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Abstract

The sediment-inhabiting meiofauna is a major component of benthic ecosystems, parti-
cularly in the deep sea. Knowledge on the deep-sea meiobenthos has increased considerably
during recent decades, and attempts have been made to relate standing stocks with various
environmental factors. The flux of organic matter from surface productivity to the seafloor has
been proven to exert considerable control on benthic standing stocks. The energy content of
sedimentating organic matter generally decreases with water depth because of degradation
processes within the water column. Consequently, benthic standing stocks decrease with
increasing water depth. Generally enhanced densities of benthic animals are to be expected in
areas of increased surface production and subsequently enhanced flux of organic matter to the
seafloor. Thus, meiobenthic densities and biomasses should show perceptible differences not
only with water depth, but also between areas with different primary productivity in surface
layers. The objective of this paper is to condense current information focusing on the abun-
dance of metazoan meiofauna along continental margins, and to compare meiofauna stocks
from various climatic regions of the world, representing areas of diverse productivity in the
water column. Results clearly demonstrate regional differences on global scale: richer com-
munities were generally found in areas with increased productivity and enhanced input of
organic matter to the seaflodrl 2000 Elsevier Science Ltd. All rights reserved.
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1. History of meiofauna research

The term meiofauna was introduced and defined by Mare (1942). It derived from
the Greek word ‘meio’ meaning ‘the smaller’. Quantitative studies on sediment-
inhabiting organisms have been restricted to those faunal components that are
retained on sieves used to wash off the finer sediment particles. Although Mare
(1942) suggested 2 mm for the topmost size limit for meiofauna organisms, today
1 mm is commonly accepted as the upper size limit for meiobenthic investigations.

The lower size limit for the meiobenthos differs widely between researchers. Wig-
ley and Mclintyre (1964), who carried out the first quantitative sampling of meio-
benthic organisms below the shelf break, used gqumsieve. Thiel (1966) reduced
the lower size limit to 65um, whereas in the 1970s Dinet (1973) and Thiel (1971)
set the lower limit to 50 and 4@m, respectively, in order to include smaller abundant
specimens. Today a lower size limit of 3@n, separating meiofauna from the so-
called nanofauna (mainly consisting of flagellates, ciliates and yeasts), seems to be
commonly accepted (SCOR Working Group 76, 1994).

Before 1970, quantitative information on deep-sea meiofauna from below the shelf
break was available only from the upper continental slope off the eastern coast of
Northern America (Wigley & Mclntyre, 1964) and from bathyal and abyssal depths



T. Soltwedel / Progress in Oceanography 46 (2000) 59-84 61

off Eastern Africa (Thiel, 1966). Since then, data on the deep-sea meiobenthos have
been gathered from all oceans and from all ocean depths, allowing attempts to be
made to relate the large-scale geographical patterns observed to various environmen-
tal patterns. Thiel (1983) summarised the quantitative information available for the
meiofauna up to 1980, and a decade later Tietjen (1992) presented further data con-
centrating mainly on information collected during the 1980s. The objective of this
paper is to condense current information focusing on the abundance of metazoan
meiofauna along continental margins, from the shelf down to abyssal depths. Half
of the papers summarised in this review (i.e. 19 documents) have been written during
the last decade.

2. Comparability of meiofauna data from the literature

There has been a lack in standardisation of sampling, sorting and biomass determi-
nation techniques, so comparisons of meiobenthic stocks on a world-wide basis is
fraught with problems. The use of different sampling devices, subsampling strategies
and extraction methods (especially the use of different lower size limits of sieve
meshes) makes a comparison of meiofauna data from the literature a challenge.

2.1. Different sampling devices and strategies

Sediment samples for meiofauna investigations have been obtained using a variety
of sampling devices with assumed differing sampling efficiencies (Table 1). Spade
corers (Reineck box corer and, in more recent studies, an USNEL-type box corer)
were used for sampling in almost one third of the studies considered in this review.
Various grabs (e.g. Van Veen grab, Smith Mcintyre grab, Okean grab) were used
for about 20% of the investigations. However bow wave effects in front of spade
corers and especially grabs introduce a strong bias, because the pressure wave tends
to blow away light surficial materials from the sediment surface, which include many
attached meiofaunal individuals (Bett et al., 1994). Most recently meiobenthos inves-
tigations have been using multiple corers based on the design described by Barnett,
Watson and Conelly (1984), which collect sediment samples with an almost undis-
turbed sediment—-water interface. For a description of the various sampling devices
see Fleeger, Thistle and Thiel (1988).

Bearing in mind the well-known fine-scale variability in meiofauna abundances
(which probably result from the complex microhabitat structure of the sediment
surface), the quality of data is seriously biased by the small numbers of replicate
samples collected per station, and by the subsample volume, as defined by the sub-
sampled area and the overall sediment depth investigated. The number of samples
per station is often dependent on logistical prerequisites and also the ‘environmental’
conditions during sampling (e.g. ship time, weather conditions, sea states, ice-con-
ditions for investigations in polar regions). Hence, the data compiled in this review
have resulted from 1 to 10 replicate samples per station (Table 1), although more
than 50% of the data were based on 3 or more replicates per station and are presumed
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to be characteristic of the individual locations. The area subsampled per replicate
has varied between 1.5 and 25.5%c{»-10 cn? in about 50% of the cited papers);
sampling depths have ranged between 2 and 15 cm (down to max. 5 cm sediment
depth in about two third of the cited papers), so quite a variety of sediment volumes
have actually been investigated (Table 1). However, in most cases, variations in the
depth of sediment investigated has been of little consequence, because the majority
of the deep-sea meiobenthos generally inhabits the uppermost 5 cm of the sediment
(cf. Thiel (1983)). To make the sorting process easier, and also to investigate gradi-
ents in distribution, sediment cores have usually been sliced into 1-cm-layers, which
have been sorted individually.

