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Abstract

The relationships of environmental factors with measures of macrobenthic community
diversity were examined for the total fauna, and for polychaetes only, from 40 bathyal stations
in the North Atlantic, eastern Pacific and Indian Oceans {154-3400 m). Stepwise multiple
regression revealed that depth, latitude, sediment organic-carbon content and bottom-water
oxygen concentration are significant factors that together explained 52-87% of the variation in
macrobenthic species richness (E[s,,]), the Shannon~Wiener index (H'), dominance (D), and
evenness (J'). Percent sand and percent clay were not significant factors. After removal of depth
and latitudinal effects, oxygen and organic-carbon concentrations combined accounted for 47,
67, 52 and 32% of residual variation in macrobenthic E(s, ), F', D, and J', respectively.
Organic carbon exhibited a stronger relationship than oxygen to measures of community
evenness, and appeared to have more explanatory power for polychaetes than total macroben-
thos. When only stations with oxygen < 1 mll™' were considered, oxygen concentration
became the dominant parameter after depth. Results suggest existence of an oxygen threshold
{ <045ml1™"), above which oxygen effects on macrobenthic diversity are minor relative to
organic matter influence, but below which oxygen becomes a critical factor. OQur regression
results lead us to hypothesize that for bathyal faunas, oxygen at low concentrations has more
influence on species richness, while organic carbon regulates the distribution of individuals
among species (community evenness).

Examination of rarefaction curves for Indo-Pacific stations reveals that total macrobenthos,
polychaetes, crustaceans and molluscs all exhibit reduced species richness within oxygen
minimum zones (OMZs). However, representation under conditions of hypoxia varies among
taxa, with polychaetes being most tolerant. Molluscs and crustaceans often (but not always)
exhibit few individuals and species in OMZs, and sometimes disappear altogether, contributing
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to reduced macrobenthic diversity and elevated dominance in these settings. The linear negative
relationship observed between bathyal species richness and sediment organic-carbon content
{used here as a proxy for food availability) may represent the right side (more productive half) of
the hump-shaped, diversity—productivity curve reported in other systems. These analyses
suggest there are potentially strong influences of organic matter and oxygen on the diversity
and composition of bathyal macrobenthos, especially in the Indo-Pacific Ocean. & 1998
Elsevier Science Ltd. All rights reserved.

1. Introduction

Since the recognition of high macrobenthic species richness in the deep sea (Hessler
and Sanders, 1967; Sanders, 1968; Sanders and Hessler, 1969), much attention has
been directed towards understanding the factors that control deep-sea diversity
{(reviewed in Rex, 1983; Rex et al., 1997). Of particular interest has been the relation-
ship of large-scale diversity patterns to latitude (Rex et al., 1993, 1997), water depth
(Rex, 1981, 1983; Watts et al., 1992; Paterson and Lambshead, 1995; Rex et al., 1997),
nutrient availability (Sanders, 1968; Watts et al., 1992; Levin et al., 1994b), oxygen
(Sanders, 1969; Levin et al,, 1991), hydrodynamics and related sediment properties
(Etter and Grassle, 1992; Thistle et al.,, 1985, 1991; Gage, 1997). At smaller scales,
researchers have addressed the roles of biogenic habitat heterogeneity (reviewed in
Grassle and Grassle, 1994; Rice and Lambshead, 1994) and biological interactions
(Dayton and Hessler, 1972; Grassle and Sanders, 1973; Huston, 1979) in maintaining
local diversity.

While macrobenthic species richness in samples from deep water can be substan-
tially greater than in shallow water (Gage and Tyler, 1991; Gage, 1996), there are
a number of deep-sea settings where species richness is low and dominance is high.
These include benthic environments in contact with oxygen minimum zones (OMZs)
beneath upwelling regions (Sanders, 1969; Levin et al., 1997), isolated basins such as
the Norwegian Sea (Dahl et al,, 1976), and hydrothermal vents (Grassle et al., 1985;
Grassle, 1989). In the first of these, hypoxia and organic matter enrichment are
believed to act in concert to depress diversity, although the mechanisms involved are
unclear.

Most of the work on global-scale diversity patterns has focused on the deep
Atlantic Ocean, primarily because large data sets are available for this region
(Rex et al., 1997). By omitting the Indo-Pacific, however. these studies exclude many
bathyal, marginal settings where organic matter and oxygen availability are likely to
exert a strong influence on diversity. In order to explore the potential effects of organic
matter and oxygen availability on bathyal diversity, we have assembled data from
stations in the Pacific, Indian and Atlantic oceans, both inside and outside oxygen
minimum zones.

Direct assessment of organic matter influence on macrobenthic diversity has
focused on both local and large scales (Rex et al., 1997). At local scales of meters or
less, spatially and temporally varying organic input can affect the abundance,
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composition, life histories and diversity of macrobenthos (reviewed in Gooday and
Turley, 1990; Snelgrove and Butman, 1994; Grassle and Grassle, 1994; Rice and
Lambshead, 1994). Patchiness in organic input is now commonly recognized to be an
important source of within-habitat diversity (Smith, 1986; Grassle and Morse-
Porteous, 1987; Snelgrove et al., 1992, 1996).

At much larger scales our understanding is more limited. Many terrestrial systems
reveal strong control of diversity by productivity (Rosenzweig and Abramsky, 1993;
Wright et al, 1993). Connell and Orians (1964) proposed that the high diversity
characteristic of tropical rain forests and coral reefs is related to high productivity.
Rex et al. (1993, 1997) suggest that lower diversity documented at high latitudes for
bivalves, gastropods and isopods may be related to high and variable carbon flux.
Watts et al. (1992) examined the relationship of diversity to satellite-based estimates of
surface productivity in the Atlantic for polychaetes, gastropods, cumaceans and
bivalves and found little association once depth effects were removed. However, Schaff
et al. (1992) demonstrated an inverse relationship between carbon flux and macro-
benthos species richness at three NW Atlantic margin sites of comparable depth.
Examination of bathyal polychaete assemblages along regional organic enrichment
gradients off North Carolina and on a Pacific seamount also revealed reduced
diversity at the most enriched sites (Levin et al., 1994b), but on the seamount this
effect was confounded by a strong negative correlation of oxygen and enrichment
(Levin et al., 1991).

