keys islands
with intact and relict pine forests side by side may
represent early stages in the same process that led to
the elimination of Key Largo pine forests. On such
islands, comparisons of compositional and physiolog-
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ical patterns between current and former forests are a
source of information that was unavailable in Key Lar-
go. Furthermore, the temporal sequence of vegetation
transformation on these islands could be documented
with aerial photos, perhaps reflecting further on the
mechanisms of change.

We therefore reexamined Alexander’s (1976) hy-
pothesis that sea-level rise has been a primary cause
of pineland loss. Our objectives were to determine
whether the reduction in pine forest in the Lower Keys
has proceeded from lower to higher elevations, and
whether the sequence of plant communities that have
succeeded these forests reflects autogenic change to-
ward vegetation associated with an absence of fire or
allogenic change toward more salt-tolerant vegetation.
We also wanted to ascertain whether living P. elliottii
individuals adjacent to areas of high historical pine
mortality exhibited evidence of physiological stress as-
sociated with high salinity in ground- or soil water.
Our overall approach was to interpret current spatial
patterns in environmental variables, vegetative cover,
and P. elliottii physiology, in light of carefully docu-
mented changes in the perimeter of the pine forest over
time. We concentrated on pine forests for two reasons:
(1) their association with abundant freshwater re-
sources suggests particular sensitivity to salinization
effects, and (2) the distinctive canopy and wood struc-
ture of the dominant Pinus elliottii var densa facilitates
mapping of their historical distributions from aerial
photos and dead stems.

THE LOWER FLORIDA KEYS

The Lower Florida Keys are a series of limestone
islands extending from Little Duck Key ~60 km west
to Key West (Fig. 1). The area is characterized by a
dry tropical climate. Mean annual temperature at Key
West is 25.2°C, with no record of freezing tempera-
tures. Key West annual precipitation of 100 cm (com-
pared to 118 cm at Tavernier in the Upper Keys) is
highly seasonal; ~70% is concentrated in the 6 mo
between mid-May and mid-November.

Hanson and Maul (1993) recently analyzed mete-
orologic and sea-level records for Key West. Over the
periods of record (temperature: 1850-1986; precipi-
tation: 1886-1986) there was no directional trend in
either of the climatic parameters, though temperature
decreased by ~1°C during 1880-1 890, then increased
gradually through 1950. However, sea level increased
by an average 0.22 cm/yr between 1913 and 1986. We
updated Hanson and Maul’s data through 1990 (G.
Maul, personal communication), applying a 19-yr filter
to focus on the long-term trend and remove any effect
of the lunar nodal cycle (Fig. 2). With the exception of
a brief plateau during the 1950s, sea-level rise at Key
West has been relatively steady since 1913.

The topography of the Lower Keys is low and nearly
flat. Elevations >2 m above sea level are uncommon,
With such modest relief, surface and subsurface hy-
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drology are of great ecological significance. As else-
where in the Florida Keys, Lower Keys soils and veg-
etation are arranged along a distinctive within-island
gradient associated with elevation and the frequency
of inundation by tidal waters (Davis 1942, Ross et al.
1992). In a tidal zone up to ~50 cm elevation, rela-
tively deep soils are continuously saturated with saline
or hypersaline water. Here several mangrove species
dominate floristically simple forest or shrub commu-
nities. Further upslope (to ~80 cm elevation), an area
of rocky or shallow calcareous mineral soils is fre-
quently very dry, while at other times it is submerged
in salt water. The open, relatively unproductive tran-
sitional woodlands, shrublands, or salt marshes of this
zone are intermediate in plant species diversity. Fi-
nally, beyond all but the highest storm tides, the thin,
predominantly organic soils of the uplands support slash
pine or broadleaved forests (hammocks) that are low
in stature but high in species diversity. Most of the
dominant tree species are of West Indian origin, not
occurring in North America outside of southern Flor-
ida (Long 1974).

Besides the within-island zonation discussed above,
Florida Keys vegetation also changes along a north-
east-southwest geographic gradient away from the
mainland (Ross et al. 1992). The gradient is expressed
by a decrease in forest stature and productivity from
Upper to Lower Keys along with a gradual change in
the species composition of upland forests. Several
physical factors may contribute to these patterns, in-
cluding the climatic gradient and elevation, which is
generally higher in the Upper Keys. Another factor of
potential importance is geology, especially through its
effect on subsurface hydrology. The surficial geology
of most of the Lower Keys consists of oolitic limestone
of Pleistocene age. The oolitic rock is sufficiently re-
sistant to the mixing of salt and freshwater that a lens
of relatively fresh groundwater may be maintained in
close proximity to an island edge. In the Upper Keys,
where the high permeability of the coralline limestone
promotes mixing with adjacent ocean waters, ground-
water beneath most uplands is brackish except after
unusually rainy periods.

The distribution of slash pine in the Keys suggests
that it may be sensitive to the presence and persistence
of fresh groundwater, which is generally reflected by
the salinity of surface water in solution holes at the end
of the dry season (M. Ross, unpublished data). Based
on such data, slash pine forests are most abundant on
islands that combine large size and stable freshwater
resources (Table 1). On islands where pine forests are
extensive, they are frequently found mixed with marsh
communities dominated by sawgrass (Cladium ja-
maicensis) and other freshwater indicators. Carlson
(1989) suggested an inverse relationship between fire
return interval and island size, which may account for
the limited extent of pine forests on small islands with
fresh groundwater (Table 1).
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THE STUDY AREA

The study area was a 425-ha tract on the upper por-
tion of Sugarloaf Key (24°41’ N, 81°33’ W), =30 km
east of Key West (Fig. 1). There is little evidence of
past use of the area by aboriginal people or by 19th-
century settlers. A survey by the Dade County (Florida)
Archaeologist in the early 1950s uncovered only frag-
mentary remains of a single temporary structure, prob-
ably dating to the late 19th or early 20th century. Fur-
thermore, commercial logging has not been a significant
factor in this part of the Keys (I. Eyster, personal com-
munication). The northwest-southeast-oriented pen-
insula was platted in anticipation of development by
Monroe County in the early 1970s, when a hard-sur-
face road and a network of woods roads were estab-
lished. Soon afterward, the United States Fish and
Wildlife Service purchased the property as part of the
Key Deer National Wildlife Refuge. Until recently,
management activities were limited to controlling ac-
cess to the area. In the last decade Refuge personnel
have initiated a prescribed burning program, intended
to reduce fuels and maintain the open pineland habitat
critical for the endangered Key deer (Odocoileus vir-
ginianus clavium).

Despite limited topographic relief within the study
area, the landscape is quite heterogeneous and typical
of undeveloped portions of the Lower Florida Keys.
Slightly elevated areas of pine, hammock, or transi-
tional woodland vegetation are surrounded by a narrow
supratidal fringe, all embedded in a matrix of man-
groves. On the basis of electromagnetic profiling with
terrain-conductivity meters, which measure the bulk
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Florida Keys and south Florida mainland, with upper Sugarloaf Key enlarged as an inset.

electrical conductivity of the ground, Caballero (1993)
recently determined that several of the upland forests
on the island were underlain by a relatively fresh
groundwater lens, which exhibited only minor seasonal
changes in extent, depth, and salinity. The tract is fur-
ther characterized by extensive areas in which dead
pine trunks are clearly visible, emerging from a low
broad-leaved forest canopy far from the nearest living
Pinus elliottii.
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FiG. 2. Mean annual sea level at Key West, Florida. Data

are 19-yr running annual means, based on monthly averages,
1913-1990 (adapted from Hanson and Maul 1992).
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