2.2. Differences in sample processing

The majority of sediment samples for meiofaunal investigations have been fixed
and preserved using a 4% solution of formaldehyde, buffered with borax to inhibit
dissolution of carbonate structures. Several extraction methods (i.e. decantation, elu-
triation, separation in a density gradient using e.g. Ludpkave been described
for the quantitative isolation of meiofauna organisms from sediments (Pfannkuche &
Thiel, 1988). However, no single extraction technique will remove all the specimens
of all taxa from a given sample. Therefore, sieving and subsequent hand sorting
under a low power microscope is most frequently used to extract the bulk of mei-
ofauna from the fixed samples.

To evaluate meiofauna size spectra (and also to make the sorting process easier),
sediments are usually passed through a series of sieves with progressively decreasing
mesh sizes. The smallest mesh size used has varied between 32jandMéioben-
thologists contributing data to this review have, in most cases, used a lower size
limit of 40—45 pm for their studies (over 55% of the cited papers). In about 25%
of the papers, larger mesh sizes (50+iM) have been used (Table 1). In the most
recent contributions minimum sieve size has generally been reduced to f#+%38
1 mm as the upper limit for meiofauna is commonly accepted. Probably for that
reason, almost two thirds of the meiofauna papers used in this review give no clear
information about the sieve used to separate macrofauna from meiofauna (Table 1).
Dinet (1974) extended the upper size limit to 2Q08, whereas Pequegnat, Gallaway
and Pequegnat (1990) and Escobarpén Soto and Signoret (1997) reduced the
upper limit to 300 and 17am, respectively, probably preventing a direct comparison
of results with the majority of meiofauna investigations presented here (see below).

Selective staining improves sorting efficiency by identifying the organisms better.
Residues retained on the sieves are commonly stained with Rose Bengal, with added
phenol. Good colouring of most organisms normally takes only a few minutes.
Although the protoplasm of foraminiferans generally stains as well as any other
organism, in many cases it is difficult to decide whether or not the specimen was
alive at the time of collection. This is because Rose Bengal can stain the stable inner
organic lining of the foraminiferans tests, giving a false impression of a ‘living’
specimen (Douglas, 1979). These uncertainties may be contributing to why, in most
meiofauna investigations, foraminiferans are not taken into account despite their
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numerical (and ecological) importance. In addition, many meiofaunal studies have
ignored the foraminiferans because they cannot be accurately quantified using tech-
niques such as elutriation or Luddxextraction. The lack of foraminiferal data from
continental margins has also been the reason why, in this review, the focus has been
purely on the metazoan meiofauna.

2.3. Biomass determination techniques

The determination of biomasses for meiofauna organisms is an extremely laborious
task, and plagued with methodological problems. Thus, it is rarely done in deep-sea
studies. Moreover, meiofauna biomasses in the literature are presented in a wide
variety of units (wet, dry, or ash free dry weight) or have been derived from body
measurements, using various formulas and conversion factors. In this review, an
attempt was made to convert these divers meiofauna biomass data available in the
literature into a standardised coherent compilation to allow a comparison of biomass
values on a global scale.

Most of the biomass data are given as AFDW or ‘ash free dry weighB00b
of the data), all the other available biomass values (i.e. wet weights, dry weights,
carbon weights derived from volumetric measurements) have been transformed into
AFDW, using a variety of conversion factors. According to Wieser (1960) and Ankar
and Elmgren (1976), 100% wet weight corresponds20% dry weight and 100%
dry weight corresponds t685% ash free dry weight (Widbom, 1984). Jensen (1984)
provided a conversion factor for wet weight to carbon equivalents (100% wet weight
corresponding to 12.4% carbon weight). Results given below show clear trends in
the compiled biomass data, and demonstrate that the conversion factors have proved
sufficiently precise for our purpose.

2.4. Temporal variabilities in the meiofauna data

Seasonal and interannual fluctuations in primary and export production are
expected to generate temporal variations in food supply to the benthos in different
oceanic regions. These may result in temporal variability in benthic standing stocks,
so complicating direct comparisons of deep-sea meiobenthic data from the literature.

Gooday (1988) and Pfannkuche (1993) described a pronounced response of deep-
sea foraminiferans to the pulsed input of phytodetrital matter in some areas of the
North-eastern Atlantic. DeBdee Guidi and Soyer (1990) detected changes in the
taxonomic composition of the metazoan meiofauna at deep statioP800 m) in
the North-western Mediterranean Sea between summer and autumn, and Soltwedel,
Pfannkuche and Thiel (1996) found some indications of deep-sea nematode assem-
blages showing growth responses to an episodic food supply. However, a measurable
response in metazoan abundances to a seasonal input of particulate organic matter
has yet to be observed in oceanic regions (Pfannkuche, 1993; Gooday, Pfannkuche &
Lambshead, 1996).

The absence of any overall increase in metazoan abundance (and biomass) follow-
ing phytodetrital sedimentation events probably reflects slower rates of somatic
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growth in the metazoans and their energy requirements of egg production. Conse-
quently, responses of higher trophic levels in deep-sea communities even to temporal
fluctuations in food supply generally appear to be damped, so that comparisons of
metazoan meiofauna data also from a variety of sampling programmes conducted in
different times of the year may be possible.