Current emphasis on carbon flux as an influence on benthic processes, particularly
in many North Atlantic studies, should yield an abundance of regional studies in
which gradients of organic input to the seabed can be related to benthic diversity. In
one such study, Cosson et al. (in press) report maximal polychaete diversity beneath
the most productive of three sites in the tropical northeast Atlantic. However, these
results are confounded by site variation in water depth and distance from shore. From
the limited available data, general, large-scale relationships bztween deep-sea macro-
benthic diversity and food availability remain obscure.

Examination of terrestrial, aquatic and marine environments suggests a parabolic
relationship between food availability and faunal diversity (Pearson and Rosenberg,
1978; Rosenzweig and Abramsky, 1993; Rosenzweig, 1995). This pattern involves
increasing diversity with increasing organic nutrients up to some intermediate level,
and then a decline in diversity with even greater organic inputs. In their marine
examples, Rosenzweig and Abramsky (1993) use depth as a proxy for productivity or
food availability. The well-documented, hump-shaped, depth—diversity relationship
mentioned above could result from factors other than food input, such as range
boundaries (Pineda, 1993) or disturbance (Paterson and Lambshead, 1995). Neverthe-
less, it may be critical to assess where along the organic nutrient gradient a particular
data set falls before trying to generalize about organic-matter influence on deep-sea
diversity.

Oxygen effects on benthic communities have been reviewed recently by Diaz and
Rosenberg (1995). Although oxygen-related patterns are well studied in shallow water
and polluted settings, there are few detailed investigations of macrobenthic diversity
along deep-water oxygen gradients. Reduced diversity in the southern California
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borderland basins has been linked to low oxygen levels (Jumars, 1974; Jumars and
Gallagher, 1982; Smith, 1983). Studies by Sanders (1969) off W. Africa, by Levin et al.
(1991) in the eastern Pacific, and Levin et al. (1997) in the Arabian Sea show extreme
depression of macrobenthic diversity within oxygen minimum zones. In all three
oceans, the oxygen minima occur beneath upwelling regions where organic matter
flux to the seabed is high. Thus, it is difficult to distinguish the actual importance of
oxygen stress (as opposed to organic enrichment) in determining diversity changes
associated with OMZs,

Paleoceanographic biofacies models include monotonic reduction in diversity of
biogenic traces and fossils along gradients of oxygen depletion (Rhoads and Morse,
1971; Savrda and Bottjer, 1991), although there is controversy about the nature of the
ichnofacies expected in hypoxic settings (Ekdale and Mason, 1988; Wheatcroft, 1989).
But in such studies, oxygen levels are inferred from organic-carbon data (Berry and
Wilde, 1978; Demaison and Moore, 1980), confounding effects of oxygen stress and
organic loading.

In the present paper, we investigate factors that may control patterns of diversity
(species richness, H', dominance and evenness) in bathyal macrobenthos, with empha-
sis on bottom-water oxygen concentration and sediment organic-carbon content. We
ask whether bathyal diversity patterns in the Atlantic and Pacific oceans are explained
by similar parameters. Direct comparisons are made between cross-margin transects
which do, and do not, intercept OMZs. For Indian and Pacific ocean stations, we
consider whether the diversities of different major taxa (polychaetes, molluscs and
crustaceans) respond in similar fashions to gradients in bottom-water oxygen and
sediment organic carbon, and whether changes in diversity along these gradients are
related to shifts in taxonomic representation.

2. Methods
2.1. Data sets

We have utilized macrobenthic and accompanying sediment data collected from
a variety of bathyal sites in all three major oceans (Table 1, Fig. 1). Data sets were
selected for inclusion in the study based on availability of information regarding
bottom-water oxygen concentration, sediment organic-carbon content, particle size,
and species-level macrobenthic counts. Data are included for macrobenthos sampled
between 154 and 3400 m water depth. The stations for which data are available are
clustered in the eastern Pacific ocean, northwest and northeast Atlantic ocean, and in
the northwest Arabian sea (Fig. 1). The southern hemisphere is represented only by
several stations off Peru; polar areas, fjords and seep environments are completely
unrepresented. In all cases, the biological indices are based on data for taxa tradition-
ally considered to be macrobenthic and do not include meiofaunal forms such as
nematodes, ostracods, harpacticoid copepods or foraminifera that might have been
present in samples. Previously unpublished data are provided from cross-slope studies
on the Oman margin (Arabian Sea) (Levin and Gage, unpublished) and the Hebridian
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Fig. 1. Map showing locations of stations included in this study. See Table 1 for station names and site
characteristics.

slope (northeast Atlantic, polychaetes, bivalves and crustaceans only) (Gage, unpub-
lished). Additional data were obtained for the Peru margin (D. Gutierrez, pers. comm.)
and the southern California margin off Del Mar and in the La Jolla Canyon (Vetter
and Dayton, 1998). The Oman margin data were collected in Oct./Nov. 1994 as part
of the British Arabesque program, on the R. R. S. Discovery cruise 211 (Gage, 1995).
Macrobenthos sampling details are given in Gage (1995) and Levin et al. (1997). The
Hebridian slope samples were collected on various dates from June 1976 to August
1982. Information on sample collection methods and sample treatment is given by
Gage (1977, 1979). The Peru margin data were collected in 1989 by the Peruvian
oceanographic agency IMARPE (D. Gutierrez, pers. comm.). Information about sieve
size, core size and number of samples is given for each data set in Table 1. Variation
among data sets in sampling methods and the spatial and temporal coverage of
samples cannot be avoided and is undoubtedly a source of noise in the following
analyses.

Those data sets generated in the early 1970s (Hebridian slope, Santa Catalina Basin
and San Diego Trough) are based on animals retained on a 0.420 mm mesh screen. All
other data sets were generated with a 0.300 mm mesh, except for the Peru margin,
where a 1.0 mm mesh was used. We acknowledge that the larger mesh sizes may cause
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macrobenthic diversity to be underestimated slightly relative to the smaller mesh size,
but feel that the bias should not significantly alter our results. In the Santa Catalina
Basin, macrofaunal abundances obtained from 0.300 and 0.420 mm mesh differ by
only 2%, thus diversity effects are probably minor (Smith, pers. comm.).

