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A b stra c t .— The deep-sea comm unities o f the continental slope and rise off the eastern coast of 
the United S tates have a rem arkably high diversity— m easured regionally or locally either as 
species richness o r as the evenness o f relative abundance among species. In a  1,500-2,500-m 
depth  range off N ew  Jersey and Delaware, 233 30 x  30-cm samples contained 798 species in 
171 fam ilies and 14 phyla. Addition of stations from sites lo the north and south approximately 
doubled the num ber o f sam ples and doubled the num ber of species to 1,597. Species-area curves 
do no t level off within stations or when stations are added together. M oreover, the proportion 
o f species represented  by single individuals is high a t all scales of sampling, which indicates 
that m uch m ore sampling is needed to adequately represent the species richness either locally 
o r regionally. D iversity changes very little through time at a single site or with distance along a 
180-km transec t at a depth o f 2,100 m. Diversity Is maintained by a combination of biogenic 
m icrohabitat heterogeneity  in a system  with few barriers to dispersal, disturbance created by 
feeding activities o f larger anim als, and food resources divided into patches of a few square 
m eters to square centim eters initiated by specific temporally separated events.

O ur results, from the first extensive quantitative sampling of deep-sea commu­
nities, indicate a much greater diversity of species in the deep sea than previously 
thought. Thousands of species o f small invertebrates living on or in the sediments 
o f the deep-sea floor coexist in a shifting mosaic of m icrohabitats. Several space 
and tim e scales need to  be considered in studying deep-sea communities; how­
ever, small-scale processes appear to be particularly important in this ecosystem. 
D eep-sea m icrohabitats tend to persist longer, be smaller in spatial extent, and 
be separated by longer distances between patches in comparison with the most 
closely studied shallow-water marine communities.

Com m unity ecologists have long been interested in explaining patterns of spe­
cies diversity o f marine and terrestrial ecosystems, especially the large number 
o f species that coexist in tropical regions (Wallace 1878; Hutchinson 1959; Fischer 
1960; M acA rthur 1965; Pianka 1966). Hessler and Sanders (1967) discovered an 
unexpectedly high species richness in the deep sea, which led to  extensive specu­
lation on the reasons for the observed patterns of species richness in marine 
habitats (Sanders 1968; D ayton and H essler 1972; Grassle 1972, 1989; M acArthur 
1972; Grassle and Sanders 1973; Rex 1973, 1976; Jumars 1976; Menge and Suther­
land 1976; Van Valen 1976; Osman and W hitlatch 1978; Abele and Walters 1979;
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Thistle 1979; Smith 1986; Grassle and M orse-Porteous 1987). The potential for 
trem endous loss o f species in the tropics has led to increased interest and concern 
about species diversity and associated ecosystem  functions, in both marine and 
terrestrial environm ents (E. O. Wilson 1985, 1988; M ay 1988; N ational Science 
Board 1989; di Castri and Younes 1990). F urther developm ent o f theory  relevant 
to  the processes that control species diversity requires better m easurem ents of 
regional species richness and investigation o f the interaction o f this species pool 
with a more local scale o f direct contact among species (e.g., predation, competí 
tion, sym biosis; Ricklefs 1987; May 1988; Petraitis et al. 1989; M enge and Olson 
1990).

Until the late 1960s, deep-sea species richness was thought to  be lower than 
species richness in shallower environm ents (Ekm an 1953). The earliest recogni­
tion of relatively high species richness in the deep sea was based on five qualita­
tive epibenthic sled samples from the northw est A tlantic (H essler and Sanders 
1967). The largest num ber of species in one of these sam ples, 365, was obtained 
from an epibenthic sled that was pulled over the bottom  at 1,400-m depth for an 
indeterm inate d istance o f m ore than 1 km. N um erous taxonom ic studies based 
on these and o ther similar trawl samples support the initial reports o f high diver­
sity for portions o f the fauna such as polychaetes (H artm an 1965; H artm an and 
Fauchald 1971; M aciolek 1981, 1985, 1987), isopods (H essler 1967, 1968, 1970a, 
19706; W ilson and H essler 1974, 1980, 1981; Thistle and H essler 1976, 1977; 
G. D. Wilson 1976, 1980a, 19806, 1981; S iebenallerand  H essler 1977, 1981; This­
tle 1980; K ensley 1982), and bivalves (Allen and Sanders 1966, 1969, 1973; Sand­
ers and Allen 1973, 1977; Allen and Turner 1974; Allen and M organ 1981). Prior 
to the present study, quantitative data on deep-sea species diversity have been 
limited to analyses o f only a few (<10) box-core samples (0.25 m 2) from  any one 
geographic area. The paucity o f quantitative data on deep-sea species diversity 
led Nybakken (1982, p. 147) to argue that “ the idea o f a highly diverse deep-sea 
fauna m ust remain speculative.”