3. Standing stocks of metazoan meiobenthos along continental margins

This review compiles abundance and biomass data from a total of 38 papers,
describing metazoan meiofauna assemblages along the continental margins from
various climatic regions around the world (Table 1). Only those investigations cover-
ing two or more stations at depths deeper than the shelf break have been taken into
consideration. When available, data from shelf stations have been included to com-
plete the information for specific transects. Thus, water depths of stations for which
data are used range between 20 and 7460 m (Table 1). Presumably for logistic
reasons, the overall number of stations sampled decreases with increasing water
depth on a logarithmic scale. Compared to 205 observations made to a maximum
depth of 1000 m, only 21 stations have been sampled at the continental rise between
4000 and 5000 m water depth.

All in all, 48 sampling areas have been visited (Table 1): 9 in polar and subpolar
regions, 7 off temperate regions, 16 off subtropical regions (including 8 sites in the
Mediterranean Sea and 2 in the Gulf of Mexico), 6 off tropical and 10 off arid regions
(Fig. 1). About one third of the sampling areas were situated in the Eastern Atlantic.

As explained above, the evaluation of the meiofauna data from the literature
depends on the comparability of the available data. Despite the lack in standardisation
in the methodologies used, meiofauna abundances and biomasses as given in each
paper (converted to standard units, i.e. individuals/16 and mg AFDW/10 crf)
have been taken to be characteristic, and all differences between sampling and/or
sample processing methods have been neglected.

Values for meiobenthic biomass were reported in only about one third of the
papers used in this review. Thus, the comparisons of data on a global scale focuses
mainly on meiofaunal densities.

3.1. Overall trends and regional characteristics

One of the major environmental gradients is that created by the slope of the ocean
floor. Faunal abundances generally show a trend for numbers to decrease as water
depths increase, which can be related to the amount and nature of organic matter
reaching the seafloor (see below). However, these general patterns are locally influ-
enced by a number of abiotic factors, such as the hydrographic regime and varying
sediment types.

The 389 data points of meiofauna densities from continental margins compiled in
this review confirm this overall trend of decreasing abundances with increasing water
depth (Fig. 2). Mean values for 1000 m depth horizons, although subjected to very
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Fig. 1. Sampling sites off various climatic regions of the woukt polar, ¢: temperate®: subtropical,
e: tropical, andV¥: arid regions) at which meiofauna investigations have been conducted along continen-
tal margins.

large variations, show a highly significant inverse logarithmic relationsipip (
<0.001) between meiofauna densities and water depth; the same holds for maximum
values per depth horizon (Fig. 3).

Total meiofaunal biomass data (153 data points) show a similar decline with water
depth (Fig. 2), as shown by the abundance data. Given the fact that meiobenthic
communities are dominated by two taxa (i.e. nematodes and harpacticoid copepods),
such a relationship might be expected. However, differences in the taxonomic com-
position and the considerable depth-related variations in individual body sizes of
meiofauna organisms may be severely effecting this relationship. Deviations from
the overall trend of decreasing meiofauna biomass with increasing water depth may
also result from combining biomass data (although standardised) assessed by a var-
iety of methods.

3.1.1. Polar regions
Nine transects (5 in the Northern, 4 in the Southern Hemisphere) with 49 stations
have been sampled crossing continental margins in polar and subpolar regions (Dinet,
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Fig. 2. Bathymetric distribution of metazoan meiofauna standing stocks (abundances and biomasses)
along continental margins.
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Fig. 3. Mean and standard deviations of meiofauna densities together with maximum values for 1000
m depth horizons from shallow to hadal depths.

1974; Thiel, 1975; Parulekar, Ansari & Harkantra, 1983; Pfannkuche & Thiel, 1987;
Hermann & Dahms, 1992; Vanhove et al., 1995). Meiofaunal abundances have
ranged from 111 to 5120 ind./10 émand total biomass (ash free dry weight) from
0.009 to 2.38 mg/10 ct(Table 1). Meiofaunal abundances show a highly significant
correlation $<<0.001) with water depth, and biomasses followed the same general
trend, although with greater variability (Fig. 4). Biomasses in northern polar regions
appear to be on a (non-significantly) higher level than those in southern polar regions.
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Fig. 4. Comparison of bathymetric distributions of meiofauna standing stocks along continental margins
in northern and southern polar oceans.

However, it is uncertain whether these relatively small differences truly reflected
fundamental ecological differences or are the result of the different biomass determi-
nation techniques used.

3.1.2. Temperate regions

There were highly significant correlations between meiofauna abundances and
water depth for continental margins off temperate regions (Fig. 5). However, den-
sities off the north-eastern American coast (Wigley & Mcintyre, 1964; Tietjen, 1971,
Coull et al., 1977) were significantly lowep<0.05) than those found on the Euro-
pean continental margin (Pfannkuche, 1985; Vanreusel, Vincx, Schram & Van
Gansbeke, 1995; Vanaverbeke, Soetaert, Heip & Venreusel, 1997b) and off Japan,
in the North-western Pacific (Shirayama & Kojima, 1994). The data suggest that the
rate of decline in metazoan meiofauna abundances with increasing water depth is
greater in the Eastern than in the Western Atlantic.

Differences between sampling and sample processing methods may partly explain
the comparably lower values along the Western Atlantic depth transects. Sediment
sampling off the north-eastern American coast was conducted using grabs and
(Reineck) box corers, whereas along Eastern Atlantic depth transects most sampling
was done using multiple corers. In addition, the use of sieves with smaller minimum
mesh sizes (32—42m) in Eastern Atlantic investigations may also explain the higher
meiofaunal densities found along the European continental margin. However, there
are overall differences in primary production between the two sides of the North
Atlantic, as demonstrated in satellite-derived figures on pigment concentrations in
the upper water masses (Yoder, Lewis & Blanchard, 1989). These differences are
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Fig. 5. Meiofauna standing stocks along continental margins off temperate regions.

most likely to lead to differences in standing stocks between off North-eastern Amer-
ica (26-1174 ind./10 cf and along the European continental margin (178—2604
ind./10 cn?).

