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Abstract

A quantitative study of metazoan meiofauna was carried out on bathyal sediments (305, 562, 830 and
1210 m) along a transect within and beneath the oxygen minimum zone (OMZ) in the southeastern Pacific
off Callao, Peru (128S). Meiobenthos densities ranged from 1517 (upper slope, middle of OMZ) to 440–
548 ind. 10 cm�2 (lower slope stations, beneath the OMZ). Nematodes were the numerically dominant
meiofaunal taxon at every station, followed by copepods and nauplii. Increasing bottom-water oxygen
concentration and decreasing organic matter availability downslope were correlated with observed changes
in meiofaunal abundance. The 300-m site, located in the middle of the OMZ, differed significantly in
meiofaunal abundance, dominance, and in vertical distribution pattern from the deeper sites. At 305 m,
nematodes amounted to over 99% of total meiofauna; about 70% of nematodes were found in the 2–5 cm
interval. At the deeper sites, about 50% were restricted to the top 1 cm. The importance of copepods and
nauplii increased consistently with depth, reaching �12% of the total meiofauna at the deepest site. The
observation of high nematode abundances at oxygen concentrations 50.02 ml l�1 supports the hypothesis
that densities are enhanced by an indirect positive effect of low oxygen involving (a) reduction of predators
and competitors and (b) preservation of organic matter leading to high food availability and quality. Food
input and quality, represented here by chloroplastic pigment equivalents (CPE) and sedimentary labile
organic compounds (protein, carbohydrates and lipids), were strongly, positively correlated with nematode
abundance. By way of contrast, oxygen exhibited a strong negative correlation, overriding food availability,
with abundance of other meiofauna such as copepods and nauplii. These taxa were absent at the 300-m site.
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The high correlation of labile organic matter (C-LOM, sum of carbon contents in lipids, proteins and
carbohydrates) with CPE (Pearson’s r ¼ 0:99, p50:01) suggests that most of the sedimentary organic
material sampled was of phytodetrital origin. The fraction of sediment organic carbon potentially available
to benthic heterotrophs, measured as C-LOM/Total organic carbon, was on average 17% at all stations.
Thus, a residual, refractory fraction, constitutes the major portion of organic matter at the studied bathyal
sites. # 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Meiofauna; Nematodes; Oxygen minimum zone; Organic matter composition; Continental slope; Peru
margin; El Ni *nno

1. Introduction

Oxygen minimum zones (OMZs) are midwater regions in the open ocean where dissolved
oxygen concentrations fall below 0.5ml l�1 (Kamykowski and Zentara, 1990; Levin et al., 1991).
They result from oxygen depletion through biological oxygen demand and are well developed in
areas where upwelling promotes very high surface production such as the southeastern Pacific
Ocean (Wyrtki, 1966), the Arabian Sea (Wyrtki, 1973), and the southeastern Atlantic off West
Africa (Bailey, 1991). In midwater regions with low oxygen, the consumption of primary
production is often reduced, which means that much sinking organic material reaches the bottom
relatively undegraded (Wishner et al., 1990, 1995). Where OMZs intercept the continental seabed
or seamounts, strong gradients of bottom-water oxygen concentration and organic-matter input
are created (Levin et al., 1991). These gradients influence the biogeochemical properties of
sediments and the structure and distribution of bacterial, meio-, macro- and megafaunal
communities (Sanders, 1969; Rosenberg et al., 1983; Mullins et al., 1985; Arntz et al., 1991; Levin
et al., 1991, 2000).

The southeastern Pacific Ocean contains one of the most extensive OMZs of the world oceans,
from the latitude of Galapagos Islands (�18S) to southern Chile (�408S) (Gallardo, 1963;
Rosenberg et al., 1983; Arntz et al., 1991). This OMZ develops beneath the highly productive
surface waters (over 1000 g C m�2 yr�1, Walsh, 1981; Ch!aavez and Barber, 1985) of the Humboldt
Current System (HCS). In contrast to coastal areas that typically experience episodic hypoxia, the
continental margin intercepted by the OMZ of the HCS experiences permanently hypoxic
conditions in the deep sublittoral to bathyal benthic environment. Dissolved oxygen concentra-
tions of 50.5ml l�1 occur in the heart of the OMZ between 100 and 500m depth off Peru and
values of 51ml l�1 occur at 800m (Zuta et al., 1983). At greater depths, the oxygen concentration
gradually increases (Rosenberg et al., 1983).

Large areas of the oxygen-deficient bottom beneath the HCS are inhabited by a conspicuous
prokaryotic community made up mainly of the sulphur bacterium Thioploca (Gallardo, 1977;
Rosenberg et al., 1983). Sometimes and in some places, Thioploca forms mats on the bottom that
make up a large portion of the benthic biomass (Gallardo, 1977, 1985). Because of its nitrate-
reducing, sulphide-oxidizing metabolism, Thioploca could be an important detoxificator of the
sediment, facilitating the establishment of zoobenthos (Gallardo et al., 1996; Neira et al., 2001a).

