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SYNOPSIS. Large, agglutinating protozoans belonging to the Foraminiferida (suborder
Astrorhizina) and the Xenophyophorea are conspicuous, often dominant faunal elements
in the deep sea. A review of known and suspected interactions between these forms and
metazoans reveals a potentially significant role for the protozoans in structuring deep-sea
metazoan assemblages. Direct interactions include provision to metazoans of (a) hard or
stable substratum, (b) refuge from predators or physical disturbance, and (c) access to
enhanced dietary resources. In some instances, rhizopod tests may provide a nursery func-
tion. Xenophyophore modification of flow regimes, particle flux, bottom skin friction and
sediment characteristics appear likely and are believed to account for altered composition
and abundance of meiofauna and macrofauna in the vicinity of rhizopod tests. Some anal-
ogous interactions are observed between metazoans and biogenic sediment structures in
shallow water. However, metazoan-rhizopod associations are hypothesized to be more highly
developed and complex in the deep sea than are comparable shallow-water associations,
due to rhizopod abilities to enhance scarce food resources and to low rates of disturbance
in much of the deep sea. Agglutinating rhizopods appear to be a significant source of
heterogeneity on the deep-sea floor and large tests often represent 'hotspots' of metazoan
activity. As such, they are hypothesized to have contributed to the origin and maintenance
of metazoan diversity in the deep sea by providing distinct microenvironments in which
species can specialize.

INTRODUCTION

Among the many differences between
shallow- and deep-water faunas of marine
sediments are changes in organism size and
taxonomic composition. Along a gradient
of increasing depth, the average size of
infaunal individuals diminishes (Thiel,
1975, 1983; Shirayama and Horikoshi,
1989), and the importance of meiofauna, in
particular, foraminiferans, increases. For
example, in a comparison of faunal com-
position at 3 m, 295 m and 2,000 m in the
western Pacific Ocean, Shirayama and Ho-
rikoshi (1989) found foraminiferans to make
up < 5%, 15% and nearly 50% of the infauna
retained on a 63-/tm screen, respectively.
Increasing importance of meiofaunal taxa is
part of a well-documented trend towards
small body size with increasing water depth.
However, extraordinarily large species have
been reported frequently within selected taxa
in deep water (Lipps and Hickman, 1982;
Thiel, 1983).

Two groups noted for large body size (0.5

1 From the Symposium on New Perspectives in Soft-
Sediment Ecology.

to > 10 cm) in the deep sea are the Fora-
miniferida and Xenophyophorea, rhizopod
protozoan taxa which both include agglu-
tinating forms. Representatives from these
groups are frequently abundant and con-
spicuous components of deep-sea faunas
(Tendal, 1972; Tendal and Hessler, 1977;
Bernstein etf al., 1978;Gooday, 19836,1991;
Levin and Thomas, 1988; Gooday and Ten-
dall, 1988; Schroder et al., 1988, 1989;
Kaufmann et al., 1989; Levin et ai, 1991a;
Gooday et ai, 1992) and their tests often
attain sizes much larger than the majority
of metazoans with which they occur (Thiel,
1975; Gooday, 1990). The Komokiacea,
agglutinating foraminiferans that some-
times attain large size (e.g., on manganese
nodules; Mullineaux, 1988) but are often
<0.5 cm, will be included in the following
discussion because of their numerical
importance in many deep-sea settings (Ten-
dal and Hessler, 1977; Schroeder et ai,
1989). The natural history of these organ-
isms in the deep sea is poorly known, as the
study of live specimens has been initiated
relatively recently. Access to deep-water
material in good condition has been limited
partially by the fragility of tests, and partly
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BENTHIC RHIZOPOD-METAZOAN INTERACTIONS 887

by a long-standing failure to recognize many
specimens in samples as organisms (Tendal,
1972; Tendal and Hessler, 1977).

The intent of this paper is to explore the
potential importance of interactions between
large, agglutinating rhizopods and metazo-
ans in deep-sea, soft-sediment settings. Some
mention will be made of interactions on hard
substrates when these substrates occur
within a larger sedimentary environment
(e.g., Mn nodules). In many areas tests of
agglutinating protozoans are the dominant
biogenic structure present at the sediment-
water interface (Rice et al., 1979; Tendal
and Gooday, 1981; Levin and Thomas,
1988;Cartwrightftfa/., 1989; Gooday, 1991;
Levin et al., 1991a; Gooday et al., 1992). I
will briefly discuss the natural history of
protozoans in such settings, then focus on
their synecology with respect to possible
influence on metazoan community organi-
zation. Interactions of potential importance
include (1) use of protozoan tests by meta-
zoans as substrate and refuge, (2) predation
on protozoans by metazoans, and vice versa
and (3) indirect interactions involving alter-
ation of metazoan sedimentary and feeding
environments by protozoans and their tests.
Where possible, I will make comparisons
with processes involving biogenic structures
in shallow waters.

