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INTRODUCTION AND OVERVIEW
Kimberlyn Williams, Zuleika S. Pinzon, Richard P. Stumpf, and Ellen A. Raabe

In this report, we review literature pertaining to the response of coastal forests on the Gulf of
Mexico to sea-level rise. The report is divided into chapters that discuss effects of sea-level rise on
non-mangrove forests, effects of sea-level rise on mangrove forests, and responses of Gulf coast
trees to increased flooding and salinity. An assessment of the extent of coastal forest likely to be
affected by sea-level rise in the near future is beyond the scope of this report.

Chapter 1 discusses sea-level effects on non-mangrove forests of the Gulf of Mexico inclding
descriptions of how coastlines and, therefore, coastal forests have changed through the Holozene,
a discussion of how coastal geomorphology and hydrology may affect interactions of coastal forest
with sea-level rise, and an evaluation of the role that hurricanes might play in coastal forest retreat.

Literature on geological changes throughout the Holocene is not fully reviewed; sufficient
information is given to place current rates of coastal forest retreat into historical perspective.
Similarly, effects of hurricanes on coastal forests are not fully reviewed. Information that is
pertinent to the role of hurricanes in coastal forest retreat and to the effects of hurricanes on the
forest's interaction with sea level is presented. For more extensive reviews of hurricane effects on
coastal forests of the Caribbean and the southeastern United States, the reader is referred to issues
of BioScience (1994, Vol 44, no. 4), Biotropica (1991, "Special Issue: Ecosystem, Plant, and
Animal Responses to Hurricanes in the Caribbean", Vol. 23, No. 4, Part A) and the Journal of
Coastal Research (1991, "Impacts of Hurricane Hugo, Special Issue No. 8; and 1995, "Impects of

Hurricane Andrew on the Coastal Zones of Florida and Louisiana: 22-26 August 1992", Special
Issue No. 21).

Selected pertinent information from Virginia, South and North Carolina has been included in
this review, because much of our knowledge of coastal forest response to hurricanes, salinity and
flooding comes from the Atlantic coast. These areas are floristically similar to the northern Gulf of
Mexico. Species distribution of coastal forest trees and shrubs on the Gulf of Mexico are listed in
Appendix 1.

Extensive research has been conducted on the responses of individual tree species to increased
salinity and flooding. Synthesis of this research, although very important for evaluating effe~ts of
sea-level rise and various hydrological modifications on coastal forest, is beyond the scope of this
review. These studies are included as an annotated bibliography (Appendix 2). Selected field
studies on tree responses to changes in hydrology and salinity (impoundments, drainage, etc.) are
referenced in Appendix 3.

A review of mangrove response to sea-level rise is included in Chapter 2. Mangrove forests
are discussed in the context of Holocene changes in geomorphology. Predictions of the fate of



mangroves in the face of future sea-level rise, as well as a review of factors that affect interactions
between mangroves and sea-level rise are discussed. Selected references from outside the United
States are included, because much of our knowledge of how mangroves react to sea-level rise
comes from other tropical areas of the world. A discussion of hurricane effects on the mangroves
of south Florida highlights gaps in our knowledge of how hurricanes affect responses of mangrove
vegetation to sea-level rise there. Mangrove responses to temperature and elevated CO?7 are tiefly
mentioned. These factors, as well as sea level, are expected to change in the future and may affect
mangrove distribution.



Chapter 1
SEA-LEVEL RISE AND NON-MANGROVE FORESTS OF THE GULF OF MEXICO
Kimberlyn Williams

COASTAL FORESTS OF THE GULF OF MEXICO

Coastal forest composition around the Gulf of Mexico varies with substrate type, latit'ide
(or temperature), longitude, and aridity. Forests exist on well drained sands (characteristic of the
barrier islands and certain stretches of mainland coast), low-lying silty sediments of river deltas
throughout the Gulf Coast, and low-lying limestone platforms in much of Florida. Terrell (1979)
divided the coastline of the Gulf of Mexico into ten regions with different geomorphic and
hydrologic characteristics (Figure 1, Table 1). These characteristics affect both the species
composition of forests adjacent to the coast and their interaction with sea-level rise.

