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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 farther from them on marshy coasts, the
forest edge often exists in zones influenced by high tides. However, hydroperiod and salinity at
the forest/marsh boundary varies. Where the coastal forest edge is on a sandy beach or in a dune
environment, forest retreat is usually attributed to erosion of the sandy substrate or burial by sand
(Figure 5c,d), although damage by salt spray and flooding during storm surges are also frequently
invoked (see section on "Forest change and retreat on sandy shorelines"). Often, barrier bea~hes
and barrier islands supporting forest occur seaward of marshes which front another forest edge. In
these areas, erosion may dominate forest decline on the barrier beach, while increased flooding or
salinity may force forest retreat behind the barrier beach and intervening marsh (Figure 6).

While the relationships outlined above are useful for a general understanding of forest
retreat in different coastal environments, it should be recognized that human intervention has
altered the hydrology in many areas along the Gulf coast, modifying the predicted patterns of forest
decline. Reductions in freshwater supply, and consequent saltwater intrusion, may be caused
naturally by drought (Thomas 1974) or delta abandonment by a river (Madden et al. 1988).
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Figure 5. Four coastal forest environments. (A) Forest in region with large freshwater outflow;
freshwater marsh and swamp forest form the forest edge. (B) Forest in region with lesser
freshwater supply; forest abuts salt marsh. (C) Forest on eroding dune cliffs, and (D) forest
behind active dunes.
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(other?)

Figure 6. Conceptual scheme of forest response to sea-level rise on different coastlines.

During the past century, however, human activity has also reduced freshwater outflows in many
coastal areas. Most notably, canalization in the Mississippi Delta has altered freshwater flowr
through coastal swamp forest and marsh, fostering saltwater intrusion (Chabreck and Linscombe
1982, Salinas et al. 1986) in areas where sea-level rise might have been expected to eliminate
forests first through increased flooding. Similarly, freshwater diversions and drainage schemes
have fostered saltwater intrusions in south Florida (Thomas 1974, Fernald and Patton 1984).
Because the best-studied low-lying areas on the Gulf of Mexico have also been subjected to
extensive modification of their hydrologic regimes, it is often difficult to separate the contributions
of sea-level rise and freshwater diversions to observed saltwater intrusion.

Common patterns in forest retreat: Relict stands at the coastal margin.

In retreating forests of both sandy and marshy coastlines, tree regeneration generally ceases
before canopy trees are eliminated. This pattern has often been recognized (e.g., Brown 1973,
Clark 1986, Conner and Day 1988a, Williams et al. 1999) but deserves emphasis. Because
canopy death and widespread vegetation change lag the changes wrought by rising seas (e.g.,
Conner and Brody 1989), it is difficult to detect the onset of forest decline by monitoring canopy
trees. Additionally, it is difficult to evaluate the role of hurricanes and other destructive events in
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coastal forest retreat without determining whether affected forest stands were already relict stands
or healthy, regeneration stands at the time of the destruction.

Although often not noted, coastal tree stands in published photographs often lack tree
regeneration. Stands of slash pine and sand live oak (Quercus geminata) photographed on sand
dunes of Cat Island, Mississippi by Penfound and O'Neill (1934) consist only of taller, mature
trees with no saplings visible. Photographs of cabbage palm surrounded by salt marsh generally
show stands of older trees with no signs of recent regeneration (e.g., Vernon 1951).

Several authors have specifically noted the failure of tree regeneration in coastal stand's.
Brown (1973) noted that where salt marsh is encroaching on coastal forest, mature cabbage palms
exist much farther into the marsh than do their seedlings. He also notes that on sandy beaches,
mature cabbage palms are frequently found on beaches, but "reproduction on the fore dune and
beach face is conspicuously absent no doubt due to the erosional nature of the rising sea and
frequent storm tides" (Brown 1973, p. 79). Williams et al. (1999) studying vegetation changes in
Waccasassa Bay, Florida, where hydric hardwood hammock abuts Juncus roemerianus salt marsh,
found that this was true for all tree species in their most tidally influenced plots. They found
sequential elimination of Celtis laevigata, Quercus virginiana, Juniperus virginiana var. silicicola
and Sabal palmetto, across a gradient of tidal flooding frequency. For each of these species, they
found relict stands at the seaward limit of the species (i.e., plots with living mature trees but no
regeneration), and calculated that regeneration failed decades before final loss of the canopy t-ees.
The formation of relict stands has also been noted for swamp forest. In Louisiana, Penfounc' and
Hathaway (1938) studied 7 transects with forest and marsh communities, finding cypress/tupelo
forest in the 3 least saline transects. Where cypress swamp bordered a brackish marsh, they noted
an absence of seedlings and saplings of cypress, except near the adjacent oak forest where
elevation was slightly higher and soil salinity was lower (ca. 3 ppt in the oak forest as compa-ed to
ca. 6 ppt in the cypress swamp). There may be situations in which tree regeneration does not fail
before loss of canopy trees (e.g., on high coastal bluffs where forest may be lost through
catastrophic erosion). However, loss of regeneration before loss of canopy trees has been found
in several, diverse coastal environments.

Studies in other regions of the United States have documented the formation of relict stands
with sea-level rise. Coastal forests studied by Clark (1986) on Long Island, New York, were
marked by nonregenerating stands of eastern red cedar (Juniperus virginiana), black oak (Quercus
velutina), black locust (Robinia pseudoacacia), and pitch pine (Pinus rigida) at the coastal (lovv-
elevation) limit of each species. Regeneration ceased at different elevations for each of the species.
Clark concluded that "mature cohorts occupied lower elevations than did their progeny becau-e,
during the period from germination to seed production, suitable soil-moisture conditions shifi.ed
upslope in response to sea-level rise".
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The formation of relict stands may be expected to be the general response to sea level rise
because tree seedlings are generally more sensitive to salt, flooding, and burial by sand than mature
trees. The proximal causes of tree death and regeneration failure that results from sea-level rise
may differ depending on the geomorphological and hydrological characteristics of the coast. We
consider different types of coastlines (Figure 5a,b,d) separately below.

Forest Change and Retreat in Estuarine Floodplains

Freshwater swamp forests and tidal freshwater marsh exist near their mouths of majcr
rivers and springs along most of the Gulf coast. This is not true in south Texas, where high
evaporation rates and low river discharge limit freshwater availability and create hypersaline
conditions in the coastal lagoons (Shew et al. 1981). Farther north in Texas (from approximately
Matagorda Bay north) there is very limited occurrence of swamp forest near the coast (Shew et al.
1981). However, along the coasts of Louisiana, Mississippi, Alabama, and Florida, swamp forest
and often freshwater marsh occur (or occurred) near the mouths of major rivers, in areas of coastal
spring discharge in Florida, and in the vicinity of the Everglades of south Florida. The Miss‘ssippi
Delta has the most extensive system of coastal freshwater marshes and swamp forests along the
Gulf coast (Figure 1). Because subsidence and sediment diversion have accelerated the rate of
relative sea-level rise in this region (Gagliano et al. 1981, Baumann et al. 1984, Salinas et al.

1986, Conner and Day 1988b), extensive research on forest response to sea-level rise has be=n
conducted in these swamp forests.

As sea level rises in these areas of coastal swamp forest, it is expected that sea-level rise
will boost the water table, increase surface flow (Nuttle and Portnoy 1982) and increase
hydroperiods in the coastal forest. Shifts in vegetation zones are expected to respond to charges in
hydroperiod (DeLaune et al. 1987, Conner and Day 1988b, Pezeshki et al. 1990). Salinas et al.
(1986) predicted that with rising sea level "the upland forests will eventually be replaced by
bottomland hardwoods and then, as the water level continues to rise, by the more flood-tolerant
baldcypress/water-tupelo swamps. The final stage in this progression will be an open body of
water". Current zonation patterns in floodplains are consistent with this prediction. In the
floodplains of the Pearl River in Louisiana (White 1983) and the Choctawhatchee River in Florida
(Pratt et al. 1989), bottomland forest is more common than swamp forest in the upper reaches of
the floodplain, swamp forest becomes more common toward the coast, and the forest is bord=red
by freshwater tidal marsh. These patterns suggest that rising sea-levels will cause swamp fo-ests
to move inland at the expense of less flood-tolerant bottomland forests and that swamp forest will
be replaced at the coastal margin by freshwater marsh.
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Swamp and Bottomland Forests of the Mississippi Delta

Studies of rates of forest loss in the Mississippi Delta (and elsewhere) generally do nc+
identify losses to sea-level rise, and losses tend to be dominated by urban and agricultural
development (e.g., Craig et al. 1979, Conner and Toliver 1990, McWilliams and Rosson 1990).

' Craig et al. (1979) analyzed studies of land loss (conversion to water) in the Mississippi deltaic
plain during the period 1890-1960. They concluded that much less swamp forest than marsh had
been lost. Mean annual rate of land loss in swamp forests was 223 ha/yr per year, whereas tl-at for
saline, brackish and fresh marshes was 701 ha/yr, 1366 ha/yr, and 499 ha/yr, respectively. Much
of the land loss they identified, however, was attributable to direct development such as canal
building.

