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m Abstract Most of our knowledge of biodiversity and its causes in the deep-sea
benthos derives from regional-scale sampling studies of the macrofauna. Improved
sampling methods and the expansion of investigations into a wide variety of habitats
have revolutionized our understanding of the deep sea. Local species diversity shows
clear geographic variation on spatial scales of 100—1000 km. Recent sampling programs
have revealed unexpected complexity in community structure at the landscape level that
is associated with large-scale oceanographic processes and their environmental conse-
guences. We review the relationships between variationin local species diversity and the
regional-scale phenomena of boundary constraints, gradients of productivity, sediment
heterogeneity, oxygen availability, hydrodynamic regimes, and catastrophic physical
disturbance. We present a conceptual model of how these interdependent environmen-
tal factors shape regional-scale variation in local diversity. Local communities in the
deep sea may be composed of species that exist as metapopulations whose regional
distribution depends on a balance among global-scale, landscape-scale, and small-scale
dynamics. Environmental gradients may form geographic patterns of diversity by influ-
encing local processes such as predation, resource partitioning, competitive exclusion,
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and facilitation that determine species coexistence. The measurement of deep-sea
species diversity remains a vital issue in comparing geographic patterns and evaluat-
ing their potential causes. Recent assessments of diversity using species accumulation
curves with randomly pooled samples confirm the often-disputed claim that the deep
sea supports higher diversity than the continental shelf. However, more intensive quan-
titative sampling is required to fully characterize the diversity of deep-sea sediments,
the most extensive habitat on Earth. Once considered to be constant, spatially uniform,
and isolated, deep-sea sediments are now recognized as a dynamic, richly textured en-
vironmentthatis inextricably linked to the global biosphere. Regional studies of the last
two decades provide the empirical background necessary to formulate and test specific
hypotheses of causality by controlled sampling designs and experimental approaches.

INTRODUCTION

Regional-scale sampling studies have provided the primary evidence for spatial
patterns of deep-sea community structure and their causes. There has been no syn-
optic review of regional diversity patterns published since the early 1980s (Rex
1981, 1983). During the last two decades, our knowledge has expanded dramati-
cally from descriptions of geographic gradients in diversity and indirect inferences
about the biotic and abiotic factors that may shape them, to more precise under-
standing of associations between diversity and specific environmental conditions.
These findings have transformed our understanding of the deep-sea ecosystem.
The deep-sea, soft-sediment environment is highly complex at the landscape level
of biodiversity as well as at the local community level, and is dynamically linked

to oceanographic processes at the surface.

Here we summarize regional-scale geographic trends of deep-sea species di-
versity and propose a conceptual model to explain their causes. We are primarily
concerned with ecological structuring agents that function on generational rather
than evolutionary time scales. The stochasticity or patchiness observed at very
small scales in deep-sea communities (Jumars & Eckman 1983, Grassle & Morse-
Porteous 1987, Grassle & Maciolek 1992) becomes resolved at larger scales into
measurable geographic patterns. The key to understanding deep-sea species diver-
sity lies in documenting these patterns and in discerning the scales at which various
causes operate to generate them. Patterns of diversity in the deep sea are much
more complicated than previously thought. Early attention centered on bathymetric
gradients in the western North Atlantic, the most intensively sampled region of the
deep sea. Qualitative (Rex 1981) and quantitative (Etter & Grassle 1992) sampling
studies indicated that diversity-depth patterns in the deep sea are unimodal with a
peak at intermediate depths and depressed diversity at upper bathyal and abyssal
depths. However, unimodal patterns do not appear to be universal (Rex et al. 1997,
Stuart et al. 2001), and where they do occur in other basins have been attributed
to varied environmental gradients (Paterson & Lambshead 1995, Cosson-Sarradin
et al. 1998). Also, a variety of unanticipated oceanographic conditions at specific
depths interrupt and modify bathymetric horizontal diversity trends (Gage 1997,
Levin & Gage 1998, Vetter & Dayton 1998).
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We relate diversity patterns to the regional-scale phenomena of geogra-
phic boundary effects, variation in sediment grain size, productivity gradients,
oxygen minimum zones, current regimes, and catastrophic disturbances. Regional
gradients of diversity represent the combined effects of these ecological factors in
governing the rates of local processes. Regional-scale processes are, in turn, a con-
sequence of global oceanography and climate. Compared to other major ecosys-
tems, deep-sea communities appear to be controlled by the same basic mechanisms
of energy availability, biological interactions, disturbance, and heterogeneity, but
exerted through a very distinctive set of environmental circumstances that is new
to ecology. We then consider the important issue of measuring diversity in the
deep sea—a basic and persistent problem in comparisons among deep-sea studie:
and between deep-sea and surface environments (Gage & May 1993, Rex et al.
2000). Finally, a conceptual model is offered to explain how environmental factors
interact with biotic processes to generate observed regional patterns.

Itis difficult to define, in general terms, a physically or biologically meaningful
regional scale in the deep sea. A region is often envisioned topographically as a
major deep basin, such as the North American Basin of the North Atlantic that
is bounded by the North American Continent and the mid-Atlantic Ridge system
(Stuart & Rex 1994). However, deep basins are confluent at considerable depths
and connected by the deep thermohaline circulation. Their faunas are not entirely
or even largely endemic, suggesting that they neither have distinctive ecologies
nor act as isolated theaters of evolution. For our purposes, regions represent
areas of roughly 100s to 1000s kihat have been well sampled and encompass
potentially significant and measurable environmental gradients or ecotones. Most
regional studies have taken place at bathyal depths (200-4000 m) on continen-
tal margins; much less is known about large-scale spatial variation in abyssal
(>4000 m) communities.

We focus on the deep-sea macrofauna of soft sediments because it is the
most diverse and well-studied component of the benthos. The macrofauna is
composed of animals retained on a 30 sieve. It includes most familiar in-
vertebrate phyla, and is dominated particularly by polychaete worms, peracarid
crustaceans, and mollusks (Gage & Tyler 1991). Where there are sufficient data,
we also include the smaller meiofaunal elements. We do not consider reducing
environments (hydrothermal vents and seeps); Van Dover (2000) provides an ex-
cellent and extensive treatment of these remarkable deep-sea habitats and their
ecology.

This review developed from discussion by the Working Group on Deep-Sea
Biodiversity supported by the National Center of Ecological Analysis and Syn-
thesis (NCEAS). The Working Group’s main objectives are to integrate pattern
and scale of biodiversity in deep-sea benthic communities and to apply this to the
design of future research programs. Mechanisms of species coexistence on local
scales €1 n¥) are addressed for the Working Group by P. V. Snelgrove & C. R.
Smith (unpublished manuscript). Later reviews will cover the historical develop-
ment and global spread of deep-sea faunas and propose strategies for conservation
based on our current understanding of pattern and scale.
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PATTERNS AND CAUSES OF DIVERSITY

Boundary Constraints and Species Ranges

Deep-sea ecology has focused primarily on the role of local processes in regulating
community structure. Explaining species coexistence at small scales in the deep
sea remains a major challenge to ecological theory (Gage 1996; P. V. Snelgrove &
C. R. Smith, unpublished manuscript). It has proven difficult to extend mechanisms
of local community structure to regional patternsin any ecological system (Ricklefs
1987). An alternative approach is to view diversity within regions as a compos-
ite of overlapping species distributional ranges (MacArthur 1972, Stevens 1989).
Recently, there has been considerable interest in how physiographic and physi-
ological boundaries affect species ranges and consequently patterns of diversity
within geographic domains (Colwell & Hurtt 1994, Pineda & Caswell 1998, Willig
& Lyons 1998, Lees et al. 1999, Colwell & Lees 2000). Interestingly, a stochas-
tic placement of geographic ranges between boundaries will produce within the
bounded region a unimodal pattern of diversity (Colwell & Hurtt 1994) similar to
bathymetric gradients found in the deep sea (Figure 1). It is therefore possible to
construct null models to test whether observed species diversity gradients depart
significantly from those generated randomly by boundary constraints alone. If not,
there is little justification for invoking an environmental gradient as the cause.
Pineda (1993) and Pineda & Caswell (1998) applied the geometric constraints
model to patterns of deep-sea species diversity along depth gradients in the west-
ern North Atlantic. As noted earlier, the macrofauna of this region tend to show
unimodal patterns of diversity with depth. The frequency distribution of bathy-
metric ranges of marine species resembles latitudinal ranges found in terrestrial
taxa (Pineda 1993, Brown et al. 1996). Are unimodal diversity depth trends caused
solely by boundary constraints imposed by the sea-air interface and the abyssal
plain? Pineda & Caswell (1998) tested this possibility for gastropods and poly-
chaetes by using a null model that randomly placed species ranges between the
presumed upper and lower boundaries. Actual and randomly simulated diversities
were compared for three components of the unimodal pattern: position of peak
diversity along the depth gradients, peakedness of the diversity curve, and height
of the peak. The null model explained only one aspect of the diversity pattern for
each taxon, suggesting that whereas boundaries may affect the general shape of
diversity-depth patterns, many important features of the patterns were decidedly
nonrandom and attributable to other processes associated with depth.