Our results are based on analysis of m acrofauna from  quantitative samples 
from 10 stations along 176 km of the 2,100-m depth contour off N ew  Jersey and 
D elaware and four additional stations at 1,500-m and 2,500-m depth (fig. 1). These 
samples were taken to describe the deep-sea com m unities as part of a monitoring 
program to evaluate the impacts of oil and gas exploration activities. Exploratory 
drilling took place near one of the 2,100-m stations (M aciolek et aí. 1987a), and 
m ost o f the stations were at this depth on the lower continental slope. There is 
no ecological significance to the choice o f bottom  depths. Additional samples 
from the slope and rise off North and South Carolina (Blake et al. 1987) and off 
New England (M aciolek et al. 19876) were used to show the num ber of species 
from a larger area o f the western Atlantic. This large num ber o f quantitative 
samples enabled us to  address the issue o f regional versus local diversity and to 
answ er some basic questions concerning species diversity in the deep sea: Does 
diversity differ between stations in an apparently hom ogeneous region? Does 
diversity vary seasonally? Does the num ber o f new species decrease as the num­
ber o f samples increases? W hat is the species richness at any given site? Can the
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F i g . 1.— Location o f deep-sea box-coring stations on the continental slope off New Jersey 
and Delaware.

num ber of w estern Atlantic continental rise species be estimated? The answers 
to these questions are needed to understand the processes controlling species 
diversity in the deep sea.

Species diversity depends on the number of species, the relative abundance of 
those species, and the num ber of individuals sampled (Pielou 1966). Where possi­
ble, we have used graphic methods to emphasize the relationship of species rich­
ness to the sampling pattern, and we illustrate our results with plots of actual data, 
avoiding m easures of diversity derived from assumptions about the distribution of 
individuals among species. Relationships between numbers of species and sam­
pling area, betw een species and individuals in samples of differing size, relative 
abundances in different areas, and expected numbers of species shared between 
areas are used to provide an overview. Estimates of species present in a single 
area and how this varies spatially allow us to make a conservative estimate of 
how m any m acrofaunal species may be present in the deep sea.



316 THE AMERICAN NATURALIST

TA BLE 1

S t a t io n  L o c a t io n s  a n d  D e p t h  in  M e t e r s

Reference Depth
Depth Range No. Latitude Longitude

Station Number* (m) (m) of Samples N W

M6 2,090 2,045-2,091 17 38°05.54' 72=02.97'
M5 2,065 2,055-2,090 18 38=50.49' 72=33.01'
M4 2,100 2,091-2,124 18 38°44.47' 72=33.01'
M il 1,515 1,502-1,540 17 38°40.17' 72=56.37'
M3 2,055 2,045-2,064 18 38=36.84' 72=51.35'
Ml 2,195 2,165-2,209 18 38=35.98' 72=52.97'
M2 2,020 2,005-2,024 18 38=35.78' 72=53.65'
M 12 2,505 2,495-2,509 18 38=29.30' 72=42.15'
M7 2,100 2,085-2,110 17 38=27,36' 73=03.44'
M8 2,150 2,148-2,159 8 38=27.31 ' 73=04.87'
M9 2,105 2,100-2,114 18 38°17.28' 73=14.51'
M 14 1,500 1,409-I J  15 12 37=53.91' 73=44.62'
M 13 1,613 1,605-1,619 18 37=53.33' 73=45.09'
MIO 2,095 2,093-2,114 18 37=51.80' 73=19.84'

♦Ordered from north to south.

M ATERIALS AN D  M ETH O D S

Study Sites and Sampling Methods
The 176-km transect extended from 37.9° to 39.1°N and 72.1° to 73.8°W. Three 

replicate samples were taken at each of 14 stations (table 1) three times per year 
for 2 yr (M arch/April/M ay, August, and Novem ber/D ecem ber in 1984; May, 
August, and November in 1985). Careful attention to navigational position using 
Loran C ensured that samples were generally within 200 m of the station location 
regardless of sampling date.

The samples were taken using a modified Ocean Instrum ents M ark III 0.25-m2 
box corer (Hessler and Jumars 1974). The box corer was partitioned into 25 
subcores, each with a surface area o f 0.01 m2. A block of nine contiguous cen­
tral subcores was designated for infaunal analysis, with the remaining undis­
turbed subcores reserved for sediment chemistry and grain-size analyses (data in 
Maciolek et al. 1987n). Subcores for infaunal analysis were sieved on board 
using 0.3-mm-mesh screens and fixed in 10% buffered Formalin.

Laboratory Methods
In the laboratory, each sample was resieved on a 0.3-mm-mesh screen and 

transferred from Formalin to 80% ethanol. Samples were stained with Rose Ben­
gal at least 4 h prior to sorting under a dissecting microscope. The single most 
critical, difficult, and time-consuming part of this work was the taxonomic identi­
fication o f each specimen. We were very fortunate to have assembled a team of 
experts, m ost of whom had many years of experience with deep-sea taxa (see 
Acknowledgments). Individuals of uncertain species identity (because they were 
very young juveniles or were missing morphological features needed for identifi­
cation) were not included in the statistical analyses. Samples were gently handled

DEEP-SEA SPECIES RICHNESS 317

during processing so that only 2.8% (including unidentifiable juveniles) of the 
total number of individuals collected were not identified to species. Animals 
attached to hard surfaces such as rocks and shells and parasitic or planktonic 
species were also excluded from the analyses. Meiofaunal taxa such as nema­
todes, harpacticoid copepods, ostracods, foraminifera, and mites were not in­
cluded because they were inadequately sampled by the 0.3-mm-mesh screens and 
were therefore not considered part of the macrofauna.