In recent years considerable attention has been directed towards the study of the OMZs of the
world’s oceans (Mullins et al., 1985; Kamykowski and Zentara, 1990; Levin et al., 1991; Arntz
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et al., 1991; Bailey, 1991; Gage, 1995; Lallier-Verg"ees et al., 1993; Wishner et al., 1990, 1995; Levin
et al., 2000). Enhanced biological and biogeochemical activity is often observed near upper and
lower OMZ boundaries (Mullins et al., 1985; Thompson et al., 1985; Wishner et al., 1990; Levin
et al., 1991). Where OMZs intercept the bottom, benthic ecosystems are characterized by a strong
faunal zonation, severe reduction of macro- and megafauna abundance and diversity as well
as a reduction of bioturbation (Wishner et al., 1990; Levin et al., 1991, 2000; Smith et al., 2000).
However, there is evidence that protozoan and metazoan meiofauna are less affected than macro-
fauna, and that oxygen apparently plays a minor role in determining total meiofaunal abundance
(Gooday et al., 2000; Bernhard et al., 2000; Levin et al., 1991; Cook et al., 2000).

To date, there are few studies on the meiofauna of the Peru margin. In part, these have been
semi-quantitative, considering only shallow-water nematodes of sandy sediments (Nichols and
Musselman, 1979; Nichols, 1980), or deep-sea nematodes beyond the OMZ (Bussau, 1993).
Several studies have related faunal data to water depth rather than oxygen concentration or
organic matter (Rowe, 1971a,b; Karpinski, 1985).

The objectives of the present paper are (1) to describe the gross taxonomic composition,
numerical abundance and vertical distribution patterns of bathyal metazoan meiofauna on the
Peruvian slope, and (2) to determine the biochemical composition of sedimentary organic matter
and its potential relationship to meiofaunal abundance. The study transect, located at 128S off
Callao, Peru, extends from the core of the OMZ, across the lower OMZ boundary, and beneath
the OMZ. Correlations of the meiofaunal assemblage with oxygen and organic-matter gradients
are examined in order to test the hypotheses that (i) low oxygen concentration does not reduce
nematode abundance, and (ii) metazoan meiobenthos exhibit distinct patterns of abundance,
vertical distribution, and gross taxonomic composition within the OMZ, relative to better
oxygenated, downslope sites.

2. Materials and methods

2.1. Study area and sampling

From December 31, 1997, to January 3, 1998, four stations with depths of 305m (Station A),
562m (Station B), 830m (Station C) and 1210m (Station D) were investigated during the
expedition Panorama Leg 3a aboard the R/V Melville. Stations formed a transect through and
beneath the oxygen minimum zone off Callao, Peru (Fig. 1). Sampling was conducted in the midst
of the 1997–98 El Ni *nno, when temperature anomalies in surface waters off Callao were at their
maximum (Sánchez et al., 2000). This El Ni *nno (hereafter EN) was one of the strongest of the
century (McPhaden, 1999). The area is characterized by intense and persistent coastal upwelling
resulting in a well-developed, mid-water OMZ. Samples were collected using a multiple corer
(Barnett et al., 1984), with tubes having a 9.5 cm diameter. Only undisturbed cores with clear
overlying water were used. Bottom-water dissolved oxygen was measured by Winkler titration in
3 replicates from Niskin bottles of a CTDO. Table 1 shows the location of the study sites and
physico-chemical characteristics of the near-bottom water.
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2.2. Meiofauna

For metazoan meiofauna, defined here as metazoans that pass through a 0.5-mm mesh sieve,
but are retained on a 0.040-mm mesh sieve (Giere, 1993), three to four replicate cores (different
multicore drops) were collected. From each replicate, one subsample was taken from the central

Fig. 1. The investigated area and the sampling sites in the southeastern Pacific off Callao, Peru. Isobaths in meters.

Table 1

Water depth, location, bottom-water temperature (BWT), salinity and bottom-water dissolved oxygen (BWO) along
the transect off Callao, Peru

Station Depth Latitude Longitude BWT Salinity BWO2

(m) (S) (W) (8C) (ml l�1)

A 305 12822.700 77829.070 10.15 34.73 0.013

B 562 12832.540 77829.580 7.06 34.56 0.227

C 830 12832.760 77834.760 5.18 34.55 0.745

D 1210 12840.310 77838.490 3.40 34.59 1.624
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area by gently inserting a perspex tube of 3.6 cm inner diameter (10 cm2). To examine meiofaunal
distribution, cores were sectioned vertically (0–1; 1–2; 2–3; 3–5; and 5–10 cm) immediately after
recovery, treated with a solution of magnesium chloride, and preserved in 10% buffered formalin
containing Rose Bengal (Pfannkuche and Thiel, 1988). Meiofauna were separated by the sus-
pension-decantation method (Wieser, 1960) with a few modifications (Neira and Rackemann,
1996). The efficiency of this method has been documented by Murrell and Fleeger (1989). All
meiofaunal individuals were sorted into major taxa and counted under a stereo dissecting
microscope.

