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Coastal-Zone  
Biodiversity Patterns  

Principles of landscape ecology may  help explain the processes 
underlying coastal diversity 

G. Carleton Ray 

B iodiversity occurs at all levels 
of biological organization 
from molecules to  entire bio- 

tas and ecosystems. The investigation 
of biodiversity thus requires the for- 
mulation of a wide range of hypoth- 
eses (Solbrig 1991). Measuring biodi- 
versity and assessing its role in 
ecosystem function is important be- 
cause human perturbations are relent- 
lessly altering biodiversity just as so- 
ciety is recognizing its significance. 

Many approaches to coastal-zone 
biological diversity are possible. In 
this article, I emphasize how biogeog- 
raphy is related to coastal structure. 
Understanding pattern is essential be- 
cause biodiversity is hierarchical, that 
is, a function of time and space at 
varying levels of scale. Nelson and 
Ladiges (1990) state forcefully, "In- 
deed, what beyond biogeography is 
'biodiversitv' about?"  An under-
standing of how biodiversity has risen 
and how it can be conserved is best 
achieved through an understanding of 
how the physical structure of the 
coastal zone constrains biotic pat-
terns. 

Grassle et al. (1991) hypothesize, 
"Biogeographic patterns of biodiver- 
sity and ecosystem function are deter- 
mined bv a combination of environ- 
mental patterns, i.e., single-factor 
theories are not viable." In this con- 
text, the principles of landscape ecol- 
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Scientists must 
submerge their 

disciplinary constraints 
for cooperative 

endeavors 

ogy are particularly pertinent to un- 
ders tand ing  h o w  hierarchical ly  
scaled, spatial and temporal processes 
may give rise to or maintain the di- 
versity of natural, seminatural, and 
disturbed biogeographic units. Urban 
et al. (1987) state that ecosystems 
have an organized complexity that 
can be described with hierarchies: 
"The hierarchical paradigm provides 
guidelines for defining the functional 
components of a system, and defines 
ways components at  different scales 
are related to one another (e.g., low- 
er-level units interact to  generate 
higher-level behaviors and higher-
level units control those at lower lev- 
els)." 

It is obviously a formidable task to 
develop fully a time-space-function 
ecology for the combined land- and 
seascape. A complex of physiographic 
and biotic analyses are required. For 
many problems, the coastal zone 
must be addressed across its entire 
breadth. For other problems, lesser 
segments need to be examined. But 
the most important ingredient is the 
willingness of scientists and managers 
to submerge their disciplinary and 
institutional constraints for coopera- 

tive endeavors. Also important is the 
evolution of interinstitutional cooper- 
ation for coastal-zone conservation. 

Coastal zone structure 
In the coastal zone, terrestrial, atmo- 
spheric, and marine systems interact. 
There "production, consumption, 
and exchange processes occur at high 
rates of intensity" (Ketchum 1972). 
This zone includes the coastal plains, 
continental shelves, and the interced- 
ing estuaries, lagoons, coastal barri- 
ers, and deltas. 

Although geomorphologists have 
long viewed this zone as a discrete 
entity, it is poorly understood ecolog- 
ically, largely because its land and sea 
portions have been considered sepa- 
rately by most other scientists and 
institutions. This land-sea division ne- 
glects the coastal zone's role as an 
ecotone between land and sea, that is, 
a "zone of transition between adja- 
cent ecological systems, having a set 
of characteristics uniquely defined by 
time and space scales, and by the 
strength of the interactions between 
adjacent ecological systems" (di Cas- 
tri et al. 1988). 

The coastal zone is dominated by 
fluvial exchanges that sculpt the 
coastal land- and seascape to create 
ecosystem structures and links be-
tween adjacent ecosystems. In hydro- 
logical and geomorphological terms, 
coastal units are areas in which "the 
connections among mass, energy, and 
biota across the coastal zone are 
stronger than those along the coast" 
(Ray and Hayden in press). There are 
five reference units of d coastal zone: 
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The terresmal portion 

Uplands lie inland from the 
coast and usually are of complex 
topography. They are not geo- 
morphologically coastal, but they 
are important to the coast be- 
cause of their freshwater dis- 
charge. 

