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Abstract

Although much of the deep sea is physically tranquil, some regions experience near-bottom
flows that rework the surficial sediment. During periods of physical reworking, animals in the
reworked layer risk being suspended, which can have both positive and negative effects.
Reworking can also change the sediment in ecologically important ways, so the fauna of
reworked sites should differ from that of quiescent locations. We combined data from two
reworked, bathyal sites on the summit of Fieberling Guyot (32°27.631'N, 127°49.489'W;
32°27.581'N, 127°47.839°'W) and compared the results with those of more tranquil sites. We
tested for differences in the following parameters, which seemed likely to be sensitive to the
direct or indirect effects of reworking: (1) the vertical distribution of the meiofauna in the sea
bed, (2) the relative abundance of surface-living harpacticoids, (3) the proportion of the fauna
consisting of interstitial harpacticoids, (4) the ratio of harpacticoids to nematodes. We found
that the vertical distributions of harpacticoid copepods, ostracods, and kinorhynchs were
deeper on Fieberling. In addition, the relative abundance of surface-living harpacticoids was
less, the proportion of interstitial harpacticoids was greater, and the ratio of harpacticoids to
nematodes was greater on Fieberling. These differences between Fieberling and the comparison
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sites suggest that physical reworking affects deep-sea meiofauna and indicate the nature of some
of the effects. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Much of our knowledge of soft-bottom deep-sea communities comes from
regions that do not experience near-bottom flows strong enough to rework the
sediment. More recent studies have discovered areas of the deep sea where sediments
are reworked by near-bottom flow (Gross and Williams, 1991; Kontar and Sokov,
1994), and interest in determining the consequences of this physical reworking
(hereafter reworking) for the fauna has been substantial (Thistle et al, 1985,1991;
Aller, 1989,1997; Levin et al, 1994; Gage et al.,, 1995; Paterson and Lambshead,
1995).

Reworking of sediments should affect meiofauna. These animals are comparable in
size to fine sand and are much less dense than sediment particles, so when the
sediment around them begins to move, they risk being suspended. Suspension can be
beneficial; for example, it can increase dispersal and relieve benthic crowding (Service
and Bell, 1987). Suspension can also be detrimental; for example, animals can be
damaged while being removed from the sea bed, they can be expatriated, and they can
be exposed to water-column predators (d’Amours, 1988; Sheader, 1998). A suspended
animal may be unable to conduct its usual activities efficiently, so, for example, its
energy stores can become depleted (Thistle et al., 1995).

In our study, we found that the metazoan meiofauna (hereafter meiofauna) of
two reworked sites on the summit of Fieberling Guyot were similar enough to be
combined and used for comparison with other sites. We then tested for evidence that
reworking altered the combined Fieberling meiofauna by comparing it to that of
deep-sea sites that were relatively unaffected by reworking. We assumed that the
distribution of a variable of interest at the comparison sites we chose was representa-
tive of such sites generally and inferred that significant differences between Fieberling
and the comparison sites were due to reworking. Given the limitations of the data set,
only four types of comparison could be made. Still, though our study was not an
exhaustive investigation of reworking, we found many differences that seemed attribu-
table to its effects.

We focused first on features of the meiofauna that seemed likely to be sensitive to
the direct effects of reworking. Reworking occurs most frequently and intensely in the
upper sediment layers, and its effects can be both positive (Service and Bell, 1987) and
negative (d’Amours, 1988). If reworking confers a net benefit on the members of
a group, then the vertical distribution of the group should be shifted toward the
sediment surface relative to that at a comparison site. The opposite pattern would
indicate a net negative effect. (1) We tested for a difference in vertical distribution
between Fieberling and a comparison site for each meiofaunal major taxon.
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Some deep-sea meiofauna taxa appear to be obligately associated with the sediment
surface (Thistle, 1982) and are therefore particularly exposed to the effects of rework-
ing. If the net effect of reworking on these taxa is negative, their abundance should
be less where reworking is greater. A net positive effect should produce the opposite.
(2) We tested for a difference in surface-living harpacticoid-copepod abundance
between Fieberling and a comparison site.

Reworking could also affect the meiofauna indirectly. Reworking removes fine
particles disproportionately, increasing the amount of interstitial space, which will
increase the proportion of the deposit with conditions favorable for interstitial
harpacticoids. (3) We tested for an increase in the proportion of interstitial to other
harpacticoids on Fieberling relative to that at a comparison site. In shallow water, an
increase in interstitial space results in an increase in the abundance of harpacticoids
relative to that of nematodes (Wieser, 1959). (4) We tested for an increase in the ratio of
harpacticoids to nematodes on Fieberling relative to that at a comparison site.