DISTRIBUTION AND NATURAL HISTORY OF
LARGE, AGGLUTINATING RHIZOPODS

Large (>0.5 cm longest dimension),
agglutinating species belonging to the For-
aminiferida and Xenophyophorea have been
reported from all the major ocean basins
(Tendal, 1972; Tendal and Hessler, 1977;
Gooday, 1990). The greatest densities of
large forms occur in regions of high surface
production (e.g., beneath upwelling zones),
or on sloped topography where particle flux
is high (e.g., seamounts, canyons, trenches
and continental slopes) (Levin and Thomas,
1988; Gooday, 1990). Areas known to have
high densities of large agglutinating rhizo-
pods, and the sizes of the organisms
involved, are listed in Table 1. Some of these
locations are depicted in Figure 1. Regions
with the highest known xenophyophore
densities (1-20/m2) include the NE Atlantic
off Africa (Fig. 1A) (Tendal and Gooday,

1981), the NW Atlantic continental slope
(Fig. IB) (B. Hecker, personal communi-
cation), and eastern Pacific seamounts near
the east Pacific Rise (Levin and Thomas,
1988) (Fig. 1C). On one central Pacific sea-
mount, (Magellan Rise, 3,150 m), xeno-
phyophores exhibit average densities of 0.4/
m2 (Fig. ID), and comprise >90% of the
epibenthic megafauna (Kaufmann et al.,
1989). High densities of an infaunal xeno-
phyophore at least 2.5 cm long (3.6 xlO3

fragments/m2) were reported by Tendal et
al. (1982) at 8,260 m in the Ogasawara
Trench off Japan. Dense foraminiferan
assemblages are reported from the Santa
Catalina Basin, where 5 epibenthic species
(1-6 cm) occur at 200-300/m2 (Levin et al.,
1991a) (Fig. 1E), in the central North Pacific
where komokiaceans dominate (Tendal and
Hessler, 1977), and at three locations in the
North Atlantic, where species of the tubular
foraminiferan Bathysiphon are present at
densities of 10-175/m2 (Gooday, 1983a;
Gooday et al., 1992) (Fig. IF).

The two agglutinating rhizopod classes
addressed in this review, the Foraminifer-
ida (suborder Astrorhizina) and the Xeno-
phyophorea, are similar in that they agglu-
tinate sediment particles, often selectively,
to form elaborate tests with a characteristic
structure. Xenophyophores and many of the
largest agglutinating foraminiferans occur
primarily in deep (> 600 m) or high-latitude
waters (Tendal, 1972; DeLaca et al., 1980;
Gooday, 1990). All xenophyophores and
some astrorhizinids (e.g., Bathysiphon, Rhi-
zammina) are multinucleate. Similarly all
xenophyophores and some astrorhizinid
foraminiferans (e.g., komokiaceans) pro-
duce fecal pellets (stercomata) 10-30 fim in
diameter, which may be retained within the
test. The Xenophyophorea differ from the
agglutinated Foraminiferida in (1) having
fecal pellets (stercomata) packaged in strings
or masses (stercomare) that are retained
within the test and encased by an organic
membrane, (2) the presence of barite crys-
tals (BaSO4), termed granellae, within the
plasma (Gooday and Nott, 1982) and (3)
the presence of an organic tube system
enclosing the branched protoplasmic
strands.

Large agglutinating foraminiferans are
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888 LISA ANN LEVIN

FIG. 1. Settings with high densities of one or more agglutinated rhizopod species. A. Xenophyophores Retic-
ulammina labyrinthica in the Northeast Atlantic offW. Africa, 3,921 m. Discovery Station 9131, Haul 11.
20°09'N, 21°40'W. (Photo courtesy of the Institute of Oceanographic Sciences, Deacon Laboratory, Benthic
Biology Group.) B. Xenophyophores Syringammina sp. on the NW Atlantic slope off New Jersey, 2,200 m.
41°N, 73°W. (Photo courtesy of B. Hecker, Lamont Dougherty Geological Observatory.) C. Reticulammina sp.
on thecaldera floor of MOK Seamount, eastern Pacific Ocean, 1,925 m. 09°57'N, 104"35'W. D. Xenophyophores
on the cap of Magellan Rise in the central Pacific Ocean, 3,150 m. O7°O5'N, 176"52'W. E. Foraminiferans
Pelosina cf. arborescens on the floor of the Santa Catalina Basin, eastern Pacific Ocean, 1,240 m. 33°12'N,
118°30'W. F. Foraminifers Bathysiphon filiformis on the NW Atlantic slope, off Cape Hatteras, North Carolina,
850 m. 35°23'N, 74°50'W.
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TABLE 1. Deep-water settings in which large, agglutinating rhizopods (Foraminiferida and Xenophyophorea) are dominant components of the fauna.*

Location

NE Atlantic (off W.Af-
rica)

NW Atlantic slope,
Georges Bank to New
Jersey

NW Atlantic Canyons
(Lydonia, Oceanogra-
pher, Heezen)

Eastern Pacific Sea-
mounts (MOK, MIB)

New Zealand Plateau

Santa Catalina Basin

Central N. Pacific

Central N. Pacific, Ma-
gellan Rise

West Pacific, Ogasawara
Trench

NE Atlantic (off W.Af-
rica)

Porcupine Seabight, SW
Ireland

NW Atlantic slope, off
North Carolina

NE Atlantic, Biotrans
site

Depth (m)

3,000^,000 m

900-1,500 m

1,700-2,200 m

800-1,300 m

1,200-1,300 m

> 4,000 m

3,100 m

8,260 m

4,000 m

-1,350 m

600-1,000 m

500-2,000 m
4,000-4,500 m

* All taxa are at least partly epibenthic unless

Rhizopod taxa

Reticulammina laby-
rinthica

Syringammina sp.