Coastal plains are entirely 
freshwater areas restricted to the 
seaward-sloping surfaces of clas- 
tic materials, usually relict sea 
bottoms covered with recent sed- 
iments that are now above sea 
level. 

Tidelands are delimited by the 
inland extent of saline, spring- 
tide waters. 

The marine portion 

The shoreface entrainment vol- 
ume is the area seaward from the 
low-tide shoreline. It is perma- 
nently covered with water, and 
beach sands oscillate within it 
with changing wave conditions. 

The offshore entrainment vol- 
ume is a complex unit that can be 
subdivided by water-mass char- 
acteristics and bathymetry. This 
area is generally delimited by the 
outer extent of the continental 
shelf, where the water is approx- 
imately 200 m deep. 

In sum, a wide variety of systems 
exists, but the five-unit concept facil- 
itates comparisons. 

Comparisons among biotic associ- 
ations is also facilitated by this 
scheme because each of these water- 
shed types, and each of their units, 
has a characteristic biota. For exam- 
ple, complex systems are favored by 
salmon that can sense home streams 
by characteristic water chemistry far 
out to sea. If watershed structure fa- 
vors extensive tidelands, they may be 
dominated by marshgrass in mid- 
latitudes, mangroves in the tropics, 
and mudflats in the boreal zone. Thus 
the structure of the system in which 
these habitats occur is fundamental to 
their comparison. 

Boundaries between coastal units 
are usually approximately shore- 
parallel. Between adjacent water- 
sheds, boundaries can be either shore- 
parallel or  shore-perpendicular. 
Shore-parallel terrestrial boundaries 
are determined by many factors, in- 
cluding topography, tides, and the 
inland extent of marine aerosols. In 
the marine portion, boundaries can 
be determined by both bathymetric 
and oceanographic features. 

Shore-perpendicular boundaries 
between adjacent watersheds are 
usually set by hydrological charac- 
teristics, such as river outfalls and 
changes in shoreline configuration 

Hydrological processes occurring 
among these units define coastal-zone 
watersheds. For example, where tide- 
lands drain into the shoreface entrain- 
ment volume, a simple system results 
(Figure la). Where a coastal plain/ 
upland watershed produces' enough 
flow to bypass the shoreface entrain- 
ment volume and to affect the off- 
shore entrainment volume directly, a 
complex system results (Figure lb). 
Any coastal watershed type from sim- 
ple to complex may occur anywhere 
from the tropics to high latitudes. 

There are many variations. For 
some systems without rivers, such as 
low-lying oceanic islands, nonpoint 
flow, tides, and storms dominate hy- 
drological interchanges. Along the 
western coasts of most continents, 
where tectonic-plate movements cre- 
ate collision coasts, coastal plains and 
continental shelves are narrow, so 
that uplands impinge almost directly 
on the offshore entrainment volume. 

I \ r 
SIMPLE 

I \ 1 

COMPLEX 

Figure 1. Coastal-zone watersheds. The 
shaded areas delimit (a) a simple coastal 
watershed system and (b) a complex coastal 
watershed system. Typical drainage pat- 
terns are shown. UL = uplands; CP = 
coastal plain; TL = tidelands; SEV = 
shoreface entrainment volume; OEV = off- 
shore entrainment volume; CS = continen- 
tal slope. The black triangles signify the 
shelf break where the continental slope be- 
gins. This break generally also represents 
the boundary between the green-water off- 
shore entrainment volume and the blue- 
water open ocean. The shaded areas repre- 
sent the approximate extents of the 
influence of fresh water within the marine 
portions of the coastal zone. See Ray and 
Hayden (in press) for full description. 

Figure 2. A wetland intertidal zone within the Chesapeake Bay. The marsh area is 
strongly influenced by tides. Within it, patches of different vegetation types result 
largely from tidal and other hydrological factors. 



and bathymetry (e.g., headlands, 
capes, and shoals). Boundaries be- 
come increasingly difficult to deter- 
mine away from shore and the ocean 
bottom. 