Sediment Heterogeneity

The remarkable number of species that coexist within deep-sea assemblages is
surprising when one realizes that the overwhelming majority of these species are
deposit feeders that rely on organic detritus for food (Jumars & Eckman 1983).
How can so many species coexist while exploiting the same limited resource?
Because the primary food resource is detritus, the nature of the sediments ought
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to play an important role in structuring deep-sea communities. Numerous studies
have shown that the structure and composition of soft-sediment communities are
related to sediment characteristics (e.g., Petersen 1913, Sanders 1968, Rhoads
1974, Gray 1981), but the explanations for these relationships are varied and
remain controversial (Snelgrove & Butman 1994).

On the northwest Atlantic slope, spatiotemporal variation in species diversity
is correlated with the heterogeneity of sediment grain size across a wide variety of
spatial scales (Etter & Grassle 1992). Where sediment grain size is more varied,
more species coexist. This is consistent with the hypothesis that species partition
the sediments with respect to size. There is abundant evidence that deposit feeders
selectively ingest sediments of particular size classes (Taghon 1982, Whitlatch
1980, Wheatcroft & Jumars 1987, Self & Jumars 1988, Wheatcroft 1992). In
addition, several species exhibit interspecific differences in particle size preference
(Fenchel et al. 1975, Fenchel & Kofoed 1976, Whitlatch 1980), suggesting that
the sediments may be partitioned by size in some shallow-water communities.
However, this has not been tested for deep-sea species.

The strong correlation between species diversity and sediment heterogeneity
does not imply causality. The relationship may be spurious or reflect more im-
portant proximal factors. For example, the activities of more diverse communities
might actually increase sediment heterogeneity. Also, the size ranges used by Etter
& Grassle (1992) in the correlations were of disaggregated grains, and thus may
bear little resemblance to food diversity or to the aggregated sediments organisms
experience in situ. Definitive answers will require manipulative experiments that
tease apart the various potential mediating processes.

Productivity and Food Supply

Spatial gradients in productivity are widely believed to influence species diversity
(Waide et al. 1999). In terrestrial systems, the number of animal and plant species
often appear to vary unimodally with productivity or nutrient availability (e.g.,
Tilman 1982, Rosenzweig & Abramsky 1993, Rosenzweig 1995). Diversity within
afunctional group or taxon increases from regions of low to moderate productivity,
and then declines toward regions of higher productivity. Similarly, the unimodal
species diversity-depth gradient that attends the exponential decrease in benthic
standing stock with depth has been attributed to productivity and its potential
mediation of biological interactions (Rex 1973, 1976, 1981).

The deep sea lacks in situ primary production, apart from chemoautotrophic
production in reducing environments such as hydrothermal vent and seep habitats
(Van Dover 2000). Most food material sinks from the euphotic zone to the ben-
thos in the form of small particles. Particulate organic-carbon (POC) flux can be
measured directly with sediment traps, and records integrating annual time scales
now exist for at least 37 sites in the open ocean (Lampitt & Antia 1997). Energy
availability in deep-sea benthic habitats is also positively correlated with, in order
of decreasing strength: 1. sediment-community respiration (Jahnke 1996, Berelson
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et al. 1997), 2. rate of organic carbon burial within the sediment (Jahnke 1996),
3. benthic biomass and abundance (Rowe et al. 1991, Smith et al. 1997, Cosson
etal. 1997), and 4. overlying primary productivity (Deuser et al. 1990, Watts et al.
1992, Lampitt & Antia 1998). Itis negatively correlated with depth of water through
which phytodetrital food sinks (Suess 1980, Martin et al. 1987). In some cases, the
concentrations of organic carbon and chlorophyll a in surface sediments may be
directly related to the flux of particulate organic carbon to the seafloor (Emerson
1985, Stephens et al. 1997). But these positive relationships are not necessarily
maintained, and may even reverse, over large spatial scales (Jahnke 1996).

A number of productivity gradients have been characterized in the deep sea.
There is a general decrease in POC flux (as well as sediment-community respira-
tion and benthic standing crop) from shelf depths to the abyssal plain (Smith &
Hinga 1983, Rowe et al. 1991). This depth-related decrease in productivity is well
substantiated for gradually sloping and well oxygenated margins such as in the
northwest Atlantic (Rowe et al. 1991), but becomes more complicated on irregular
slopes or where oxygen minimum zones intersect continental margin (Reimers
et al. 1992) and seamounts (Levin et al. 1991). A second productivity gradient is
the decrease in seafloor POC flux from the productive coastal zone to the open
ocean (Smith & Hinga 1983, Cosson et al. 1997). A third is the reduction in POC
flux, sediment-community respiration, and standing crop observed at the abyssal
seafloor from the Pacific equatorial zone and its associated nutrient upwelling
northward or southward into the oligotrophic central gyres (Smith et al. 1997).
Of these three productivity gradients, only that in the abyssal equatorial Pacific
varies independently of many other variables that may influence diversity such
as the hydrodynamic regime, bottom-water oxygen concentration, and physical
environmental stability.

As in other environments (Waide et al. 1999), the relationships between POC
flux or proxy variables for productivity and diversity are complicated and scale-
dependent. POC flux and sediment-community respiration drop roughly fivefold
atthe abyssal seafloor frorfildto 23 N latitude in the central Pacific Ocean (Smith
et al. 1997). Mean local nematode diversity, expressed as the number of species
rarefied to 51 individuals, exhibits a significant monotonic decline with decreasing
POC flux along this gradient [P. J. D. Lambshead, C. J. Brown et al., unpublished
manuscript) (Figure 2)]. Within this same general equatorial region, polychaete
species richness, normalized to 163 individuals, was weakly positively correlated
with total polychaete density, and by inference, POC flux (A. Glover, C. Smith,
et al., unpublished manuscript, Figure 2). Neither taxon exhibits a unimodal diver-
sity pattern comparable to those documented for terrestrial productivity gradients
(Rosenzweig 1995). However, it is unclear from a comparative standpoint whether
we are examining diversity along the ascending or descending part of the diversity-
productivity curve, and diversity has been assessed for only one meiofaunal taxon
and one macrofaunal group at the family level. Whereas productivity levels be-
neath central-gyre waters (e.g.,°R3 are extremely low, the productivity levels
attained beneath equatorial upwelling are still moderate by deep-sea standards, so
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Figure 2 Top Mean local rarefaction species richness (normalized to 51 individu-
als) as a function of POC flux for nematode samples collected along the equatorial
Pacific POC flux gradient. Stations were located at water depths ranging from 4300
to 5000 m, ON 140°W; 2°N 140°W; 5°N 140°W; 9°N 140°W; and 23N 158 W. The
correlation between POC flux and rarefaction diversity is high=( 0.83) but not
statistically significant® = 0.09) most likely due to small sample size £ 5).

Data from Lambshead et al. (2001a, in pre€®ttom Rarefaction diversity for
macrofaunal polychaetes (normalized to 163 individuals) as a function of poly-
chaete numerical density in the equatorial Pacific. Polychaete density is used as a
proxy for POC flux and benthic productivity. Data are for pooled box-core samples
(3 to 47 per station) collected from depths of 4300-5000 m at the following locations:
0°N 140°W; 2°N 140W,; 5°N 140W; 8°27N 150°47W; 12°57N 12819W; and
1440N 126°25W. For these data, = 0.616, and® = 0.193. Data from A. Glover,

C. Smith, et al. (unpublished manuscript).
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it is quite conceivable that we are examining diversity along the ascending portion
of a more general unimodal diversity-productivity curve.

