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Summary

The vegetation, biomass, primary production, and

nutrient relationships of the Sunken Forest at the Fire

Island National Seashore, New York, U.S.A., were analyzed

to determine the influence of meteorologic nutrient inputs

on the structure and function of an ecosystem with minimal

geologic and biologic inputs and weathering.

The Sunken Forest is a 200- to 300-year-old Ilex opaca

(American holly )-Sassafras albidum (white sassafras )-

Amelanchier canadensis (shadbush) forest, with a total basal

area of 22.59 m 2/ha. The biomass of 17,000 g/m 2
, the net

primary production of 1100/g/m2/year, and the leaf area

index of 5.9 fall within the range for other temperate forest

ecosystems, even though vertical growth of the Sunken

Forest is severely restricted by the shearing effects of the

salt-laden winds.

Although weathering of soil minerals was found to be a

minimal nutrient source, the meteorologic input of 0.73 g
potassium/m 2/year; 14.15 g sodium/m 2/year; 0.98 g calci-

um/m 2/year; and 1.91 g magnesium/m 2/year to the Sunken

Forest are within the range of weathering plus meteorologic

inputs for other forested ecosystems. The majority of the

meteorologic nutrient input is dependent upon the impac-

tion of salt spray aerosols on the profusely divided vegeta-

tive surfaces. The circulation of potassium, sodium, calci-

um, and magnesium within the ecosystem is related to

hydrologic and organic matter cycles. The retention of ca-

tions within the ecosystem is largely a function of the living

biomass and the soil organic matter.

The interface between the land and the sea provides

unique environments which allow the development of spe-

cialized ecosystems. Some of the most productive
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ecosystems known are found near this interface and are de-

pendent upon the continual exchange of materials across

this boundary (Odum 1971). Terrestrial ecosystems, by

regulating the composition of ground waters flowing out of

them, directly influence the transfer of elements from land

to the oceans. The solution and particulate transport of ter-

restrially derived elements in river water is believed to be

the major source of oceanic salts (Clarke 1924; Conway
1942, 1943). Likewise, gases and aerosols of marine origin

are important geochemical factors in terrestrial ecosystems

(Eriksson 1952a, b, 1955, 1959, 1960, 1961;Gorham 1958,

1961; Blanchard and Syzdek 1972).

With increasing proximity to sea coasts there is generally

an increase in the quantity of chemicals contained in the

precipitation, not only chloride, sodium, and sulfate but

also nitrogen, magnesium, and in some locations calcium

and potassium (Leeflang 1938; Wilson 1959; Junge and

Werby 1958; Hutton and Leslie 1958; Emmanuelsson, et al.

1954; Nihlgard 1970). Although much ocean-derived

material is deposited locally in coastal areas, some is carried

great distances inland (Eriksson 1955; Woodcock 1957). In

coastal areas the atmospheric load of oceanic salts is so

great as to cause the restrictions and zonation of ecosystems

(Oosting and Billings 1942; Boyce 1954; Martin 1959).

Although the literature on both atmospheric chemistry and

the toxic effects of salt spray on vegetation is extensive, it is

only recently that investigations of salt spray as a

meteorologic nutrient input for terrestrial ecosystems have

been undertaken (Etherington 1967; White and Turner

1970; Art 1971; Clayton 1972).

The interactions between marine and terrestrial

ecosystems can perhaps be most acutely perceived on barri-

er islands. Along the Atlantic Coast of the United States a

chain of barrier islands extends from Plum Island, Mas-

sachusetts, to the Florida keys. These barrier islands,

characterized by coarse sediments lying offshore on a gently

sloping shallow bottom, are separated from the shore by a

coastal lagoon (Price 1951 ). The sediments of the Atlantic

barrier islands represent a gradient from highly siliceous

sands in the northern portion to calcareous sands in the

southern sections of the system (Oosting 1954). Individual

barrier islands may also show mineralogical gradients from

headlands and sediment sources to distal sections (Taney

1961a).
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This monograph presents the results of a study analyzing

the role of the meteorologic input of nutrients in influenc-

ing the structure and function of a barrier-island maritime

forest on Fire Island, New York (Art 1971; Art et al. 1974).

The Sunken Forest on Fire Island was selected for study as

an ecosystem in which meteorologic input was hypothesized

to be nearly the sole source of nutrients. This situation

arises from the minimal release of nutrients from the highly

weathered, siliceous sands, coupled with the proximity of

the ecosystem to the Atlantic Ocean. In ecosystems with

minimal geologic and biologic inputs and weathering

releases of nutrients, the structure and function are undoub-

tedly strongly influenced by the patterns of meteorologic

nutrient inputs.

Fire Island is located in the North Atlantic (40 41' N, 73

00' W) off the south shore of Long Island, New York (Fig.

1 ). It extends 5 1 km from Fire Island Inlet at the west to

Moriches Inlet at the east, and is separated from Long
Island by the Great South Bay and Moriches Bay. The Sun-

ken Forest (40 39' 22" N, 73 07' 03" W), located between

the towns of Cherry Grove and Point O' Woods, is a 16-

hectare maritime forest in the Fire Island National

Seashore.
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1

Geology and Climate of

Fire Island

Methods

To observe fluctuations in the ground water-table level in the Sunken

Forest, a polyethylene-lined well was sunk to a depth of 35 cm. The top

of the well was 2.0 m above mean sea level. Measurements of water-

table elevation were made at roughly weekly intervals between 16

November 1968 and 2 October 1969.

Air temperature, relative humidity, and precipitation data for the

period October 1968 to October 1969 were collected at a meteorologi-

cal station set up at the National Park Service Sailors Haven Station,

0.5 km east of the Sunken Forest. Temperature and humidity were

recorded on a hygrothermograph enclosed in a standard weather

shelter. Precipitation was collected and measured in a standard U.S.

Weather Bureau 8-inch rain gauge. Precipitation distribution, wind

speed, and wind direction data were obtained from the U.S. Coast

Guard Fire Island Station 9 km west of the Sunken Forest.

Geology and Hydrology

The geologic history of Fire Island is closely related to the glacial his-

tory of Long Island. During the Wisconsin Stage of the Pleistocene

Epoch, the ice sheet stagnated at what is presently southern Long
Island, forming the Ronkonkoma Moraine (Fig. 1) (Strahler 1966;

Fuller 1914). Sediments carried by meltwater from the Ronkonkoma
Moraine were sorted, the finest silt and clay material being deposited in

the ocean, then about 130 m lower than at present (Strahler 1966; Mil-

liman and Emery 1968). The coarser sediments were deposited nearer

the terminal moraine. As the ice receded, it again stagnated at the

present north shore of Long Island, forming the Harbor Hill Moraine

(Fuller 1914). With rising sea levels, the glacially derived sediments
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were subjected to further segregation and chemical alteration by sea

water. The upper Pleistocene and Recent deposits in the vicinity of the

Sunken Forest extend to a depth of 37 m; the surface 8 m of this deposit

is composed of well sorted, fine and medium sands, overlaying coarse

72* W

tfL
v&k

10 20 30

Fig. 1. Long Island and associated geologic features (after Cohen et al. 1968).

sands, and gravel (Fig. 2). Mineralogic analysis of sands in the Sunken

Forest indicate 98% of the sediment is quartz sand, the remainder being

predominantly magnitite, garnet, and tourmaline (Cowan pers. comm.).

No feldspars or micas were found in the Sunken Forest sands.

The formation of barrier islands is a subject of some controversy.

Based on nearshore bottom profile structure, Johnson (1919) supported

the deBeaumont theory of barrier-island formation by emergent sand

bars and concomitantly rejected the Gilbert theory of formation by

longshore currents producing sand spits. The general absence of marine

sediments in the bays and lagoons associated with the barrier islands in

the southern United States has led Hoyt (1967, 1968) to theorize that

barrier islands are the result of submergent rather than emergent shore

lines. According to Hoyt, the dunes and other topographic features of

the barrier islands were once mainland features. With the subsidence of

the coastline, sea water filled in behind the dune ridges, creating the

bays between the barrier island and the mainland shore.

It is beyond the scope of this study to determine the processes leading

to the formation of Fire Island; however, it is clearly evident that both

longshore and on-off shore currents are active agents in the modifica-
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Fig. 2. Fire Island stratigraphy well S30550 Sailors Haven (from USGS unpubl. data).
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tion of the present shoreline. Under the influence of longshore currents,

which are predominantly from the east to west, Fire Island has been ex-

tending to the west at a rate of 66 m/year (Fig. 3) (U.S. Army Corps of

Engineers 1960). This westward extension of Fire Island represents the

transport of about 410,000 m 3 of sediment per year (Taney 1961a).

GREAT SOUTH BAY

ATLANTIC OCEAN

SCALE IN FEET

9000

(ANDREWS, 1938)

Fig. 3. Fire Island inlet 1834-1938 (after Andrews 1938).

Erosion at the headlands of Long Island near Montauk Point accounts

for only 22% of the sediments carried in the longshore currents (Taney

1961b). While headland erosion may be the major source of new sedi-

ments for Fire Island, most of the littoral sediments are probably from

wave erosion of the beaches (Krinsley et al. 1964; Taney 1961a, b).

In the 121 years between 1835 and 1956, the shoreline changes on

the Fire Island beach have varied between net additions of 3.3 m/year

and net erosion of 1.3 m/year, depending upon location (Taney 1961b).

In the area of the Sunken Forest during this period the shoreline has

receded at an average rate of 0.8 m/year, compared to the average addi-

tion of 0.67 m/year for the island as a whole (Taney 1961b). Between

1940 and 1956, and during the period the present study was conducted,

there was net erosion at nearly all locations on Fire Island (Taney

1961b). The beach erosion is the result of annual cycles in which sedi-

ments are added to the beach between May and August but are

removed in greater amounts between September and April (U.S. Army
Corps of Engineers 1960).

The usual topographic profile of the barrier island is a flat beach ad-

jacent to the ocean, a primary dune ridge, an interdune swale, a secon-

dary dune ridge, and a bay shore (Oosting 1954). In the Sunken Forest
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area of Fire Island, a maritime forest occupies the area immediately

leeward of the secondary dune, and a salt marsh community is situated

along the bay shore (Fig. 4).

2 DUNE SUNKEN FOREST SALT
MARSH

T
100 200

DISTANCE FROM OCEAN (M)

300 400

Fig. 4. Fire Island transect.

The development of the characteristic barrier beach topography of

dunes and swales is the result of plants acting as geomorphic agents

(Free 1911; Cowles 1899; Olson 1958a, b). The critical wind speed for

the transport of sand grains is about 4 m/sec at the ground surface

(Olson 1958a). When winds of this speed or greater encounter the bar-

rier-island vegetation, they may be locally slowed and deposition of sand

grains may occur around the bases of the plants. The pioneer dune

plants such as Ammophila breviligulata (beach grass) 1 exhibit growth in

response to this periodic burial (Olson 1958b). As this process is re-

peated, the height of the dunes increases probably up to an equilibrium

height dependent upon the characteristics of the sand, the intensity of

winds, the biologic limits of the vegetation, and the frequency of storms.

The soil temperature relations are largely influenced by shading ef-

fects of the plant cover. Due to the large pore space of dune soils, there

is relatively little heat transfer to or from the subsurface layers, even

though the surface-soil temperature wave may have a 30°C amplitude

(Salisbury 1934). The rapid night-time cooling of the surface soil favors

the formation of internal dew within the highly porous soil (Olsson-

Seffer 1909b;Boyko 1966).

Another consequence of the porous structure of the soil is the low

capillary transfer of moisture from the subsurface soil through the dryer

surface layers (Salisbury 1952; Free 1911). As a result, the moisture

conditions of the subsurface soil layers are generally considered to be

'Nomenclature follows Fernald, M. L. 1950 Gray's Manual of Botany, 8th edi-

tion for northern species and Small, J. K. 1933 Manual of the Southeastern Flora

for southern species.
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favorable for plant growth at all times (Chapman 1964; Salisbury 1952).

The sole source of fresh water on the barrier island is precipitation.

The movement of fresh water in dune soils is rapid and predominantly

downward (Salisbury 1952; Olsson-Seffer 1909b). Due to the rapid

movement of fresh water through the dune soil, the ground water and

soils of barrier islands have relatively low chloride concentrations, rang-

ing between 0.03 and 0.003% of the soil weight (Kearney 1904; Kelly

1925).

The highly permeable soils and proximity to sea water produce a

distinctive hydrological situation described by the Gyben-Herzberg prin-

ciple (Crandell 1962; Harris 1967). Since fresh water has a specific

gravity less than sea water, the structure of the barrier-island ground

water system is a lens of fresh water floating on top of the salt water

(Fig. 5). The theoretical depth of the fresh water lens below sea level is

Sunken
Forest

water

table.

1° dune

Silt

#water^-

ioo m

Fig. 5. Barrier beach hydrology (after Crandell 1962).
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approximately 40 times the height of the water table above sea level

(Crandell 1962).

The water table, as observed in the well in the Sunken Forest, fluctu-

ated between 170 and 208 cm above mean sea level (Fig. 6). Therefore,

theoretically the fresh-water lens should extend downward throughout

the Pleistocene and Recent deposits (37 m depth). The fluctuations in

the water table in the Sunken Forest appear to be strongly influenced by

the amounts and periodicity of precipitation inputs. Ocean tides,

evapotranspiration losses, and barometric pressure also undoubtedly in-

fluence the elevation of the water table (Hill and Hanley 1914; Crandell

1962; Perlmutter and DeLuca 1963; Fox and Davis 1971).

210
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Fig. 6. Precipitation and water table relations. Arrows mark days on which precipitation occurred.

Solid line indicates millimeter precipitation per day for the collection period. Asterisk indicates the

water table elevation on given days.

Fluctuation of the water table leads to a diffusion zone rather than a

sharply delineated interface between the fresh and sea water at the bot-

tom of the lens. The formation of the diffusion zone leads to the reduc-

tion of the hydrostatic head in the salt-water environment which may
result in a further intrusion of the fresh-water system into the sea-water

system (Cooper et al. 1964; Harris 1967).

The movement of fresh water, and its associated ions, is downward at

the center of the lens with discharge at the edges into the ocean (Fig. 5)

(Brown 1925; Harris 1967; Cohen et al. 1968). Under these conditions,

there is little diffusion of sea water into the rooting zone of the domi-

nant vegetation. Therefore, the diffusion of nutrients from the ocean

through the ground-water system to the barrier-island vegetation

probably is negligible under normal conditions.



8 Ecological Studies of the Sunken Forest

Climate

The climate of barrier islands is greatly influenced by the ocean.

Oceanic moderation is particularly evident in the temperature regime.

Barrier islands tend to have higher winter minimum temperatures and

lower summer maximum temperatures than inland regions of the same

latitude (Fig. 7). The length of the freeze-free period is therefore longer

on barrier islands than inland. The mean length of the growing season

on the Atlantic Barrier island chain ranges from 180 days in Mas-

sachusetts to in excess of 360 in the Florida Keys.

B

Fig. 7. Climatic maps of the Eastern United States. A . Mean daily minimum January temperature (°F).

B. Mean daily maximum July temperature (°F). C. Mean length of freeze-free period (days).

On Fire Island, during the study, the mean annual temperature was

10.3°C with maximum and minimum temperatures of 32°C and -13°C,

respectively (Fig. 8). The freeze-free period was 240 days; however, the

maximum daily temperature was below 0°C on only 26 days during the

period of observation.

During the winter months, the winds along the Atlantic coast are

predominantly from the north, while during the summer months they

are predominantly from the south and west (USDC 1967; Oosting

1954). For barrier islands with a north-south orientation, the onshore
winds are largely during the fall and winter, while islands with an east-

west orientation, such as Fire Island, have onshore winds predominating
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Fig. 8. Mean relative humidity and temperature.

during the spring and summer (Figs. 9, 10). Wind speed also shows

seasonal trends, being highest in the winter and decreasing through the

spring and summer months.

It is the high intensity onshore winds that are of extreme importance

in the production of salt-spray aerosols which affect spatial and tem-

poral processes of barrier island ecosystems (Oosting 1954; Boyce

1954; Martin 1959). Salt-spray aerosols are formed by the evaporation

of droplets ejected from the sea surface by the bursting of air bubbles

(Boyce 1951a; Kientzler et al. 1954). The formation of salt-spray

aerosols is a function of wind speed; at speeds above 7 m/sec white caps

form and the production of aerosols is greatly enhanced (Boyce 1954).

The amounts of aerosols impacted on vegetative surfaces in the Sunken

Forest are highly correlated with the speed of onshore winds (Fig. 10)

(Artetal. 1974).

Variations in the wind speed across the barrier island are produced in

response to topographic irregularities. Wind speed, which increases with

height above ground, is greatest at the windward crests of the dunes and

lowest in the wind shadows just leeward of the crests (Free 1911; Olson

1958a; Willis et al. 1959). Superimposed on the wind speed gradient is

the salt-spray aerosol concentration gradient which increases with in-

creasing wind speed, proximity to the ocean, and topographic exposure

(Boyce 1954; Martin 1959; Oosting and Billings 1942).

The annual precipitation on the Atlantic barrier-island chain in-

creases from about 100 cm in the north to 140 cm in the south (USDA
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Fig. 9. Offshore wind distribution blowing from between 258° and 59° (from Art 1972).

1941 ). Due to the greater atmospheric stability over the ocean, the an-

nual precipitation in coastal areas may be less than in adjacent inland

locations (Miller and Frederick 1969).

During the study period, total precipitation was 1 16.3 cm, distributed

relatively evenly throughout the seasons, but varying greatly between in-

dividual observation periods (Fig. 6, Appendix IV).

Although the amount of precipitation may be slightly lower in coastal

areas, the relative humidity is generally higher and the evaporation
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1
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Fig. 10. Onshore wind distribution blowing from between 79° and 238° and amounts of sodium

impacted on vegetation (from Art 1972).

lower than in inland areas (Purer 1934; USDA 1941). Fog, mist, and
heavy dew are a common occurrence on Fire Island and undoubtedly

act as inputs to the water table.

The mean annual relative humidity on Fire Island was 76% during the

period of observation (Fig. 8). The minimum and maximum mean rela-
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tive humidities for observation periods were 56% and 93%, respectively.

However, night-time humidities usually reach 99% during the summer
months.

The frequency and intensity of storms play an extremely important

role in the processes of coastal ecosystems (Oosting 1954; Martin

1959). On Fire Island, the frequency of major storms occur once every

8.4 years (U.S. Army Corps of Engineers 1960). After .an unusually

severe storm in September 1938, it took several days for sea water that

had washed over the primary dune ridge to drain from the swale in the

Sunken Forest area (W. Oakley pers. comm.). During the period of this

study (October 1968 to October 1969) large storms occurre'd on 12

November 1968 and 9 February 1969. Neither of these storms caused

beach erosion in the Sunken Forest area, although severe erosion was

caused in other locations on Fire Island.



Vegetational Patterns of the

Atlantic Barrier Islands

Vegetational Zonation

On barrier islands a unique vegetational complex has been established

in response to the ocean-dominated environmental complex. Changes in

the complex-gradients, largely in response to the barrier island topog-

raphy, result in a characteristic zonation of vegetational communities.

Numerous studies suggest salt-spray deposition as the major environ-

mental factor causing this zonation (Olsson-Seffer 1909a; Oosting 1945,

1954; Oosting and Billings 1942; Boyce 1954; Martin 1959).

The vegetative zones exhibit physiognomic similarities along the en-

tire length of the Atlantic barrier-island chain. Herbaceous plants grow-

ing on the primary dunes must be able to withstand high intensities of

salt-spray deposition and respond to periodic and regular burial by sand

(Wells and Shunk 1938; Kurz 1939; Salisbury 1952). In the more stable

and protected areas of the swales and secondary dunes, woody shrubs

may dominate. Leeward of the secondary dunes, the maritime forest

community usually occurs.

Species of the dunes and swale exhibit several ecological strategies for

survival in the barrier-island environment. Often the plants have

xeromorphic adaptations of succulence, thick cuticles and epidermal

layers, and depressed stomata (Purer 1936; Wells and Shunk 1931;

Harshberger 1908, 1909). The features are probably adaptations to the

intense winds, salt spray, and high surface soil temperatures, since

usually there are not xeric conditions in the subsurface soil. The succu-

lence of leaves, as measured by leaf thickness, decreases with distance

from the sea and increases with increased exposure to salt-laden winds

(Chrysler 1904; Purer 1934; Boyce 1954). Although the penetration of

chloride ions may be the main factor causing hypertrophy in the leaves

of coastal plants (Boyce 1951b), other factors such as extremes in wind

speed and surface soil temperature may also be important. Compared to

13
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plants of flood-plain sites, plants growing on fresh-water dunes exhibit

not only increased leaf thickness but also increases in epidermis and cu-

ticle thickness, vessel cross sectional area, vessel wall thickness, and

mechanical tissues (Starr 1912).

Not all plants of the dunes and swales have morphological features

which may protect them against the osmotic effects of salt spray deposi-

tion. Species which exhibit a low tolerance to sea-water spray (Oosting

1945; Martin 1959) fall into two broad categories: (1) Annual plants

completing their entire life cycle between major storms; and (2) plants

that avoid salt-spray deposition by either a low-growth form or by grow-

ing under the protective canopy of more salt-spray-tolerant species.

The maritime forests are frequently dominated by thick-leaved ever-

green species. The trees are relatively small with flat-top crowns, the

canopy height being limited by the intensity of salt spray deposition. Salt

spray also causes the windward edge of the forest to assume an espalier

form (Fig. 1 1) (Boyce 1954). A variety of lianas are usually abundant

throughout the forest canopies.

Fig. 11. Salt pruned American holly on secondary dune seaward of the Sunken Forest.

Species Distribution

The physiognomic and physiographic zones described above exhibit a

remarkable similarity along the whole Atlantic Coast. This is not sur-
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prising in light of the relatively constant barrier island environmental

complex strongly influenced and moderated by the Atlantic Ocean.

However, there are definite changes in species composition along the

barrier island chain; some species are found along nearly its entire

length, while others are limited to northern, middle, or southern por-

tions (Duncan 1974).

The distributions of coastal dune and forest species reported in the

literature for Florida through Massachusetts are presented graphically in

Figs. 12 and 13. (Florida: Curtiss 1879; Davis 1942; Kurz 1942; Laessle

and Monk 1961; Wallace, et al. 1972. Georgia: Eyles 1939; Johnson et

al. 1971; Worthington 1972. South Carolina: Coker 1905; Stalter 1971,

1974; Pinson, 1973; Rayner 1974. North Carolina: Johnson 1900;

Kearney 1900, 1901; Wells 1939; Boyce 1954; Bourdeau and Oosting

1959; Brown 1959; Burk 1961, 1962, 1968; Au 1969. Virginia: Egler

1942. Maryland: Chrysler 1910; Shreve 1910; Higgins et al. 1971.

Delaware: Snow 1902, 1913. New Jersey: Harshberger 1900, 1911;

Chrysler 1930; Small and Martin 1958; Martin 1959; New Jersey De-

partment of Conservation and Economic Development 1969. New
York: Taylor 1923; Conrad 1935; Art 1971. Massachusetts: Chrysler

1905; Knowlton 1914; Harper 1921; Fogg 1930; Ogden 1961; Randall

1962; Seacord 1967; Burk 1968.) The spacing between locations in

these figures is relative to geographic position along the coastline. Ex-

cept in the case of Fagus grandifolia (beech), a species with well-known

and distinct ecotypes (Braun 1950), the lines representing the range of

a species distribution were made by connecting the extreme points of

species occurrence and do not imply occurrence on all offshore islands

over the ranges shown.

In the Florida Keys, the maritime forest on inundated shores and mud
flats is dominated by mangrove species Rhizophora mangle (red man-
grove), Avicennia nitida (black mangrove), and Laguncularia racemosa

(white mangrove). On sandy substrates in the keys, Pithecolobium

guadelupense (black bead), Jacquinia keyensis (Joe-wood), Suriana

maritima (bay cedar), and Pinus caribea (Caribbean pine) dominate. On
the Atlantic coast of Florida the maritime forest is dominated by Sabal

palmetto (cabbage palm), Ilex vomitoria (cassina), Persea borbonia

(red bay), and various species of Pinus (pine) and Quercus (oak).

The maritime forest in the Carolinas is dominated by Quercus virgini-

ana (live oak), Juniperus virginiana (red cedar), Ilex opaca, Persea bor-

bonia, and Pinus taeda (loblolly pine) (Fig. 12). Further north, Q. vir-

giniana, Persea borbonia and Pinus taeda are replaced in the com-
munity by a variety of Quercus species, Pyrus arbutifolia (red choke-

cherry), Sassafras albidum, and Pinus rigida (pitch pine). In Eastern

Long Island and in Massachusetts, Fagus grandifolia (beech) appears

as a major component of the maritime forest.
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Fig. 12. Coastal forest species distributions.

Except for Quercus virginiana, the tree species comprising the

maritime forest are all species that achieve their greatest dominance in

inland forests some distance from the coast. However, there is evidence

that coastal populations of some species may be genetically different

from inland populations (Ledig and Fryer 1972).

Under the maritime forest canopy, there may be such an amelioration

of extremes in wind speed, blowing sands, and salt spray that rather

nonspecialized herbaceous and shrub flora may occur. There is less of

an apparent ecological amplitude of dune and swale species than of

maritime forest species. Many dune and swale plants probably can only

compete with other species in a barrier-island environment. In general,

the species found in the dunes and swale achieve their greatest

dominance only in the dune habitat.

The dune and swale community in the southern portion of the barrier

island chain is characterized by Vniola paniculata (sea oats), Iva im-

bricata (marsh elder), Hydrocotyle bonariensis (pennywort), Myrlca

cerifera (wax myrtle), and Ilex vomitoria (Fig. 13). Northward these

species are replaced by Ammophila breviligulata (beach grass), Prunus

maritima (beach plum), Hudsonia tomentosa (beach heath), and

Lathyrus japonicus (beach pea). Parthenocissus quinquefolia (Virginia

creeper), Rhus radicans (poison ivy), and Salsola kali (common salt-

wort) are found over nearly the entire length of the barrier island

system.

Some species which occur on the dunes and swales on certain sec-

tions of the Atlantic barrier island chain are found primarily in the salt
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Fig. 13. Coastal dune species distributions.

marshes in other sections. For example Solidago sempervirens (seaside

goldenrod) achieves its greatest dominance on dunes and swales on the

northern barrier islands, although it is also found on the margins of salt

marshes. However, in Georgia the species is found predominantly in salt

marshes (W. H. Duncan pers. comm.). Spartina patens occurs only in

salt marshes on northern barrier islands, while in southern sections

where dunes appear to be of lower relief and overwash is a dominant

geological process (Godfrey and Godfrey 1973, 1974; Dolan et al.

1973) 5. patens occurs on low dunes.

The vegetational communities of the barrier islands are composed of

the overlapping distributions of individual species. As such, the entire

Atlantic barrier-island vegetation can be considered as a vegetational

continuum (Curtis 1951) exhibiting a relatively constant physiognomy.

Gleason (1926) held that the vegetational composition of a stand is

solely the result of plant migration and environmental selection,

heterogeneity of vegetation being the result of variance in seed dispersal

and irregularities in the environment. It is unlikely that the major

changes in species composition along the barrier-island chain are due to

limited or irregular dissemination of seeds.

Most of the plant species of the barrier islands have large edible fruits

that serve as food sources for a wide variety of bird species (Martin et

al. 1951). During the summer I have observed large numbers of cat-

birds, towhees, robins, and brown thrashers feeding heavily on the fruits

of Amelanchier canadensis, Vaccinium corymbosum (highbush blueber-

ry), Prunus serotina (black cherry), Ilex opaca, Sassafras albidum, Ju-

niperus virginiana, Nyssa sylvatica (black gum), Rhus (sumac) species,
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Smilax rotundifolia (common greenbriar), and a variety of other species

in the Sunken Forest. The consumption of fruits and the subsequent

dispersal of seeds by birds migrating along the barrier-island system,

which is coincident with the Atlantic flyway, is an important factor

favoring both northward and southward distribution of species. This is

undoubtedly true for Ilex opaca, whose fruits are heavily consumed by

migrating birds, particularly robins (Nelson 1965).

Chrysler ( 1930), after comparing the bird and plant species found on

the spit at Sandy Hook, New Jersey, concluded that birds have been the

active agents in the transport of seeds to the maritime forest at Sandy

Hook. Chrysler further states that the dune and swale flora have

probably been derived from the beaches south of Sandy Hook, implying

a dispersal by vegetative growth or longshore currents. The sea-water

dispersal of seeds and vegetative parts of a variety of coastal dune spe-

cies has been noted by Van der Pijl ( 1969), Gemmell et al. ( 1953), and

Salisbury (1952).

The changes in the species composition of barrier-island communities

are most likely a response to the gradual changes in edaphic and cli-

matic factors. As stated previously, there are gradual southward changes

from siliceous to calcareous sands and gradual increases in tempera-

tures. Although the climatic and edaphic changes of the barrier-island

system are not as abrupt as in inland areas of the same geographic

range, they appear to be sufficient to cause changes in the species com-

position of the coastal plant communities.
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Vegetational Patterns of the

Sunken Forest Area

To gain a wider understanding of the ecological relationships of the

Sunken Forest, an analysis of the vegetation between the ocean and bay

was undertaken. Although the main emphasis was the vegetational anal-

ysis of the maritime forest community, plant communities leeward" and

windward of the forest were also investigated since all these communi-

ties are interrelated. Martin (1959) found that despite the apparent

highly regular distribution of species and communities on barrier

islands, very few species are restricted to a single topographic facet.

Due to the close interrelationships between geological, biological, and

meteorological processes on barrier islands, the investigation of the Sun-

ken Forest was conducted in the context of the entire range of plant

communities on Fire Island.

Previous studies of the Sunken Forest area by Murphy (1933),

Thorne (1953), and Schulte (1965) have described the vegetation in

general, nonquantitative terms. The vegetational analysis here was

necessary to provide quantitative information, such as species density,

basal area, cover, and frequency, necessary for the study of

biogeochemical relationships in the Sunken Forest. The salt marsh,

dune, and swale communities were included in the vegetational analysis

to provide an understanding of the ecological processes of the entire

barrier island and the interactions between the maritime forest and the

communities surrounding it.

Methods

Vegetation in the Sunken Forest area was sampled in a 570-m-wide

zone from the Atlantic Ocean to the Great South Bay (Fig. 14). The
vegetation was divided into three communities: ( 1 ) the dune and swale

area; (2) the Sunken Forest proper; and (3) the salt marshes. Delinea-

tions of community types on barrier islands have been based largely on

19
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Great South Bay

KEY: [a] Ammophila |Arctostaphylos | iHudsonia ^Myrica l^Prunus morithrw ^Salt marsh I |Sond tvJTree species

Fig. 14. Vegetation map of the Sunken Forest area. Dune and swale transects are marked A, B, C.

Forest sampling plots are small squares, while rectangle marked P is the ecosystem analysis plot.

plant growth forms: herbaceous, shrubby, and arborescent (Oosting

1954; Boyce 1954; Davis 1957). However, the interspersion of shrubby

and herbaceous vegetation in the dune area reduced the utility of a

growth-form approach in defining the communities in the Sunken Forest

area.