Syringammina sp.

Reticulammina spp.

Syringammina tas-
manensis

5 spp. including Pelo-
sina cf. arborescens,
a mud-walled astro-
rhizinid

agglutinated foramini-
fp,c
1C1 J

Psamminidae

Occultammina pro-
funda*

Bathysiphon rusticus

B. folini
Rhizammina algae-

formis
B. filiformis

B. major
R. algaeformis

Individual size
(longest dimension)

3-4 cm

4-5 cm

4-8 cm

5 cm

0.5 to 6 cm

0.5 cm

~4 cm

2.5 cm

up to 6 cm

up to 8 cm

3-12 cm

3-9 cm
up to 4 cm

noted otherwise, * = infaunal.

Shape

hemispherical, retic-
ulate

hemispherical, retic-
ulate

hemispherical, retic-
ulate

hemispherical, retic-
ulate

hemispherical, retic-
ulate

tubular, branched
spherical
tubular & spherical

flat, fan-shaped

tubular
hexagonal network

tubular

unbranched tubular,
tubes branching

tubular

tubular
clumps of tubes

Densities

3-20/m2

1-2/m2

15-20/m2

1-18/m2

1/m2

75-100/m2

37-75/m2

Total 200-300/m2

0.2-0.5/m2

3.6 x 103

fragments/m2

20/m2

3-16/m2

11-35/m2 @ 600 m
59-154/m2® 854 m
50/m2

I/core

Reference

Tendal and Gooday,
1981

B. Hecker, unpublished
data

B. Hecker, unpublished
data

Levin and Thomas,
1988

Tendal and Lewis,
1978

Levin et ai, 1991a

Bernstein et ai, 1978

Kaufmann et ai, 1989

Tendal et ai, 1982
Swinbanks and Shira-

yama 1986*
Gooday, 1983a

Gooday, 1983a
Cartwright et ai, 1989

Gooday et ai, 1992

Cartwright et ai, 1989
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890 LISA ANN LEVIN

known to feed as carnivores, detritivores,
herbivores (on microalgae), suspension
feeders, and deposit feeders (Lipps, 1983;
Jones and Charnock, 1985; Cedhagen, 1988;
Gooday, 1990). They also can take up dis-
solved organic matter (DeLaca etal, 1981).
Xenophyophores have been reported to be
primarily suspension feeders (Tendal, 1972),
and their presence in regions of high par-
ticulate flux and on sloped topography sup-
ports this conclusion. Levin and Thomas
(1988) proposed that reticulate and folded
xenophyophore test morphologies may be
adapted to entrain water and suspended
particles, thereby permitting tests to serve
as passive particle traps. Photographic
observations of extensive pseudopodial
traces on surface sediments (Lemche et al,
1976) suggest a surface-deposit feeding mode
for some species.

DIRECT PROTOZOAN-METAZOAN
INTERACTIONS

Use of protozoan tests
The most readily identified association

between metazoans and agglutinating pro-
tozoans is the habitation of rhizopod tests
by a wide range of metazoan taxa. Rhizopod
test morphologies are varied and complex
(Fig. 2) and test interstices offer consider-
able living space. Tests may provide: (1) a
source of hard or semi-hard substratum in
an otherwise soft-bottom setting, (2) refuge
from predators or physical hazards, (3)
microhabitats suitable for mate location and
reproduction or (4) enhanced food supplies.
Food resources associated with agglutinat-
ing rhizopods may include trapped partic-
ulates, protozoan protoplasm or fecal mate-
rial, other metazoans, or elevated position
and access to enhanced paniculate flux
above the sediment-water interface. Tests
can provide the resources mentioned above
while the rhizopods are living (Levin and
Thomas, 1988; Gooday et al, 1992) or after
they are dead (Gooday, 1984).

Protozoans as substrate and refugia
Metazoan use of agglutinated xenophyo-

phore and foraminiferan tests as substrate
in the deep sea appears to be widespread.
Four detailed investigations have been car-
ried out (Table 2). Examination of tests of