Bottomland hardwood forests and swamp forests exist at the mouths of most rivers a-ound
the Gulf (Figure 1). Swamp forests, dominated by baldcypress (Taxodium distichum) and often
water tupelo (Nyssa aquatica), occur in frequently flooded areas of floodplains. Bottomland
hardwood forests (dominated by a variety of species, Appendix 1) occur in the drier, less
frequently flooded areas. Due to the aridity of Texas, bottomland forests are generally restricted to
narrow floodplains; swamp forests occur only to a minor extent in floodplains of northern coastal
Texas (Shew et al. 1981). Swamp forests reach their greatest development in the Mississippi Delta
and in south Florida, west of the Everglades. Bottomland hardwood forests are generally similar
in composition throughout the Gulf, with minor variations (Appendix 1). Most notably, palms
(Sabal palmetto, in Florida, and Sabal texana at the mouth of the Rio Grande) and other tropical
tree species become important components of wetland coastal forests at low latitudes.
Additionally, bottomland forests east and west of the Mississipi River may differ somewhat in
composition: the Mississippi marks the eastern or western limit of distribution of several tree
species (Appendix 1). Hydric hammocks, wetland hardwood forests in Florida that are in still-
water wetlands, rather than riverine systems (Vince et al. 1989), share many species with the
bottomland hardwood forests.

Sandy ridges near the coast (forested barrier islands, the Ingleside strand in Texas, ct<niers
of the Chenier plain, sandy shorelines of north and central Florida) generally support live oak
(Quercus virginiana). In eastern Texas, live oak may be accompanied by mesquite (Prosopis sp.)
and saltcedar (Tamarix gallica) (Shew et al. 1981). To the east of the Mississippi River, coastal
sandy ridges may also be dominated by sand live oak (Quercus geminata), myrtle oak (Quercus
myrtifolia), sand pine (Pinus clausa), and slash pine (Pinus elliottii). Cabbage palm (Sabal
palmetto), saw palmetto (Serenoa repens), rosemary (Ceratiola ericoides), and wax myrtle (Myrica



cerifera) may also be important in these areas (Johnson and Barbour 1990). Portions of barrier
islands that are low in elevation, and barrier islands of the south Texas coast (Shew et al. 19¢1) are
generally not forested.

Where a shallow limestone platform supports coastal forest in a nonestuarine environment,
the forest may be pine flatwoods or a coastal hardwood hammock. The flatwoods are dominated
by slash pine (Pinus elliottii), loblolly pine (Pinus taeda), longleaf pine (Pinus palustris) and/or
pond pine (Pinus serotina), and often contain an understory of saw palmetto (Serenoa repens)
(Abrahamson and Hartnett 1990). Live oak (Quercus virginiana), southern red cedar (Juniperus
virginiana var. silicicola), and cabbage palm (Sabal palmetto) often dominate the coastal fring=s of
hardwood hammock (Vince et al. 1989). These systems dominate the Big Bend region of Florida
(Figure 1). Forest stands on the coastal margin may exist as isolated stands on topographic tighs
surrounded by salt marsh. These elevated areas may be highs in the underlying limestone
platform or old Indian middens.

Upland vegetation changes drastically between the Rio Grande and Florida. In south
Texas, forests are confined to river bottoms, while the uplands are dominated by grassland and
chaparral (Figure 1). Grasslands and forests occur in upland areas in western Louisiana. The
coastal prairies of Texas and Louisiana have been heavily converted to agricultural use (Brown et
al. 1976, 1977, 1980; McGowen et al. 1976a, b). East of the Mississippi River, the uplands are
forested with various mixtures of pine, oak, and and other southern hardwoods (Kiichler 1965).

Mangrove forests gradually replace salt marsh from central Florida southward (Davis 1940,
Figure 1), and from the southern tip of Texas southward. Isolated stands of mangrove occur
sporadically along the Gulf of Mexico (Little 1976).

Coastline characteristics, and consequently coastal forest characteristics, have been shaped
by changing sea-levels and variation in sediment supply. Sea level has fluctuated greatly in the
past, resulting in sea-level stands much higher and much lower than present (Haq et al. 1987).
Low sea-level stands left beaches, platforms, and terraces behind, partially shaping the uplands
into which seas are currently rising. Flat, lowlying limestone platforms formed under shallow
seas, support coastal forest over much of Florida (Schomer and Drew 1982, Hine and Belknap
1986, and references therein). The Ingleside barrier strand-plain in Texas, a sandy ridge that
supports oak forest near the coast, was a Pleistocene barrier island (Shepard and Moore 1960).
The cheniers, sandy ridges that support live oak forest in the marshes of western Louisiana's
Chenier Plain, are old barrier islands, river mouth accretions, and recessional beach ridges
(Gosselink et al. 1979).