Cosson-Sarradin et al. (1998) studied polychaete species diversity along a tran-
sect of three stations from the continental shelff0 m depth) to the abyss (4600 m)
off the west coast of central Africa. POC flux varied more than 16-fold from
the shelf site to the oligotrophic abyssal station. Local polychaete diversity, based
on the Shannon-Wiener index, exhibited a unimodal pattern as a function of POC
flux, with a peak in diversity occurring at the mid-slope site (1700 m). However,
this transect also represents a strong gradient in physical disturbance resulting
from current scour, and possibly physiological stress from organic loading on the
continental shelf. Paterson et al. (1998) studied local polychaete diversity (using
rarefaction) at six abyssal stations in the Atlantic and Pacific with presumed (but
unmeasured) differences in seafloor POC flux. Whereas polychaete abundance
covaried with putative POC flux, species diversity showed no obvious relation-
ship. Tietjen (1984, 1989) evaluated local nematode species diversity at six sites in
the deep northwest Atlantic. The highest nematode diversity occurred at the sites
presumed to have the highest POC flux and productivity.

On the North Carolina slope, the burial rate of organic carbon varies roughly
80-fold along the 850-m contour (Schaff et al. 1992, Blair et al. 1994, Levin et al.
1999). Schaff et al. (1992) and Levin et al. (1994b) examined local polychaete
diversity at three stations spaced equidistantly along this productivity gradient and
found reduced macrofaunal rarefaction diversity at the station with the highest
carbon burial rate. Similar patterns were observed for macrofaunal foraminifera
(>300m) (Gooday et al. 2001). Levin & Gage (1998) used sedimentary organic-
matter content as a proxy of food availability to examine diversity-productivity
relationships within existing data sets from the deep Indo-Pacific. Their study
included a broad range in sedimentary organic carbob.5% to >6%), and,
presumably, habitat productivity. They found negative correlations between sedi-
mentary organic-carbon concentrations and the local diversity of total macrofauna
and polychaetes. Dominance in particular, was positively correlated with sediment
POC concentrations, suggesting that competitive interactions may shift along POC
gradients.

Sampling studies in the western North Atlantic provide, by far, the largest and
most geographically extensive database available to examine diversity-productivity
relationships. The unimodal diversity-depth patterns revealed by 1. rarefying large
gualitative samples (Rex 1981) and 2. tabulations of species number from intensive
guantitative sampling (Etter & Grassle 1992) parallel an exponential decline in
benthic standing stock with increased depth. As mentioned above, benthic biomass
and abundance are assumed to reflect the rate of nutrient input to the seafloor, but
this has not been directly measured (Smith et al. 1997). Rex (1973) suggested
that depressed diversity in the abyss was imposed by extremely low population
densities, essentially as a chronic Allee Effect. There seemsto be general agreement
among ecologists that this kind of mechanism is responsible for low diversity at
very low productivity (Rosenzweig & Abramsky 1993). The drop in diversity
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in the upper bathyal zone, close to high surface production and terrestrial runoff,
could be driven by pulsed nutrient inputs and its potential to accelerate competitive
exclusion (Rex 1976, Huston 1979).

Diversity trends in deep-sea microfossils over geological time scales mirror
some of the spatial patterns described for modern productivity gradients and cor-
roborate the inference that energy supply can regulate species diversity. Fluc-
tuations in Shannon Wiener (Hdiversity of benthic ostracods correspond to
orbitally driven glaciation cycles over a 550,000 year period in the late Pliocene
in the North Atlantic (Cronin & Raymo 1997). Diversity was highest during inter-
glacial periods and declined during glacial advances, when surface production may
have been lower in the North Atlantic. Thomas & Gooday (1996) proposed that the
establishment of a Southern Hemisphere latitudinal gradient in foraminiferan di-
versity in the late Eocene around 38 my ago, which persists today (Culver & Buzas
1998, 2000), was created by an increase in the seasonally pulsed organic flux that
accompanied high latitude, Southern Hemisphere cooling, and the buildup ofice on
the Antarctic continent. This temporal diversity pattern was driven by fluctuating
dominance of opportunistic foraminifera that consume sinking phytodetritus.

The recent studies discussed above that use direct measures of productivity,
such as POC flux, sediment organic content, and carbon burial rates, appear to
give conflicting results; diversity varies positively, negatively, or unimodally with
productivity. However, these findings are not necessarily contradictory. The pro-
ductivity/input gradients examined may represent ranges of food availability that
occupy different segments of a unimodal diversity-productivity relationship. The
increase in diversity from areas of low to high POC flux in the abyssal equatorial
Pacific may correspond to the ascending part of the diversity-productivity curve,
much as proposed for the elevation of diversity from abyssal to the bathyal regions
in the western North Atlantic. The pattern reported for the eastern tropical At-
lantic spans a large vertical and horizontal geographic range that may experience
productivity inputs broad enough to realize the full unimodal trend. Regions that
include exceptionally high nutrient input, such as the North Carolina slope, may
fall on the descending part of the curve where diversity and productivity are neg-
atively correlated. Other observations suggest that depressed diversity in the deep
sea is associated with periodic high organic loading such as might be associated
with areas subject to intense upwelling (Sanders 1969), deposition from lateral
transport of nutrients (Blake & Hilbig 1994), benthic storms that expose reactive
sediments (Aller 1997), or bottom topography that concentrates food (Jumars &
Hessler 1976, Vetter & Dayton 1998). However, all involve multiple factors that
could affect diversity, and because the level and variation of production may co-
vary, it is difficult to separate their influence. In general, a unimodal relationship
between diversity and productivity at large scales in the deep sea is plausible,
but is not well substantiated. Just as in other environments (Waide et al. 1999), it
has proven difficult to accurately place available studies on a continuous produc-
tivity gradient and to identify clearly the underlying mechanisms through which
productivity influences species diversity.
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At low levels of productivity, food limitation is thought to constrain the number
of species that can survive. Declines in diversity at higher productivity levels may
resultfrom four possible causes. 1. Differential numerical responses among species
to nutrient loading (varying population growth rates) such that a small number of
opportunistic species take over. This will elevate dominance and lower diversity
measures that incorporate evenness. In many cases local species richness may
not change much (see Levin et al. 2000). 2. Faster rates of competitive exclusion
as envisioned by Huston (1979). 3. Increased variability in productivity, which
is often correlated with amount of productivity. This variability may bring about
declines due to demographic stochasticity. 4. Excess oxygen demand creating
hypoxia and leading to declines in both richness and evenness due to physiological
stress.

Bottom-Water Oxygen

Bottom-water oxygen concentrations in the deep oceans vary from near 0 to over
7 ml/l (Tyler 1995). Although much of the ocean has oxygen values near satura-
tion, there are extensive midwater regions where oxygen is depleted; these typically
occur between 100 and 1200 m depth. They are usually formed beneath highly pro-
ductive, upwelled waters by degradation of organic matter. The resulting hypoxic
zones, referred to as oxygen minimum zones (OMZs) and operationally defined as
areas where ©< 0.5 ml/l, persist over geologic time. OMZs occur in much of the
eastern Pacific Ocean, in the Arabian Sea, and off West Africa (Kamykowski &
Zentara 1990). Certain deep basins (e.g., off southern California) and fjords also
contain permanently hypoxic or anoxic waters. Where these low oxygen regions
intercept the continental seabed, the benthos experiences either permanent hypoxia
or an oxygen gradient, which may fluctuate daily with internal tides (e.g., Levin
et al. 1991), interannually (e.g., with ENSO events, Arntz et al. 1991, Gallardo
1985), or over geologic time (den Dulk et al. 1998, Rogers 2000).

Sediments having oxygen-depleted overlying bottom water typically exhibit
substantially reduced macrofaunal diversity. Within OMZs the macrofauna exhibit
low species richness and very high dominance (Table 1). This pattern was first
reported on the West African margin off Walvis Bay by Sanders (1969), and has
since been observed in the eastern Pacific on a seamount off Mexico (Levin et al.
1991), on the Peru and Chile margins (Levin et al. unpublished data), and in the NW
Arabian Sea off Oman (Levin et al. 1997b, 2000). Among the macrofauna, many
molluscs, crustaceans, echinoderms, and cnidarians appear less tolerant of hypoxia
than other taxa (Diaz & Rosenberg 1995), although there are exceptions (Levin &
Gage 1998). No single taxon dominates the macrofauna of low oxygen settings,
although annelid species are often prevalent. At upper slope depths, within the least
oxygenated portions of OMZs, dominance of the most abundant species typically
ranges from 40% to 85% (Levin & Gage 1998) (Table 1). Less information is
available concerning the diversity responses to reduced oxygen concentrations of
bacteria, small protists (hanofauna), meiofauna, or megafauna. Smaller organisms
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living entirely within the sediments and with no access to the surface may be
confined to hypoxic or even anoxic pore-waters, even when the overlying bottom
water is oxic (Corliss & Emerson 1990, Jorissen et al. 1998). Yet foraminifera and

a variety of larger metazoans (polychaetes, crustaceans, molluscs, echinoderms)
all display abundance peaks close to OMZ boundaries (Mullins et al. 1985, Levin
etal. 1991).