living xenophyophores (mostly in the genus
Reticulammina) on eastern Pacific sea-
mounts (Figs. 1C, 2a-d) (Levin and Thomas,
1988) and tests of living foraminiferans
{Bathysiphon filiformis) on the upper NW
Atlantic slope (Fig. IF) (Gooday et al, 1992)
produced very similar lists of metazoan
associates (Table 2), despite the very differ-
ent morphologies of host rhizopod tests. The
average number of metazoans found on each
test was 18 and 16 for the two studies,
respectively, and all tests had some meta-
zoan associates. Nematodes, harpacticoid
copepods, polychaetes, peracarid crusta-
ceans, ophiuroids (on xenophyophores only)
and gastropod embryos (on Bathysiphon
only) comprised the majority of metazoan
test inhabitants in these two investigations
(Table 2), but many other metazoan taxa
were present. In contrast, only 25% of 83
living specimens of epibenthic, agglutinat-
ing foraminiferans in the Santa Catalina
Basin (SCB) had associated metazoans. The
32 metazoans found on the SCB foraminif-
eran tests included polychaetes, nematodes,
harpacticoid copepods, peracarid crusta-
ceans and sponges (Table 2; Levin et al.,
199 la). The observation of fewer metazoan
associates among the SCB foraminiferans
might be due to the tests' smaller size and
lesser above-sediment exposure, relative to
the xenophyophores or Bathysiphon filifor-
mis.

Investigations of the interior of'dead' fo-
raminiferan and xenophyophore tests pro-
duced a different ranking of associates
(Gooday, 1984). Sipinculans, which often
occupy protected cavities (Barnes, 1974),
were by far the most common test inhabi-
tants (86%), while the metazoan groups that
dominated in previously mentioned studies
comprised most of the remaining test
inhabitants (Table 2). Other records of
metazoans in foraminiferan tests, reviewed
by Gooday (1984), also indicate sipuncu-
lans to be the most common inhabitant.

Similar use of biogenic structures such as
tubes, burrows, or plant stalks by nonhost
invertebrates is well documented in shallow
systems. Examples include occupation of
echiurid burrows by commensal crabs,
polychaetes and bivalves (Reise, 1985),
habitation of onuphid polychaete tube caps
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BENTHIC RHIZOPOD-METAZOAN INTERACTIONS 891

FIG. 2. Examples of agglutinated rhizopod test morphologies, a. Reticulammina n. sp. 3 (xenophyophore),
1,924 m, MOK seamount, eastern Pacific, 6 cm diameter, b. Psammina sp. (xenophyophore), 3,353 m, Volcano
7 in the eastern Pacific, 4 cm diameter, c. Galatheammina sp., 1,775 m, Volcano 6 in the eastern Pacific, 6 cm
diameter, d. Reticulammina sp. on basalt, 1,952 m, MOK seamount. e. Unidentified xenophyophore (possibly
Stanophyllum sp.), 5,270 m offjapan, approximately 4 cm long. (Photo courtesy of D. Checkley, North Carolina
State University.) f. Unidentified xenophyophore, 1,803 m from MOK seamount, eastern Pacific, 5 cm diameter,
g. Unidentified xenophyophore, 2,978 m, Volcano 7 in the eastern Pacific, 7 cm diameter, on a piece of Mn
crust, h. Syringammina sp. (xenophyophore), from Wilmington Canyon, NW Atlantic, approximately 1,400 m.
Reticulations are 2 to 2.5 mm apart, i. Unidentified xenophyophore from Volcano 7, eastern Pacific, 3,005 m,
maximum dimension is 3.5 cm. j . Komokiacean Lana sp., 1,924 m from MOK seamount, eastern Pacific.
Dimension 0.5 cm. k. Mud-walled astrorhizinid, 1,275 m, Santa Catalina Basin, 1 cm diameter. 1. Foraminiferan
Pelosina cf. arborescens, 1,275 m, Santa Catalina Basin, eastern Pacific, 3 cm length, m. Unidentified astro-
rhizinid, 788 m from Volcano 7, eastern Pacific, 1.5 cm longest dimension.

by macro- and meiofaunal forms (Bell and
Coen, 1982; Bell and Devlin, 1983), and
occupation of dead Spartina culms by oli-
gochaetes (L. Levin, unpublished observa-
tion).

The exact nature of the metazoan inter-
action with agglutinated rhizopod tests is
often difficult to discern. Some taxa clearly
use the tests as hard substrate in an other-
wise soft-sediment setting. Tendal (1985)
proposed that the xenophyophore Stan-
nophyllum zonarium provides an important
source of hard substrate to the monopla-

cophoran Neopilina galatheae as well as
serving as a dietary resource. Attachment
of metazoan sediment tubes and egg cases
to rhizopod tests appears common. B. fili-
formis tubes on the North Carolina slope
support an extensive epifauna and are often
covered with sediment tubes and mucous
nets (Fig. 3). Eighty-three percent of the
attached macrofaunal forms are either gas-
tropod egg cases or a terebellid polychaete,
Nicolea sp. (Gooday et ai, 1992). The ter-
ebellid life habits resemble those of a shal-
low-water congener, N. zostericola, which
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TABLE 2. Metazoans inhabiting tests of agglutinating rhizopod protozoans.'

Rhizopod taxon

Location
Water depth
Reference

No. tests examined
No. rhizopod spp. examined
Percent of tests inhabited by

metazoans
Total no. metazoans present

Major metazoan taxa2

Nematodes
Harpacticoid copepods
Polychaetes
Ophiuroids
Peracarid crustaceans
Molluscs
Ostracods
Sipunculans
Poriferans

Xenophyophores (mostly
Reticulammina spp.)