The dune and swale community consisted of the vegetation between

the winter storm high water line on the beach and the forest community
on and behind the secondary dune. The Sunken Forest community ex-

tended northward from the boundary of the dune and swale community
and terminated with the disappearance of vegetation dominated by

trees. The salt-marsh communities occupied the area between the forest

and the bay and were dominated by herb or shrub species. Each of these

communities was sampled between June and August 1967.
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The Dune and Swale Community

Three randomly selected, meter-wide belt transects were laid out

from the mean tide mark to the beginning of the forest community (Fig.

14). The transects were comprised of a series of 1 x 1-m plots. In each

plot percentages were estimated for: (1) cover, by species; (2) bare

sand; and (3) litter visible without disturbing the vegetation. A topo-

graphic profile of each transect was constructed by the use of an Abney
level and a meter tape.

Transects across the dunes and swale gave evidence of spatial changes

in the community but did not accurately estimate the vegetation cover

of the community as a whole (Table 1 ). Therefore, a vegetation map
(Fig. 14) was constructed by projecting an aerial photograph of the

Sunken Forest area (Fig. 15) onto a sheet of paper and outlining vegeta-

tional boundaries; the patterning of the dune and swale vegetation being

Fig. 15. Aerial photograph of the Sunken Forest area taken 15 March 1966. True North is at top of the

photograph. This plate is a copy of the original aerial photograph (scale 1 :4800) used in the vegetational

analysis. (Courtesy National Park Service and Brookhaven National Laboratory).
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Table 1. Dune and swale vegetation cover.

Transect A Transect B Transect C Averages

% of total

% cover % cover % cover % covei cover

Arctostaphylos uva-ursi 23.1 15.7 10.8 16.6 41.5

Ammophila breviligulata 8.8 8.8 7.7 8.4 21.0

Prunus maritima 2.1 5.7 2.4 3.3 8.3

Hudsonia tomentosa 1.1 2.2 4.0 2.4 6.1

Myrica pensylvanica 3.7 1.3 0.5 1.9 4.6

Smilax glauca 3.0 1.6 0.4 1.7 4.2

Parthenocissus quinquefolia 3.1 0.5 1.3 3.1

Solidago sempervirens 1.0 1.5 1.1 1.2 2.9

Ilex opaca 0.1 1.5 0.5 1.2

Lathyrus japonicus 0.1 1.2 0.4 1.1

Rhus radicans 0.7 0.3 0.2 0.4 1.0

Cirsium horridulum 0.4 0.2 0.4 0.3 0.8

Aralia nudicaulis 0.6 * * 0.2 0.6

Quercus stellata 0.7 0.3 0.6

Lachea maritima 0.2 0.3 0.1 0.2 0.5

Pinus rigida 0.2 0.4 0.2 0.5

Panicum spp. 0.2 0.1 0.1 0.2 0.5

Artemisia stelleriana 0.1 0.2 0.1 0.3

Quercus velutina 0.3 0.1 0.3

Rhus copallina 0.2 * * 0.1 0.3

Smilacina stellata 0.1 0.1 0.1 0.2

Agrostis alba 0.1 * * 0.1

Cakile edentula * * 0.1 * 0.1

Carex pensylvanica 0.1 * * * 0.1

Hieracium venosum 0.1 * * 0.1

Sassafras albidum 0.1 * 0.1

Amelanchier canadensis * * *

Artemisia caudata * * *

Carex silicea * * * *

Cyperus rotundus * * * *

Euphorbia polygonifolia * * * *

Lactuca canadensis * * *

Polygonella articulata * * * *

Pteridium aquilinum * * *

Rosa Carolina * * *

Smilax rotundifolia * * *

Solidago odora * * *

Trientalis borealis 0.1 * *

Total 50.1 40.7 29.4 40.1

<0.1%
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characterized by discrete patches of vegetation composed of several

species and dominated by a single species. These patches of vegetation

are termed "species-type units." The original map had a scale of

1:1430, large enough for field identification of these species-type units

in the dune and swale community.

The species-type units were carefully cut from the map and weighed.

From the map area:paper weight ratio, the land surface areas covered

by the various species-type units were estimated. The percent cover of

the dominant species within the various species-type units was estimated

in randomly selected units in the dune and swale community. The

average cover of dominant species for the entire dune-swale community
was calculated by multiplying the surface areas of the species-type units

by the actual species cover within the units.

The Sunken Forest Community

A sampling grid representing 10 X 10-m squares was laid over the

aerial photo of the Sunken Forest and 34, 10 X 10-m plots were ran-

domly chosen to sample the forest vegetation.

These plots were located in the field by pacing along compass

bearings from known landmarks. All individuals with a diameter greater

than 3.0 cm at breast height (1.5 m) were tallied as trees by species.

Heights were estimated or measured to the nearest 0. 1 m and diameters

were measured to the nearest millimeter. If the stem of an individual

plant branched below breast height, each of the branching trunks was

tallied as a separate individual. Diameters at breast height (dbh) of

standing and fallen dead trees were counted by species.

The 10 x 10-m plot was subdivided into four 5 x 5-m plots and one

was randomly selected for sampling the shrub layer. Shrubs, individuals

greater than 1 m high and with a dbh of less than 3.0 cm, were tallied by

species. Heights were measured to the nearest 0.1 m and basal diame-

ters at the ground surface were measured to the nearest millimeter.

Each shrub shoot emerging from the soil was tallied as a separate in-

dividual.

The herbaceous layer was sampled in 1 x 1-m plots laid out in each of

the four corners of the 10 X 10-m plot. Any plant under 1 m in height

was considered to be an herb. Percent cover estimates were made for

each species present, except for Smilax species, for which the densities

in stems/m2 were measured.

Phenological records were made during trips to the Sunken Forest

which occurred at roughly weekly intervals between October 1968 and

October 1969. During each visit to the forest, the condition of the

vegetation, stages of flowering, and leaf condition were noted.
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The phenology of litter fall was analyzed from collections of litter in

12 baskets situated in an ecosystem analysis plot in the Sunken Forest

(Fig. 14). These baskets, with a collecting area of 1780 cm 2 each, were

anchored to stationary positions throughout the study, and emptied at

approximately weekly intervals. The material falling into the baskets

was separated by species (Ilex, Sassafras, Amelanchier, and others) and

then by components (leaves, flowers plus fruit, and twigs plus wood).

All litter components were dried at 85°C and weighed.

The Salt Marsh Community

A meter-wide belt transect was laid out through the center of one of

the salt marshes on the southern edge of the forest. The 33-m transect

ran from the edge of the forest to the Great South Bay. Within the

transect, percent species cover was estimated in a manner similar to the

analysis of the dune and swale community.

Results and Discussion

Pattern and process in Fire Island communities

The most striking feature of the Sunken Forest area vegetation, as on

barrier islands in general, is the change in species dominance in

response to environmental gradients. In addition to the relatively pre-

dictable salt spray, sand deposition, wind flow, and cyclic littoral ero-

sion gradients, the complex-gradient on Fire Island includes an erratic

and nonpredictable human and meteorologic disturbance gradient. The
rates of gradient change across the barrier island are neither gradual nor

uniform. Therefore abrupt changes in the composition of the vegetation

are a frequent occurrence, species often exhibiting a truncated distribu-

tion.

The boundaries of segments of the vegetation dominated by different

species may be so sharp that there is little or no intergradation between

them. However, this patterning should not be considered to be a case

contrary to gradation but as a "segmentation of the fundamental vegeta-

tional continuum^ Whittaker 1956:36).

This distribution pattern is most apparent in the dune and swale com-

munity where individual species-type units might be considered as

separate communities, as an integral segment of a zone community, or

as positions on an ecosystemic gradient or ecocline (Whittaker 1970). In

light of the unique complex-gradient from ocean to bay in the Sunken

Forest area, the concept of an ecocline encompassing the entire barrier
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island is extremely useful in the interpretation of the vegetational pat-

terns.

Dunes and swale

Due to the annual littoral erosion cycles at Fire Island in which much
of the beach sand is moved offshore during the winter, the majority of

the beach from the surf zone to the base of the primary dune' is devoid

of vegetation (Figs. 14, 15). The first vegetation encountered seaward

of the primary dune were the annual species Salsola kali, Euphorbia

polygonifolia (seaside spurge), and Cakile edentula (sea rocket) which

were growing in the flotsam marking the high-water line of the previous

winter's storms, 45 m from m.s.l. (Fig. 16). The drift lines on the beach

and bay shore, in which these species are most abundant, may be ex-

tremely favorable sites for plant growth. Organic debris washed up on

beaches decomposes rapidly, locally increasing the concentrations of

nitrates and phosphates in the surrounding sand (Pearse et al. 1942). It

is also probable that the organic matter of the drift line increases the

water-holding capacity of the surface soil.

m-m

... *

Fig. 16. Annual plants (Salsola kali and Cakile endentula) growing in drift line at base of the primary

dune.
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The seaward face and crest of the primary dune, where salt-spray

deposition and sand movement are greatest, are dominated by Ammo-
phila breviligulata (Fig. 17). Although Artemisia stelleriana (dusty

miller) and Lathyrus japonicus (beach pea) exhibit their greatest

abundance here, they do not contribute sizably to the total vegetative

cover. On the lee side of the primary dune, Ammophila decreases as the

abundance of woody species increases (Fig. 14, Appendix I).

The distribution of Ammophila breviligulata in the Sunken Forest area

parallels that of A. arenaria in England; its vigor is greatly decreased in

stable areas (Hope-Simpson and Jefferies 1966; Salisbury 1952).

Marshal ( 1 965 ) proposes as an explanation that burial by sand is a

necessary stimulus for the production of new Ammophila roots, and

since physiological senescence of the roots is a rapid process for this

species, site stability may be a factor leading to decreased species vigor.

The growth responses of Ammophila and other plants in relation to

burial by sand have already been discussed in the consideration of dune-

building processes. The woody shrub species occurring on the leeward

slope of the primary dune (Prunus maritima, Myrica pensylvanica (bay

berry), Rhus radicans) also exhibit, to a limited extent, the capacity to

respond to periodic sand burial, but to their greater susceptibility to

salt-spray injury compared to Ammophila (Martin 1959).

Fig. 17. Beachgrass on seaward face of the primary dune.

On the leeward slope of the primary dune, where the vegetational

cover is relatively undisturbed, a mixture of Ammophila breviligulata,
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Prunus maritima, Myrica pensylvanica, Parthenocissus quinquefolia, and

Rhus radicans dominates (Fig. 18). Arctostaphylos uva-ursi (common
bearberry) is a procumbent woody species that occurs in the most

Fig. 18. Beach plum and bayberry grow in the wind-salt shadow on the back of the primary dune.

undisturbed locations in the dune and swale community (Fig. 19). How-
ever, much of the dune and swale community is subjected to

disturbance which is reflected in the large amounts of bare sand and the

abundance of species such as Hudsonia tomentosa which are associated

with erosional sites (Fig. 20).

Major disturbance is associated with the bare sand road running in an

east-west direction through the middle of the swale (Figs. 14, 15, 37).

The direct effects of this 3-m-wide road, as well as the numerous foot

trails in the area, can be seen in the analyses of the vegetation cover

(Figs. 21, 22, Appendix I). In these sites of human disturbance the

vegetation cover is reduced to zero. Furthermore, the dead plant

remains are also eliminated. Consequently, the remains cannot serve the

function of maintaining a cover resistant to the wind. The total effect of

this disruption of the vegetation is not merely limited to the narrow

avenues of human disturbance. These sites serve as the initiation of

further erosional processes. Since the destruction of the vegetation and

litter locally decreases the thickness of the surface boundary layer, the

frequently intense winds tend to become channelized along the avenues

of disturbance, and severe wind erosion may result in blowout channels.

Although blowout channels are a frequent natural occurrence on barrier
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Fig. 19. Bearberry forming a dense spreading mat in stable portions of the swale.
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Fig. 20. Hudsonia tomentosa and Solidago sempervirens growing on wind-eroded sites.
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islands, in the Sunken Forest area they appear to have been initiated

primarily by human activity.

The revegetation of these blowout areas appears to be a very slow

process. The finer sands which characterize the dunes are transported

by the wind out of the blowout areas, resulting in a pebbly surface soil.

Hudsonia tomentosa and Solidago sempervirens are frequently the only

species found in these sites. Neither these species, nor the others as-

sociated with blowouts, Lechea maritima (pinweed), Polygonella articu-

late (joint weed), Artemisia caudata (wormwood), and Panicum spp.

(panic grass), form as dense stands, or have the potential for rapid

vegetative spread, as does Ammophila on the dunes. Ammophila
breviligulata is absent in these areas, apparently due to greater erosion

than deposition of sand.

The entire center of the swale is dominated by the Hudsonia tomen-

tosa species-type units of widely spaced individuals. On the northern

side of the road there is an increase in the abundance of woody shrub

and tree species: Prunus serotina, Pinus rigida, Juniperus virginiana,

Rhus copallina (dwarf sumac), Vaccinium corymbosum, and Ilex opaca

(Fig. 14). The vegetation on the southern face of the secondary dune is

dominated by these species and marks the transition to the Sunken

Forest community.

The overall vegetational pattern of the dune and swale community is

one of increasing cover with increasing distance from the ocean (Fig.

22, Appendix I), the pattern being disrupted in areas of disturbance.
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Ammophila breviligulata, which is dominant on most of the primary

dune, has an average cover of 25% in this area (Table 2). On the

leeward slopes Prunus maritima and Myrica pensylvanica have an

average cover of 40-55% where they occur. Arctostaphylos uva-ursi with

an average cover of 69% within its species-type units, is most prevalent

in the northern half of the swale. Pinus rigida achieves its greatest

Table 2. Dune and swale community total vegetation cover.

Land surface Average cover Actual land

area (%) (%) of dominant surface (%)

covered by species within covered by

Species-type unit species-type species-type dominant

unit unit species

(a) x (b) (c)

Ammophila breviligulata 19.1 25.1 4.8

Prunus maritima 6.3 55.6 3.5

Myrica pensylvanica 1.7 41.2 0.7

Hudsonia tomentosa 18.4 8.7 1.6

Arctostaphylos uva-ursi 14.1 68.8 9.7

Pinus rigida 1.4 92.9 1.3

Other species 9.0 7.7

Total Vegetation 70.0 29.3

Bare sand 30.0 70.7

dominance on the margins of the Sunken Forest, but grows in a procum-

bent form in the swale but forming stands with an average cover of 93%
(Fig. 23).

Alpha-species diversity increases with increasing vegetation cover and

distance from the ocean (Fig. 22). Alpha-diversity increases from less

than 2 on the seaward face of the primary dune, where Ammophila at-

tains its greatest dominance, to over 8 in portions of the swale and

secondary dune. Species diversity, H(s), as calculated from species

cover and the formula of Lloyd and Gherlardi ( 1964) shows the same
patterns as alpha-diversity. H(s)-diversity varies between 0.00 and 0.25

on the seaward face of the primary dune. In the swale and on the secon-

dary dune H(s) is generally between 1.0 and 2.0. In the areas of

disturbance, particularly those adjacent to the road, both indices of

diversity approach zero.

The trend of increasing cover with distance from ocean is also evident

in the transect data of Martin (1959) from Island Beach State Park,

New Jersey. However, this pattern is not consistent over the entire dune
and swale community in the Sunken Forest area. In areas of increased

disturbance, in the middle of the swale, Hudsonia tomentosa forms low
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Fig. 23. A 50-year-old pitch pine growing as a spreading mat in the swale.

density stands with an average cover of 9%. The cover and patterning of

species-type units in the dune and swale community appear to be a

function of the effects of a complex gradient rather than a single en-

vironmental factor such as salt spray.

The transition to the Sunken Forest community is marked by the in-

creasing dominance of Juniperus virginiana, Pinus rigida, Prunus

serotina, and Rhus copallina, which are most abundant along the mar-

gins of the forest (Fig. 24). Also increasing in abundance are Ilex opaca,

Fig. 24. The crest of the secondary dune, showing salt-spray formed canopies.
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Sassafras albidum, Amelanchier canadensis, and Vaccinium corymbosum,

which are dominant species in the center of the forest. The physiogno-

my of the Sunken Forest is similar to other maritime forest communities

(Wells 1939; Bourdeau and Oosting 1959; Martin 1959). The southern

edge of the forest on the windward face of the secondary dune exhibits

the typical espalier form found in the coastal areas (Fig. 11). Leeward

of the secondary dune, the canopy rapidly assumes a relatively uniform

height of 5.5-7.0 m. The tops of the trees, subjected to the shearing ac-

tion of salt-laden winds, develop a smooth and closed canopy (Fig. 25).

The height of the trees is ultimately determined by the height of the

secondary dune which governs the wind flow patterns.

Fig. 25. The salt-pruned, flat top of the Sunken Forest canopy viewed from the secondary dune crest.

The Great South Bay is in the background.

Due to the relatively low canopy there is no clear stratification of the

forest community into distinct overstory and understory layers. Stratifi-

cation in the forest is further obscured by the abundant lianas, Rhus

radicans, Smilax rotundifolia, Parthenocissus quinquefolia, Smilax glauca

(sawbrier), and Vitis spp. (grape), which extend into the canopy. It is

extremely difficult to give cover estimates to lianas in the canopy; how-

ever, with a mean density of 3 stems/m 2 Smilax rotundifolia must be

considered an important species in the forest (Table 3).
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Table 3. Sunken Forest herb analyses.

Average % % Total

Species cover ± S.E. cover Frequency

Rhus radicans 10.2 ± 1.9 24% 88

Aralia nudicaulis 8.3 ± 2.2 19 59

Gaylussacia baccata 4.3 ± 1.6 10 32

Parthenocissus quinquefolia 3.7 ± 0.6 9 91

Vaccinium corymbosum 2.4 ± 1.0 6 18

Rosa rugosa 1.5 ± 0.9 3 8

Sassafras albidwn 1.4 ± 0.2 3 76

Rhus copallina 1.4 n 0.8 3 9

Smilacina stellata 1.3 ± 0.5 3 56

Ilex glabra 1.3 ± 0.9 3 18

Maianthemum canadense 1.3 ± 0.6 3 38

Pteridium adquillinum 0.8 ± 0.3 2 26

Nyssa sylvatica 0.7 ± 0.4 2 26

Amelanchier canadensis 0.7 ± 0.2 2 47

Ilex opaca 0.6 ± 0.6 6

Vaccinium macrocarpon 0.6 ± 0.6 3

Vitis sp. 0.6 ± 0.6 3

Pyrus arbutifolia 0.5 ± 0.2 29

Trientalis borealis 0.3 ± 0.1 18

Rhododendron viscosum 0.2 ± 0.1 * 9

Phragmities communis 0.2 ± 0.2 * 3

Baccharis halimifolia 0.2 ± 0.2 * 6

Xanthium echinatum 0.2 ± 0.1 * 3

Osmunda cinnamomea 0.1 ± 0.1 * 6

Solidago sempervirens 0.1 ± 0.1 * 6

Myrica pensylvanica 0.1 ± 0.1 * 9

Prunus serotina 0.1 ± 0.1 * 26

Teucrium canadense 0.1 ± 0.1 * 3

Hypericum virginicum * * 3

Pluchea purpurascens * * 3

Gaultheria procumbens * * 3

Dryopteris thelypteris * * 3

Convolvulus sepium * * 3

Quercus velutina * * 3

Rubus sp. * * 3

Total 43.2 ± 3.3

Average density

(stems/m)

Smilax glauca 0.17 ± 0.04 35

Smilax rotundifolia 3.03 ± 0.48 88

= <0.1%
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The forest is dominated by Ilex opaca, Sassafras alhidum, and

Amelanchier canadensis (Fig. 26). These species comprise 80% of the

tree basal area (Table 4). Nyssa sylvatica occurs frequently (in 26% of

the plots), but its distribution is generally limited to damp depressions

which form fresh-water bogs. These four tree species are represented in

the herb and shrub layer as well, but the majority of individuals are ac-

tually root sprouts. Therefore, the reproduction of the dominant tree

species appears to be by vegetative rather than sexual means.

Peterken (1966) noted that the regeneration of Ilex aquifolium

(English holly) from seed in New Forest, England, is limited to clearings

Fig. 26. American holly, black gum, sassafras, and shadbush trees in the Sunken Forest.
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and a marginal band around the edge of the forest. In the Sunken Forest

there are numerous /. opaca seedlings which have germinated from

seeds deposited near the bases of the female trees. However, no /. opaca

seedlings older than one year were seen anywhere in the Sunken Forest

during the period of this study (196T-69), indicating a high mortality

rate for holly seedlings.

The shrub layer is dominated by Vaccinium corymbosum, Amelanchier

canadensis, and Pyrus arbutifolia which constitute 70% of the basal area

of the stratum (Table 5). The dominance of the shrub layer is greatest

around the margins of the forest and in boggy areas. With the exception

of Sambucus canadensis (common elder), Viburnum dentatum (southern

arrowwood), and Rhus vernix (poison sumac), which occur in less than

5% of the plots, all the species in the shrub layer were also represented

in the herb layer (Table 3) and most of them also appeared in the tree

layer (Table 4).

In the herbaceous layer, Rhus radicans, Aralia nudicaulis (wild sar-

saparilla), Gaylussacia baccata (black huckleberry), Parthenocissus

quinquefolia, and Vaccinium corymbosum contribute over two-thirds of

the total cover (Table 3, Fig. 27). The total herbaceous cover amounted

to 43%, which is slightly higher than the total cover in the dune and

swale community (29%). Many of the herb species occurring in the

Sunken Forest community, in contrast t,o the dune and swale communi-

ty, have wide distributions in regions removed from the barrier islands.

The tree canopy cover during the summer is 80-95% closed over

much of the Sunken Forest, but is locally reduced around fresh-water

bogs and in disturbed areas. The estimated average mid-summer forest

canopy was 66%, but its cover and composition vary continually

throughout the year. The phenology of the herbaceous layer seems to be

correlated with seasonal changes in the forest canopy.

Different leaf-fall patterns are exhibited by Ilex opaca, Sassafras al-

bidum, and Amelanchier canadensis (Fig 28). Sassafras leaves begin to

yellow in early September, reach a peak of leaf-fall by late October, and

all the leaves have fallen by early November. Amelanchier shows

somewhat the same pattern but leaf-yellowing is later and leaf-fall is not

completed until mid-November.

Ilex opaca is an evergreen species with thick opaque leaves. During

the autumn and winter months, /. opaca loses some leaves during

periods of high winds, but the major leaf-fall is from the middle of May
to early June. This species never loses all of its leaves in a single year,

and occasionally retains some leaves for as long as 3 years. The produc-

tion of new /. opaca leaves in early to mid-May precedes maximum leaf-

fall by about a week and leaf extention continues into June. The leafing-

out of Amelanchier in late April precedes that of Ilex by 2 weeks and the
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Fig. 27. Aralia nudicaulis in bloom in the Sunken Forest.
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Fig. 28. Annual litter fall.
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leafing-out of Sassafras in mid-May follows by a week. As a result, in

mid-May the canopy cover of the Sunken Forest is at a minimum.

The herbaceous layer develops rapidly from mid-May at which time

Maianthemum canadense (wild lily-of-the-valley) and Smilacina stellata

(false Solomon's seal) are in flower (Fig. 29). The development of the

Fig. 29. Smilacina stellata in bloom in the Sunken Forest.
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herbaceous layer appears to be essentially complete by early June when
the canopy cover is nearing a maximum.

The phenology of flowering for the three dominant tree species also

differs. Flowering precedes leaf extension in Amelanchier and reaches a

peak in early May. The peak of flowering for Sassafras is in late May
and early June, while Ilex flowers most abundantly in mid- to late June.

The female Ilex flowers, which are pollinated by bees, develop into fruits

which turn red by late September or early October. Fruit fall occurs

through the autumn and into the winter, the release of fruit appearing to

be greatest during periods of high wind intensity. The production of

fruits by Amelanchier and Sassafras appears to be rather erratic;

abundant fruit was produced in 1967 and 1968 by these species but

very few fruits were produced in 1969.

In the local boggy areas within the Sunken Forest, the greatest canopy

closure occurs between mid-June and late August. In early September

Nyssa sylvatica leaf-fall commences and is completed by the end of that

month. The vegetation of these fresh-water bogs differs greatly from the

rest of the forest. Here the shrub layer is dominated by Rhododendron

viscosum (swamp honeysuckle) and Vaccinium corymbosum (Fig. 30).

The most common species of the herb layer in these areas are Hyper-

icum virginicum (marsh St. John's wort), Osmunda cinamomea

Fig. 30. Swamp honeysuckle in the forest-salt marsh ecotone.
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(cinnamon fern), O. regalis (royal fern), Nyssa sylvatica, and Dryopteris

thelypteris (marsh fern).

The dominant species of the bogs, except for the Osmunda spp., are

also abundant in the transition zone between the Sunken Forest and the

salt marshes. This ecotone, dominated by tall shrub-sized Rhododendron

viscosum, Rhus radicans, Vaccinium corymbosum, Pyrus arbutifolia, and

Phragmities communis (reed), is subjected to periodic flooding by salt

water during exceptionally high tides. Dead Nyssa sylvatica, Juniperus

virginiana, Sassafras albidum, and Quercus spp. are frequently found in

the ecotone; however, very few large living trees occur there, suggesting

an encroachment of the salt marsh upon the forest margin, or a slow

oscillation of the ecotone (Fig. 31 ).

w.
Fig. 31. Dead and dying Nyssa sylvatica in salt marsh-forest ecotone.

Salt marsh

Depending largely on topographic conditions, the width of the forest-

salt marsh ecotone varies from 5 to 50 m. With increasing proximity to

the bay, species characteristic of brackish substrates, Pluchea purpu-

rascens (marsh fleabane), Baccharis halimifolia (sea myrtle), Iva fru-

tescens (marsh elder), increase in abundance. The salt marshes in the

Sunken Forest area are actually pans in that they are separated from

regular twice daily tidal flooding by a ridge of sand paralleling the bay
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shore (Fig. 32). During storms and periods of exceptionally high tide,

the salt marshes are flooded with salt water. As water evaporates from

the surface of the marsh, there is a concomitant increase in the surface

salinity (Chapman 1964).

The vegetation of the salt marsh studied appeared to be organized

into concentric zones around the standing water at its center (Table 6

and Fig. 33). Some species completely encircled the open water, Sal-

icornia europea (chicken claws), Scirpus americanus (three-square),

Rhus radicans, and Hibiscus palustris (swamp rose majlow), while other

species were found only on the forest side, Rosa rugosa (rugose rose)

and Pluchea purpurascens, or on the bay side Solidago sempervirens and

Phragmities communis. The vegetational cover decreased gradually from

the edges toward the center of the marsh where a minimum of 15% oc-

curred.

The vegetational changes along the salt-marsh transect were even

more striking than those of the dune and swale. The boundaries

between zones appear to be extremely sharp; the transition from vegeta-

tion completely dominated by Scirpus americanus to vegetation

dominated by Salicornia europea takes place over a distance of 4 m (Fig.

33). However, the distributions of individual species show a tapering

reminiscent of the distributions of tree species along gradients in the

Great Smokey Mountains (Whittaker 1967). It is probable that in the

Sunken Forest area salt marshes, the distribution of species is influenced

largely by gradients in soil water and salinity (Adams 1963).

Fig. 32. Salt marsh. View is from the margin of the Sunken Forest looking toward the Great South

Bay
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Successional Relationships

The ecocline from the beach to the forest is characterized by in-

creases of plant cover, organic matter on the soil surface, height of the

dominant vegetation, and amelioration of extremes in the environment.

This spatial sequence strongly resembles the temporal changes as-

sociated with vegetational succession. The resemblance has led some

(Gooding 1947; Kurz 1939) to consider the sequences as successional

stages or to interpret physiognomy as being indicative of the age of the

vegetation (Davis 1957). However, there was no evidence of active suc-

cession between the community zones in the Sunken Forest area.

Changes in the ocean and bay shores will obviously cause readjust-

ments in the vegetation of the adjacent areas, but at present this process

does not appear to be affecting the forest proper. In the Great South

Bay, Juniperus virginiana stumps are visible 10 m offshore during low

tides, giving evidence of long-term bay shore erosion (Fig. 34).

Likewise, the seaward face of the primary dune is subjected to periodic

wave erosion, a process that appears to be accelerating.

However, at Fire Island there is no evidence suggesting recent large-

scale changes in the position of the Sunken Forest. No stumps indicative

of previous forest growth have been found on the beach as in North

Carolina (Brown 1959). There is no evidence that the secondary dune

system is encroaching upon the forest. Any major changes in the dimen-

sions of the forest have probably been in the ecotone with the salt

marshes, where standing dead trees are common; but it is difficult to as-

sess the magnitude or permanence of changes in this area.

As on other barrier islands, the sequence of plants from ocean to

forest or from bay to forest does not necessarily indicate forest succes-

sion (Martin 1959; Oosting 1954). The community zones appear to be

spatially stable relative to each other, but changes in the complex-

gradient lead to readjustments indicative of succession within the zones.

Any point in the complex-gradient can exhibit succession, but terminal

development is limited to a maximum for that position on the gradient.

47



48 Ecological Studies of the Sunken Forest

Fig. 34. Stumps in the Great South Bay are exposed at low tide. Winter storm deposition of dead

eelgrass can be seen on the boardwalk in the background.

Due to the recreational development of the west end of Fire Island, it

is difficult to find sites for the investigation of primary succession. Some
indication of primary succession on bare sand was gained through the

examination of an island constructed in the Great South Bay by the Na-

tional Park Service from dredge material (Fig. 35). The construction of

this island 50 m in diameter and 2 m relief took place in the autumn of

1966, and no vegetation was observed during the summer of 1967. A
reexamination in the autumn of 1969 showed a large number of annual

and perennial herbaceous species: Salsola kali, Chenopodium album

(lamb's quarters), Xanthium echinatum (sea burdock), Phragmities

communis, Scirpus americanus, Arenaha peploidies (sea beach sand-

wort), Cakile endentula, Ammophila breviligulata, Amaranthus albus

(pigweed), Lycopersicum esculentum (tomato), and Cucumis sativus

(cucumber). These plants had been disseminated by both water and

birds, except for the last two species which were undoubtedly of an

anthrochorous nature.

A further resurvey of the dredge island during the summer of 1973 in-

dicated an invasion by Spartina patens (salt marsh hay), Digitaria

(crabgrass), Solidago sempervirens, Teucrium canadense (wood sage),

Convolvulus sepium (hedge bindweed), Baccharis halimifolia, Cyperus

strigosus, and Spartina alterniflora (salt marsh grass). The following spe-

cies were no longer found: Arenaria peploides, Ammophila breviligulata,
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Fig. 35. Dredge Island off Watch Hill, Fire Island.

Lycopersicum, and Cucumis. The demise of Ammophila may have been

due to the lack of sediment sources for deposition on the island.

The vegetational development of this sand island is not directly com-

parable to succession on the barrier island proper, since the former is

located in the Great South Bay and therefore is not subjected to the en-

vironmental conditions of the Atlantic shore.

