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ABSTRACT: The discovery of an apparently positive latitudinal gradient in nematode species richness over a limited geographic area in the North Atlantic, leading to the hypothesis that it is associated with a positive latitudinal organic flux gradient, has created some debate. A test of this hypothesis is that the negative latitudinal organic flux gradient in the central equatorial Pacific should lead
to an associated negative gradient in species richness. Here, we show that species richness in the
central equatorial Pacific is positively associated with the organic flux predicted from the pattern
reported for the North Atlantic. The patterns in nematode species richness differ from other deep-sea
organisms; they seem to be entirely related to modern ecology and unaffected by historical events.
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INTRODUCTION
Research into latitudinal gradients has a long history,
particularly for terrestrial organisms (see. references in
Rosenzweig 1995 and Lambshead et al. 2000). However, investigation of the diversity and species richness
of deep-sea Metazoa over latitudinal scales is relatively new and, so far, restricted to molluscs, isopods
and, latterly, nematodes (Rex et al. 1993, 1997, 2000,
Lambshead et al. 2000). Most deep-sea metazoan data
have been collected from the North Atlantic for purposes other than large-scale studies. Interpretation of
these data may be problematical as this ocean is
divided into separate basins, each of which has the
potential for different ecological properties that might
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obscure any large-scale latitudinal gradient. One basin
in particular, the Norwegian Sea, is especially problematical because its recent history differs from that of
other North Atlantic basins (see references in Lambshead et al. 2000), and this seems to be reflected in the
faunal biodiversity, although the data are limited.
Data for 3 deep-sea North Atlantic macrofaunal taxa
showed a decline in ecological diversity from the equator northwards (Rex et al. 1993). Ecological diversity
was measured by an index that incorporated both species richness and the relative proportional abundance
between species, i.e. equitability (ecological diversity
is also called heterogeneity diversity: Peet 1974, Gray
2000). Macrofauna species richness in the deep North
Atlantic showed a similar pattern (Rex et al. 2000).
Nematode ecological diversity in the deep-sea North
Atlantic shows no latitudinal gradient, whereas species
richness increases from 13 to 56° with a distinct drop in
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the Norwegian Sea (Lambshead et al. 2000). These
authors suggested that the pattern of nematode species richness was caused by the general trend of
increasing surface productivity from the equator. Tietjen (1984) previously reported a positive association
between the surface productivity and deep-sea nematode ecological diversity in the North Atlantic.
Ecological diversity indices are sensitive to local
ecology because they incorporate a measure of equitability (Gage & May 1993). This may explain the
inability of Lambshead et al. (2000) to detect a latitudinal gradient in the North Atlantic using the rarefaction
index, because this ocean consists of a series of basins,
each of which may have its own individual ecology. In
the surface-productivity-controlled North Atlantic, any
latitudinal grdient in species richness may be partially
obscured by lateral transport of organic matter from
the coasts, as the data are largely drawn from collection sites close to the continents (Lambshead et al.
2000). Rex et al. (2001) re-analysed the nematode data
and suggested that the species richness pattern is
confounded by depth, although this conclusion was
disputed by Lambshead et al. (2001).
Lambshead et al. (2000) identified the equatorial
central Pacific as a better location to test for a productivity-related latitudinal gradient in nematode species
richness than the North Atlantic. The central equatorial Pacific region has advantages over the North Atlantic for investigating large-scale gradients because it
(1) is not divided into ecologically distinct basins, (2) is
separated from coastal influences and (3) lacks historical disturbance events such as those that have influenced the Norwegian Sea. In addition, Smith et al.
(1997) have shown a strong association between benthic biological and chemical processes and the latitudinal variation in organic flux of this region.
An important advantage in the Pacific data presented here over the North Atlantic data employed by
Lambshead et al. (2000) is that the Pacific samples
were controlled for depth by collection from the same
depth zone. This was the strategy used by Culver &
Buzas (2000) to investigate latitudinal gradients in
foraminifers and this strategy was recommended by
Rex et al. (2001).
Lambshead et al. (2000) made 3 predictions which
would act as a test whether their hypothesis that a latitudinal gradient in nematode species richness in the
North Atlantic was partially explained by a latitudinal
gradient in organic flux to the sea floor had generality:
(1) They predicted that polychaetes would show a positive latitudinal gradient in species richness similar to
that of the nematodes, as the distribution of the former
also appeared to be coupled to organic flux. This was
investigated by Glover et al. (2001) for the NE Atlantic,
and their (geographically limited) data set showed a

south to north increase in biodiversity consistent with
Lambshead et al.’s hypothesis. (2) They predicted that
there would be a declining latitudinal gradient in species richness in the central equatorial Pacific from the
equator northwards reflecting the decline in organic
flux to the sea floor. (3) They predicted that in the central equatorial Pacific, ecological diversity patterns (as
indicated by a diversity index) would be similar to species richness (as indicated by a species count) because
of the less complex ecological situation in this area.
This paper sets out to test Predictions 2 and 3.