Where arange of faunal size groups have been compared, largertaxa (megafauna
and macrofauna) exhibit density reductions within the most hypoxic portions of
OMZs (Wishner etal. 1990, Levin etal. 1991, 2000) that are not evident in bacteria
and metazoan meiofauna (Levin etal. 1991, Cook et al. 2000, Neira et al. in press).
Metazoan meiofauna of the eastern Pacific OMZ exhibit loss of harpacticoid cope-
pods, and dominance by nematodes (Levin et al. 1991, Neira et al. 2001), but
diversities have not been recorded. Foraminiferal assemblages characterized by
high dominance and few species are reported from modern, low-oxygen basins in
the eastern Pacific and elsewhere (Phleger & Soutar 1973, Douglas et al. 1980,
Hermelin & Schimmield 1990, SenGupta & Machain-Castillo 1993, Bernhard etal.
1997). The fossil record yields evidence for similar responses among ancient deep-
sea faunas (e.g., den Dulk et al. 1998, Jorissen 1999). However, precise diversity
data are rarely reported. At a site within the NW Arabian Sea OMZ, foraminifera
exhibited reduced species richness and elevated dominance compared with assem-
blages from a deep site below the OMZ (Gooday et al. 2000). These low-oxygen
faunas consisted largely of small calcareous forms, a trend observed in the OMZ
off Peru as well (A. Rathburn, unpublished manuscript). In contrast to fully oxic
deep-sea sites, monothalamous and other delicate agglutinated and allogromiid
taxa are rare compared to calcareous forms within OMZs (Gooday et al. 2000).

These limited deep-sea observations are consistent with field (Josefson &
Widbom 1988, Murrell & Fleeger 1989, Radziejewska & Maslowski 1997, Luth &
Luth 1997) and experimental (Moodley et al. 1997) studies conducted in shallow
water that suggest that meiofauna, particularly nematodes and foraminifera, are
less affected by hypoxia than the macrofauna, at least at higher taxonomic lev-
els. There are, however, shallow-water examples in which nematode diversity is
reduced by severe hypoxia (Keller 1986, Austin &Widbom 1991).

Historical records supportarole for oxygenation in control of deep-sea diversity.
In the northern Arabian Sea, foraminiferal diversity appears to have been strongly
influenced during the Quaternary by changes in the flux and quality of organic
matter to the seafloor, which led to variations in the thickness and intensity of
the oxygen minimum zone (Hermelin & Shimmield 1995, den Dulk 2000). den
Dulk et al. (1998) studied a 120,000 years-long Quaternary record from the
Pakistan margin in the Northern Arabian Sea. Two foraminiferal assemblages
were recognized. A low diversity assemblage with high dominance recurred every
23,000 years, possibly as a result of enhanced summer surface productivity and
therefore intensified OMZ development, linked to the precessional component of
orbital forcing. A more sustained period of low diversity occurred under glacial
conditions, perhaps reflecting a strengthening of the NE monsoon, leading to higher
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winter productivity. In a detailed multiproxy study of shorter cores (spanning the
last 30,000 y) from the same margin, von Rad et al. (1999) detected a switch from
low to high foraminiferal diversity on the Pakistan margin during brief, late Qua-
ternary to early Holocene climatic oscillations (Younger Dryas, Heinrich events

1 and 2) when surface productivity was unusually low and presumably the OMZ
intensity diminished. Evidence for a close coupling between foraminiferal ben-
thic community structure (including dominance) and bottom-water oxygenation

is seen in the Santa Barbara Basin on even shorter time scales. There, fluctuations
on decadal to millennial time scales are associated with major climate oscillations
that change thermolhine circulation and ventilation (Cannariato et al. 1999).

During the Late Cretaceous, anoxia sometimes occurred on a much larger scale
than in modern oceans, and caused widespread benthic mortality (Rogers 2000).
Most of these events are far too ancient to have any residual effect on modern di-
versity patterns. A possible exception occurs in the eastern Mediterranean, which
was subject to repeated episodes of basin-wide, deep-water anoxia during the Late
Quaternary and most recently around 6000 years ago. Anoxic episodes, repre-
sented in the sedimentary record by clearly defined, dark horizons (sapropels),
had a profound effect on the benthic foraminiferal faunas (Jorissen 1999). Dis-
tinct regional-scale differences in foraminiferal species richness and composition
between the eastern and western Mediterranean basins may reflect these major
disturbances in the recent geological past (de Rijk et al. 1999).

There is a difficulty with interpreting diversity responses to bottom-water oxy-
gen conditions that derives from the tight linkage between bottom-water oxygen
concentration and organic matter inputs in the deep sea (Levin & Gage 1998).
Multiple regression analyses of a large macrofaunal data set from the Indian and
eastern Pacific Oceans suggest that oxygen exerts a strong effect on species rich-
ness, although organic matter availability (evaluated from sediment POC) has a
greater influence on dominance (Levin & Gage 1998). Together, these factors
lower diversity within OMZs. Although food availability may affect diversity over
a broad range of oxygen values, significant reduction of macrofaunal species rich-
ness by low oxygen may not occur until concentrations fall below 0.4 or 0.3'ml |
(Figure 3); this value may be even lower for annelids, the taxon most tolerant to
hypoxia. Sulfides, which are toxic at high concentrations to most marine organisms
(Bagarinao 1992), are associated with high inputs of labile organic matter, and also
vary inversely with oxygen concentration. Their role in reducing diversity within
OMZs has yet to be explored.

A major challenge is unraveling the relative importance of physiological stress
and biotic interactions in creating deep-sea responses to low oxygen. Although
stress may cause loss of species and dominate diversity responses at the lowest
oxygen levels, facilitation may also be important. Animal structures such as tubes
or burrows that conduct seawater into the sediments, or irrigation activities that
mix solutes may enhance oxygen availability and dilute sulfides, facilitating colo-
nization by other taxa. At higher oxygen levels, competitive abilities and predation
may regulate diversity.
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Figure 3 Macrofaunal Rank 1 dominance (% of the total accounted for by the top ranked
species) and species richness (B} plotted as a function of bottom-water oxygen concen-
tration for bathyal stations within and beneath oxygen minimum zones in the eastern Pacific
and northern Indian Oceans.

Deep-Sea Currents

Near-bottom flow rates in the deep ocean are typically a few cm/sec, too weak
to erode the seabed (Munk 1970, Tyler 1995). The ocean floor is not uniformly
guiescent, however, and numerous areas are subject to currents strong enough
to erode and transport sediments and disturb soft-bottom communities on scales
of 10s or 100s of km, (Heezen & Hollister 1971, Hollister et al. 1984). Episodic
benthic storms characterize areas beneath western boundary currents where surface
kinetic energy is transmitted through the water column to the seafloor; near-bottom
currents reach speeds of 15-40 cm/sec and persist for several days (Gross &
Williams 1991, Hollister & Nowell 1991, Aller 1997, Weatherley & Kelley 1985).

First described in the HEBBLE area on the Nova Scotian continental rise, benthic
storms occur along the western margins of the North and South Atlantic, around
South Africa, and in regions around the Antarctic continent (Rowe & Menzies
1968, Flood & Shor 1988, Hollister & Nowell 1991, Richardson et al. 1993).
Similar transient, high-energy episodes have been reported in abyssal areas distant
from continental margins, for example in the NE Atlantic (Klein 1988) and NE
Tropical Pacific (Koutar & Sokov 1994).

There are many other sources of strong current activity in the deep sea. Thermo-
haline-driven bottom currents transport vast amounts of sediment around the deep
ocean, depositing them as huge sediment drifts (contourites), for example, west
of Scotland (Hollister et al. 1984, Stow & Holbrook 1984, Kidd & Hill 1986,
Stow & Faugeres 1993, Viana et al. 1998). In the Rockall Trough, current speeds
>15 cm/sec are frequently recorded by current meters moored on the upper slope
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above 1000 m (Paterson & Lambshead 1995) with peak flows reaching 48 cm/sec
(Viana et al. 1998). Along continental margins, more localized hydrographic phe-
nomena such as internal tides, water column instability, and storm-driven eddies
may create strong, erosional currents on the upper slope (Dickson & McCave 1986,
Pingree & New 1989, Rice et al. 1990, Gage 1997). Complex interactions between
steeply sloping topographic features and local hydrography create regions of in-
tensified near-bottom flow on seamounts (Noble & Mullineaux 1989), as well as
in canyons (Shepard et al. 1979, Gage et al. 1995, Gage 1997) where turbidity
currents also may be active (Jorissen et al. 1994).