Allen (1992) estimated that observed dead and dying cypress-tupelo stands in the
Mississippi Delta accounted for "tens of thousands of acres" of forest loss, citing numerous
problems with cypress forest regeneration in the area. Conner et al. (1981, 1986) found poo~
cypress regeneration in the Lake Verret and Barataria Basins of the lower Mississippi Delta.
Browsing by nutria, introduced into Louisiana in the 1930's, browsing by deer, damage from
crayfish, and competition from vines in logged areas have all been identified as factors limiting
baldcypress regeneration (Conner and Toliver 1990, Platt and Brantley 1990, Myers et al. 1995).
Most studies, however, have focused on increased flooding and/or salinity as primary causes of
regeneration failure and stand decline (e.g., Conner et al. 1981, DeLaune et al. 1987, Conner and
Day 1988a, Conner and Toliver 1990, Allen 1992)

In the Lake Verret and Barataria Basins of Louisiana, water levels have been rising and
drowning cypress-tupelo forest. The rise of water, relative to the land, is much more rapid ir this
region than in most other areas of the Gulf coast due to land subsidence. The most heavily stidied
swamp forests in the Mississippi Delta occur in the Lake Verret and Barataria Basins. In these
swamp forests, water levels have been rising at rapid rates over the past several decades (0.85 -
1.49 cm/yr; DeLaune et al. 1987, Conner ahd Day 1988a). As of the late 1980s, the water in
Barataria Basin's swamp forest was still fresh (Madden and DeLaune 1987) although saltwater
intrusion and resultant community change had been extensive in the adjacent freshwater marsh
(Chabreck and Linscombe 1982, Madden and DeLaune 1987). Seasonal variation in flooding in
swamp forests of the Lake Verret and Barataria Basins is minor, but the summer is relatively dry.
In swamp forests studied by Conner and Day (1988a, 1988c), flooding occurred during the winter
and spring, with either a short dry period during July - early August, or dry periods during most of
the growing season. Baumann (1980) found that swamp forest in the Barataria Basin flooded
continuously during May and September with flood-free periods occurring during other months
(Baumann 1980, 1987). The spring peak, which increases in strength with distance from the coast
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(Baumann 1987), is generally attributed to conditions in which precipitation exceeds
evapotranspiration. The autumn peak corresponds to the annual peak of water level in the adiacent
Gulf of Mexico (Baumann 1987), and may reflect seasonal coupling between ocean levels and
water levels in the coastal freshwater swamp forests.

Some studies have linked regeneration failure of trees in the Mississippi delta to increased
hydroperiods. Conner and Day (1988c) examined tree growth and community composition across
and elevational gradient in the upper Lake Verret Basin. The density of large trees (<10 cm dbh)
did not differ across this gradient, and the lowest 0.1 ha plot, continuously flooded during most
years, supported 8 species of large trees (<10 cm dbh). Few seedlings were observed in that plot,
however. The distribution of seedlings and large trees of several species differed, with seedlings
occurring in plots with shorter hydroperiods than larger trees. This pattern was most notable for
baldcypress, and suggests future displacement of bottomland species by swamp forest species.

DeLaune et al. (1987) transplanted seedlings of baldcypress (Taxodium distichum) and
overcup oak (Quercus lyrata) across elevational gradients near Lake Verret, Louisiana. Desp‘te the
fact that the seedlings were fairly large at the time of transplanting (50-60 cm tall), none surv'ved
one year in cypress-tupelo forests that remained flooded all year, few survived in areas flood=d
approximately 4 months, but 53% of the baldcypress and 60% of the overcup oak survived the
first year on ridges (1 m higher in elevation that the lowest sites).

Other studies have demonstrated that changes in flooding frequency have eliminated swamp
forest regeneration in parts of the Mississippi Delta, but most of those studies relate to effects of
artificial impoundments (see Appendix 3). The studies described above suggest progressive
elimination of swamp forest and movement of swamp forest into bottomland forest zones as
hydroperiod is increasing due to subsidence and sea-level rise. Conner and Day (1988a) noted that
not only were swamp forests being drowned in the Mississippi Delta, but the potential for them to
migrate into bottomland forest was limited throughout much of the delta region, where bottomland
forests occur on narrow low ridges that will eventually succumb to rising water themselves.

Other studies have linked regeneration failure in swamp forest to increased salinity.
Penfound and Hathaway (1938), studying vegetation transects in the Barataria Basin and to the
east of Lake Ponchartrain, Louisiana, found that the most saline stand of cypress they studied (6
ppt porewater salinity) lacked regeneration. Cypress seedlings occurred in the nearby oak forest
where elevations were higher and soil water less saline. "Ghost forests" of cypress occurred near
this transect. The authors ascribed death of these cypress stands to increased salinity, but
speculated that the increased salinity was due to human intervention (canalization in the area south
of the transect) and/or storm tides (specifically, a hurricane in 1915). Platt and Brantley (19€)
mention that plantings of baldcypress seedlings in the Manchac Wildlife Management Area, in the
Lake Ponchartrain estuary, suffered from "increased soil salinity during the growing season".
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This area was clearcut in the early 1900's and was an intermediate-salinity marsh at the time of
their study. (Myers et al. (1995), however, found that the main limitation to baldcypress seedling
survival in this area was herbivory). Allen (1992) identified 52 areas of cypress-tupelo dieba~k
from the air, and found high soil salinity (6-8 ppt) in the largest dying stands.

Early vegetational studies found no cypress-tupelo swamps at salinities greater than 4-6
ppt, and a transition from freshwater marsh to brackish marshes in the same salinity range
(Penfound and Hathaway 1938, Penfound 1952). Allen et al. (1994) demonstrated intraspec:fic
variation for salt-tolerance in baldcypress, however, and a few healthy, mature individuals of
cypress have been noted in more saline stands (Pezeshki et al. 1990, Allen 1992, Allen et al.
1994).

It is difficult to evaluate the role of sea-level rise in the observed saltwater intrusion in the
Mississippi Delta. Construction of flood-control levees in the vicinity of New Orleans began in the
1700's (Day et al. 1990). Levee construction along the Mississippi River after the 1927 floods
greatly reduced riverine water and sediment input into the Barataria Basin (Madden et al. 1988),
and modifications to the hydrology of the wetlands of the Mississippi Delta were advanced by the
time the earlier vegetation studies of the 1930's and 1940's were carried out. Even the earlier
studies of Penfound and Hathaway (1938) attributed salinity increases to canal building.
Reductions in freshwater outflows would tend to change the system from a high-volume estuarine
system in which swamp forest meets freshwater marsh, toward a system more similar to inter-
estuarine coasts, where upland forest meets saltmarsh (Figure 5). Thus, while some stands cf
swamp forest in the Mississippi Delta may be succumbing to increases salinity, it is not clear that
these increases are the result of relative sea-level rise.

In this vein, it should be noted that decline of coastal cypress swamps in the Cape Fee~
River estuary in North Carolina has been linked to increased salinity. Yanosky et al. (1995)
measured chloride concentrations in growth rings of Taxodium distichum to determine the history
of salinization in swamp forest stands. As in the Mississippi Delta, however, saltwater intrusion
into cypress stands of the Cape Fear estuary appears to have been caused more by human
intervention than by sea-level rise. Hackney and Yelverton (1990) noted that channel dredgirg in
the Cape Fear River estuary increased saltwater flow inland, increasing the tidal range at
Wilmington, N.C. 26 cm in <50 years and causing saltwater intrusion into cypress stands.

In Louisiana, studies of regeneration failure in inland freshwater areas of the Lake Verret
and Barataria Basins suggest rising seas and subsidence have eliminated tree recruitment there
through increased flooding. These stands will already be functionally dead or relict stands by the
time sea-level rise increases the salinity in that area. However, observations made by Penfound
and Hathaway (1938) suggest that there are areas in the Mississippi Delta where regeneration
failure in swamp forest is now caused by increased salinity.
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Effect of sedimentation on swamp forest response to sea-level rise

As in coastal marshes, sediment accretion in swamp forest can partly to wholly countevact
sea-level rise. In the Mississippi Delta, high accretion rates have been found in swamp forest. In
the Lake Verret and Barataria Basins, however, these rates have not been sufficient to keep pace
with rates of deltaic subsidence and rising water. DeLaune et al. (1987) examining 137Cs activity
in cores from wetland forests near Lake Veret, Louisiana found average sedimentation rates of
0.63 cm/yr. They compared these rates to water level increases of 1.49 cm/yr. Similarly, Ccnner
and Day (1988a) found short-term (3-year) sedimentation rates of 0.88 cm/yr and 0.60 cm/yr in
cypress-tupelo forests of the Lake Verret and Barataria Basins, respectively. These too were
insufficient to keep pace with the relative water level rise in these areas (1.37 and 0.85 cm/yr in the
Lake Verret and Barataria Basins, respectively). Conner and Day (1988a) found that sedimer*ation
rate in bottomland forest (0.27 cm/yr) was less than that in swamp forest, and Conner and Deyv
(1991) found that sedimentation rates in swamp forests were negatively correlated with flooding
frequency. The lower rates of sedimentation found for bottomland forest and infrequently flcoded
swamp forest (0.27 cm/yr, Conner and Day 1988a; 0.21 cm/yr, Conner and Day 1991) would be
sufficient to keep pace with current sea-level rise if eustatic sea-level rise were the only factor
effecting forest change.