2.3. Sediment properties

Porosity and water content were determined at 1-cm intervals by weight loss after freeze-drying
a known volume of sediment assuming a sediment and water density of 2.65 g cm�3(quartz) and
1.025 g cm�3, respectively (Buchanan, 1984). Redox profiles (Eh) were measured at intervals of
1 cm immediately after collection using an Eh-meter (Mettler Toledo). Additional cores were
subsampled for chlorophyll a (Chl a) and phaeopigments, total organic carbon and nitrogen, and
the principal biochemical components of organic matter: lipids, carbohydrates, and proteins.
Cores were sectioned at depth intervals of 0–1, 1–3, 3–5, 5–7, 7–9, 9–11, 11–13, 13–15 cm and were
kept deep-frozen until later analysis.

Sediment organic carbon and nitrogen were determined in a Heraeus-CHN elemental
analyser (model TMT CHN-O-RAPID) after treatment with diluted hydrochloric acid to
remove carbonates. Proteins (PRT) were determined photometrically by the Coomasie Blue
reaction after incubation for 2 h at 608C with NaOH 0.5 N (Boetius et al., 1996) and further
centrifugation, and expressed as albumin equivalents. Lipid (LIP) content was determined in
methanol-chloroform extracts as described by Greiser and Faubel (1988); the dry residue
was weighed after complete evaporation of the solvent. Carbohydrate quantification was made
photometrically using phenol-sulfuric acid and expressed as glucose equivalents. The carbohy-
drate material was separated into two operational fractions before quantification as described
by Taylor and Paterson (1998): the colloidal fraction (CHO) (Underwood et al., 1995), which
represents the most labile carbohydrates, and the bulk fraction, which comprises a complex of
more refractory carbohydrate material that remains in the sediment after the colloidal fraction
has been removed by centrifugation (Taylor and Paterson, 1998). If not otherwise indicated,
carbohydrates (CHO) refer exclusively to the colloidal fraction. Carbohydrates, proteins
and lipids were converted into carbon equivalents assuming conversion factors of 0.40, 0.49
and 0.70, respectively (Fabiano et al., 1995). The sum of the three biochemical classes in terms
of carbon is reported here as a measure of the sediment biopolymeric carbon fraction
(C-LOM) potentially available to benthic heterotrophs (Fabiano and Danovaro, 1994; Fabiano
et al., 1995; Danovaro et al., 2000). This fraction, when related to sedimentary total
organic carbon, is considered as an index of sediment quality (Fichez, 1991; Relexans et al.,
1992, 1996).

Chloroplastic pigment equivalents reaching the bottom (Chl a and phaeopigments), an estimate
of the amount of organic matter that is derived from primary production, were measured
photometrically according to Stal et al. (1984).
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2.4. Statistics

Pearson product-moment correlations were used to test for relationships between meiofaunal
distribution and environmental variables. Parametric ANOVA was used to detect differences in
meiofauna abundances between sites. When necessary, square root or log transformed data were
used in order to remove heteroscedasticity and to correct residuals. After a significant ANOVA,
Tukey HSD test or the non-parametric Mann–Whitney U-test were used for contrasts.
Correlations were considered significant when p50.05. All tests were performed using the
SYSTAT 8.0 software package (Wilkinson et al., 1992) or Statistica 5.1 (StatSoft Inc.).

3. Results

3.1. Sampling sites

Sediments of the mid-OMZ site (Sta. A) were organically rich (12.8–20.5% org C), dark olive-
green muds, mixed with abundant sand-sized foraminifera. The high porosities and water content
at Sta. A (on average, 94.8% and 82.9%, respectively), even in deeper sediments, seem to be a
typical feature for the upper slope muds from this region (Reimers, 1982; Suits and Arthur, 2000).
At the downslope sites (Stations B, C and D), porosity and water content were lower (on average
69.3% and 44.3%, respectively). This was reflected by structurally more heterogeneous and
compact sediments composed of well-cemented phosphorite (Diester-Haass, 1978; Froelich et al.,
1988), phosphatic pellets (formerly fecal pellets) (Romankevich, 1984), and foraminiferal sand
mixed with sediment-mucus aggregates and agglutinating arborescent foraminifera. Redox
potential analysis indicated the presence of sub-oxic conditions (generally 5200mV) in the whole
sediment column (0–15 cm) at Sta. A. However, the upper 2 and 1 cm of Sta. C and D,
respectively, presented values over 300–400mV, indicating oxic conditions. The lowest Eh value
(47mV) was measured at 15 cm depth at Sta. B. The giant sulphide-oxidizing, nitrate-reducing
bacteria Thioploca spp. (Gallardo, 1977; Henrichs and Farrington, 1984; Fossing et al., 1995) were
scarce. Thioploca occurred only in a single core from Sta. A, with biomass 510 g m�2 (biovolume
of trichomes, Schulz et al., 1996) and was concentrated mainly at a depth of 2–10 cm in the
sediment column (Gallardo and Soto, pers. comm.).