The ecotone concept rests on the 
observation that ecological gradients 
produce boundary conditions. The 
gradients that produce the boundaries 
mentioned above are of four basic 
types: physiographic, biogenic, cli- 
matic, and physiochemical. Physio- 
graphic processes and attributes that 
give rise to shore-parallel ecotones 
include tides, waves and surges, winds, 
salinity, and turbidity. Each of these 
can be framed in an hierarchical con- 
text, from larger to smaller temporal 
and spatial scales. For example, the full 
extent of tides is observed as a well 
defined, long-term primary gradient be- 
tween land and sea, which is the 
"coast" in popular terminology. Sec- 
ondary boundaries may be produced 
by spring tides, mean sea level, and 
neap tides, which operate at smaller 
spatial and shorter temporal scales 
within this tidal zone (Figure 2). 

Along biogenic coasts, gradients 
are produced by living organisms, 
such as corals, mangroves, stromato- 
lites, and marsh grasses. These orga- 
nisms interact with physical features 
to form habitats for a large number of 
additional organisms (Figure 3). 

Climatic gradients are especially 
important at larger scales. The terres- 

trial vegetation zones of North Amer- 
ica, from eastern hardwoods to taiga 
to tundra, are a familiar example. 
Similar latitudinal zonation exists 
along coasts and in the coastal ocean, 
but the biota of these zones tends to 
be much more tightly coupled to cli- 
matic change than is the case for 
terrestrial systems (Steele page 470 
this issue). 

Finally, physiochemical gradients, 
such as salinity, may exert important 
controls on the distributions of as- 
semblages of estuarine organisms. 
Bulger et al. (1990) have described a 
series of fish and invertebrate assem- 
blages that characterize different estu- 
arine-salinity regimes for the US East 
Coast. 

In sum, coastal gradients and the 
ecotones they produce are of extraor- 
dinary variety. These gradients result 
in complex hierarchies of coastal eco- 
systems, each with characteristic bi- 
otic associations. At the highest hier- 
archical level, these associations are 
equivalent to terrestrial biomes. Thus 
we may speak of a tidelands biome, a 
coastal plain biome, a shoreface bi- 
ome, and a neritic shelf biome in the 
same way that we speak of a savan- 
nah, grassland, or tropical moist for- 
est biome. 

Where wide continental shelves oc- 
cur with few interrupting islands 
(e.g., US East Coast), the coastal bi- 
omes are linear and roughly parallel 

I 
Figure 3. A biogenic coast in which mangroves play a dominant role in coastal 
morphology. These red mangroves (Rhizophora mangle) are located in the Bahama 
Islands. 

to the shore. Where shorelines are 
more complex (e.g., Indonesia, the 
Bering Sea, and the North Sea), the 
delineation of biomelike structures is 
correspondingly complex. At smaller 
scales, due to the dynamics of coastal 
processes, we may observe a packing 
of diverse habitats into a small space, 
which creates opportunities for high 
species diversity, often accompanied 
by high productivity and a corre- 
spondingly great abundance of life. 

Coastal biodiversity 
I estimated (Ray 1985) that the total 
number of phyla and classes in all 
marine environments combined is ap- 
proximately 20 times (depending on 
the taxonomic system used) the total 
on land. Terrestrial areas combined, 
on the other hand, are more species 
rich, especially due to the extraordi- 
nary species diversity of tropical land 
areas (Wilson 1988). 

May (1988) summarized phylum 
diversity in four system types: terres- 
trial, freshwater, symbiotic, and ma- 
rine. Ray and Grassle (page 453 this 
issue) present similar results in 
graphic' form: marine systems are 
most phylum diverse and terrestrial 
systems are least. The importance of 
phylum, as opposed to species, diver- 
sity is that phyla represent a greater 
variety of fundamentally different 
body plans and life histories. The 
majority sf marine phyla occur in the 
coastal zone, so one could argue that 
the marine portion of this zone is the 
most biologically diverse realm on the 
planet. 