Meiofaunal biomasses generally paralleled abundance values. Thus, biomasses in
the Eastern Atlantic (0.35-1.16 mg/10 ¥Ynexceeded those in the Western Atlantic
(0.10-0.77 mg/10 cAp. Although the biomass data from a transect off North-eastern
America only covers water depths of between 40 m and 567 m, the rate of decline
in metazoan meiofauna biomass with increasing water depth seems to be greater in
the Eastern than in the Western Atlantic. However, the biomass data available for

the Western Atlantic is probably too sparse to allow any significant conclusion to
be drawn.

3.1.3. Subtropical regions

Data from transects off subtropical regions originate from three different areas:
the North-eastern Atlantic (Rachor, 1975; Thiel, 1975; Dinet & Vivier, 1977; Pfann-
kuche, Theeg & Thiel, 1983; Vanreusel et al., 1995), the Mediterranean Sea (Thiel,
1975; Dinet, 1976; Vivier, 1978; DeBodeeet al., 1990; Soetaert, Heip & Vincx,
1991) and the Gulf of Mexico (Pequegnat et al., 1990; Escobar et al., 1997).

Highest values (up to 2656 ind./10 émand a highly significant g<<0.001)
decrease with increasing water depth were found along the transects off the Iberian
peninsula and Northern Africa (Fig. 6). Lower meiofauna densities were reported
for the Mediterranean Sea, but there were also pronounced regional differences: (non-
significantly) higher values (16-1414 ind./10 Ymvere registered for the western
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Fig. 6. Meiofauna abundances along continental margins off subtropical regions: the North-eastern
Atlantic.

and northern areas (Alborian Sea, Gulf of Lions, Ligurian Sea), than for the central
and eastern parts (lonian Sea, Aegean Sea), where not only meiofauna densities were
lower (4-724 ind./10 cA) but also decreased more rapidly with increasing water
depth (Fig. 7). These regional differences may be explained by the variations in
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Fig. 7. Meiofauna abundances along continental margins off subtropical regions: the Mediterranean Sea.
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primary production rates (and a subsequently varying input of organic matter to the
seafloor) between the north-western and eastern parts of the Mediterranean Sea; as
confirmed in satellite-derived figures on pigment concentrations in the upper water
masses (Crispi, Crise & Solidoro, 1998). According to Crispi et al. (1998) chloro-
phyll a concentrations in Aegean Sea and lonian Sea waters ranges from 0.05 to 0.3
mg Chl./n¥, whereas in north-western parts of the Mediterranean Sea chloraphyll
concentrations are generally higher (up to 2.5 mg CH)./m

A very few data are available from the Gulf of Mexico, mainly from depths down
to 500 m water depth. The densities reported from shallow statia®©@ m) are
slightly (non-significantly) lower than in the Mediterranean Sea. However, the use
of different size limits (54—-175um and 63-300um, respectively) in meiofauna
investigations from the Gulf of Mexico (Escobar et al., 1997; Pequegnat et al., 1990)
prevents any confidence in the conclusions drawn. Within the data for the Gulf of
Mexico, there is a vague trend for meiofaunal densities to decrease from northern
to western and southern slopes (Fig. 8).

Biomass data for transects off subtropical regions are restricted to a total of 44
stations off the Iberian peninsula (Tagus Abyssal Plain), off North-western Africa,
in the northern Gulf of Mexico and in the central Mediterranean Sea (lonian and
Aegean Sea). Biomass values decline significanqity@.001) with increasing water
depth (Fig. 9). Off North-western Africa, meiofaunal biomasses (0.52-1.40 mg/10
c?) are significantly higherng<0.05) than those reported from off the Iberian penin-
sula (0.02-0.26 mg/10 cthand in the northern Gulf of Mexico (0.08-0.48 mg/10
cm?). Biomasses in the Mediterranean Sea (0.003-0.75 mg/%#0strowed the steep-
est decrease with increasing water depth.
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Fig. 8. Meiofauna abundances along continental margins off subtropical regions: the Gulf of Mexico.
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Fig. 9. Meiofauna biomasses along continental margins off subtropical regions.

3.1.4. Tropical regions

Meiobenthic densities off tropical regions have been registered for transects off
Western Africa (Soltwedel, 1997), off Western India (Ansari, Parulekar & Jagtap,
1980), off South-eastern New Guinea (Alongi, 1992) and off North-eastern Australia
(Alongi & Pichon, 1988). Except for the latter investigation, meiofauna abundances
are within the same range of 99-2201 ind./10?cand show a highly significant
(p<0.001), but rather slow decline with increasing water depth (Fig. 10). A similar
smooth gradient was found along transects across the European continental margin
and off the Eastern Japanese coast (see Fig. 5). Meiofauna densities along a transect
off North-eastern Australia (23—-168 ind./10 ®rvere significantly lower §<0.05),
and also decreased much faster with increasing water depth.

All biomass data available from transects off tropical regions derive from stations
in the eastern equatorial Atlantic (Soltwedel, 1997). Biomass values (0.06-1.64
mg/10 cn?) generally followed meiofauna abundances and exhibiting a highly sig-
nificant correlation [§<<0.001) with water depth (Fig. 10).

3.1.5. Arid regions

Meiofauna densities along transects off arid regions showed a rather smooth gradi-
ent with water depth (Fig. 11). Abundances off North-western and South-western
Africa (128-3100 ind./10 cA) (Thiel, 1982; Kamenskaya & Galtsova, 1996; Relex-
ans, Deming, Dinet, Gaillard & Sibuet, 1996) were on a slightly higher level than
those reported for transects off most tropical regions (see above). Meiofauna densities
along depth transects in the Western and North-western Indian Ocean (11-1189
ind./10 cn?) (Thiel, 1966, 1975; Romano & Dinet, 1981; Duineveld, De Wilde,
Berghuis, Kok, Tahey & Kromkamp, 1997) were significantly lowp+0.05), but
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also with a smooth gradient (Fig. 11). Lowest reported abundances for transects off
arid regions (39—-407 ind./10 &nwere from the central Red Sea (Thiel, 1979).