The study transect was characterized by a strong bottom-water oxygen concentration gradient,
from 0.013 ml l�1 in the core of the OMZ (Sta. A), to 0.027, 0.745 and 1.624ml l�1, at stations B, C
and D, respectively. Table 2 shows the range of values of physico-chemical sediment parameters
measured in the uppermost 15 cm of the study sites sediments.

3.2. Sediment pigments and organic matter composition

Concentrations of sediment-bound pigments were measured to obtain a general idea of
sedimentation patterns of phytoplankton-derived organic material from the euphotic zone.
Chloroplastic pigment equivalent (CPE) concentrations in the top 1 cm were highest at Sta. A
(99.43mg g�1 DW), 4–9 times of the CPE at all other stations (Fig. 2). In general, phaeopigments
made up more than 90% of total pigment equivalents at all stations. Vertical distribution of CPE
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exhibited an irregular decreasing trend with sediment depth (Fig. 3). At the shallower site (Sta. A,
305m), Chl a concentrations were highest (4.30 mg g�1) in the top 1 cm, decreasing to values close
to 1 mg g�1 at 10 cm depth. Sediments at all the deeper sites exhibited levels of Chl a below 1mg g�1

in all vertical fractions within the sediment column. Phaeopigments, instead, accounted for
concentrations ranging from 3 to 10mg g�1 at 10 cm depth.

Table 2
Physico-chemical features of the bathyal sediments off Callao, Peru. Values are the extreme ranges measured in the

upper 15 cm sediment column. C-LOM is the sum of carbon content in lipids, proteins and carbohydrates

Sta. A Sta. B Sta. C Sta. D

(305m) (562m) (830m) (1210m)

Sediment
Porosity (%) 93.46–96.13 56.52–67.52 68.86–84.67 65.95–78.67

Water content (%) 80.43–85.31 31.72–41.68 43.42–62.91 39.95–57.44
Eh (mV) 210–159 155–47 452–142 396–126
Percent organic C 10.42–20.55 4.20–6.01 5.54–8.59 3.55–5.29

Percent total N 0.81–2.20 0.32–0.48 0.56–0.94 0.40–0.60
C : N ratio (weight) 8.99–12.86 10.77–17.84 9.14–9.89 8.82–9.59
C-LOM (mg g�1) 17.77–38.07 3.72–7.07 9.89–11.59 7.00–7.99

Fig. 2. Horizontal distribution of chloroplastic pigment equivalents (CPE, sum of chl a+phaeopigments) and of
carbon labile organic matter (C-LOM, sum of carbon contents of proteins, carbohydrates and lipids) in the top 1 cm
sediment.
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The sediment biopolymeric carbon concentrations (C-LOM, as the sum of protein, lipid and
carbohydrate carbon) followed the same trend with water depth (Pearson’s r ¼ 0:99; p50:01)
along the transect as those for CPE (see Fig. 2). Each specific biochemical component correlated
very well with CPE (Pearson’s r ¼ 0:92 for protein; 0.97 for lipid; 0.90 for carbohydrate, all
p50:01) (Fig. 4). The vertical distribution of proteins (PRT), lipids (LIP) and carbohydrates
(CHO) within the sediment column (Fig. 3) was rather irregular at all sites. For instance, at Sta. A
(305m), proteins increased slightly in the uppermost layers, but decreased further in deeper
sediments. Likewise, at 562 and 830m, lipid content first increased to 3 cm and then decreased.
In contrast, a reduction of lipids occurred in the upper 3 cm of Sta. A (305 m) and D (1210m).
Carbohydrates fluctuated less with depth. Concentrations of protein, carbohydrate and lipid were
about 2–6 times higher at Sta. A than at all other sites. Proteins dominated the labile carbon pool
at all sites. In the upper 1 cm layer, proteins accounting for, on average, 57.5% of C-LOM,
followed by lipids (36.1%) and carbohydrates (6.2%). At 15 cm depth, this picture was 57.4%,
30.9% and 11.7%, for protein, lipids and carbohydrates, respectively. However, differences in
organic matter composition between sites were evident due to changes in the proportion of specific
biochemical compounds. The food quality index (C-LOM/TOC, %) for the whole sediment
column amounted to 20.2%, 10.4%, 16.4%, and 19.1%, for the 305, 562, 830, and 1210m
stations, respectively. This means that the residual, more refractory fraction (Fichez, 1991),
constitutes the major portion (on average, over 83%) of the sedimentary organic matter for all
sites.