Sediment properties and bottom-water oxygen concentrations are listed for each
station in Table 1. Sediment total organic-carbon content is used as a proxy for
organic matter availability, although we recognize it does not always accurately
reflect carbon flux to the seabed (e.g. Smith et al., in press). In many cases, no better
information about food availability to benthos was available. In a few instances,
Hebridian slope sediment data were estimated based on data for nearby stations.

2.2. Analyses

Rarefaction estimates of species richness and rarefaction curves (Hurlbert, 1971),
the Shannon-Wiener diversity index (H’), and Pielou’s evenness index (J') were
computed from raw data using the “BioDiversity” program (“Natural History
Museum, London/Scottish Association of Marine Sciences) for stations 1-10 and
21-40 (Table 1). When species-level identifications were available for all taxa, diver-
sity data were generated for total macrobenthos. When species-level identifications
were available only for selected groups, analyses were limited to polychaetes, molluscs
and crustaceans (or a subset of these). Rarefaction estimates of the expected number
of species in a 100-individual sample [E(s;o0)] were used as an estimate of
species richness for total macrobenthos and polychaetes at each station. Smaller
sample sizes were used for the mollusca [E(sso)] and crustaceans [E(s;0)]. The
Shannon-Wiener diversity index (H’) and Pielou’s evenness (J') were calculated using
log base 2. Rank | dominance (hereafter referred to as dominance, [D]) was defined as
the percentage of the total fauna represented by the singlemost abundant species.
Diversity data for stations 11-20 were taken from the published literature (Table 1).
Diversity estimates were based on pooled data using all available samples from each
station (Table 1). This integration over variable space and time scales represents an
added source of variation for the diversity indices, but was necessary to obtain
diversity estimates based on reasonable numbers of individuals and to use published
data.

Regression analyses to evaluate relationships between environmental parameters
and biological diversity measures were carried out using YMP™ (SAS Institute, 1989)
for the combined data set (all oceans) and separately for the Atlantic ocean and for the
Indian and Pacific oceans (hereafter referred to as Indo-Pacific stations). We also
analyzed a truncated Indo-Pacific data set comprised of stations for which bottom-
water oxygen concentrations were below 1 mll ! Simple and stepwise multiple
regressions of environmental parameters (depth, latitude, bottom-water oxygen con-
centration, sediment organic-carbon content, percent sand and percent clay) against
biological indices (species richness [ E(s,)], diversity [H'], dominance [D] or evenness
[/']) were performed. Dominance values (percentages) were arcsine transformed
to achieve normality. The stepwise regression procedure (Draper and Smith, 1981)
was carried out manually, using P <0.10 as the acceptance criterion for each
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environmental factor. The regression explaining the greatest amount of variation with
all parameter coefficients significant (or nearly significant) is presented as the best fit.

To focus on the specific influence of bottom-water oxygen and sediment organic-
carbon content, additional regressions were carried out in which depth and latitude
effects were removed by regression from the diversity data, as well as from the
bottom-water oxygen and sediment organic-carbon data. Oxygen and organic-carbon
residuals were then regressed against diversity residuals. Significance for the analyses
was set at o = 0.05. Depth was removed as a quadratic because the best fit to our data
(for all indices) was a parabola (second-order polynomial). However, in the truncated,
low-oxygen Indo-Pacific data (O, < 1 ml17"), depth was linearly related to diversity
and was removed as a linear fit. Latitude (without a N-S distinction) was removed as
a linear fit as well from all data sets. Diversity measures [ E(syo¢), H', D, and J'] were
calculated for total macrofauna and for polychaetes only.

The influence of depth, oxygen, latitude, organic matter, % sand and % clay on
taxonomic composition (% polychaetes, molluscs, and crustaceans) was evaluated by
simple regression for data from Indo-Pacific stations. Taxon percentages were arcsine
transformed prior to analysis to achieve normality.

3. Results
3.1. Physical variables

Bottom-water oxygen concentrations were non-overlapping at the Atlantic stations
(4.05-6.27 ml 17 ') and the Indo-Pacific stations (0.09-2.70 ml 1™ ') (Table 1). Eight of
the stations fell within well-developed OMZs (defined as regions where bottom-water
oxygen concentration is < 0.5 ml17'). These include the summit of Volcano 7 (sta-
tions 29 and 30) and the Peru margin (stations 33 and 34) in the eastern Pacific, and
the Oman margin in the Arabian Sea (stations 35-38) (Table 1). The Santa Catalina
Basin also has a low bottom-water oxygen concentration (0.4 ml17").

Among the stations studied, % total sediment organic carbon (TOC) ranged
from 0.1 to 6.5%, sand content ranged from 3 to 99.7% and clay content ranged
from 0.2 to 50.8% (Table 1). These ranges are believed to be representative of
the majority of bathyal settings in the world’s oceans. Coeflicients of determination
(r*) among physical variables for the Indo Pacific and the Atlantic data alone and for
the combined data are given in Table 2a and b, respectively. Significant negative
correlations were observed between sediment organic-carbon content and bottom-
water oxygen concentration and between % sand and % clay in all three data sets
(Table 2). Latitude was positively correlated with oxygen and negatively correlated
with organic carbon in the combined (Table 2b) and Atlantic data sets (Table 2a).

3.2. Diversity measures

The bathyal settings analyzed exhibited a broad range of values for each biological
index examined. Macrobenthic species richness [ E(s;o¢)] ranged from 4.5 to 62, H’
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Table 2

Coefficient of determination (%) for linear relationships between environmental parameters. Direction of
the relationship is given in () when the regression is significant at < 0.05. *¥*P < 0.001 **P < 0.01
*P < 0.05, NS = P > 0.10 (a) Indo-Pacific values are given above the diagonal, Atlantic values below the
diagonal. (n) = 17 for Atlantic; n = 17 for Indo-Pacific regressions involving particle size; n = 23 for all
others. (b) Data are given for the combined Atlantic and Indo-Pacific data sets. n = 40, except those
involving % Sand or % Clay (n = 34)

(a)