2. Localities

Fieberling Guyot is in the northeast Pacific about 992 km west of San Diego. It rises
from 4300 m depth to a summit plain of 9 km? lying mostly between 500 and 700 m
depth (see Levin et al., 1994, their Fig. 1). Much of the summit plain is exposed rock,
but two sediment-covered sites were located for study. Sea Pen Rim (SPR)
(32°27.631'N, 127°49.489'W) was between 630 and 640 m depth. The sediment was
a medium sand consisting primarily of basalt particles (Table 1). For a frequency
distribution of particle sizes, see Levin et al. (1994, their Fig. 4). Sediment ripples a few
centimeters high with wavelengths of 10-30 cm were present. White Sand Swale
(WSS) (32°27.581'N, 127°47.839'W) was 2.3 km to the east in a valley about 300 m
long and 30-40 m wide between 580 and 585m depth. The sediment was also
a medium sand but included less gravel (Table 1) and consisted primarily of
globigerinacean foraminiferan tests (Levin et al., 1994). Organic carbon content and

Table 1
Environmental measures from sediments at Sea Pen Rim and White Sand Swale (Fieberling Guyot). Entries
are means; standard deviations are in parentheses. For methodological details see Levin et al. (1994)

Sea Pen Rim White Sand Swale

% Gravel 2.66 (3.01) 0.05 (0.05)

% Sand 93.09 (2.11) 96.02 (2.95)

% Silt 3.60 (2.79) 1.56 (1.60)

% Clay 0.93 (0.66) 2.38 (2.18)

% Organic carbon 0.134 (0.028) 0.119 (0.034)

% Organic nitrogen 0.016 (0.002) 0.014 (0.004)

% Calcium carbonate 19.9 (9.6) 82.4 (6.7)
Bacterial counts (x 108 m1™?) 2.06 (0.98) 1.91 (0.66)

(0-1-cm layer)
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bacterial numbers were comparable to those at SPR (Table 1). Sediment ripples a few
centimeters high with wavelengths of 10-20 cm were present.

Near-bottom currents on Fieberling’s summit were strong (20 cm s ™! at 4 m above
bottom) and were dominated by diurnal fluctuations driven by tides (Eriksen, 1991).
Modal-size particles moved daily at WSS but less frequently at SPR. The sediment at
each site contained only a small proportion of fine particles (Levin et al., 1994), as
would be expected for reworked sediments. The dissolved oxygen concentration near
Fieberling was ~ 0.8 ml/l (Levin and Gage, 1998). The presence of a lush benthic
megafauna at each site (Levin et al., 1994) suggests that the oxygen concentration of
the near-bottom water was not physiologically limiting.

Because our comparisons depended on accurate sampling of animals at the sedi-
ment-water interface, we chose to use only data taken by multiple corer, remotely
operated vehicle, or research submarine (Barnett et al., 1984; Bett et al., 1994). For
comparisons of vertical distributions by major taxon, we used data from samples
collected by multiple corer from a site in the Porcupine Seabight (PSB) (northeast
Atlantic, 51°36'N, 13°00'W) between 1320 and 1340 m depth (see Gooday et al., 1996,
for details) (Table 2). The sediment at PSB was a well-oxygenated Globigerina ooze
(57% clay and 35% silt) (Gooday, 1986) with an organic carbon content of 0.5% (Rice
et al, 1991). Near-bottom currents in this region were < 13cms~ ! at 1.3 m above
bottom (Billett et al., 1983). They were intermittently strong enough to move
phytodetritus (Lampitt, 1985), but there have been no reports of sediment motion, and
no sediment ripples have been observed (AJG, personal observation). When rework-
ing is intense enough to cause particles to move in bedload transport, ripples are

Table 2

Abundance data from the Porcupine Seabight (Discovery station 51502) (see Gooday et al., 1996, for site
description and sampling methods). The data are means of syringe (3.46 cm?) subsamples from multiple-
corer samples

Nematoda Ostracoda
Deployment 0-1-cm layer 1-2-cm layer 0-1-cm layer 1-2-cm layer
1 136.3 64.0 40 0.8
2 2275 132.0 23 0.0
4 175.8 62.5 3.8 0.0
5 158.0 144.3 35 0.5
6 195.5 119.0 6.8 1.3
8 193.3 154.3 5.3 0.7

Harpacticoida Kinorhyncha
1 23.0 1.0 0.5 0.5
2 16.0 1.8 2.0 0.0
4 12.8 0.8 2.5 0.0
5 238 5.3 1.3 0.0
6 15.8 0.5 0.8 0.0
8 17.5 3.0 27 0.3
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produced. The absence of ripples at PSB indicates that the reworking regime there is
much less intense than that on Fieberling.