Features left by higher seas at inland locations promise to affect coastal forest fates in the
future. Sandy flanks of the Brooksville range, lying just 10 km east of the presently marshy
shoreline in central Florida, were coastal deposits at a higher sea stand (White 1970). Hine and









Table 1. Classification of Gulf Coast regions from Terrell (1979).

See Figure 1 for locations.

Texas Barrier Island System

Strandplain-Chenier Plain

Mississippi Delta

North-central Gulf Coast

Apalachicola Cuspate Delta

Big Bend Drowned Karst

Central Barrier Coast

Ten Thousand Islands

Florida Bay

Florida Keys

Extensive lagoon system formed by drowned river mouths and
barrier islands, freshwater inflow regular on upper coast to
limited with hypersaline condition on lower coast, marshes
common along upper coast, submerged grass beds common
along lower coast, barrier islands of sand.

Extensive marsh system, freshwater inflow from several small
river systems, but lacking direct influence from Mississipp+;
cheniers present.

Extensive marsh systems, barrier istand system, sediment:
silty, silt terrigenous, water turbid, very extensive shallows
area, extensive influence from Mississippi River.

White sand beaches, clear water, extensive dune system, end
barrier island system. High-energy beaches compared to
others of the Gulf Coast.

Smooth sand beaches, mud-bottomed bays, turbid water,
barrier islands present, little or no seagrass.

Rugged shoreline, rocky bottoms, very wide shallows area,
clear water, extensive seagrass beds and marshes, high fish
production, extensive oyster bars.

Sandy beaches with a few rocky areas, extensive marshy and
swampy areas present, narrow shallows area; Juncus,
Spartina, or mangroves characteristic, depending on latitude.

Coastline dominated by a multitude of small mangrove islands
and tidal channels, extremely complex, direct marine action on
the coast.

Coastline part of Everglades National Park, area of numerus
mangrove-covered islands and very extensive swamps
covering the entire southern tip of Florida. Marine influen~e
from Gulf of Mexico, but area is fairly protected.

Low limestone islands with pinnacle rock coasts or very
narrow shell beaches bordered with mangroves, extensive
shallow areas with soft marl or shell fragment bottoms
extending out to coral reefs, very extensive seagrass and algal
beds.




Belknap (1986) point out that when sea-level reaches this point, the entire character of the coastline
will change from the present, low marsh (and low-elevation forest) coastline, to one characterized

by eroding sandy bluffs, resembling that found west of the Apalachicola River Delta today.

COASTAL FOREST CHANGE DURING THE HOLOCENE

Sea-level at the height of the last ice age (ca. 20,000 years BP) is estimated to have bzen 90
- 130 m lower than at present (Chappell and Shackleton 1986, Fairbanks 1989), exposing a large
expanse of coastal plain that is currently submerged. Based on the bathymetry of the shallow
coastal shelf of the Gulf of Mexico, this shoreline would have lain 150-250 km gulfward of the
modern Florida coast, and 60-80 km gulfward of the modern Texas coast (McGowan 1976a,
Figure 2). Due to alteration by currents, the submerged shorelines are more difficult to map than
those left by high sea stands (Webb 1990).

Data on the vegetation of this former coastline during the last glacial maximum are lirited.
Delcourt and Delcourt (1981, 1987) have carried out extensive stratigraphic analyses, based on 162
fossil pollen sites in North America, detailing the dynamics of forests between the height of the last
ice age, approximately 20,000 years ago and the present. These records indicate that southeastern
evergreen forest has dominated fossil pollen sites in Gulf states east of Texas since approximately
10,000 years B.P. This forest is generally similar to that which exists along much of the Gulf of
Mexico today, and includes southern pine species, oak, tupelo (Nyssa spp.), baldcypress
(Taxodium distichum), and sweetgum (Liquidambar styraciflua). During the full glacial and late
glacial (ca. 20,000 - 14,000 years B.P.), northern species, notably spruce (Picea sp.), achieved
dominance as far south as 31° N in southern Louisiana and Mississippi (Delcourt and Delcourt
1996), but warm temperate taxa such as Liguidambar and Nyssa still appear in the full- to late-
glacial strata dominated by spruce. Deposits prior to 38,000 year B.P., and presumably
Sangamonian or Altonian in age, lack spruce and again reflect dominance by pine/oak forests with
hickory, beech, hornbeam (Ostrya and/or Carpinus), and warm-temperate taxa of Liquidambar
styraciflua, Nyssa sp., and Leitneria floridana (Florida corkwood) (Delcourt and Delcourt 1996).