3.3. Meiofauna

The densities (0–10 cm) of total meiofauna, nematodes, copepods+nauplii and other taxa
(tanaidaceans, ostracods, kinorhynchs, halacarids, rotifers, gastrotrichs, turbellarians, poly-
chaetes, oligochaetes, priapulids, nemertines, bivalves and tardigrades) along the depth transect

Fig. 3. Vertical distribution of chloroplastic pigment equivalents (CPE), proteins (PRT), lipids (LIP) and

carbohydrates (CHO) at the sampling sites.
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are shown in Fig. 5. Total metazoan meiofaunal density differed significantly among sites
(ANOVA F3;10 ¼ 4:54; p ¼ 0:029). Higher densities were found at Sta. A (1517� 431 ind. 10cm�2;
mean� SE) than at the deeper stations (Mann Whitney U-test p50:05). No significant differen-
ces were found among the 562m (456� 216 ind. 10 cm�2), the 830m (440� 73 ind. 10 cm�2) and
the 1210m (548� 67 ind. 10 cm�2) stations. Nematodes were dominant at all stations, dictating
the patterns in total meiofaunal density. They accounted for over 99% of total meiofauna in the
OMZ core (Sta. A, 305m). Downslope, their relative dominance declined to less than 80%. By
way of contrast, copepods+nauplii exhibited downslope density patterns different from those of
nematodes. They increased consistently with increasing water depth from 0 ind. 10 cm�2 at Sta. A
to a maximum of 66� 12 ind. 10 cm�2 at Sta. D. Other taxa (mentioned above) were strongly
reduced at Sta. A (10� 4 ind. 10 cm�2) and increased towards the deepest site (45� 9 ind.
10 cm�2). Table 3 shows the relative dominance (%) of each taxon within the whole sediment
column (0–10 cm).

Patterns of vertical distribution of meiofaunal abundance within the sediment differed
(factorial ANOVA F3;50 ¼ 18:04; p50:001, followed by Tukey multiple comparisons) between the
OMZ core station (Sta. A, 305m) and the downslope sites (Fig. 6). At the deeper stations, over
48% of the metazoan meiofauna occurred in the top 1 cm, decreasing to less than 5% of the
total at the 5–10 cm interval. In contrast, over 70% of the meiofauna (mainly nematodes) of Sta.
A were concentrated between 2 and 5 cm, with 10% found at the 5–10 cm level. Only 19% of
the meiofauna was present in the upper 1 cm at this station. Harpacticoid copepods+nauplii
occurred only at stations B, C, and D (up to 12% at Sta. D, 1210m). There they were restricted
to the uppermost 1 cm and formed the second dominant group. Other taxa that were
relatively important at Stations B, C, and D were polychaetes, gastrotrichs, kinorhynchs,
and ostracods. Together these made up, on average, 6.6% of the meiofauna at these stations
(Table 3).

Fig. 4. Relation between concentrations (log transformed) of the principal biochemical components of sedimentary
organic matter (PRT=protein; CHO=carbohydrates; LIP=lipids) and chloroplastic pigment equivalents (CPE)
(p50:1).
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4. Discussion

4.1. Physical settings

Previous studies off central Peru (Suess, 1981; DeVries and Pearcy, 1982; Reimers, 1982;
Froelich et al., 1988) have indicated that sediments associated with upwelling are typically
organic-rich (up to 20% org C). As observed in other studies, the Peru margin sediments
collected in this study contained fish debris (vertebrae and teeth), faecal material, sheath
structures, and abundant diatom frustules. Where the OMZ reached the minimum bottom-water
oxygen concentration (Sta. A, 305m), laminated sediments were present below 5 cm. The
upper 5 cm displayed evidence of bioturbation (Levin et al., unpublished). The highest densities
of macro-fauna (>0.3mm, Levin et al., unpublished) and metazoan meiofauna were found at
Sta. A. Macrofauna included tubificid oligochaetes (Subfamily Phallodrilinae) Olavius
crassitunicatus (�13,000 ind. m�2), and low numbers of gastropods, polychaetes and nemertines
(Levin et al., unpublished). Downslope sites exhibited no lamination (upper 8–9 cm), presumably
as a result of bioturbation by macrofauna (e.g. polychaetes, amphipods and others) (Levin et al.,
unpublished).