Oxygen Organic Depth Latitude % Sand % Clay
carbon
Oxygen - 0.220* 0.067 0.118 0.035 0.122
(—) NS NS NS NS
Org. Carbon 0.465** - < 0.001 0.020 0.261* 0.001
(~) NS NS (—) NS
Depth 0.076 0.018 - 0.072 0.121 0.167
NS NS NS NS NS
Latitude 0.388** 0.643** 0.008 - 0.016 0.002
(+) {(—) NS NS NS
% Sand 0.030 0.001 0.368** 0.026 - 0.317*
NS NS (=) NS (—)
% Clay 0.021 0.116 0.303* 0.422%* 0.552%**
NS NS (+) (—) (—)
(b)
Oxygen Organic Depth Latitude % Sand % Clay
carbon
Oxygen  — 0.186* 0.113% 0.567** 0.007 0.079
(—) (+) (+) NS NS
Org. Carbon - 0.014 0.194%* 0.086 0.001
NS (—) NS NS
Depth - 0.00% 0.209** 0.245%*
NS (—) (+)
Latitude e < 0.001 0.002
NS NS
% Sand - 0.403%**
(=)
% Clay -

ranged from 1.33 to 6.39, dominance ranged from 5 to 71%, and evenness (J') ranged
from 0.36-0.91. Polychaete ranges were 4-47 for E(s; ), 0.8-5.5 for H’, 6-82% for
dominance (the most abundant polychaete as a percentage of total polychaetes), and
0.36-0.91 for J'. Estimates of H' and J’ were available only for Indo-Pacific stations.
Estimates of species richness [E(so0)], H', D and J’ are shown as a function of depth,
latitude, bottom-water oxygen concentration, and sediment organic-carbon content
for total macrobenthos in Fig. 2a—d and for polychaetes in Fig. 3a-d.
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3.3. Relationships of physical parameters to diversity: multiple regression models

Multiple regression analyses indicate that a combination of depth, latitude, sedi-
ment organic-carbon content and/or bottom-water oxygen concentration can explain
52-87% of the variation in estimates of macrobenthic species richness [E(s;¢0)], H',
D and J in the combined and Indo-Pacific data sets (Table 3). Percent sand and clay
did not appear as significant parameters in any of the macrobenthos or polychaete
models. Organic carbon and depth were significant in all regressions for these two
data sets. Oxygen did not appear in the best fit models of [ E(s,00)], D and J' in the
combined data set, and latitude was not significant in the J' regressions. When only
low-oxygen sites ( < 1 ml17') in the Indo-Pacific were considered, depth and oxygen
accounted for 57-85% of variation in E(s;q0), H', D, and J’ (Table 3). Latitude,
organic carbon, % sand and % clay content were not significant factors.

Similar results were obtained for polychaete E(s o), H', D and J'. However, latitude
was rarely significant and oxygen had no explanatory power in the combined data set
(Table 4).

The Atlantic data set was very small, primarily because there was only limited
overlap between indices available for different stations. For total macrobenthos (NW
Atlantic stations only), oxygen and organic carbon explained 88% of the variation in
species richness [ E(s1o0)], but no physical variables provided a significant regression
for dominance (Table 3). For polychaetes (mainly NE Atlantic data), depth explained
77% of variation in dominance, but no factors provided a significant regression for
species richness (Table 4).

3.3.1. Oxygen and organic-carbon influence

After removal of depth and latitude effects, bottom-water oxygen concentration and
sediment organic-carbon content together accounted for 32-67% of residual vari-
ation in E(s;o0), H', D, and J' for total macrobenthos in the Indo-Pacific (Table 5,
Fig. 4). The two factors appear to contribute more or less equally (within a factor of
two) to variation of most measures (Fig. 4). When only low-oxygen sites in the
Indo-Pacific were considered, oxygen and organic carbon together accounted for 68%
of residual variation in E(s; ), and 59% of residual variation in H'. At low oxygen
sites, organic carbon alone accounted for 35% of residual variation in D and 25% of
residual variation in J', while oxygen, surprisingly, was not a significant factor
(Table 5). Oxygen and organic matter did not explain any residual variation in E(s; ()
or D of the combined data set, but oxygen accounted for 53% of E(s;00) varnation in
the Atlantic data (Table 5).

When only polychactes were considered, organic carbon explained 16-29% of
residual variation (after removal of depth and latitude effects) in E(s,0¢), H', D and J’
of the combined data set but none of the residual variation in the Atlantic (Table 6). In
the Indo-Pacific, oxygen and organic carbon together explained 32-52% of residual
variation in these four polychaete parameters, with organic carbon being the primary
explanatory factor for all measures except dominance (Table 6, Fig. 5). In the low-
oxygen, Indo-Pacific data, oxygen and organic matter together accounted for 61--66%
of restdual variation in polychaete E(s; (o) and H', with fairly equal contributions from
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Fig. 2. Relationships of total macrofaunal diversity measures to (a) water depth, (b} latitude, (c) bottom-
water oxygen concentration, and (d) sediment percent organic-carbon content. Significant regression
curves and coefficients of determination (P < 0.05) are shown for analyses based on all available data
combined. Regressions involving depth were fitted as a second order polynomial; all others are linear
regressions. No regressions involving latitude were carried out, because across-ocean analyses were
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Fig. 2. (Continued)

considered inappropriate and latitudinal ranges within oceans were small. (¢) also shows the linear
regressions of oxygen against E(s; o) for the Indian and Pacific Ocean data corabined (dashed and dotted
line, r* = 0.32, P = 0.009) and the Atlantic data alone (dashed line, r? = 0.68; P = 0.022).