Results were based on 233 box-core samples from 14 stations; however, partic­
ular emphasis was placed on the 160 samples from the nine 2,100-m depth stations 
(for comparison of combined samples within stations, station 8 was left out be­
cause it was sampled only three rather than six times). Only the total number of 
species and individuals from an additional 323 box cores from off the Carolinas 
and New England were used. Data entry was replicated and cross-checked, and 
the tabulated data were returned to the taxonomic specialists who eliminated any 
redundant entries or similar errors. In the analysis involving random combina­
tions of all samples from 2,100-m depth, samples from the stations at either end 
of the along-contour transect (6 and 10) were also dropped because of the limited 
capacity of the VAX 11/780 used in the calculations.

H urlbert’s (1971) modification of the rarefaction method (Sanders 1968) was 
used to generate species-individuals curves. The points on each curve are the 
number of species calculated to occur in computer-generated subsamples of m 
individuals from single or combined samples (Smith and Grassle 1977). The rar­
efaction curves were estimated from the total fauna and also on separate faunal 
groups: polychaetes, mollusks, and peracarid crustaceans. Shannon-Wiener di­
versity indexes (ƒ/') were calculated for individual samples (Pielou 1966). Faunal 
similarities were measured using the normalized expected species shared in sam­
ples of m individuals (NESS; Grassle and Smith 1976; Smith et al. 1979). In this 
article, NESS is expressed as the percentage of species shared.

Plots of species versus area (number of samples) were computed using the 
m ethods o f Gaufin et al. (1956) to calculate the average number of new species 
contributed by random combinations of 1, 2, 3, . . . , n replicate samples. Species- 
accumulation curves were also calculated by adding samples in sequences or­
dered according to time or station. Fit to the lognormal distribution was estimated 
using the Gauss-fit program described by Gauch and Chase (1974).

RESULTS

Diversity and Abundance o f Higher Taxa
A total of 798 species representing 171 families and 14 phyla were identified 

from 90,677 individuals in 233 box cores that had a combined surface area of 21 
m2 (table 2). An additional 64 macrofaunal species were present in the samples 
but were planktonic or lived on hard surfaces and therefore were omitted from 
the analyses (see Maciolek et al. 1987 for a complete list of species). Annelids 
accounted for 48%, peracarid arthropods (amphipods, isopods, tanaids, and cu- 
maceans) 23%, and mollusks 13% of the macrofaunal individuals.
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TA B LE 2

T a x o n o m ic  C o m p o s it io n  o f  S o f t - S e d im e n t  B e n t h o s  fr o m  
U.S. M id -A t l a n t ic  C o n t in e n t a l  S l o p e  S a m p l e s

Species and Family No. of Species No. of Families

Cnidaria 19 10
Hydrozoa 6 3
Anthozoa 12 6
Scyphozoa 1 1

N em ertea 22 1
Priapulida 2 1
Annelida 385 49

Polychaeta 367 47
Oligochaeta 18 2

Echiurida 4 2
Sipuncula 15 3
Pogonophora 13 5
Mollusca 106 43

Bivalvia 45 18
Gastropoda 28 18
Scaphopoda 9 4
Aplacophora 24 3

Arthropoda: 185 40
Cumacea 25 4
Tanaidacea 45 8
Isopoda 59 11
Amphipoda 55 16
Pycnogonida 1 1

Bryozoa 1 I
Brachiopoda 2 1
Echinoderm ata 39 13

Echinoidea 9 2
Ophiuroidea 16 6
Asteroidea 3 3
Holothuroidea 11 2

Hem ichordata 4 1
Chordata 1 1

Total 798 171

Of all species, 58% (460) are new to science. Among the peracarid crustacea 
and polychaetes, 69% (127 species) and 64% (236 species), respectively, are un­
described. Within several polychaete families, such as the Dorvilleidae, Cirra­
tulidae, Spionidae, Flabelligeridae, and Terebellidae, 75%-93% are new. The 
mollusks are somewhat better known, however, and 37% (42 species) are unde­
scribed.

Community Homogeneity
The relative abundances of species at the nine 2,100-m stations sampled over 

the entire 2-yr period were similar from station to station (fig. 2). The relative 
proportions of these 10 species abundances within these stations did not change 
radically when samples were combined according to sampling date, station, or 
entire region (table 3). When the samples were combined, only 10 species had 
an average abundance greater than 2%. The single most common species (the
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io station no.

species sequences

Fic. 2 .—Percentage abundance of species ranked from the most common to the least 
comm on (species sequences) at each of nine stations ordered by position on a NE-to-SW 
transect along the 2,100-m depth contour. The intervals of 10 on the baseline are numbers 
of species (offset by 10 species for each station). Each station has a similar distribution of 
individuals among species.