Fig. 5. Horizontal distribution of nematode, copepod+nauplii, other taxa, and total meiofauna abundances

(mean� 1 SE) of the upper 10 cm. Other taxa are tanaidaceans, ostracods, kinorhynchs, halacarids, rotifers,
gastrotrichs, turbellarians, polychaetes, oligochaetes, priapulids, nemertines, bivalves and tardigrades.
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4.2. Oxygen and meiofauna

The control of deep-water benthic community structure by oxygen has been proposed
previously for regions of intense upwelling, such as those off Chile and Peru (Thiel, 1978), Mexico

Table 3
Relative dominance (%) of higher meiofauna taxa at the studied sites off Callao, Peru

Sta A Sta B Sta C Sta D
(305m) (562m) (830m) (1210m)

Relative dominance
%

Nematoda 99.30 88.95 85.30 79.93
Copepoda } 1.47 6.02 7.85
Nauplii } 1.75 2.73 4.20
Tanaidacea } 0.07 0.30 0.05

Ostracoda } 2.54 0.34 0.68
Kinorhyncha } 0.72 0.45 1.59
Malacarida 0.07 0.22 0.41 0.31

Rotifera 0.07 0.29 0.45 }

Gastrotricha 0.21 1.01 1.77 0.91
Turbellaria 0.21 0.29 0.30 0.13

Polychaeta 0.10 0.35 1.14 3.65
Oligochaeta 0.03 2.04 } 0.13
Priapulida } 0.13 0.11 0.49

Nemertina } 0.07 0.57 0.05
Bivalvia } } 0.11 0.13
Tardigrada } } 0.07 }

n 4 3 4 3
No. of Taxa 7 14 15 14

Fig. 6. Patterns of vertical distribution of total meiofaunal abundance in five sediment intervals down to 10 cm. Bars
indicate mean (� 1 SE) abundances.
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(Levin et al., 1991), SW Africa (Sanders, 1969), and in the Arabian Sea (Gooday et al., 2000;
Levin et al., 2000), or in basins where sharp oxygen gradients are formed, such as the Black Sea
(Rhoads and Morse, 1971) or those off Southern California (Thompson et al., 1985; Bernhard
et al., 2000). In the present paper, nematode densities were similar to those reported by Cook et al.
(2000) for the bathyal Oman margin (range: 494–2495 ind. 10 cm�2). However, they found the
highest abundances not in the centre of the OMZ (400m; 0.13mlO2 l�1), but inside the OMZ
(700m; 0.16mlO2 l�1) at the site of highest food quality. Levin et al. (1991) found the highest
densities of nematodes (�190 ind. 10 cm�2) in the centre of the OMZ (upper summit of a
seamount at 745m; 0.09ml O2 l�1), where high concentrations of organic carbon and pigments
were found. On the flank and base of the seamount (below the OMZ) densities were 2–8 times
lower.

On the upper Peru slope (Sta. A, 305m), where oxygen concentration was lowest, there are
weak bottom currents and low mixing of the entire water column (Barber and Smith, 1981). This
results in efficient nutrient trapping, oxygen depletion, and high organic matter deposition, in
development of benthic, filamentous bacteria (Thioploca spp.) and in a relatively dense meiofaunal
assemblage, composed almost entirely of nematodes. A plot of nematode density versus bottom-
water oxygen concentration suggests that oxygen has a positive effect on density at very low
oxygen concentrations (Fig. 7, Table 4). We hypothesize that the bathyal nematode abundance at
Sta. A, within the core of the OMZ, is strongly enhanced by indirect effects of hypoxia that act to
(a) reduce the densities of predators (especially larger taxa) and competitors, and (b) preserve
organic matter, enhancing the quantity and quality of available food. The absence of forms
unable to tolerate low oxygen concentration, such as harpacticoid copepods and nauplii (Hicks

Fig. 7. Distribution of nematode and copepod+nauplii abundances along the bottom-water dissolved oxygen

gradient.
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and Coull, 1983; Murrell and Fleeger, 1989; Wells, 1988) at Sta. A (305m), and their consistent
increase (Pearson’s r ¼ 0:99; p50:05) with greater oxygenation (see Fig. 7), suggest that oxygen
limitation might directly control meiofauna composition at higher taxonomic levels within the
OMZ (Sta. A, 305m).

Early investigations off the coast of South America revealed numerous nematodes and
cirratulid polychaetes in areas of low oxygen levels (Frankenberg and Menzies, 1968; Rowe,
1971b). The tolerance of benthic animals to low oxygen concentration has been a topic of
experimental studies on both macrofauna (Dales and Warren, 1980; Theede, 1984; Diaz et al.,
1992) and meiofauna (Lasserre and Renaud-Mornant, 1973; Josefson and Widbom, 1988). It has
been recognized that macrofauna tend to be more sensitive than meiofauna to hypoxia (Josefson
and Widbom, 1988; Giere, 1993) and that nematodes exhibit a higher tolerance than other
meiofaunal taxa to oxygen deficiency (Giere, 1993; Levin et al., 1991; Moodley et al., 1997).
Recent studies (Cook et al., 2000; Gooday et al., 2000) carried out along a transect (400–3400m)
through and beneath the OMZ off Oman in the Arabian Sea, indicated that among the benthic
fauna, nematodes and calcareous foraminifera were the most tolerant to low oxygen concen-
tration (0.13ml l�1). A. Rathburn (pers. comm.) has obtained similar results off Peru, finding
calcareous foraminifera dominant at Sta. A. The dominance of these groups may be related to
their ability to tolerate low oxygen conditions, abundant food supply, and absence of most
predators (which are intolerant to hypoxia). Wishner et al. (1990, 1995) noted a significance
decrease in the type of epibenthic fishes and invertebrates that might consume nematodes within
the OMZ on the summit of Volcano 7, off Mexico.