MATERIALS AND METHODS
Study area. The study area is shown in Fig. 1. Sediment samples were collected at 4 ‘EqPac’ sites along
a latitudinal gradient of phytodetrital deposition and
organic-carbon flux from 0 to 9° N at 140° W in the central equatorial Pacific as part of the US Joint Global
Ocean Flux Study (JGOFS). Smith et al. (1996) reported that stations at 0, 2 and 5° N on the 140° W transect had received a visible input of phytodetritus. The
presence of measurable quantities of chlorophyll a and
excess 234Thorium (tracers with degradation time-scales
of less than 100 d; Stephens et al. 1997, Aller & DeMaster 1984, respectively), phytoplankton with intact chloroplasts, and high respiration rates of associated microbial populations implied that this material was recently
settled and undegraded (Smith et al. 1996). In contrast,

Fig. 1. Map of the central equatorial Pacific showing the
4 ‘EqPac’ (Equatorial Pacific) stations at the equator and 2° N,
5° N and 9° N, and the Hawaii Ocean Time Series (HOT)
station (23° N)
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at 9° N, the surface detritus appeared to be much more
refractory in nature. Overall, the annual abyssal, particulate organic carbon (POC) flux exhibits a 4-fold
increase between 9° N and the equator (Dymond &
Collier 1988, Honjo et al. 1995) giving ‘large latitudinal
gradients in biogenic particle flux to the abyssal
seafloor’ (Smith et al. 1997).
A site at 23° N, 158° W, beneath the Hawaii Ocean
Time Series (HOT) site (Karl et al. 1996), was also considered a non-phytodetritus site, as only a thin veneer
of phytodetrital material was recorded from the seafloor at this site on 1 occasion. The deep carbon flux at
23° N was similar to that at the 9° N site (Karl et al.
1996).
All 5 stations were located on a predominately flat,
sediment-covered abyssal plain. Earlier studies indicated that they were positioned along a gradient of
overlying primary productivity, POC flux and sediment
accumulation rate (Murray et al. 1992). As far as is
known, all other environmental variables were approximately constant. Sampling locations, collection
dates and water depths are listed in Table 1, and
details are given in Brown et al. (2001).
This study area is in the region of the ClippertonClarion Fracture zone, a part of the deep sea that may
be subject to deep-sea mining.
Sampling methods. Samples were obtained using
either a multiple-corer similar to that of Barnett et al.
(1984) but with 10 cm diameter tubes, or a USNEL-type
box-corer (Hessler & Jumars 1974) divided in situ into
10 × 10 cm subcores (Jumars 1975). Bett et al. (1994)
provided evidence that box-cores may recover less of
the superficial sediment layer and its associated fauna,
depending on various factors including sediment type
and the method of deployment, so the multiple-corer is
a more efficient collector of meiofauna. However, the
results of earlier studies (Brown 1998, Brown et al.
2001) did not suggest sampler bias in these data. In
addition, in this study, multiple-corers were primarily
employed at the most northern HOT station (Table 1)
where nematode biodiversity was predicted to be lowest. The study is therefore conservative with respect to
any bias due to the more efficient sampling system
employed at HOT, as sampler bias would tend to
increase measured biodiversity at this station.
Following sampler recovery, cores were sliced at
1 cm vertical intervals and transferred to buffered
formaldehyde, diluted to 4% v/v with seawater. A single multiple-core tube or box-core subcore was used
per deployment. The overlying top water was combined with the 0 to 1 cm sediment layer. Nematodes
were extracted using a modified Ludox flotation
method (Brown 1998) on a 45 µm sieve. All nematodes
extracted from the sediments were mounted in anhydrous glycerine and are deposited in The Natural His-
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tory Museum, London. Approximately 100 individuals
were selected at random (see Brown et al. 2001) for
identification from each sample, so that sample sizes
were similar. Individuals were identified to genus level
and sorted into morphological species using the pictorial key to world genera developed by Platt & Warwick
(1983), and also the wider taxonomic literature including those referenced in the Bremerhaven Checklist of
Aquatic Nematodes (Gerlach & Riemann 1973, 1974).
The spatial scale at which biodiversity was measured
is at the level of the sample. Gray (2000) recommends
identifying the biodiversity of a single benthic sample
with Whittaker’s (1972) point-diversity, but where a
number of sampling units are taken within a broader
area, as in this study, Gray prefers the term ‘sample
species richness’ which he equates to Whittaker’s
alpha diversity.
The data were analysed in 2 ways: species richness
was estimated by a count of the number of species per
core, and ecological diversity by Sanders (1968) rarefaction as modified by Hurlbert (1971). The rarefaction
property of being robust to sample size is not necessary
for analysis of these data, which utilises similar sample
sizes. Rather the index is employed here for compatibility with the North Atlantic and other extant data
where a variety of sample sizes have been employed.
This index, ES (51) (number of species per 51 individuals per sample), has become a standard technique,
although it is not without problems (see Gray 2000,
Lambshead et al. 2000).
Samples are treated as independent for the analysis.
This strategy incorporates a degree of pseudo-replication because the samples are clustered into stations,
but such an approach has been used successfully in
detecting latitudinal gradients in deep-sea biodiversity
(Rex et al. 1993).
Linear regression was used to determine to what
degree ecological diversity and species richness could
be explained by latitude. In these data, it was not necessary to control for depth statistically because this had
already been achieved by the sampling strategy. Similarly, it was not necessary to control for sample size
because this was achieved by the experimental design.
The reduction in flux to the sea floor had a steep gradient between the 5 and 9° N stations. The samples
could be seen to derive from 2 ecological regions, a
high-flux southern region (0 to 5° N) and a low-flux
northern region (9 to 23° N). The prediction then is that
the northern region would have a lower ecological
diversity and species richness than the southern region. This was analysed using non-parametric MannWhitney U-tests. The commercially available ‘Minitab’
programme was employed for statistical analysis.
These types of analyses are only associative: they can
disprove hypotheses, but can support hypotheses only
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by yielding results that are consistent with predictions;
direct cause and effect is not tested.