That coagtal-marine systems ex- 
hibit high phylum, or life-form, diver- 
sity comes as no surprise. Life evolved 
in shallow seas, and many life forms 
never made it to land or to fresh 
water. Fish provide an interesting ex- 
ample. They comprise by far the most 
diverse vertebrate? at all taxonomic 
levels: 3 living classes, 50 orders, 445 
families, and approximately 22,000 
species (Nelson 1984). By far the ma- 
jority of families are marine, but ap- 
proximately 8500 species (almost 
40%) are freshwater. Of the 13,200 
marine species, almost 80% are 
coastal or littoral, fewer than 2% are 
epipelagic, and approximately 20% 
are deep-sea. Fish species are still be- 
ing discovered at a much faster rate 
than terrestrial vertebrate species, and 
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the numbers of epipelagic and deep- 
sea species given by Nelson are al-
most certainly low.1 

There is an interesting negative cor- 
relation of fish species number with 
water volume. Only 0.01% of the 
world's water is fresh. Pelagic waters 
are greater in volume bv orders of u 

magnitude than coastal waters. How- 
ever, fresh waters are divided into a 
multitude of units by physical barriers 
and, despite their small total water , . 
volume, isolation of fish populations 
has permitted a high degree of speci- 

of an array of historical, life-history, 
and contemporary processes. 

Developing land- and 
seascape ecology 

Spatial and temporal relationships 
among coastal morphological systems 
and biogeographical distributions of 
different taxa set the stage for a coast- 
al-zone counterpart to landscape 
ecology. Urban et al. (1987) present a 
provocative context for forested land- 
scapes that depends heavily on the life 

tion exemplifies how coastal regions 
can be examined for clues to biotic 
distributions. 

The warm- to cool-temperate Vir- 
ginian and Carolinian provinces of 
the East Coast of the United States 
from Cape Cod to Cape Canaveral 
(Hayden et al. 1984) provide an illus- 
tration of regional differences along a 
continuous coast. Both share wide 
continental plains and shelves with 
few interrupting islands, and they are 
characterized by extensive barrier is- 
lands and wetlands. Ray and Gregg 

ation. Coastal zones are s h a r ~ l v  sub- 
;&divided by gradients, which 

histories of trees and on hierarchicallv (1991) summarized information on 
also scaled phenomena within forests. Due coastal barriers, noting that 121  

act as isolation mechanisms. Pelagic 
waters. in contrast. are relativelv con- 
tiguous. A long, relatively stable evo- 
lutionary history is the principal rea- 
son whv there are so manv fish 
families in the sea. Shorter-term, 
smaller-scale isolating mechanisms in 
fresh water have resulted in high 
freshwater species diversity within a 
smaller number of families. 

The large number of fundamentally 
different life fortns mav confer hi& " 
ecological complexity to marine and 
coastal ecosystems. Ecological com-
plexity relates to  how ecosystems are 
structured functionally-that is, to 
their hierarchical structure and dy-
namic behavior. However, it remains 
to be seen to what extent biological u  

diversity relates to ecological complex- 
ity. In particular, comparisons among 
different systems can be made difficult 
by each individual system's history. 

Ricklefs (1987) says, "Diversity of 
the biological community often fails 
to converge under similar physical 
conditions, and local diversity bears a 
demonstrable dependence on regional 
diversitv." That is. the historv of each 
ecosystem and "the larger temporal 
and spatial scales within which the 
community is imbedded" must be 
taken into account. Furthermore, a 
prediction of functional change 
within an ecosystem after depauper- 
ization depends on knowledge of how 
that systeh9s diversity was ienerated 
and is maintained. Merely counting 
species or  ~ h v l u m  numbers within 
each system; though interesting from 
a descriptive point of view, must be 
interpreted with careful consideration 

'C. R. Robins, 1991, University of Miami, 
personal communication. 

to marked differences between terres- 
trial and marine systems (Steele 
1991), significant problems will un-
doubtedly arise while attempting to 
apply a landscape approach to coastal 
systems. 

Nevertheless, although coastal sys- 
tems are especially complex, the 
coastal zone and its diversitv d e ~ e n d  

4 L  

on interactions that can be hierarchi- 
cally scaled. Three aspects appear 
promising: coastal configuration and 
habitat diversity, species assemblages 
as boundary indicators, and species 
responses and feedbacks. 

Coastal configuration and habitat di-
versity. Emery (1967) noted that 80- 
90% of the Atlantic and Gulf coasts 
and 10-20% of the Pacific Coast of 
the United States consist of estuaries 
and lagoons, and he stated, "A little 
reflection indicates that the regional 
distribution of estuaries and lagoons 
corresponds to the regional character- 
istics of continental shelves and their 
land continuations-the coastal 
plains. In other words, lagoons are 
typical where continental shelves and 
coastal plains are wide and nearly 
flat. Small estuaries occur where the 
shelves and coastal plains are narrow 
and have high relief." This observa- 

coastal barriers exist along the 2000- 
kilometer Atlantic shoreline from 
Long Island to Miami. Biggs (1978) 
estimated that these barriers front 
8510 km2 of tidal marshes. NOAM 
FWS (1991) has estimated the extents 
of salt marshes, fresh marshes, tidal 
flats, and areas of forest and scrub- 
shrub for the Virginian and Carolinian 
provinces (Table 1). 