We have little palynological data on forest composition along the Gulf coast during tk< last
glacial, because that coastline is currently submerged, and because erosion of coastal sediments
during sea-level rise has largely eliminated stratigraphic records (Hine et al. 1988). Fossil pollen
sites used by Delcourt and Delcourt (1987) in Texas, are fairly distant from the current coastline
(near Austin), and even more distant from the former coastline. Sites in Florida are much closer to
the current coastline, and while evidence exists for the presence of xeric, sand dune scrub
vegetation there during the height of the last glacial (Watts 1975), Delcourt and Delcourt (19€7)
consider evidence tentative, due largely to major gaps in the pollen record. Moreover, because of
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Figure 2. Current coastline of the Gulf of Mexico and isobaths at 100 m and 200 m.
Dots indicate fossil pollen sites used by Delcourt and Delcourt (1987) in reconstructing
forest change in North America.

changes in the coastline, xeric dune vegetation at currently coastal sites reflect what would heve
been inland, upland vegetation at the height of the interglacial. Delcourt and Delcourt (1987) state
that "to date, no definitive paleoecological evidence is available to document the full-glacial
locations of coastal warm-temperate or subtropical swamps in eastern North America". Suct
swamps are currently common in many of the floodplains of the Gulf coast and in low-lying areas
west of Florida's Everglades.

Forests that more recently occupied coastal marsh in the southern United States were
generally similar in composition to the current coastal forest. As early as the 1700's, William
Bartram recognized coastal forest conversion to salt marsh and, writing of islands off the Georgia
coast, stated that "it seems evident, even to demonstration, that those salt marshes adjoining the
coast of the main, and the reedy and grassy islands and marshes in the rivers, which are now
overflowed at every tide, were formerly high swamps of firm land, affording forests of Cyp-ess,
Tupilo, Magnolia grandiflora, Oak, Ash, Sweet Bay, and other timber trees, the same as are now
growing on the river swamps, whose surface is two feet or more above the spring tides that flow at
this day; and it is plainly to be seen, by every planter along the coast of Carolina, Georgia, and
Florida, to the Mississippi, when they bank in these grassy tide marshes for cultivation, that they
cannot sink their drains above three or four feet below the surface, before they come to strata of
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Cypress stumps and other trees, as close together as they now grow in the swamps." (Bartram,
1792, pp. 66-67). At St. Marks Wildlife Refuge, in the Florida panhandle, Kurz and Wagner
(1957) found preserved live oak roots in mud flats 225 feet gulfward from the barrier beache- that
then supported scrubby live oak. Early workers, such as Bartram, attributed these vegetation
changes to coastal subsidence, rather than sea-level rise. Only later was the importance of bcth
factors recognized (Gehrels and Leatherman 1989).

Sea level rose rapidly after the end of the last ice age (ca. 0.25 cm/yr) until approximetely
4,000 years ago, when rates appeared to slow dramatically to a mean rate of 0.04 cm/yr (Shepard
1960a, Digerfeldt and Hendry 1987, Wanless 1989, Hendry 1993 and references therein, Wanless
et al. 1994). Estimates of eustatic sea-level rise over the past century are higher. Davis and
Mitrovica (1996) estimated recent eustatic sea-level rise at 0.14 - 0.17 cm/yr, whereas Warrick et et
al. (1995) allowed greater uncertainty (0.18 cm/yr with a range of 0.10 - 0.25 cm/yr). Due to
subsidence, coastlines along the northwestern Gulf of Mexico (primarily Louisiana and east Texas)
are experiencing dramatically higher rates of relative sea-level rise (Penland and Ramsey 1997,
Turner 1991, Hanson and Maul 1993, Figure 1).

The slowing of sea-level rise at approximately 4,000 years B.P. significantly influenced
hydrology, geomorphology and, consequently, the modern distribution of coastal forests on the
Gulf of Mexico. Many of the barrier islands around the Gulf began to form near their present
position at this time. Most of the higher islands support forest, especially those east of Texas.
Even treeless barrier islands influence mainland coastal forests through their effects on waver,
tides and estuarine salinity. There are indications that some swamp forests expanded near the
current coastline in north Florida, and mangroves expanded in south Florida beginning ca. 4,000
years B.P.