RESULTS
The results of the ecological diversity and species
richness analyses are shown in Table 1. It should be
noted that where samples were taken by multiple
corer and box corer from the same station, there was
no evidence for sampler bias. Linear regression of the
rarefaction index on latitude (Fig. 2) gave a significant
line (p < 0.001) with a negative gradient described by
the formula y = 33.4 – 0.232x. Half the variance in the
data was predicted by latitude (r2 = 50.2%). Similarly,
linear regression of species richness on latitude (Fig. 3)
also gave a significant line (p = 0.003) with a negative
gradient described by the formula y = 51.1 – 0.384x.
Less of the variance in species richness was predicted
by latitude (r2 = 38.2%).

Fig. 2. Ecological diversity of nematodes measured using the
rarefaction index ES (51) (number of species per 51 individuals per sample) plotted against latitude in the central equatorial Pacific. Line is a fitted linear regression (see ‘Results’)

Fig. 3. Species richness of nematodes per sample plotted
against latitude in the central equatorial Pacific. Line is a
fitted linear regression (see ‘Results’)

The Mann-Whitney U-tests confirmed that the northern region had a significantly lower ecological diversity (p = 0.023) than the southern region, although the
drop in diversity was small (ES[51] median of 28.60
and 33.09, respectively). In addition, the northern region had a significantly lower species richness than the
southern region (p = 0.017), although again the difference was quite small (median of 44.00 and 50.00, respectively).