Near-bottom currents are among the agents of disturbance that can modify the
structure and composition of benthic faunas (Hall 1994). As Levin et al. (1994a)
emphasize, however, the critical factor may be sediment mobility, which depends
on sedimentary characteristics as well as the current flow itself. Gage et al. (1995)
and Gage (1997) demonstrate with rarefaction curves, rank abundance plots, and
univariate diversity indices that polychaete diversity is highest at tranquil sites on
the Tagus Abyssal Plain and in the central North Pacific, lower in the Rockall
Trough and in the hydrodynamically active Sebutal Canyon, and much reduced
at the HEBBLE site. Bivalve diversity exhibits a similar trend, although the dif-
ferences are much less pronounced. Foraminifera at the main (Mid) HEBBLE
site were significantly less diverse’{Hhan at the relatively tranquil shallow site
(Kaminski 1985). Allen & Sanders (1996) attribute anomalously low protobranch
bivalve mollusc diversity in the North American Basin to possible benthic storms.
Paterson & Lambshead (1995) observed a strong linear relationship between the
frequency of current velocities15 m/sec in the Rockall Trough and the equitabil-
ity statistic V for polychaetes. Negative values of V, indicating high dominance,
were associated with high current speeds on the upper slope in the Rockall Trough.
As at HEBBLE, polychaete taxa generally considered to be opportunists predom-
inated in parts of the Rockall Trough where physical disturbance was high. On
Fieberling Guyot, Shannon-Wiener '{Halues for macrofauna were very simi-
lar at contrasting sites with daily and infrequent, episodic sediment transport, but
species richness measured by rarefaction was somewhat higher at the more stable
SPR site (Levin et al. 1994a, see also Levin & DiBacco 1995).

Inthe case of meiofaunal taxa, strong erosive currents do not necessarily depress
diversity. Thistle (1983) found no difference in harpacticoid copepod diversity in
samples from the energetic HEBBLE site and the tranquil San Diego Trough. Con-
trary to his initial expectation, Thistle (1998) observed that harpacticoid copepod
diversity was actually higher at the Fieberling Guyot WSS site, wheré kbigige-
rina sands are mobile on a daily basis, than at the more stable SPR site. Nematode
diversity was very similar at three stations (545 m, 835 m, 1474 m depth) in the
Rockall Trough and at 1050 m in the San Diego Trough, despite differences in
current velocities both between these two basins and with depth within the Rock-
all Trough (Lambshead et al. 1994). Severe benthic storms do appear, however, to
depress nematode species richness [measured &3] B(she HEBBLE site com-
pared with values from relatively tranquil localities on the Porcupine and Hatteras
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Abyssal Plains (Lambshead et al. 2001). This may reflect a greater intensity of
current disturbance at HEBBLE than in the Rockall Trough.

The observations reviewed above suggest that currents can modify benthic di-
versity both locally and regionally, although the mechanisms involved are not
well understood. The effects can be either positive or negative, and there are in-
dications that macrofauna are more strongly impacted than meiofauna. Possible
mechanisms can be divided into those having a direct impact and those having
an indirect impact on diversity. Strong currents may depress diversity directly by
eroding surficial sediments and carrying away the animals living in them (Aller
1997). Observations at the HEBBLE site (Thistle et al. 1985, 1991, Lambshead
et al. 2001) and the WSS site subject to daily sediment transport on Fieberling
Guyot (Levin & DiBacco 1995) suggest that episodic disturbance by erosive flow
creates repeated opportunities for recolonization. Constant reworking of the sedi-
ment ensures that the benthic fauna remains in an early successional state, favoring
opportunists, and keeping diversity low.

Near-bottom currents have the potential to impact benthic faunal diversity in a
variety of indirect ways. Moderate currents can enhance the food supply by deliv-
ering organic matter and stimulating bacterial production (Thistle et al. 1985, Aller
1989). As long as these inputs are not excessive, they should lead to an increase in
both abundance and diversity of macro- and meiofauna. Currents may also entrain
larval and subadult organisms, allowing animals to colonize disturbed patches of
sediment and enhance local diversity. Moderate flow conditions may potentially
increase sediment heterogeneity by creating sedimentary structures and by con-
centrating organic matter in localized patches. At the White Sand Swale (WSS)
site on Fieberling Guyot, active ripples generate heterogeneity by successively
burying and exposing organic matter accumulated in the troughs. This process
may explain why harpacticoid copepod diversity was higher at WSS than at the
more stable Sea Pen Rim site (Thistle 1998). When flow velocities were enhanced
experimentally at WSS for a 6-week period, however, there was no detectable
change in harpacticoid or total macrofaunal diversity or equitability, possibly be-
cause the assemblages were already adapted to strong erosive flow (Levin et al.
19944, Thistle & Levin 1998).

As indicated above, near-bottom flows in excess of 20-25scoan poten-
tially depress diversity by eroding epifaunal species, but they may also impact
diversity indirectly by smoothing out and reducing physical heterogeneity. On a
regional scale, erosive bottom currents will tend to homogenize the fauna by dis-
persing juveniles and subadults. Given the large areas of seafloor swept by erosive
currents (Hollister et al. 1994, Hollister & Nowell 1991), the impact of hydrodyna-
mics on regional deep-sea species diversity and biogeography may be considerable.

Hydrodynamic processes are probably involved in the creation of larger habitat
patches that increase seafloor heterogeneity. On the upper slope around the NW
European continental margin, interactions between the seafloor and internal tides
and waves are apparently linked to conspicuous concentrations of hexactinellid
sponges (Rice et al. 1990) and corals (Fredrickson et al. 1992). In the Porcupine
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Seabight (1000-1300 m water depth), sponges and spicule mats derived from them
enhance the abundance and modify the taxonomic composition of the macrofauna
(Bett & Rice 1992). Both corals and sponges have numerous associated organisms
(Klitgaard 1995, Jensen & Frederiksen 1992, Bartel & Gutt 1992). However, at
least in the NE Atlantic, most of the associated organisms are also present in the
background community (Klitgaard 1995, Jensen & Frederiksen 1992), suggesting
that regional diversity may not be increased substantially by the presence of these
large, habitat-creating organisms.

Catastrophic Disturbance

Over geological time scales, continental margin sediments have been disrupted by
gravity-driven mass movements, including slumps, slides, debris flows, and tur-
bidity currents (Masson et al. 1994, 1996). At their distal extremities, disturbance
by turbidity currents is probably similar to that caused by severe erosive currents
such as benthic storms. In the Atlantic Ocean, mass movements are well docu-
mented off NW Europe, NW Africa, southern Africa, the United States between
New York and Cape Hatteras, and Brazil (Emery & Uchupi 1984). Off NW Africa
debris flows, particularly the unusually large Canary and Saharan flows (Jacobi &
Hayes 1982, Simms et al. 1991, Embley 1976, Masson et al. 1994, Masson 1996),
have displaced 600 khof sediment on the upper continental rise. Elsewhere in the
NE Atlantic, the mid-Norwegian margin (the “Storegga” areaNds notable for

a series of enormous slides, the most recent of which occurred about 7000 years
ago (Bugge et al. 1987). These slides, and associated debris flows and turbid-
ity currents, have transported 6000 kof sediment from the shelf to depths of
3500 m over horizontal distances of 800 km. The flanks of volcanic islands such
as the Hawaiian Islands in the Pacific and the Canary Islands in the Atlantic are
prone to catastrophic collapses that give rise to massive avalanche deposits on the
adjacent deep-sea floor (Lipman et al. 1988, Moore et al. 1989, Cochonat et al.
1990, Masson 1996). These mass movements of sediments are often associated
with turbidite deposition, an important mechanism in the formation of abyssal
plains adjacent to continents. The best known modern turbidity flow occurred
in 1929 when an earthquake on Grand Banks, Newfoundland, triggered a sed-
iment slump that developed into a turbidity current extending 800 km from its
source across the abyssal plain. More recently, Thunnell et al. (1999) provided the
first direct, real-time documentation of earthquake-generated suspended sediment
flows.