Differences between the two prov- 
inces are striking. First, the Carolin- 
ian province has three times the ex- 
tent of total wetlands of the Virginian 
province. Second, although forest 
scrub-shrub is the largest segment for 
both, it is significantly greater in area 
and proportion in the Carolinian 
province. Third, salt marsh is the sec- 
ond-largest category in the Virginian 
province, but takes third place in the 
Carolinian, where fresh marsh is sec- 
ond. 

The differences between these two 
regions are expected to have signifi- 
cant consequences for coastal-zone 
species occurrences and community 
composition. Strong quantitative dif- 
ferences are likely to be observed be- 
tween species that either spend most 
of their lives in wetland habitats (e.g., 
oysters and some crabs) and those 
that spend only the larval or juvenile 

Table 1. Coastal wetlands of the United States Virginian and Carolinian biotic provinces. (From 
NOAA 1991.) 

Forest/ 
Province Salt marsh Fresh marsh scrub-shrub Tidal flats Total 

Virginian 
Acres 689,600 120,800 
~m~ 279 1 489 
Percent 26.5 4.6 

Carolinian 
Acres 894,200 1,311,600 
Km2 3619 5308 
Percent 10.8 16.0 



portions of their lives in wetlands 
(e.g., many coastal fishes). 

Measurement of habitat diversity 
may provide a context for quantifying 
these relationshi~s. It is well known 
that fewer species overall exist in 
higher latitudes than in lower ones. 
Biologists have often assumed that 
habitat diversity also decreases with 
high latitude. During a search for 
coastal habitats to include in bio-
sphere reserves, the US Man and the 
Biosphere Programme developed a bi- 
otic provincehabitat matrix (Ray et 
al. 1981), slightly modified as Table 
2. N o  latitudinal habitat-diversity 
gradient is obvious, at least not in the 
sense of these generic categories and 
their assumed regional importance. 
One high-latitude factor that has of- 
ten been neglected is that sea ice con- 
tributes significantly to the habitat of 
diatoms, some arctic fish, birds such 
as murres and ivory gulls, and wal- 
ruses and seals. It would be i m ~ o r t a n t  
to analyze a full hierarchy of coastal 
habitat types (Cowardin et al. 1979) 
and their patchiness to see if gradients 
can be found. T o  my knowledge, this 
task has yet to be attempted. 

Species assemblages as boundary in- 
dicators. Assemblages of co-occurring 
species can be used to  illustrate the 
degree to  which distributions coincide " 
with coastal structure. Robins and 
Ray (1986) give ranges and habitats 
for the 1052 Atlantic coastal fish spe- 

Table 2. Presence of habitat types in coastal zone 

cies listed by the American Fisheries 
Society (Robins and Ray 1986). A 
new AFS listing includes' 1127 East 
Coast species, a net gain of 75 (ap- 
proximately 7 % )  in only ten years.2 

The variety of North American 
East Coast fish species is great. The 
total number of families from Green- 
land to Mexico is 154, approximately 
equal to the combined number of all 
amphibian, reptile, bird, and mam-
mal families of the North America 
continent. Figure 4 summarizes distri- 
butions for the 553 known species of 
the Virginian and Carolinian prov- 
inces. Even for these well-known 
provinces, much remains to be dis- 
covered. 