Data on the proportion of the harpacticoid fauna that were surface living and the
proportion that were interstitial were unavailable from PSB, so we used data from
samples collected by remote underwater manipulator from a site at 1220 m depth in
the San Diego Trough (SDT) (eastern North Pacific, 32°35.75'N, 117°29.00'W)
(Thistle, 1978) for these comparisons. The sediment at SDT was a hemipelagic green
mud with an organic carbon content of 1-3% (Emery and Hulsemann, 1963). In San
Diego Trough, the modal current speed at 1 m above bottom was 3 cms™'; the
maximum speed was 10 cm s~ ! (Thistle and Eckman, 1990). No ripples were present
at the SDT site (DT, personal observation). SDT could not be used for the other
comparisons because only harpacticoid data were available.

3. Materials and methods

We used the submersible Alvin and a 15-cm- x-15-cm Ekman-style corer to
take four cores at SPR and four at WSS. We took two additional cores from WSS
with a 16.2-cm- x -16.2-cm Ekman-style corer. Sediments were sampled to a depth
of 10cm. Cores were divided into quarters on board ship; two quarters from
each corer were selected at random for the study of meiofauna (resulting in samples of
112.5cm? for the smaller and 131.2 cm? for the larger Ekman corer). The 0-1-
and 1-2-cm layers were sliced from each quarter and preserved in buffered 10%
formalin. We divided each sample into three size fractions using 300-, 150-, and 63-pum
sieves. The meiofauna was concentrated from the fraction caught on the 63-um
sieve with a modification of the Barnett (1968) troughing procedure. After rose-bengal
staining, animals were transferred from the concentrate and from the two larger
fractions to slides, except for nematodes, which were counted but not trans-
ferred. Adult harpacticoids were identified to working species (most harpacticoid
species on Fieberling are undescribed). For comparisons in which species identifica-
tions were not necessary, both adult and juvenile (copepodite-stage) harpacticoids
were included.

For abundance comparisons of meiofaunal major taxa, we combined the 0-1- and
1-2-cm values from the two quarters of each core (Table 3) and normalized this value
to 10 cm?. For functional-group comparisons of harpacticoids, we generally followed
Thistle (1982), assigning members of the Anchorabolidae, Eurycletodes, and a dor-
soventrally flattened species (cf. Zausodiinae) to the surface-living group and vermi-
form species with reduced pereopods from families known to contain primarily
interstitial species (Cylindropsyllidae and Paramesochridae) to the interstitial group.
Many species (72%) did not belong to either group and were not included in these
comparisons. To compare the relative abundances of harpacticoids and nematodes,
we calculated the ratio of harpacticoids to the sum of harpacticoids and nematodes
(=the H/(H + N) ratio) in the 0-2-cm layer. The comparison data from SDT were
from the 0-1-cm layer, so the 0~1-cm layer data from Fieberling were used when SDT
was the comparison site.
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Table 3
Number of individuals per 112.5 cm? of meiofauna by layer in the four samples from Sea Pen Rim and the
six samples from White Sand Swale

Sea Pen Rim White Sand Swale
0-1-cm layer 1-2-cm layer 0-1-cm layer 1-2-cm layer
Nematoda
185 200 471 403
510 355 87 142
199 156 539 518
538 239 851 692
150 192
212 86
Harpacticoida
51 36 80 57
74 34 16 45
45 11 76 100
122 84 170 87
25 40
29 10
Ostracoda
2 3 12 7
12 7 2 8
0 2 25 5
24 12 19 16
9 21
1 1
Kinorhyncha
0 0 32 30
14 2 3 5
3 3 28 31
12 7 53 43
5 6
8 4

Tests for differences between medians were done by randomization with replace-
ment (4999 trials) (Bruce, 1991). Confidence limits were calculated by bootstrap (5000
replications) (Bruce, 1991). We tested two tailed except where our a priori hypotheses
were directional. In this exploratory study, we did not correct for multiple testing; the
alpha level for each test was 5%.

4. Results
4.1. Sea Pen Rim versus White Sand Swale
SPR and WSS did not differ significantly in either median abundance (per 10 cm?)