TABLE 3

P e r c e n t a g e  C o n t r ib u t io n  o f  t h e  io  M o s t  A b u n d a n t  S p e c ie s  a t  2 , io o -m D e p t h

Species Ordered by Rank

All
Samples

Combined

Replicates and 
Times Combined, 
Averaged across 

Stations (%)

Replicates 
Combined, 
Averaged 

across 
Stations and 
Times (%)

Averaged across 
Stations, Times, 

and Replicates (%)

Aurospio dibranchiata  (P) 7.1 7.2 (9.5) 7.7 (16.6) 8.3 (26.9)
Pholoe anoculata (P) 4.6 5.6 (17.4) 5.8 (19.2) 6.2 (21.9)
Spathoderm a clenchi (A) 3.9 4.2 (19.5) 4.6 (18.8) 4.9 (18.1)
Tharyx sp. 1 (P) 3.8 3.6 (15.4) 3.9 (17.8) 4,2 (17.0)
Prionospio sp. 2 (P) 3.1 3.4 (17.6) 3.4 (15.4) 3.8 (15.9)
Tubificoides aculeatus (O) 3.0 3.1 (13.1) 3.2 (14.9) 3.4 (14.9)
Prochaetoderma yongei (A) 2.8 2.8 (12.3) 2.9 (14.1) 3.2 (14.9)
Aricidea tetrabranchia  (P) 2.2 2.6 (10.2) 2.6 (13.5) 2.9 (14,3)
Glycera capitata  (P) 2.1 2.4 (8.1) 2.4 (11.2) 2.7 (13.0)
N em ertea  sp. 5 (N) 2.1 2.2 (5.4) 2.3 (11.4) 2.5 (13.5)

N o t e .— A, Aplacophora; N , Nem ertea; O, Oligochaeta; and P, Polychaeta. Coefficients of varia­
tions are shown in parentheses.

polychaete Aurospio dibranchiata) comprised 7%—8% of the total individuals 
regardless of scale of sampling. The abundance of this and the other abundant 
species changed little regardless of station or sampling date (fig. 3).

About 20% of the species were found at all 10 2,100-m stations, and 34% 
occurred at only one station. For the entire soft-sediment fauna, 28% of the 
species occurred only once and 11% only twice. Peracarid crustacea have the 
narrow est distribution with only 15% (21 species) occurring at all 10 stations and 
43% (60 species) occurring at a single station. The breadth of distribution of
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Fig. 3.— Tem poral variation in abundance (no./900 cm2 ± I SD) o f Aurospio dibranchiata 
over a 2-yr period a t each of IO stations along the 2,100-m depth transect (stations 1—10), at 
depths of 1,500 m (stations 11, 13, 14) and 2,500 m (station 12). Each bar indicates th e X a n d  
SD o f three replicate samples from each sampling date.

polychaetes was near the mean for the entire fauna; 22% (65 species) occurred 
at all 10 stations and 36% (106 species) at one station. Bivalves, in addition to 
being better known (see above), had broader distributions with 37% (14 species) 
at all 10 stations and only 21% (8 species) at one station. Although variable in 
proportion, endemism was high both across and within all taxa.

Based on the six northernmost stations (stations 1-6), the normalized expected 
species shared (NESS) between samples of 50 individuals (m =  50 individuals) 
from adjacent pairs of stations was 83% ±  5% (95% confidence limits [CL]), and 
the mean NESS similarity for samples of the same size (m =  50) within each 
station was 92% ±  2%. The mean NESS similarity (m = 200 individuals) between 
samples from the most distant stations (6 and 10) was 79% ± 5% (within-station 
similarities were 93% ± 5% and 91% ±  4%, respectively).

The community at 2,100-m depth does not have sharp boundaries: a 500-m 
change in depth in either direction from station 1 produced a NESS similarity 
between stations o f 68% ± 3% in the shallower direction and 64% ±  4% in the 
deeper direction (N. J. Maciolek and J. F. Grassle, unpublished manuscript). 
Clearly, although there are many endemic species and many are rare, the varia­
tion in the identity of relatively abundant species over a large scale (kilometers) 
is relatively small.
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Species Diversity o f Each Replicate from  
2,100-m Stations Treated Separately

The diversity at the 2,100-m stations is shown in figure 4, in which the numbers 
of individuals and species in each 900-cm2 sample are plotted. The number of 
species per 900-cm2 core ranged from 55 to 135, with this measure of species 
richness varying according to faunal density. The rarefaction line indicated by 
the X ’s in figure 4 was calculated from a single sample obtained by summing the 
168 2,100-m samples. With one exception, all of the numbers of species and
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F ig. 6.— Species-area curves based on random  addition of samples from each o f the 
2,100-m depth stations sampled six times over a 2-yr period. The area of 18 samples is 
1.62 m2.

Using this method, we found that diversity was greatest at the southernmost 
station, 10. The next most diverse stations— 2, 3, and 5—did not represent any 
particular geographical pattern.

The rarefaction curves for these stations (fig. 7) indicated differences in diver­
sity similar to those represented by the species-accumulation curves, with station 
10 being the m ost diverse and station 4 the least diverse. The northernm ost sta­
tion, 6, was similar in species composition to the majority o f stations, whereas 
the southernm ost station, 10, showed the greatest dissimilarity to other 2,100-m 
stations. Forty-two species occurred only at station 10; in contrast, 17 species 
occurred only at station 6. The relatively high species richness at station 10 may 
reflect a contribution of species dispersing from denser populations to the south.