The Virginian-Carolinian marine 
fish species represent 52.6% of all 
North American East Coast species. 
As can be seen from Figure 4a, 322 or 
30.6% of these occur in both prov- 
inces, a reflection of the ecological 
continuity of the region and of migra- 
tions of fish within it. A latitudinal 
gradient in species richness is shown 
by the fact that 47.5% of the 553 
species occur in the Carolinian prov- 
ince and only 35.7% in the more 
northerly Virginian province. Fur-
thermore, only 5.0% of the species is 
exclusively Virginian (most of them 
typically boreal species), against 
16.9% exclusively Carolinian (typi-

'See footnote 1. 

cally boreal tropical). 
Figure 4b shows that 57% of the " 

fish species are restricted to only one 
of the three coastal ecological subdi- 
visions into which coastal fish gener- 
ally fall: estuarine-nearshore, shelf, 
and oceanic slope. The estuarine-
nearshore subdivision coincides with 
the estuarine-tidelands-shoreface en-
trainment volume previously de-
scribed and the shelf and oceanic 
s l o ~ ewith the midshelf and outershelf 
portions of the offshore entrainment 
volume. Only 37.6% of the species 
occur in two of the three subdivisions 
and only 4.9% occur in all three. 
Even more notably, only 2.3% (not 
shown in the figure) are ubiquitous, 
found in both provinces and in all 
three subdivisions of the coastal zone. 

Finally, different taxa are distrib- 
uted quite differently. For example, 
the sharks have radiated into all envi- 
ronments, the killifishes (Cyprin-
odontidae) are nearshore and coastal, 
the herrings (Clupeidae) are midshelf 
species that enter estuaries to breed, 
the drums (Sciaenidae) are typically 
nearshore s~ecies.  and the mackerels 
(~combr ida i )  are' typically offshore. 
Although the fish distributions are 
c o m ~ l e x .  the features that define

L ,  

coastal units appear also to limit the 
distributions of most species. 

A better understanding of species 
distributions may be derived from 
statistical analysis of species informa- 
tion, such as that in NOAA's strategic 

after Ray et al. 1981.) 

Habitat 

Maritime forest woodland 
Coastal shrublands 
Coastal grasslands 
Coastal tundra 
Coastal cliffs 
Coastal marshes 
Coastal swamp forest 
Coastal mangroves 
Intertidal beaches 
Intertidal mud and sand flats 
Intertidal algal ecosystems 
Subtidal hard bottoms 
Subtidal soft bottoms 
Subtidal grass beds 
Subtidal kelp beds 
Living reefs 
Pelagic ecosystems 

Vera 
Floridian Cruzan 

3 2 
3 3 
3 3 
0 0 
0 0 
2 2 
2 1 
3 2 
3 3 
2 2 
1 0 
2 0 
3 3 
3 3 
0 0 
3 2 
3 3 

Sea ice 0 0 

'0, Absent; 1, rare; 2, common; 3, extensive. 

provinces of North America.' The order is according to latitude from south to north. (Modified 

Province 

Louisianan Carolinian Californian Virginian Oregonian Sitkan Acadian Aleutian Arctic 

3 3 3 3 3 3 3 1 0 
3 3 3 3 2 2 3 3 3 
3 3 2 3 2 2 3 2 3 
0 0 0 0 0 0 2 3 3 
0 0 2 0 3 3 3 3 3 
3 3 2 3 2 2 3 2 3 
2 2 0 2 0 0 1 0 0 
1 0 0 0 0 0 0 0 0 
3 3 3 3 3 3 3 3 3 
2 3 2 3 3 2 2 2 2 
0 1 3 2 3 3 3 3 1 
0 0 3 2 3 3 3 2 3 
3 3 3 3 3 3 3 2 3 
1 3 1 3 1 2 3 3 3 
0 0 3 0 3 3 3 0 0 
2 1 0 1 1 0 0 0 0 
3 3 3 3 3 3 3 3 3 
0 0 0 1 0 1 2 1 3 
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148(26 6 )  

63(150) 

, 84( 15 2) 

1 13(204)  
VIRG-CAROL 
5 3 3  (52.6) 95(17 2) 