In contrast to sedimentation in marshes of the Mississippi Delta, where hurricanes and
extratropical storms account for much of the deposited sediment (Baumann et al. 1984, Day et al.
1995), Conner and Day (1991) found that sedimentation in swamp forests near Lake Verret were
highest during the winter and spring rainy season, rather than during seasons with hurricanes.
They speculated that the major source of sediments for these forests was erosion of agricultural
fields surrounding wetland areas, rather than sediment from open water bodies resuspended by
storms. Conner et al. (1989) recognized the importance of hurricanes in providing inorganic
sediments to coastal wetlands of the Gulf of Mexico. However, with the exception of Conne- and
Day's study (1991), little research has been carried out on the impact of hurricanes on accretion in
coastal freshwater swamp forests.

Whether or not accretion in other estuaries on the Gulf coast are sufficient to stabilize the
boundary between swamp forest and freshwater marsh under current or projected rates of sea-level
rise should depend on the sedimentary environments in those swamps. The Mississippi carries
more sediment than any other river on the Gulf coast (Shepard 1960c). However, sediment s1pply
in the lower Mississippi delta has been reduced by flood-control levees that tend to funnel
sediments into deep offshore waters (Gagliano et al. 1981). Sediment supply to the Barataria
Basin was reduced when natural shifting of deltaic deposition initiated a new subdelta in the
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Atchafalaya estuary (Morgan 1967, Roberts and van Heerden 1982, Conner and Brody 1989) and
sediment supply to the Lake Verret Basins was reduced by the construction of flood-control levees
(Conner and Brody 1989, Conner and Day 1991). Under natural conditions, accretion would
exceed subsidence in the Lake Verret Basin forests, and swamp forest would be replaced by
bottomland forest (Conner and Brody 1989). Under the present depositional environment,
bottomland forest is being replaced by swamp forest, and former stands of swamp forest are not
regenerating (DeLaune et al. 1987, Conner and Day 1988a, ¢, Conner and Brody 1989).

Swamp forests of south Florida

It is difficult to determine how swamp forests of south Florida interact with sea-level rise.
They exist in low-lying, vulnerable areas. However, a hectic stratigraphic record in the soutt
Florida peats makes reconstruction of past regional vegetation changes difficult and massive
drainage schemes during this century have changed the interaction between sea-level and the
freshwater terrestrial systems.

Holocene sea-level rise is credited with the conversion of xeric vegetation to mesic
vegetation in peninsular Florida (Delcourt and Delcourt 1981, 1987). Basal peats in the Everzlades
(Gleason 1974) and in cypress stands of the Big Cypress watershed north and west of the
Everglades (Kropp 1976) date to ca. 5000 yr B.P. or slightly thereafter. In other areas of the
southeastern United States, rising seas have raised the water table to create vast swamp forests
(Long 1974, Parrish and Rykiel 1979). Beyond evidence that sea-level rise has helped create the
present marsh/cypress system, however, there is little evidence to indicate how vegetation zones in
south Florida responded to sea-level rise in the past. Peat cores from the Everglades have revealed
changes from hydric (water lily) to marsh to woody vegetation, sometimes showing that suct
sequences occurred repeatedly (Gleason et al. 1974, Spackman et al. 1974, Kremer and Spackman
1981, Willard et al. 1999). Evidence of peat fires are common in these cores (Gleason et al.
1974), and the stratigraphic records may primarily reflect successional patterns that occur after a
lowering of surface elevation, or over long-term cycles of drought and flooding. In all of the
stratigraphic studies reviewed by Gleason et al. (1974) there is no evidence that extensive swamp
forests previously occurred in areas that are now dominated by saw-grass.

The interactions between swamp forest and sea-level rise in south Florida may differ from
that on river deltas due to the combined influences of a shallow limestone platform and frequent
fire in south Florida. In deltaic forests with significant freshwater supplies (above), there are
indications that rising seas boost freshwater tables, eliminating swamp forest through increased
hydroperiod. In south Florida, depth to the limestone bedrock influences cypress distribution, and
cypress stands may flood more deeply than adjacent stands of prairie/marsh (Duever et al. 1976,
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Drew and Schomer 1984). Cypress and other forests tend to develop over limestone depres-ions
or limestone highs with solution holes where deep peat accumulates (Spackman et al. 1974, Wade
et al. 1980, Drew and Schomer 1984). Dwarf cypress forest occupies shallow soils with little or
no peat accumulation (Craighead 1971, Coultas and Duever 1984). This dwarf cypress forest has
low productivity, and often an herbaceous understory (Wade et al. 1980). The lack of swamp
forest peats below today's Everglades marshes, therefore, may reflect bedrock restriction of tree
growth in the region as sea level rose and freshwater flooding increased. Whereas in deltaic areas
around the Gulf coast, marshes overlie drowned swamp forests which appear to have developed as
rising seas moved into upland forests, the marshes and prairies of the Everglades may have
replaced a very poorly developed cypress forest, or directly replaced xeric herbaceous or scrib
vegetation as sea-level rose. Because of frequent destruction of the south Florida peats by fires,
however, the full Holocene history of south Florida vegetation is speculative. Sea-level rise and
bedrock structure influence peat accumulation, as well as hydroperiod, making effects of sea-level
rise on freshwater swamp forest difficult to predict. Duever et al. (1984), however, suggested that
the cypress-dominated Corkscrew Swamp of southwest Florida had expanded over the past 5000
years as sea level rose and the ancient limestone channel beneath it filled with peat.

The hydrology of south Florida has been vastly modified by groundwater pumping end
water diversion projects that have reduced hydroperiod in natural communities, caused subsidence
of peat soils, and caused salt water intrusion. Historically, the marsh and swamp forest islands of
the Everglades were supplied by outflow from Lake Okeechobee during the rainy season, with
water traveling to the estuaries of Florida Bay and the Ten Thousand Islands region (Thome<
1974, Fernald and Patton 1984). The more extensive swamp forests of the Big Cypress watershed
were supplied primarily from rainfall falling west of the Everglades (Drew and Schomer 19¢4).
During very wet periods, water from the Everglades spilled over into other coastal basins (Fernald
and Patton 1984). Due to massive diversions of freshwater in south Florida, initiated in the late
1800's and early 1900's, the hydraulic heads in these systems have been reduced and saltwater
intrusion has been noted (Klein et al. 1974, Thomas 1974, Fernald and Patton 1984). In inland
reaches of the Everglades, lowering of water table as much as 1.5 feet below sea level in 1962,
1965 and 1971 were associated with severe fires in the Everglades that destroyed hardwood
hammocks (Craighead 1974). Drainage and resulting fires caused subsidence and loss of the peaty
soil (Davis 1946). In the Big Cypress watershed, drainage projects of the 1960s lowered the water
table and shortened the hydroperiod in cypress strands (Drew and Schomer 1984). Reductions in
both the water table and the soil surface have modified the relationship between the ocean an the
freshwater terrestrial systems of south Florida, resulting in saltwater intrusion (Klein et al. 1974).

It is clear that the boundary between freshwater and saltwater vegetation in south Florida
has changed in both the distant and recent past. There is stratigraphic evidence of mangrove
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replacing freshwater marsh in the coastal reaches of south Florida (Gleason et al. 1974 and
references therein, Willard et al. 1999). Recent inland expansion of mangrove, and mangrove
colonization of other forest and nonforest vegetation types has been attributed to salt water
intrusion (e.g., Craighead 1974, Alexander and Crook 1974). Vegetation changes that appear to
have occurred during this century are frequently attributed to freshwater diversions or a
combination of freshwater diversion and sea-level rise. Thomas (1974) thought sea-level rise
played a minor role in historical salt intrusion in south Florida, linking it instead to human
consumption and diversion of fresh water, periodically exacerbated by drought. Where sea-level
rise might have affected swamp forest through increased hydroperiod and/or peat accretion in the
natural system, south Florida swamps have been subjected to decreased hydroperiods, peat loss,
and, potentially, increased salinities. Thus, as in many deltaic systems, human modifications have
reduced the freshwater supply to the coastal margin, changing the interaction between rising seas
and coastal forest.

Coastal swamp forests of Texas

As noted previously, coastal swamp forest in Texas was very limited in extent even prior to
coastal development due to high evapotranspiration and relatively low freshwater outflows (Shew
et al. 1981). Some global change scenarios predict both increased warming and decreased rainfall
for this coast (Kattenberg et al. 1996, Longley 1995). Additionally, sea-level rise and decrea-ed
runoff are expected to decrease inflow/volume ratios of south Texas lagoons (Longley 1995), a
change that would promote hypersaline conditions in these lagoons (Shew et al. 1981). Thus,
factors limiting the occurrence of bottomland and swamp forests in south Texas are expected to
strengthen.