E. Pacific seamounts
1,200-3,350 m
Levin and Thomas, 1988

27 (living)
8

100
485

35.9%
30.5%
11.5% (16 families)
8.2%
6.0%
1.6%
1.4%
1.0%
1.0%

Foraminiferans (Bathysi-
phon filiformis)

NW Atlantic
850 m
Gooday et. al., 1992

20 (living)
1

100
322

28.0%
17.5%
13.6% (6 families)

3.6%
31.0%

1.5%

Foraminiferans and xeno-
phyophores (mostly Bathy-
siphon folini)

NE Atlantic
997-4,414 m
Gooday, 1984

16,150 (?)
18

9
1,011

4.2%
2.2%
4.6% (6 families)

1.5%

8.7%

Foraminiferans (Pelosina cf. ar-
boresans, P. cylindrica, Oryc-
toderma sp. & 2 mud-walled
astrorhizinids)

Santa Catalina Basin
1,240 m
Levin et al, 1991a

83 (living)
5

25
32

31.0%
18.8%
31.3% (5 families)

9.4%

6.3%
1 Only taxa comprising > 1% of metazoans within a study are included.
! Percent of total metazoans collected in that study.
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V
FIG. 3. Two views of Bathysiphonfiliformis tubes from
the NW Atlantic slope off Cape Hatteras, North Car-
olina, 850 m. Tubes are 6-12 cm in length. Attached
sediment tubes (and presumably mucous nets) are made
by the terebellid polychaete Nicolea sp. Photographs
were taken by the Johnson Sealink with an 85 mm
camera on dive 2627.

attaches to tubular holdfasts of brown and
red algae (Eckelbarger, 1974). Egg cases, an
unidentified discoidal anemone, and a
medusoid polyp (Stephanossyphus) were
found attached to 2 specimens of the xe-
nophyophore Psammina delicata (Gooday
and Tendal, 1988). Gooday (1984) reported
the presence of nematode and sipunculan
egg clusters in rhizopod tests. A number of
soft-bottom species seek protection for eggs
on hard substrates in shallow water, includ-
ing mud snails that lay eggs on oyster shells
(Ruppert and Fox, 1988) and killifish that
attach eggs to Spartina culms (Kneib, 1986).

Two genera of suspension-feeding palu-
dicelline ctenostome bryozoans are com-
monly found intergrown with agglutinating
xenophyophores and foraminiferans, often
with the initial zoids deeply embedded
within the body of the rhizopod (Gooday
and Cook, 1984; Gooday and Tendal, 1988;

Gooday, 1991). The bryozoans Nolella spp.
were found intergrown with 4% of komo-
kiaceans (mostly Lana spp.) and 4-38% of
tests of the xenophyophore Homogam-
mina maculosa examined from off NW
Africa. Victorella soulei was associated with
the xenophyophore Reticulammina labryn-
thica. These rhizopod-bryozoan associa-
tions are not obligatory, as the species inves-
tigated are also known to live on sponges
(Gooday and Cook, 1984). Gooday and
Cook (1984) proposed a mutualistic rela-
tionship between Nolella aSmonniotae and
its komokiacean host in which the komo-
kiacean may protect Nolella from minute
predators, while the particle-bearing feeding
currents of the bryozoan may enhance the
komokiacean diet.

Organisms attached to test surfaces of
epibenthic rhizopods are probably benefit-
ing from elevation above the sediment sur-
face as well as from access to hard substrate.
They may obtain refuge from infaunal pred-
ators, and suspension feeders raised above
the bottom gain access to enhanced particle
fluxes in the benthic boundary layer above
the viscous sublayer (Lutze and Thiel, 1989;
Mullineaux, 1989).

Not all metazoans live on surfaces of rhi-
zopod tests. Gooday (1984) reported two
nematode species that dwell inside tests
between fecal masses and protoplasm of the
xenophyophore Aschemonella ramulifor-
mis. Harpacticoid copepods were abundant
inside the sediment tubes of the xenophyo-
phore Syringammina sp. (Levin and Hug-
gett, unpublished observation). Several
polychaete species from the eastern and cen-
tral Pacific, including a flabelligerid, appear
to construct sheaths of rhizopod stercomes
(Levin et ai, 1991*; Riemann, 1983).

The number of metazoan inhabitants has
been positively correlated with rhizopod test
size (Levin and Thomas, 1988). There is a
negative relationship between mesh size of
the komokiacean tubule system and the
number and size of associated ctenostome
bryozoan colonies (Gooday and Cook,
1984). These observations suggest that rhi-
zopod abundance, size and morphology may
influence metazoan community structure.