Although at present the community zones in the Sunken Forest area

appear to be in equilibrium with factors of the environmental complex-

gradient, the historical development of the maritime forest involved

changes in dominant species. If one assumes, as Martin (1959) does,

that the secondary dune was formed by processes identical to those that

build the primary dunes, then the earliest stages in succession in the

development of the maritime forest must have resembled the dune and

swale community at present. Pollen analyses also suggest a pioneer dune

vegetation preceded the present vegetation in the Sunken Forest (Sirkin

1972).

In areas of the dune and swale where sand is being deposited, Ammo-
phila breviligulata is a pioneer plant (Fig. 36). Ammophila is displaced

by a variety of woody species including Prunus maritima, Myrica pensyl-

vanica, and Arctostaphylos uva-ursi, except on the seaward face of the

primary dune where Ammophila must be considered a "climax" species.

In blowouts, where erosion is an active process, Hudsonia tomentosa

appears to be the main pioneer species. Arctostaphylos uva-ursi, growing
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on the margins of the blowouts, spreads vegetatively into the Hudsonia

stands and eventually displaces the species (Fig. 37). A variety of spe-

cies such as Rhus copallina, Smilax glauca, and Aralia nudicaulis invade

the dense Arctostaphylos uva-ursi mats in the subsequent successional

stage.

Pinus rigida and Juniperus virginiana may become established directly

on relatively stable bare sand sites in the dune and swale community.

Thus there appear to be three different pathways of succession depend-

ing upon stability conditions at'the soil surface (Fig. 36).

BARE SAND

DEPOSITION EROSION *

Hudsonia foment osa

Solidago sempervirens

STABLE'

Ammophila breviligulata-> Arctostaphylos uva-ursi

Prunus maritima
Myrica pensylvanica
Rhus radicans
Parthenocissus

quinquefolia

Rhus copallina

Smilax glauca
Aralia nudicaulis

Pinus rigida

Juniperus
virginiana

Prunus serotina

Quercus spp.

Vaccinium corymbosum
Juniperus virginiana

Pinus rigida

Ilex opaca
Sassafras albidum
Ametanchier canadensis

* INITIAL CONDITIONS ONLY

Fig. 36. Successional trends in the Sunken Forest area.
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Fig. 37. Arctostaphylos (left) invading a blow-out occupied by Hudsonia (right). Sand road is in the

background.

The climax vegetation in the dune and swale community north of the

primary dune crest is probably a mixture of woody shrub species ex-

hibiting a low growth form: Prunus maritima, Myrica pensylvanica,

Vaccinium corymbosum, Pinus rigida, and Juniperus virginiana. Studies

by Waterman (1919) of the root development of dune species suggest

that early successional species, particularly in areas of sand accretion,

have root systems that exhibit negative responses to organic matter in

the soil, while woody species of later successional stages have root

systems that exhibit a positive response to soil organic matter. This rela-

tionship between succession and physiological responses may not be as

clear-cut as Waterman indicated, for Salisbury (1952) reported finding

Ammophila arenaria roots concentrated in the sand layers richer in or-

ganic matter in dunes at Norfolk, England.

The terms succession and climax are not as useful in describing

directional changes of communities on barrier islands as they are in in-

land sites. Erratic wind and water disturbances have undoubtedly played

a prominent role in shaping the vegetation of barrier islands long before

human disturbance was a major factor. In such an environment of con-

tinual disturbance, the labels of "pioneer" and "climax" species are

somewhat meaningless.

In the undisturbed and protected northwest section of the dune and

swale community, a 35 X 60-m stand consisting of Quercus stellata (post
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oak), Ilex opaca, Amelanchier canadensis, and Vaccinium corymbosum

has become established (Fig. 14). The presence of these forest species

in the swale is dependent upon topographic features which locally alter

the flow of salt-laden winds. As the plants outgrow their protection, ver-

tical height growth is arrested by the deposition of salt spray, their

resultant growth form being that of a shrub.

The development of the present maritime forest in the Sunken Forest

area seems to have been primarily a function of the unbroken secondary

dune system. The tree species which presently dominate the crest of the

secondary dune and margins of the forest (Prunus serotina, Juniperus

virginiana, Pinus rigida, and Quercus spp.) were probably dominant in

the serai stage immediately preceding the present forest (Fig. 36).

At present Juniperus virginiana, Pinus rigida, and Quercus spp. popu-

lations all appear to be declining in the Sunken Forest community. Ju-

niperus virginiana and Pinus rigida account for 44% of the dead-tree

density and 63% of the standing dead-tree basal area (Table 7). More
importantly, these species have a much higher ratio of dead:living in-

dividuals and basal area than the species which are currently dominant

in the forest.

Table 7. Sunken Forest dead tree analysis.

Density (stems/100m 2
) Basal area (CitiVIOO m2

)

Standing

Species Living Dead Living:Dead Living dead Living:Dead

Pinus rigida 0.03 0.29 0.2 13.3 64.6 0.2

Juniperus virginiana 0.06 0.32 0.2 13.5 6.2 2.2

Rhus vernix 0.06 0.03 2.0 0.6 0.2 3.0

Rhus radicans 0.06 0.03 2.0 1.4 0.4 3.5

Quercus stellata 0.09 0.06 1.5 66.0 7.0 9.4

Rhus copallina 0.38 0.03 12.7 9.9 0.6 16.5

Sassafras albidum 2.97 0.24 12.4 514.7 18.0 28.6

Amelanchier canadensis 8.12 0.26 31.2 435.2 8.4 51.8

Nyssa sylvatica 0.79 0.03 26.3 146.1 2.6 56.2

Ilex opaca 6.24 0.09 69.3 873.5 4.1 213.0

Total (All species) 24.27 1.38 17.6 2258.7 112.1 20.1

The distributions of basal area and density by strata and diameter size

classes (Tables 3, 4, 5, 8, 9) indicate differences in the population struc-

ture of the forest tree species. Three groups of species can be abstracted

from these distributions. The first group consists of species with in-

dividuals in the herb layer, the shrub layer, and at least three diameter
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size classes in the tree layer: Ilex opaca, Sassafras albidum, Amelanchier

canadensis, and Nyssa sylvatica. These species can be considered the

climax species under present conditions in the Sunken Forest.

The second group includes species which are concentrated in the

lower strata and the smallest size class of the tree strata: Vaccinium

corymbosum, Rhus copallina, Pyrus arbutifolia, Rhododendron viscosum,

Baccharis halimifolia, Rhus radicans, and Ilex glabra (inkberry). These

species are actually large shrubs which would not be found in larger size

classes even under optimum conditions.

The third group of tree species are those absent from the tower strata

and smallest tree layer diameter size classes: Pinus rigida, Juniperusvir-

giniana, Quercus stellata, and Q. velutina (black oak). Generally, these

species do not reproduce successfully in deep shade (Fowells 1965), a

condition existing in much of the Sunken Forest. If the present environ-

mental conditions were to continue unaltered, these species would even-

tually be eliminated from all but the margins of the forest. However,

these species may actually be elements of the "climax" forest perpetu-

ated by shifting patterns of disturbance as in the case of Acer saccharum

(sugar maple) in Wisconsin maple-basswood forests (Bray 1956) and

Betula allegheniensis (yellow birch) (Forcier 1973).

The occurrence of Ilex, Sassafras, and Amelanchier individuals in a

wide variety of size classes, coupled with the relative absence of dead

individuals of these species, suggests the Sunken Forest is approaching

climax, but perhaps for the first time, the ages of the dominant trees

being 100-170 years. The notion that the present Sunken Forest is a first

growth Ilex-Sassafras-Amelanchier forest is supported by a radio-carbon

dating of a peat sample from the bottom of a fresh-water bog. The age

of the sample, taken at a depth of 3 feet, was 250 ± 80 years before the

present (Sirkin 1972), suggesting that the Sunken Forest area has been

stable for 200-300 years.

The diameter size classes used in Tables 8 and 9 are not truly

equivalent to age classes for the trees. A series of increment cores was

taken from representative dominant trees in the forest (Table 10). The

ages of the dominant Ilex are generally 100-150 years, while dominant

Sassafras and Amelanchier are somewhat younger. The largest Ilex opaca

cored (402 mm dbh) was the oldest tree sampled in the forest (164

years). However, the dbh for the other individuals cored was a relatively

poor index of their absolute age.

Exact changes that have occurred in species composition in recent

years are difficult to acertain. It is probable that Amelanchier canadensis

has increased in dominance in the Sunken Forest since 1933 when
Murphy mentioned it only as a shrub. Otherwise, the species composi-

tion of the dominant Sunken Forest vegetation is not markedly different
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Table 10. Sunken Forest tree ages.

Species

Diameter at Age at

breast height (mm) breast height

162 45

117 50

168 77

173 102

382 108

198 111

152 118

273 140

328 1.43

81 143

161 145

402 164

173 79

224 88

174 88

168 91

168 54

143 57

147 70

155 72

165 28

418 105

240 139

374 88

184 79

410 108

Ilex opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

I. opaca

Sassafras albidum

S. albidum

S. albidum

S. albidum

Amelanchier canadensis

A. canadensis

A. canadensis

A. canadensis

Quercus velutina

Q. velutina

Juniperus virginiana

Pinus rigida

Nyssa sylvatica

Quercus stellata

from the list of component trees in their approximate order of

abundance given by Murphy: Ilex opaca, Nyssa sylvatica, Sassafras al-

bidum, Prunus serotina, Quercus spp., Pinus rigida, Juniperus virginiana,

and Acer rubrum (red maple).
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Biomass, Production, and

Surface Area Relationships

In forest ecosystems there may be a close relationship between the

distribution of the organic compartment and the distribution of inor-

ganic nutrients. Factors which affect the biomass and production of

forested ecosystems usually also affect the patterns of nutrient distribu-

tion, particularly in intrasystem nutrient cycles (Ovington 1968; Art

1974). The influence of the organic compartment on the distribution of

nutrients is probably at a maximum in the moist tropics where a majori-

ty of the exchangeable nutrients in the ecosystems are held in the living

biomass (Greenland and Kowal 1960).

The distribution of biomass, primary production, and vegetative sur-

face area within the organic compartment of the Sunken Forest undoub-

tedly have extremely important effects upon the biogeochemical

processes of the ecosystem. A close relationship between organic matter

and nutrient distributions would be expected in this ecosystem since the

siliceous sands which comprise the soil and rock mineral compartment

are highly weathered.

The distribution of primary production between perennial tissues

(wood and bark) and annual tissues (leaves and fruit) will necessarily

influence the patterns of intrasystem nutrient transfers. The distribution

of vegetative surface area in the maritime forest may directly influence

not only the intrasystem but also the intersystem cycles since impaction

of salt-spray aerosols may be a major nutrient input.

The biomass, net primary production, and vegetative surface area of

the Sunken Forest were analyzed not only to discern the relationships

between nutrient and organic matter distributions but also to establish

the position of the maritime forest in the spectrum of forest ecosystem

biomasses and productivities (Art and Marks 1971 ).

57
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Methods

The biomass, productivity, and dimensional relationships of the Sun-

ken Forest were investigated in a 20 X 30-m plot chosen to reflect the

relatively undisturbed, mature holly-shadbush-sassafras-blackgum

vegetation. This plot was also used for analysis of the nutrient relation-

ships in the Sunken Forest. The plot was located in the eastern portion

of the forest 15 m north of the secondary dune crest (Fig. 14). The
topography of the plot was fairly regular with an average slope of 1 7%
and aspect of 125°. Mean elevation of the plot was 3.6 m above m.s.l.,

with a maximum relief of 3.6 m. There were no boggy areas within the

plot; however, there was a fresh-water bog 5 m to the east.

Vegetation

The dbh of all 1 88 trees in the plot were measured to the nearest mil-

limeter. The distance from the top of the crown to the ground was mea-

sured to the nearest 0.1 m. The heights of all shrubs in the plot were

measured to the nearest centimeter and the diameter at ground level

was measured to the nearest millimeter. The herbaceous layer cover was

sampled by stratifying the 600 m 2 plot into six 10 X 10-m units and ran-

domly sampling six 1 X 1-m plots in each. The percent species cover in

each of the 36 herb plots was estimated and the density of liana stems

was measured.

Living Biomass

Volume, surface area, and weight relations of the living biomass and

net primary production of the vegetation in the plot were determined

through various dimension analysis techniques. The methods used were

basically modifications of the dimension analysis regression techniques

of Whittaker (1961, 1962, 1965, 1966) and Whittaker and Woodwell

(1967, 1968, 1969).

Modifications of the regression technique were necessitated largely by

the morphology of trees in the maritime forest whose heights are limited

by salt-spray impaction and whose stems exhibit frequent forking.

Curves relating tree heights to stem diameters exhibit an abrupt trunca-

tion between 6 and 7 m of tree height (Fig. 38). Apparent inconsisten-

cies in the relations of tree diameters and stem dimensions made the

estimation of biomass, production, and surface areas solely from al-

lometric equations related to dbh a questionable approach. The selec-

tion of sample trees which would have accounted for the high variability

in stem morphology would have been a difficult if not impossible
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procedure. Furthermore, sample trees over the entire size ranges of the

species in the plot were not available for harvesting outside the Sunken

Forest.

Thus, the methods were dictated by limitations of time, morphology

of the trees, and regulation of harvesting trees in a forest protected by

the National Park Service. Due to the relatively small land area and

unique character of the Sunken Forest, I felt it would be wholly inap-

propriate to harvest entire trees or shrubs within its confines. Only

detailed measurements of a nondestructive nature were made on the

trees and shrubs in the Sunken Forest plot, while individuals from

another site on Fire Island were harvested for estimation of variables
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such as stem production, root biomass, and specific gravity, which could

not be measured by nondestructive methods.

Nondestructive Methods

The dimension analysis technique ultimately adopted involved

detailed stem surface and volume measurements of the 1 1 8 trees in the

plot. Sixty-seven of these trees had main stems that forked at least once,

while the other 51 had unforked stems. Measurements made on trees

with forked stems differed slightly from those made on unforked in-

dividuals (Art 1971).

On each unforked tree stem, diameters were measured at meter inter-

vals from the ground surface to the apex to calculate surface area and

volume of the stem. Basal diameters of all branches arising from the

stem were measured just beyond the branch basal swell and these mea-

surements were used in conjunction with regression formulae to esti-

mate branch dimensions.

On the 67 forked trees the stem dimensions were measured in a

similar manner up to the point where the stem forked. At this point the

diameters of newly arising stem segments were measured, but only one

was randomly selected for further measurement of stem dimensions.

This procedure was repeated at each new fork. The stem and branch

dimensions of those stem segments not directly measured were esti-

mated from a series of regressions based on analyzed stem segments,

relating stem segment basal diameter to stem surface area, stem volume,

and branch dimensions.

Harvesting Techniques

In midsummer 1968, series of 15-19 sample branches per species

were harvested from Ilex opaca, Amelanchier canadensis, and Sassafras

albidum trees outside but in the vicinity of the analysis plot. Regression

equations of branch dimensions (age, surface area, numbers of twigs,

current and old leaves, and dry weights of wood plus bark, twigs plus

leaves, dead wood, old leaves, and fruits) on branch basal diameter

were calculated from measurements made on these sample branches

(Whittaker 1965; Whittaker and Woodwell 1968).

From each sample branch, three to seven twigs were randomly

selected for estimation of mean twig and leaf weights, surface areas, and

insect consumption (Appendix II) following procedures of Whittaker

(1968) and Whittaker and Woodwell (1968). Leaf areas (one side of

leaf) were measured photometrically.
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Surface areas of the sample branches were calculated according to

general equations developed by Whittaker and Woodwell ( 1967) which

estimate branch surface area from branch basal diameter, number of

current twigs, branch length, and mean diameter of current twigs.

Harvesting of whole trees was carried out in July 1969, in the Tal-

isman area on Fire Island, approximately 4 km east of the Sunken

Forest. Due to limitations of tree height, the estimation of specific gravi-

ties of wood and bark, wood/bark volume ratios, and stem production

was from individuals of a smaller range of sizes than in the Sunken

Forest plot (Appendix II). Five Ilex opaca, four Sassafras albidum, and

four Amelanchier canadensis sample trees were harvested, cut into 0.5-m

logs, and measured for dimensions and production in the manner out-

lined by Whittaker and Woodwell (1968).

Root systems of the 1 3 sample trees were excavated by hand, washed,

weighed fresh, and sub-sampled for dry weight estimation. Root losses

in excavation were estimated from a tally of the broken root ends and

from regressions of root weights on the basal diameters of completely

excavated sample roots (Whittaker and Woodwell 1968).

Tree Biomass and Production Estimation

Branch dimensions were estimated by applying branch regression

equations (Appendix II) to basal diameters of branches measured along

analyzed stem segments. The volumes and surface areas of analyzed

stem segments were calculated from mensurational equations for the

frustum of a right cone. The stem and branch dimension estimates were

then summed to give totals for each unforked tree and subtotals for

each of the forked trees.

The biomass contribution of forked tree stem segments not directly

measured was estimated for each species from regressions based on 1 3-

18 analyzed stem segments. The stem surface area, stem volume, and

branch dimensions of these analyzed stem segments were calculated and

regressions were derived relating these dimensions to the basal diameter

of each stem segment (Appendix II). These regressions were applied to

the basal diameters of segments not analyzed and the estimates of stem

and branch dimensions were added to the subtotals of analyzed seg-

ments of the forked trees to give totals.

Stem biomass was estimated by multiplying the total stem volume by

the stem specific gravity. The volume and biomass of stem wood and

stem bark were estimated by multiplying the total stem volume by the

bark volume:stem volume ratio and then multiplying the resultant bark

and wood volumes by the bark and wood specific gravities.
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The root biomass was estimated for trees in the plot from regressions

of root dry weight on tree diameter measured just above the basal swell

(Appendix II). Using these regressions, trees in the same clump of

sprouts were treated as individual trees each with a separate root

system.

Using the 14-18 sample branches, regressions of branch age on

branch basal diameter and weight of branch wood plus bark on branch

age were calculated to estimate branch production (Appendix II).

Production of branch wood plus bark was estimated by first estimating

the age of each branch on analyzed stem segments from regression

equations. Then the weights of the branch wood plus bark for both the

estimated age and the estimated age minus one year were calculated

using another set of regression equations. Net branch wood .plus bark

production was estimated as the difference between these two weights.

Branch production of stem segments not analyzed above the basal mea-

surement was estimated from regressions relating total branch produc-

tion of the stem segment to stem segment diameter of unforked,

analyzed stem segments (Appendix II).

Stem wood net primary production was calculated by multiplying the

total weight of the wood by the ratio of cross-section area of the current

periodic annual increment (mean of last 5 years) to total wood cross-

section area at the middle of each log and then summing for all logs in

the stem (Whittaker and Woodwell 1968). Stem bark production was

estimated using the annual wood weight increment:total wood weight

ratio and the bark dry weight of each log and summing for each stem.

Regressions relating stem wood and bark production to tree diameter at

breast height were then calculated (Whittaker and Woodwell 1968).

Compared to the stem weight estimation based on measured stem

volume and stem specific gravity, regressions of total stem weight on

tree diameter were found to be systematic underestimates. The regres-

sions, based on trees of smaller height and diameter, underestimated the

stem biomass of the largest individuals on the plot by as much as 50%
compared to the volume X specific gravity estimate. Since the regres-

sions of stem production, like stem biomass, are based on stem weight

relations of the sample trees, it is assumed that the stem wood and stem

bark production of individual trees is also underestimated by the appli-

cation of regressions based on the harvested trees.

To correct for this underestimation, a correction coefficient was cal-

culated for each tree by dividing the stem biomass calculated from the

product of stem volume and stem specific gravity by stem biomass cal-

culated by the regression formula. Estimates of stem wood and stem

bark production based on regressions were multiplied by the correction

coefficient. The inability to age roots and to account for losses and tur-

nover of the finer root fractions makes it difficult to measure and esti-
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mate tree root productions (Lieth 1968; Newbould 1967, 1968; Bray

1963). Apart from the few studies in which the annual root loss was

estimated, net primary production estimates of the total root systems

are usually calculated by multiplying the root biomass by the shoot

production to shoot biomass ratio, yet there is little evidence to support

the assumption that the ratio accurately estimates root production

(Newbould 1968). Whittaker (1962) hypothesized root production was

underestimated by multiplying the root biomass by the woody shoot

production.woody shoot biomass ratio and was overestimated by mul-

tiplying the root biomass by the total shoot production (woody and cur-

rent twig):woody shoot biomass ratio. In the present study, root produc-

tion was estimated as an average of the two calculations.

To account for minor contributions, the biomass, dimension, and

production relations of Nyssa sylvatica tree individuals were estimated

by direct stem measurements and application of the Sassafras albidum

tree branch, root, stem, and nonanalyzed stem segment regression equa-

tions. Direct analysis of N. sylvatica was not undertaken due to the

presence of only four trees in the plot and the absence of harvestable in-

dividuals at the Talisman site. The Prunus serotina and Pyrus arbutifolia

trees in the ecosystem analysis plot were analyzed for biomass. and

dimension relations by the application of the shrub regressions

(Appendix II). Production relations of the branches, stem wood, stem

bark, and roots for the trees of these two species were estimated from

the mean production:biomass ratios of Ilex opaca, Sassafras albidum,

and Amelanchier canadensis.

Shrub and Herb Layers

Shrub layer biomass was estimated from regressions of dimensions on

shoot ground-level diameters, following the procedures outlined by

Whittaker (1961, 1962, 1963, 1966) and Whittaker and Woodwell

( 1968). Three shrub-size individuals of Ilex opaca, Amelanchier canaden-

sis, Sassafras albidum, Pyrus arbutifolia, Prunus serotina, Viburnum

dentatum, and Vaccinium corymbosum were harvested at Talisman. The
root systems of these 2 1 shrubs were excavated and the root losses esti-

mated. The measurements made on the three individuals, which

spanned the shrub diameter size range for each species measured on the

plot, served as the basis for regression equations of whole shrub dimen-

sion relations on shrub basal diameter (Appendix II). No estimates were

made for production of stem wood, stem bark, branch wood and bark,

or roots, since only three sample shrubs were harvested for each species

and the shrub layer in the ecosystem analysis plot was relatively sparse.
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No analysis of Rhus radicans or Ilex glabra shrubs was undertaken due

largely to time limitations.

Dimensions and production of the herbaceous layer were analyzed by

the excavation of five individuals of each species within the Sunken

Forest. The percent cover of each sample plant was estimated before

harvesting. The root systems were washed with distilled water, herbs

were separated into roots and shoots, dried at 85°C, and weighed. Tree

seedlings and other small herbs were dried, weighed, and analyzed

whole. A covenweight ratio was then calculated for each species.

Aerial biomass and leaf area of Smilax rotundifolia lianas were sam-

pled from five individuals carefully pulled out of the tree canopy. The

leaves were separated from the stems and the total leaf area of each

stem was measured. Leaves and stems were then dried and weighed.

Biomass was expressed on a land area basis by multiplying the mean
Smilax weight by the density of individuals in the plot.

Errors

The basic validity of these data is suggested because the results fall

within a range expected from other studies, and because the litter fall

data closely corroborate the leaf biomass estimates obtained by dimen-

sion analysis. Furthermore, most of the stem volume of each tree in the

plot was actually measured rather than estimated from regression for-

mulae based on a small number of sample trees. However, errors as-

sociated with the application of dimension analysis methods to the plot

were frequently impossible to estimate. The regressions based on sample

branches generally had multiple correlation coefficients (r) of 0.95 and

above, except for fruits, dead wood, and old leaves.

The regressions used to estimate nonanalyzed stem segment parame-

ters had r's above 0.93, excepting Sassafras albidum branch dimensions

which all had r's below 0.40, probably resulting from the great variabili-

ty noted in the vigor of large trunks and branches of this species. The

nonanalyzed stem segment estimates comprised 1 89f , 8%, and 13% of

the stem volumes of Ilex opaca, Sassafras albidum, and Amelanchier

canadensis, respectively, and 20%, 26% and, 25% of the total branch

weights of these species.

All regressions for dimensions and production for stems and roots

were calculated from a relatively small number of sample trees (4-5)

due to limitations of time. The regressions of stem wood and bark

production on dbh of the sample trees had r's ranging from 0.63 to 0.96,

while the regressions for total stem weight on dbh had r's of 0.92 and

0.99. The extrapolations beyond the size ranges of the sample trees

compound the errors in the regressions of stem and root biomasses and

productions. The estimates of stem bark and stem wood production are



Biomass, Production, and Surface Area Relationships 65

not exact, but are as accurate as could be expected under the restraints

discussed above.

While extrapolated estimates of stem wood and stem bark production

could be corrected for by the ratio of observed stem weight to predicted

stem weight, root production estimates are based on root biomass, shoot

biomass, and the corrected shoot production estimates. The root

biomass estimates for many of the trees are extrapolations for which

there was no known correction factor. It is also not known how the root

biomass and production may be affected by the salt-spray restrictions of

the canopy. Any error in biomass estimation will probably be amplified

in the production estimates. Further sources of error in production esti-

mates are the imperfect relationships between tree age and diameter

(Table 10) and possible unmeasured site differences between the Sun-

ken Forest ecosystem analysis plot and the Talisman area in which trees

and shrubs were harvested.

In light of all the factors contributing to errors, particularly of stem

bark, stem wood, and root production, the results of this study must be

considered as reasonable approximations of the dimension and produc-

tion parameters in the Sunken Forest ecosystem analysis plot.

Organic Debris

The lengths and mid-diameters of dead trees and large fallen branches

within the plot were measured to estimate volumes. Biomass was esti-

mated by multiplying the volume by live stem specific gravity, a

procedure which leads to overestimation since portions of fallen trees

have rotted.

Dead twigs associated with live branches were estimated by the

separation of dead material from the harvested sample branches used in

the regression estimation of living branch biomass. Regressions relating

dead material to living branch basal diameter were applied to the

branch diameters of analyzed stem segments (Appendix II). Another se-

ries of regressions estimated the dead wood on live branches for the

nonanalyzed stem segments on forked trees. No attempt was made to

estimate entire dead branches in the canopy since their great variability

precluded regression estimates.

The soil organic matter was sampled in July 1968 at two points in

each of six 10 X 10-m units within the Sunken Forest plot. Soil samples

were taken from the upper 15 cm (including litter) and from the 15-30-

cm layer using a 3-inch diameter soil sampling tube. The 24 samples

were air dried and passed through a 2-mm sieve which retained a frac-

tion that was entirely organic. The >2 mm fraction was dried at 85°C

and weighed, while the <2 mm fraction was estimated from the loss on

ignition by heating samples to 500°C for 24 hours in a muffle furnace.
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The loss on ignition technique was used with the awareness that materi-

al other than organic matter is lost in the heating of soil samples. This

method therefore overestimates soil organic matter. Subsamples of all

fractions of the 24 samples were retained for chemical and physical

analysis.

Bulk density was measured by excavating five 15 X 15 X 15-cm sam-

ples from the surface and subsurface layers, by drying at 85°C, and by

weighing. Litter fall was sampled in 12 baskets (two in each of six 10 X
10-m units) as described previously.

Cation exchange capacity was determined by the standard ammonium
acetate-potassium chloride technique (Wilde et al. 1964).

Results and Discussion

Vegetation

The composition of the tree layer of the plot was generally similar to

that of the forest as a whole (Tables 4, 1 1 ) except for the absence of

Table 11. Sunken Forest ecosystem analysis plot trees and shrub layers.

DBH basal area Density Mean

height

Tree Layer cm 2/100 m 2 % stems/ 100 m2 % (m)

Ilex opaca 1834.4 54.0 7.17 36.4 6.75

Sassafras albidum 656.8 19.4 4.33 22.0 4.95

Amelanchier canadensis 547.6 16.1 6.50 33.0 5.37

Nyssa sylvatica 322.8 9.5 0.67 3.4 5.65

Prunus serotina 29.8 0.9 0.67 3.4 4.32

Pyrus arbutifolia 1.3 * 0.17 0.9 4.27

Parthenocissus quinquefolia 1.5 * 0.17 0.9 6.15

Total 3394.2 19.68

Ground-level basal area Density Mean

height

Shrub layer cm 2/100 m 2 % stems/ 100 m2 % (m)

Amelanchier canadensis 31.2 27.0 4.33 19.5 2.65

Rhus radicans 19.4 16.8 3.17 14.3 liana

Ilex opaca 14.7 12.7 1.67 7.5 2.00

Parthenocissus quinquefolia 13.9 12.0 4.00 18.0 liana

Vaccinium corymbosum 12.0 10.4 1.50 6.8 2.88

Prunus serotina 8.8 7.6 2.17 9.8 2.69

Viburnum dentatum 5.2 4.5 2.50 11.3 2.65

Sassafras albidum 5.2 4.5 1.50 6.8 2.42

Pyrus arbutifolia 4.2 3.6 1.00 4.5 3.07

Ilex glabra 0.9 0.8 0.33 1.5 1.92

Total 115.5 22.17

= <0.1«
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Quercus, Juniperus, and Pinus species. The tree density in the plot is

somewhat less than the mean for the forest; however, the basal area

(33.9 m2/ha) is greater, particularly that contributed by Ilex opaca. In-

dividuals in the plot have greater heights, large diameters, and are more

widely spaced than in the Sunken Forest as a whole.

In contrast, the shrub layer in the plot is less well developed, having

about one-fifth the basal area and one-fifth the density of the average

shrub development in the forest (Tables 5, 11). The herbaceous cover

of the plot was similar to the entire Sunken Forest, but the species com-

position differed (Tables 3, 12). In the plot there was greater cover of

Table 12. Sunken Forest ecosystem analysis plot, herbaceous layer cover.

Species Cover ± S.E.

Aralia nudicaulis

Smilacina stellata

Rhus radicans

Parthenocissus quinquefolia

Maianthemum canadense

Pteridium aquilinum

Sassafras albidum

Celastrus scandens

Dryopteris spinulosa

Prunus serotina

Virburnum dentatum

Amelanchier canadenis

Geranium robertianum

Ilex opaca

Pyrus arbutifolia

Smilax rotundifolia

Trientalis borealis

Total

Lianas

Smilax rotundifolia

Celastrus scandens

31.64 8.2

4.89 1.4

2.31 1.4

1.47 0.8

1.47 1.3

0.72 1.5

0.67 0.4

0.52 0.4

0.44 0.7

0.36 0.2

0.28 0.6

0.22 0.2

0.17 0.2

0.14 0.3

0.11 0.1

0.08 0.1

0.03 0.1

45.52

Density

(stems/m2
) ± S.l

4.06 1.3

0.08 0.2

Aralia nudicaulis and Smilacina stellata and less of Rhus radicans than in

the herb layer of the forest as a whole.

The plot, with an ocular estimated midsummer canopy cover of 85-

90%, was similar to the relatively undisturbed areas of the Sunken

Forest, which are dominated by mature Ilex opaca, Sassafras albidum,

and Amelanchier canadensis individuals. In general, the plot is represen-

tative of the areas of maximum biomass and stability within the forest.
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Therefore, the biomass, net primary productivity, and biogeochemical

relationships of the ecosystem analysis plot cannot be neatly extrapo-

lated to the whole of the maritime forest ecosystem on Fire Island.