Biomass data along transects off arid regions are from the continental margins off
North-western and South-western Africa, and off the Arabian peninsula (Romano &
Dinet, 1981; Relexans et al., 1996; Soltwedel, 1997). Values from the North-eastern
and South-eastern Atlantic were in a similar range (0.01-0.89 mg/%)) whereas
those from the North-western Indian Ocean were an order of magnitude lower
(0.002-0.06 mg/10 cfn

High levels of meiofauna densities and biomasses along depth transects crossing
the continental margins off arid regions exhibiting smooth depth-related gradients
may be explained by primary production rates being high in the particular areas
studied (see below). Off both North-western and South-western Africa as well as
off the Arabian peninsula and North-eastern Africa, there is coastal upwelling of
nutrient-rich deep water masses which enhances primary production and conse-
quently increases fluxes of particulate organic matter to the deep-sea floor. The high
faunal abundances and biomasses reflect the increased food/energy availability in
benthic environments. The Indian Ocean coastal waters off Kenya, Somalia and
Oman are influenced by the monsoon winds, which also create upwelling conditions.
However the upwelling occurs for less than half the year, since seasonally the mon-
soonal winds reverse direction stopping the upwelling and diminishing the
productivity (as well as sedimentation of phytodetritus). Under these monsoon con-
ditions standing stocks are lower than off North-western and South-western Africa,
where along parts of the coast the winds can blow offshore at any season so
upwelling persists throughout most of the year (Thiel, 1978).

3.2. Relationship between meiobenthic abundances and biomasses

A comparison of abundances with biomasses at each station may indicate whether
there are regions where mean sizes of meiobenthic organisms are larger or smaller.
The data set compiled in this review exhibits a highly significat@.001) corre-
lation between meiofauna densities and weights (Fig. 12). The rather large variability
within the data could partially be explained by variations in the taxonomic compo-
sition of the meiobenthic community. For example, enhanced relative proportions of
copepods in specific samples could substantially influence the total meiofauna
biomass, because of their comparably high average individual body weight. In
addition, the body sizes of individual meiofauna organisms can vary considerably
(Shirayama, 1984; Jensen, 1988; Tietjen, 1989), so biomass estimates based on aver-
age weights of specimens may be misleading. Another source of variation may come
from the variety of methods of determining biomasses used in the compiled data set.

Within this data set the biomass values given by Vanhove et al. (1995) for the
Kapp Norvegia region, Antarctica (Fig. 13), appear to be relatively small for the
abundances of meiobenthic organisms. The possible explanation lies in the extremely
high relative proportions (~ 90%) of nematodes (with comparably low individual
body weights) in these samples.
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3.3. Faunal composition of meiobenthic communities

Nematodes dominate the metazoan meiobenthic community, and in the data set
compiled for this review on average almost 80% of the metazoans are nematodes.
Harpacticoid copepods (including nauplii) are second in the abundance ranking, con-
tributing about 12% of individuals. Polychaetes and other taxa (e.g. ostracods,
kinorhynchs, turbellarians, gastropods and bivalves) occur in small numbers at most
water depths, but are most abundant in shallower water.

In contrast to meiofauna densities and biomasses along depth transects, changes
in meiofauna composition with increasing water depth are less apparent. Neverthe-
less, Vincx et al., 1994 and Soltwedel (1997) have demonstrated some bathymetric
trends in the taxonomical composition of meiofauna from the North-eastern Atlantic
and the tropical Eastern Atlantic, respectively. The relative abundance of nematodes
generally increases with water depth, while the percentage of all other taxa decreases.

Regional differences in the composition of the metazoan meiofauna along conti-
nental margins are hard to detect, because of the pronounced local variations. Only
two sampling sites off tropical regions exhibited significantly different faunal compo-
sitions with the overall data set. Off Western India (Ansari et al., 1980) and especially
off North-eastern Australia (Alongi & Pichon, 1988; Alongi, 1992), the relative abun-
dance of nematodes was unusually low averaging 60% and 33%, respectively (Fig.
13). The highest proportions of nematode8@%) were in data sets from the West-
ern Pacific (off Japan) and the North-western Atlantic (off the United States).

Differences in food availability both quantitative and qualitative, may be the most
important factors controlling total abundances and the faunal composition of the
metazoan meiobenthos at the taxonomic level; richer communities are tending to
develop in shallower areas where there is a higher overall input of organic matter
(cf. Vincx et al., 1994; Soltwedel, 1997).

4. Meiofauna in relation to food availability

All transects exhibit a general trend for faunal abundances and biomass to decrease
with increasing water depth, probably reflecting an overall decrease in food avail-
ability for the benthos. Exceptions along individual transects (e.g. off North-western
africa; Thiel, 1982) may fully, or partially, be explained by subsurface currents hin-
dering the sedimentation of the rather light particulate organic matter. If these cur-
rents are strong enough, they may erode these materials and transport them in suspen-
sion in nepheloid layers to sometimes far distant, but calmer habitats. When
combining meiofauna data from various transects in specific climatic regions, those
exceptions often vanish from the general trend.