Although data do not exist to identify which, if any, of the factors mentioned above is most
significant, we note that food input and quality were highly correlated with nematode density in
the present study (Pearson’s r ¼ 0:79, p50:001) (Table 4). Several other OMZ investigations have
noted a correlation between food quality and meiofaunal abundance and the absence of an
oxygen effect. Cook et al. (2000) reported a strong positive correlation between nematode density
and food quality, measured as the hydrogen index (r2 ¼ 0:93), along a transect through the Oman
margin OMZ. Meiofaunal densities quantified along a similar OMZ transect on Volcano 7, a
seamount off Mexico, were correlated only with sediment chlorophyll a concentration (r2 ¼ 0:38),
and not with oxygen or other sediment parameters (Levin et al., 1991). In all three OMZ
investigations, highest nematode densities were observed within the OMZ. Additional research is
clearly necessary to separate the direct and indirect effects of low oxygen concentration on

Table 4
Pearson product–moment correlations and significance level between total meiofaunal and nematode abundances

versus bottom oxygen, pigments and sediments biochemical parametersa

BWDO TOC PRT CHO LIP C-LOM CPE

Total meiofauna �0.59 ns 0.72** 0.67* 0.68* 0.73** 0.70* 0.73**
Nematodes �0.57 ns 0.78** 0.75** 0.77** 0.80** 0.79** 0.80**

aNote: ns=non significant,*=p50:01, **=p50:001; n ¼ 4 for BWDO and 20 for the remaining parameters.
BWDO=bottom water dissolved oxygen; TOC=total organic carbon; PRT=protein; CHO=carbohydrate;
LIP=lipid; C-LOM=sum of PRT+CHO+LIP in terms of carbon; CPE=chloroplastic pigment equivalents.
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meiofaunal communities, and to distinguish indirect bottom-up (food increase) versus top-down
(predation decrease) oxygen effects.

4.3. Sedimentary organic matter quality and meiofaunal distributions

C=N ratios (weight) ranging from 8.82 to 17.84 indicate that part of the organic matter
accumulating on the Peru margin has undergone preferential decomposition of nitrogenous
organic compounds. This is consistent with the relatively low quality of the sedimentary organic
matter (average 17% food quality index) in spite of the very high organic carbon content of
sediments (up to 20% at Sta. A). In muddy sediments off central Chile (27–120m), the food
quality index was over 27% (Neira et al., 2001a). The positive correlation between CPE and
biochemical components (see Fig. 4) suggests that the most bioavailable fraction was of
phytoplanktonic origin. A rough calculation of biomass of filamentous bacteria (A. Soto, pers.
comm.), meiofauna (this study), and macrofauna (Levin et al., unpublished.) from Stations A–D
in terms of carbon, revealed that their contribution to the organic carbon pool (for the upper
15 cm) was low. It accounted for a maximum of only 0.22% at the deeper station (Sta. D), and
0.049, 0.084 and 0.017% for Stations A, B and C, respectively.

The sum of proteins, carbohydrates, and lipids provides a good measure of the nutritional value
of sedimentary organic matter, although it has some limitations (Fichez, 1991; Relexans et al.,
1992, 1996; Danovaro et al., 1993, 1998; Fabiano and Danovaro, 1994; Danovaro and Fabiano,
1997). The strong decrease in lipid content with increasing sediment depth reveals the importance
of these highly energetic compounds as a nutritional resource for the heterotrophic metabolism in
the sediment (Salonen et al., 1976; Sargent et al., 1983; Fichez, 1991; Fabiano and Danovaro,
1994). Proteins and carbohydrates decrease as well, but more gradually. According to their
degradation coefficients (data not shown) calculated from the difference in concentration be-
tween the top 1 and the 15 cm layers, and related to the initial concentration of the upper layer,
photosynthetic pigments, lipids, proteins and carbohydrates were more efficiently degraded than
the refractory fraction or, in other words, displayed in that order decreasing nutritional values
(Fichez, 1991). Shirayama (1984) showed that meiofaunal organisms concentrate in the surface
layer of the sediment where flux of organic carbon into the sediment is low. Vertical distribution
patterns of meiofauna exhibited a similar trend in this study. Nematodes were concentrated in the
top 1 cm at Stations B–D), where sediments had lower organic carbon content. In contrast, at
Sta. A, which contained the highest sediment organic carbon content, nematodes were distributed
deeper in the sediments (19% in the top 1 cm of the sediment). Similar observations were made in
the Arabian Sea (Sommer and Pfannkuche, 2000). In the present study, nematode abundance was
positively correlated with biochemical indicators of sediment quality (Table 4).