A number of metazoan taxa appear to live
exclusively or preferentially in association
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with rhizopod tests (Cutler, 1969, 1973),
although the associations may result from
lack of suitable alternatives (i.e., other tubu-
lar cavities). Cutler and Cutler (1980)
describe 3 sipunculan species found mainly
inside tubes of agglutinating foraminiferans,
Aspidosiphon zinni, Golfingia schuttei and
G. minuta. The nematode Syringonomus
typicus (Leptosomatinae) usually inhabits
the cylindrical tubes of the foraminiferan
Rhabdammina abyssorum (Hope and Mur-
phy, 1969). Gooday (1984) reported finding
40 polychaetes inhabiting dead forminif-
eran tests. Four-fifths of these belong to two
previously undescribed species (a phyllo-
docid Mystides bathysiphonicola and a fau-
veliopsid, Fauveliopsis olgae), that may live
primarily or exclusively in foraminiferan
tubes (Hartman-Schroder, 1983). The poly-
chaete Nicolea sp., which is very abundant
on the tubes of living B.filiformis at 850 m
off Cape Hatteras, North Carolina, is not
found in surrounding sediments (Schaff and
Levin, unpublished data) and probably lives
exclusively on B. filiformis tests or other
tubular structures. Isopods in the genus
Hebefustis were reported as rhizopod inhab-
itants in both Pacific (Levin et ah, 1986)
and Atlantic Ocean (Gooday, 1984) studies,
and may typically seek shelter inside agglu-
tinated tests. Thus, both foraminiferans and
xenophyophore tests appear to support spe-
cialized metazoan assemblages.

Larger megafauna often reside beneath
xenophyophore tests. Most reticulate xe-
nophyophores collected on eastern Pacific
seamounts typically had one or more ophiu-
roids residing under the tests (Levin and
Thomas, 1988). A similar phenomenon has
been observed in photographs from the NW
Atlantic slope (Fig. IB). Because large num-
bers of juvenile ophiuroids were collected
in and under xenophyophore tests, Levin et
al. (1986) suggested that rhizopod tests
function as a nursery habitat for juvenile
metazoans in a manner similar to that in
which juvenile abalone and sea urchins seek
food and protection beneath large urchin
spine canopies in California kelp forests
(Tegner and Dayton, 1977).

Predation
The literature contains only a few reports

of metazoan predation on large rhizopods,

though such occurrences are probably com-
mon. Among the best documented cases is
the consumption of the xenophyophore
Stannophyllum zonarium by the monopla-
cophoran Neopilina galatheae (Tendal,
1985). Radula marks were present on 30%
of the S. zonarium tests examined, and ster-
comare and granellare were present in the
monoplacophoran gut (Tendal, 1985). Both
predator and prey occur exclusively in deep
water, and Tendal (1985) has suggested N.
galatheae may specialize on xenophyo-
phores.

The lysianassid amphipod, Aristias sp., is
reported to prey on the foraminiferan
Hyperammina palmiformis (though H. pal-
miformis might be a metazoan [R. L.
Manuel, personal communication to A. J.
Gooday]) based on the presence of rhizopod
tissue in the amphipod gut (Gooday, 1984).
Komokiaceans have been found in the gut
contents of large, deposit-feeding inverte-
brates, including several species of the aster-
oid genus Eremicaster, the echiurid Jakobia
birsteini, and several species of molpadiid
holothurians (Sokolova, 1986). In some of
these invertebrates foraminiferans and xe-
nophyophores comprised 15-40% of the gut
contents, and selectivity for rhizopods was
indicated (Sokolova, 1986). Several other
deep-sea taxa, including scaphopods
(Davies, 1987) and the isopod Amuletta
(Wilson and Thistle, 1985) are known to be
selective predators on foraminiferans. The
gut contents of tube-building serpulid poly-
chaetes on manganese nodule surfaces in the
central north Pacific included the presence
of densely-packed foraminiferan stercom-
ata, and another unidentified polychaete had
stercomata incorporated into its tube as well
as its gut contents (Riemann, 1983). Poly-
chaete consumption of foraminiferans was
inferred from these observations, though the
prey was never identified.

Much of the evidence for metazoan pre-
dation on agglutinating rhizopods comes
from observations of stercomata in meta-
zoan guts. It is unclear whether the predator
derives more nutrition from rhizopod pro-
toplasm or from the fecal material. If Ten-
dal's (1979) theory that microbial gardening
takes place within rhizopod fecal masses is
correct, then the stercomata may represent
an exceptionally nutritious food source in
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otherwise food-poor settings. Observations
of harpacticoid copepods with stercome-
filled guts inside Syringammina tests (Levin
and Huggett, unpublished data) lend sup-
port to this idea. Rhizopods are most likely
to represent an important dietary resource
to metazoans when specialization occurs (as
is probably the case for Neopilina galatheae)
or in locations where rhizopod volume
greatly exceeds that of all metazoans com-
bined (e.g., the central north Pacific; Tendal
and Hessler, 1977; Bernstein et al., 1978;
Mullineaux, 1988).

Rhizopod predation on small metazoans
probably occurs (Gooday, 1990), but the
frequent occurrence of metazoans on and
within protozoan tests suggests that such
predation is of minor importance or is highly
selective. Squash preparations of Bathysi-
phon filiformis protoplasm from the North
Carolina slope revealed polychaete setae and
jaws (Gooday et al, 1992), suggesting that
B. filiformis functions as a carnivore or sur-
face deposit feeder. If rhizopods do prey on
small metazoan forms, high densities of epi-
benthic rhizopods (see Fig. 1) might be
expected to inhibit recruitment of metazoan
larvae.