Although some barrier islands on the Gulf of Mexico have core areas formed by
Pleistocene highs (e.g., Dauphin Island, Alabama; Otvos 1985), some coastal islands represent
relict Pleistocene dunes (Hine and Belknap 1986), and some have formed recently (e.g., as a result
of delta abandonment and subsidence in the Mississippi Delta; Penland et al. 1985), most current
barrier islands around the Gulf coast began to grow ca. 3,000-4,000 years B.P. (Shepard an1
Moore 1960, Shew et al. 1981 and references therein, Davis and Kuhn 1985, Evans et al. 1985,
Stapor et al. 1991). Over most of the Gulf coast, islands formed as sand deposits accumulated on
shallow platforms, around Pleistocene highs, or in deltaic deposits detached from the mainland
(e.g., Davis and Kuhn 1985, Otvos 1985). Barrier islands are not static. Some have moved
seaward, some coastward, and some have remained stationary in historical times (Shepard
1960b). Louisiana has lost a large fraction of it's barrier system over the past century (Penland
and Boyd 1982, McBride et al. 1993), and although some barrier islands are prograding, the
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general trend in barrier systems around the Gulf of Mexico today is considered erosional (Dc'an et
al. 1988, Hendry 1993).

In south Florida, the slowed rate of sea-level rise allowed reefs and oyster bars to build. In
the Ten Thousand Islands region of south Florida, Parkinson (1989) dated the base of the vermetid
reefs that underlie the gulfward islands to 3,390 years B.P. Oyster bars that form the base of
interior islands were dated to 1,800 years B.P. Parkinson (1989) suggested that the vermetid reef
buildup promoted oyster buildup in inshore waters by reducing salinity. Both oyster bars and
vermetid reefs became colonized by mangroves, accumulated sand deposits and were coloniz=d
locally by other terrestrial vegetation. On the mainland, Parkinson (1989) found red mangrove
peat beginning ca. 3,500 years B.P. over Pleistocene sands. Thus, he found evidence for
mangrove expansion both inland, as mangrove peat buildup kept pace with sea-level rise, and
gulfward, as reef-building kept pace with (or outpaced) sea-level rise and gave rise to mangrove-
dominated islands. Notes of continuing colonization of oyster bars by mangrove on the west coast
of Florida (Alexander and Crook 1974), suggest that this expansion has continued, at least irto the
latter half of the 20th century. Marl levees and mangroves near Cape Sable at the southern tin of
Florida accreted and prograded seaward after 3,200 yrs B.P., and only on the sediment-starved
southeastern tip of Florida (southwestern Biscayne Bay and northeastern Florida Bay) did
mangrove-dominated shorelines continue to retreat (Wanless et al. 1994).

Freshwater swamp forests may have also expanded after sea-level rise slowed 4,000 years
B.P. Such swamp forests, often dominated by cypress and tupelo, are common near the mcnths
of rivers, often just landward of tidal freshwater marsh (Odum and Smith 1981). Beginning ca.
4,000 years ago, the slowing of sea-level rise allowed progradation of several river deltas around
the Gulf of Mexico that currently support coastal forest (primarily swamp forest).

Swamp and bottomland forest near the Apalachicola River of North Florida occupy a delta
that appears to have expanded since 4,000 years B.P. Archaeological evidence suggests that much
of the current Apalachicola River delta was open water and uninhabitable prior to 4,000 year B.P.
(Donoghue and White 1995). The delta has prograded 16 km coastward since then, due in part to
a shift in the position of deltaic deposition and to slowing of sea-level rise (Donoghue and White
1995). Land formed since 4,000 years B.P. currently supports a combination of swamp and
mixed hardwood forest and, on the coastal fringe, sand pine scrub (Figure 3, Edmiston and Tuck
1987, Wolfe et al. 1988).