Rarefaction curves for the three major taxa— Polychaeta, Peracarida, and 
Mollusca— are shown in figure 7 as shaded areas delimited by the curves for the 
least and m ost diverse stations and include the actual end points o f each of the 
nine curves for each taxa. Station 10 had the most diverse fauna in each of these 
taxa as well.

Fluctuations in diversity through time at each station are illustrated by the 
rarefaction num ber of species per 500 individuals on each sampling date (fig. 8).
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Fio. 9 .— Mean and standard deviation o f evenness (H '/H mn) and the Shannon-W iener
diversity index (H ')  of each 900-cm2, 2,100-m depth sam ple separately, combined within
sampling periods, combined over time within stations, and combined among stations (stations 
1-5, 7, 9 and stations 1, 4-6, 8, 9).

Diversity fluctuated very little from station to station o r from time to  time. The
abundance o f the most common species, the polychaete Aurospio dibranchiata,
also fluctuated surprisingly little with time and site along the depth contour (fig.
3). Similar histograms could be shown for m ost of the abundant species along the 
transect (Maciolek et al. 1987«).

Rarefaction estim ates of species diversity did not change drastically when sam­
ples were combined (table 4). This was not the case with the Shannon-W iener
index (ƒ/') or evenness (H '/H max) (fig. 9). F o r estim ates o f regional diversity, 
neither H' nor evenness are appropriate measures.

When the distributions of individuals among species at each station were fitted 
to a lognormal distribution (Gauch and Chase 1974; also see pros and cons of 
this approach in Nelson 1987), only the extrem e right-hand tail o f a  lognormal 
distribution was observed (curves not shown). In six of the 10 fitted curves, the
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mode of the curve was more than 1 SD unit to the left of the portion of the curve 
represented by our data. When the 2,100-m stations were combined to include 
m ore of the total pool of species in the region, the fit to the lognormal decreased 
(explaining 91% of the variance instead of 95%). The calculated mode of the 
curve, based on all 2,100-m samples, was 1.6 SD units to the left of the actual 
data. Assuming this distribution, we have collected only 5.5% of the species from 
the entire distribution, and there are 11,800 species in the community. Since only 
one extrem e tail of the curve is present, the lognormal distribution may or may 
not be a good representation of the community. Because more complete lognor­
mal plots have been fitted to other communities (Preston 1948; Patrick 1973; 
Sugihara 1980) with relatively few rare species, it seems unlikely to be a good 
approximation for deep-sea data. Hughes’s community dynamics model of spe­
cies abundance (Hughes 1984, 1986) provides a more complete approximation of 
the data than the lognormal or log series distributions. The Hughes model, how­
ever, does not provide a prediction of the total species pool.

Species Richness—Stations along the 2,100-m Contour 
Combined as a Single Assemblage

Faunal similarities were very high between stations along the 2,100-m depth 
contour sampled. Stations 6 and 10, the northernmost and southernmost stations, 
respectively, and station 8, which was sampled for only 1 yr, were eliminated, 
so that the length of the 2 ,100-m contour spanned by the remaining seven stations 
was 87 km. Faunal similarities were high between all pairs of these stations 
(NESS >  85%), and the combined data provide a representation of regional spe­
cies diversity (fig. 10). Both a rarefaction curve ( +  ’s, based on combining the 
same samples into a single collection and calculating the number of species repre­
sented in successively smaller random draws of individuals from the combined 
collection) and a species-accumulation curve (based on the mean number of spe­
cies in all combinations of 1, 2, 3, . . . , n samples) are illustrated (fig. 10). Because 
species distributions are not random, the mean number of species in combinations 
of samples accumulated species at a faster rate than chance combinations of 
individuals drawn from a single combined sample.

The individual points in figure 10 are the data from Hessler and Sanders’s 
(1967) five epibenthic sled trawl samples that first showed the high diversity in 
the deep sea. The epibenthic sled inefficiently sampled a 0.81-m swath approxi­
mately 1-2 km long or IO3 m2. Although the sled samples were from the same 
general region as our study area, the diversity was much lower than our data 
show, especially when the much smaller surface area that we sampled is consid­
ered. Three reasons account for the difference. First, the box-core stations were 
spaced over a geographical area larger than that covered by a single trawl sample, 
so trawls miss many o f the burrowing species (Gage 1975). Second, a finer sieve 
was used (0.3 mm instead of 0.42 mm). Finally, and most important, major ad­
vances have been made in deep-sea systematics in the intervening 2 decades, 
which has resulted in the recognition of many more species than were identified 
by H essler and Sanders.