Forest change and retreat on marshy coasts with lesser freshwater outflows

Along marshy coasts with relatively small freshwater outflows the forest edge generally
abuts salt marsh. Often there is a narrow zone of salt-tolerant shrubs (e.g., Iva frutescens,
Baccharis halimifolia) between the forest and the herbaceous salt marsh. These types of forest
marsh boundaries typify much of the Big Bend coast of Florida and occur throughout the Gulf
coast where forest islands exist on raised areas surrounded by salt marsh. These raised areas that
support coastal forest include the cheniers of western Louisiana's Chenier Plain, topographic highs
in the limestone bedrock along Florida's Gulf coast, and shell mounds (Indian middens)
throughout the Gulf Coast. These shell mounds support small islands of live oak forest in the
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saline marsh of the Mississippi Delta, far from the influence of the freshwater lens and the svvamp
forest/marsh boundary (Brown 1936).

In contrast to forests of high-volume estuaries, the most coastward forests in these arcas
are not swamp forests, but pine flatwoods, hardwood forests, often dominated by live oak
(Quercus virginiana), or, in south Florida, tropical hardwood hammocks. In south Florida, these
forests often occur next to mangrove forest, rather than salt marsh.

Studies of historical rates of forest loss are rare. Ross et al. (1994) studied reduction in
Pinus elliottii var densa stands in the Florida Keys. The forested area on Sugarloaf Key decreased
from 46 ha to 30 ha between 1935 and 1991, and the distribution of dead pines indicated that live
pine occupied at least 88 ha at some time prior to 1935. The authors linked stand decline to low
elevations and high salinity, patterns expected to occur as a result of sea-level rise. Earliest pine
mortality occurred at the lowest elevations studied, in locations now occupied by halophytic
vegetation, and pine stands exhibiting decline had higher groundwater salinity, higher soil salinity,
lower predawn xylem water potential, and higher 513C values than stands showing little change
over time (Ross et al. 1994). They suggest that the presence of a freshwater lens on one side of
their study area slowed forest decline there.

Brinson et al. (1985) studied gradients in forest structure in an estuary in North Carolina,
where bottomland forest (dominated by Fraxinus pennsylvanica, Quercus nigra, Nyssa sylvatica
var. biflora, Acer rubrum and Ulmus rubra) met Juncus roemerianus marsh. Three of the four
forest stands studied had intertidal soil. Declining stands (those with low ratios of living-to-dead
trees) were more frequently flooded and had higher groundwater salinities than healthier stands.
Effects of upstream development on freshwater supply to these stands could not be evaluated. but
effects of a two-year drought were pronounced. Brinson et al. (1985) emphasized the potent‘al
importance of these periodic intrusions in structuring forest transitions at the coast.

Williams et al. (1999) studied changes in coastal hardwood forest in Waccasassa Bay,
Florida, ca. 5 km from the mouth of the Waccasassa River. This forest was on low lying,
gradually sloping topography due to antecedant geology, rather than patterns of floodplain
sedimentation. The area was underlain by a limestone platform characteristic of much of northwest
Florida Big Bend coast (Terrell 1979) and topographic highs in the limestone supported forest
stands surrounded by salt marsh. The forest, characterized as hydric or mesic hammock (Vir-<e et
al. 1989) contained many species in common with bottomland forests of floodplains around the
Gulf, and abutted saline, Juncus roemerianus marsh. The forest fringe was dominated by Sabal
palmetto, Juniperus virginiana var. silicicola, Quercus virginiana and Celtis laevigata. Williams et
al. (1999) found that progression of forest decline (as indicated by species composition changes
and tree recruitment) correlated with frequency of tidal flooding, but was not associated with a

reduction in soil redox potential, an indicator of potentially stressful flooding conditions. Berause
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the order in which tree species were eliminated from stands corresponded roughly to the relative
salt-tolerance of their seedlings (Williams et al. 1998), and because regeneration failure occur-ed
long before a species was eliminated from a stand, they concluded that forest retreat was caus~d
primarily by seedling exposure to salt through tidal flooding.

In other areas, as well, local rainfall and drainage from the topographic highs that sup»ort
forest appear responsible for supplying freshwater to the forest edge. Sternberg et al. (1991)
studied water use patterns across zones in a hardwood hammock/mangrove transition in the F'orida
Keys. They found that, although groundwater salinity beneath hardwood hammock was fairly
high (14.7 ppt), soil water there was fresher (salinity <6.1+3.6 ppt). They concluded, based on
measurements of plant predawn water potential, that hammock species were not utilizing the
groundwater. In a follow-up study, Ish-Shalom et al. (1992) studied tropical hardwood
hammocks in the Lower Florida Keys, ca. 0.7-1.1 m above mean sea level, and showed that these
hardwoods tapped fresh rainfed soil water, rather than the saline groundwater that underlay some
of the hammocks. Because these forests seemed not to tap the relatively shallow water table (<1 m
below the surface), the authors suggest that sea-level rise would affect these forests first throngh
changes in tidal flooding frequency, rather than through salt intrusion into groundwater. All of
these low-lying forests experience occasional storm surges. Craighead (1974) noted that
hardwood hammocks on Indian mounds in south Florida may be surrounded by saline, tidal
vegetation. Hurricane tides may overrun these hammocks, but Craighead suggested that copious
rains accompanying the hurricanes rapidly wash the salt from the shallow peaty soil.

Hmielski's investigations of hydrological relationships at a salt marsh/forest boundary in
Virginia yield insights into factors that affect freshwater supply to the forest edge on these types of
coasts (Hmielski 1994). The transition he studied was similar to many along the Gulf coast, with
slash pine (Pinus elliottii) grading into a redcedar (Juniperus virginiana) and a shrub zone (Iva
frutescens), then into Juncus roemerianus marsh. Hmielski suggested that forest margins on steep
coastlines may receive substantial inputs of groundwater and that this groundwater may aid in
flushing salt from soil. This groundwater flushing at the forest/marsh transition sharpens the
transition from forest to marsh, may protect the forest from sulfide toxicity by carrying iron, which
precipitates the sulfide, and may help flush salt introduced in the occasional high tide or storm
surge (Hmielski 1994, Brinson et al. 1995). Because of the low hydraulic gradient on flatter
coastlines, however, forest margins and stands on slightly elevated hummocks in marsh were
likely dependent on rainfall and local drainage (i.e., from hummock to marsh) for freshwater
supply and salt flushing, rather than groundwater. While channelized flow though faults in
limestone in areas where forest rests on a shallow limestone platform (i.e., over much of coastal
Florida) may provide exceptions to generalizations about freshwater supply to coastal forest stands

-32-



(Williams et al. 1999), most evidence to date suggests that forest stands adjacent to salt marsh on
the Gulf coast utilize shallow rainfed lenses of water.

Because the marsh/forest transition occurs in the intertidal zone, factors that reduce tidal
exposure affect the elevation at which this transition occurs. Most notably, salt marsh protects
forest edges from tidal flooding by interfering with the movement of tidal water. Because of this,
forest exists at lower elevations as one moves inland along tidal creeks (Williams et al. 1999), and
inland from tidal creeks (Hmielski 1994, Brinson et al. 1995).

Forest change and retreat on sandy shorelines

On sandy shorelines and beaches forest loss has generally been associated with shoreline
erosion or burial by sand. However, plant zonation has been linked to variation in tolerance of salt
spray and, consequently, some researchers have suggested that forest retreat may be caused by a
moving salt-spray zone that advances as beach erosion occurs (Bellis 1995). In either case,
shoreline erosion has been implicated as the direct or indirect cause of forest retreat.

Erosion of sandy shorelines has been recognized as one consequence of sea-level rise.
French et al. (1995) distinguished effects of sea-level rise on sandy, clastic shorelines from effects
on other shorelines, based on the tendency for sandy shorelines to respond to sea-level rise with
lateral erosion. Bruun (1962) described the manner in which sandy shorelines should retreat in the
face of sea-level rise, eroding to maintain an equilibrium bottom profile offshore. Such eros‘on,
however, may come sporadically (i.e., during storms) and be modified by locations of inlets,
channels, and various coastal structures (e.g., Walton 1978, Mehta and Cushman 1988). A
review of the literature dealing with effects of sea level rise and other factors on coastal erosion is
beyond the scope of this report, but may be found in reviews and texts such as Carter and
Woodroffe (1994).