U.S. EAST COAST(Green1and t o  Mex i co )  I 
1 0 5 2  SPECIES 27(49)I II I I 

2 5 50 75 1 0 0  NrSh Continental Shel f  O c / S l o p e  

Figure 4. (a)Distributional patterns for Atlantic coast fish species of the Virginian and Carolinian biotic provinces. The abscissa is 
percent. The bars (from bottom) represent: the total number of 1052 coastal, east coast fish species that occur from Greenland to 
Mexico (Robins and Ray 1986); the total species count of 553 for both provinces; the 500 Carolinian species; and the 375 Virginian 
species. Species common to both provinces number 322. The shaded portions represent fish species that occur in the Carolinian but 
not the Virginian (tropical-subtropical species) and those that occur in the Virginian but not the Carolinian (boreal species). Percents 
of the total (1052) are in parentheses. (b)Distributional patterns of fish species occurring within physiographic units of the coastal 
zone. The vertical bars separate the nearshore (NrSh), continental shelf, and oceanicicontinental slope (Oc/Slope) units. Of the 553 
Virginian-Carolinian fish species, 315 (57%) are restricted to  only one of the three units (total for the three top bars); 208 (37.6%) 
occur in two units (fourth and fifth bars down). Relatively few (bottom bar) are ubiquitous. Percents of the total (553) are in 
parentheses. 

atlas series, which provides maps de- 
scribing the natural histories of many 
representative species. The objective 
is to derive species assemblages and 
gradients that might be indicative of 
ecotones. An example is provided by 
an analysis of 86 species of inverte- 
brates, fish, birds, and mammals 
taken from the Bering, Chukchi, and 
Beaufort seas atlas3 (NOAA 1989). 
Principal-components analysis was 
used to derive correlations among the 
ranges of these 86 species in timevand 
space. 

The results of this analvsis are 
given in Figure 5 .  The six maps com- 
bined explain 68.5% of the total vari- 
ance in the ranees of all 86 s~ecies.  
Gradients are i;dicated by thk con-
tour lines on the maps. A strong spe- 
cies-assemblage gradient (closely 
packed contour) is a good indication 
of a strong environmental gradient. 
Ray and Hufford (1989) hypothe- 
sized that some of the marine mam- 
mal assemblages of these seas might 
be influenced by the structure of the 
ice pack. One satellite image used to 
reach this conclusion is shown in Fig- 
ure 6. For some of the assemblag& 
shown in Figure 5, sea ice could also 
be a factor. 

3G. C. Ray, B. P. Hayden, A. Denton, D. J. 
Basta, and T. F. LaPointe, 1991, manuscript in 
preparation. 

The results of such analyses are 
inductive and can generate hypothe- 
ses. An advantage of this approach is 
that derived assemblages may be 
treated as interacting communities. 
Also, the assemblages present a com- 
plex of overlapping configurations, 
requiring a combination of oceano-
graphic, meteorologic, biological, and 
behavioral phenomena for explana- 
tion. Finally, because the gradients 
for assemblages are statistically de- 
rived, they may be associated with 
quantifiable environmental variables 
and subject to quantitative modeling. 

Species' responses and feedbacks. 
There are a large number of examples 
of estuarine and marine species' re-
sponses to the spatial and temporal 
characteristics of their environment. 
Grassle (page 464 this issue) consid- 
ers deep-sea benthic communities in 
the context of small-scale distur-
bances, some of which are biological. 

A particularly relevant example of 
feedback within coastal ecosystems is 
the history of the exploitation of the 
American oyster (Crassostrea virgin- 
ica), Newel1 (1988) estimates that the 
pre-1870 standing stock in Chesa-
peake Bay was 188 million kg dry 
weight. This population is thought to 
have filtered the equivalent of the 
total water of the bay every 3.3 days. 
By 1988, the stock had been reduced 
to  approximately 1.9 million kg. 

Therefore, the water-turnover rate 
now approximates a year. The result 
is a bay very different from that of a 
century ago. Newel1 suggests that 
there has been a strong shift from a 
relatively clear bay to  one dominated 
by microbes, which results in deep- 
water anoxia and an increase in 
planktonic suspension-feeders such as 
ctenophores and jellyfish. Such a mas- 
sive alteration in a large estuary must 
produce a cascade of effects, includ- 
ing the widespread alteration of 
coastal communities and food webs 
far beyond the range of the oysters. 
Today, Chesapeake Bay is the habitat 
of many coastal fish species, some of 
which migrate hundreds o r  even 
thousands of kilometers to feed and 
grow to adulthood. Their numbers 
and the timing and intensity of their 
feeding have implications for ecosys- 
tem dynamics far beyond Chesapeake 
Bay. 