Although major mass movements of sediment must devastate the benthic fauna,
most of these events occurred thousands of years ago and are unlikely to affect
modern faunas directly. Indirect effects, however, may persist for much longer.
Debris avalanches and similar chaotic deposits will introduce long-lasting phys-
ical heterogeneity on spatial scales up to kilometers (Masson 1996). Turbidites
have granulometric characteristics and total organic carbon (TOC) values that dif-
fer from those of pelagic sediments (Huggett 1987) and can potentially influence
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diversity. There is evidence for such an effect at a location on the Madeira Abyssal
Plain (MAP; 4950 m water depth) that was swept by a turbidite about 1000 years
ago. Here, polychaetes exhibit lower abundance, much lower species richness [ex-
pressed as E¢pand per unit area], and higher dominance compared to other
abyssal NE Atlantic sites, including the equally oligotrophic EUMELI site, where
sedimentation is entirely pelagic (Glover et al. 2001). The sedimentary character-
istics of the turbidite deposit, which is overlain by only a thin veneer of pelagic
sediment, may have confined recolonization to a relatively small suite of oppor-
tunistic polychaete species. Nematodes, which lack a dispersive larval phase, also
exhibit lower diversity [E($,)] at the MAP than at nonturbidite sites on the Porcu-
pine and Hatteras Abyssal Plains (Lambshead et al. 2001b in press). Foraminiferal
diversity, on the other hand, is not noticeably depressed at the MAP (Gooday 1996).
There is no evidence for low nematode diversity at a site in the Venezuela Basin
(5054 m depth) subject to periodic turbidite impacts. This is probably because the
sedimentation rate (7.2 cm ky~1) is much higher and the turbidites are older in the
Venezuela Basin than in the MAP (Lambshead et al. 2001b in press).

Submarine and subaerial volcanic eruptions may impact deep-sea benthic fau-
nas directly, through deposition of lava or ash layers (Cita & Podenzani 1980), and
indirectly through changes in climate and water column stratification (Genin et al.
1995). Fossil foraminiferal evidence from the eastern Mediterranean suggests that
the benthic fauna was obliterated by an ash deposit 35,000 years ago but that a very
similar assemblage reestablished rapidly (Cita & Podenzani 1980). We are aware
of only one species-level study of the effect of a modern ashfall in the deep sea
on a benthic taxon (Hess & Kuhnt 1996). During 1991, an ash layecm thick
was deposited over 36,000 Kim the South China Sea following the eruption of
Mt. Pinatubo, Philippines. Rarefaction curves based on data from Hess & Kuhnt
(1996) indicate that foraminiferal assemblages were severely affegtadlem
ash deposit at 2503-2506 m; most foraminifera died, although epifaunal speci-
mens found below the ash layer may have survived for some time in a starved,
guiescent state. After almost three years, the ash layer had been recolonized by
a low-diversity assemblage of infaunal opportunists. In a 2-cm deep ash deposit
at 4226 m, however, many mobile infaunal taxa survived and species richness
decreased only slightly.

MEASURING THE LEVEL OF DEEP-SEA SPECIES DIVERSITY

Very basic questions remain about how diversity should be measured and inter-
preted. A wide variety of diversity measures exist that incorporate both richness
and evenness but differ in how these components of diversity influence the mag-
nitude of the index (Magurran 1988). Because most diversity indices are sensitive
to both evenness and richness, differences can reflect changes in either or both;
changes in evenness should not be interpreted as changes in richness. The choice
of an index depends on the nature of the question and the type of data available. In
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most cases, it will be useful to use a variety of indices that together provide greater
insight into how and why diversity varies than does a single index.

The most widely used measure of diversity in deep-sea ecology.istfe Ex-
pected Number of Species (Sanders 1968, Hurlbert 1971). This index estimates the
number of species in samples normalized (rarefied) to successively smaller sample
sizes, providing an interpolated curve of the relationship between the number of
species (S) and the number of individuals (N) based on resampling the relative
abundance distribution of an actual sample. It is sensitive to both evenness and
richness (Gage & May 1993), and was originally designed to allow comparisons of
nongquantitative samples taken by epibenthic sleds. The sleds are towed from a sur-
face vessel for a variable distance of about a kilometer and are apt to bounce along
the bottom. The only way to compare diversity among such samples is by normaliz-
ing themto the same number of individuals, typically the lowest common number of
individuals. Quantitative coring devices (Hessler & Jumars 1974) sample a precise
area of bottom and accurately measure faunal density. Should quantitative samples
be rarefied? This is problematic if the habitats sampled differ greatly in density,
which they often do. For example, a boxcore may yield 10,000 individuals from a
continental shelf habitat, but fewer than 100 at greater bathyal depths. Normalizing
the two samples to 100 individuals effectively compares the number of species at
9 cn? on the shelf to 900 chin the deep sea. This procedure will mask the differ-
ences in density between sites, which may be critical for understanding why diver-
sity differs. Because no shallow-water samples may yield as few as 100 individuals,
the number of species is predicted from the lower portion of the species-individuals
curve where the slope is steepest and the error for estimating S is largest. Finally,
because rarefaction assumes arandom distribution between S and N, replicate sam-
ples from a site are often pooled (e.g., Grassle & Maciolek 1992, Etter & Grassle
1992). This obscures the actual relationship between S and N at the sampling
scale, and how differences in heterogeneity among sites may contribute to varia-
tion in diversity. Rarefaction has been an important and useful tool for quantifying
and comparing community structure, but for a comprehensive understanding of
regional patterns of diversity it should be used in combination with other measures.

A better approach for comparing regional species richness with quantitative
samples is species accumulation curves with randomly pooled samples (Etter &
Mullineaux 2000). This requires replicate samples at each location, but maintains
the relationship between S and N, which preserves differences in heterogeneity
and allows one to compare diversity based on the number of individuals or area
sampled. Most importantly, it can be used to estimate the asymptotic S (the num-
ber of species in the community if it were completely sampled) and how well the
community has been sampled (the position on the species accumulation curve),
both of which are crucial for comparing and interpreting differences in S. Random-
ized species accumulation curves will typically be lower than rarefaction curves
(Figure 4) because they maintain the nonrandom distribution of S and N at the scale
of the sampling device. The difference between the two curves reflects the amount
of heterogeneity at the scale of the sampler. Two programs that allow one easily to
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Figure 4 Randomized species accumulation and rarefaction curves for Station 3 on
Georges Bank (GB3, 100 m, ZB.7N, 66°46.83W) and Station 3 from the North
ACSAR (Atlantic Continental Slope and Rise) (North 3, 1350 nt,1440N, 66°20.20W).

The randomized species accumulation curves are the average cumulative number of species
from 50 randomizations of pooling successively larger numbers of replicates at each station.
Data are from Maciolek et al. (1985) and Maciolek et al. (1987b).

compute randomized species accumulation curves are Estimate S (Colwell 1997)
and Rosenzweig’s (1995).

Gray (1994) and Gray et al. (1997) provide a recent example of the prob-
lems encountered when comparing diversity among habitats. Benthic samples
from a variety of shallow-water habitats 200 m) were compared to those col-
lected from the deep northwest Atlantic by Grassle & Maciolek (1992) to argue
that shallow-water and deep-sea communities may be quite similar in diversity.
However, these comparisons were confounded by the shallow-water samples being
collected from broader geographic areas (Gray 1994) at different latitudes and by
using different sieve sizes (1 mm rather than 30), both of which can influence
diversity (Bachelet 1990, Warwick & Clarke 1996, Rex et al. 1993). More impor-
tantly, because estimates of species richness are highly sensitive to sampling effort
(May 1975, Colwell & Coddington 1994, Rozenzweig 1995), comparisons should
be made only at the asymptote of a species accumulation curve. Although the
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shallow-water samples of Gray et al. (1997) approach an asymptote, the deep-sea
samples show no sign of leveling off (Grassle & Maciolek 1992). The problem

of assessing diversity when no asymptote has been reached is often overlooked
in spatial and temporal comparative studies of richness. Rarefying the samples
to a common number of individuals does not eliminate the sensitivity of richness
estimates to sampling effort. For example, samples of 100 individuals in one com-
munity may contain 90% of the species, although another may contain only 10%.
The only way to overcome this potential artifact is to restrict comparisons of S to
the asymptotic S.