Erosion on these shorelines that exposes roots or topples trees has long been noted.
Writing of the black mangrove (Avicennia germinans = A. nitida) on the Gulf side of large barrier
islands along the coast of Louisiana, Brown (1936) stated: "Wave action in several instances has
undermined these ridges and the Black Mangrove is tumbling into the Gulf." These islands I'ave
been retreating at rates up to 50 m/yr (Mendelssohn 1982). Cooke (1939) and Kurz and Wagner
(1957) photographed pine stumps on the eroded shoreline of St. George Sound, near Apalachicola
Bay, Florida. Similar observations of pine stumps on eroding beaches were made by Martens
(1931) on Dog Island just east of St. George Sound. Alexander and Crook (1974) noted the
undercutting of Australian pines (Casuarina sp.) growing on beaches "north of Cape Sable" on the
southwest corner of Florida.
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Tree death has been associated with erosion on sandy shores of the Atlantic U.S. coast, as
well. Kurz (1942) noted eroding dune cliffs with uprooted cabbage palms, and Kurz and Wegner
(1957) took such beach erosion as evidence of sea-level rise. On the Atlantic coast of Florida,
Alexander and Crook (1974) noted that the beach shoreline of Hobe Sound National Wildlife
Refuge had retreated 250 yards (229 m) between 1940 and the early 1970's where "...the
mangrove forest is being covered by sand, killed, and finally washed out to sea." [p. 65]

The implication of burial by sand, as a mechanism for forcing forest retreat has been
suggested by others. Penfound and O'Neill (1934) attribute tree failure on barrier islands of
Mississippi to burial by shifting sands, stating that moderate deposition of sand usually kills slash
pine and saw palmetto (Serenoa repens, identified by Penfound and O'Neill as S. serrulata). They
note that "sand live oak [(Quercus geminata)] remains alive and prosperous long after its
compatriots have succumbed to sand invasion". Johnson (1900) described coastal sand dunes
advancing on the forest of Shackleford Bank, North Carolina, and burying forest. Although many
trees died before the advancing dune touched them, species such as Juniperus virginiana and Ilex
sp. survived to be buried green by the advancing sand. No mention was made of the distribution
of seedlings in relation to the advancing dunes. It should be noted that the ability to spread
vegetatively, rather than by seed, has long been recognized as a major factor in the success of
herbaceous species of sand dunes (e.g., Barbour et al. 1985). Woody plants are generally
restricted to more stable regions of coastal dunes and sandy shorelines, but the relationship
between their seedlings and sand movement has received little formal attention.

Several researchers have tried and failed to correlate plant distribution to soil salt content in
coastal dune systems. Much of our knowledge of ecological relationships on barrier islands comes
from the Atlantic coast, where barrier islands of Virginia and North Carolina support many of the
same species found in the northern Gulf of Mexico. Oosting and Billings (1942), studying th=
zonation in herbaceous coastal dune communities in North Carolina, found surprisingly low salt
concentrations in soil water above the water table. They concluded that, because of the heavy salt-
spray load in those communities, leaching must be very rapid. Martin and Young (1997) found
that soil salinity and groundwater salinity varied both temporally and spatially across Hog Island, a
barrier island on the coast of Virginia. However, they concluded that the distribution of Juniperus
virginiana could not be explained by patterns of soil salinity: greenhouse experiments revealed that
seedlings of Juniperus virginiana tolerated higher salinities (at least on a soil dry weight basis) than
any that were found in the field. Boyce (1954) studied soil salinity in transects from beaches
inland. He found that salinity at the soil surface was frequently elevated, but salinity right below
the surface of the sand was fairly low, a pattern that other researchers had also found. He
attributed the higher salt concentration at the surface to salt-spray accumulation
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Soil salinity may be temporarily elevated by storm surges, but generally has not been
observed to change vegetation. Soil salinities on Hog Island were elevated by a storm surge that
occurred in 1991 (Young et al. 1995b). Although ground water salinity was still 6 ppt one veek
after the storm, Young et al. (1995b) observed little damage to Myrica cerifera in the island's
swales. Stopp and O'Neal (1996) described effects of Hurricane Opal's storm surge on vegetation
of Santa Rosa Island, Florida. Browning of some plants (e.g., Pinus elliottii, Ilex vomitoria,
Quercus hemisphaerica, Serenoa repens, Vitis spp., and several herbaceous species) was
particularly pronounced in areas where wracklines and other evidence indicated exposure to surge
water. This survey was conducted 3 weeks after the storm, and the authors did not know whether
effects were permanent or temporary. Temporary leaf loss is a common response of trees in
hurricanes (see sections on hurricanes), and some of the species surveyed by Stopp and O'Neal
(Quercus hemisphaerica and Serenoa repens) were producing new leaves within 2 weeks of the
storm.

Exposure to salt-spray has been recognized as an important factor controlling both the
morphology and zonation of coastal shrubs and trees. Studies of salt-spray influence are ger<rally
traced to the seminal work of Wells and Shunk (1937, 1938). Wells and Shunk (1938)
demonstrated that the sculpted forms of shrubs on exposed coasts of North Carolina were caused
by salt-kill of terminal buds on the windward side of plants. They showed that minor shield‘ng,
such as that afforded by slight depressions in the canopy of exposed shrubs, was sufficient to
protect the young shoots from salt spray damage. Furthermore, they demonstrated that plant
zonation correlated with susceptibility to salt spray damage. Injury of young tissue following
experimental exposure to salt spray yielded a tolerance ranking. They found that Baccharis
halimifolia was most tolerant of salt spray. Myrica cerifera and Ilex vomitoria were somewhat less
tolerant, followed by Quercus virginiana then Pinus taeda. Species that typically occurred inland
of the spray zone (persimmon, turkey oak, and grape) exhibited injury even to mature foliagz.

Following the research by Wells and Shunk (1938), other researchers related zonation near
the ocean to salt spray exposure. Oosting and Billings (1942) studied transects with herbaceous
and shrubby vegetation on the sandy banks of North Carolina. Variation in most environmental
factors studied (soil moisture, soil temperature, soil pH, soil salt content, air temperature, relative
humidity, and evaporation) did not relate well to vegetation zonation. Oosting and Billings (1942)
found that species distribution best correlated with salt-spray exposure and they related the
distribution of herbaceous dune species to experimentally determined differences in tolerance of
salt-spray. The greatest drop in spray deposition has been found to occur immediately behind the
foredunes (Oosting and Billings 1942, Boyce 1954). The forest typically occurs in the sheltered
areas behind these dunes (e.g., Bellis 1995) where both salt spray and other factors, such as sand
stability, tend to be more favorable for plant growth.
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Boyce (1954) examined patterns of salt-spray deposition and injury at several sites on the
Atlantic coast. He made detailed observations of effects of salt spray on the growth and
morphology of several woody plants characteristic of both the south Atlantic and Gulf coasts. He
investigated mechanisms for differential susceptibility to salt-spray injury. Differences in
wettability of leaf surfaces did not appear to explain differences in salt-spray tolerance but
differences in susceptibility to mechanical injury seemed to correlate with salt-spray tolerance.
Boyce (1954) found that species with flexible leaves (Phytolacca americana, Sassafras albidum and
Diospyros virginiana) or deep sinuses in the leaves (Acer rubrum and Quercus laevis) showed
numerous abrasions and lacerations. In contrast, species with short, stiff petioles and small
unlobed leaves (Quercus virginiana, Ilex vomitoria, and Iva imbricata) showed fewer abrasions.
He postulated that salt might enter through cracks in tissue, and that resistance to mechanical injury
may confer resistance to salt spray injury.

Tyndall et al. (1987), however, questioned the role of salt spray in determining the seaward
limit of shrubs in North Carolina. They grew potted seedlings of Myrica pensylvanica in sand flats
just behind the foredune, and moved them to the beach during 3 windy periods to expose them to
even higher levels of salt spray. Although seedlings of Myrica never naturally occurred in th=
grass or forb zone, 1-year-old potted seedling survived salt-spray exposure that was at least as
intense as that occurring in the grass and forb zone, and exhibited no symptoms of salt stress.
Tyndall et al. (1987) concluded that some factor other than salt spray limited the seaward
distribution of Myrica seedlings.

Vegetation changes and ecological relationships have been intensively studied on Hog
Island, a barrier island on the coast of Virginia. Hog Island is very dynamic, eroding at the
southern tip and accreting at the northern tip (Hayden et al. 1991). Loblolly pine forests of the
southern part of the island died as that part of the island eroded and the freshwater lens disapneared
(Hayden et al. 1991). Anthropogenic factors may have affected vegetation patterns and proc=sses
on this island. The island was occupied by Europeans in the 1600's, and the last cows were not
removed until the 1980's (Hayden et al. 1991). The role of herbaceous vegetation in stabiliz'ng
dunes and barrier islands is a well recognized (e.g., Mendelssohn 1982), and Oosting and Billings
(1942) suggested that grazing "has indirectly transformed several of the banks [in North Carolina]
into almost barren seas of shifting sand".

Despite the potential contributions of humans to the deterioration of Hog Island, many
patterns of vegetation change are consistent with effects of sea-level rise and storms. Marshes on
the bay side of the island are retreating where no overwash occurs to supply more sand (Hayden et
al. 1991). Current stands of loblolly pine (Pinus taeda) have apparently experienced poor
recruitment for ca. 20 years (Johnson and Young 1993). These declining stands are at lower
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elevation (<2 m vs. 5-7 m elevation) and experienced more frequent overwash than healthy stands
on nearby Parramore Island.