4.4. The 1997–98 El Ni *nno

Most of the studies on effects of El Ni *nno have considered the macro- and megafauna
(e.g. Gallardo, 1985; Arntz et al., 1991; Tarazona et al., 1988a,b, 1996), whereas the meiofauna
have been neglected (Neira et al., 2001a, b). To our knowledge, this is the first quantitative study
on bathyal meiofauna carried out within the Peru margin OMZ during an El Ni *nno event.
Hence, the results presented in this paper may eventually be useful as a basis for meiofaunal

C. Neira et al. / Deep-Sea Research I 48 (2001) 2453–24722466



comparisons with non-El Ni *nno periods and with future El Ni *nno events. However, without
comparable data during non-El Ni *nno years, it is not possible to directly evaluate the effects of
the 1997–98 El Ni *nno.

Research off central Chile during 1997–98 offers insight into important processes that can affect
infauna during El Ni *nno events and can be used to generate predictions for future testing on the
Peru margin. During the 1997–98 El Ni *nno, Guti!eerrez et al. (2000) observed increasing penetration
of macrofauna in the sediment at a 27-m station (Bay of Concepci !oon) and a 120-m station (outer
shelf ) relative to non-El Ni *nno periods. Neira et al. (2001a) also observed increasing penetration of
meiofauna at the 27-m station and at a 64-m station (inner shelf) in the same region. This was
attributed by both authors to increased oxygenation and reduced quality of organic inputs
associated with El Ni *nno conditions.

We suggest that the vertical pattern of meiofauna observed on the upper slope off Peru (Sta. A,
305m) might be the consequence of a combination of changes in abiotic and biotic factors
triggered by El Ni *nno: a strong increase in bottom-water oxygen concentration (Arntz et al., 1991;
Tarazona et al., 1996; Tarazona pers. comm.), increasing bioturbation by burrowing oligochaetes
(Levin et al., unpublished), strongly reduced primary production in the surface waters (Barber
and Ch!aavez, 1986; Wallace and Vogel, 1994) and hence decreasing food quality of the material
deposited on the bottom, and increasing competition for food among the nematodes (Thiel, 1983).
Nematodes at the deeper margin stations are likely to be unaffected by these processes. Salzwedel
et al. (1988) and Arntz et al. (1991) indicated that El Ni *nno effects on Peruvian benthos may be
limited mainly to the shelf and uppermost slope. Subsurface meiofaunal density peaks, such as
those observed at Sta. A, have been reported from water depths between 80 and 1000m in the NE
African upwelling region, the central northern Pacific (5850m), the Red Sea (500–1500m), the
NW Atlantic off South Carolina (4000m) (Coull et al., 1977; Burnett, 1979; Thiel, 1983), and in
the Arabian Sea (4414m) (Sommer and Pfannkuche, 2000). Biotic factors such as predation,
competition for suitable microhabitat, interaction with macrofauna, microbiota and adaptation
to different physical properties of the sediment, and food supply were offered as explanations
(Thiel, 1983; Shirayama, 1984; Pfannkuche and Thiel, 1987; Danovaro et al., 1995; Sommer and
Pfannkuche, 2000).

Studies of the Peru margin meiofauna indicate that nematode abundance is enhanced in
low oxygen (50.02ml l�1) bathyal sediments, while in better oxygenated conditions, it is not.
Although the data do not support a direct effect of oxygen on the physiology of nematodes,
we hypothesize that bathyal nematode abundance within the OMZ is strongly enhanced by
high food availability and quality and, potentially, by an indirect positive effect of very
low oxygen availability through the removal of predators and competitors. In contrast,
low dissolved oxygen concentration seems to eliminate copepods and nauplii on the upper
Peruvian slope (Sta. A, 305m). Changes in oxygenation and organic matter inputs associated with
the 1997–98 El Ni *nno may have been manifested as lowered quality of organic matter and a
deepened vertical distribution of nematodes at the upper slope site (Sta. A, 305m). We predict
that during non-El Ni *nno conditions, sediment organic matter quality within the Peru OMZ
should be higher than observed in this study and that meiofaunal vertical distributions should
be correspondingly shallower within the sediment column. Under conditions of increased
oxygenation, densities of predatory and competitor species might increase and nematode densities
might decline.
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