Competition
Competition between deep-sea metazo-

ans and large rhizopods for food or space
may occur where rhizopods obtain high
densities, but this has not been studied. In
a shallow mudflat, negative interactions
between calcareous foraminiferans and a
harpacticoid copepod species have been
shown to result from rhizopod exploitation
of microfloral food (Chandler, 1989). In deep
water, large, epibenthic rhizopods may
remove organic-rich particulates from water
near the sediment surface before metazoan
deposit feeders can obtain access.

INDIRECT INTERACTIONS

Studies of rhizopod interactions with
infaunal metazoans (not attached to tests)
are scarce, but positive relationships might
be expected based on shallow-water inves-
tigations of biogenic structures. In intertidal
and shallow subtidal settings, elevated den-
sities of infauna are typically observed near
sediment tubes, grass culms and similar
protruding structures (Eckman et al., 1981;

Eckman, 1983; Gallagher et al, 1983; Luck-
enbach, 1986). Mechanistic studies point to
diminished predation (Luckenbach, 1984),
increased sediment stability (Luckenbach,
1986), increased skin friction leading to
enhanced microbial activity (Eckman,
1985), enhanced larval deposition (Jumars
and Nowell, 1984) and host mucous pro-
duction (Probert, 1986) as possible sources
of infaunal enhancement.

Elevated abundances of macrofauna and
meiofauna have been observed in sedi-
ments beneath and <7 cm away from xe-
nophyophore tests on seamounts, relative
to those in nearby sediments lacking the
rhizopods (Levin and Thomas, 1988; Levin
et al, 1986). The taxa exhibiting greatest
enhancement were isopods, tanaids, ophiu-
roids, nematodes, harpacticoid copepods
and ostracods. Subsampling within 196 cm2

boxcores revealed that for many taxa,
especially the meiofauna, abundance
increases were observed directly beneath the
tests or in sediments within a few cm of tests
(Levin et al, 1986). Both positive and neg-
ative associations between infaunal harpac-
ticoid copepods and the presence of three
species of agglutinating foraminiferans in
boxcores were reported by Thistle (1979,
1982) in the San Diego Trough. However,
neither of these studies documented the
mechanisms underlying the association.

Several attempts have been made to
ascertain whether rhizopod tests or similar
biogenic structures (e.g., cirratulid poly-
chaete mudballs) create special microhabi-
tats for deep-sea metazoans by altering sed-
iment characteristics such as particle
deposition, grain size or microbial activity
and abundance. Nyholm (1957) was the first
to document sediment stabilization by
foraminiferans in shallow water. Some xe-
nophyophore species have root-like struc-
tures (Fig. 2e) that might be expected to
stablize sediments or inhibit predators in
the same manner as marsh or seagrass rhi-
zomes (Orth, 1977; Peterson, 1982).

Xenophyophore test structures modify
boundary skin friction at the sediment-water
interface in a manner and with scaling sim-
ilar to that described by Eckman and No-
well (1984) for tubes and by Thistle and
Eckman (1990) for cirratulid mudballs (J.
Eckman, personal communication). Within
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the vicinity of xenophyophore tests (several
widths), regions of increased and decreased
boundary skin friction are present in uni-
directional flow, and irregular and folded
tests add turbulence and entrain water and
particles (Levin, unpublished observation).
Thistle and Eckman (1990) have provided
evidence for enhanced bacterial abundance
near mudballs (1 cm diameter) occupied by
cirratulid hosts in the San Diego Trough
(1,050 m), and similar microbial enhance-
ment might be expected in the vicinity of
occupied rhizopod tests. Experimental work
by Eckman (1985) suggests that tubes and
other biogenic structures protruding above
the sediment-water interface should
improve conditions for microbial coloni-
zation and growth; however, Thistle and
Eckman (1990) found no such effect for
uninhabited cirratulid mudballs. Schaff et
al. (in preparation) investigated microbial
and macrofaunal abundances inside and
outside dense patches (75-150/m2) of B.fil-
iformis tubes (4—12 cm long) at 850 m on
the North Carolina slope, but found no sig-
nificant differences. The observation of rhi-
zopod effects on microbial and metazoan
communities may be highly dependent on
the species examined, the general environ-
mental conditions (flow regime, organic
matter availability), and the scale on which
observations are made.