The dynamics of Myrica cerifera populations on Hog Island have been studied and may
affect loblolly pine fates. Myrica cerifera has colonized the younger parts of the island and formed
relict, nonregenerating stands on older soils (Young et al. 1995a). Interactions with a saline water
table on the bay (marshy) side of the island and erosion on the seaward side of the island have been
shown to affect Myrica's distribution (Young et al. 1994, Young et al. 1995b). The distribution of
Frankia, the nitrogen-fixing nodule-forming symbiont of actinorhizal Myrica cerifera roots, was
not found to limit Myrica's distribution (Young et al. 1992). However, VAM colonization of
Myrica roots was absent in declining stands, present in healthy stands, and the potential for
colonization appeared low in young soils where salinity was highest (Semones and Young 1995).
Many dune plants are endomycorrhizal (Koske and Halvorson 1981), potentially benefiting plants
both through increased nutrient acquisition and through binding sand near the root (Sutton and
Sheppard 1976). It is not clear, however, what role (if any) the ability to form mycorrhizal
associations plays in coastal forest retreat.

Johnson and Young (1993) suggested that the presence of Myrica may limit loblolly pine
recruitment, noting that, in addition to elevational differences between healthy pine stands on
Parramore Island and declining stands on Hog Island, Myrica stands were more dense in pine
stands of Hog island. Tolliver et al. (1995) carried out greenhouse experiments that suggested that
Mpyrica may inhibit seed germination and seedling growth in loblolly pine through canopy shading
and allelopathic effects, although litter from wax myrtle appeared to benefit pine seedlings. Pased
on the findings of Wells and Shunk (1938) it seems plausible that Myrica could also benefit tree
seedlings by protecting them from salt spray. More work is required to determine which of these
relationships represent controlling factors, causing vegetation change.

Despite the long history of research on causes of species zonation and retreat on sandy
coastlines, few generalizations can be drawn about mechanisms of forest retreat and interactions
with sea-level rise. Many of the factors considered important in forest zonation and change (salt-
spray exposure, erosion, burial by sand, storm surges) occur primarily, or are intensified, during
hurricanes and other storms. Where forest on the leeward side of sandy barriers meets salt marsh,
sea-level rise may eliminate forest through increased salinity and/or flooding. However, on the
seaward or windward edges of sandy shorelines, sea-level rise may eliminate coastal forest
primarily by increasing erosion. As shorelines retreat and seaward shrubs and trees disappe-r,
salt-spray may penetrate farther into the forest, eliminating sensitive species and causing shifts in
vegetation zones behind the forest edge (Bellis 1995). Changes in storm intensity or frequency,
changes in sand supply, either through natural geomorphic processes or human constructs, ¢1d
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destruction of sand-binding vegetation may all have a greater effect on the rate of retreat of coastal
forest on sandy shorelines than on other types of shorelines.

HURRICANES: EFFECTS ON COASTAL FOREST AND POTENTIAL INTERACTIONS
WITH SEA-LEVEL RISE

Hurricanes and violent frontal storms produce a variety of apparently destructive effents.
However, their role in coastal forest retreat may be minor in some coastal systems, and their effect
beneficial in some coastal communities on the Gulf of Mexico (Conner et al. 1989). These storms
produce high winds that may cause damage to trees through wind-throw and breakage. They often
expose inland plants to salt through salt spray and storm surges. Storm surges may alter subsfrate
elevations by causing erosion or sedimentation. Such changes in elevation would obviously alter
the interaction of coastal vegetation with sea-level rise, and have been shown to be important in
maintaining marshes in the face of rising seas (e.g., Baumann et al. 1984, Cahoon et al. 1965,
Goodbred and Hine 1995, Guntenspergen et al. 1995, Leonard et al. 1995). Differential
susceptibility to storm effects influences the species composition of coastal forest. However,
present coastal forests have been exposed to storms throughout their history, and the role of storms
in coastal forest retreat is not well understood. The role of storms in coastal forest retreat mey
differ depending on characteristics of the coastline and associated forest. Storm effects on different
types of coastal forests are considered below.

Hurricane effects on swamp forest

Swamp forests appear fairly resistant to wind damage. Touliatos and Roth (1971)
examined forest damage in Mississippi after Hurricane Camille (August 17, 1969 with wind- >320
km/h and tidal surges >6.7 m). They ranked trees in resistance to storm damage and found
cypress and tupelo gum to be second only to live oak and palm in resistance to breakage and
uprooting (Table 2). Species typical of bottomland and pine forests were more susceptible. Doyle
et al. (1995) found similar patterns in the Atchafalaya Basin of Louisiana after Hurricane Andrew
(August 26, 1992, sustained winds of 220 km/h). Only 1% of stems >2.5 cm dbh were losf in
their swamp forest plots, and none of the dominant species (Taxodium and Nyssa) uprooted. In
contrast, plots dominated by bottomland hardwood forest lost 21.5% of stems >2.5 cm dbh.
Many snapped or uprooted trees, however, subsequently resprouted. Hurricane Hugo (September
22, 1989, with sustained winds of 222 km/hr) caused less wind damage in swamp forests than in
bottomland forests in South Carolina (Gresham et al. 1991, Putz and Sharitz 1991). Gresham et
al. (1991) found that most baldcypress suffered only light crown damage after Hurricane Hugo hit
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the coast of South Carolina. Their data show that ca. 10% of the baldcypress trees surveyed
suffered broken tops or more severe damage. Putz and Sharitz (1991) found that 49% of
bottomland trees and 19% of swamp forest trees > 20 cm dbh suffered major damage in Congaree
Swamp National Monument, South Carolina. They defined major damage as uprooting, snapped
trunk or loss of >25% of the tree crown. Loope et al. (1994) reported observations of much more
extensive baldcypress damage (46% with "major damage") in South Carolina after Hurricane
Hugo, but this may have been related to storm surge damage (see below). Gresham et al. (1991)
concluded that "tree species commonly found in the lower coastal plain (longleaf pine,
baldcypress, and live oak) suffered less damage than species with larger natural ranges".
Hurricane Andrew (24 August 1992, with winds of 242 km/hr; Pimm et al. 1994) caused only
minor damage to cypress of south Florida. Only 1-4% of the cypress trees near the eye suffe-ed
broken stems or were uprooted, and many trees suffered only partial defoliation, even thougt:
autumn leaf senescence had already begun (Loope et al. 1994, Armentano et al. 1995, Noel e* al.

1995).
Touliatis and Roth (1971) attributed the variation in susceptibility to damage to depth of

rooting, buttressing, and wind-resistance of crowns, noting that live oak and cypress are deeply
rooted, and cypress and palm canopies offer little wind resistance. The resistance of swamp forest
trees to hurricane damage suggests that wind-damage from storms plays little, if any role in the
retreat of the forest/marsh edge in these systems. The greater susceptibility of bottomland forest
species to damage, however, may facilitate movement of swamp forest into higher, less frequently
flooded reaches of the forest as sea-level rises by reducing competition from bottomland species.

Leaf loss during hurricanes is common and has posed difficulties for using remote imaging
techniques to assess forest loss directly after hurricanes (Cablk et al. 1994). Day et al. (1976)
found that Hurricane Carmen (with high wind and torrential rains) caused premature leaf drop in
both a bottomland hardwood site and a cypress-tupelo swamp at Lac des Allemands near Nev-
Orleans, Louisiana. The bottomland hardwood site contained species such as red maple (Acer
rubrum var. drummondii), water tupelo (Nyssa aquatica), boxelder (Acer negudo,) and
cottonwood (Populus heterophylla). The swamp forest was dominated by baldcypress (Taxodium
distichum) and water tupelo (Nyssa aquatica). In both sites, litterfall peaked in early Septeml =r, 2
months earlier than normal winter leaf drop and litter production. Defoliation is noted in most
studies of hurricane impact, but has been attributed variously to high winds, salt spray, or effects
of salt introduced in surge water.

Storm surges in swamp forest may cause greater tree mortality, but do not appear to
permanently eliminate the forest. Conner (1995b) found that Taxodium distichum and Nyssa sp.
suffered high mortality in two South Carolina stands exposed to the 3-m storm surge that
accompanied Hurricane Hugo. A third stand, not exposed to surge water, suffered only minor
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Table 2. Relative susceptibility of tree species to hurricane damage. Species listed in descerding

order of resistance (based on Touliatos and Roth 1971).

Breakage ! Uprooting Salf2 Insect and disease,
pa]m live oak pa]m live oak
live oak palm red cedar palm
baldcypress baldcypress live oak sweetgum
pond cypress pond cypress sugarberry water oak
sweetgum tupelo gum slash pine sycamore
tupelo gum red cedar longleaf pine baldcypress
mimosa sweetgum pond cypress pond cypress
dogwood sycamore loblolly pine southern red oak
magnolia longleaf pine baldcypress magnolia
sweet bay mimosa tupelo gum tupelo gum
southern red oak southern red oak sweetgum sweet bay
water oak magnolia water oak hickory
sycamore slash pme_ sycamore pecan
longleaf pine loblolly pine sweet bay red cedar
slash pine sweet bay southern red oak red maple
loblolly pine water oak hickory mimosa
red cedar red maple mimosa dogwood
hickory dogwood pecan longleaf pine
red maple hickory magnolia slash pine
pecan pecan red maple loblolly pine
dogwood

1 Modified from Touliatos and Roth (1971)based on observations by Loope et al. (1994).

2 Modified based on Pezeshki (1990), Hmielski (1994), Conner (1995a), McLeod et al. (1996),
Tolliver et al. (1997), Williams et al. (1998, 1999).

wind damage. Natural seedling regeneration of canopy species was present but low 1.5 years after
the hurricane and experimental plantings of Taxodium seedlings indicated that regeneration was
possible in the affected stands. Poor height growth of planted seedlings in the stand that was not
subjected to saline surge waters was attributed to the good survival of canopy trees there with rapid
canopy recovery and consequent shading of the forest floor. Conner (1995b) concluded that the
storm surge severely altered species composition in the swamp forest stands and that intervention
(plantings) might be necessary to speed recovery of pre-hurricane composition.