DISCUSSION
The ecological diversity and species richness patterns for nematodes in the central equatorial Pacific
are consistent with the suggestion of Lambshead et al.
(2000) that the organic flux to the sea floor partially
explains gradients in deep-sea nematode biodiversity
over latitudinal scales. The relationship is positive, and
so Prediction 2 appears to be supported. It is worth
restating that the positive association between deepsea nematode biodiversity and organic flux is entirely
based on correlative statistics and limited data. Therefore, although a credible mechanism has been suggested (Lambshead & Hodda 1994, Rice & Lambshead
1994) based on patch dynamics, the generality of this
pattern requires further testing. Nematodes appear
to have a different latitudinal pattern from molluscs,
isopods and foraminifers (Rex et al. 1993, 1997, 2000,
Culver & Buzas 2000), but possibly have a pattern similar to that of polychaetes (Glover et al. 2001).
In this study, unlike the Atlantic study of Lambshead
et al. (2000), analyses of species richness and ecological diversity showed the same pattern (Prediction 3).
This is consistent with the hypothesis that the inability
to find a consistent pattern of ecological diversity in the
North Atlantic results from its division into basins with
non-identical ecological characteristics, unlike the situation in the central Pacific.
There is no reason to assume that the pattern of
declining nematode species richness from the equator
in the central Pacific extends further than the limited
distance studied to the north, with possibly a mirrorimage pattern in the southern hemisphere. Indeed, the
distribution of surface productivity in the Pacific would
suggest that the pattern reported here is specific to the
region studied. This raises the issue of what constitutes
a ‘latitudinal gradient’; the phrase is defined in this
paper simply as a biodiversity pattern that correlates
with latitude.
Rohde (1999, see also Rohde 1992) points out that the
correlation between productivity and latitudinal gradients may be misleading because the more fundamental
correlation is with energy input (whether measured by
temperature, evapotranspiration or productivity), and
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energy input could create biodiversity
Table 1. Station location, water depth, collecting date and device, ecological diversity (as the rarefaction index, ES[51]) and species richness per sample
gradients through ‘effective evolutionary time’, i.e. evolutionary speed
Sample Location
Water
Collection
Collecting
ES(51) Species
coupled with the length of geological
no.
depth (m)
date
device
richness
time over which a community has existed. It is not immediately clear how
BC4
00° 06.00’ N,
4328
15 Nov 92
Box-corer
33.15
46
to relate this concept to putative deep139° 43.90’ W
sea latitudinal gradients, because
BC6
00° 06.62’ N,
4305
16 Nov 92
Box-corer
35.83
57
deep-sea animals in recent history
139° 43.96’ W
have not been subject to a temperaBC7
00° 06.40’ N,
4307
18 Nov 92
Box-corer
30.58
47
139° 44.10’ W
ture gradient (excluding the depthrelated temperature gradient). In
BC8
00° 06.98’ N,
4301
19 Nov 92
Box-corer
34.61
57
139° 43.94’ W
general, marine organisms are more
MC15 00° 06.57’ N,
4304
19 Nov 92 Multiple-corer 35.53
58
buffered against temperature varia139° 43.42’ W
tion than land organisms. Whether
BC9
02° 03.94’ N,
4409
20 Nov 92
Box-corer
31.61
48
evolutionary rates are a significant
140° 08.94’ W
factor in large-scale biodiversity patBC10
02° 04.00’ N,
4414
21 Nov 92
Box-corer
30.66
44
terns of marine fauna is still a matter
140° 07.90’ W
of debate (e.g. Flessa & Jablonski
BC11
02° 03.96’ N,
4409
22 Nov 92
Box-corer
34.24
51
1996, Crame & Clarke 1997).
140° 08.06’ W
The patterns of benthic biodiverBC12
02° 03.80’ N,
4410
23 Nov 92
Box-corer
33.03
50
sity are different for the northern and
140° 07.90’ W
southern hemispheres, especially at
BC15
05° 05.00’ N,
4447
27 Nov 92
Box-corer
30.04
46
the poles— the southern ocean is
139° 39.00’ W
vastly more species-rich than the
BC16
05° 04.42’ N,
4446
28 Nov 92
Box-corer
31.94
46
139° 38.90’ W
northern ocean (Clarke & Crame
1997). Where classic latitudinal graBC17
05° 04.80’ N,
4424
29 Nov 92
Box-corer
34.46
54
139° 38.50’ W
dients are considered to exist in freeBC18
05° 04.20’ N,
4320
30 Nov 92
Box-corer
33.16
50
living organisms, they tend to be
139° 38.40’ W
found in calcareous fauna such as
MC26 05° 04.30’ N,
4418
30 Nov 92 Multiple-corer 31.28
50
molluscs and foraminifers. Even
139° 38.30’ W
then, historical events can severely
BC19
08° 55.08’ N,
4986
3 Dec 92
Box-corer
33.34
51
warp putative latitudinal gradients.
139° 52.20’ W
For example, an analysis of mollusBC20
08° 56.04’ N,
4994
4 Dec 92
Box-corer
26.58
40
can biodiversity actually shows 2 ‘hot
139° 51.55’ W