Biomass

The living biomass of the Sunken Forest plot (17,083 g/m 2
) is

dominated by the tree layer, which contains over 95% of the total

(Table 13). About 3% of the measured biomass is in above-ground

Table 13. Summary of biomass, production, and dimension relations in the Sunken Forest

ecosystem analysis plot.

Stem Branch Leaf

Stem surface surface area

Biomass Production volume area area index

(g/m 2
) (g/m 2

/yr) (m 3/ha) (m 2/m 2
) (m 2/m 2

) (m2/m 2
)

Tree layer 16408 1004.2 156.11 0.480 9.544 4.536

Shrub layer 110 10.2a* 0.96 0.015 0.090 0.203

Herb layer 43 16.9/u n n n 0.455

Lianast 522 44.1/1 n n n 0.668

Total 17083 1075.4 157.07 0.495 9.634 5.826

n = not measured or not applicable

t = Smilax rotundifolia above ground only

/x = minimum estimates based on current leaves and twigs only.

Smilax rotundifolia, about 0.6% in shrubs, and 0.2% in the herb layer.

The tree layer biomass (16,408 g/m 2
) is 75% Ilex opaca, 16%

Amelanchier canadensis, 6% Sassafras albidum, and 3% other species

(Table 14). Although Sassafras albidum had a greater basal area (Table

1 1 ), its contribution to the total biomass of the tree layer was less than

half that of Amelanchier canadensis. This appears to be due to the earlier

deterioration of the large Sassafras individuals, most having poorly

formed crowns and many having rotted heartwood. Sassafras individuals

of a given stem diameter generally have lower tree heights than the

other dominant species in the plot (Fig. 38).

The tree layer biomass in the plot is fairly evenly distributed between

roots (30%), stems (32%), and branches plus leaves (37%), although

the distributions within individual species vary. Leaves comprise 2-3%

of the total biomass for all species. Branches range from a low of 4% for

Sassafras albidum to a high of 40% for Ilex opaca, with Amelanchier

canadensis intermediate at 29%. Distributions of stem biomass for the



Biomass, Production, and Surface Area Relationships 69

0.1

It

5 s

3^

s * * c~i * in ir> r- o ON
m CN co ONo t ^o >/-,

<Sooc t en
5— -t itj "1 00

o d o> -r c in
CO r> _ m m <* r^ 00

l/-i ~^
e* >/-, -t r- o oo m o~"
.6 VO co o 00 "t O Tt-

in <* t nO
~ob ^H

t ^

^ ro * rN m -1- oo
1/1

H en C)
'—

'

*—

'

^ w
o i

cn©
1

o q ci

© © © d
"e eo — rj on NO __

-t—
oo o '— "~ t' rt o<

^
£

m — ? nO r- oc^ w w w rj m
*0 •* (N (Nm o co oo noo o q © Tt

^ © © © ^

^ 00 CO
(S (N t^© © -H

m r- r~ r- oo —

E
"Si

IT) OO vO m rN— y© fS oo o
rN) t

-t oj o -f
w ^ N-^

<^ <* ON Cn| NO
IT> — in l/~, CO m
</"i d r> ^ © oo"

rj

a
O
ON

NO NO
NO 00

IT)
-1-

r- .—

i

On VO
~Sb

/

t© # CN * -t m r\ r-
_ m * NO c^ W w w w — w, rj

O r» NO 00 00 nO '
'

'—

'

v—

'

OO © o m m co

<* d d d d oo n
ri '"H

J:
•I—

ON rj <*
m m O r-

NO
~OX) ~ u-^, r\

vg * * CS * o ^ m rj
~^ *—

'

-—

'

'—

'

—

'

-+ •—

•

rj ro
•VN. nO -t r-

s—

'

v—

-

N

ON NO nC ON r-> ©
-f CN 0O rj -t ON

ro d NO ri d ON m CO NO CJ co — O r-
On °i. NO ON rj IT) oo ON. M

e ~r
-

'S £ Si

E E -S c

«> E - «

o> J< i E

E

o
>

E £

ra O
<U O

^ £ S §
c/3 on CQ -J DC

2" 6

H >- C

opHUUfflw^o:



70 Ecological Studies of the Sunken Forest

sO * r^ 5 r~- 'Z. r- o^
~^, -—

-

to '—

'

c^i *—

'

r-H >—

'

o
<D

t/3
C~) r- »y-j o -+ CS •-1 es

\o __ r-> rxi o m <*

8< m
-* so

<^4
r- On

£3

3 -5

I!

en —
i —

'

r- ^ —
i ^o O <-;

© © © © -<t oo

m oo (N 0\ oo rn

ai d ri 6 fi n

t^> m ^o «-h <-* <N ^o

oo ^t m m SO «n **1

os ^o ^ m <N Tf £t
oo —

i oo m Tf ^

^ *^* J'" ^^ ^

(S N h O -^ in ^ ""I

OOn^^C^OOC-- rj-

tg # O m \o —< On ©

-h OO ON M M ^O M °°.

n vi h ^t in ^ ^t \o
os (N r- (N m >o

E

•- s e e
£ 2 Si SiH CQ £5 c/5

JxJ — — O
S V d V

| n v H

? * 5 ^



Biomass, Production, and Surface Area Relationships 71

Fig. 39. Excavated root system of a Shadbush with Sassafras root in background (meter-stick gives

scale).

three major tree species are the opposite of those for branch biomass;

Sassafras has 67% of its biomass in stem wood plus bark, while

Amelanchier and Ilex have 42% and 27%, respectively.

The root systems of the three dominant tree species comprise 25-32%

of the total species biomass. Excavation showed the root systems to be

generally concentrated in the upper 30 cm of soil, but Sassafras and

Amelanchier had shallower root systems than Ilex (Fig. 39). However,

the lateral extension of the roots was as much as 10 m from the trunk.

The relatively high water table and common vegetative reproduction

may be factors favoring the development of the shallow and extensive

root systems. The mean root.woody shoot ratio in the plot was 0.445,

ranging from 0.324 for the dominant Amelanchier canadensis trees to

0.477 for Ilex opaca (Table 14).

In contrast to the tree layer, the shrub layer exhibited greater propor-

tions of biomass in stems and roots (36% each) than in branches ( 18%)
(Table 15). Current twigs plus leaves were a relatively greater com-

ponent of the shrub biomass (9%) than in the tree layer (2%).

Amelanchier canadensis accounted for over 50% of the total shrub

biomass. However, the total contribution of the shrub layer to the plot

biomass was nearly insignificant. This was also true for the herbaceous

layer. Lianas, of which only the aerial portions of Smilax rotundifolia
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were measured, have a biomass more than three times that of the entire

shrub and herb layers combined.

The total biomass of 17,083 g/m 2 of the Sunken Forest ecosystem

analysis plot is less than the mean for temperate forests (30,000g/m 2
)

given by Whittaker (1970), but is greater than the biomasses of many
temperate and boreal forests reported in the literature (Art and Marks
1971 ). The above ground biomass in the Sunken Forest plot amounts to

1 1,545 g/m 2
, approximately equal to the mean biomass of Ilex aquifoli-

um stands in England reported by Peterken and Newbould ( 1966). The
magnitude of the total biomass in the Sunken Forest plot was surprising

under the prevailing environmental conditions in which the height

growth of ,the trees is limited to a maximum of 8 m by wind and the im-

paction of salt-spray aerosols.

In comparison with other forested ecosystems (Table 16) (Rodin and

Bazilevich 1967; Art and Marks 1971 ), the Sunken Forest has a greater

proportion of its biomass in branches and less in stems. The 5673 g/m2

of branch bark plus wood represents 35% of the total biomass and 49%
of the above ground biomass. In contrast, the contribution of branches

to the total biomass in other forested ecosystems ranges from 7% in

some boreal stands to 15% in the mixed oak-pine forest (Table 16). The

biomass in leaf tissues in the Sunken Forest is about the same as other

deciduous forest ecosystems. There are no data from inland stands of

Ilex opaca, but inland stands of Ilex aquifolium in England have relative-

ly about half as much of the above ground biomass in branch tissues as

in the Sunken Forest (Peterken and Newbould 1966). If the distribution

of biomass in Ilex opaca on inland sites is similar to that of Ilex aquifoli-

um in England, it would appear that in the limitation of vertical growth

of the bole by salt-spray impaction, there has been an increase in branch

biomass relative to stem biomass. Ilex opaca growing on inland sites

tends to have a strongly excurrent, pyramidal crown, while on Fire

Island where it is subjected to salt spray, the crown is broadest at the

top of the canopy and decreases groundward (Fig. 26).

The 30% of the total biomass in the root systems in the Sunken Forest

plot is a higher proportion than in other forested ecosystems (Table 16)

with the exception of the fire-adapted pine-oak Brookhaven Forest

(Whittaker and Woodwell 1968). The revegetation of these pine-oak

stands is primarily by root sprouting, leading to large root systems that

have been accumulating biomass over a longer period of time than their

associated shoots. In the Sunken Forest there is also the potential for

root systems to be older than shoots since reproduction appears to be by

vegetative means.
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Net primary production

The tree layer accounted for 94% of the 1075 g/m 2/year total net pri-

mary production in the Sunken Forest. The leaves of Smilax rotundifolia

accounted for 4%, the current twigs and leaves of the shrub layer, 1%,

and the herb layer shoots, 2% of the measured production. The distribu-

tion of production between strata, as would be expected, was similar to

the biomass distributions (Table 13).

The production of shrub and herb tissues not measured probably

represents a total of 50 g/m 2/year, making the probable total net prima-

ry production of the plot slightly greater than 1 1 00 g/m 2/year. Produc-

tion estimates of shrubs and herbs and lianas were based solely on

above-ground clipping. If the root productiomshoot production ratios

for the Sunken Forest herbs are similar to those species reported by

Bray ( 1963) (a mean ratio of 0.66), the production of herb roots in the

Sunken Forest plot would be approximately 1 1 g/m2/year. Smilax rotun-

difolia is a monocotyledonous plant and therefore does not have growth

rings from which stem production can be estimated. As a result, only

the current leaf biomass was used in the estimation of production for

this liana. The branch, stem, and root production of shrubs are also

missing from the estimated total production. Whittaker and Woodwell

(1969) report that the current twig and leaf production was approxi-

mately 30% of the total production in the shrub stratum of the Brook-

haven Forest. Applying this ratio to the Sunken Forest plot, the produc-

tion of the layer would be approximately 30-35 g/m2/year.

The net primary production of about 1 100 g/m2/year in the Sunken

Forest ecosystem analysis plot is well above the production of most

woodlands, shrub lands, and boreal forests (Art and Marks 1971 ) and is

close to the suggested temperate forest mean of 1300 g/m2/year

(Whittaker 1970). The above-ground production in the Sunken Forest

plot (882 g/m 2/year) is slightly lower than the above-ground production

per unit of biomass; the Sunken Forest system, with a ratio of 0.063, is

relatively more productive than the average temperate forest whose

ratio is 0.043 (Whittaker 1970), but is not accumulating biomass at as

high a relative rate (0.1 to 0.5) as early successional Prunus pensyl-

vanica stands (Marks 1971 ). The ratio of above-ground productivity to

above-ground biomass is typical of forests and woodlands approaching

climax but subjected to disturbance (Whittaker et al. 1974).

Ilex opaca contributes 66% of the tree primary production;

Amelanchier canadensis, 27%; Sassafras albidum, 4%; and other species,

2% (Table 14). The differences in the production distributions for vari-

ous species largely reflect the differences in branch and stem biomass

distributions. The relative branch production of Sassafras was only one-

third that of Ilex or Amelanchier. However, Sassafras had a greater rela-
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tive leaf production (44%) than either of the other two dominant tree

species (30% and 33%).

Thirty-six percent of the total tree layer net primary production is in

current twigs and leaves; 27%, in branches; 18%, in stems, and 19% in

roots.

The distribution of production between perennial and annual tissues

in the Sunken Forest resembles that of a wide variety of other forested

ecosystems. The leaves of deciduous forests account for about 35% of

the total production, while leaves in coniferous stands account for ap-

proximately 45% of the total production (Rodin and Bazilevich 1967).

Surface area relations

The surface area relations, as in the case of biomass, were dominated

by the tree layer in general and Ilex opaca in particular (Table 13). The
total stem surface area:land surface area ratio of 0.495 m2/m2

fell

between the ranges of 0.2-0.4 for small open forests and 0.5-0.7 for ma-

ture closed forests (Whittaker and Woodwell 1967).

Major Sunken Forest tree species have unusually high branch sur-

face:stem ratios (Whittaker and Woodwell 1967), 22.3 for Amelanchier

canadensis and 25.8 for Ilex opaca. Branch surface areas were estimated

using formulae of Whittaker and Woodwell (1967) and are probably

overestimates since the formulae use the distance from the branch base

to the terminal twig end, which is the maximum branch length, not the

mean distance to all twig ends. However, the branches of both /. opaca

and A. canadensis are profuse and finely dissected (Fig. 40). The total

branch surface area:land surface area ratio of 9.5, which must be re-

garded as an approximation, is far greater than the 1.5-1.6 m 2/m2 given

by Whittaker and Woodwell ( 1967) for the branch surface ratios of ma-

ture, closed forests.

Branch surfaces in the Sunken Forest may play a unique role in

nutrient cycling and photosynthesis. The concentration of the large

branch surface area in the top of the canopy undoubtedly provides an

effective surface for the impaction of salt-spray aerosols and thereby

serves as a site for nutrient inputs for the ecosystem. Indeed, periodic,

intense impaction of salt-spray aerosols on twig surface and the resulting

toxic effects on apical meristems are important factors in producing a

large branch surface (Boyce 1954).

The branch and stem bark of Ilex opaca, which have a greater total

surface area than leaves, appear to be rich in chlorophyll and may
represent a significant photosynthetic component as was indicated for

Populus tremuloides (quaking aspen) bark by Pearson and Lawrence

(1958).
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Fig. 40. Branches of a mature American holly in the Sunken Forest.

The leaf surface :ground surface ratio (leaf area index) for the

ecosystem analysis plot as a whole is 5.9 m 2/m2
. The tree layer com-

prises 77% of the total leaf area; 1 1% is in Smilax, 8% is in herbs, and

3% is in shrubs. The leaf area index for the plot is at the upper end of

the range of 4.0-6.0 given for closed-canopy deciduous forests by Whit-

taker and Woodwell ( 1967), and in the middle of the range 4.9-6.6 for

Ilex aquifolium forests in Great Britain given by Peterken and Newbould

(1966).

The stems of Smilax rotundifolia (478 g/m2
) remain green after au-

tumnal leaf fall, and therefore may be photosynthetically active through
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the winter since maximum air temperatures were below freezing less

than 30 days during the year in which meteorologic records were kept.

Organic debris

The conversion of living vegetation to organic debris is an important

transfer taking place within the organic compartment of forested

ecosystems (Bormann and Likens 1967). The production of organic

debris plays an obvious role in the transfer of nutrients from the living

biomass to other components in the intrasystem nutrient cycle. In the

Sunken Forest ecosystem, the organic debris has an extremely impor-

tant influence on both the physical and chemical characteristics of the

soil system.

Soil organic matter greatly increases both the water-holding capacity

and the stability of porous, sandy soils (Lutz and Chandler 1946).

Furthermore, in sandy soils with low clay contents, the organic matter

may provide the bulk of the colloidal surface in the soil system. There-

fore, the status of the available nutrient compartment in the Sunken
Forest may be determined largely by the amount and production rate of

organic debris. To quantify the dimensions of the organic debris com-
ponent the weights of above-ground organic matter were determined.

Above-ground organic debris

The Sunken Forest ecosystem plot has not developed to the stage in

which large dead individuals of the dominant species are found.

The total weight of the above-ground organic debris (dead trees, fal-

len branches, and dead wood on living branches, excluding entire dead

branches still on the trees) was 606 g/m 2 or only 5% of the total above-

ground live biomass (Table 17). Sassafras albidum accounted for the

greatest amount (70%) of the 485 g/m2 of dead trees and fallen

branches. The Sassafras organic debris is about equally divided between

five dead medium-sized trees and large branches on the ground. All

Amelanchier organic debris on the ground (37 g/m 2
) is in fallen

branches, while all the Ilex material (38 g/m2
) is from a single holly tree

cut prior to the initiation of this study.

Another component of the above-ground organic debris is dead

branch material. The dead organic matter on living branches (121 g/m 2
)

amounted to about one-quarter of that in dead trees and fallen

branches. Dead branch wood on Ilex opaca branches was concentrated

near the top of the canopy, the apparent cause of death of much of this

material being osmotic desiccation by impacted salt-spray aerosols.
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Table 17. Organic debris (g/m2
).

Dead trees and fallen branches

Ilex opaca

Sassafras albidum

Amelanchier canadensis

Other species

Total

Dead material on living branches

Ilex opaca

Sassafras albidum

Amelanchier canadensis

Total

Soil organic matter

>2 mm fraction

0-15 cm layer

15-30 cm layer

<2 mm fraction

0-15 cm layer

15-30 cm layer

Total

Total organic debris

38

341

37

69

105

7

9

879

79

7715

846

485

121

9519

10125

Litter fall

The total litter fall of 557 g/m 2/year deposited by the living plant

biomass (Table 18) represents a substrate for secondary production by

heterotrophs and detritivores. Ultimately, nutrients in this material are

released by mineralization or leaching and are transferred out of the or-

ganic compartment. The total litter fall in the Sunken Forest is close to

the mean for temperate forests (550 g/m 2/year) given by Bray and Gor-

ham (1964).

Eighty-three percent of the total litter fall is annual tissues (77%
leaves and 6% flowers plus fruit) while the deposition of wood and bark

material amounts to only 17% of the total. The estimated leaf litter fall

of Ilex, Amelanchier, and Sassafras (323 g/m 2/year) is in excellent agree-

ment with the estimated total leaf production of these three species

(310 g/m 2/year). The amounts of annual tissues deposited by various

species reflect their net production of leaves, but the deposition of

wood and bark does not reflect the species differences in bark and wood
production. Sassafras albidum accounts for 34% of the above-ground

perennial tissue fallout, but only 4% of plot total above-ground wood
plus bark production.
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Table 18. Litter fall in basket collectors (g/m 2
/yr ± S.E.).

Flowers Wood and

Leaves and fruit bark Total

Ilex opaca 220 ± 42 20.6 ± 5.7 28 ± 9 269 ± 55

Sassafras albidum 34 ± 10 0.6 ± 0.2 24 ± 20 59 ± 25

Amelanchier canadensis 69 ± 17 5.3 ± 1.1 19 ± 7 93 ± 24

Other species 137 ± 19

Total 557 ± 55

The total litter fall pattern, which is dominated by leaf fall, shows two
distinct seasonal peaks (Fig. 28). The mid-October to mid-November
peak is due to the leaf fall of deciduous species, while the mid-May to

mid-June peak is caused by the fall of Ilex opaca leaves. The distribution

of flower and fruit fall has a peak in May and June caused by the falling

of tree flowers. Ilex fruit fall peaks in November and December, falling

most heavily during periods of intense winds. The deposition of perenni-

al tissues seems more closely related to these periods of intense winds

than to any distinct seasonal pattern.

Soil organic matter

Soil organic matter comprises 94% of the total organic debris (10,125

g/m 2
) in the Sunken Forest plot (Table 17). Properly, the material con-

tained in the soil organic fraction is both nonliving substrate and a living

microfauna and flora involved in the processes of organic decomposi-

tion.

The >2-mm fraction of the surface soil layer consists entirely of or-

ganic matter and therefore gives an indication of the soil litter layer.

The 879 g/m2
is a slight overestimation of the average weight of the

litter layer since samples were taken in July about a month after peak

Ilex opaca leaf fall, and in addition some living root material was in-

cluded in the >2-mm fraction. Observations of the Sunken Forest

throughout the year disclosed only a thin litter (L) layer present, except

in periods immediately following the vernal and autumnal litter fall max-

ima. These observations suggest a very rapid and nearly complete tur-

nover of the L layer on an annual basis. The annual decomposition rate

of all organic matter above the mineral soil in the tropics averages

between 39 and 63%, but only 6-12% for black oak forests and 1-3% for

pine forests in California (Jenny et al. 1949).

The structure of the Sunken Forest floor is that of a mull humus held

together by fibrous root systems which are concentrated in the surface
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layer. Whole leaves are rapidly broken down physically by the abundant

ground-feeding birds in their search for food, and by soil isopods

(largely Porcellio scaber), which are numerous in the humus layer. The
latter consume both leaf fragments and entire leaves. Leaf debris is

further reduced by earthworms which appear to have a major role in the

mixing of organic matter with sand grains. Most of this mixing is local-

ized in the surface 15 cm of soil where organic matter comprises 7.1%

of the <2 mm soil. In contrast, the 15-30-cm layer is only 0.38% or-

ganic matter and has the appearance of unaltered beach sand.

The organic debris represents a component of the total organic

matter that is frequently bypassed in considerations of ecosystems

biomass. The 10,125 g/m2 organic matter (to a depth of 30 cm)
represents 37% of the total organic matter in the Sunken Forest plot. A
similar distribution of organic matter is found in Pseudotsuga menziesii

22

1 20
c/>

0> 18 ~

O
O
\ 16-
CD

M 14-1

o I8H
o
Q.

s

U>

O
JO.

o
X

O

0~15 cm layer samples

r-iooo

- 800

o**

600

- 400

- 200

5

4
O
O
+
o

+

o

o

Loss on ignition (%)

Fig. 41. Soil organic matter, exchangeable cations, and cation exchange capacity relations.



Biomass, Production, and Surface Area Relationships 83

(Douglas fir) forests in which 10,621 g/m2 of organic debris, at the same

depth, represents 34% of the total organic matter (Cole et al. 1967).

Soil organic matter plays an especially important role in the

biogeochemical cycling in ecosystems such as the Sunken Forest that

have sandy substrates. The organic matter not only increases the water-

holding capacity and physical stability of the soil surface but also is a

major factor in the circulation and retention of available nutrients

within the ecosystem.

Soil organic matter is responsible for virtually the entire cation

exchange capacity (c.e.c.) of the soil in the Sunken Forest (Fig. 41).

The concentration of organic matter in the surface layer of the soil

therefore leads to an enhancement of ability of the ecosystem to hold

cations at the soil surface and zone of maximum root distribution. The
c.e.c. of the surface 15 cm soil layer is 10.2 milliequivalents (me)/ 100 g
soil. The c.e.c. of both surface layer and 15-30 cm layer samples which

had organic matter removed by ignition is 0.15 me/ 100 g soil. The c.e.c.

of these samples is identical to that of beach sand which has an organic

content of only 0.04%.
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A Comparison with Other

Maritime Forests

Quantitative data on the Atlantic maritime forest are sparse although

general descriptive accounts of the vegetation are numerous. The

maritime live oak forest in North Carolina reported by Bourdeau and

Oosting (1959) has an average basal area of 40.64 m2/ha. The major

species in the forest is Quercus virginiana with 62% of the basal area.

Other important species present with respective basal area percentages

in descending order are: Persea borbonia (8.5%); Carpinus caroliniana

(American hornbeam) (5.5%); Juniperus virginiana {4A%); and Pinus

taeda(3J%).

The canopy cover in the red cedar woodland on Island Beach, New
Jersey, is Juniperus virginiana 87%, Ilex opaca 20%, Prunus serotina

15%, and Amelanchier canadensis 10% (Martin 1959). Without giving

any basal area or density data by species, Ogden (1961) reported that

Quercus alba (white oak), Fagus grandifolia, and Sassafras albidum con-

stituted more than 60% of the density on better sites in the modern

woodlands of Martha's Vineyard, Massachusetts.

The Sunken Forest, by contrast, has a mean basal area of 22.59

m 2 /na, or about half that of the live oak maritime forest in North

Carolina reported by Bourdeau and Oosting (1959). However, the in-

dividual sampling plots within the Sunken Forest had basal areas rang-

ing from 4.07 m2/ha to 43.52 m2/na . The biomass and productivity plot

had a basal area (33.94 m 2/ha) much above the mean for the forest as a

whole. Therefore the more stable and well-developed portions of the

Sunken Forest have about the same basal area as the well-developed

maritime forests in North Carolina.

The species composition of the Sunken Forest is one factor making it

unique compared to the other maritime forest. Ilex opaca with 38% of

the basal area appears to achieve its greatest dominance on the entire

Atlantic barrier island chain in the Sunken Forest. There are also higher

basal area percentages of Sassafras albidum (23%) and Amelanchier

canadensis (19%) in the Sunken Forest than in any other maritime

84
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forests reported in the literature. The Sunken Forest appears to be the

northernmost Ilex opaca-dominated maritime forest on the Atlantic bar-

rier island system. The development of the Sunken Forest system with a

greater canopy closure and lower percentages of Pinus rigida, Juniperus

virginiana, and Quercus spp. compared to Island Beach, N.J., Sandy

Hook, N.J., and Montauk, N.Y., is probably a function of the greater

protection afforded to the Sunken Forest by an unbroken system of pri-

mary and secondary dunes.

Although the species composition of the Sunken Forest differs from

other maritime forests, the general vegetational organization of Fire

Island is similar to other barrier islands on the Atlantic Coast. In the

Sunken Forest area the vegetation exhibits increasing cover arid struc-

tural complexity along a complex-gradient composed of salt spray, wind

disturbance, and sand movement. The greatest vegetational cover and

structural complexity are found in the Sunken Forest which appears to

have exhibited spatial stability over the last 150-200 years. Spatial

changes in the dune-swale and salt-marsh communities appear to be lo-

calized at their interfaces with the Atlantic Ocean and Great South Bay.

Otherwise, the spatial relationship between the various vegetative com-

munities are relatively constant with no indication of succession

between communities at present.

Within the community zones perturbations in the environmental com-

plex-gradient lead to vegetational readjustments. Perturbations in the

form of human disturbance and wind erosion occur most frequently in

the dune and swale community. The terminal stage of vegetational

development of any location on the Fire Island area is determined by

the nature of the complex-gradient at that point. Disturbances are such

frequent events in the barrier island environment that a variety of suc-

cessional stages is perpetuated, "climax" never being achieved

synchronously throughout any of the communities.

Even though the Sunken Forest is situated in what might be classified

as a harsh environment, the net primary productivity of the ecosystem

appears to be about the same as many inland forests of the same

latitude. The toxic effects of salt spray appear to be manifest more in a

restriction of the accumulation of biomass than in the inhibition of

production. The normal productivity by an ecosystem of subnormal

biomass may be a direct result of the enormous surface area of the

dominant vegetation acting as both a photosynthetic surface and a

nutrient trap (Art 1971).

The Sunken Forest is a relatively young ecosystem in an environment

of continual, periodic disturbance. Several lines of evidence suggest that

it has taken approximately 200-300 years for a mature maritime forest

to develop on Fire Island. This rate of ecosystem development is as
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rapid as in many temperate forests undergoing secondary succession

and more rapid than in some (Braun 1950).

The rapidness of ecosystem development in the Sunken Forest is even

more apparent when it is compared to the rate of succession on fresh-

water dunes. The forests on the Indiana Dunes of Lake Michigan have

taken 850-12,000 years to develop basal areas (ca. 20 m 2/ha) similar to

the Sunken Forest (Olson 1958c). The accumulation of soil organic

matter in the Sunken Forest, as well as in other maritime forests

(Salisbury 1925), also appears to be a much more rapid process than in

fresh-water dune forests.

The major factor appearing to govern differentially the rates of

ecosystem development and function of these two forested ecosystems

on nearly identical sand substrates (Cowles 1899) is the availability of

nutrients. The geographic position of the Sunken Forest is such that

nutrient deficiencies of the highly weathered soil can be compensated

for by large inputs of nutrients from the ocean via salt spray (Art 1971 );

in the inland fresh-water dune ecosystems this compensation is not

possible.

The composition, structure, and function of the maritime forest on

Fire Island appear to be an expression of the interaction between

marine and terrestrial environments. Meteorological, geological,

hydrological, and biological process are so closely interwoven that they

become nearly inseparable.



Biogeochemical Relationships

Intrasystem Components

The biogeochemical relationships of the maritime forest were quan-

titatively investigated on the 20 X 30-m plot. The plot was intensively

studied to quantify some of the major nutrient compartments and flux

rates of the nutrient cycling model used in the study of the Hubbard
Brook Forest ecosystem (Bormann and Likens 1967).

Analyses were made of the potassium, sodium, calcium, and magnesi-

um contents of the standing biomass, net primary production,

throughfall, stemflow, organic debris, litter fall, ground water, soil

minerals, and soil colloids. The nutrient inputs into the system in

precipitation and dry fallout were measured outside the plot in the open

on the secondary dune crest. Another input component was impacted

aerosols washed off the vegetative surfaces in stemflow and throughfall.

Direct measurement of nutrient outputs in the ground water were

precluded by limitations of time and equipment.

The distribution of available and potentially available nutrients in the

compartments of the nutrient cycling model (Fig. 42) influences the

rate and extent of ecosystem development (Bormann and Likens 1967).

In the Sunken Forest, where the contribution of nutrients from weather-

ing of the rock and soil compartment is assumed to be low, intrasystem

nutrient transfers (leaching, decomposition, and uptake) would largely

reflect the distributions of nutrients in the organic and available nutrient

compartments. In turn, the concentrations of nutrients in the organic

and available nutrient compartments are directly influenced by the pat-

terns of meteorologic inputs into the ecosystem.

The amounts of potassium, sodium, calcium, and magnesium in the

living biomass, organic debris, available nutrient compartment, and soil

and rock mineral compartment were analyzed to determine how cations

were distributed within the Sunken Forest ecosystem. The weathering,

leaching, decomposition, and uptake transfers of these four cations were

investigated to determine the magnitude and rate of nutrient circulation

87
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ECOSYSTEM

Fig. 42. Model of nutrient cycling in terrestrial ecosystems (Bormann 1970).

within the system. These analyses were undertaken to determine the ef-

fects of meteorologic inputs on the intrasystem nutrient relationships.

Organic Compartment

Methods

The potassium, sodium, calcium, and magnesium concentrations of

materials analyzed in this study were determined using a Perkin-Elmer

Model 403 atomic absorption spectrophotometer, except for precipita-

tion, stemflow, throughfall, and ground-water samples collected

between October 1968 and March 1969, which were analyzed using a

Perkin-Elmer Model 303 atomic absorption spectrophotometer. Spec-

trophotometric analysis followed the procedures outlined by Perkin-

Elmer (1968).

Live tissue samples were taken from plants harvested for production

and dimension analysis in July 1969 Preparation of samples for tissue

analysis followed the procedures of Likens and Bormann (1970). All

material was handled with polyethelyene gloves. Root systems were
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washed in distilled water rather than detergent since the sandy soil was

easily cleansed from root surfaces. No other tissues were washed; there-

fore, cation concentrations may include some salt-spray aerosols im-

pacted on tissue surfaces at the time of sampling. Tissues from all posi-

tions along the stems and roots were analyzed separately, but results are

expressed as averages for tissues regardless of position.