142 L.A. Levin, J.D. Gage / Deep-Sea Research II 45 (1998) 129163
r A Indian Ocean e Pacific Ocean + Atlantic Ocean ]
a. so b. so -
~ ~> ° +
S 40 S 40 ®
% N
= 30 = 30 b+ ;
[ ] [
B - +4
3 g 201 A
g £ ¢ 3
> +
= 1o $ r2=0.43 S 109 ®a
(] =0. a [
A~ oA p=0.0007 ° A
0 T T T D T T T
[} 1000 2000 3000 4000 20°s o0 20°N 40°N 60°N
6 - [
. - ° +
= =i 51 T +
2 g - s :
& ] A !+
5 g .
= 2 2 A
=] Q N Y
B~ *, 2 A N A
11e@ r<=0.48 14 °
p=0.0002
0 T T T 0+— T T 1
0 1000 2000 3000 4000 2 0°g 00 20°N 409N 60°N
@ 100 @ 100
é r220.62 %
£ ao-l ° p<0.0001 g sod ..
E £ A
[~ =4 60
o a ®
e &
- € 404 A @ +
: s o b
(2] (3] -
ES ESEEL 2 T i_
S ) ® ®
m o T T T m o T T T
0 1000 2000 3000 4000 20%s 00 20°N 40°N 60ON
1.0
o
m e 097 . + 4%
2 8 0.8 n 'F
@ L
g ® 0.7 L
£ £ 3
=S > 0.6 A 0 +
= S ™
s & 0.5
0.4 @A r2-0.58 0.4 @ A
° p<0.0001 L4
0.3 e 0.3 T ——
0 1000 2000 3000 4000 20°s 00 20°N 409N 60°N
Depth (m) Latitude

Fig. 3. Relationships of polychaete diversity measures to (a) water depth, (b) latitude, {c) bottom-water
oxygen concentration and (d) sediment percent organic-carbon content. Significant regression curves and
coefficients of determination (P < 0.05) are shown for analyses based on all available data combined.
Regressions involving depth were fit as a second-order polynomial; all others are linear regressions. No
regressions involving latitude were carried out, because across-ocean analyses were considered inappropri-
ate and latitudinal ranges within oceans were insufficient.
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Best fit multiple regressions for parameters explaining total macrofaunal diversity. Factors included in the
analysis were depth (incorporated in quadratic form), latitude ( = Lat.), bottom-water oxygen concentra-
tion (ml1~' O,), % sediment organic C ( = Org. C), % sand and % clay content (all linear). See text for
explanation of regression methods and diversity measures

Total Full data set Indo-Pacific ocean
Macrofuna (Atlantic and Indo-Pacific)
Multiple Parameter  Coefficient ~ Mult.ple Parameter  Coeflicient
regression P regression P
Species richness ~ R? =0.526  Depih 0.010 R? =0.768  Depth 0.0005
[E(s100)] P =0002 Lat 0.046 P <00001 Org C 0.005
F =6.10 Org. C 0.101 F=1242 Lat. 0.003
n=27 n =20
Dominance R?=10.523 Depth 0.001 R?=0825 Depth 0.0001
P =0.0007 OrgC 0.072 P < 0.0001 Org. C 0.037
F =685 Lat. 0.074 F=1602 O, 0.042
n =30 n=23 Lat. 0.046
H R? =0.874 Depth < 0.0001 R?*=0874 Depth < 0.0001
P < 0.0001 Lat. 0.002 P < (.0001 Lat. 0.0019
F =2338 0, 0.004 F=2357 0, 0.004
n=23 Org. C 0.012 =23 Org. C 0.012
J R?=0.617 Depth 0.0003 R*=0616 Depth 0.0003
P =00003 OrgC 0.012 P =0.0003 Org. C 0.013
F=10.18 F =10.56
n=23 n=23
Total Low-oxygen Indo-Pacific ocean Atlan’ic ocean
Macrofauna (oxygen < 1 ml/l)
Multiple Parameter  Coefficient ~ Multiple Parameter Coefficient
regression P regression P
Species richness  R* =0.854 O, 0.0001 R?=0883 O, 0.006
[E(s100)] P < 00001 Depth 0.002 P =0014 Org. C 0.059
F=2142 F = 1508
n=15 n=7
Dominance R?=10.764 Depth 0.0003
P <0.0001 O, 0.015 No fit
F=2102
n=16
H R?2=0840 O, 0.0002
P < 0.0001 Depth 0.0004 No data
F =34.16
n=16
J R?=0.565 Depth 0.014
P =0.005 0, 0.059 No data
F =845

n=16
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Best fit multiple regressions for parameters explaining polychaete diversity. Factors included in the analysis
were depth (incorporated in quadratic form), latitude ( = Lat.), bottom-water oxygen concentration ( = O,
(in ml17Y), % sediment organic C (= Org. C), % sand and % clay content (all linear). See text for
explanation of regression methods and diversity measures

Polychaetes Full data set (Atlantic and Indo-Pacific)  Indo-Pacific Ocean
Multiple Parameter  Coefficient Multiple Parameter  Coefficient
regression P regression P
Species richness ~ R? =0.576  Depth 0.0006 R? =0.721 Depth 0.0007
E(s100) P =00001 OrgC 0.021 P =00002 O, 0.020
F =10.89 F=1290
n =28 n=19
Dominance R?=0684 Depth < 0.0001 R?=0869 Depth < 0.0001
P <0.0001 Org C 0.053 P <00001 O, 0.046
F =1803 F = 28.80 Lat. 0.015
n=29 n=20
H R*=0610 Depth 0.0002 R?*=0816 Depth < 0.0001
P <0.0001 Org C 0.016 P < 00001 O, 0.029
F=1307 F=1662 Lat. 0.037
n=29 n =20
J' R?=0.645 Depth < 0.0001 R? =0.765 Depth < 0.0001
P <0.0001 Org C 0.005 P <0.0001 Org. C 0.012
F=1516 F=1739
n=29 n=20
Polychactes Low-oxygen Indo-Pacific ocean Atlantic ocean
(oxygen < 1 ml/l)
Multiple Parameter  Coefficient ~ Muitiple Parameter  Coefficient
regression P regression P
Species richness  R? =0.826  Depth 0.001
E(s100) P < 00001 O, 0.002 No fit
F =2605
n =14
Dominance R?=0843 Depth < 0.0001 R?*=0767 Depth 0.006
P <0.0001 O, 0.010 P = 0.006
F=3233 F=1153
n=15 n=10
H R?=0861 Depth 0.0001
P <0.0001 O, 0.0006 No data
F =37.189
n=15
J' R? =0.663 Depth 0.005
P =0.002 O, 0.046 No data
F =11.289

n=15
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Fig. 4. Relationships for Indo-Pacific stations of macrofaunal species richness, diversity, dominance or
evenness residuals to (a) bottom-water oxygen residuals and (b) organic carbon residuals, after effects of
depth and latitude have been removed. Depth was removed as a quadratic fit. latitude as a linear fit.
Significant regression lines and coefficients of determination are shown for P < 0.0S.
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Fig. 5. Relationships for Indo-Pacific stations of polychaete species richness, diversity, dominance or
evenness residuals to (a) bottom-water oxygen residuals or (b) organic carbon residuals after effects of
depth and latitude have been removed. Significant regression lines and coefficients of determination are
shown for P < 0.05.
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each parameter (Table 6). Organic carbon alone explained 44-46% of variation in
polychaete D and J' at the low O, sites, with no significant contribution from oxygen
(Table 6).