Intercomparisons of meiofauna data from depth transects off different climatic
regions imply that deviations in trends in distributions of standing stocks can be
explained by variations in local productivity. Fig. 14a,b compare levels and slopes
in meiofauna densities for the various regions. The global comparison shows that
the highest abundance levels occurred in upwelling regions off the North-western
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Fig. 14. (a, b) Gradients in meiofauna abundances in various climatic regions.

and South-western African coast. High abundance levels were also found in polar
regions, in the temperate North-eastern Atlantic and in the tropical Eastern Atlantic.
In subtropical regions of the North-eastern Atlantic (off the Iberian peninsula and
North-eastern Africa, north of 3M) there were rather high abundances in shallower
water, which declined more rapidly with increasing water depth (relative to those in
the regions mentioned above). Similar steep declines were found along depth tran-
sects in the North-western Indian Ocean, and in the Mediterranean Sea and the Red
Sea. However, the declines in the latter two seas were significantly lower level
(p<<0.05). The steepest gradients in the decline of meiofauna abundances were along
transects off the North-eastern American coast and especially off North-eastern Aus-
tralia, where the transects exhibited some of the lowest meiofaunal densities reported
from continental margins.

Several indices have been used to estimate flux rates of sedimenting organic matter
to the seafloor. Thiel (1978) introduced analysis of sediment-bound pigments as an
indicator of the input of phytodetrital organic matter, in which fluorometric measure-
ment of chloroplastic pigment equivalents (CPE), which comprises the bulk of intact
chlorophyll a and its derivatives, was carried out according to the methodology of
Shuman and Lorenzen (1975). Faunal data together with CPE concentrations have
been given in a number of papers dealing with meiofauna standing stocks along
continental margins, from all climatic regions of the world (Pfannkuche et al., 1983;
Pfannkuche, 1985; Pfannkuche & Thiel, 1987; Soetaert et al., 1991; Vanhove et al.,
1995; Soltwedel, 1997). Fig. 15 summarises these data, and illustrates the significant
logarithmic relationship between meiofauna abundances and CPE values, indicative
of close pelago-benthic coupling. Although there is a significant statistical relation-
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ship between primary production and meiobenthic standing stocks, there is large
variation in the data, indicating that their relationship is complex, as a result of
the influence of abiotic factors (pressure, water temperature, oxygen concentrations,
sediment granulometry), biological processes in the water column (degradation of
organic matter in the pelagic food web) and interactions with other faunal groups
(competition, predation).

Acknowledgements

| gratefully acknowledge two anonymous reviewers for their valuable comments,
and Dr. Martin Angel for linguistic improvements of the manuscript.

References

Alongi, D. M. (1992). Bathymetric patterns of deep-sea benthic communities from bathyal to abyssal
depths in the western South Pacific (Solomon and Coral SPagp-Sea ResearcB9, 549-565.



82 T. Soltwedel / Progress in Oceanography 46 (2000) 59-84

Alongi, D. M., & Pichon, M. (1988). Bathyal meiobenthos of the western Coral Sea: distribution and
abundance in relation to microbial standing stocks and environmental fabeep-Sea ResearcB5,
491-503.

Ankar, S., & Elmgren, R. (1976). The benthic macro- and meiofauna of thé-Askalsort area (Northern
Baltic Proper). A stratified random sampling surv€ontributions Askd_aboratory, 11, 1-115.

Ansari, Z. A., Parulekar, A. H., & Jagtap, T. G. (1980). Distribution of sub-littoral meiobenthos off Goa
coast.India. Hydrobiologia 74, 209-214.

Barnett, P. R. O., Watson, J., & Conelly, D. (1984). A multiple corer for taking virtually undisturbed
samples from shelf, bathyal and abyssal sedimeébtganologica Acta7, 399—-408.

Bett, B. J., Vanreusel, A., Vincx, M., Soltwedel, T., Pfannkuche, O., Lambshead, P. J. D., Gooday, A.
J., Ferrero, T., & Dinet, A. (1994). Sampler bias in the quantitative study of deep-sea meiobenthos.
Marine Ecology Progress Serie$04, 197-203.

Coull, B. C., Ellison, R. C., Fleeger, J. W., Higgins, R. P., Hope, W. D., Hummon, W. D., Rieger, R.
M., Sterrer, W. E., Thiel, H., & Tietjen, J. H. (1977). Quantitative estimates of meiofauna from the
deep sea off North Carolindlarine Biology 39, 233-240.

Crispi, G., Crise, A., & Solidoro, C. (1998). Three-dimensional oligotrophic ecosystem models driven by
physical forcing: the Mediterranean Sea cdsevironmental Modelling and Softwar&3, 483-490.

Danovaro, R., Della Croce, N., Eleftheriou, A., Fabiano, M., Papadopoulou, N., Smith, C., & Tselepides,
A. (1995). Meiofauna of the deep Eastern Mediterranean Sea: distribution and abundance in relation
to bacterial biomass, organic matter composition and environmental faPtagress in Oceanogra-
phy, 36, 329-341.

DeBovee, F., Guidi, L. D., & Soyer, J. (1990). Quantitative distribution of deep-sea meiobenthos in the
Northwestern Mediterranean (Gulf of Liong}ontinental Shelf Research0, 1123-1145.

Dinet, A. (1973). Distribution guantitative du ‘ie®enthos profond dans Iag®n de la dorsale Walvis
(Sud-Ouest Africain)Marine Biology 20, 20—-26.

Dinet, A. (1974).Donnees quantitatives sur le meiobenthos bathyal de la Mer de NenExtrait Comite
d’Etudes Gechimiques Marines, CEPM-CNEXO, 2 pp.

Dinet, A. (1976). Eudes quantitative du fiebenthos dans le sector nord de la Mg6E Acta Adriatica
18, 83-88.

Dinet, A., & Vivier, M. H. (1977). Le meiobenthos abyssal du Golfe de Gascogahiers de Biologie
Marine, 18, 85-97.