The cation concentrations of Ilex opaca, Amelanchier canadensis, and

Sassafras albidum tissues are the means of seven to ten samples. Four

samples were analyzed for tissues of Prunus serotina, Pyrus arbutifolia,

Vaccinium corymbosum, and Viburnum dentatum. The five root systems

and five shoots of each herb species were pooled for cation analysis.

Calculations of the amounts of cations in the biomass were made by

multiplying the tissue weights by the average cation concentrations.

Samples of dead branch wood were taken from sample branches used

in the dimension analysis of the living biomass. These samples as well as

the >2-mm soil organic matter (litter) samples were analyzed following

the same procedures as used for the cation analysis of living tissues.

The amounts of potassium, sodium, calcium, and magnesium in the

>2-mm soil organic matter and dead branch material were estimated by

multiplying their dry weights and cation concentrations. However, the

cations in dead trees were estimated by multiplying the dead tree dry

weight by live stem wood cation concentrations. Since the cation con-

centrations of wood are low and the amount of dead trees in the plot is

relatively small, the overestimations due to calculations based on living

tissues are assumed to be small.

The nonexchangeable cation concentrations of <2-mm soil organic

matter (F and H humus layers) samples were estimated by subtracting

the amounts of exchangeable cations (ammonium acetate extraction

method) from replicate samples heated in a muffle furnace for 24 hours

at 500°C and taken up in 6 n HC1. There were no significant differences

(at P=0.05) between the two series of determinations, suggesting the

nonexchangeable cation content of <2-mm soil organic matter is very

low.

Errors associated with cation analysis of various plant tissues are lar-

gely due to real variation between samples expressed by the standard er-

rors (Appendix III). Six replicates of an Ilex opaca wood sample gave

the following standard errors: potassium, 2.0%; sodium, 0.6%; calcium,

1.0%; and magnesium, 0.4%. Small errors also result from analytical

techniques. The analysis of blanks run with every 1 2 samples in the ca-

tion analysis demonstrated maximum contamination from analytical

technique to be less than 0.2% of K+Na+Ca+Mg for the least concen-

trated tissue (stem wood).
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Results and Discussion

There are great differences between species and the cation concentra-

tions of various tissues (Appendix III). The current leaves and twigs of

all species have the highest concentrations of the analyzed cations. For

perennial tissues, roots have the highest potassium, sodium, and mag-

nesium concentrations, while stem bark has the highest calcium concen-

tration. Stem wood has the lowest cation concentrations of all living tis-

sues, and branch wood plus bark had concentrations less than stem bark

but greater than stem wood. Shoots of the herb-layer plants usually had

higher cation concentrations than the roots. All tissues, except tree

roots, generally have higher concentrations of calcium and potassium

than sodium and magnesium.

Differences in the cation concentrations between species are as strik-

ing as differences between tissues. Potassium concentrations in Sassafras

Table 19. Summary of cations in the organic compartment iaf the Sunken Forest ecosystem

analysis plot (g/m2
).

K Na Ca Mg

Living biomass

Tree layer

Ilex opaca 25.06 16.45 26.72 14.69

Sassafras albidum 1.46 1.13 1.70 0.40

Amelanchier canadensis 3.60 2.71 15.19 1.86

Nyssa sylvatica 0.57 0.38 0.71 0.14

Prunus serotina 0.18 0.13 0.61 0.09

Pyrus arbutifolia 0.02 * 0.05 0.01

Total trees 30.89 20.80 44.53 17.19

Shrub layer 0.24 0.15 0.51 0.11

Herb layer 0.43 0.06 0.41 0.12

Lianast 4.76 0.28 0.92 0.43

Living biomass total 36.32 21.29 46.37 17.85

Organic debris

Dead trees and fallen branches 0.13 0.06 0.09 0.14

Dead material on living branches 0.04 0.02 0.03 0.06

Soil organic matter (>2 mm fraction)

0-15 cm layer 0.87 0.57 5.04 1.27

15-30 cm layer 0.09 0.06 0.14 0.07

Organic debris total 1.13 0.71 5.30 1.54

Total organic compartment 37.45 22.00 51.67 19.39

*Less than 0.005 g/m 2

tSmilax rotundifolia above ground only
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current twigs and leaves are about twice as high as those in Amelanchier.

Roots of Ilex opaca have over twice the magnesium concentrations of

Amelanchier or Sassafras roots. The calcium concentrations of

Amelanchier tissues are generally 50-100% higher than Ilex or Sassafras.

In contrast to the findings of Scott (1955), the shrub layer on Fire

Island has cation concentrations about the same as tree tissues, except

for lower sodium concentrations in leaves (Appendix IV). The herb
shoots also had lower sodium 'concentrations than tree leaves (0.11-

0.22% vs. 0.26-0.33%), which suggests that the subordinate vegetation

may have lower sodium concentrations due to protection by the tree

layer from salt-spray impaction.

The amount of cations in the living biomass of the ecosystem is a

function of the concentrations and weights of plant tissues. Therefore,

the greatest amount of cations is held in the tree layer (85-98%) in

general and Ilex opaca in particular (Table 19). The herb and shrub
layers each accounted for less than 1% of the total cations in the

Table 20. Herbaceous layer biomass and nutrient inventory in the Sunken Forest ecosystem

analysis plot.

Biomass total

dry weight K Na Ca Mg
Species g/m 2 g/m 2 g/m2 g/m 2 g/m 2

Aralia nudicaulis 27.47 0.256 0.046 0.337 0.092

Rhus radicans 3.69 0.015 0.003 0.024 0.007

Smilacina stellata 3.47 0.068 0.005 0.015 0.007

Sassafras albidum 1.99 0.029 0.002 0.001 0.003

Celastrus scandens 1.23 0.013 0.002 0.006 0.003

Parthenocissus quinquefolia 1.16 0.010 0.002 0.013 0.003

Maianthemum canadense 1.07 0.018 0.002 0.005 0.002

Pyrus arbutifolia 0.63 0.005 0.001 0.003 0.001

Dryopteris spinulosa 0.63 0.004 0.001 0.003 0.002

Pteridium aquilinum 0.57 0.005 * 0.001 0.001

Prunus serotina 0.37 0.002 0.001 0.002 0.001

Amelanchier canadensis 0.14 0.001 * 0.001 *

Viburnum dentatum 0.11 0.011 * 0.001 *

Ilex opaca 0.04 * * * *

Smilax rotundifolia 0.02 * * * *

Geranium robertianum 0.02 * * * *

Trientalis borealis 0.01 * * * *

Total 42.72 0.427 0.065 0.412 0.122

Lianas

Smilax rotundifolia 521.8 4.76 0.28 0.92 0.43

(above ground only)

<0.001 g/m 2
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Table 21. Cation distributions in the Sunken Forest pi ant tissues.

K Na Ca Mg
g/m 2 (%) g/m 2 (%) g/m 2 (%) g/m 2 (%)

Tree layer

Fruit 0.02

Current twigs + leaves 3.28 (11) 0.98 (5) 2.91 (6) 1.04 (6)

Old leaves 0.67 (2) 0.17 (1) 0.41 (1) 0.20 (1)

Branch wood + bark 8.18 (26) 4.98 (24) 15.09 (34) 3.20 (19)

Stem wood + bark 5.26 (17) 2.65 (13) 15.18 (34) 2.21 (13)

Roots 13.48 (44) 12.02 (58) 10.94 (25) 10.54 (61)

Total 30.89 20.80 44.53 17.19

Shrub layer

Current twigs + leaves 0.08 (36) 0.02 (15) 0.11 (21) 0.03 (28)

Branch wood + bark 0.03 (11) 0.02 (13) 0.09 (17) 0.01 (10)

Stem wood + bark 0.04 (17) 0.02 (12) 0.14 (27) 0.01 (12)

Roots 0.09 (36) 0.09 (60) 0.18 (35) 0.06 (50)

Total 0.24 0.15 0.51 0.11

Herb layer

Shoots 0.28 (65) 0.03 (50) 0.12 (29) 0.06 (50)

Roots 0.15 (35) 0.03 (50) 0.29 (71) 0.06 (50)

Total 0.43 0.06 0.41 0.12

biomass; however, the above-ground portions of Smilax rotundifolia

lianas contained 1 3% of the total potassium and about 2% of the total

sodium, calcium, and magnesium (Tables 19,20).

The distribution patterns of cations contained in the living biomass

show greater amounts of potassium and calcium in shoots and greater

amounts of sodium and magnesium in the roots (Table 21 ). The selec-

tive absorption of nutrients in the Sunken Forest ecosystem, therefore,

may be similar to the model suggested by Collander ( 1941 ): cations in

the soil solution enter the roots in response to moisture gradients in the

plant-soil system but selectivity is exerted by the roots in the en-

dodermis. Root selectivity may be further influenced by ions returning

to the root via the phloem and impeding further uptake by mass action.

A possible explanation of the relatively large amounts of sodium and

magnesium concentrated in root tissues is that these cations, which are

abundant in sea water, are present in the maritime forest environment in

amounts exceeding those that can be utilized effectively by the shoot.

The roots of maritime forest species, therefore, may be selectively ex-

cluding the upward transport of much magnesium and sodium while, at

the same time, excesses of these two cations are being translocated from

the shoot to the roots. Epstein (1966) suggests that plants may have a



Biogeochemical Relationships: Intrasystem Components 93

dual nutrient uptake pattern which permits the retention of sodium in

the root while other ions are exported to the shoot. Although unlikely,

the excess sodium and magnesium might be due to soil mineral con-

tamination on root surfaces.

Compared to the living biomass, the organic debris accounts for a

small amount (3-10%) of the total cations in the organic compartment

(Table 19). The organic debris is relatively richer in calcium and mag-

nesium than in sodium and potassium. These differences are probably

the result of the retranslocation of mobile ions out of tissues undergoing

senescence and the faster removal of sodium and potassium from tissues

in leaching and decomposition processes (Stenlid 1958; Attiwill 1968).

The cation distributions within the organic compartment continually

change with the transfers between the living biomass and organic debris

largely through litter fall. The organic debris component, therefore,

probably contains the greatest amount of cations in the autumn after

deciduous leaf fall and in early summer after Ilex leaf fall. The >2-mm
soil organic matter in the surface 15-cm layer was sampled in mid-July,

and the amounts of cations held in the organic debris may be near a

maximum at this time.

The organic compartment influences the nature of the available

nutrient and rock and soil mineral compartments not only by the circu-

lation of cations by uptake, leaching, and decomposition but also by the

production of organic soil colloidal material and by the secretion of or-

ganic acids which are important agents in the weathering of soil materi-

als.

Available Nutrient Compartment and Soil Mineral
Compartment

Methods

The cation exchange capacities of the <2-mm soil samples and the

organic-free ignited soil samples were determined by the ammonium
acetate-potassium chloride method, the ammonium acetate leachate

from the <2-mm soil samples being retained for exchangeable cation

determinations (Wilde et al. 1964). Total digestion of soil samples was

accomplished by decomposition with hydrofluoric and perchloric acids

(Jackson 1958). Potassium, sodium, calcium, and magnesium were

analyzed by atomic absorption spectrophotometry. The pH of the <2
mm-soil samples was determined in the laboratory with a Fisher Accu-

met model 3 10 pH meter using a 1 : 1 soil:distilled water mixture.

Estimates of the cations in the available nutrient compartment were

made by multiplying the soil bulk density and the exchangeable cation
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concentrations. Cation concentrations in soil minerals were determined

by subtracting the exchangeable cation concentrations from the

digested soil concentrations and correcting for the contribution of or-

ganic matter to the soil sample weight. Total amounts of cations in the

soil mineral compartment were calculated by multiplying the weight of

soil minerals per unit soil volume by the corrected digested soil concen-

trations (Appendix III).

Results and Discussion: Available Nutrient

Compartment

The status of the available nutrient compartment is determined by the

soil organic matter. There is a strong positive relationship between the

cation exchange capacity and the amount of organic matter in a soil

sample (Fig. 41). The surface soil layer, with a higher organic matter

concentration and c.e.c, contains 87-96% of the exchangeable cations

(Table 22). Within soil layers, a strong positive relationship exists

between organic matter and exchangeable cation concentrations largely

reflecting the greater exchange capacity of samples with higher organic

matter contents (Fig. 41 ).

The total exchangeable potassium, sodium, calcium, and magnesium

represent 2.37 me of cations/100 g of soil, while the c.e.c. is 10.2

me/ 100 g soil. Therefore, the soil colloids are only 23% saturated by

these four bases. Probably the remainder of the exchange sites are large-

ly saturated with hydrogen ions. The low base saturation, or high

Table 22. Summary of cations in the Sunken Forest ecosystem analysis plot (g/m2
).

Na Ca Mg

Available nutrient compartment

0-15 cm layer

15-30 cm layer

Total

Soil mineral compartment

0-15 cm layer

15-30 cm layer

Total

Organic compartment

Living biomass

Organic debris

Total

Ecosystem total to 30.5 cm depth

6.4 5.8 27.5 9.3

0.4 0.9 1.1 0.4

6.8 6.7 28.6 9.7.

143.7 135.2 189.6 87.1

318.1 330.0 439.5 199.2

461.8 465.2 629.1 286.3

36.3 21.3 46.4 17.8

1.1 0.7 5.3 1.5

37.4 22.0 51.7 19.3

506.0 493.9 709.4 315.3
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hydrogen ion saturation, in the available nutrient compartment is ex-

pected in light of the low pH (4.10-4.16), the relatively high soil organic

matter content, the humid climate, and the sandy texture of the Sunken

Forest soil which permits rapid leaching of bases out of the system

(Buckman and Brady 1960; Lutz and Chandler 1946).

The order of abundance of exchangeable cations in the Sunken Forest

soil is H + >Ca++ >Mg++> Na+> K + (on an equivalence basis). The

order of strengths of adsorption for these cations is H + >Ca++ >Mg++

>K + >Na + (Lutz and Chandler 1946). The greater amounts of sodium

(0.23 me/100 g soil) compared to potassium (0.15 me/100 g soil) are

undoubtedly due to mass action effects of greater amounts of sodium in

the maritime environment. The overall composition of the adsorbed ca-

tions in the available nutrient compartment resembles that for humid re-

gions in general: H + and Ca++> Mg++ >K + and Na+ (Buckman and

Brady 1960).

Results and Discussion: Rock and Soil Mineral
Compartment

Quartz is the predominant mineral in the soil mineral compartment of

the Sunken Forest ecosystem, with garnet and magnetite as relatively

common accessory minerals. The quartz content of beach sediments

comprising the barrier-island chain off the southern shore of Long
Island increases westerly from 80-89% at Montauk Point (120 km east

of the Sunken Forest) to a nearly uniform 97-98% west of Tiana Beach,

55 km east of the Sunken Forest (U.S. Army Corps of Engineers 1960).

The garnetiferous and magnetitic sands as well as other heavy mineral

sands in the mid-tide zone show a similar trend, decreasing from 1% at

Montauk Point to less than 1% west of Georgia Pond, 84 km east of the

Sunken Forest (U.S. Army Corps of Engineers 1960). A microscopic

examination of sands from the Sunken Forest area showed the presence

of tourmaline as an accessory mineral and the absence of any feldspars

(Cowan pers. comm.)
The chemical composition of the dominant sand minerals indicates

the soil mineral compartment is a relatively poor source of plant

nutrients (Clarke 1924). Quartz (Si0 2 ) and magnetite (Fe 3 4 ), except

for impurities they might contain, are not sources of basic cations. Gar-

net, a ferromagnesium silicate, and tourmaline, a complex barosilicate

of aluminum and other bases, may be the source of some calcium, mag-

nesium, and sodium, but the abundance of these minerals is very small

compared to quartz.

The soil mineral compartment contains larger amounts of potassium,

sodium, calcium, and magnesium (89-94% of the total to 30-cm depth)
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than any other compartment in the ecosystem (Table 22), due to the far

greater weight of soil minerals than organic matter in the system rather

than sands having higher elemental concentrations. The exact dimen-

sions of the soil mineral compartment are extremely difficult to mea-

sure; theoretically they coincide with the rooting depth of the dominant

vegetation. The majority of the roots in the Sunken Forest system ap-

pears to be concentrated in the upper 30 cm of soil; however, some

roots excavated in the biomass analysis were found at 50-cm depths.

The 30-cm depth for the bottom of the soil mineral compartment in the

Sunken Forest is somewhat arbitrary, but probably accounts for the

majority of minerals that are interacting with the organic and available

nutrient compartments.

The amounts of potassium, sodium, calcium, and magnesium in the

soil mineral compartment cannot be realistically compared to those in

the organic and available nutrient compartments. The cations in the soil

minerals, by and large, represent a capital for the ecosystem that is held

in a relatively unavailable form. The total cations in the soil minerals

become available after long periods of time. In contrast, large amounts

of cations in the available nutrient and organic compartments circulate

in several year, annual, or even subannual cycles within the ecosystem.

The circulation of cations between the soil mineral compartment and

available nutrient compartment is influenced largely by the organic

compartment and the physical-chemical environment (Bormann and

Likens 1967).
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Biogeochemical Relationships:

Intrasystem Transfers

Weathering

In humid regions weathering of the soil minerals is most intense near

the soil surface where organic matter concentrations, biological activity,

water movement, expansion-contraction cycles, and wetting-drying cy-

cles are greatest (Barshad 1964). The intensity of soil mineral weather-

ing in podzol soils is usually calculated from comparison of the highly

weathered A 2 soil horizon with the unaltered parent material (Lutz and

Chandler 1946). This method is not applicable to the Sunken Forest

system since no significant differences (at P = 0.05)were found between

the cation concentrations in the surface 15-cm layer and the 15-30-cm

layer (Appendix III). This fact by itself would tend to indicate a low rate

of weathering or a young age of parent material. The differences in the

mean cation concentrations of the surface and subsurface layers

amounted to 0.5-14.4 g/m 2
, based on the density of minerals in the sur-

face layer. Assuming the age of the Sunken Forest ecosystem to be 250

years, these differences would indicate transfers of cations of the soil

mineral compartment at a rate of less than 0.05 g/m 2/year, clearly a

negligible amount.

The history as well as the composition of the sediments comprising

Fire Island would also suggest that the generation of cations from the

soil-mineral compartment occurs at a slow rate. Sediments of both gla-

cial and Long Island headlands origin have been subjected to chemical

leaching by sea water. The sediments presently found in the Sunken

Forest area are composed mainly of minerals resistant to further

weathering (Clarke 1924). Thus transfers out of the soil-mineral com-

partment by weathering and transfers into the compartment, such as

secondary mineral formation, are probably very small.

97
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Uptake

The amount of cations in the primary production were calculated

from the annual productivity of various tissues and their cation concen-

trations (Table 23, Appendices II, III). As such they are not accurate

measures of total annual uptake of cations by the living biomass, rather

these estimations represent the cations present in the production of a

single point in time. The assumption is made that the cation concentra-

tions in wood and bark laid down during the current year are approxi-

mately the same as in the bulk tissue sample analyzed. The total annual

uptake by the vegetation is extremely difficult to estimate due to the

rapid subannual transfers into and out of the organic compartment

<Voigt 1960a; Witherspoon 1964; Waller and Olson 1967).

Although the uptake of nutrients is primarily by root tissues (Gauch

1957), the leaf and bark tissues also have the capacity to absorb

nutrients (Tukey et al. 1952; Boynton 1954). The uptake of nutrients by

foliar organs may be the primary nutritional pathway for epiphytes and

lower plants with poorly developed roots (Tamm 1950, 1953, 1958;

Wherry and Chapen 1928). Foliar absorption may also have an impor-

tant role in the intrasystem cycling patterns, particularly in the uptake

by subordinate vegetation of nutrients leached from higher in the

canopy (Tukey and Mecklenburg 1964).

Table 23. Cations in the Sunken Forest primary production (g/m 2
).

K (%) Na (%) Ca (%) Mg (%)

Tree layer

Fruits

Current twigs + leaves

Branch wood + bark

Stem wood + bark

Roots

0.02

3.29

0.37

0.17

0.51

(75)

(8)

(4)

(12)

*

0.99

0.25

0.09

0.44

(56)

(14)

(5)

(25)

*

2.92

0.88

0.31

0.52

(63)

(19)

(6)

(ID

*

1.05

0.16

0.07

0.39

(63)

(9)

(4)

(23)

Total 4.63 1.77 4.62 1.67

Shrub layer

Current twigs + leaves 0.08 0.02 0.11 0.03

Herb layer

Shoots 0.28 0.03 0.12 0.06

Lianas

Smilax leaves 0.38 0.04 0.07 0.12

Total t 5.11 1.85 4.92 1.88

tExclusive of shrub branch, stem and root; herb roots; liana stems and roots.

* = <0.01%
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Foliar absorption of nutrients is probably a very important process in

the maritime forest due to high atmospheric salt concentrations and

high relative humidity in coastal areas. The overall mechanism of foliar

absorption is ion exchange at the leaf surface, diffusion through the cu-

ticle, and active uptake in the plasmalemma (Keppel 1967; Yamada et

al. 1966; Jyung and Wittwer 1965; Wittwer et al. 1967). To be taken up

through foliar and branch surfaces, salts must be in an aqueous phase. A
transition from the solid phase of a salt to the liquid phase takes place at

relative humidities of less than 100%, the transition humidity being de-

pendent upon the hygroscopicity of the particular salt (Twomey 1953).

Comparisons of the order of relative speed of foliar absorption of vari-

ous salts and the phase-transition humidities of these salts indicate the

most easily absorbed salts are saturated at the lowest relative humidities

(Barinov and Ratner 1959; Twomey 1953). Therefore, foliar uptake,

like root absorption, is a selective process regulated by both the physi-

cal-chemical environment and the biological nature of the absorbing tis-

sues.

Selective uptake may lead to distributions of nutrients in the primary

production that are vastly different from those in the pool of available

nutrients. The amounts of calcium, magnesium, and sodium in the pri-

mary production are 1/6, 1/5, and 1/4 the amounts of these cations in

the available nutrient compartment (Tables 22, 24). In contrast, the

amounts of potassium in the primary production and the available

nutrient compartment are about the same. This pattern may be the

result of both the order of strengths of the adsorptions of these cations

in the available nutrient compartment (Ca++ >Mg++> K+ >Na+ and

the selective uptake of cations by the roots and shoots of the living

biomass, there being 2.5 times more potassium and calcium than sodium

and magnesium in primary production.

The distributions of cations in the primary production change

throughout the growing season with a rapid accumulation of nutrients in

developing tissues, sometimes at the apparent expense of other tissues

(Tamm 1951; Mitchell 1936). The nutrient levels in the leaves become
stable during the middle of the growing season when the samples were

collected at Fire Island (Stenlid 1958). With the onset of dormancy and

leaf fall, amounts of biologically mobile elements such as potassium,

phosphorus, and nitrogen are retranslocated into perennial tissues, while

immobile elements such as calcium and silicon remain in the senescent

leaves as they fall (Sampson and Shamish 1935; Mitchell 1936).

While primary production in the Sunken Forest is only 6% of the total

biomass dry weight, it accounts for at least 14% of the potassium, 8% of

the sodium, 11% of the calcium, and 1 1% of the magnesium in the total

living biomass (Tables 22, 24). Similar to the distribution of cations in
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Table 24. Annual cation transfers between Sunken Forest ecosystem compartments (g/m2
/yr.).

K Na Ca Mg

Weathering * 0.06 0.04 0.01

Leaching

Gross through fall 3.29 14.45 2.24 2.30

Gross stemflow 0.75 4.14 0.59 0.53

Gross total leaching 4.04 18.59 2.83 2.83

Litter fall 0.87 0.69 6.11 1.35

Uptake (production)

Tree layer

Ilex opaca 2.92 1.12 2.12 1.12

Sassafras albidum 0.31 0.08 0.23 0.06

Amelanchier canadensis 0.95 0.52 2.11 0.44

Other species 0.18 0.05 0.16 0.05

Tree total 4.36 1.77 4.62 1.67

Shrub layer (x 0.09 0.02 0.11 0.03

Herb layer /x 0.28 0.02 0.12 0.06

Lianas /i-t 0.38 0.04 0.07 0.12

Total 5.11 1.85 4.92 1.88

/^Minimum estimates based on current twigs and leaves only.

tAbove ground Smilax only.

*<0.005 g/m 2
.

~ Based on differences in cation concentrations of soil layer minerals (not significant dXP = 0.05).

the biomass, the tree layer accounts for the vast majority (85-95%) of

the 5.1 g/m 2 potassium, 1.8 g/m 2 sodium, 4.9 g/m 2 calcium, and 1.9 g/m 2

magnesium in the primary production (Table 24).

Annual tissues (leaves) contain greater amounts of cations than the

perennial tissues (branches, bark, and wood) concurrently produced.

Because of their high cation concentrations, current twigs plus leaves

account for 56-75% of the cations in the tree-layer production. Branch

wood plus bark comprise between 8 and 19% of the cations in produc-

tion, while stem wood plus bark account for only 4-6%. Root tissues

contained 1 1% of the calcium and 12% of the potassium in production,

but 23-25% of the sodium and magnesium. The uptake of nutrients by

the annual tissues will determine to a great extent the patterns of in-

trasystem cycling through the subsequent return of nutrients to the

available pool through leaching and decomposition.

In virtually all forested ecosystems, there are greater amounts of

nutrients in the production of annual tissues that can be readily cycled

than in the annual increments of perennial tissues (Rodin and Bazilevich

1967; Rennie 1955; Ovington 1962, 1965, 1968). The sustained
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metabolism of forest ecosystems is dependent upon the rapid recircula-

tion of the relatively limited capital of available nutrients.

Decomposition

Cations are transferred from the organic compartment to the availa-

ble nutrient compartment either directly by leaching or indirectly

through decompositional pathways involving secondary production

within the organic compartment (Bormann and Likens 1967). While the

total amounts of cations leached from the above-ground biomass can be

measured, it is extremely difficult to separate the annual and subannual

components of this transfer (Remezov 1959). The amounts of cations

leached or exuded from root systems are largely unknown but poten-

tially are an important transfer (Woods and Brock 1964; Smith 1969).

Similarly, the organic debris falling from the above-ground biomass is

easily measured, but there is no convenient method of estimating the

turnover of root tissues. The importance of root losses in forested

ecosystems was emphasized by Orlov ( 1959), who estimated the annual

turnover of roots <0.5 mm in diameter for 25- and 50-year-old fir

stands to be 200 g/m 2 and 60 g/m 2
, respectively.

The role of secondary producers in the Sunken Forest, although not

measured directly, is assumed to be very important. As previously men-

tioned, there are large populations of fruit-eating birds (towhees, cat-

birds, thrashers, robins), earthworms, and isopods in the forest. The
consumption of foliar tissues by phytophagous organisms during the

period of this study was estimated to be only 0.3-1.2% of the leaves

produced by the dominant tree species, a level which is generally lower

than in other forested ecosystems (Appendix II) (Whittaker and Wood-
well 1968). The breakdown of leaf tissue, therefore, appears to be

mainly through detrital food chains rather than by consumption of living

tissues. Organisms such as isopods which are associated with detritus

consumption generally have low assimilation efficiencies and therefore

have higher rates of substrate consumption and turnover compared to

organisms feeding on living material (Reichle 1967). The main role of

invertebrates feeding on forest litter appears to be the physical break-

down of litter rather than chemical alteration of the substrate (White

1968; Edwards et al. 1970).

Methods: Litter Analysis

The cation composition of the litter fall, along with the precipitation

falling through the Sunken Forest canopy (throughfall), was sampled

using the design of Wilm ( 1946), incorporating the statistical modifica-
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tions of Rieley et al. ( 1969): A stationary collector (A') measures varia-

tion between collection periods (through time) and a series of collectors

moved to new randomly selected locations (Yj) measure variation

within collection periods (through space). The expected value for a

given collection period (£,) is calculated from the regression

where the least squares estimator of c is

c=Id2jXiYvlkIliX2
i

(Rieley et al. 1969).

The 20 X 30-m ecosystem analysis plot was subdivided into three

parallel 20 X 10-m sections, each having one stationary and two moving

collectors. The collectors consisted of a 20.4-cm diameter sheet-metal

funnel coated with acrylic paint which fit onto a 2-gallon polyethylene

bottle. At roughly weekly intervals between 6 October 1958 and 2 Oc-

tober 1969 (Appendix IV), collections were made and clean (acid

washed, distilled water rinsed) polyethylene bottles were installed for

the litter-throughfall collectors. The litter material was filtered from the

throughfall with tarred Whatman No.40 ashless filter paper. The litter

fraction was dried at 85°C, weighed, and prepared for cation analysis

following the procedures of Likens and Bormann (1970). The filtered

throughfall fraction was measured volumetrically and retained for ca-

tion analysis. Since the lengths of collection periods varied, data are ex-

pressed on an amount per day basis and represent the means of the

three 20 x 10-m units within the plot. The percent standard errors of

the mean for the litter cation analysis were: dry matter ±12%, K ±12%,
Na ±1 6%, Ca ±14%, and Mg ±1 4%.

Results and Discussion

The estimated 489 ± 59 g/m2/year of litter fall from the litter-

throughfall collectors is in good agreement with the estimates of 557 ±
55 g/m 2/year from the litter baskets. The seasonal distribution of total

litter fall from both methods of litter collection shows the same pattern

of autumnal and vernal peaks (Fig. 28, Appendix IV).

The seasonal distribution patterns of cations in the litter fall generally

reflect the trends in litter dry weight deposition (Figs. 28, 43). Sodium,

magnesium, and calcium all have distinct autumnal and vernal peaks as-

sociated with leaf fall phenology and a peak in February associated with

a severe winter storm. The potassium deposition in litter fall shows the

distinct autumnal and February peaks but the vernal peak is not as
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pronounced as for the deposition of other cations. A possible explana-

tion of the potassium distribution pattern may be that in Ilex opaca

greater amounts of potassium than other cations are being retrans-

lated into perennial tissues from leaves that are undergoing

senescence. The differences in autumnal and vernal deposition patterns

would also suggest that the selective retranslocation of potassium is not

as great in Sassafras and Amelanchier as in Ilex.

The transfer of litter represents the movement of 17% of the potassi-

um, 37% of the sodium, 72% of the magnesium, and 124% of the calci-

um in the primary production to organic debris (Table 24). The anoma-

ly of 1.24 times more calcium in the litter fall than in the primary

production undoubtedly stems from the mid-July sampling of leaf tissues

for primary production estimates. The amounts of calcium as well as

magnesium in Sassafras and Amelanchier leaves would be expected to

increase until autumn leaf fall, and in Ilex opaca these cations probably

increase until leaf fall the following spring (Mitchell 1936; Lutz and

Chandler 1946).

The transfer of cations from organic debris in the form of litter to the

available nutrient compartment appears to be a rapid process. Not only

does there appear to be a rapid physical breakdown of freshly fallen

litter in the Sunken Forest, but leaching of the litter by rainwater un-

doubtedly hastens the transfer from the organic debris to the available

nutrient compartment. The release of sodium and potassium from

decomposing litter is usually at a faster rate than the release of calcium,

magnesium, or phosphorus (Attiwill 1968). The amount of calcium rela-

tive to other cations is greater in the annual litter fall than in the organic

Fig. 43. Amounts of cations in litter fall (mg/m 2/day).
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debris as a whole and greater in the organic debris than in the available

nutrient compartment (Tables 22, 24). This distribution pattern is the

result of the more rapid leaching, mineralization, or transfer of potassi-

um, sodium, and magnesium from the fresh litter and the subsequent re-

tention of these cations by the lower humus layers (Burges 1967; At-

tiwill 1968).