3.4. Do all taxa respond similarly to oxygen and organic matter availability?

Rarefaction curves for Indian and Pacific Ocean macrofauna, polychaetes, molluscs
and crustaceans indicate that stations within the eastern Pacific and Arabian Sea
OMXZs exhibit lower species richness (for all taxa) than other stations (Fig. 6a—d). The
OMZ stations shown here (29, 30, 33-38) are characterized by oxygen <045 ml1™ ",
often high sediment organic-carbon content, water depths < 1000 m, and latitudes
between 19°N and 6°S (Table 1). The Santa Catalina Basin (SCB) is also characterized
by low oxygen and high organic carbon, but occurs at a higher latitude and deeper
water depth than OMZ stations. This station is interesting because the rarefaction
curve for total macrofauna falls just above the OMZ stations and overlaps the 3400 m
site off Oman (Fig. 6a). The rarefaction curve presentzd by Smith et al. (1998) for
background macrofauna in SCB sediments also falls well above those of the OMZ
stations. However, not all SCB taxa respond similarly. In the SCB, polychaete
diversity was comparable to that of OMZ stations (Fig. 6b), but mollusc (Fig. 6¢c) and
crustacean diversities (Fig. 6d) were notably higher than in many OMZ and non-
OMZ stations.

To contrast diversity of margin macrobenthos in the presence and absence of an
OMZ, we compared polychaete diversity along two cross-slope transects, one for the
well-oxygenated Hebridean slope (NW Atlantic 56°N, 400-2000 m) and one for the
Oman margin, which intercepts an OMZ (NW Indian Ocean, 19°N, 4003400 m).
Both transects exhibited diversity maxima at mid-slope depths (Fig. 7a and b).
Comparisons between the two margin transects indicate that, at depths between 400
and 1000 m (the OMZ range off Oman), species richness was 2-4 times lower off
Oman than on the Hebridian slope. However. below these depths (e.g. 1250 m), species
richness was roughly comparable in the two regions (Fig. 7a and b). These observa-
tions imply that factors other than depth or latitude can exert control over polychaete
species richness. The relatively high macrofaunal species richness observed at 1250 m
on the Oman margin (Fig. 6a and Fig. 7b), where measured bottom water oxygen
concentrations averaged 0.47 ml1™ !, suggests that the threshold for low oxygen
influence on diversity occurs below 0.5 ml17 1.

3.5. Taxonomic response as a diversity influence

Do changes in diversity along gradients of increased sediment organic-carbon
content or decreased bottom-water oxygen concentrations result in part from loss of
major taxonomic groups? This question was examined for the Indo-Pacific stations,
where bottom-water oxygen and organic-matter concentrations span a broad range
(Table 1) and exhibit strong correlations with diversity (Tables 5 and 6). Plots of
polychaete, mollusc, and crustacean representation (percent of total fauna) as a func-
tion of bottom-water oxygen concentration (Fig. 8a) and sediment organic-carbon
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Fig. 7. Polychaete rarefaction curves for cross-slope stations from (a) the Hebridian slope in the NE
Atlantic and (b) the Oman margin in the Arabian Sea. Numbers near curves indicate water depth in meters.
See Table 1 for station locations and physical properties.

content (Fig. 8b) reveal that polychaetes are more tolerant of low oxygen and organic
enrichment than molluscs or crustaceans. Polychaetes were well represented at most
stations, although diversity was very low off Peru, on the summit of Volcano 7 and on
the upper Oman margin (Fig. 6b). Molluscs were absent from the Peru and Oman
margin OMZ stations; they were relatively common within the OMZ on Volcano 7,
but with low diversity (mainly aplacophorans) (Fig. 6¢). Crustaceans were absent from
OMZ stations on Volcano 7, and on the Peru and upper Oman margins, with the
exception of the amphipod Ampelisca sp. (Fig. 6d). The rarity of several major taxa
(molluscs and crustaceans) within OMZs must contribute to the extraordinarily low
species richness and evenness observed in these settings.

Despite the taxonomic patterns revealed by the rarefaction curves described above
(Fig. 6), simple linear regressions of percent representation of each taxon against
depth, latitude, oxygen, organic carbon, % clay and % sand yielded only a few
significant (but relatively weak) relationships. Polychaete representation was nega-
tively correlated with oxygen (r*=0.197, P =0.034) and latitude (r* = 0.181,
P =0.043) and positively correlated with organic-carbon content (r* = 0.176,
P = 0.047). Mollusc representation was not correlated with any parameters, though
a positive association with percent sand was nearly significant (r* = 0.206, P = 0.067).
The strongest associations were observed for crustaceans; representation was posit-
ively correlated with oxygen (r? = 0.365, P = 0.005) and water depth (r*> = 0.305,
P = 0.012). However, when depth effects were removed from both parameters, oxygen
was no longer correlated with crustacean representation.
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Fig. 8. Representation of polychaetes, molluscs, and crustaceans (percentage of the total macrofauna) as
a function of (a) bottom-water oxygen concentration and (b) sediment organic-carbon content.

4. Discussion
4.1. Controls on species diversity

In a recent review of large-scale patterns of species diversity, Rex et al. (1997) point
out that ecological, oceanographic and historical processes influence diversity on
many space and time scales. This paper has examined several abiotic factors acting on
relatively large space scales. Of those factors evaluated here, no single parameter
appeared to be a master variable controlling species richness of bathyal macrobenthos
in the world’s oceans. However, depth, sediment organic-carbon content, and
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bottom-water oxygen concentration all were significantly correlated with measures of
macrofaunal diversity.