The Mississippi Delta has also prograded since sea-level rise slowed ca. 4,000 years ago
by depositing sediment in a series of imbricating deltas. During active deposition, delta lobe~ have
prograded as much as 120 km seaward and the delta surface has aggraded to as much as 5 m above
sea level (Penland and Boyd 1982). The oldest of the overlapping deltas that comprise the
Mississippi delta began to develop ca. 3,800 years ago (Fisk et al. 1954). Scruton (1960)
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Marsh D Pine flatwoods
Bottomtand hardwood . Sand pine scrub

Coastal strand

Figure 3. Past coastlines and recent natural vegetation of the Apalachicola delta. Past
coastlines were estimated from maximum dates of human occupation at archaeological sifes
in the area (Donoghue and White 1995). General vegetation map after Davis (1967) and
Christopher (1986). Areas cleared in ranch and timber operations (Livingston 1984) are
not shown.

considered the shoreline at this time to lie near the current surface contact of the recent deltaic
sediments and the Pleistocene Prairie Terrace (Figure 4). This contact is close to 5 feet (1.5 m)
above sea level (Craig et al. 1979). Examination of underlying deposits, however, suggest that
this shoreline lay at New Orleans (McFarlan 1961, Gould 1970). The land formed since that time
supports marsh (saline, brackish and freshwater), swamp forest (primarily cypress and tupelo),
and levee forests supporting live oak (Gould 1970). Not only do these recent deposits near the
ocean support swamp forest, but cypress-tupelo forest in the northern Gulf states are now
concentrated on these recent deposits (McWilliams and Rosson 1990, Figure 4). Such a
concentration suggests that the slowing of sea-level rise ca. 4,000 years B.P., with consequent
delta building, allowed expansion of cypress-tupelo forests in this region.
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New Orleans

Former Coastline

Figure 4. Cypress/tupelo distribution in the northern Gulf states. Dots represent the long-term
forest inventory plots of the U.S. Forest Service that are classified as cypress-tupelo (after
McWilliams and Rosson 1990; Vissage et al. 1992). Data were from plots laid out on a 4.8 km
grid throughout the region. The contact between Pleistocene deposits and recent alluvial and
deltaic deposits in the Mississippi Delta is shown (after Scruton 1960; Gould 1970).

Several rivers, whose valleys flooded with sea water as sea level rose, have partially
refilled their river valleys with sediment since sea level rise slowed ca. 4,000 years B.P. These
valleys typically support bottomland forest, and the bottom reaches may support more cypress-
tuplelo than other forest types (see section on "Forest change and retreat in estuarine floodplains").
Delta building by the Brazos River, Colorado River, and Rio Grande in Texas have eliminated
lagoons that existed behind barrier islands in their vicinity (Shepard and Moore 1960). The Brazos
and Colorado Rivers have the largest continuous floodplain habitat along the coast of Texas (Shew
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et al. 1981), and although the floodplain of the Rio Grande is not large, due to the aridity in south
Texas, that floodplain supports the only large trees in the region (Shew et al. 1981). Such coastal
floodplain expansion, while promoted by relatively stable sea level and the development of
protective barrier systems (a development which is, itself, often attributed to a slowing in sea-level
rise), requires adequate riverine water and sediment supplies. Baffin Bay, 160 km north of the Rio
Grande, represents a drowned valley of rivers carrying little sediment; it supports little floodplain
forest (Shew et al. 1981). Rivers of peninsular Florida carry little sediment, and support very
narrow bands of riverine swamp forest (Wharton et al. 1977). The extensive wetland forests in
Florida are attributable instead to flat antecedent geology and topography.

As rapid sea-level rise drowned forests on former coastlines, swamp forest peats were
often left below newer marsh and estuarine deposits (e.g., Nelson and Bray 1970, Goodbred et al.
1998), and forest peats were left under beach sand (e.g., Wells 1942). Swamp forest peat
deposits have been used as an indicator of sea-level in coastal stratigraphy, based on their position
above deltaic deposits and below estuarine deposits (Nelson and Bray 1970). Peat thickness has
occasionally been linked to ocean still-stands. Nelson and Bray (1970) attributed a peat depc«it in
the drowned Sabine River channel to an ocean still-stand occurring ca. 10,200 year B.P.
Goodbred et al. (1998) attributed the development of swamp forest peat near the mouth of the
Waccasassa River on the west coast of peninsular Florida, to the slowing of sea-level rise at ca.
4,000 years B.P. Under salt marsh in this estuary, they found swamp forest peats resting on
Pleistocene deposits, and dated the oldest forest peat deposits to ca. 4,400 years B.P. They
calculated that at this time, sea level was approximately 1 m below these sediments, presumably
supporting a fresh water lens that flooded the lower river basin and promoted a transition from
upland forest to swamp forest with accreting peat deposits. Whether expansion of swamp forest
accompanied this period of peat accretion, or whether the period of accretion simply reflected a
period of vegetation stability is unclear.