(Table 4A) or ratio of 0-1- to 0-2-cm abundance (Table 4B) for any meiofaunal major
taxon. The 95% confidence limits overlapped extensively.
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Table 4

(A) Medians and 95% confidence levels for abundances (number of individuals per 10 cm?) of meiofaunal
major taxa in the 0-2-cm layer. (B) Medians and 95% confidence limits for the ratio of number of
individuals in the 0~1-cm layer to that in the 0-2-cm layer. (C) Medians and 95% confidence limits for the
proportion of the harpacticoid fauna belonging to the interstitial and surface-living groups of the 0-2-cm
layer

Sea Pen Rim White Sand Swale

Median Lower Upper Median Lower Upper
A.
Nematoda 51.7 31.6 76.9 53.8 23.5 115.6
Harpacticoida 8.7 50 18.3 9.1 45 19.2
Ostracoda 1.1 0.2 3.2 22 0.5 2.9
Kinorhyncha 1.0 0.0 1.7 32 0.9 70
B.
Nematoda 0.58 0.48 0.69 0.52 0.41 0.63
Harpacticoida 0.64 0.59 0.80 0.51 0.32 0.70
Ostracoda 0.60 0.50 0.67 0.53 0.39 0.64
Kinorhyncha 0.63 0.50 0.88 0.50 0.40 0.61
C.
Interstitial 045 0.26 0.61 0.37 0.26 0.54
Surface-living 0.01 0.00 0.06 0.00 0.00 0.05

SPR and WSS did not differ significantly in the median proportions of the
surface-living and interstitial groups of harpacticoids; the 95% confidence limits were
nearly coextensive (Table 4C). SPR and WSS did not differ significantly in H/(H + N)
ratios (medians = 0.160 and 0.142, respectively); the 95% confidence limits were
nearly coextensive (0.111-0.209 and 0.130-0.186).

4.2. Fieberling versus comparison sites

Because the meiofaunas at SPR and WSS were similar (see below), data from the
two sites were combined (and are referred to as the Fieberling meiofauna) in compari-
sons with the more quiescent sites.

The ratios of 0-1- to 0-2-cm abundance for harpacticoids, ostracods, and kinor-
hynchs were all significantly less (i.e., the population was shifted deeper) at Fieberling
than at PSB (Fig. 1). For nematodes, the median ratio was less at Fieberling Guyot than
at PSB (Fig. 1), but the difference was not significant (p = 0.22). The median proportion
of the harpacticoid fauna that was surface living was significantly less at Fieberling than
at SDT (0.00 versus 0.04). The median proportion of the Fieberling harpacticoid fauna
that was interstitial was significantly greater than that at SDT (0.40 versus 0.08).

The H/(H + N) ratio was significantly greater on Fieberling than at PSB (0.14
versus 0.06). We also compared the H/(H + N) ratio on Fieberling to those at 13
relatively quiescent deep-sea sites that had been sampled by multiple corer (Table 5).
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Fig. 1. Ratio of 0-1-cm layer to 0-2-cm layer abundance for Nematoda (NEM), Harpacticoida (HAR),
Ostracoda (OST), and Kinorhyncha (KIN) from Fieberling (filled squares) and Porcupine Seabight (open
circles). Bars represent ranges.

Table 5
The ratio of harpacticoids to the sum of harpacticoids and nematodes (H/(H + N) ratio) for the 0-2-cm
layer

Source Station Depth H/H + N ratio
A 511-12 510 0.027
A 511-03 960 0.023
A 511-05 2000 0.067
B 226 582 0.021
B 229 502 0.028
B 235 339 0.014
B 241 458 0.011
B 245 492 0.083
B 248 633 0.092
B 249 708 0.042
B 250 806 0.017
B 252 1185 0.017
B 253 1958 0.045
C Sea Pen Rim 635 0.160
C White Sand Swale 583 0.152

A = Pfannkuche’s (1985) data from the Porcupine Seabight. B = Herman and Dahms’ (1992) data from
the Weddell Sea. C = Data from this paper. For Pfannkuche (1985) and Herman and Dahms (1992), the
0-2-cm-layer data were estimated from information on vertical distribution of the fauna.

To make the spatial scale of the sampling more comparable, we used the average
H/(H + N) ratios from SPR and from WSS rather than ratios from individual cores.
The H/H + N ratio on Fieberling (n = 2) was significantly greater than the ratios at
the relatively quiescent, finer-grained sites (n = 13) (0.16 versus 0.03).
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5. Discussion
5.1. Sea Pen Rim versus White Sand Swale

Although SPR and WSS are within a few kilometers of each other and differed by
only tens of meters in depth, there are differences in the physical environments for
meiofauna at the two sites. The most marked difference is that the sediment at WSS
consists predominantly of the tests of planktonic foraminifera but that at SPR consists
predominantly of more dense basaltic particles (Levin et al., 1994). The sediment
moves daily at WSS but less frequently at SPR (Levin et al.,, 1994). SPR had longer
ripple wavelengths and more large particles than WSS.