Several lines of evidence suggest that
agglutinating xenophyophores may modify
particle flux at the sea floor. At bathyal
depths on seamounts, xenophyophore tests
and sediments beneath them exhibited
inventories of excess Th-234 (a naturally
occurring radioisotope used as a particle
tracer) 3 to 17 times higher than the ambient
seafloor sediments (Levin et al., 1986 and
unpublished data). These data suggest that
the xenophyophores may enhance particle
flux to the seabed on 100-day time scales
(Levin et al., 1986; DeMaster, personal
communication). In contrast, three agglu-
tinating foraminiferans from bathyal depths
(Pelosina cf. arborescens, an unidentified
mud-walled astrorhizinid, and B.filiformis)
revealed no enhancement of excess Th-234
activity associated with tests (R. Pope, per-
sonal communication). In photographs from
SW Pacific trenches, Lemche et al. (1976)

reported that the bottom around xeno-
phyophores is darker than normal and they
attributed this to accumulated sediments.
Swinbanks and Shirayama (1986a, b) dem-
onstrated elevated activities of excess Pb-
210, a 100-year particle tracer, due to the
presence of an infaunal xenophyophore,
Occultamminaprofunda. They identified the
stercomata and protoplasm as likely sources
of Pb-210 activity. Tendal (personal com-
munication—Deep-Sea Newsletter, 1985)
suggested that high levels of radioactivity
from these and similar taxa could lead to
mutation in organisms that consume xeno-
phyophores.

The scant evidence available suggests that
xenophyophores have a greater influence on
infaunal metazoans (not living within the
rhizopod tests) than do foraminiferans. The
large size, intricate (particle-trapping) mor-
phologies, and particle-sequestering behav-
ior of xenophyophores may either directly
or indirectly benefit many different taxa.
Clearly, much further study is required
before the importance of rhizopods to deep-
sea metazoan communities will be known.
Particularly intriguing topics about which
we are completely in the dark include: spe-
cialization of metazoan taxa on resources
provided by rhizopods such as food or shel-
ter, exploitative and interference competi-
tive interactions, effects on settlement of
metazoan larvae, effects on sediment geo-
technical properties, and knowledge of the
relative importance of passive effects
(resulting from structural features of the
tests) versus active processes, dependent on
the living protozoan.

ANALOGIES AND IMPLICATIONS
Shallow-water systems offer many situa-

tions analogous to the biotic interactions I
have described for deep-sea rhizopods.
There are large, agglutinating rhizopods liv-
ing in high-latitude shallow sediments (Ced-
hagen, 1988; Tendal and Thomsen, 1988;
DeLaca et al., 1980) that probably have eco-
logical effects similar to their deep-water
counterparts. Though few synecological
investigations have been carried out on these
forms, a study of the foraminiferan Astro-
rhiza limicola showed relatively few meta-
zoans (3 spp.) associated directly with tests
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(Cedhagen, 1988; Tendal and Thomsen,
1988).

Exposed regions of agglutinated poly-
chaete tubes provide habitat heterogeneity
on the tube itself (Bell, 1985) and in sur-
rounding sediments (Woodin, 1978; Eck-
man, 1983, 1985; Luckenbach, 1986). Some
of the more elaborate tube caps, such as
those formed by onuphid or spionid poly-
chaetes support specialized meiofaunal
communities (Bell, 1985). Many shallow
sediment structures of biogenic origin alter
hydrodynamic and sedimentary microen-
vironments in ways that influence infaunal
composition. Examples include holothu-
rian mounds (Rhoads and Young, 1970),
enteropneust fecal casts (Thistle, 1980;
Varon and Thistle, 1988), polychaete bur-
rows (Aller and Yingst, 1978), shrimp bur-
rows (Dobbs and Guckert, 1988) and fiddler
crab burrows (DePatra and Levin, 1989).
Marshgrass and seagrass stabilization of
sediments, reduction of currents and addi-
tion of hard substrate (Orth, 1977; Thistle
et ai, 1984) parallel some of the presumed
rhizopod functions as well.

Despite the many analogies that can be
drawn between shallow- and deep-water
community interactions, I hypothesize that
metazoan associations with rhizopods and
their tests may be better developed and
potentially more complex in deep-water set-
tings than are metazoan associations with
biogenic sediment structures in shallow
water. In the deep sea food is often a limiting
resource (Rowe, 1983). Even small
enhancements of food resources by rhizo-
pods, whether direct {e.g., trapping of organic
matter, gardening of bacteria) or indirect
{e.g., hydrodynamic modifications that
increase microbial activity), would be likely
to benefit metazoans. Also, rhizopod tests
may remain intact for longer periods of time
in the deep sea, where physical or biological
disturbances are less frequent. Specialized
associations between rhizopods and meta-
zoans might be more likely to develop in
deep water than in shallow water, where
biogenic structures can be quite ephemeral.
Metazoan-rhizopod associations appear
especially pronounced in coarse-grained
sediments where natural organic matter
availability to infauna is low, and where

other structural refugia are rare (Levin,
unpublished observation). Oligotrophic set-
tings such as the central North Pacific, where
rhizopods dominate, are also sites where
extensive metazoan-protozoan interaction
is likely (Bernstein et al, 1978).

Agglutinating rhizopods are a constant,
potentially old (Swinbanks, 1982), and often
dominant component of the deep-sea fauna.
The larger forms clearly create habitat het-
erogeneity in a range of deep settings. As a
group, the agglutinating rhizopods may have
contributed to the evolution of metazoan
diversity in the deep sea by providing spe-
cialized microenvironments {sensu Jumars,
1975; Jumars and Eckman, 1982; Thistle,
1983). In modern deep-sea sediments they
serve as hot spots of metazoan activity, and
are proposed to be a significant structuring
agent for infaunal communities.
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