Douglas, R. G. (1979). Benthic Foraminiferal Ecology and Paleoecology: a review of concepts and
methods. InForaminiferal Ecology and Paleoecolodypp. 21-53). Los Angeles, USA: Society of
Economic Paleontologists and Mineralogists, SEPM Short Course No. 6.

Duineveld, G. C. A., De Wilde, P. A. W., Berghuis, E. M., Kok, A., Tahey, T., & Kromkamp, J. (1997).
Benthic respiration and standing stock on two contrasting continental margins in the western Indian
Ocean: the Yemen-Somali upwelling region and the margin off KeDgep-Sea Research4,
1293-1317.

Escobar, E., Lpez, M., Soto, L. A., & Signoret, M. (1997). Density and biomass of the meiofauna of
the upper continental slope in two regions of the Gulf of MexiCgencias Marinas23, 463—489.

Fabiano, M., & Danovaro, R. (1999). Meiofauna distribution and mesoscale variability in two sites of
the Ross Sea (Antarctica) with contrasting food supplgiar Biology, 22, 115-123.

Fleeger, J. W., Thistle, D., & Thiel, H. (1988). Sampling equipment. In R. P. Higgens, & H. Thiel,
Introduction to the study of meiofaurfpp. 115-125). Washington D.C., London: Smithsonian Insti-
tute Press.

Gooday, A. J. (1988). A response by benthic foraminifera to the deposition of phytodetritus in the deep
sea.Nature, London332 70-73.

Gooday, A. J., Pfannkuche, O., & Lambshead, P. J. D. (1996). An apparent lack of response by metazoan
meiofauna to phytodetritus deposition in the bathyal North-eastern Atlaldiagnal of the Marine
Biological Association of the United Kingdomii6, 297-310.

Hermann, R. L., & Dahms, H.-U. (1992). Meiofauna communities along a depth transect of Halley Bay
(Weddell Sea, AntarcticaPolar Biology, 12, 313—-320.

Jensen, P. (1984). Measuring carbon content in nematddiglgolander MeeresuntersuchungeB8,
83-86.



T. Soltwedel / Progress in Oceanography 46 (2000) 59-84 83

Jensen, P. (1988). Nematode assemblages in the deep-sea benthos of the Norwegizees&ea
Research35, 1173-1184.

Kamenskaya, O. E., & Galtsova, V. V. (1996). Meiobenthos of the Canary Upwelllnganology 36,
380-384.

Mare, M. F. (1942). A study of a marine benthic community with special reference to the microorganisms.
Journal of the Marine Biological Association of the United Kingdd@%, 517-554.

Parulekar, A. H., Ansari, Z. A., & Harkantra, S. N. (1988enthic fauna of the Antarctic Ocean—
guantitative aspectsScientific Report of the first Indian expedition to Antarctica. Technical publication
No.1. Department of Ocean Development, New Delhi, India, pp. 213-218.

Pequegnat, W. E., Gallaway, B. J., & Pequegnat, L. H. (1990). Aspects of the ecology of the deep-water
fauna of the Gulf of MexicoAmerican Zoologist30, 45-64.

Pfannkuche, O. (1985). The deep-sea meiofauna of the Porcupine Seabight and abyssal plain (NE
Atlantic): population structure, distribution, standing stodRseanologica Acta8, 343-353.

Pfannkuche, O. (1993). Benthic response to the sedimentation of particulate organic matter at the
BIOTRANS station, 47N, 20°W. Deep-Sea Research0, 135-149.

Pfannkuche, O., & Thiel, H. (1987). Meiobenthic stocks and benthic activity on the NE-Svalbard Shelf
and in the Nansen Basifolar Biology, 7, 253—266.

Pfannkuche, O., & Thiel, H. (1988). Sample Processing. In R. P. Higgens, & H. Thisdduction to
the study of meiofaungp. 134-145). Washington D.C., London: Smithsonian Institute Press.

Pfannkuche, O., Theeg, R., & Thiel, H. (1983). Benthos activity, abundance and biomass under an area
of low upwelling off Morocco.Northwest Africa. Meteor Forschungsergebnisse, Reihe D Biglogie
36, 85-96.

Rachor, E. (1975). Quantitative Untersuchungderudas Meiobenthos der nord-atlantischen Tiefsee.
Meteor Forschungsergebnisse, Reihe D Biolpgit 1-10.

Relexans, J.-C., Deming, J., Dinet, A., Gaillard, J.-F., & Sibuet, M. (1996). Sedimentary organic matter
and micro-meiobenthos with relation to trophic conditions in the tropical northeast Atl&eep-

Sea Researchl3, 1343-1368.

Romano, J. C., & Dinet, A. (1981). Rtion entre I'abondance du Tiadenthos et la biomasse deslse
mento superficiels estiregpar la mesure des auesines 5’ phosphate (ATP, ADP, AMP). Geochi-
mie organique des séments marins profonds, ORGON IV, Golfe d’Aden, Mer d'Orflgm 159—

180). Paris: CNRS.

SCOR Working Group 76 (1994). Suggested criteria for describing deep-sea benthic communities; the
final report of SCOR Working Group 7®rogress in Oceanographg4, 81-100.

Shirayama, Y. (1984). The abundance of deep sea meiobenthos in the Western Pacific in relation to
environmental factordOceanologica Acta7, 113-121.

Shirayama, Y., & Kojima, S. (1994). Abundance of deep-sea meiobenthos off SaNidktheastern
Japan. Japanese Journal of Oceanograph, 109-117.

Shuman, F. R., & Lorenzen, C. J. (1975). Quantitative degradation of chlorophyll by a marine herbivore.
Limnology and Oceanographg0, 580-586.