Despite the physical differences, we found the meiofauna of the two sites to be very
similar. For meiofaunal major taxa, there were no significant differences in abundance
or in vertical distribution. The two sites did not differ significantly in the proportion of
surface-living and interstitial harpacticoid species or in H/(H + N) ratio. For only one
of the 41 harpacticoid species did abundances at the two sites differ significantly
(Thistle, 1998).

The paucity of significant differences was not, of course, sufficient to establish the
similarity of the faunas of SPR and WSS. We therefore examined medians and 95%
confidence limits for the several comparisons (Table 4). In most cases, the differences
between medians were small, and the 95% confidence limits overlapped extensively. If
more samples had been available, our tests would have been more powerful, but given
the small differences between medians, the differences between sites would have
remained small. We concluded that the meiofaunas of SPR and WSS were similar
enough to be combined for comparative studies.

This result was unexpected. For macrofauna, SPR and WSS differed in composi-
tion, vertical distribution, lifestyles, and recolonization rates, and the differences
appeared to be related to the environmental differences between sites (Levin et al,
1994; Levin and DiBacco, 1995). Given previous work on deep-sea meiofauna (Thistle,
1983; Carman et al., 1987), the observed environmental differences between SPR and
WSS (e.g. sediment type, sediment-transport regime) seemed sufficient to cause differ-
ences in the meiofauna as well, but we found none.

5.2. Fieberling versus comparison sites

We looked in four ways for evidence that reworking affects meiofauna. When we
compared the Fieberling meiofauna to that of sites that experience much less rework-
ing, we found harpacticoids, ostracods, and kinorhynchs to be deeper in the seabed,
and we found the proportion of the harpacticoid fauna that was surface-living on
Fieberling to be less, results that suggest negative direct effects of reworking on these
groups. We also found a higher proportion of interstitial harpacticoids and a higher
H/(H + N) ratio at Fieberling, suggesting positive indirect effects of reworking on
these groups. Therefore, we infer that reworking does affect the meiofauna on
Fieberling. The environmental conditions on the summit of Fieberling Guyot are not
unique. Thousands of seamounts exist (Smith and Jordan, 1988), and many have
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patches of physically reworked sediment (Levin and Thomas, 1989). We suspect that
the meiofaunas of these locations are similarly modified.

Because Fieberling is an island, the effects of reworking on its fauna may differ from
those on faunas from nonisland, reworked sites. The latter will be surrounded by
similar habitat (e.g. the HEBBLE site, Thistle et al., 1985; Aller, 1989), whereas the
summit sediment community on Fieberling is geographically isolated (the nearest
seamount summit is >10km away). This difference will have consequences for
immigration, emigration, and species richness (MacArthur and Wilson, 1967). Thus,
the effects of reworking seen on Fieberling are most relevant to other deep-sea island
settings. They can suggest potential effects in nonisland reworked settings, but only
research on such habitats will reveal the extent of the modifications that reworking
imposes on their faunas.

Because the deep sea is undersampled, comparison sites of comparable depth
were unavailable. PSB and SDT are roughly twice as deep as the Fieberling sites.
Although we focused on likely effects of physical reworking, we acknowledge
that some unmeasured, depth-related factor could influence the differences that we
found.

For deep-sea macrofauna, comparisons of sites that differ in reworking
have revealed patterns consistent with those reported here. For example, isopods
(Thistle and Wilson, 1987,1996) and tanaids (Reidenauer and Thistle, 1985) that live
on or close to the sediment surface are proportionately less abundant at reworked
than at quiescent sites. Levin et al. (1994) found that the macrofauna lived significantly
deeper at the more reworked of two seamount sites (see also Gage et al., 1995 and
Aller, 1997).

Additional comparative studies would help to refine our understanding of the
observed patterns. For example, Levin and Thomas (1989) reported harpacticoid and
nematode data from three seamount sites in the central North Pacific (1480, 1840, and
3150 m depth) with sand:silt:clay proportions of 84:10:6, 70:18:12, and
48:22:30. Their H/(H + N) ratios were 0.35, 0.39, and 0.40. As expected, the
H/(H + N) ratios were greater than those of muddy, deep-sea sites (see Table 5), but
the trend in the H/(H + N) ratio among the three sites was the opposite of that
expected from their assumed differences in amount of interstitial space (see also Levin
et al,, 1991). Clarification of the mechanisms underlying these patterns may require
experimentation.
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