We used the data from all nine stations sampled six times over a 2-yr period
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Fio. 10.— U pper curve is a  computer-generated species-area plot o f the mean num ber of 
species for each combination of samples from the 2,100-m stations 1-5, 7, and 9, regardless 
of sampling date. Plus symbols ( + ) mark the species-individuals relationship calculated by
rarefaction from a single summation of the 125 separate samples. Trawl samples from H essler
and Sanders (1967) are indicated by asterisks.

to develop the species-accumulation curves by adding the samples together in 
order of time and order of distance along the transect (fig. 11). The rarefaction 
curve is also presented for reference. W hen the samples from separate stations 
were combined in an order proceeding from north to south within each sampling 
date and then according to time of sampling from the first to the last sampling 
date, the species-accumulation curve (closed circles) was very close to the rar­
efaction line. W hen samples within each station were ordered first by sampling 
date and then according to the order from north to south along the 2,100-m 
contour, the curve (open circles) fell below the rarefaction line and had a pro­
nounced stepwise character. The horizontal part of the step consisted of individu­
als of species already represented in the cumulative collection. The vertical part
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Fio. 11.— Individual samples combined in an ordered sequence by two different methods.
The open circles are samples combined over time within stations and then combined ac­
cording to station at the designated distances along a NE-to-SW transect. The staircase 
pattern is formed by horizontal lines representing individuals o f species already represented 
in the sam ples accumulated at that point. The closed diamond-shaped points are rarefaction 
curves using individuals of the species added at that station. The closed circles are samples 
accum ulated according to station within each time interval. This curve closely approximates 
the rarefaction curve represented by plus symbols ( +  ). The rarefaction points are calculated 
from the combined collection of all samples.

of each step added very few individuals because species not previously collected 
were rare. This is as expected if the 2,100-m contour is all one assemblage. The 
steps became less steep with distance except for a marked addition of species 
from  station 10 at the end of the transect. Station 10 may be at the start of a 
transition to .a  different 2,100-m community (see community homogeneity re­
sults). Because widely separated small patches are expected in the deep sea, we 
would predict a  similar but somewhat lower curve if all the samples were from a 
single site. The data from the hundreds of samples needed to fully characterize 
a species-area curve at a single site are unlikely to be obtained in the near future 
because o f the expense of processing a single deep-sea sample.

Rarefaction curves o f the three major taxa, which used samples from stations 
1-10 combined for all sampling periods, showed that polychaetes were the most 
diverse group, followed by the peracarid crustaceans and then the mollusks (fig. 
12). Smaller groups such as tanaids, isopods, and bivalves (or the even less abun­
dant gastropods and amphipods) gave an even less complete representation of 
the diversity (fig. 13).
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Fig. 12.— Rarefaction curves for polychaetes (P), peracarid crustaceans (C ), and mol­
lusks ( M ) .

Diversity Including Stations off N ew England and the Carolinas
A combination of samples from 31 additional stations south of New  England 

(Maciolek e t al. 19876) and off N orth and South Carolina (Blake e t al. 1987) at 
depths from 255 to  3,494 m was used to extend the plot of species and individuals 
north and south beyond the region off New Jersey and Delaware (fig. symbols). 
The total num ber of species added was 799, which brought the total to  1,597 
for 556 900-cm2 samples (272,009 individuals). A plot of the num ber of species 
represented by single individuals against the total num ber of individuals collected 
showed that the rate o f addition of rare species was undiminished with the addi-
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Fig. 13.— Rarefaction curves for isopods (I), tanaids ( T ) ,  and bivalves (B)

tion o f samples from other slope environments (fig. 14, other symbols). This is a 
critical point to consider in estimating where the species-abundance curve might 
eventually level off.

DISCUSSION

Faunal Homogeneity
The relative-abundance curves (fig. 2) show that the community structure was 

similar at each of the 2,100-m stations. The species listed in table 3 were consis­
tently the most abundant at each of the 2,100-m stations, and the single most 
abundant species, the polychaete Aurospio dibranchiata, had a remarkably homo­
geneous abundance over the entire area sampled (fig. 3). Despite many rare spe­
cies (90% of the species were represented by less than 1% of the individuals), 
about one-fifth o f the species found at any of the 2,100-m stations occurred at all 
10 stations. M ean similarity o f samples within stations was slightly greater (NESS
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Fia. 14,— Relationship between species and individuals in successively larger combina­

tions of sam ples. The lower se t of points shows the relationship between num ber of species 
represented by a  single individual and the to tal num ber o f individuals. T he closed symbols 
are within single 2,100-m stations. The open circles represent data from 45 stations taken 
from the continental slope off the east coast o f the United States from depths of 255- 
3,494 m.

at 50 individuals =  92% ±  2%) than between adjacent 2,100-m stations (NESS 
at 50 individuals = 83% ±  5%) or between the two most distant 2,100-m stations 
(NESS at 50 individuals = 79% ±  5%). A change of 500 m in depth resulted in 
a  drop in N ESS similarity to 68% ±  3% in the shallower direction and to 64% ± 
4% in the deeper direction.

Our results support evidence from other studies that species composition 
changes more rapidly across rather than along depth contours (Sanders and 
Hessler 1969; Grassle et al. 1979; Carney et al. 1983).

However, broad distributions of many of the abundant species both along and 
across depth contours (N. J. Maciolek and J. F. Grassle, unpublished manuscript) 
are evidence that boundaries between deep-sea communities are fa r less distinct 
than between communities in shallow water. This is shown by the small spatial
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and temporal variation of faunal diversity in these samples compared with similar 
surveys for shallow-water communities (see figs. 4, 5, 8).