Although the slowing of sea-level rise at ca. 4,000 year B.P. appeared to be associated
with the expansion of some coastal wetland forests, most researchers suggest that sea-level r'se has
not been monotonic since that time. Drops and rapid rises in sea-level may have affected the
dynamics of coastal forest expansion and retreat. Around the Apalachicola Bay, evidence of
human habitation alternates with strata of estuarine muds, suggesting fluctuations in sea-level with
associated movements in the position of the habitable edge (Donoghue and White 1995). Raoid
replacement of swamp forest by marsh in Waccasassa Bay on the west coast of Florida at
approximately 1,800 years B.P. (Goodbred et al.1998) coincides with a rise in sea-level between
2,100 years B.P. and 1,800 years B.P. identified by Tanner (1991) and Stapor et al. (1991; see
below). These events also coincide with the drowning of tidal marshes in Delaware ca. 2,00)
years B.P. (John and Pizzuto 1995). Thus, the dynamics of sea-level rise, allowing accretion of
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peats and deltaic sediments at low rates of rise and overrunning such processes at high rates of
rise, appear to be important in the fate of coastal wetland forest, both mangrove and freshwater
swamp forest.

Whether sea level has risen and fallen repeatedly during the past several thousand years is
debated (e.g., Otvos 1995, Donoghue et al. 1998). Scholl et al. (1969) dated peats in southwest
Florida and obtained a record suggesting a fairly smooth rise in sea level over the past 7,000 years
(at least on the 100-1,000 year scale). Several researchers, however, (e.g., Holmes and Trickey
1974, Fairbridge 1974, Stapor et al. 1991, Tanner 1991, 1992) give evidence for cycles of rsing
and falling seas that have occurred with a periodicity of ca. 1,000 yrs. Stapor et al. (1991), dating
shells in beach ridges of sandy barrier islands near Charlotte Harbor, southwest Florida, found that
ridges were deposited during discrete periods. They interpreted patterns they observed as effects
of periodic rises in sea level with intervening drops. Rises occurred at ca. 2,000 yrs B.P., 1,100
yrs B.P., and 150 yrs B.P. (the current rise), with intervening periods of lowered sea-level.
Tanner (1991, 1992) performed grainsize analysis of beach ridges on St. Vincent Island off the
Panhandle of Florida, examined the timing of formation of different subdeltas of the Mississippi
delta, and examined Gould and McFarland's (1959) dating of cheniers of southwest Louisiana.
He found commonalities in dates from the three lines of evidence that suggested four rises in sea-
level since ca. 3000 yrs B.P. with probable intervening drops. Fairbridge (1974) suggested that
there have been 5.5 cycles of submergence and emergence since 6,000 yr B.P., and other
researchers, dating submerged barrier spits and beach deposits, gave evidence for earlier Holocene
sea-level fluctuations (Curray 1960, Locker et al. 1996). Kidson (1982) noted that alternating
strata of marine and terrestrial sediments in coastal sites may simply indicate changes in rates of
sea-level rise, rather than rises and drops. During periods of slow rise sediment accretion may
outpace sea-level rise, and during periods of rapid rates terrestrial sediments are drowned. In
either case, coastal forest retreat in low-lying areas may be sporadic and associated with periods of

relatively rapid sea-level rise.

SEA-LEVEL RISE AND RECENT COASTAL FOREST CHANGE:
SHIFTS IN VEGETATION ZONES

In addition to stratigraphic records of forest peat below salt marsh, frequent observat'ons of
dead stands of trees in salt marsh, on beaches, and in open water have yielded evidence of more
recent conversions of forest to marsh and/or unvegetated beach and ocean. Sir Charles Lyell
interpreted the presence of cypress and pine stumps in salt marshes of Georgia as evidence of "a
change in the relative level of land and sea" (Lyell, 1849 p. 249). Penfound and O'Neill (1934)
described evidence of vegetation changes on Cat Island, a sandy barrier island off the coast cf
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Mississippi. On the gulfward, eroding shore they noted that "ghost forests of pine and oak extend
more than a hundred feet into the gulf, and black, peaty soil, which could have been formed only
in the marshes, is a conspicuous feature of the lower beach”. Oak stumps in salt marsh near shelt
mounds of the Mississippi delta in Louisiana were were interpreted as evidence of subsidenc= by
Brown (1936). Dying trees at the marsh/forest border were noted in 1957 on the Atlantic cost of
Florida near the Georgia border (Nassau County) and interpreted as victims of sea-level rise (Kurz
and Wagner 1957). Dying cabbage palms on the west coast of peninsutar Florida, 5 km NW of
Yankeetown, Florida, near Waccasassa Bay, were attributed by Vernon (1951) to a "drowning of
coastal margins".