Soetaert, K., Heip, C., & Vincx, M. (1991). The meiobenthos along a Mediterranean deep-sea transect
off Calvi (Corsica) and in an adjacent cany¢hS.Z.N.l. Marine Ecologyl2 (3), 227-242.

Soltwedel, T. (1997). Meiobenthos distribution pattern in the tropical East Atlantic: indication for fraction-
ated sedimentation of organic matter to the sea flddaPine Biology 129 747-756.

Soltwedel, T., Pfannkuche, O., & Thiel, H. (1996). The size structure of deep-sea meiobenthos in the
North-eastern Atlantic: nematode size spectra in relation to environmental varidblesal of the
Marine Biological Association of the United Kingdoif6, 327-344.

Tahey, T. M., Duineveld, G. C. A,, Berghuis, E. M., & Helder, W. (1994). Relation between sediment—
water fluxes of oxygen and silicate and faunal abundance at continental shelf, slope and deep-water
stations in the northwest Mediterrane&arine Ecology Progress Serie$04, 119-130.

Thiel, H. (1966).Quantitative Untersuchungeibar die Meiofauna des Tiefseebodevisrdffentlichungen
des Instituts fu Meeresforschung Bremerhaven, Supplement Il, 131-148.

Thiel, H. (1971). Hafigkeit und Verteilung der Meiofauna im Bereich des IslaridsErn Rickens.
Berichte der Deutschen Wissenschaftlichen KommissioMéaeresforschung?22, 99-128.



84 T. Soltwedel / Progress in Oceanography 46 (2000) 59-84

Thiel, H. (1975). The size structure of the deep-sea benthtesnationale Revue der gesamten Hydrobiol-
ogie, 60, 575-606.

Thiel, H. (1978). Benthos in upwelling regions. In R. Boje, & M. Tomczblpgwelling ecosystem@p.
124-138). Berlin: Springer Verlag.

Thiel, H. (1979). First quantitative data on the deep Red Sea bertavtne Ecology Progress Series
1, 347-350.

Thiel, H. (1982). Zoobenthos of the CINECA area and other upwelling regions. Rapports et proces-
verbaux des reunion€onseil Permanent International pour I'Exploration de la M&B80, 323-334.

Thiel, H. (1983). Meiobenthos and nanobenthos of the deep sea. In G. T. Rbeesea Vol. 8 (pp.
167-230). New York: J. Wiley and Sons.

Tietjen, J. H. (1971). Ecology and distribution of deep sea meiobenthos off N. Carbleep-Sea
Research18, 941-957.

Tietjen, J. H. (1989). Ecology of deep-sea nematodes from the Puerto Rico Trench area and Hatteras
Abyssal Plain.Deep-Sea ResearcB6, 1579-1594.

Tietjen, J. H. (1992). Abundance and biomass of metazoan meiobenthos in the deep sea. In G. T. Rowe, &
V. Pariente Deep-sea food chains and the global carbon cyple. 45-62). The Netherlands: Kluwer
Academic Publishers.

Vanaverbeke, J., Arbizu, P. M., Dahms, H.-U., & Schminke, H. K. (1997a). The metazoan meiobenthos
along a depth gradient in the Arctic Laptev Sea with special attention to nematode commBoitées.
Biology, 18 (6), 391-401.

Vanaverbeke, J., Soetaert, K., Heip, C., & Vanreusel, A. (1997b). The metazoan meiobenthos along the
continental slope of the Goban Spur (NE Atlantidgpurnal of Sea ResearcB8, 93-107.

Vanhove, S., Wittoeck, J., Desmet, G., Van Den Berghe, B., Herman, R. L., Bak, R. P. M., Nieuwland,
G., Vosjan, J. H., Boldrin, A., Rabitti, S., & Vincx, M. (1995). Deep-sea meiofauna communities in
Antarctica: structural analysis and relation with the environmbfarine Ecology Progress Series
127, 65-76.

Vanreusel, A., Vincx, M., Van Gansbeke, D., & Gijselinck, W. (1992). Structural analysis of the meio-
benthos communities of the shelf break area in two stations of the Gulf of Biscay (N.E. Atlantic).
Belgian Journal of Zoologyl122 (2), 185-202.

Vanreusel, A., Vincx, M., Schram, D., & Van Gansbeke, D. (1995). On the vertical distribution of the
metazoan meiofauna in shelf break and upper slope habitats of the NE AtlahtRevue ges Hydro-
biol, 80 (2), 313-326.

Vincx, M., Bett, B. J., Dinet, A., Ferrero, T., Gooday, A. J., Lambshead, P. J. D., Pfannkuche, O.,
Soltwedel, T., & Vanreusel, A. (1994). Meiobenthos of the deep Northeast Atlantic. In J. H. S.
Blaxter, & A. J. SouthwardAdvances in Marine Biolog¢30) (pp. 2—88). London: Academic Press.

Vivier, M. H. (1978). Influence d'un desrsement industriel profond sur ld matofauna (Canyon de
Cassidaigne, Mediterraag Tethys 8, 307-321.

Widbom, B. (1984). Determination of average individual dry weights and ash free dry weights in different
sieve fractions of marine meiofaunilarine Biology 84, 101-108.

Wieser, W. (1960). Benthic studies in Buzzards Bay. Il. The meiofauimanology and Oceanography
5, 121-137.

Wigley, R. L., & Mcintyre, A. D. (1964). Some quantitative comparisons of offshore meiobenthos and
macrobenthos south of Martha’s Vineyatdmnology and Oceanograph$, 485—-493.

Yoder, J. A., Lewis, M. R., & Blanchard, P. A. (198%)cean color from spaceJS Global Ocean Flux
Study Office, Woods Hole Oceanographic Institution, Woods Hole.