The three most abundant taxa differed similarly in breadth of distribution both 
across and along depth contours. Species of peracarid crustacea had the narrow­
est distribution, polychaete species had distributions similar to the mean for the 
whole fauna, and bivalves had the broadest depth distributions. A similar obser­
vation was made by Sanders and Grassle (1971) from epibenthic sled trawl data.

H ow  M any Species Occur in the D eep Sea?
The discovery of 798 species from a total surface area of 21 m2 clearly indicates 

a high species richness in a single area at a uniform depth. Even though other 
quantitative studies were based on very few samples, results from smaller sam­
pling efforts can be compared with ours. The number of species (278-351 species 
at the 2,100-m stations and 324-363 species at the 1,500-m stations) present in 
the 1.62-m2 surface area represented by the 18 samples from each single station 
was similar to the 315 species obtained in a slightly smaller sampling effort (1.25 
m2) at 1,230-m depth in the San Diego Trough off southern California (Jumars 
1976). Gage (1979) obtained up to 146 species per 0.25-m2 core at 1,800-2,900-m 
depths in the northeast Atlantic Rockall Trough. In clusters of four or five repli­
cate 0.25-m2 samples from the central Pacific (3,934-5,229-m depth), Hecker and 
Paul (1979) obtained approximately 60 species per 80 individuals even though 
densities were only about 120 individuals per square meter. Rowe et al. (1982) 
obtained about 130 species from eight 0.04-m2 samples from approximately 
2,800-m depth in the northwest Atlantic. Grassle and Morse-Porteous (1987) ob­
tained 250 species in four box cores (two 0.25 m2 and two 0.09 m2) from 3,600-m
depth in the same region.

Our data show that the number of species continued to rise steadily as more 
samples and more individuals were collected. At a single station, species were 
added at a rate of about 25 per 0.5 m2 (fig. 6). Osman and Whitlatch (1978) have 
asked why there are not more species when one considers the surface area of the 
deep sea. One answer is that the number of deep-sea species has previously been 
greatly underestimated. After the initial rapid increase in species as samples are 
added along the 176-km transect, the data in figure 11 suggest a rate of increase 
in num ber of species with distance on the order of 100 species per 100 km. 
The rate of addition of species with distance across depth contours or in less 
homogeneous regions is even greater (this study; Blake et al. 1987). The deep sea 
at depths greater than 1,000 m occupies on the order of 3 x IO8 km2. If a linear 
ra te  of addition of one species per kilometer is conservatively generalized to one 
species per square kilometer, a deep-sea reservoir of undescribed species on the 
order o f IO8 is indicated. Since the deepest and most oligotrophic parts of the 
ocean have densities of life more than an order of magnitude lower (115/m2; 
H essler and Jumars 1974) than the depths considered here (4,597/m2; Maciolek 
et al. 1987a), an estimate of IO7 may be a better estimate. This estimate is probably 
conservative given that accumulation of species across depth contours appears to 
be much faster than within, and within-depth contour accumulation at a relatively 
homogeneous site is perhaps the slowest in the deep sea.
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The projection we have made from a very small data set has severe limitations. 
The very high proportion of species represented by single individuals is a measure 
of the extreme inadequacy of sampling as well as some of the best evidence for 
a universe with orders of magnitude more species. Predictions concerning the 
number of species added as more sites are studied depend on the assumption that 
rare species that turn up at more distant sites will not be the same as the rare 
species already collected. In the more heterogeneous group of stations added 
from off New England and the Carolinas, different rare species were found, and 
the proportion o f species represented by single individuals increased (fig. 14). As 
expected, the rate o f addition o f species also increases with the broadening of 
depths and habitats sampled.

In contrast to the deep sea, shallow-water marine communities outside of tropi­
ca! areas have relatively few species. Shallow tropical marine areas with the 
highest potential species richness are not well enough studied for an adequate 
comparison to be made. The best-studied soft-bottom communities are in inter­
tidal areas or coastal embayments where the number of species per number of 
individuals collected usually reaches an asym ptote at fewer than 100 species for 
collections larger than 1,000 individuals (see, e.g., Hessler and Sanders 1967). 
The continental shelf is more diverse; however, data from 70 0.04-nr grab sam­
ples, taken over a 3-yr period from a station at 80-m depth on Georges Bank and 
analyzed using the same methods, indicated that the number of species per num­
ber of individuals leveled off at just over 200 species for collections o f greater than 
100,000 individuals (N. J. Maciolek and J. F. Grassle, unpublished manuscript).

In general, deep-sea communities subjected to obvious, frequent physical dis­
turbance have reduced species diversity (Grassle 1989). Since most deep-sea stud­
ies are based on very few samples, the comparison can only be made on the basis 
of relative abundance of species. Our results and other deep-sea studies show 
that the most abundant species is less than 10% of the fauna, and the majority of 
species in deep-sea communities are represented by less than 1% of the fauna. 
In shallow-water environments, the most common species generally makes up 
30% or more of the fauna.

A few areas in the deep sea are known to be subjected to disturbance, and these 
are more like shallow-water communities in having species that are numerically 
dominant. For example, large-scale fluctuations in the environm ent such as those 
produced by widespread deep-sea currents or shallow-water storm s are not favor­
able to the development of species-rich communities. In a deep-sea area where 
currents may be 20-25 cm/s for periods o f several days, Thistle et al. (1985) found 
that the polychaete Paedampharete acutiseries (see Russell 1987 for synonomy of 
two species reported by Thistle et al.) made up 50%-64% of the fauna.