To reexamine the question of whether deep-sea habitats support more species
than shallow-water habitats, we can compare diversity between a series of deep-
water samples collected off the coast of Massachusetts [the North data collected as
part of the Atlantic Continental Slope and Rise Study (ACSAR)] (Maciolek et al.
1987b) to a very similar set of samples collected from the nearby shallow waters of
Georges Bank (Maciolek et al. 1985). This comparison was selected because the
shallow and deep samples are geographically adjacent (both just off the coast of
Massachusetts), were collected in a similar way, were sorted by sieves of the same
size, have consistent taxonomy (done by the same individuals), and represent the
entire macrofaunal community. The Georges Bank samples were collected with
0.04 nt Ekman grabs from 38 to 167 m. The ACSAR samples were collected
with 0.25 n? boxcores from 250 to 2500 m, but only the center 0.09was
used for community analysis. No other shallow- and deep-water data bases are as
comparable.

For the deep-water samples (thos200 m), on average 278 species coexist
in an area of 1 rhand the expected number of species was 156 when normalized
to 1000 individuals (E&og. In contrast, the shallow-water samples produced an
average of only 165 species fand 68.8 species per 1000 individuals (Table 2).

TABLE 2  Average measures of diversity and density for the Georges Bank
and the ACSAR samples dzoog)are Hurlbert’s (1971) expected number of
species normalized to 1000 individuals. ACSAR North (130 m) are averages
based only on samples collected between 1220-1350 m from the North. Data
are from Maciolek et al. (1987b) and Maciolek-Blake et al. (1985)

Georges ASCAR ASCAR

Bank North North (130 m)
Samples 1149 191 63
Depth Range (m) 38-167 250-2180 1220-1350
Individuals 680,600 95,140 27,906
Species m? 165 278 319
E(s1000) 68.8 156 188
Shannon Wiener Index (lgp 4.09 5.59 6.70

Species Richness 680 952 599
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This comparison of averages is conservative because the deep-sea samples spat
a 2000-m depth gradient and include relatively shallow depths that are lower in
diversity. If the deep-sea samples are restricted to a 130-m depth interval (similar
to the range of Georges Bank samples) centered at 1300 m, the differences are
even more pronounced (Table 2). Randomized species accumulation curves based
on either individuals or area also indicate that diversity is greater in the deep-sea
samples (Figure 5). Asymptotic S values estimated from the species accumulation
curves at each site using Chao1l (Colwell & Coddington 1994) indicate that richness
varies unimodally with depth (Figure 6), as suggested previously based on rarefied
gualitative (Rex 1981, 1983) and quantitative samples (Etter & Grassle 1992).
Pooling the ACSAR samples and Georges Bank samples by depth produces
estimates of species richness that are quite similar (Table 2), as Gray [(1994), Gray
et al. (1997)] suggested for his studies. In fact, when pooled over 130 m, rich-
ness appears to be greater on Georges Bank, but the species accumulation curves
(Figure 7) clearly show that the shallow-water estimates are near an asymptote
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Figure 5 Randomized species accumulation curves for all North (ACSAR) and Georges

Bank stations as a function of (A) area sampled and (B) numbers of individuals. The Georges
Bank curves lack symbols while the North stations have symbols. Data are from Maciolek

et al. (1985) and Maciolek et al. (1987b).
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although the deep-sea samples are not. This demonstrates the fallacy of comparing
richness among locations while ignoring how well each community has been
sampled (location on species accumulation curve). When comparisons are re-
stricted to contiguous geographic regions, sampled in similar ways, as are the
Georges Bank and North (ACSAR) data, diversity (richness, species/area, species/
individual) is much lower on the shelf than at bathyal depths. Although the diver-
sity of shallow-water communities in some parts of the World Ocean may equal
or exceed that of the deep sea, if comparisons are not controlled geographically,
taxonomically, by habitat, and by sampling methods, they can tell us little about
what forces are shaping species diversity in marine ecosystems.

INTERRELATIONSHIPS OF LOCAL
AND REGIONAL DIVERSITY

Spatiotemporal variation in deep-sea species diversity represents an integration of
ecological and evolutionary processes that operate at different spatial and tempo-
ral scales (Figure 8). Smaller-scale processes are embedded hierarchically within
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Figure 6 Asymptotic species richness estimated by Chaol (Estimate S [Colwell 1997])
as a function of depth for Georges Bank and ACSAR North stations. Error bars are 95%
confidence limits. Data are from Maciolek et al. (1985) and Maciolek et al. (1987b).

larger-scale processes, and tend to occur at faster rates. Species within a local
assemblage (1-10%nare controlled by small-scale processes involving resource
partitioning, competitive exclusion, predation, facilitation, physical disturbance,
recruitment, and physiological tolerances, all of which are mediated by the nature
and degree of heterogeneity. How these processes might regulate local diversity has
been reviewed elsewhere (Etter & Mullineaux 2000, P. V. Snelgrove & C. R. Smith,
unpublished manuscript), but they will tend to occur on much shorter times scales
than landscape or regional-level changes examined here. At regional scales of 100s
to 1000s of m, several environmental gradients, dispersal, metapopulation dynam-
ics, and gradients in habitat heterogeneity are likely to be important (Figure 8).
We suggest that the environmental gradients discussed in this paper essentially
control variation in local diversity by accelerating or decelerating local processes
(e.g., patch dynamics). We describe in more detail below how each gradient may
influence these local processes. Dispersal among patches will also be important at
landscape or regional scales because it determines the potential for membership
in local assemblages and plays a critical role in metapopulation dynamics and
species persistence at local and larger scales (Caswell & Cohen 1993, Caswell &
Etter 1999). For instance, low dispersal rates can decrease the intensity of biolog-
ical interactions (Menge & Sutherland 1987) and potentially foster coexistence
through recruitment limitation (Tilman 1994, Hubbell et al. 1999). At regional
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Figure 7 Species accumulation curves for pooled samples over a depth range of
130 m for Georges Bank and ACSAR North studies. The North samples were pooled from
stations between 1220-1350 m to compare to a similar depth span in the Georges Bank study.
All Georges Bank samples were used (38-167 m). See Table 2 for other diversity metrics
comparing these pooled samples.

scales, many species will exist as metapopulations; their presence locally or re-
gionally will be determined by local dynamics, dispersal among patches, and the
degree of reproductive asynchrony among populations (e.g., Hanski 1998).Varia-
tion in local diversity within regions is also likely to be influenced by the number
and different types of habitats at intermediate scales (e.g., 1-10 km) through a
mass effect (Shmida & Wilson 1985). We know little about how mass effects
contribute to local diversity, but the large number of singletons (species repre-
sented by a single individual) within natural deep-sea assemblages suggests that
it may be extensive.

It is clear from the foregoing discussion that local diversity varies regionally
along environmental gradients in the deep sea. How the numerous environmental
factors act to control local diversity is not well understood, but we have developed
a conceptual model of how they may directly and indirectly regulate the number of
species within communities (Figure 9). These environmental factors do not work
inisolation; they are often very interdependent such that changes in one precipitate
changes in others, producing cascade effects, all of which modify the rates of local
processes.
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Figure 9 Conceptual model indicating direct and indirect effects of various envi-
ronmental factors on species richness of local communities.

Near-bottom flow has pervasive effects; it can influence the number of species
directly as well as indirectly through modification of other environmental fac-
tors (Gage 1997). Near-bottom current speed can directly control species number
through larval supply, and at sufficiently high speeds will erode the sediments and
many of the organisms on or within them. As current speeds vary, they can also
indirectly influence diversity by changing food supply (POM flux and bacterial
production), sediment characteristics, oxygen levels above and within the seabed,
spatial heterogeneity, and levels of biotic and abiotic disturbance (Figure 9). Each
of these factors can also affect the number of species within communities directly
as well as indirectly.

Hydrodynamic influences on diversity can be extensive and involve numerous
paths of different length and intensity. A unimodal relationship between diversity
and flow strength is predicted (Figure 10), but has not been well documented.
Low flows may be associated with depositional regimes and reduced sediment
heterogeneity. Very strong flows are expected to reduce effectiveness of predators,
and eliminate heterogeneity in particle size and surface features such as ripples.
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Disturbance resulting from substrate instability or the stress of maintaining feeding
activities and dwelling position are likely to reduce species richness and evenness
when currents are sufficiently strong to resuspend sediments, although these ef-
fects may be ameliorated by large or stabilizing biogenic structures. Intermediate
or variable flows are expected to promote maximal diversity through resource par-
titioning that is maximized by interactions of food and larval supply (particle flux)
and sediment heterogeneity.