It should be noted that storm surges differ in their effects, depending on water tables prior
to the surge and the rainfall that accompanies the surge. In flooded soil, no pore space is avzilable
for salt water infiltration, and soil salinization is slowed (Gardner et al. 1992, Allen et al. 1976).
During most hurricanes, storm surges are accompanied by heavy rainfall that help wash salt from
the soil. Hurricane Hugo, which caused salt-kill in the swamp forests of South Carolina, was
accompanied by very little rain (ca. 21 - 65 mm; Gardner et al. 1992). Elevated salinities were
noted in forest soil for at least 2 months until the winter rains of December and early January came.
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The following spring was abnormally dry, though, and Gardner et al. (1992) observed fairly long-
term effects of the storm surge on forest soil salinity.

Little information is available on hurricane effects on the elevation of the swamp fore-t
floor. Due to the low position of swamp forests in the landscape, it is unlikely that hurricanes
would lower the swamp forest floor. Increased sedimentation may be possible. Conner and Day
(1991), however, did not find elevated sedimentation rates in swamp forests of the Lake Ve-ret
Basin during seasons with hurricanes.

Hurricane effects on pine forest

Touliatos and Roth (1971), examining effects of Hurricane Camille in Mississippi, ranked
slash pine and loblolly pine more susceptible to breakage than swamp forest dominants and many
bottomland hardwoods. Hurricane Andrew caused high mortality among mature slash pines in the
pine rocklands of south Florida (Armentano et al. 1995). Large (<17.8 cm dbh) slash pine on
shallow soil (shallow limestone with deep solution holes) in the Long Pine Key area of Everzlades
National Park suffered ca. 32% mortality due primarily to bole breakage (Loope et al. 1994).
South of the Big Cypress, where the limestone has fewer solution holes (and, presumably less
opportunity for deep root development) 41 % of trees were downed (Loope et al. 1994).

Such overstory removal may simply affect age structure of hurricane-damaged pine stands.
Loope et al. (1994) suggested that canopy openings created by Hurricane Andrew in the Pine
rocklands of south Florida would allow recruitment of pine saplings into the overstory.
Stoneburner (1978) examined tree rings in slash pines of barrier islands off the coast of
Mississippi. He found evidence that slash pine growth increased following hurricanes, but that
this response was delayed, occurring 3-5 years after a hurricane. In contrast, Alden (1993) found
that slash pine growth on Cape St. George Island, Florida, exhibited reduced growth for several
years after Hurricanes Eloise (1975), and Elena and Kate (1985). Johnson and Young (1992)
found similar decreases in loblolly pine growth following storms on the Atlantic coast. Doyle and
Gorham (1996) examined tree rings in slash pine in Mississippi ca. 20 years after Hurricane
Camille struck the coast. They found two different growth responses to the Hurricane. Rad‘al
stem growth was not affected the year of the hurricane because, as Doyle and Gorham (199€) point
out, hurricanes generally occur toward the end of the growing season. However, some trees
showed increased growth in years following the hurricane and some showed reduced growth. The
authors speculated that canopy trees sustained damage and suffered reduced growth following
hurricanes, whereas subcanopy trees were released by hurricane damage to canopy trees. (This
type of pattern has been observed in Puerto Rico, where Hurricane Hugo killed mature trees and
very young seedlings, but greatly speeded the recruitment of surviving seedlings into the sagling
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size class (You and Petty 1991)). Differences among studies on pines, therefore, may be par‘ly
due to differences in sizes of the trees studied. Alden (1993) selected large trees to obtain long
growth records. According to predictions of Doyle and Gorham (1996) and observations that
larger trees generally sustain the most hurricane damage (e.g., Loope et al. 1994), these
individuals would suffer damage and growth reduction, whereas shorter individuals might
experience growth enhancement.

Pines are susceptible to salt-spray damage (Wells and Shunk 1938). Most obvious salt-
spray damage is associated with storms. These storms blow salt aerosols farther inland than
normal, even ou the relatively windy Atlantic coasts (e.g., Hall 1933, Wallace and Moss 1939,
Moss 1940). Little et al. (1958) speculated that damage may be more severe after dry storms than
after storms with large amounts of rainfall, because rain should wash salt from needles. However,
they noted severe salt-spray damage to foliage after a wet hurricane in New England, attributing
this damage to salt carried by wind that continued after the heavy rains had ceased.

The soil salinization caused by the storm surges may cause leaf drop or mortality in pines.
Garduer et al. (1992) noted that pine mortality after Hurricane Hugo in South Carolina was greatest
near swales and depressions where trapped surge water had caused extensive mortality among
hardwoods. Hmielski (1994) noted that the Halloween Storm (Oct 31, 1991) and a subsequent
January storm raised the salinity in the groundwater of a Virginia coastal pine forest zone to 2) ppt.
Salinity remained elevated (5-15 ppt) for 4 months. In this instance, needles of loblolly pine
(Pinus taeda) turned yellow, but plants dropped them and recovered.

In pine forest killed by Hurricane Hugo's storm surge, Gardner et al. (1992) noted
subsequent pine regeneration. Survival of the first seedling cohort following Hurricane Hugo was
poor, but the second year's cohort appeared to fare better. Garduer et al. (1992) attributed
improved seedling survival the second year to increased rainfall and a progressive flushing of salt
from soils. Thus, as in nearby swamp forest (Conner 1995b), the extreme salinization caused by
this storm surge/low rainfall event caused forest death but apparently did not prevent subsequ=nt
tree seedling regeneration.

Southeastern pine species are relatively susceptible to insect damage following hurricenes
(Touliatos and Roth 1971). Gunter and Eleutris (1973) noted outbreaks of bark beetle (Ips sop.)
on downed pines a year after Hurricane Camille. Gardner et al. (1992) noticed bark beetle attacks
on pines were concentrated on broken trees or trees near swales where salinization had occurred
following Hurricane Hugo. Fredericksen et al. (1995) investigated effects of hurricane wind
damage on susceptibility to bark beetle damage in loblolly pine. Their bending and pruning
treatments, simulating wind effects of hurricanes, increased beetle deunsity near stressed trees only
slightly, and no successful beetle attacks occurred. They did not test effects of soil salinization.
Garduer et al. (1992) pointed out that they could not determine whether beetle attacks after
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Hurricane Hugo increased mortality, or whether infested trees would have died from primar
effects of the hurricane anyway.

Pine forests occur on sandy coastlines, elevated areas of bottomland forests, and sed‘ment-
poor limestone coastlines. Effects of wind, salt-spray, and storm surges associated with
hurricanes may be similar in these different forests. However, pine forest on sandy coastlin=s
experience greater erosion and/or burial by sand during hurricanes.

Hurricane effects on hardwood hammocks

Tropical hardwood hammocks of south Florida have been considered fairly resistant to
hurricane damage by many researchers. The stature and profile of a stand appears to affect its
susceptibility to hurricane wind damage. Craighead (1974) attributed hurricane resistance of these
stands to the streamlined outline of their canopy, noting that damage usually only occurred at the
edge of the stand or in areas where hammocks have been opened up for roads, paths or
boardwalks. Loope et al. (1994) reported that Hurricane Andrew caused extensive damage in
these forests, downing 20-30% of the large trees in tropical hammock forests of Elliott Key,
Biscayne National Park, Florida. They also noted, however, that "stands of shorter, smaller-
diameter trees survived with much less damage, often with loss of only minor branches.” Thus,
stature and stand form appear to affect wind protection within a stand, and consequently,
susceptibility to hurricane damage.

Hurricane Andrew completely defoliated all hardwoods except oaks, but new leaf
production was noted within 3-4 weeks of the hurricane (Loope et al. 1994). Although oaks were
only partially defoliated, they were slower to produce new leaves. Loope et al. (1994) observed
that "Andrew hit live oaks particularly hard", causing major branch loss. This conclusion ccntrasts
with observations along other parts of the Gulf and Atlantic coasts, where live oak (Quercus
virginiana) has generally been noted for its resistance to hurricane damage (e.g., Touliatos and
Roth 1971, Bellis 1995). This apparent contradiction may stem from differences among
researchers in their evaluation of damage, or may reflect differences in hurricane resistance
between the tropical hardwood species that co-occur with live oak in south Florida and other
hardwood species that co-occur with live oak at more temperate latitudes.