Leaching

Methods

One form of transfer of cations from the organic compartment to the

available nutrient pool takes place by throughfall, which is precipitation

falling directly to the ground from the canopy; and by stemflow, the

flow of precipitation down tree stems (Helvey and Patrick 1965). The
leaching collections are actually gross stemflow and gross throughfall

which also contains cations from salt spray and precipitation inputs.

Collections of stemflow were made concurrently with the collections of

throughfall previously described.

Stemflow was sampled by stratifying Ilex, Amelanchier, and Sassafras

populations into three diameter-size classes and then randomly selecting

one sample tree in each size class for each species. Aluminum stemflow

collars were attached to each sample tree with steel strapping and were

caulked with an inert compound. The collars were fitted with stainless

steel screens over the effluent duct and the entire collar was then coated

with an acrylic paint. A length of tygon tubing connected the collar to

polyethylene collection tanks which were connected in tandem. The

tanks, which remained in the forest for the duration of the stemflow col-

lections, were painted with black paint to reduce algal growth.

Stemflow was measured volumetrically in the field for each collection

period and was subsampled for cation analysis. However, stemflow col-

lections were not made between 7 December 1968 and 27 March 1969,

since precipitation in the form of snow and freezing of the collection

tanks were frequent occurrences during this period.

The calculations of amounts of cations in the throughfall on a land

area basis followed the methods used for cation analysis of litter fall

(Wilm 1946;Rieley et al. 1969). The percent standard errors of the

means for the throughfall were: amount of throughfall ±9%, K ±9%, Na
±8%, Ca ±7%, and Mg ±8%. Stemflow was converted to a land area

basis by multiplying the mean ratio of stemflow.branch surface area of

the three sample trees of each species by the total branch surface area

of the species. The stemflow:branch surface area method was adopted

due to the high variability of the sample trees and the morphological
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peculiarities of Sunken Forest trees which precluded the use of regres-

sions on stem diameter. Regressions of stemflow on tree stem diameter

or basal area gave multiple correlation coefficients of 0.81-0.88 while

the r's for the method adopted were 0.95-0.99.

Results and Discussion

The 108.8 cm precipitation reaching the ground surface in the forest

per year is equivalent to 93.6% of the 1 16.3 cm falling in the open. The

91.2 cm/year of throughfall accounts for 84% of the precipitation under

the canopy, while 17.6 cm/year stemflow is only 16%. Although com-

pared to the throughfall the amounts of stemflow are relatively small,

they may be a particularly important component in the cycling of

nutrients since the water flowing down the stems tends to follow the

root systems into the soil (Voigt 1960b). Furthermore, the stemflow has

higher cation concentrations than the throughfall (Table 26).

The seasonal distribution of amounts of cations leached from the Sun-

ken Forest canopy exhibit a pattern of greater amounts in March

through November than in December through February (Fig. 44). This

pattern is undoubtedly due in part to the phenology of the dominant

vegetation. The metabolic activity of the Sunken Forest is probably at a

minimum between December and March, at which time the leaching

transfers are also at a minimum level. The increases in leaching in the
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spring are concurrent with the onset of bud bursting, flowering, leafing

out, and Ilex leaf fall, all of which are processes associated with the

translocation of nutrients (Stenlid 1958). The amounts of cations

leached from the canopy rapidly declines with the completion of autum-

nal leaf fall.

Concurrent with the phenological changes in the forest vegetation are

changes in the patterns of prevailing winds which undoubtedly affect the

amounts of salt-spray aerosols impacted on the vegetative surfaces. Dur-

ing the spring, summer, and autumn, the prevailing winds are from the

south and west, while during the winter the winds are from the northern

compass quadrant (Figs. 9, 10). The onshore winds during the growing

season generate more salt-spray aerosols than the northern winter winds

blowing across the Great South Bay toward the forest. Thus the seasonal

differences in gross leaching may be partially due to nutrient input pat-

terns as well as the transfers of cations from the organic compartment to

the available nutrient compartment.

The amounts of cations in the precipitation reaching the ground sur-

face in the Sunken Forest (gross leaching) represent cation inputs in the

forms of aerosol impaction and precipitation, plus cations leached from

the organic compartment minus cations taken up by foliar and woody
tissues. Although the cations in the precipitation can be corrected for, it

is difficult to separate the other components in the gross leaching.

Sodium is by far the most abundant cation in the throughfall and

stemflow (Table 24). Much of the sodium and probably much of the

magnesium are salt-spray aerosols washed off the vegetative surfaces by

the precipitation. Potassium, the second most abundant cation leached

from the Sunken Forest canopy, is an extremely mobile cation which

usually is the element most easily removed from leaves by precipitation

(Stenlid 1958). The amounts of calcium and magnesium in the

throughfall and the stemflow are about equal in the Sunken Forest,

although in noncoastal forests, the amount of calcium leached from the

canopy generally exceeds that of magnesium (Madgwick and Ovington

1959; Nye 1961; Attiwill 1966; Art 1974).

The circulation of cations within the Sunken Forest ecosystem is

characterized by little measurable transfer between the soil mineral and

available nutrient compartments, but relatively large transfers between

the available nutrient and organic compartments. Cations have differing

modes of transfer from the organic compartment to the available

nutrient compartment, sodium and potassium largely in leaching, calci-

um largely via litter fall, and magnesium an intermediate situation

(Table 24).

The amounts of cations held in the net primary productivity relative

to the circulation of cations in leaching and litter fall (K 5.1:4.9; Na
1.8:19.3; Ca 4.9:8.9; Mg 1.9:4.2) may indicate the tightness of the cy-
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cles of various cations. Sodium, which is abundant in sea water and not

an essential plant nutrient, is transferred through the system by leaching

and litter fall in an amount seven times greater than in the primary

production. Twice as much calcium and magnesium but about the same

amount of potassium circulate by leaching and litter fall as are held in

the net primary production. This suggests that potassium, which may be

translocated to and from leaf tissues and perennial tissues, may be

cycling within the living biomass to a greater extent than calcium or

magnesium. This view is also supported by leaching experiments which

suggested the movement of basipetally immobile nutrients such as calci-

um and magnesium may be external to plants (Tukey and Mecklenburg

1964).
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Biogeochemical Relationships:

Intersystem Cycles

In the Sunken Forest there is a close association between the cycling

of nutrients within the ecosystem and the cycling of nutrients into and

out of the system. In the maritime forest ecosystem with a salt-laden at-

mosphere, the inputs into the ecosystem in the form of aerosols im-

pacted in vegetative surfaces are transferred to the ground in the in-

trasystem leaching circulation.

Of the three types of nutrient inputs into terrestrial ecosystems in the

model developed by Bormann and Likens (1967), meteorologic inputs

appear to be the most important in the Sunken Forest ecosystem. The
geologic inputs by the diffusion of cations into ground-water systems

must be minimal in light of the barrier-island hydrology previously

discussed. Little geologic input in the form of sand and organic matter

movement was noted during the period of this study. Very little sand

was found in the collectors within the forest, the secondary dune system

leeward of the Sunken Forest being generally stabilized by vegetation.

Biologic inputs may be significant on the bayside margins of the Sunken

Forest where sea-feeding birds nest; however, no bird nests of any kind

were located in the ecosystem analysis plot.

The main output from the Sunken Forest ecosystem, although not

measured in this study, is undoubtedly the transport of nutrients in the

ground-water system. The discharge of the barrier-island ground water

into the sea completes the cycle started with the generation of salt-spray

aerosols which serve as condensation nuclei for precipitation or which

were impacted on vegetative surfaces. The biologic and meteorologic

outputs from the Sunken Forest appear to be relatively small.

Methods

The meteorologic inputs into the Sunken Forest consist of both

nutrients carried in the precipitation and salt-spray aerosols carried by

108
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the wind and impacted on the vegetation. Precipitation collections ac-

tually consist of three components: ( 1 ) rain, which is precipitation that

falls as liquid water (snow is included in this component); (2) dry fal-

lout, which is water-soluble matter that settles on the collectors between

storms; and (3) bulk precipitation, which is a mixture of rain and dry

fallout (Whitehead and Feth 1964).

The rain component of the precipitation was sampled in a Wong auto-

matic rain collector (model Mark V). The Wong collector, which was

installed on the secondary dune at Sailors Haven (0.5 km east of the

Sunken Forest), automatically opened only during periods of active

precipitation. Bulk precipitation was sampled in collectors identical in

design to those used in the throughfall analysis. Two of these open col-

lectors were used, one at Sailors Haven and the other on the secondary

dune crest near the Sunken Forest plot. Dry fallout was estimated by

subtracting the amounts of cations in the rain collection from the bulk

precipitation.

In each of the precipitation sampling periods, which were concurrent

with stemflow and throughfall collection periods, clean polyethylene

receptacles were installed for the rain and bulk precipitation collectors.

Bulk precipitation required filtration to remove sand and other material

blown into the collectors. Sample preparation of this material followed

those outlined for litter analysis.

The cation composition of impacted salt-spray aerosols was deter-

mined by washing off twigs exposed to the wind at the top of the

canopy. The aerosols were sampled twice during periods immediately

following rain storms. At the start of the period, a twig was coated with

an acrylic paint and served as an inert aerosol impaction surface. After

a period in which there was no precipitation, the twigs in the canopy

were removed and rinsed in 100 ml of distilled water for 30 seconds.

This leachate was retained for cation analysis. Direct measurement of

the magnitude of the salt spray was beyond the scope of this study due

to the complexity of the aerosol deposition patterns (Boyce 1954).

Ground water was collected at the end of each collection period from

a well 3 m east of the Sunken Forest plot. This polyethylene-lined well

was sunk to a depth of 30 cm and contained ground water at all times

during the study. Samples were withdrawn from the well using a

polyethylene syringe. Ground water, precipitation, and aerosol leachate

samples were all analyzed for cations following the procedures outlined

for the throughfall analysis.

Results and Discussion

The amounts of cations in the precipitation, which are determined

from the cation concentrations and the amounts of precipitation, vary
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considerably between collection periods (Fig. 45). The input of cations

in the bulk precipitation and rain appears to be related to the direction

of the wind during periods of active precipitation (Fig. 46). During the

winter when prevailing winds offshore from the north and east are

prevalent, the precipitation inputs of cations are generally lower than in

the remainder of the year when prevailing winds are onshore from the

south and west. September's dip in precipitation cation inputs is also

coincident with storm winds from the north and east. These patterns are

most apparent in the bulk precipitation and dry fallout components,

further supporting the suggestion that seasonal patterns of gross

throughfall transfer within the ecosystem are in part due to inputs of

salt-spray aerosols.

The amount of cations in the bulk precipitation is generally twice as

great as in the rain component (Table 25). Undoubtedly, most of the

cation enrichment in the bulk precipitation is from the dry fallout and

impaction of salt-spray aerosols on the open collector funnels, although

small amounts (0-23 mg/m 2/day) of sand and organic debris were found

in the samples (Appendix IV). The smooth surfaces of the bulk

precipitation collectors are not as effective in trapping salt-spray

aerosols as the complex and finely divided vegetative surfaces (Boyce

1954). Therefore, the bulk precipitation must be considered to be a

minimum estimate of meteorologic cation inputs.
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A maximum estimate of meteorologic inputs can be made by adding

the inputs in rain and the estimated total impacted aerosol input, which

includes both dry fallout and aerosols impacted on vegetative surfaces.

The estimate of salt-spray impaction based on ion ratios to excess sodi-

um in throughfall and stemflow relative to rain in the open leads to an

overestimation since some of the sodium in the precipitation under the

Table 25. Meteorologic inputs into the Sunken Forest ecosystem g/m 2
/yr.

K Na Ca Mg

Rain

(Wong collector) 0.22 4.29 0.36 0.68

Dry fallout 0.40 5.41 0.50 0.47

Bulk precipitation

(open collector) 0.62 9.70 0.86 1.15

Aerosol impaction

(maximum estimate) 0.62 14.30 0.74 1.98

Minimum input

(rain and dry fallout) 0.62 9.70 0.86 1.15

Maximum input

(rain and aerosol impaction) 0.84 18.59 1.10 2.66

Average input

(minimum + maximum/2) 0.73 14.15 0.98 1.91
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canopy has been leached out of the plant tissues. The maximum aerosol

impaction inputs for the Sunken Forest were estimated by multiplying

the excess sodium in the leaching transfer (Fig. 10) by the K/Na, Ca/Na,

and Mg/Na ratios of aerosols washed off the acrylic-coated twigs (Table

26).

Impaction inputs are highly correlated with the speed of onshore

winds which prevail during the growing season. The relationship of kilo-

grams of sodium impaction per hectare ( Y) to thousands of kilometers

of wind blowing onshore (between 79° and 238°) at speeds of < 7 m/sec.

(X x ) and >7 m/sec. (X2 ) is given by the equation:

Y = 2.49 X
x
+ 3.57 X2

- 0.264

The multiple correlation coefficient is 0.84 and the regression has an F
value of 39.4 with 2 and 34 degrees of freedom which is significant at P
= <0.1%.

Averaging the maximum and minimum estimates, the annual

meteorologic inputs in the Sunken Forest ecosystem are: 14.15 g sodi-

um/m 2
; 1.96 g magnesium/m 2

; 0.98 g calcium/m2
; and 0.73 g potassi-

um/m2 (Table 25). The sodium input far exceeds the amount of sodium

in the primary production. While the magnesium input is about equal to

that in the primary production, the potassium and calcium inputs are

only 1/7 and 1/5 of the amounts contained in the production. Therefore

most of the potassium and calcium presently taken up by the vegetation

must have been accumulated by the ecosystem in previous years and re-

peatedly circulated in the intrasystem cycles.

Table 26. Cation concentrations 3 and ratios in the nutrient cycle of the Sunken

Forest ecosystem.

K Na Ca Mg
(mg/1) (mg/1) (mg/1) (mg/1) K/Na Ca/Na Mg/Na

Sea water 387 10,769 408 1297 0.0363 0.0381 0.119

Rain 0.2 3.7 0.3 0.6 0.0541 0.0811 0.162

Bulk precipitation 0.5 8.3 0.7 1.0 0.0602 0.0843 0.121

Aerosols
1

0.0435 0.0519 0.139

Average meteorologic input 0.0505 0.0693 0.139

Organic compartment 1.70 2.35 0.877

Primary production 2.76 2.66 1.01

Gross leaching 3.7 17.1 2.6 2.6 0.217 0.152 0.152

Gross throughfall 3.6 15.8 2.5 2.5 0.228 0.158 0.158

Gross stemflow 4.3 23.5 3.3 3.0 0.183 0.140 0.128

Available nutrient compartment 1.01 4.27 1.45

Ground water 1.4 27.2 3.9 4.1 0.0515 0.143 0.151

'Weighted averages
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The differences in the circulation patterns of cations within the Sun-

ken Forest are evident from the changes in cation concentrations and

ratios that occur between the ecosystem compartments (Table 26).

Although the ocean is undoubtedly the ultimate source of most cations

entering the Sunken Forest, and order of cation abundance in the

meteorologic input is the same as in sea water, the ratios of potassium,

calcium, and magnesium to sodium in all compartments of the nutrient

cycle are greater than in sea water. Compared to sea water, salt-spray

aerosols leaving the ocean surface are enriched in potassium, calcium,

and magnesium relative to sodium and chlorine (Sugawara 1965). The
alteration of ionic ratios in salt-spray formation is thought to be largely

the result of physical and chemical processes at the sea surface and in

the atmosphere (Sugawara et al. 1949; Koyama and Sugawara 1953;

Bloch et al. 1966). However, the possibility of bursting bubbles ejecting

nutrient-rich material concentrated at the sea surface must also be

taken into consideration (Goering and Menzel 1965; Garrett 1964;

Blanchard 1964).

Compared to sea water, the average meteorological input for the Sun-

ken Forest has nearly a twofold enrichment in potassium and calcium

relative to sodium. The selective biological accumulation of potassium,

calcium, and magnesium in the primary production and organic com-

partment increases the ratios of these ions to sodium far above those in

the input. The concentrations of all cations in the gross leaching are

greater in the bulk precipitation, with potassium and calcium having the

greatest enrichment. The magnesium:sodium ratios in the leaching

transfers are similar to those in the inputs since most of both the sodium

and magnesium are probably aerosols washed off the vegetative sur-

faces.

The cation ratios in the available nutrient compartment are largely

determined by strengths of cation adsorption on soil colloids. Since

sodium is weakly held on colloids, the ratios of all cations to sodium are

greater than 1 .0. In the ground water the ratios of various cations to

sodium are the lowest within the ecosystem, approaching those of the

average meteorological input.

The ground-water system represents an integration of the

biogeochemical relations and the major output pathway for the Sunken

Forest. The cation concentrations in the ground water exhibit a greater

stability between collection periods than do those in the precipitation

(Figs. 45, 47). The buffering capacity exerted by the Sunken Forest on

the ground-water concentrations is similar to those exhibited by other

systems (Bormann et al. 1969). The concentrations of sodium, calcium,

and magnesium in the ground water are higher than in the gross

leaching while those of potassium are lower, suggesting a differential up-
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take of potassium by the vegetation (Table 26). The cation concentra-

tions of the ground water sampled approximate those of the geologic

output, but since the depth of the sample well was barely below the

rooting depth of the dominant vegetation, ground-water samples from

deeper depths might show a somewhat different chemistry.

Although outputs from the Sunken Forest ecosystem were not mea-

sured, an indication of the retention of various cations in the system can

be gained from their relative residence times. The relative residence

time indicates the comparative speed at which an element is circulating

through the ecosystem; the lower the residence time, the faster the ele-

ment is circulated out of the system. The relative residence time is cal-

culated by dividing the amounts of relatively available cations in the

ecosystem (organic and available nutrient compartments) by the

average meteorologic inputs, under the assumption that the system is

approaching a steady state (Tables 22, 25).

The relative residence times (in years) are: sodium 2.0; magnesium

14.8; potassium 60.5; and calcium 81.9. Sodium, a nonessential plant

nutrient, is transferred through the system at a much greater rate than

the other cations. The relative retention of magnesium in the system is

greater than sodium but not as great as potassium and calcium which

are held tightly in the living biomass and available nutrient compart-

ments.
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General Summary

and Conclusions

The nutrient cycling model suggested that in some ecosystems the

sole source of nutrients might be in the form of meteorologic inputs

(Fig. 42). A basic question raised by this possibility is: How do the

structure and function of ecosystems in which meteorologic inputs are

the main nutrient source differ from those in ecosystems which have

weathering as the primary nutrient source? To answer this question, the

Sunken Forest was examined in depth to determine community pat-

terns, biomass, primary production, surface area, and nutrient relation-

ships in an ecosystem in which weathering is negligible and meteorolog-

ic inputs are the predominant source of nutrients.

The Sunken Forest is the terminal development of 200-300 years of

succession, apparently beginning on barren sand. At present, the

biomass of the Sunken Forest ecosystem is slightly greater than 17,000

g/m 2
, being fairly evenly distributed between roots, stems, and branches

plus leaves. The production of the Sunken Forest is approximately 1 100

g/m 2
, the majority of which is in leaves and twigs.

The biomass and productivity of the Sunken Forest generally fall

between those of woodlands and temperate forests (Table 16; Art and

Marks 1971 ). The distribution of biomass in the Sunken Forest is atypi-

cal in that branches and roots account for a far greater proportion of

the biomass than in other forested ecosystems. This unusual distribution

of biomass probably is the result of the restriction of vertical stem

growth by the toxic effects of salt-spray aerosols.

The development of a 17,000 g/m 2 maritime forest on Fire Island in a

200-300 year time period has not resulted from supplies of nutrients

derived from soil minerals. The capital of nutrients held in the Sunken

Forest soil mineral compartment, and in sea sands in general, is ex-

tremely low compared to other soils (Table 27). The levels of potassi-

um, sodium, and calcium in the ocean-worked sand minerals of the Sun-

ken Forest are even lower than the weathered residues of podzolic soils

or the surface layers of some red and yellow soils (Table 27). The mag-
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Table 27. Cation concentrations of some temperate region soil horizons (metal % of minerals).

Soil K Na Ca Mg

Hubbard Brook Forest - podzol - W. Thornton, N.H.

Weathered residue 2.4 1.0 0.4 0.1

Parent material 2.9 1.6 1.4 1.1

Becket sandy loam - podzol - Washington, Mass. b

0-15 cm 2.61 0.45 0.98 0.13

15-28 cm 2.47 0.35 0.39 0.11

61-91 cm 3.22 0.42 0.39 0.30

Ontario silt loam - gray-brown Podzol - Lansingville, N.Y. b

0-24 cm 1.71 0.82 0.60 0.48

61-91 cm 1.70 0.73 7.60 2.42

Grenada silt loam - red soil - Grenada Cci., Miss. b

0-15 cm 1.74 0.76 0.28 0.01

127+ cm 1.98 1.14 0.88 0.13

Carrington silt loam - prairie soil - Butler Co., Nebr. b

0-30 cm 1.70 0.86 0.74 0.46

76-122 cm 1.38 0.91 0.84 1.10

Barnes silt loam - chernozem -Moody Co ., S.D. b

0-6 cm 1.87 0.80 1.42 0.61

152-168 cm 1.48 0.74 5.86 1.66

Dark brown silt loam - Mandan, N.D. b

0-18 cm 2.27 0.85 0.86 0.49

61+ cm 2.08 0.74 5.26 1.79

Sea sands - azonalc 0.70 0.24 0.33 trace

Sunken Forest - azonal - Fire Is., N.Y. d

0-15 cm 0.14 0.13 0.19 0.09

15-30 cm 0.14 0.15 0.20 0.09

aJohnson et al. 1968
bMarbut 1935.
cClarke 1924.

dPresent study.

nesium levels, although similar to the weathered residue layer of pod-

zols, are below those of many soils.

The retention of nutrients in the soil system in the Sunken Forest is a

function of the organic matter rather than inorganic colloids. The pat-

tern of high organic matter and nutrient concentrations in the surface

layer of soil is common in a variety of maritime forests and coastal

ecosystems (Au 1969; Wright 1955, 1956; Ovington 1950). This pattern

is due to the gradual accumulation of organic colloids in relatively infer-

tile sands. This accumulation with its adsorbed cations largely deter-

mines the magnitude of the available nutrient compartment.
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Even though the soil mineral compartment of the Sunken Forest is

relatively depauperate and the available nutrient compartment is con-

centrated in the surface 15 cm of soil, the potassium, calcium, and mag-

nesium concentrations in herb shoots and tree leaves plus twigs are not

greatly different from those in other ecosystems (Table 28). As would

be expected, the sodium concentrations in the Sunken Forest plant tis-

sues far exceed those of inland ecosystems.

The amounts of cations per unit biomass in the Sunken Forest

ecosystem as a whole are distinguished from those in other temperate

forest ecosystems mainly by the greater amounts of sodium and mag-

nesium, the calcium and potassium concentrations being similar (Table

29). The primary production of the Sunken Forest contains slightly less

calcium, about the same amounts of potassium and magnesium, and

vastly greater amounts of sodium than in other forested ecosystems

reviewed by Ovington ( 1965).

Table 28. Comparisons of cation concentration in the current growth and shoots of plants from

Fire Island and other ecosystems (% of oven dry weight).

K Na Ca Mg

Aralis nudicaulis (Fire I.) 1.62 0.1618 0.87 0.41

Aralia nudicaulis (Wise.)3 2.25 0.0029 0.97 0.34

Aralia nudicaulis (N.H.)d 1.71 0.0021 0.80 0.28

Aralia nudicaulis (Conn.)e 1.99 0.04 0.90 0.46

Dyropteris spinulosa (Fire I.) 1.65 0.2217 0.30 0.49

Dryopteris spinulosa (N.H.)d 2.58 0.0016 0.37 0.43

Dryopteris spinulosa (Conn.)e 2.15 0.06 1.03 0.68

Ilex opaca (leaves—Fire I.) 1.03 0.2589 0.63 0.31

Ilex opaca (leaves—Ky.)
b 0.91 0.02 1.07 0.44

Maianthemum canadense (Fire I.) 2.52 0.1743 0.80 0.35

Maianthemum canadense (N.H.)d 4.99 0.0011 0.86 0.30

Maianthemum canadense (Conn.)e 1.23 0.05 1.07 0.49

Prunus serotina (Fire I.) 0.99 0.1833 1.21 0.43

Prunus serotina (leaves)
'

0.55 2.37 0.42

Prunus serotina (Wise.)3 1.57 0.0023 1.16 0.40

Pteridum aquilinum (Fire I.) 2.45 0.1181 0.19 0.19

Pteridium aquilinum (Wise.)3 2.31 0.0030 0.31 0.22

Trientalis borealis (Fire I.) 1.21 0.2522 0.63 0.34

Trientalis borealis (N.H.)d 3.03 0.0013 1.16 0.44

aGerloff et al. 1964
bMcHargue and Roy 1932.
cLutz and Chandler 1946.

dLikens and Bormann 1970.
eScott 1955.
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The movement of cations to the forest floor in litter fall and gross

leaching (gross throughfall and gross stemflow, which includes aerosols

plus rainout) in the Sunken Forest is generally greater than in other

temperate forest ecosystems (Table 30). On coasts with predominantly

onshore winds, the amounts of cations in the gross leaching in tem-

perate, forested ecosystems appear to generally decrease with increasing

distance from the ocean. This trend is most apparent for sodium and

magnesium, the two cations most abundant in salt-spray aerosols.

The "tightness" of nutrient cycling within ecosystems theoretically in-

creases through succession (Odum 1969). In the Sunken Forest the en-

trapment of airborne nutrients is dependent upon the profuse develop-

ment of finely divided vegetative surfaces. The retention of nutrients

within the ecosystem is dependent upon the accumulation of living

biomass and soil organic matter. Undoubtedly, nutrient inputs, accumu-
lation and retention within the Sunken Forest all increase as the

ecosystem develops toward a steady-state condition of maximal

biomass.

The amounts of cations circulating in the gross throughfall and litter

fall in the tropical rain forest are greater than in any of the temperate

forests in Table 30. The intrasystem nutrient cycling patterns of moist

tropical forests and the Sunken Forest may be similar since both have

low soil mineral nutrient levels and large proportions of cations in the

living biomass. Both ecosystems are dependent upon the rapid circula-

tion of nutrients within the organic and available nutrient compartments

although the soil organic matter is greater in the maritime forest system

(7%) than in the tropical rain forest (2-3%) (Langdale-Brown 1968;

Richards 1964).

There are two major sources of nutrients for terrestrial ecosystems,

inputs from outside the system and weathering of soil minerals within

the system (Bormann and Likens 1967). In the Sunken Forest the

weathering source is extremely small and is completely overshadowed

by the meteorologic input. In contrast, the major source of nutrients in

inland, forested ecosystems is usually the weathering of soil minerals

(Table 31). While the weathering for the Sunken Forest and Hubbard

Brook Forest systems were calculated from cation concentrations of

minerals at different levels in soil profiles, the weathering for the Brook-

haven Forest and the Cedar River Forest in Table 3 1 were estimated

from the relationship equating inputs plus weathering to outputs plus

immobilization in the living biomass. The major error associated with

the latter means of estimation is the difficulty in assessing the net annual

immobilization of nutrients by the living biomass.

Even though they are entirely of meteorologic origin, the total annual

sources of cations for the Sunken Forest are in amounts exceeding or

equal to those in the Hubbard Brook Forest, a mature maple-beech-
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birch stand growing on a podzol soil in central New Hampshire. Allow-

ing for errors in the estimation of weathering in the Brookhaven and

Cedar River forests, the total annual sources of cations for the Sunken
Forest appear to be surprisingly close to those of a variety of other

ecosystems.

The magnitude of the meteorologic input of cations is largely a func-

tion of the weather patterns combined with the distance of the

ecosystem from the ocean or terrestrial sources of pedogenic particles

(Tamm 1958). The weathering transfers are largely dependent upon
parent material, vegetation, climate, history, and other factors within

the ecosystem. The meteorologic inputs into the four ecosystems in

Table 31 decrease with increasing distance from the ocean. However,

the Brookhaven, Hubbard Brook, and Cedar River forests, in contrast to

the Sunken Forest, are not entirely dependent upon the meteorologic

inputs as the sole nutrient source due to the nature of their soil mineral

compartments.

The Sunken Forest is at the positive end of a gradient of meteorologic

inputs. The deficiencies in the soil mineral compartment tend to be

compensated for by the cation-rich aerial environment. In the Sunken

Forest, as in other coastal areas, the losses of cations from the soil by

leaching appear to be balanced by meteorologic inputs (Etherington

1967). The effectiveness of the meteorologic inputs is determined by

the buildup of organic matter capable of retaining and differentially in-

creasing available amounts of nutritionally important elements.

Ecosystems with heavily weathered or nutrient-deficient soils as well

as ecosystems with no soil mineral compartment (raised bogs and

epiphytic systems) are dependent upon meteorologic inputs of one or

more nutrient elements (Tamm 1958; Gorham and Cragg 1960; Whit-

taker 1970). The development inland of these ecosystems, with low

meteorologic inputs coupled with nutrient-deficient soil mineral com-

partments, may be an extremely slow process. For example, the

development of fresh-water dune ecosystems with sand similar to that of

Fire Island may take thousands of years to reach the forest stage

(Cowles 1899; Olson 1958c). In contrast, the accumulation of organic

matter in the soil and the development of maritime forest ecosystems in

protected coastal areas appears to be a relatively rapid process

(Salisbury 1925, 1952; Wilson 1960).

The importance of meteorologic inputs in biogeochemical cycling is

not limited to either coastal areas or sites with nutrient-deficient soils.

The global circulation of the chloride ion is largely dependent upon

meteorologic pathways and the impaction of aerosols on vegetative sur-

faces (Conway 1942; Eriksson 1955; Juang and Johnson 1967).

Similarly, the incorporation of both radioactive fallout and airborne in-
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dustrial pollutants in terrestrial ecosystems is by processes identical to

the meteorologic input of nutrients (Romney et al. 1963; Gorham
1958). Clearly, an understanding of the relationships between

meteorologic inputs and the functioning of ecosystems is vital for man's

survival in an increasingly polluted biosphere.
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APPENDIX I

DUNE-SWALE AND SUNKEN FOREST VEGETATIONAL
ANALYSIS METHODS AND DATA

The Dune and Swale Community. Three random points were selected on the crest

of the primary dune. Transect A passed through a point 8.6 m east of telephone pole

#373, transect B passed through a point 7.2 m east of telephone pole #377, and transect

C passed through a point 15.8m east of telephone pole #374.

The Sunken Forest Community. A sampling grid consisting of 1/12 inch squares

was laid on top of the aerial photograph of the Sunken Forest area (Fig. 15). The left-

hand edge of the grid was positioned 1.5 mm from the east side of the Hopkins House

(only structure visible in the northwest corner of the aerial photograph) and the top edge

of the grid was on a line extending 2 mm from the north side of the house. From the

grid of 24 rows and 57 columns, covering the forest, 35 locations were randomly

selected for the analysis of the forest vegetation (Table A-l). The area of the 1/12-inch

grid square was equivalent to 103.1 m 2 of actual land surface, while the actual plot

laid out in the forest measured 10 x 10 m.