Likewise, indications of recent expansion of South Florida mangroves into other forest
types have been interpreted as indications of sea-level rise or a combination of sea-level rise and
human-induced saltwater intrusion. Alexander and Crook (1974) considered the presence of dead
pine stems in mangrove swamps on Key Largo, Florida, evidence of recent sea-level rise. They
found stumps of cabbage palms (Sabal palmetto) throughout mangrove fringe forest and on intand
mangrove-dominated tree islands, and noted that cypress stands in the Loxahatchee River estuary,
further north on the east coast of Florida, had been invaded by mangrove. Because the piner in
mangrove stands on Key Largo appeared to have died after 1900 but before much human alteration
of the hydrology in the area took place, they attributed the vegetation change there to recent s=a-
level rise. The mangrove areas of the mainland had experienced severe reductions in freshwater
supplies as a result of water diversions and groundwater pumping, and the authors speculate that
the vegetation changes observed there were due to a combination of sea-level rise and saltwater
intrusion resulting from human activities. Craighead (1974) attributed the presence of dead pines
in Mahogany Hammock and coastal areas of Collier County (southwest Florida) to a combination
of rising seas and "recent salt water intrusions while there was no fresh water buffer in the glades".

EFFECT OF HYROLOGIC AND GEOMORPHOLOGIC CHARACTERISTICS OF THE
COAST ON RATES, PATTERNS, AND MECHANISMS OF FOREST RETREAT

The effects of sea-level rise on coastlines vary as geomorphological and hydrological
characteristics vary. Davis (1997) summarized variation in shoreline dynamics atong the United
States coast of the Gulf of Mexico, noting both physical and anthropogenic influences. In
analyzing effects of sea-level rise on coastlines, Bird (1993) recognized several catagories of
shorelines: steep and cliffed coasts, beach-fringed coasts, deltaic coasts, swampy coasts, estuaries
and coastal lagoons, intertidal and nearshore areas, coral reefs and reef istands and artificial (man-
made) coasts. Similarly, Gornitz (1991) recognized 18 coastal landforms in assessing risk f-om
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sea-level rise, and French et al. (1995) classified coasts as either clastic (sandy beach and barrier
systems) or bio-geomorphic (vegetated dunes and coastal wetlands) for the purpose of descr'bing
and predicting effects of sea-level rise. For simplicity, we will recognize only 3-4 types of coasts
(Figure 5) in discussing effects of rising seas on coastal forest. These include marshy coasts near
high freshwater outflows, marshy coasts without high freshwater supplies, and sandy coast-,
typically characterized by beaches and dunes.

Sea-level rise may kill forest species at the coastal forest margin through increases in soil
salinity, increases in hydroperiod, or through coastal erosion. The relative importance of these
factors varies as coastal hydrology and geomorphic characteristics vary along the Gulf coast. In
general, freshwater supply and nature of the substrate (primarily, whether forest abuts marst or
sand dune/beach) determine the pattern of forest change and the relative importance of salinity,
flooding and erosion in causing that retreat (Figure 5, 6). Coastal topography (steep vs. gradual
slopes) affects the lateral rate of forest retreat (m/yr), condenses vegetation zones and may affect
fresh groundwater supply to the forest margin (Hmielski 1994, Brinson et al. 1995). Near large
estuaries, coastal forest often abuts tidal freshwater marsh (e.g., Doumlele et al. 1985, Hackney
and Yelverton 1990, Figure 1, Figure 5a). It may be inferred that sea-level rise has caused forest
retreat primarily through its effect on the the flooding regime in these areas, because the conversion
of forest to freshwater marsh is generally associated with increased hydroperiod (e.g., Wells
1942), rather than increased salinity. Farther from large estuaries on marshy coasts, the freshwater
supply is less and forest abuts salt marsh (Figure 5b). In these areas forest retreat appears tc be
linked to increasing salt exposure, rather than increased flooding (Ish-Shalom et al. 1992, Ross et
al. 1994, Williams et al. 1999). Both near estuaries and