POM flux or food supply may ultimately play the most significant role in reg-
ulating the number of species. As with flow, effects may be direct or be mediated
through currents, sediments, disturbance, or hydrologic properties (Figure 9). At
lowfood levels, diversity will be low because there are insufficient resources to sup-
port viable populations of many species. As food supply increases, diversity will
increase because more species can maintain viable populations. As food availabil-
ity continues to increase, diversity may decline, producing a unimodal relationship
between diversity and food inputs (Figure 10). Why diversity declines at high lev-
els of food supply is not well understood but may reflect a decrease in habitat
heterogeneity, differential numerical responses leading to increased dominance by
afew species (Rosenzweig & Abramsky 1993, Waide et al. 1999), and/or increased
physiological stress due to oxygen limitation or sulfide toxicity. A strong negative
correlation of evenness with sediment POC (Levin & Gage 1998) may provide
some clues about the importance of species interactions in reducing diversity. Be-
cause increases in food supply are often coupled with variability (seasonality)
in supply, decline may also reflect increased extinction rates of more specialized
forms, due to either demographic instabilities or accelerating rates of competitive
exclusion (Rex 1976).

If deposit feeders select sediment particles according to characteristics such as
their size, shape, composition, and quality, as has been argued by Wheatcroft et al.
(1990), Etter & Grassle (1992), and Smith et al. (1993), diversity will respond
positively to increased sediment heterogeneity (Figure 10). Any environmental or
biotic factor that alters sediment structure (hydrodynamics, bioturbation, distur-
bance) has the potential to regulate diversity indirectly. The distribution of particle
sizes within the sediments also influences organic content (Milliman 1994); thus
changes in diversity due to alterations of sediment heterogeneity may be mediated
through food resources.

Oxygen is a requirement for most metazoan life; reduced oxygen availability
can exert both direct and indirect negative effects on diversity (Figures 9, 10). At
low oxygen concentrations, species richness may be reduced directly through dif-
ferential tolerance to hypoxia or to the sulfides that build up in organic-rich hypoxic
sediments (Diaz & Rosenberg 1995, Bagarinao 1992). Hypoxic conditions may
impose habitat homogeneity, contributing to spatially uniform assemblages of low
species richness (Levin et al. 2000). Such effects probably occur mainly at bottom-
water oxygen concentratiorg0.5 ml/l (Levin & Gage 1998). Differential nu-
merical responses and competitive exclusion may explain increased dominance
and reduced species richness where oxygen is low but food availability remains
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high. Tolerance to hypoxia varies with body size; meiofauna are much more toler-
ant to low oxygen than most macrofauna or megafauna. Organisms that oxygenate
sediments or reduce sulfide concentrations through feeding, dwelling structures,
and burrowing may indirectly facilitate other organisms, ameliorating physiologi-
cal stress and potentially elevating diversity (e.g., Reise 1982, Aller & Aller 1986).
Predation pressure and its potential diversifying effects (Hall et al. 1994, Dayton
& Hessler 1972) are expected to increase with increasing oxygen saturation.

The processes of disturbance and positive interactions (facilitation) pervade the
environmental factors considered above and merit further consideration. Distur-
bance, a well-known mechanism regulating community structure in other ecosys-
tems (Connell 1978, Petraitis etal. 1989, Pickett & White 1985), undoubtedly plays
a similar role in the deep sea. Disturbance to the seafloor is manifested through a
variety of biotic and abiotic factors that can affect diversity by regulating levels
of competition, predation, and physiological stress. Indirectly, disturbance can in-
crease heterogeneity at low levels and reduce it at high levels by smoothing out
biogenic or topographic structures or by inducing stress. Disturbance can also alter
the structure of the sediments and thus can influence diversity indirectly through
the generation or removal of habitat heterogeneity (Figure 9).

Facilitative interactions, like disturbance, can be important over a range of con-
ditions and are predicted to have strong diversifying effects where conditions are
most extreme (Bertness & Callaway 1994). We hypothesize that these effects are
especially important in marine sediments, where animal feeding, dwelling, and
respiratory activities alter the surrounding milieu. When food is scarce, animal
activities that enhance or redistribute food may elevate species richness (Bianchi
et al. 1989, Levin et al. 1997a). Stress or disturbance associated with low redox
conditions may be ameliorated by infaunal activities (solute pumping, burrowing)
that oxygenate sediments (Aller 1982), thereby allowing more species to persist
(Reise 1982). Structures formed by animals can provide shelter and a stable sub-
strate, and may serve as hotspots of diversity under strong flow conditions (e.g.,
tests of xenophyophores on seamounts, Levin et al. 1988).

CONCLUSIONS

Two important conclusions result from our survey of diversity patterns at regional
scales. First, the deep-sea ecosystem, long known to support high local species
diversity, also shows high biodiversity at the landscape level. High diversity is
related to environmental gradients and habitat shifts. Second, there appear to be
multiple forces that shape patterns of diversity on regional scales. Variation in
species diversity is associated with large-scale variation in sediment grain size di-
versity, nutrient input, and productivity as well as oxygen availability, hydrologic
conditions, and catastrophic events. Disturbance and facilitation are predicted to
be agents of particular importance in mediating environmental effects on diver-
sity in the deep sea. These environmental factors are highly interdependent and
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ultimately reflect global-scale oceanographic processes and climate. It seems likely
that regional-scale phenomena interact in complex ways to form biogeographic
patterns of local diversity by controlling gradients of ecological opportunity that
affect population dynamics at small scales. Exactly how this occurs is uncertain,
but, as shown here, the basic features of the regional ecological system are becom-
ing clearer. Importantly, the recognition of conspicuous variation in biodiversity at
the landscape level and the discovery of how relevant processes are geographically
distributed now make it possible to design controlled sampling studies and ma-
nipulative, experimental approaches to better understand the causality underlying
regional diversity trends.

Although several large data sets on the composition of deep-sea communities
are available, taxonomic and geographic coverage is still very limited. Most large-
scale studies of deep-sea species diversity have taken place in the Atlantic. It is
reasonable to expect that new biogeographic patterns and ecological forces of fun-
damental importance will continue to be discovered. The vast majority of diversity
studies center on the macrofauna and are often restricted to one or a few taxa.
Much less is known about the meiofauna and megafauna. Meiofauna and annelids
often demonstrate parallel trends along gradients of oxygen and organic matter
(e.g., Cook et al. 2000, Gooday et al. 2000, Gooday et al. 2001), although other
groups may respond to environmental pressures in different ways (Lambshead et al.
2001ain press). Thus, whereas recent regional studies provide important direction
for mechanistic studies of diversity in the deep sea, documenting the structure
and function of whole deep-sea communities on a planet-wide basis remains an
important priority.

Sampling methodology and the measurement of species diversity have impor-
tant implications for conceptualizing patterns of deep-sea diversity and how they
compare to those of other environments. Rarefaction, when critically applied, can
be a useful way to estimate relative diversity from samples collected by large
qualitative trawls and epibenthic sleds. Because the deep-sea fauna is sparsely
distributed, large samples are vital for taxonomic discrimination of species and for
assessing regional species pools. However, quantitative sampling with sufficient
replication to adequately characterize local communities is necessary to measure
the actual number of species, standing stock, and the environmental parameters
that appear to influence diversity directly. The first controlled comparison of this
kind, between the continental shelf and upper bathyal zone, confirms that the deep
sea in the Northwest Atlantic region supports considerably higher species richness
than in shelf communities. Although the shelf fauna is fairly well sampled, the
level of replication at bathyal depths is still inadequate to reveal an asymptote in
the species accumulation curve. An important objective for future sampling de-
signs is to determine the level and spatial scale of replication necessary to represent
local diversity. Also, because rarefaction of large qualitative samples suggests a
marked decline in diversity at abyssal depths (e.g., in the western North Atlantic),
quantitative sampling should be extended to the lower bathyal zone and abyssal
plain to firmly establish a diversity-depth gradient.
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Contemporary ecological theory is based exclusively on the history of obser-
vations made in terrestrial, aquatic, and surface marine systems. Most of Earth’s
largest environment, the deep sea, remains unexplored. It is a vast world of ex-
treme physical circumstances, novel adaptations, and very basic permutations of
the carbon cycle that support all life (Gage & Tyler 1991, Rowe & Pariente 1992,
Van Dover 2000). Explaining the extraordinarily high level of species coexistence
encountered at very small scales in the deep sea remains a fundamental problem
(P. V. Snelgrove & C. R. Smith, unpublished manuscript; Etter & Mullineaux
2000). Although the regional studies reviewed here represent scattered areas of
the deep sea, they significantly enrich our knowledge of global biodiversity at the
landscape level, and should ultimately contribute to a comprehensive theoretical
understanding of community structure and function.
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