During the course of the vegetational analysis, plots 3, 10, and 14 were found to

have been improperly located so that their locations have been corrected in the listing

of Table A-l. Plot #11 was measured, but excluded from the forest data because the

plot contained no trees, was located outside of the forest community, and would not

have been selected in that location if the aerial photograph had been taken when the

trees had leafed out rather than in March.

The plots were laid out so that one axis was on a north-south compass line and the

other two on a east-west line. The southeast corner of the plot was labeled as Corner 1,

while the northeast, northwest, and southwest corners were labeled Corners 2, 3, and

4, respectively (Fig. A-l).
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Table A-l. Vegetational analysis—forest plot information

Grid Location Shrub quarter

Plot# Canopy % Slope °Aspect Drainage row col. plot

1 55 _ _ 15 29 2

2 85 14 35 5% bog 15 41 4

3 80 17 50 19 6.5 1

4 90 21 111 14 38 1

5 80 17 37 near bog 13 47 4

6 30 10 100 13 33 1

7 80 6 12 19 32 3

8 80 30 49 17 48 3

9 75 — — 17 51 2

10 80 6 52 12 36.5 4

12 80 21 211 12 49 4

13 90 — — 10% bog 10 45 2

14 25 4 29 8 48.5 1

15 10 — — 7 44 1

16 80 6 18 10 54 3

17 85 — — 3% bog 9 54 2

18 90 6 39 near bog 19 55 2

19 80 21 51 20 13 4

20 90 5 25 15% bog 18 16 4

21 55 4 25 near bog 17 14 3

22 75 6 239 17 19 4

23 90 4 16 17 9 4

24 85 15 50 16 6 3

25 80 21 44 13 5 3

26 55 9 241 15 7 2

27 45 — — 14 11 1

28 45 — — 6 2 3

29 15 4 5 1 1 2

30 80 2 165 9 13 2

31 30 6 39 2 21 3

32 4 — — 5 24 1

33 99 — — 100% bog 10 22 1

34 75 4 200 12 30 2

35 85 12 43 8 35 1
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Fig. A-l. Vegetation sampling methods.
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Sunken Forest Herbaceous Layer

per cent cover

Plot# 123456789 10

Acs 5.00 * 0.25 3.50

An 26.25 5.00 15.25 5.75 1.25 6.25 27.50

Bh

Cse

Dys

Gp
Gb
Huv

Ig

Io 20.00

Mc 17.50 0.50 1.25 4.50 2.25 2.00 2.50

Mp
Ns 12.50 2.25 2.75 *

Or

Pq 2.00 3.75 3.75 9.25 0.50 2.00 7.00 2.25 2.25

Pc

Ppu

Ps * 1.00 * * 1.50

Paq 5.50

Pya

Qv
Rv 1.00

Rco 1.50 1.25 1.50

Rr 5.50 0.25 2.50 11.00 8.00 2.50 0.75

Ror 1.00 1.50

R
Sas 0.75 5.75 5.75 2.00 0.25 2.00 0.75 1.25 1.75

Sst 0.25 0.75 0.50 0.25 2.75 1.00 13.00 2.75

Sse

Tc

Tb

Vc 0.25 20.00 0.50 0.5

Vm 18.75

V
Xe

Total 9.50 61.75 39.50 32.25 25.50 15.00 45.50 27.25 17.50 50.00

Stems/m 2

Sq 0.5 0.50

Sr 11.75 0.25 1.25 8.75 8.00 6.25 4.50 4.00 5.00 3.00
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Sunken Forest Herbaceous Layer

per cent cover

Plot# 12 13 14 15 16 17 18 19 20

Acs 0.50 0.25 1.50 0.75

An 37.50 1.50 13.75 3.75 28.25 7.50

Bh 3.50

Cse

Dys 0.50

Gp
Gb 6.00 17.50 8.75

Huv 1.50

Ig 0.25 0.25 1.00 18.00

Io

Mc 0.75 0.50 0.50 2.25

Mp 0.50 0.50

Ns 1.75 0.25 0.25 4.50

Or 3.75

Pq 1.25 0.25 0.50 5.75 1.00 1.50 0.75 *

Pc

Ppu 0.75

Ps *

Paq 1.50 1.00

Pya 0.50 1.00 6.25 1.25 2.25

Qv
Rv 1.50

Rco 3.00

Rr 1.75 7.50 41.25 25.25 28.00 13.75 4.25 5.75 1.50

Ror

R 0.25

Sas 1.50 1.50 3.00 1.50

Sst 0.25 2.00 0.75

Sse 3.75

Tc

Tb 1.50 1.50

Vc 7.50 3.00 0.25 5.50 1.75

Vm
V
Xe

Total 56.25 22.00 66.50 40.75 55.75 38.50 42.50 19.75 32.75

Stems/m 2

Sq 0.50 0.25 0.50

Sr 1.25 1.50 1.25 3.75 1.75 7.75 0.25 0.50
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iSunken Forest Herbaceous Layer

per cent cover

Plot# 21 22 23 24 25 26 27 28 29 30

Acs 1.00 2.00 3.75 * 1.50 1.00

An 1.00 1.00 9.75 3.00 9.00

Bh 1.75

Cse 0.25

Dys

Gp
Gb

0.50

0.75 38.25 2.00 15.50 8.00 23.75 23.75

Hyv
Ig 23.75 0.50

Io

Mc
Mp
Ns 0.50 3.00

Or

Pq 1.00 2.00 7.25 1.50 12.50 5.50 4.75 4.50 4.50

Pc 6.25

Ppu

Ps * 1.25

Paq 5.75 3.75 0.75 3.75 1.25

Pya 0.75 2.75 0.50

Qv
Rv

Rco 6.25 1.25 2.50

Rr 20.75 6.00 6.25 2.25 41.75 1.75 21.25 7.25 21.75 4.75

Ror 1.00 3.75 23.75

R
Sas 0.50 1.50 1.00 0.50 1.00 1.75 1.50 3.00 0.75

Sst 0.75 0.25 1.25 0.50 * 8.25

Sse 0.75

Tc 3.00

Tb 3.00 0.50 2.00

Vc 28.50 0.50 3.75 0.25 0.25 7.50 0.75

Vm 18.75

V
Xe 5.00

Total 64.00 44.50 59.75 19.50 75.25 18.00 57.00 78.75 57.25 39.00

Stems/m 2

Sq 0.75 0.50 0.50 0.75 0.25 0.50

Sr 0.50 3.25 3.50 3.00 3.75 1.25 3.00 2.25
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Sunken Forest Herbaceous Layer

per cent cover

Plot# 31 32 33 34 35

Acs 0.50 1.00

An 48.75 30.00

Bh

Cse

Dys

Gp
Gb 1.50

Hyv

Ig

Io *

Mc 6.50 1.75

Mp
Ns

Or 1.00

Pq 5.50 6.00 7.50 8.75 10.50

Pc

Ppu

Ps *

Paq 5.25

Pya 0.75 0.50

Qv 0.25

Rv 4.00

Rco 1.00 28.00

Rr 7.00 19.00 8.50 17.50

Ror 19.50 1.50 0.50

R
Sas 0.75 3.50 1.00 2.50

Sst 5.00 4.25

Sse

Tc

Tb 0.50

Vc 0.25 2.00

Vm
V
Se

Total 36.75 63.25 24.75 70.75

Stems/m 2

67.00

Sq 0.25

Sr 4.25 1.50 2.25 3.75
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Species List Sunken Forest Area and Key

Ar Acer rubrum Hp Hibiscus palustris

Am Achillea millefolium Hve Hieracium venosum
Ac Acnida cannabina Ht Hudsonia tomentosa
Aaa Agrostis alba Hyv Hypericum virginicum
Aal Amaranthus albus Ig

Io

Ilex glabra

I. opacaAcs Amelanchier canadensis

Ab Ammophila breviligulata If Iva frutescens var. oraira

An Aralia nudicaulis Jv Juniperus virginiana

Au Arctostaphylos uva-ursi Lc Lactuca canadensis
Ape Arenaria peploides Laj Lathyrus japonicus var. glaber
Aca Artemisia caudata Lm Lechea maritima
As A. stelleriana Loj Lonicera japonica
Ast Aster novo-belgii Mc Maianthemum canadense
Apa Atriplex patula var. hastata Ml Melanpyrum lineare

Bh Baccharis halimifolia Mu Monotropa uniflora

Bv Berberis vulgaris Mg Myrica gale

Ce Cakile edentula Mp M. pensylvanica

Cp Carex pensylvanica Ns Nyssa sylvatica

Cs C. silicea Op Oenothera parviflora

Co Celastrus orbiculatus Oc Osmunda cinnamomea

Csc C. scandens Or 0. regalis

Cal Chenopodium album P Panicum spp.

Cm Chimaphila maculata Pam P. amarum

Ch Cirsium horridulum Pau P. auburne

Caf Clethera alnifolia Pv P. virgatum

Cse Convolvus sepium Pq Parthenccissus quinquefolia

Cc Cuscuta compacta Pc Phragmities communis

Ce Cyperus erythrorhizos Pam Phytolacca americana

Cr C. rotundus Pbk Pinus banksiana

Cst C. strigosus Pr P. rigida

Cac Cypripedium acaule Pt P. thunbergii

Ds Distichlis spicata PI Plantago lanceolata

Dr Drosera rotundifolia Ppv Pluchea purpurascens var.

Dys Dryopteris spinulosa succulenta

Dt D. thelypteris Pb Polygonatum biflorum

Ea Eleocharis acicularis Par Polygonella articulata

Es Eragrostis spectabilis Poc Polygonum convolvulus

Ep Euphorbia polygonifolia Ppu P. punctatum

G Gallium sp. Pm Prunus maritima

Gp Gaultheria procumbens Ps P. serotina

Bg Gaylussacia baccata Paq Pteridium aquillinum

Gr Geranium robertianum Pya Pyrus arbutifolia
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Qc Quercus coccinea Sam Scirpus americanus

Qr Q. rubra Sme Sesuvium maritumum

Qs Q. stellata Sst Smilacina stellata

Qv Q. velutina Sg Smilax glauca

Rvi Rhododendron viscosum Sr S. rotundifolia

Rco Rhus copallina So Solidago odora

Rr R. radicons Sse S. sempervirens

Rvx R. vernix Spa Spartina alterniflora

Rcy Ribies cynosbati Spp S. patens

Rca Rosa Carolina Sum Suaeda maritima

Ror R. rugosa Te Teucrium canadense

R Rubus allegheniensis Tb Trientalis borealis

Rh R. hispidus Ta Typhae angustifolia

Ra Rumex acetosella Va Vaccinium atrococcum

Rcr R. crispus Vc V. corymbosum

Se Salicbrnia europea Vm V. macrocarpon

Ska Salsola kali Vb Viburnum dentatum

Skt S. kali var. tenuifolia V Vitis sp.

Sc Sambucus canadensis Xe Xanthium echinatum

Sas Sassafras albidum

Nomenclature follows Fernald, M. L. 1950. Gray's Manual of Botany, eighth edition.
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Appendix 193

Cation Concentrations in Herbaceous Layer Plant Tissues

(Expressed as percent of tissue dry weight)

K Na Ca Mg

SHOOTS
Aralia nudicaulis 1.6187 0.1618 0.8739 0.4121

Celastrus scandens 1.9545 0.2078 0.3854 0.2656

Dryopteris spinulosa 1.6481 0.2217 0.2973 0.4889

Maianthemum canadense 2.5171 0.1743 0.7969 0.3471

Parthenocissus quinquefolia 1.1537 0.1839 1.0443 0.3033

Pteridium aquilinum 2.4477 0.1181 0.1882 0.1917

Pyrus arbutifolia 1.5055 0.2238 0.9211 0.3169

Rhus radicans 0.6651 0.1295 0.5906 0.2630

Smilacina stellata 2.7916 0.1410 0.7128 0.2841

ROOTS
Aralia nudicaulis 0.5954 0.1686 1.3961 0.2952

Celestrus scandens 0.7623 0.1818 0.3735 0.2744

Dryopteris spinulosa 0.2768 0.0830 0.5864 0.3528

Maianthemum canadense 0.8621 0.1529 0.1464 0.1195

Parthenosiccus quinquefolia 0.5083 0.1415 1.1563 0.2292

Pteridium aquilinum 0.2890 0.0504 0.0881 0.1616

Pyrus arbutifolia 0.4251 0.0985 0.2686 0.1035

Rhus radicans 0.2612 0.0628 0.7080 0.1745

Smilacina stellata 0.9269 0.1378 0.1140 0.0738

WHOLE PLANTS
Amelanchier canadensis 0.7612 0.0951 0.4307 0.0986

Geranium robertianum 1.9230 0.4790 2.2874 0.4385

Ilex opaca 1.1086 0.5448 0.4062 0.5102

Prunus serotina 0.6885 0.1407 0.4252 0.2126

Sassafras albidum 1.4607 0.1209 0.0527 0.1290

Trientalis borealis 1.2108 0.2522 0.6329 0.3394

Viburnum dentatum 1.5600 0.0421 0.9872 0.1778

Smilax rotundifolia stems 0.9165 0.0502 0.1773 0.0645

Smilax rotundifolia leaves 0.8532 0.1129 0.1621 0.2760
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Sunken Forest Soil Analysis

(mean ± S.E.)

0-15 cm 15-30 cm
layer layer

Physical properties

Texture (International System, with organic matter)

Sand (%) 93.3 ± 0.3 95.4 ±0.3

Silt (%) 3.0 ± 0.4 0.6 ±0.1

Clay (%) 3.7 ± 0.2 4.0 ±0.2

Bulk density (g/cm 3
) 0.71 ± 0.09 1.46 ±0.15

Loss on ignition (%) 7.1 ± 0.7 0.38 ±0.07

Soil Weight (kg/ 1.525 x 105cm 3
)

Organic matter 7.7 0.8

Soil minerals 100.5 221.7

TOTAL 108.2 222.5

Chemical properties

pH 4.16 ± 0.09 4.10 ±0.04

Cation exchange capacity (me/ 100 g soil) 10.2 ± 1.5 0.7 ±0.1

Cation exchange capacity of organic free samples) 015+001 15 +0 01
(me/100 g soil)

. — . -

Exchangeable cations (mg/1000 kg soil)

K 59 ± 9 2.3 ±0.3

Na 54 ± 6 3.9 ±0.3

Ca 255 ±55 4.8 ±0.9

Mg 86 ±13 1.8 ±0.3

Soil minerals (metal % of mineral weight)

K 0.143± 0.007 0.144±0.005

Na 0.134± 0.004 0.149±0.004

Ca 0.189± 0.013 0.198±0.010

Mg 0.087± 0.002 0.090±0.007
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Collection Period Chronology

Collection Beginning date Ending date Number

period (noon) (noon) of days

4 6, Oct. 1968 13, Oct. 1968 7

5 13, Oct. 1968 27, Oct. 1968 14

6 27, Oct. 1968 3, Nov. 1968 7

7 3, Nov. 1968 16, Nov. 1968 13

8 16, Nov. 1968 23, Nov. 1968 7

9 23, Nov. 1968 2, Dec. 1968 9

10 2, Dec. 1968 7, Dec. 1968 5

11 7, Dec. 1968 21, Dec. 1968 14

12 21, Dec. 1968 4, Jan. 1969 14

13 4, Jan. 1969 11, Jan. 1969 7

14 11, Jan. 1969 25, Jan. 1969 14

15 25, Jan. 1969 1, Feb. 1969 7

16 1, Feb. 1969 13, Feb. 1969 12

17 13, Feb. 1969 20, Feb. 1969 7

18 20, Feb. 1969 27, Feb. 1969 7

19 27, Feb. 1969 5, Mar. 1969 6

20 5, Mar. 1969 12, Mar. 1969 7

21 12, Mar. 1969 27, Mar. 1969 15

22 27, Mar. 1969 2, Apr. 1969 6

23 2, Apr. 1969 12, Apr. 1969 10

24 12, Apr. 1969 19, Apr. 1969 7

25 19, Apr. 1969 26, Apr. 1969 7

26 26, Apr. 1969 10, May 1969 14

27 10, May 1969 24, May 1969 14

28 24, May 1969 8, June 1969 14

29 8, June 1969 18, June 1969 10

30 18, June 1969 25, June 1969 7

31 25, June 1969 6, July 1969 11

32 6, July 1969 16, July 1969 10

33 16, July 1969 24, July 1969 8

34 24, July 1969 31, July 1969 7

35 31, July 1969 6, Aug. 1969 7

36 6, Aug. 1969 13, Aug. 1969 7

37 13, Aug. 1969 27, Aug. 1969 14

38 27, Aug. 1969 8, Sept. 1969 12

39 8, Sept. 1969 25, Sept. 1969 17

40 25, Sept. 1969 2, Oct. 1969 7



Wind Speed - Knots

Appendix 197

Collection

Period N NE E SE S sw N NW

4 6.0 5.2 5.2 6.4 8.5

5 8.8 3.5 14.3 10.0 4.3 5.7 5.5 11.8

6 8.5 4.0 4.3 6.3 8.1 7.4

7 8.6 8.8 14.6 12.9 10.0 21.2 24.5 12.9

8 11.3 12.0 15.8 13.5 13.5 20.0 20.1 16.2

9 11.0 9.1 9.0 7.0 13.1 14.9 13.4 14.4

10 22.5 25.0 11.8 10.5 17.9

11 14.9 6.5 7.0 8.0 5.0 12.13 13.6 14.9

12 12.2 5.0 5.9 10.0 6.0 18.0 15.2 17.8

13 6.4 4.7 6.0 10.0 7.5 10.0 7.7 17.3

14 7.1 7.6 8.6 4.5 6.3 7.8 8.4 7.5

15 10.9 9.0 5.0 8.0 5.8 7.3 8.5 12.1

16 15.6 13.6 8.9 8.2 5.3 10.0 8.8 22.7

17 12.6 14.4 15.0 8.0 8.0 8.3

18 13.7 15.2 7.4 11.0

19 14.4 21.5 12.6 9.0

20 13.7 14.3 9.5 5.7 10.3 12.4

21 10.6 5.5 13.9 15.8 12.7 10.8 11.8 10.3

22 10.4 7.0 12.0 16.2 11.6 12.1

23 11.5 11.4 7.5 6.0 8.3 14.8 6.3 7.0

24 18.0 7.5 10.4 6.6 7.0

25 10.0 18.0 16.5 13.0 12.0 9.1 6.9

26 6.6 8.2 6.3 6.2 8.1 14.7 10.5 8.2

27 6.0 10.8 7.5 9.7 10.1 10.2 6.1 5.8

28 4.9 5.8 7.2 5.8 5.0 9.0 6.9 7.9

29 8.0 7.8 7.5 6.0 4.9 7.6 6.2

30 10.0 8.4 8.7 7.6 5.2 7.5 7.0

31 5.0 5.4 4.5 5.0 6.1 7.1 5.1 4.3

32 5.8 4.7 6.6 5.8 5.7 4.3 7.9 4.0

33 3.0 3.0 8.6 6.4 4.0 8.0 7.5 4.0

34 6.5 7.0 6.3 4.5 6.0 6.8 5.3

35 4.0 4.0 5.0 7.4 5.4 4.5

36 4.2 5.0 5.0 7.0 7.4 4.0

37 5.4 6.4 12.0 6.0 5.0 5.8 6.0 6.0

38 4.5 4.7 5.6 6.4 5.7 4.3 5.3

39 8.2 9.1 8.2 6.8 4.5 8.6 5.3 5.8

40 4.3 3.7 4.0 5.5 4.0 10.7 6.8 4.7

1 knot = 1.852 km/hr
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Wind Direction

(percent of time wind is from particular direction)

Collection

Period N NE E SE S SW W NW

4 9.5 19.0 28.6 19.0 23.8

5 23.8 2.4 3.6 7.1 11.9 21.4 17.9 11.9

6 23.8 2.4 7.1 7.1 26.2 13.3

7 18.0 15.4 32.0 9.0 1.3 6.4 2.6 15.4

8 7.1 2.4 14.3 9.5 4.8 2.4 19.0 40.5

9 18.9 13.2 3.8 3.8 13.2 22.6 9.4 15.0

10 13.3 3.3 13.3 13.3 56.6

11 33.7 2.4 8.4 2.4 1.2 9.6 8.4 33.7

12 30.8 3.6 11.8 2.4 3.6 4.8 8.3 34.5

13 23.8 7.1 2.4 2.4 4.8 2.4 7.1 50.0

14 27.4 11.9 25.0 2.4 7.1 4.8 6.0 15.5

15 26.2 7.1 11.9 11.9 14.3 7.1 4.8 16.7

16 20.8 16.7 11.1 8.3 4.1 1.4 12.5 25.0

17 42.9 40.5 4.8 2.4 2.3 7.1

18 31.0 35.7 28.6 4.8

19 36.1 38.9 22.2 2.8

20 50.0 7.1 4.8 7.1 7.1 23.8

21 22.2 2.2 10.0 5.6 13.3 6.7 20.0 20.0

22 22.2 2.8 5.6 36.1 13.9 19.4

23 6.7 16.7 3.3 6.7 15.0 30.0 15.0 6.7

24 2.4 9.5 59.5 26.2 2.4

25 7.1 9.5 4.8 23.8 16.7 21.4 16.7

26 6.0 7.1 8.3 4.8 19.0 27.4 22.6 4.8

27 1.2 7.1 7.1 7.1 17.9 41.7 13.1 4.8

28 8.9 4.4 5.6 8.9 14.4 23.3 26.7 7.8

29 1.7 10.2 3.4 1.7 18.6 44.1 20.3

30 2.4 16.7 16.7 11.9 31.0 9.5 11.9

31 16.7 7.6 6.0 4.6 10.6 34.8 15.2 4.6

32 8.3 11.7 8.3 6.7 31.7 15.0 16.7 1.7

33 2.1 4.2 35.4 22.9 4.2 2.1 27.1 2.1

34 4.8 2.4 7.1 9.5 45.2 21.4 9.5

35 5.6 5.6 8.3 61.1 13.9 5.6

36 19.0 2.4 4.8 26.2 45.2 2.4

37 6.0 14.3 1.2 10.7 6.0 19.0 31.0 11.9

38 2.8 9.7 22.2 15.3 20.8 20.8 8.3

39 3.9 14.7 19.6 7.8 5.9 15.7 19.6 12.8

40 26.2 16.7 4.8 4.8 11.9 7.1 11.9 16.7
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Wind Speeds - Knots

(period of active precipitation)

Collection

period N NE E SE S SW W NW

4 13.5

5 10.0 8.3

6 4.5 4.0

7 19.0 25.6 34.0 40.0

8 15.0 20.0 15.0 13.5 14.0

9 5.0 21.5 22.0

10 23.7 25.0 18.0 27.0

11 19.5 5.0 6.0 7.0

12 5.0 4.5 6.5 10.0 6.0 17.5 14.2 4.0

13 5.0 7.5 10.0 7.5 10.0

14 9.0 8.0 7.8 6.8 8.3 10.0 5.0

15 7.0 7.3 5.4 7.3 8.5

16 35.0 33.3

17 15.5

18 15.7 17.3 9.5

19 31.3 20.0

20 16.5 9.0

21 13.7 14.3 19.4 9.5 10.0

22 14.5 20.0 11.0

23 9.5 15.4 7.5 9.0

24 18.0 13.5 7.0

25 12.7

26 8.0 21.0 14.7 17.0 8.0

27 6.0 5.0 14.0 10.4 1.0 6.3

28 5.0 4.0 4.5 10.6 7.5 10.0

29 19.0 8.6 9.5

30 4.0 5.0 8.0

31 4.0

32 5.7 5.0

33 12.6 10.0

34 9.2 10.0 8.0

35 4.0 14.0 7.0 4.0

36 4.0 18.0

37 9.0 6.0 4.5 5.0 4.0

38 5.0 6.0 4.0

39 5.0 20.0 24.0 4.0 15.0

40 4.0 3.0

1 knot = 1.852 km/hr
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Wind Directidns During Periods of Active Precipitation

(percent of time wind is from particular direction)

Collection

period N NE E SE S SW W NW

4 100.0

5 25.0 75.0

6 66.7 33.3

7 14.3 64.3 14.3 7.1

8 16.7 16.7 16.7 33.3 16.7

9 20.0 40.0 40.0

10 42.9 14.3 28.6 14.3

11 50.0 12.5 25.0 12.5

12 3.9 8.0 30.4 7.7 11.5 15.4 15.7 7.8

13 25.0 25.0 12.5 25.0 12.5

14 9.5 14.3 28.6 23.8 14.3 4.8 4.8

15 7.1 21.4 35.7 21.4 14.3

16 40.0 60.0

17 100.0

18 37.5 37.5 25.0

19 85.7 14.3

20 66.7 33.3

21 21.4 21.4 35.7 14.3 7.1

22 40.0 40.0 20.0

23 18.2 45.5 18.2 18.2

24 7.7 76.9 15.4

25 100.0

26 6.7 13.3 53.3 20.0 6.7

27 5.9 5.9 11.8 52.9 5.9 17.6

28 8.3 25.0 16.7 25.0 16.7 8.3

29 12.5 62.5 25.0

30 25.0 25.0 50.0

31 100.0

32 75.0 25.0

33 62.5 37.5

34 50.0 40.0 10.0

35 20.0 20.0 40.0 20.0

36 50.0 50.0

37 16.7 16.7 33.3 16.7 16.7

38 37.5 50.0 12.5

39 16.7 16.7 16.7 33.3 16.7

40 50.0 50.0



Appendix 201

Temperature and Humidity Data

Mean Maximum Minimum Average

Collection temperature temperature temperature relative

period °F °F °F humidity

57.2 69 50 72.9

5 56.7 69 41 69.0

6 48.1 69 36 56.7

7 44.6 53 35 85.9

8 41.8 53 30 71.8

9 44.3 58 30 76.1

10 40.4 50 29 71.6

11 30.4 48 9 70.0

12 28.1 48 11 69.6

13 25.5 37 13 69.1

14 32.3 45 17 83.1

15 29.6 48 12 74.2

16 27.8 37 17 76.1

17 24.7 32 15 73.1

18 30.7 41 27 86.4

19 30.9 45 20 71.7

20 29.7 40 21 61.2

21 40.3 52 16 76.5

22 38.9 48 27 62.0

23 46.2 65 34 79.7

24 49.1 57 40 86.3

25 47.9 64 17 75.3

26 55.7 83 44 74.2

27 55.4 68 45 51.5

28 63.1 84 51 76.4

29 67.1 77 55 85.2

30 64.9 76 57 85.0

31 70.5 89 62 82.7

32 69.1 84 60 82.5

33 69.5 82 62 93.4

34 70.4 80 65 93.1

35 74.2 81 68 93.1

36 73.2 83 65 82.5

37 71.9 83 60 n

38 71.4 82 65 n

39 64.4 77 50 77.0

40 62.4 74 50 79.9

n = no data
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Wong Automatic Rain Collector - Rain

mg/m2/day

Collection Amount Particulate

period mm/day K Na Ca Mg matter

4 2.61 0.52 14.92 0.97 1.70

5 2.36 0.35 5.13 0.29 0.57 —
6 1.57 0.95 10.42 1.10 1.42 —
7 8.11 2.43 54.57 3.04 6.79 —
8 4.48 0.45 5.44 0.56 0.58 —
9 1.58 0.79 13.59 1.11 1.42 —

10 8.10 0.81 40.59 2.27 3.87 —
11 2.53 0.25 9.61 1.42 1.02 —
12 4.06 0.81 16.93 1.50 1.98 —
13 0.31 0.23 4.77 0.54 0.59 —
14 0.36 0.28 7.89 0.35 0.82 —
15 2.56 0.38 8.96 0.49 0.92 —
16 4.36 1.53 34.88 2.18 5.08 1.10

17 1.45 0.07 1.46 0.45 0.19 —
18 2.67 0.40 1.73 0.67 0.27 —
19 1.31 0.59 11.55 1.06 1.58 —
20 0.16 0.02 0.20 0.06 0.03 —
21 1.74 0.87 17.53 1.22 2.43 —
22 1.50 0.75 13.52 1.14 1.95 —
23 2.27 0.68 17.05 2.05 1.82 0.02

24 3.57 0.72 14.65 1.43 1.79 —
25 7.11 1.42 26.31 1.42 3.56 —
26 1.52 1.37 29.57 2.59 3.66 0.05

27 0.86 0.95 1.64 1.46 2.84 —
28 1.76 0.18 3.53 0.35 0.53 —
29 5.04 0.15 3.02 1.06 0.50 —
30 1.22 0.12 2.67 1.22 0.49 —
31 1.60 0.16 2.25 0.18 0.32 —
32 2.60 0.26 4.69 0.26 0.78 —
33 3.14 0.31 5.34 0.63 0.94 —
34 15.33 1.53 19.93 0.61 3.07 —
35 8.07 0.81 11.30 0.32 1.62 —
36 1.12 0.22 6.41 0.45 0.79 —
37 5.95 0.18 1.78 0.24 0.60 —
38 5.62 0.11 1.69 0.17 0.56 —
39 2.00 0.20 3.00 0.08 0.40 —
40 1.92 0.19 2.50 0.25 0.38 —



Appendix 203

Bulk Precipitation-Open Rain Collections Cation Concentrations

(mg/1)

Collection

period K Na Ca Mg

4 0.9 15.0 0.9 1.8

5 0.7 8.8 0.8 1.1

6 3.4 14.9 2.0 2.1

7 0.4 10.3 0.6 1.2

8 0.2 2.9 0.6 0.4

9 0.9 17.1 1.7 2.0

10 0.2 10.8 0.5 0.7

11 0.2 4.6 0.7 0.6

12 0.2 3.6 0.7 0.4

13 1.0 22.2 5.3 2.5

14 1.0 29.2 3.9 3.6

15 0.2 4.1 0.8 0.4

16 0.3 7.5 0.7 0.8

17 0.1 2.7 0.9 0.3

18 0.3 1.8 0.5 0.2

19 0.5 9.1 1.0 1.5

20 0.2 3.6 1.9 0.7

21 0.6 12.8 1.4 1.8

22 0.7 14.9 1.7 2.0

23 0.6 14.0 1.4 1.7

24 0.3 7.5 0.7 0.7

25 0.2 5.0 0.4 0.6

26 1.4 28.1 1.4 3.9

27 1.6 35.8 2.3 4.6

28 1.6 13.4 1.6 1.8

29 0.3 5.5 0.3 0.6

30 0.5 12.5 2.3 1.5

31 0.4 7.6 1.3 1.1

32 1.3 23.6 0.8 1.2

33 1.0 4.2 0.7 0.6

34 0.1 2.2 0.1 0.2

35 0.6 14.2 0.8 1.8

36 1.9 44.0 4.8 5.8

37 1.1 3.4 0.5 0.5

38 0.3 1.2 0.1 0.2

39 0.4 5.0 0.6 0.8

40 0.3 4.4 0.6 0.6
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Open Collectors-Bulk Precipitation