4.1.1. Depth

In the present study, depth was generally the most significant parameter, although
it was not always the most important for a given diversity index (Tables 3 and 4). The
observed depth — diversity relationships were parabolic (Fig. 2a and Fig. 3a), though
somewhat truncated due to the limited depth range of the stations examined. Depth as
a diversity influence has been tied to productivity and food supply (Rosenzweig, 1995;
Rex et al., 1997), hydrodynamic regime (Paterson and Lambshead, 1995; Gage, 1996),
and sediment diversity (Etter and Grassle, 1992). Beneath upwelling zones, depth is
also associated with bottom-water oxygen concentration, although not linearly.

4.1.2. Organic carbon

Sediment organic-carbon content is viewed as a weak proxy for food availability.
Organic carbon in sediments is strongly influenced by particle size (Milliman, 1994),
which is often a function of hydrodynamic regime. High concentrations of organic
carbon in sediments are associated with reduced pore-water oxygen content. Despite
these confounding influences, organic carbon was the second most significant factor
studied, in terms of its ability to explain variation in diversity (Tables 3 and 4). In
some instances, organic carbon appears to exhibit a stronger relationship with
the distribution of individuals among species (D and J'), than with species diver-
sity (E[s;00]) or H’). We hypothesize that this occurs because food is less likely
to influence species persistence than factors affecting population size (such as
population growth rate and possibly competitive abilities). We also note that
organic carbon is frequently a more significant parameter for polychaete diversity
measures than for total macrobenthic diversity measures, implying potentially less
importance to non-polychaete taxa (Tables 5 and 6). Certain polychaetes are noted
for their opportunistic response to organic enrichment in shallow waters (Pearson and
Rosenberg, 1978; Levin et al., 1996). In situ experiments indicate that a similar
polychaete-dominated response may occur in the deep sea (Grassle and Morse-
Porteous, 1987; Desbruyeéres et al., 1980, 1985; Snelgrove et al, 1992). It is not
surprising, then, to find high-density and low-diversity polychaete-dominated assem-
blages in organically enriched or stressed bathyal settings (Levin et al., 1991, 1994a,
1997).

The absence of an accurate measure of food availability in this study limits our
ability to assess fully the influence of this food on diversity. We originally had hoped
to use estimates of carbon flux to the seabed as a proxy for food availability, but
information was lacking for most of the stations. Measures of sediment organic-
carbon content provide no indication of carbon lability (accessibility to macrobenthic
organisms). In bathyal settings, sediment organic carbon is often correlated with POC
flux, but bottom-water oxygen levels may also influence sediment organic-carbon
content (Emerson, 1985). In hypoxic settings, low oxygen slows organic matter
degradation relative to better-oxygenated regions.
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Another possible proxy for food availability in deep-sea sediments is macrofaunal
abundance (R. Etter and C. Smith, pers. comm.). Smith et al. (in press) has shown
a strong positive relationship between macrofaunal abundance and POC flux in the
abyssal equatorial Pacific. In the present study, regression analyses of total macro-
faunal and polychaete density normalized to no. m ™~ (all data sets combined) against
species richness (E[s,00]), with depth and latitude effects removed, reveal a weak but
significant negative linear relationship between abundance and species richness
(r* = 0.17, P = 0.035 for macrofauna, r* = 0.16, P = 0.034 for polychaetes). The same
type of analyses carried out for Indo-Pacific data only yielded similar negative
relationships between density and species richness (r? = 0.12, P = 0.05 for macro-
fauna; r* = 0.18, P = 0.07 for polychaetes) that were much weaker than those ob-
served between sediment organic carbon and species richness (r? = 0.42; P < 0.01 for
macrofauna and polychaetes) (Fig. 4b and Fig. 5b).

4.1.3. Oxygen

The present analyses indicates a strong relationship between macrobenthic diver-
sity measures and bottom-water oxygen concentrations in the Indo-Pacific and
Atlantic data sets (Table 5). Its absence from most best-fit regressions in the combined
data set may be related to the lack of overlap of bottom-water oxygen values at the
Atlantic and Indo-Pacific stations (Table 1 and Fig. 2c). Despite differences in oxygen
availability, there is considerable overlap in species richness and dominance estimates
in the Atlantic, Indian and Pacific Oceans (Figs. 2 and 3). The significant positive
relationship of oxygen with macrobenthic species richness in the Atlantic (Table 3
and Fig. 2c) may result from a negative association between carbon flux and
bottom-water oxygen concentrations. For example, carbon flux is exceedingly high
(>150gCm~?yr ') off Cape Hatteras, North Carolina, (DeMaster et al., 1994)
where the lowest Atlantic oxygen concentrations in this study were encountered.

Not surprisingly, oxygen exhibited a highly significant relationship with species
richness and H’ (second only to depth) when stations with < 1mll™! O, were
evaluated (Tables 3-6). These results suggest that there is an oxygen threshold (below
I ml1™" and probably < 0.45 ml 1™ ') above which oxygen has relatively minor influ-
ence on macrobenthic species richness, but below which it is a powerful control. The
same was not true for dominance and evenness, which were explained mainly by
sediment organic-matter content, even at low-oxygen stations (Tables 5 and 6). We
propose that tolerance to low bottom-water oxygen concentration is more likely to
dictate whether a species will be present or not (and thus influence E(s,00) and H),
whereas food availability, as suggested above, exerts primary control on dominance
and evenness.

Benthic foraminifera, like macrofauna, exhibit reduced diversity and extreme domi-
nance in oxygen minimum zones (reviewed in Sen Gupta and Machain-Castillo,
1993). There is considerable controversy over the relative importance of nutritional
conditions (organic matter flux) vs bottom-water oxygenation in determining
foraminiferal microhabitats and their distribution and diversity patterns (Corliss and
Emerson, 1990; Rathburn and Corliss, 1994). Jorrisen et al. (1995) present a concep-
tual model in which they suggest that the living depth of benthic foraminifera is
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controlled by the availability of metabolizable food particles in the sediment under
oligotrophic conditions, but by critical oxygen levels under eutrophic conditions. This
model parallels our interpretation of how oxygen and organic matter interact in
controlling macrofaunal diversity patterns. However, this scenario is complicated by
the significant influence of sediment organic carbon on pore-water oxygen concentra-
tion, and the likelihood that pore-water oxygen level has a greater influence on
foraminifera than on many macrofauna (which can maintain direct contact with
overlying water).