Wind damage from hurricanes is not necessarily fatal in these tropical hardwood
hammocks. Loope et al. (1994) noted that large individuals of lignum vitae (Guaicacum sanctum)
"have been repeatedly windthrown by hurricanes but resprouted”. Resprouting in tropical tres
following hurricane damage is a common response that has been noted throughout the Caribbean
(e.g., Bellingham et al. 1994, Zimmerman et al. 1994). Mortality of damaged trees may be
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delayed months or years, however, as has been observed in the tropical forests of Puerto Rico
(Walker 1995) and the Yucatan Peninsula (Whigham et al. 1991).

Even where hurricanes have caused tree mortality, stand recovery has generally been noted.
Alexander and Crook (1974) noted that Hurricane Donna (September 1960, winds of 290-329
km/h, and a storm surge of ca. 4 m; Williams and Duedall 1997) selectively killed hardwood
hammock species, resulting in mangrove invasion. However, they also noted that tropical
hammock species were recovering. Loope et al. (1994) noted that seedlings and saplings in
hammocks fared well during Hurricane Andrew, most retaining at least part of their foliage. In
general, hurricanes have not been observed to effect permanent changes in hardwood hammo-ks.
However, fires following hurricanes may slow recovery, and hurricanes may increasingly facilitate
invasion of hardwood hammocks by non-native species (e.g., Horvitz et al. 1995).

Fires following hurricanes have been reported in tropical forests (Whigham et al. 1991,
Furley and Newey 1979). Whigham et al. (1991) suggested that fires following hurricanes might
be especially important in areas with shallow organic soils. However, despite the combination of
direct hurricane damage and subsequent fire damage to their study site (a dry tropical forest on the
Yucatan Peninsula), Whigham et al. (1991) concluded that forest composition was unlikely to
change.

Effects of hurricanes on the soil surface elevation of tropical hardwood hammocks has not
been well studied. Although Hurricane Andrew was accompanied by a large storm surge (>S5 m
high at Miami, Florida; Williams and Duedall 1997), little erosion was noted in the tropical
hardwood hammocks of south Florida (Loope et al. 1994). Loope et al. (1994) did not mention
sedimentation deposition in hardwood hammocks, as was noted in mangrove swamps of south
Florida following Hurricane Andrew (Risi et al. 1995). Catastrophic peat fires that followed the
Yankee Hurricane of 1935 were at least partially attributed to hurricane-produced fuel loads
(Craighead 1974). Peat fires can cause long-term vegetation changes in south Florida by lowering
the surface elevation and changing the flooding regime at a site (Wade et al. 1980). Those
following the Yankee Hurricane temporarily destroyed hardwood hammocks and destroyed
cypress heads (Craighead 1974).

Farther north on the west coast of Florida, hurricanes can cause extensive damage to
coastal subtropical hardwood hammocks. In some low lying areas of this coast, stands of forest
exist on topographic highs in the underlying limestone, surrounded by salt marsh (Hine and
Belknap 1986, Hine et al. 1988). Tree blow-down on these forested islands was photograph=d in
Citrus County after Hurricane Elena in 1985 (Hine et al. 1987), and noted at Waccasassa Bay, in
Levy County, after the "Storm of the Century", an extratropical storm that occurred in 1993,
(Williams et al. unpublished data).
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Observations made by Williams et al. on effects of the "Storm of the Century" suggest that
such storms may affect species composition of the forest edge, but may be more likely to affect
forest retreat through effects on soil surface elevation than through direct damage to trees. O the
trees in 13 long-term monitoring plots at Waccasassa Bay, only southern red cedar (Juniperus
virginiana var silicicola) experienced significant uprooting and mortality. Other trees of the forest
edge (Sabal palmetto, Quercus virginiana, and Celtis laevigata) experienced little fatal damag=, and
wind damage from this storm did not extend far inland. The storm did not appear to permanently
affect seedling recruitment. In those heavily damaged stands where tidal flooding was suffic*=ntly
infrequent to permit seedling establishment (Williams et al. 1999), new southern red cedar
recruitment occurred within 4 years. Destruction of canopy trees represented permanent tree loss
only in stands where sea-level rise had already eliminated recruitment (Williams et al., unputished
data).

Effects of storms on soil surface elevation in these systems may be important in how the
stands interact with sea-level rise. Deposition of sediment in coastal forest stands was noted after
the "Storm of the Century" and after subsequent storms at Waccasassa Bay (Williams et al.,
unpublished data). The amount of sediment deposited was less than that reported for nearby
marshes (Goodbred and Hine 1995). The net effect of storm-induced erosion, deposition, and
changes in the forest floor wrought by tree tip-ups has not been evaluated, but may influence the
susceptibility of the forest edge to rising seas.

As in other forest systems, salt water introduced in storm surges can cause leaf drop among
forest trees. Effects of the salt water are often obscured by the fact that these surges often are
accompanied by strong winds that physically damage leaves and often occur late in the growing
season, sometimes only weeks before winter-deciduous species begin normal leaf drop. Hurricane
Allison (5-6 June 1995) was the earliest hurricane to strike Florida during this century (Williams
and Duedall 1997). Although Hurricane Allison struck the panhandle of Florida, she generafed a
surge that, pushed by westerly winds, flooded forest along the Florida peninsula at the height of
the growing season. At Waccasassa Bay, Florida brackish water (14.5 ppt sea salt) was pushed
100's of meters into the forest beyond the normal reach of the tides. No rain was received fc+ over
a week after the surge. During the week following the surge, leaves of winter-deciduous spe~ies
(e.g., mulberry, fig, sweetgum, elm and maple) yellowed or turned brown and dropped (S.A.
McDonald, Yankeetown, Florida, personal communication). Grass and freshwater marsh
vegetation that occurred in pockets in the forest understory browned. No visible damage occnrred
to leaves of evergreen species (e.g., cabbage palm, southern red cedar, live oak, magnolia).
Deciduous trees began to releaf 2-3 weeks after the surge, following an episode of heavy rairfall
(S.A. McDonald, personal communication). Thus, as in other forested systems in the southern
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United States, salt intrusion associated with infrequent storm surges does not appear to cause
permanent change in low-lying hardwood hammocks.

Hurricane effects on sandy shorelines

Hurricanes, through their effects on erosion, are considered a major force in the
transgression of sandy shorelines (e.g., Tedesco et al. 1995, Dingler and Reiss 1995). Most of
the forces shaping coastal forests on sandy shores (e.g., surges, salt spray, and sand movement)
are associated with hurricanes, as discussed above (see section on "Forest change and retreat on
sandy shorelines"). Hurricanes often cause acute exposure to salt spray and saline surge water, as
previously discussed. They may also directly erode the coastal forest edge, as Hurricane Camille
(1969) did, uprooting and eroding soil from the roots of live oaks on mainland and barrier island
beaches of Mississippi (Gunter and Eleuterius 1973).

Some researchers have suggested that hurricanes may expose mineral soil on sandy coasts,
providing opportunity for pine regeneration and, thus, favoring pine dominance (Stoneburner~
1978, Vogel 1980). Although there is evidence for increased growth in established pine seedlings
following hurricanes (see above), there is little published evidence for increased seedling

establishment.

The role of hurricanes in coastal forest retreat

Coastal forests on the Gulf of Mexico have been repeatedly exposed to hurricane damage
throughout their history. It is, therefore, not surprising that species characterizing the coastal edge
of forests (e.g., Taxodium distichum, Quercus viginiana) appear very resistant to hurricane
damage. Even in instances where wind damage or soil salinization by storm surges has killed
trees, subsequent tree regeneration has generally been observed. Thus, direct impacts of
hurricanes on forest trees may simply serve to reinforce existing zonation patterns near the coast.
(Exceptions may occur where forest stands are surrounded by invasive exotics (Horvitz et al.
1995)).

Permanent effects of hurricanes on coastal forest retreat or advance are more likely to occur
through the influence of hurricanes on erosion and sedimentation (Conner et al. 1989). On sandy
coasts, hurricanes appear to play a major role in forest retreat through their erosive action. Cn low-
lying coastlines, effects of hurricanes on soil elevation is not so clear. Hurricane deposition of
sediment in mangrove forests of south Florida has been repeatedly noted and measured. The
degree to which this sedimentation counteracts effects of sea-level rise has not been fully analyzed.
Sediment deposition associated with storms has also been observed at the coastal edge of other
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low-lying forests. The quantity of deposition, the spatial distribution of sedimentation and erosion
and, thus, the effect of these storms on the forest's interaction with sea-level rise have been even
less well studied than in mangroves.

It has been suggested that storm frequency and strength may change as a consequenc= of
global warming. Modelling efforts by Emanuel (1987) yielded predictions that a doubling of
atmospheric CO2 would lead to a 40-50% increase in the destructive potential of hurricanes, due to
increased maximum wind speeds. Models by Bengtsson et al. (1996) suggested that, although
maximum wind speeds in hurricanes may increase somewhat, hurricane frequency will decrease.
Overpeck (1990) predicted that changes in disturbances such as hurricanes would significantly alter
forest composition. The impact on the forests of the Gulf of Mexico, however, is unclear; the
composition of these forests has historically been shaped by repeated hurricane impact. Changes
in storm frequency and strength may affect interactions between coastal forest and sea-level rise by

modifying rates of sediment deposition and erosion.
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