spots’, in the equatorial Indo-West
BC22
08° 55.80’ N,
4991
6 Dec 92
Box-corer
33.90
49
Pacific and the eastern Pacific, with
139° 52.30’ W
diversity declining away from these
MC1
22° 54.69’ N,
4880
29 Jul 92 Multiple-corer 28.60
44
points (Clark & Crame 1997).
157° 49.74’ W
Crame (2000) reported that the
MC2
22° 54.95’ N,
4871
29 Jul 92 Multiple-corer 28.16
43
larger of the 2 tropical high-diversity
157° 49.93’ W
foci is closely associated with the
MC4
22° 54.74’ N,
4880
31 Jul 92 Multiple-corer 27.26
40
157° 50.21’ W
world’s richest development in coral
MC6
22° 54.64’ N,
4884
1 Aug 92 Multiple-corer 28.72
44
reefs. This author points out that
157° 49.86’ W
‘the steepest latitudinal gradients
are associated with the geologically
youngest bivalve clades’ which are
Foraminifers show a similar pattern to molluscs in
still spreading from a tropical centre of evolutionary dithe North Atlantic, but not in the South Atlantic, where
versification. In other words clade history may be a mathere is also a declining biodiversity at higher latijor determinant in the modern temporal ‘snapshot’ of
tudes, although in general foraminiferal diversity is
the observed latitudinal pattern. The biodiversity
higher in the South Atlantic (Culver & Buzas 2000).
pattern for deep-sea molluscs in the North Atlantic reHowever, the processes causing the foraminiferal
ported by Rex et al. (1993, 1997, 2000) could be viewed
North Atlantic pattern seem to differ from the proas consistent with the general molluscan pattern of
cesses causing the molluscan pattern. Seasonality of
declining diversity away from 2 equatorial ‘hot spots’.
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food supply at higher latitudes since the early Oligocene is associated with low foraminiferal diversity
(Thomas & Gooday 1996).
Whether the above evidence is perceived as evidence for or against classical latitudinal gradients in
the marine environment is debatable. Clarke & Crame
(1997) after commenting on problems with the literature data concluded: ‘Nevertheless we are left with the
result that no study of shallow-water soft-bottom infauna communities has yet provided convincing evidence of a latitudinal cline in alpha diversity.’ These
authors observed that ‘several taxa are known to
be diverse in the Southern Ocean (for example polychaetes, bryozoans, ascidians, sponges, amphipods
and isopods) and the pattern of a cline in diversity with
latitude may not be a general one.’
The limited data available suggest that deep-sea
organisms show a variety of biodiversity patterns because of their different natural histories interacting
with both modern and historical ecological conditions.
For example, Eckelbarger & Watling (1995) made the
point that different taxa have different reproductive
responses to deep-sea phytodetritus inputs, depending
on phylogenetic constraints on their biology.
Two characteristics make nematodes different from
other taxa, their relatively low ability to disperse
(Lambshead 1993) and their resistance to low oxygen
conditions (Cook et al. 2000, Rogers 2000, Wetzel et al.
2001). This may give a pattern of ‘speciation in place’
in the deep sea from survivors of the large-scale
dysoxic event in the Palaeocene to early Eocene
(Jacobs & Lindberg 1998) rather than a pattern of postevent migration into the deep sea found in a variety of
larger organisms, e.g the isopod superfamily Janiroidea (Hessler & Thistle 1975, Wilson 1998), the amphipod species complex Eurythenes gryllus (France &
Kocher 1996), elasipodid holothurians (Gebruk 1994),
and nuculanid bivalves (Madsen 1961). As a group,
molluscs show a pattern of migration from a speciation
centre (Crame 2000). Nematode diversities at the
Pacific stations analysed here are similar to those reported previously for Atlantic abyssal stations (Lambshead et al. 2000). There is no evidence for a similar pattern in the molluscs. The limited evidence is more
suggestive of a pattern of speciation in place, until
equilibrium of regional speciation and extinction is
reached, depending on regional ecological conditions.
The general hypothesis from the North Atlantic
(Lambshead et al. 2000) and Pacific studies is that species richness of deep-sea nematodes will tend to correlate positively with food availability rather than historical phenomena (although there are exceptions such as
the Norwegian Sea: Lambshead et al. 2000). Ecological
diversity may show the same pattern, but is more sensitive to local ecological factors. The evidence from

deep-sea studies suggests that there is no reason to
expect that all faunas will show similar latitudinal patterns or even necessarily the same pattern from ocean
to ocean. Historical and geographical processes may
be taxon- and location-specific, and even ecological
processes may be taxon-specific.
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