Assessing ecological function 
Biogeographic patterns, and hence bi- 
ological diversity, within the coastal 
zone are determined by complex com- 
binations of factors, and the biota 
may display strong ecological feed- 
backs. Further, the patterns and pro- 
cesses involved are hierarchical in 
both time and space. Therefore, a 
land- and seascape ecology can be 
applied to  the assessment of ecologi- 
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Figure 5. Species assemblages for 86 species of invertebrates, fish, birds, and mammals of the Bering, Chukchi, and Beaufort seas. 
The contour lines and numbers represent standard deviations for correlations among species ranges. Where contours are closely 
packed, strong environmental gradients are indicated. Assemblages shown in (a) and (b) may relate to sea ice types 4 and 3, 
respectively, of Figure 6; (c) is a coastal faunal assemblage, occurring mostly in summer; (d) represents a transition to  the North 
Pacific fauna; ( e ) is a continental-slope fauna; and (f) represents two faunae, both consisting of summer distributions. 

cal functions within coastal ecosys- tems. First, a comparative biogeogra- It is true that many attributes, es- 
tems. phy using biotic associations and sta- pecially boundaries, are difficult to 

Urban et al. (1987) suggest three tistically derived assemblages offers determine. Yet most, if not all, natu- 
steps: detection of temporal and spa- insights into community interactions ral phenomena have characteristic 
tial patterns, inference as to which of several kinds, including energetics, frequencies and corresponding spatial 
factors generate the pattern, and the predation, and competition. Second, scales. In fact, ecosystem function 
relationship of this pattern to adja- coastal-zone physiography can be cannot be adequately analyzed with- 
cent hierarchical levels. These tasks usefully examined for its influence on out reference to hierarchical pattern. 
appear to be possible for coastal sys- biogeographical attributes. For example, although analysis of 
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trophic structure is a useful heuristic 
device, it cannot realistically explain 
ecosystem function (O'Neill et al. 
1986). 

The application of time-space rela- 
tionships to reveal and predict coastal 
ecosystem function will require a vir- 
tual revolution in the ways that coastal- 
zone science is conducted. Physical 
oceanography has dominated attempts 
to explain patterns on the high seas. 
Biological science dominates in inter- 
tidal and terrestrial environments. Bio- 
logical oceanography largely concerns 
primary producers and zooplankton, 
on the assumption that these organisms 
drive oceanic biological systems. Fish- 
eries ecology is almost exclusively con- 
cerned with larger, edible creatures. 
Coastal-zone science now must attempt 
to combine all these approaches. The 
examination of biogeographical pat- 
tern, as related to coastal-zone struc- 
ture, could provide unifying principles. 

Coastal-zone structure and biogeo- 
graphic pattern have obviously 
changed markedly during geological 
time scales. Should global warming 
accelerate during the next few dec- 
ades, leading to sea-level rise, the ex- 
tents of coastal lagoons and marshes 
will also be affected (Hayden et al. 
1991). This physical change will 
strongly influence the associated 
biota. Prediction of such ecosystem 
changes can be facilitated by land- 
and seascape ecology. 

If ecosystem analysis can benefit by 
consideration of hierarchy and scale, 
conservation of coastal biological di- 
versity may benefit even more. One 
major effect of human perturbations 
is to rescale natural patterns. It will be 
no simple matter to realign social and 
natural systems, both of which are 
chaotic and nonlinear and operate at 
different scales. However, this re- 
alignment is urgent and the need is 
becoming widely recognized. For ex- 
ample, the International Geosphere- 
Biosphere Programme has proposed a 
global coastal-research program, stat- 
ing, "The coastal zone, where land, 
air, and sea meet, is a region of high 
physical energy that is heavily ex- 
ploited by man. It is also a zone 

world's oceans" (DOE 1990). These 
statements emphasize the importance 
of the coastal zone, quite out of pro- 
portion to its extent. 

Conclusions 
Biodiversity is a fundamental func- 
tional property of any ecosystem. The 
natural histories of organisms relate 
directly to ecosystem structure, and 
constraints imposed at higher scales 
of interaction determine both species 
occurrence and abundance and com- 
munity composition. If. those con- 
straints are altered either by natural 
phenomena or by human interven- 
tion, biodiversity will be altered as 
well. Therefore, understanding the 
distribution of biota among different 
systems and assessing their functional 
roles are key both to understanding 

how ecosystems function and to their 
conservation. 
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