In a review of effects of hypoxia on marine benthic macrofauna, Diaz and Rosen-
berg (1995) conclude that polychaetes are the taxon most tolerant to low oxygen,
followed by bivalves, and that crustaceans are less tolerant than both of these groups.
Molluscs and crustaceans, which are usually rare on the hypoxic, polychaete-domin-
ated Peru shelf, increased greatly in abundance and diversity during the 1982-83 El
Nifio, when an influx of oxygenated water was observed (Tarazona et al., 1988; Arntz
et al, 1991). Data from our study (Figs. 6 and 8) support the above-mentioned
differences in the tolerances of major taxa to hypoxia. Exceptions exist, however, as we
found selected amphipod species abundant in the core of the Peru and Oman margin
OMUZs, and aplacophoran molluscs abundant in the OMZ off Mexico on the summit
of Volcano 7.

4.1.4. Latitude

Although latitude was a significant factor in the combined and Indo-Pacific
multiple regressions for all macrobenthic diversity estimates except evenness (Tables 3
and 4), latitudinal analyses that extend beyond single ocean basins may be inappropri-
ate. Latitudinal species richness gradients are well established for bivalves, isopods
and gastropods in the North Atlantic, where diversity is greatest near the tropics, but
latitudinal patterns vary among taxa and region in the South Atlantic (Rex et al., 1993,
1997). Evenness (Pielou’s J') was shown to decrease with increasing latitude for North
Atlantic isopods and gastropods, although latitude explained less of the variation in J'
than for species richness (Rex et al, 1993). Latitude is associated with surface
production and carbon flux as well as with varying historical influences over geologi-
cal time (Rex et al., 1997; Wilson, 1998). In the present study of bathyal macrobenthos
and polychaetes, some of the lowest species richness and H’ values occurred on the
upper slope at low latitudes in the Indian and Pacific oceans (Fig. 2b and Fig. 3b),
where OMZ’s are best developed.

4.1.5. Particle size

Sediment % sand and % clay were uncorrelated with diversity measures for
macrobenthos or polychaetes. However, positive correlations with % clay (after
removal of depth effects) were observed for crustacean species richness (E[s20])
(r* = 0.548, P = 0.009, n = 11) in the Indo-Pacific. Due to lack of appropriate sedi-
ment data, we were unable to test for influence of particle size diversity, which Etter
and Grassle (1992) have shown to correlate positively with macrobenthic species
richness in the western North Atlantic. They suggest that depth-related patterns of
species diversity reflect the effects of silt diversity and are a consequence of changes in
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sediment characteristics with depth. This remains a viable hypothesis in need of
testing for the Indo-Pacific fauna.

4.2. Is there a hump-shaped diversity curve linked to food availability?

Diversity data for the Indo-Pacific show a linear decline with increasing organic-
carbon content of sediments (from 0.1 to 6.5% TOC; Fig. 4b and Fig. 5b), rather than
the hump-shaped diversity (vs productivity) curve proposed by Rosenzweig and
Abramsky (1993) and Rosenzweig (1995) for plants and deep-sea sediments. If sedi-
ment organic-carbon content is related to food availability, then there may be
a negative linear relationship between diversity and food in bathyal sediments.
Because bathyal settings are largely associated with continental margins, they experi-
ence higher organic matter inputs than open-ocean regimes. It may be that all the
bathyal settings studied experience relatively high organic matter inputs that place
them on the right side of the parabolic diversity-productivity curve referred to above.
Increasing levels of organic matter may lead to reduced species richness or elevated
dominance by stimulating population growth rates of some species that then outcom-
pete others under conditions of reduced pore-water oxygen concentrations. Strong
responses by polychaetes appear to drive bathyal macrobenthic diversity patterns at
high organic-carbon (productivity) levels. This group represents a greater fraction of
the total fauna (Fig. 8) and exhibits reduced species richness and evenness (Fig. 5b)
under enriched conditions. In heavily enriched settings on the Oman and Peru
margins (stations 34 and 35; Table 1), two polychaete species comprised over 90% of
the macrofaunal individuals present.

4.3. Conclusions and recommendations

Although interactive biological factors have not been considered here, no single,
readily measured physico-chemical parameter associated with the benthic environ-
ment appears to explain most of the species richness of bathyal macrobenthos in the
world’s oceans. Our results suggest that organic-matter availability may play a major
role in determining community structure (especially evenness and dominance) of
macrobenthic assemblages on continental slopes. However, the use of sediment
organic carbon (which may include large quantities of refractory material) as a proxy
for food quantity probably has blurred the response measured. Although it is difficult
to separate from organic matter availability as an influence, oxygen is shown to
exhibit a strong correlation with species richness and H’, and to a lesser extent with
D and J', primarily at concentrations below 1 mll~'. Comparisons of diversity
patterns in polychaetes to those of total macrobenthos and other taxa suggest that the
relative influence of different physico-chemical parameters varies among taxonomic
groups. Sediment organic-carbon content exhibits a stronger relationship with poly-
chaete diversity than with that of other taxa.

Both oxygen concentrations and organic fluxes in margin environments may
change on relatively short (seasonal, interannual and interdecadal) time scales as
a result of natural climate variation or anthropogenic activities (Tyson and Person,
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1991). Though direct causal relationships were not established in this study, our
results strongly suggest that temporal changes in bottom-water oxygen concentration
and organic inputs to sediments may alter both the diversity and general taxonomic
composition of bathyal macrobenthos. Such changes have been observed during and
after El Nifio conditions on the Peru shelf (Arntz et al, 1991). Thus, oxygen and
organic matter almost certainly will have greater influence on short-term fluctuations
in diversity than will parameters such as water depth or latitude, which vary only on
geological time scales.

The scope of the present analysis was limited by the lack of bottom-water oxygen
concentration data for some macrobenthic studies and by a shortage of published
macrobenthos species lists and counts. Our interpretations may have been restricted
most by small sample sizes and the absence of a reliable indicator of food availability
to the benthos. We close by emphasizing the need for standardized measurements of
physico-chemical properties of benthic environments in conjunction with macroben-
thic studies, including estimates of carbon flux to the seabed and bottom-water
oxygen concentration. We also encourage publication of species-level data whenever
possible. With time such actions should lead to improved understanding of global-
scale patterns of diversity in the deep sea.
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