(mg cations/m 2/day)

Collection

period K Na Ca Mg

4 2.42 40.16 2.34 4.70

5 1.56 20.68 1.82 2.57

6 5.31 23.49 3.10 3.27

7 2.84 83.01 4.78 9.98

8 0.90 12.83 2.83 1.67

9 1.35 27.01 2.72 3.11

10 1.62 87.12 4.06 5.76

11 0.63 11.74 1.86 1.49

12 0.81 14.46 2.68 1.76

13 0.33 6.96 1.64 0.77

14 0.39 10.55 1.41 1.32

15 0.52 10.65 2.12 1.11

16 1.32 33.15 2.89 3.46

17 0.18 3.97 1.28 0.43

18 0.86 4.92 1.25 0.60

19 0.70 12.71 1.40 2.10

20 0.04 0.57 0.30 0.11

21 1.09 23.19 2.57 3.26

22 1.04 22.03 2.52 2.97

23 1.25 31.83 3.18 3.75

24 1.07 26.74 2.50 2.50

25 1.42 35.21 2.49 4.62

26 2.20 42.86 2.14 5.87

27 1.42 30.91 1.98 3.97

28 2.74 23.68 2.92 3.09

29 1.51 27.76 1.51 3.28

30 0.60 14.97 2.75 1.80

31 0.66 12.46 2.07 1.80

32 3.40 59.98 2.10 3.00

33 3.12 13.21 2.19 1.88

34 1.53 33.07 1.53 3.85

35 5.01 118.51 6.68 15.02

36 2.14 49.49 5.39 6.52

37 6.70 20.35 2.90 2.95

38 1.70 6.98 0.42 0.84

39 0.80 10.17 1.29 1.51

40 0.57 8.56 1.16 1.15
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Bulk Precipitation Open Collectors-Particulate Matter

(mg/m 2/day)

Collection Particulate

period matter K Na Ca Mg

4 0.00 0.000 0.000 0.000 0.000

5 1.18 0.008 0.006 0.035 0.017

6 2.73 0.024 0.013 0.041 0.013

7 19.70 0.010 0.005 0.027 0v013

8 19.66 0.013 0.011 0.110 0.015

9 0.33 0.029 0.011 0.006 0.005

10 17.00 0.015 0.018 0.006 0.012

11 0.66 0.004 0.004 0.002 0.004

12 8.30 0.012 0.008 0.023 0.009

13 0.20 0.004 0.017 0.006 0.004

14 0.33 0.004 0.009 0.003 0.005

15 0.56 0.015 0.011 0.004 0.008

16 22.93 0.014 0.006 0.008 0.041

17 0.28 0.008 0.011 0.004 0.004

18 0.74 0.004 0.008 0.004 0.004

19 13.03 0.010 0.010 0.005 0.010

20 0.67 0.006 0.006 0.004 0.004

21 0.66 0.010 0.006 0.000 0.008

22 0.60 0.015 0.017 0.002 0.010

23 15.97 0.012 0.009 0.002 0.007

24 0.69 0.008 0.011 0.001 0.006

25 8.42 0.013 0.008 0.001 0.011

26 13.04 0.019 0.009 0.011 0.015

27 3.10 0.006 0.006 0.003 0.006

28 12.65 0.036 0.012 0.006 0.019

29 1.37 0.013 0.009 0.001 0.004

30 0.31 0.008 0.017 0.004 0.004

31 0.62 0.011 0.008 0.000 0.005

32 0.48 0.006 0.006 0.002 0.003

33 0.56 0.007 0.007 0.003 0.003

34 0.88 0.011 0.011 0.004 0.004

35 3.59 0.004 0.013 0.004 0.008

36 0.03 0.013 0.035 0.013 0.008

37 4.61 0.053 0.009 0.099 0.046

38 2.25 0.047 0.019 0.037 0.043

39 0.29 0.017 0.008 0.009 0.007

40 0.34 0.008 0.008 0.004 0.004
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Litter Fall in Sunken Forest Ecosystem Analysis Plot

(from through-fall collectors)

Collection Dry weight K Na Ca Mg
period g/m2/day mg/m2/day mg/m2/day mg/m 2/day mg/m2/day

4 0.558 0.118 0.069 0.409 0.143

5 2.828 0.522 0.490 3.821 0.919

6 0.705 0.038 0.031 1.009 0.196

7 2.484 0.393 0.164 2.323 0.454

8 0.132 0.009 0.008 0.104 0.014

9 0.376 0.068 0.034 0.204 0.065

10 1.893 0.100 0.065 0.761 0.162

11 0.136 0.009 0.005 0.068 0.016

12 0.289 0.048 0.030 0.183 0.087

13 0.034 0.005 0.008 0.018 0.010

14 0.040 0.052 0.012 0.030 0.012

15 0.027 0.004 0.005 0.006 0.005

16 1.176 0.229 0.174 1.415 0.414

17 0.236 0.116 0.045 0.480 0.144

18 0.023 0.002 0.005 0.007 0.002

19 0.163 0.033 0.027 0.122 0.062

20 0.284 0.066 0.054 0.366 0.114

21 0.233 0.084 0.037 0.261 0.081

22 0.157 0.019 0.024 0.097 0.045

23 0.326 0.065 0.058 0.379 0.095

24 0.544 0.182 0.151 0.812 0.205

25 0.405 0.045 0.062 0.712 0.177

26 2.080 0.244 0.456 3.439 0.892

27 1.893 0.199 0.435 3.081 0.846

28 2.596 0.113 0.338 3.633 0.908

29 1.245 0.269 0.246 2.018 0.641

30 0.590 0.228 0.178 0.743 0.241

31 0.523 0.112 0.065 0.746 0.230

32 0.321 0.064 0.047 0.709 0.100

33 0.502 0.302 0.051 0.551 0.104

34 0.514 0.169 0.046 1.812 0.140

35 0.460 0.081 0.046 0.915 0.170

36 0.301 0.053 0.031 0.412 0.097

37 0.469 0.088 0.028 0.837 0.159

38 0.425 0.047 0.015 0.457 0.078

39 0.298 0.022 0.010 0.429 0.069

40 0.355 0.028 0.028 0.550 0.074

Mean %
S.E.

19.9 24.6 18.6 19.5 17.2
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Through Fall Cation Concentrations

(mg/1)

Collection

period K Na Ca Mg

4 7.3 36.2 3.8 5.3

5 5.7 19.2 4.3 3.7

6 6.5 25.8 5.9 5.8

7 2.0 21.3 2.2 2.8

8 1.0 10.2 1.2 1.5

9 5.6 47.3 6.3 7.9

10 1.7 19.1 1.7 1.8

11 2.5 9.9 1.6 1.6

12 0.9 7.2 1.2 1.2

13 0.7 11.5 3.9 1.7

14 6.6 54.8 12.4 11.9

15 1.9 12.0 2.6 2.2

16 0.7 9.7 1.2 1.4

17 3.2 24.3 4.2 4.9

18 0.7 6.0 0.9 1.2

19 0.5 10.7 1.0 1.4

20 0.5 3.7 1.1 0.7

21 2.9 42.2 5.0 6.5

22 2.0 30.5 3.3 5.0

23 2.6 20.6 3.5 2.6

24 1.7 15.5 1.7 2.0

25 0.9 10.7 0.6 1.4

26 9.5 63.7 6.0 9.9

27 15.9 79.2 8.4 13.2

28 7.4 30.5 5.0 6.5

29 4.7 12.8 2.2 1.9

30 18.9 41.7 7.3 7.9

31 10.6 16.4 2.4 3.3

32 7.0 18.4 3.3 3.4

33 5.3 14.0 4.2 3.1

34 0.9 4.5 0.7 0.6

35 2.3 10.2 1.2 1.3

36 10.0 41.6 5.0 6.4

37 2.8 6.8 1.8 1.4

38 1.7 2.3 0.7 0.5

39 2.0 7.9 1.5 1.0

40 5.3 19.4 4.8 3.9
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Through Fall in Sunken Forest Ecosystem Analysis Plot

Collection Amount K Na Ca Mg
period mm/day mg/m2/day mg/m 2/day mg/m2/day mg/m2/day

4 1.98 14.4 71.6 7.4 10.4

5 2.09 12.0 40.0 9.0 7.6

6 1.07 7.0 27.6 6.2 6.1

7 5.57 11.3 118.7 12.1 15.5

8 3.02 3.1 20.9 3.6 4.4

9 0.84 4.7 39.8 5.2 6.6

10 6.27 10.7 119.9 10.6 11.2

11 1.86 4.6 18.4 2.9 3.0

12 3.16 3.0 22.7 3.8 3.7

13 0.09 0.0 1.1 0.3 0.1

14 0.19 1.3 10.8 2.4 2.3

15 1.67 3.2 20.1 4.3 3.7

16 3.29 2.2 32.0 3.9 4.4

17 0.81 2.5 19.7 3.4 4.0

18 2.13 1.5 12.7 1.8 2.6

19 1.56 0.7 16.6 1.6 2.2

20 0.88 0.4 3.2 0.9 0.5

21 1.48 4.3 62.4 7.4 9.5

22 0.96 2.0 29.5 3.2 4.8

23 1.59 4.1 32.7 5.5 4.2

24 2.38 4.1 37.0 4.0 4.8

25 4.56 3.9 48.7 2.8 6.2

26 0.99 9.3 63.1 5.9 9.7

27 0.49 7.8 39.0 4.1 6.5

28 1.33 9.9 40.7 6.8 8.7

29 4.76 22.4 61.1 10.2 9.0

30 0.60 11.4 25.2 4.4 4.7

31 1.44 15.2 23.7 3.4 4.7

32 1.46 10.3 27.0 4.7 4.9

33 2.19 11.6 30.8 9.2 6.8

34 16.22 14.0 72.8 11.3 9.7

35 6.50 14.8 66.4 7.7 8.5

36 0.71 7.2 29.8 3.6 4.6

37 5.52 15.2 37.3 9.6 7.7

38 6.15 10.4 14.4 4.4 3.3

39 1.75 3.6 13.8 2.6 1.8

40 1.36 7.1 26.4 6.4 5.3

Mean %
S.E.

5.2 10.4 7.7 8.4 7.8
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Ilex opaca Stemflow Cation Concentrations

(mg/1)

Collection

period K Na Ca Mg

4 8.4 45.0 20.7 6.3

5 3.8 15.2 2.3 1.8

6 6.7 20.4 5.6 6.6

7 3.8 31.7 3.0 3.8

8 3.3 20.6 1.6 2.4

9 7.7 77.1 7.7 11.6

10 2.8 13.8 2.2 1.5

22 9.1 69.0 8.6 5.0

23 6.0 62.1 5.8 5.0

24 4.3 35.5 4.3 4.7

25 4.4 23.3 3.8 4.2

26 8.8 111.8 10.5 11.9

27 9.0 120.2 7.4 14.4

28 4.3 25.9 2.2 2.9

29 4.7 11.8 1.9 1.6

30 14.3 39.2 12.4 7.9

31 4.7 10.5 1.4 1.9

32 12.0 28.8 4.9 4.9

33 7.3 15.5 4.0 3.0

34 1.9 8.5 0.8 0.8

35 2.1 8.8 1.0 0.9

36 8.0 59.6 6.9 3.6

37 2.1 4.6 1.5 0.8

38 3.1 5.1 1.9 1.0

39 2.3 4.9 2.4 0.9

40 5.3 14.6 6.0 3.4
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Ilex opaca Stemflow

Collection Amount K Na Ca Mg
period mm/day mg/m2/day mg/m 2/day mg/m2/day mg/m2/day

4 0.38 3.18 17.08 7.86 2.41

5 0.32 1.24 4.94 0.74 0.59

6 0.20 1.32 4.00 1.09 1.29

7 1.08 4.13 34.33 3.33 4.13

8 0.57 1.88 11.74 0.91 1.36

9 0.26 2.04 20.35 2.02 3.06

10 1.06 2.97 14.61 2.35 1.55

22 0.13 1.20 9.07 1.13 0.65

23 0.27 1.63 16.87 1.58 1.38

24 0.47 2.04 16.71 2.02 2.23

25 0.94 4.08 21.82 3.60 3.91

26 0.29 2.56 32.30 3.02 3.43

27 0.15 1.33 17.84 1.11 2.15

28 0.25 1.10 6.56 0.57 0.72

29 0.59 2.77 6.95 1.11 0.94

30 0.08 1.15 3.15 1.00 0.64

31 0.16 0.76 1.70 0.24 0.32

32 0.27 3.19 7.67 1.32 1.31

33 0.25 1.80 3.83 1.00 0.75

34 2.04 3.81 17.32 1.55 1.56

35 1.16 2.46 10.19 1.16 1.01

36 0.10 0.85 6.24 0.73 0.37

37 0.78 1.65 3.58 1.14 0.65

38 0.68 2.13 3.51 1.27 0.69

39 0.32 0.74 1.58 0.79 0.28

40 0.23 1.19 3.28 1.35 0.75



Appendix 211

Sassafras albidum Stemflow Cation Concentrations

(mg/1)

Collection

period K Na Ca Mg

4 8.7 39.9 7.5 6.0

5 8.4 15.6 5.3 2.7

6 10.0 26.1 8.5 5.1

7 3.7 23.0 3.3 2.6

8 3.9 17.0 2.7 1.8

9 10.3 57.6 11.7 9.2

10 3.6 23.0 2.9 2.0

22 17.0 63.5 7.4 9.7

23 19.0 43.6 7.0 9.5

24 14.5 39.0 7.8 9.7

25 7.3 30.2 5.6 4.4

26 11.6 71.6 15.2 12.4

27 15.1 92.7 15.0 12.3

28 8.1 55.4 7.9 8.0

29 3.9 8.0 1.1 1.0

30 20.5 36.0 6.2 6.2

31 6.2 11.8 2.5 1.8

32 13.4 23.3 7.0 3.8

33 8.4 12.3 4.9 2.2

34 2.0 4.6 1.0 0.5

35 3.5 6.9 1.9 0.8

36 9.9 20.8 5.2 6.8

37 2.1 4.7 1.9 0.8

38 3.1 3.5 2.0 0.7

39 2.8 4.8 1.8 0.7

40 6.6 10.5 7.4 2.7
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Sassafras albidum Stemflow

Collection Amount K Na Ca Mg
period mm/day mg/m2/day mg/m 2/day mg/m 2/day mg/m2/day

4 0.07 0.57 2.62 0.49 0.40

5 0.04 0.32 0.60 0.20 0.10

6 0.02 0.19 0.50 0.16 0.10

7 0.20 0.76 4.77 0.68 0.54

8 0.12 0.46 1.99 0.32 0.21

9 0.02 0.22 1.25 0.25 0.20

10 0.27 0.98 6.24 0.78 0.55

22 0.15 0.26 0.96 0.11 0.15

23 0.05 0.88 2.03 0.33 0.44

24 0.07 1.08 2.89 0.58 0.72

25 0.17 1.23 5.10 0.95 0.75

26 0.02 0.23 1.41 0.30 0.24

27 0.01 0.12 0.75 0.12 0.10

28 0.03 0.21 1.41 0.20 0.20

29 0.11 0.44 0.91 0.13 0.12

30 0.01 0.24 0.43 0.08 0.07

31 0.02 0.10 0.19 0.04 0.03

32 0.02 0.31 0.54 0.16 0.09

33 0.04 0.38 0.55 0.21 0.10

34 0.36 0.73 1.67 0.37 1.84

35 0.19 0.66 1.28 0.34 0.16

36 0.01 0.13 0.27 0.07 0.09

37 0.12 0.39 0.56 0.23 0.10

38 0.15 0.45 0.52 0.31 0.10

39 0.04 0.11 0.19 0.07 0.03

40 0.03 0.20 0.32 0.23 0.08
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Amelanchier canadensis Stemflow Cation Concentrations

(mg/1)

Collection

period K Na Ca Mg

4 18.6 39.8 23.8 8.4

5 4.9 78.5 4.0 2.6

6 7.6 35.6 6.2 6.6

7 3.4 30.5 3.6 4.0

8 3.5 16.5 3.0 2.1

9 8.4 91.6 13.9 13.2

10 2.0 23.0 1.6 1.9

22 6.9 61.9 6.9 5.9

23 6.4 40.7 5.9 5.2

24 5.2 37.4 4.8 4.0

25 4.7 27.9 4.6 3.2

26 11.9 134.2 13.1 17.0

27 26.9 166.0 11.7 17.3

28 9.8 62.9 5.0 6.8

29 3.2 12.6 1.6 1.5

30 11.2 80.5 12.4 8.3

31 3.2 9.4 1.6 1.7

32 8.0 24.8 5.0 3.7

33 8.0 17.1 5.4 3.0

34 2.3 12.1 1.5 1.5

35 1.8 7.9 1.0 0.8

36 4.5 35.7 4.8 5.2

37 1.6 4.8 1.2 0.8

38 1.5 3.3 0.9 0.5

39 1.9 6.0 1.6 0.9

40 3.7 5.1 4.1 2.3
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Amelanchier canadensis Stemflow

Collection Amount K Na Ca Mg
period mm/day mg/m2/day mg/m2/day mg/m2/day mg/m2/day

4 0.04 0.73 1.56 0.93 0.33

5 0.07 0.34 1.30 0.29 0.18

6 0.05 0.39 1.84 0.32 0.34

7 0.37 1.26 11.21 1.34 1.45

8 0.18 0.61 2.90 0.53 0.37

9 0.06 0.52 5.71 0.87 0.82

10 0.32 0.63 7.43 0.51 0.61

22 0.04 0.30 2.69 0.30 0.26

23 0.06 0.41 2.62 0.38 0.33

24 0.13 0.70 5.05 0.65 0.54

25 0.28 1.34 7.91 1.30 0.91

26 0.05 0.63 7.10 0.70 0.90

27 0.03 1.00 6.03 0.42 0.63

28 0.06 0.61 3.92 0.31 0.43

29 0.22 0.71 2.76 0.36 0.32

30 0.02 0.24 1.75 0.27 0.18

31 0.05 0.17 0.48 0.08 0.09

32 0.08 0.66 2.04 0.41 0.31

33 0.10 0.77 1.65 0.51 0.30

34 0.69 1.60 8.36 1.05 1.06

35 0.28 0.50 2.21 0.29 0.23

36 0.03 0.17 1.37 0.19 0.20

37 0.23 0.37 1.12 0.29 0.18

38 0.22 0.33 0.73 0.20 0.12

39 0.08 0.16 0.51 0.13 0.07

40 0.09 0.33 0.58 0.36 0.20
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Total Stemflow in Sunken Forest Ecosystem Analysis Plot.

Weighted Mean Cation Concentrations (mg/1)

Collection

period K Na Ca Mg

4 9.3 43.9 19.2 6.5

5 4.4 15.8 2.8 2*0

6 7.1 23.8 5.9 6.5

7 3.7 30.4 3.2 3.7

8 3.4 19.2 2.0 2.2

9 8.0 78.5 9.0 11.7

10 2.8 17.1 2.2 1.6

22 9.2 67.0 8.1 5.6

23 7.6 56.3 6.0 5.6

24 5.6 36.2 4.8 5.1

25 4.8 25.1 4.2 4.0

26 9.4 112.9 11.1 12.6

27 12.6 127.6 8.6 14.9

28 5.6 34.8 3.7 4.0

29 4.2 11.5 1.7 1.5

30 14.4 46.8 11.8 7.8

31 4.5 10.3 1.6 1.9

32 11.2 27.6 5.1 4.6

33 7.6 15.5 4.5 3.0

34 2.0 8.8 1.0 0.9

35 2.2 8.4 1.1 0.9

36 7.3 50.5 6.3 4.2

37 2.1 4.6 1.5 0.8

38 2.8 4.5 1.7 0.9

39 2.3 5.1 2.2 0.9

40 5.0 12.2 5.6 3.0
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Total Stemflow in the Sunken Forest Ecosystem Analysis Plot

Collection Amount K Na Ca Mg
period mm/day mg/m2/day mg/m2/day mg/m 2/day mg/m 2/day

4 0.48 4.49 21.26 9.28 3.13

5 0.43 1.90 6.83 1.22 0.87

6 0.27 1.90 6.34 1.57 1.73

7 1.66 6.16 50.32 5.34 6.13

8 0.86 2.95 16.63 1.77 1.93

9 0.35 2.79 27.31 3.15 4.08

10 1.65 4.58 28.28 3.65 2.71

22 0.19 1.76 12.72 1.54 1.05

23 0.38 2.93 21.51 2.29 2.15

24 0.68 3.82 24.65 3.25 3.48

25 1.39 6.64 34.82 5.85 5.57

26 0.36 3.42 40.82 4.02 4.57

27 0.19 2.43 24.62 1.65 2.87

28 0.34 1.92 11.89 1.08 1.36

29 0.92 3.92 10.63 1.61 1.38

30 0.11 1.64 5.33 1.34 0.89

31 0.23 1.03 2.38 0.36 0.43

32 0.37 4.16 10.25 1.89 1.71

33 0.39 2.95 6.03 1.74 1.14

34 3.09 6.14 27.35 2.98 2.81

35 1.62 3.62 13.69 1.79 1.39

36 0.16 1.15 7.88 0.98 0.66

37 0.11 2.42 5.25 1.66 0.93

38 1.05 2.91 4.76 1.77 0.90

39 0.45 1.00 2.27 0.99 0.39

40 0.34 1.72 4.19 1.94 1.04
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Sunken Forest ground-water cation concentrations (mg/'l )

K Na Ca Mg

16, Nov. 1968 1.2 27.6 2.9 2.7

23, Nov. 1968 0.8 19.4 1.8 2.0

2, Dec. 1968 1.1 11.8 2.6 1.9

7, Dec. 1968 1.8 24.0 3.6 2.1

14, Dec. 1968 1.0 31.1 8.6 6.2

21, Dec. 1968 1.1 32.5 8.2 6.8

4, Jan. 1969 1.3 31.9 12.2 7.3

11, Jan. 1969 1.0 28.6 5.4 4.4

25, Jan. 1969 0.9 26.8 2.8 3.8

l,Feb. 1969 0.9 27.0 4.3 3.4

13, Feb. 1969 0.5 19.6 2.4 2,3

20, Feb. 1969 1.0 23.5 3.5 2*2

27, Feb. 1969 1.6 24.3 3.2 3.5

15, Mar. 1969 2.0 30.0 6.6 5.0

12, Mar. 1969 1.8 29.0 5.5 4.0

19, Mar. 1969 1.5 26.5 3.3 4.0

27, Mar. 1969 1.9 26.8 3.2 4.0

2, Apr. 1969 2.6 27.9 4.0 4.0

12, Apr. 1969 1.1 25.0 4.1 4.0

19, Apr. 1969 1.0 24.0 4.4 4.0

26, Apr. 1969 1.9 25.1 3.0 3.8

3, May 1969 1.5 27.5 3.0 4.2

10, May 1969 1.2 27.5 3.5 4.1

17, May 1969 1.2 26.8 3.2 4.1

24, May 1969 1.3 30.0 4.0 4.7

1, June 1969 1.5 26.8 0.6 5.8

8, June 1969 1.4 32.8 4.2 5.1

18, June 1969 1.4 31.5 0.9 4.8

25, June 1969 1.4 31.7 3.9 4.2

3, July 1969 1.4 31.8 4.0 4.8

6, July 1969 1.4 32.0 4.8 4.8

16, July 1969 0.9 26.8 3.7 3.7

24, July 1969 1.3 33.0 4.4 5.4

31, July 1969 2.4 40.6 5.1 5.4

6, Aug. 1969 1.3 30.8 4.6 4.8

13, Aug. 1969 1.3 30.0 3.9 4.6

21, Aug. 1969 1.4 29.8 3.8 4.1

27, Aug. 1969 1.3 23.3 1.8 2.2

2, Sept. 1969 1.6 28.5 3.8 4.2

25, Sept. 1969 0.6 11.7 0.8 1.4

2, Oct. 1969 1.6 20.8 1.7 3.1

Mean ± S.E. 1.35 ± 0.07 27.2 ± 0.8 3.9 ± 0.3 4.1 ± 0.2
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APPENDIX V

SCIENTIFIC AND COMMON NAMES

Scientific

Abies balsamea

Acer rubrum

A. saccharum

Agrostis alba

Amaranthus albus

Amelanchier canadensis

Ammophila arenaria

A. breviligulata

Aralia nudicaulis

Arctostaphylos uva-ursi

Arenaria peploides

Artemisia caudata

A. stelleriana

Atriplex patula

Avicennia nitida

Baccharis halimifolia

Betula allegheniensis

B. verrucosa

Cakile edentula

Carex pensylvanica

C. silicea

Carpinus caroliniana

Celastrus scandens

Chamaesyche buxifolia

Chenopodium album

Cirsium horridulum

Convolvulus sepium

Croton punctatus

Cucumis sativus

Cyperus rotundus

C. strigosus

Digitaria

Diospyros virginiana

Dryopteris spinulosa

D. thelypteris

Eucalyptus

Euphorbia polygonifolia

Fagus grandifolia

Gaultheria procumbers

Gaylussacia baccata

Common
Balsam fur

Red maple

Sugar maple

Pigweed

Shadbush

Sand weed

Beachgrass

Wild sarsaparilla

Common bearberry

Seabeach sandwort

Wormwood
Dusty miller

Orach

Black mangrove

Sea myrtle

Yellow birch

Eurasian white birch

Sea rocket

Sedge

Sedge

American hornbeam

Bittersweet

Spurge

Lamb's-quarters

Yellow thistle

Hedge bindweed

Silver leaf croton

Cucumber

Nut grass

Galingale

Crabgrass

Persimmon

Spinulose wood fern

Marsh fern

Eucalyptus

Seaside spurge

Beech

Wintergreen

Black huckleberry
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Geranium robertianum

Hibiscus palustris

Hieracium venosum

Hudsonia tomentosa

Hydrocotyle bonariensis

Hypericum virginicum

Ilex aquifolium

I. glabra

I. opaca

I. vomitoria

Iva frutescens

I. imbricata

Jacquinia keyensis

Juniperus virginiana

Lactuca canadensis

Laguncularia racemosa

Lathyrus japonicus

Lechea maritima

Lycopersicum esculentum
Magnolia virginiana

Maianthemum canadense

Morus rubra

Myrica cerifera

M. pensylvanica

Nothofagus

Nyssa sylvatica

Osmunda cinnamomea

0. regalis

Panicum amarum

Parthenocissus quinquefolia

Persea borbonia

Phragmities communis

Picea

Pinus caribea

P. elliottii

P. radiata

P. rigida

P. sylvestris

P. taeda

P. virginiana

Pithecolobium guadelupense

Pluchea purpurascens

Polygonella articulata

Populus tremuloides

Prunus maritima

P. serotina

Pseudotsuga menziesii

Pteridium aquilinum

Herb Robert

Swamp rose mallow

Rattlesnake weed

Beach heath

Pennywort

Marsh (St. John's) wort

English holly

Inkberry

American holly

Cassina

Marsh elder

Marsh elder

Joe-wood

Red cedar

Wild lettuce

White mangrove

Beach pea

Pinweed

Tomato

Sweet bay

Wild lily-of-the-valley

Red mulberry

Wax myrtle

Bay berry

Hard beech

Black gum
Cinnamon fern

Royal fern

Panic grass

Virginia creeper

Red bay

Reed

Spruce

Caribbean pine

Slash pine

Monterey pine

Pitch pine

Scotts pine

Loblolly pine

Scrub pine

Black bead

Marsh fleabane

Jointweed

Quaking aspen

Beach plum

Black cherry

Douglas fir

Bracken
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Pyrus arbutifolia

Quercus alba

Q. coccinea

Q. laurifolia

Q. nigra

Q. petraea

Q. rolfsii

Q. stellata

Q. velutina

Q. virginiana

Rhizophora mangle

Rhododendron viscosum

Rhus copalUna

R. radicans

R. vernix

Rosa Carolina

R. rugosa

Rubus sp.

Sabal palmetto

Salicornia europea

Salsola kali

Sambucus canadensis

Sassafras albidum

Scirpus americanus

Smilacina stellata

Smilax glauca

S. rotundifolia

Solidago odora

S. sempervirens

Spartina alterniflora

S. patens

Suriana maritima

Teucrium canadense

Trientalis borealis

Uniola paniculata

Vaccinium corymbosum

V. macrocarpon

Viburnum dentatum

Vitis spp.

Xanthium echinatum

Red chokeberry

White oak

Scarlet oak

Laurel oak

Water oak

Sessile oak

Rolf's oak

Post oak

Black oak

Live oak

Red mangrove

Swamp honeysuckle

Dwarf sumac

Poison ivy

Poison sumac

Rose

Rugose rose

Raspberry

Cabbage palm

Chickenclaws

Common saltwort

Common elder

White sassafras

Three- square

False Solomon's-seal

Sawbrier

Common greenbrier

Sweet goldenrod

Seaside goldenrod

Saltwater cordgrass

Salt marsh hay

Bay cedar

Wood sage

Star flower

Sea oats

Highbush blueberry

Southern arrowwood

Grape

Sea burdock





Index

Acer rubrum (red maple)

A. saccharum (sugar maple)

Adams, D.A.

Aerial photograph

Age of trees

Air temperature

Alpha—species diversity

Amaranthus albus (pigweed)

Amelanchier

A. canadensis

56

55

43

21

55, 56

1

31

48

24, 39, 41, 55, 79,

80, 91, 103, 104

17, 33, 35, 37, 52,

55, 60, 61, 63, 64,

67, 68, 71, 76, 77,

84, 89

American holly 78

salt—pruned 14

American hornbeam see Carpinus caroliniana

Ammophilia arenaria 26,51

A. breviligulata (beach grass) 16, 26, 30,

31, 48, 49

Andrews, W.F. 4
Annual

plants 25

tissues 57

Aralia nudicaulis (wild sarsaparilla) 37, 38,

50, 67

Arctostaphylos uva-ursi (common bearberry)27,

28, 29, 31, 49, 50, 51

Arenaria peploidies (sea beach sandwort) 48

Arons, A.B. 9

Art, H.W. 15, 57, 60, 73, 76, 85, 86, 106, 115

Artemisia caudata (wormwood) 30

A. stelleriana (dusty miller) 26

Attiwill, P.M. 93, 103, 104, 106, 120

Au, S. 15, 116

Available nutrient compartment 93-95

Avicennia nitida (black mangrove) 15

Baccharis halimifolia (sea myrtle) 42, 48, 55

Barinov, G.V. 99

Barrier Beach

hydrology 6-7

topography development 4-5

Barrier islands formation 2

Barshad, I. 97

Basal areas 54, 84, 86

Baskerville, G.L. 74

Bay berry see Myria pensylvanica

Bay ceder see Suriana maritima

Bazilevich, N.I. 73, 74, 75, 100

Beach grass see Ammophila breviligulata

Beach heath see Hudsonia tomentosa

Beach pea see Lathyrus japonicus

Beach plum see Prunus maritima

Bearberry, common see Arctostaphylos uva-ursi

Beech see Fagus grandifolia

Betula allegheniensis (yellow birch) 55

Biochemical relations
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