Features o f  the Deep-Sea Environment Favorable to 
Maintaining High Species Richness

The patchy input of food to the deep sea can be considered both as a distur­
bance and, in the sense of Atkinson and Shorrocks (1981), a patchy and ephemeral 
resource. Within a patch, single species may be abundant, and the diversity is
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reduced on a microhabitat scale. Smith et al. (1986) reported abundances of 67%
±  1% of the polychaete Levinsenia oculata in background samples from a deep- 
sea area characterized by dense concentrations of megafaunal mounds. Artificial 
mounds also produced similar proportions (68% ± 2%) of the same species after 
50 d. Grassle and M orse-Porteous (1987) found that the polychaete Ophryotrocha 
sp. A comprised 38% of the individuals in cores dominated by decomposing 
Sargassum  weed from 3,600-m depth off New England; another member of this 
genus, O. akessoni, comprised more than 90% of the individuals in deep-sea 
sedim ents affected by hydrothermal venting (Grassle et al. 1985).

Although diversity may initially be reduced by disturbance on a microhabitat 
scale, high overall diversity appears to be maintained by the input of small patches 
of ephemeral resources and the disturbance that results from the activities of 
individual animals. Bottom mounds (Jumars 1976; Smith et al. 1986), vacant bur­
rows (Aller and Aller 1986), activities of scavengers (Smith 1986), input of wood 
(Turner 1973, 1977), animals such as glass sponges (Jumars 1976) and xenophyo- 
phoreans (Levin et al. 1986) projecting above the sediment surface, and sunken 
patches o f seaweed or salp blooms that have accumulated in topographic depres­
sions (Grassle and M orse-Porteous 1987) are all important sources of small-scale 
spatial heterogeneity. Spatial patchiness is produced in part through disturbance 
o f existing populations but, more importantly, through relatively high concentra­
tions o f food resources that result in long-lasting heterogeneity in the absence of 
w idespread disturbance o f the sediment or other large-scale catastrophic change. 
In m ost cases biogenic structures contribute to patchiness of organic input. Mech­
anism s by which patchy organic resources maintain high species diversity are 
reviewed by Hanski (1990) and Shorrocks (1990). As is true on coral reefs (Grassle 
1973), patch structure relevant to individual species does not show up in quadrat 
sampling.

Pulses o f food tend to arrive sporadically and to collect in depressions and 
burrows produced by the activities of animals on the deep-sea floor. Many of the 
rare species live only in association with these rare and ephemeral resources. 
L arvae o r dispersing juveniles of deep-sea animals colonize these patches even 
though they are so rare as to be missed even by extensive sampling programs. 
The contribution o f species that inhabit a variety of microhabitats (square centi­
m eters to less than a few square meters in area) separated by hundreds to thou­
sands o f m eters forms the species pool available to settle at any specific site. In 
this environm ent, local diversity depends less on species interactions and more 
on the total species pool and the rate of species recruitment to each area. The lack 
o f barriers to  dispersal allows distant migrants to contribute to local diversity. If 
com petition among species is weak, as is suggested by low overall densities of 
m acrofauna, then locally high species diversity can be explained solely on the
basis o f the regional species pool.

Cropping activities o f megafaunal animals also play a role in maintaining deep- 
sea diversity (Dayton and Hessler 1972). Species with the highest potential rates 
o f increase are prevented by predation from monopolizing resources (Grassle and
M orse-Porteous 1987).
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Temporal Variation in Deep-Sea Communities
Our results showed no detectable seasonal or annual variation in abundance 

or richness (figs. 3, 8). Most existing descriptions of deep-sea communities are 
inadequate to detect even truly drastic changes in community structure. Only 
counts of individual species will provide a sensitive m easure o f change. Without 
these data, climatic shifts o r gradual increases in pollutant inputs over decades 
could result in undetected widespread extinctions. Casual observations of deep- 
sea communities are not possible. Even the simplest information on the state of 
these communities can only be obtained at considerable expense and involves a 
number o f specialists working together. The continued quantitative study of 
deep-sea communities with appropriate taxonomic description o f the faunas is 
particularly needed to determine whether the communities that characterize such 
a large area of the globe are changing.

SUMMARY

Extensive quantitative sampling of deep-sea macrofaunal communities from 
the continental slope and rise of the eastern United States shows that there are 
many more species in the deep sea than were indicated from qualitative sampling. 
In part because the surface area o f the deep sea is so large and we have sampled 
so little o f it, Thorson’s (1971, p. 39) estim ate o f 160,000 marine species is cer­
tainly too low. Our results show a continual increase in the num ber o f species 
along a depth contour and even greater rates of species addition or species accu­
mulation across depth contours. Even very conservative extrapolations o f these 
data to the enormous surface area of the deep ocean suggest that the number of 
species inhabiting the deep-sea floor has been greatly underestim ated. As more 
of the deep sea is sampled, the number of species will certainly be greater than 
1 million and may exceed 10 million.
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