Journal of Foraminiferal Research, v. 25, no. 1, p. 75-82, January 1995

RESPONSE OF DEEP-SEA BENTHIC FORAMINIFERA TO A
SIMULATED SEDIMENTATION EVENT

P. LINKE," A. V. ALTENBACH,? G. GRAF,' AND T. HEEGER?

ABSTRACT

The response of deep-sea benthic foraminifera to a
simulated sedimentation event was assessed in a ship-
board microcosm by using transmission electron mi-
croscopy, organic carbon, adenosine nucleotide, ETS as-
says and live observations. A rapid activation of
foraminiferal metabolism was detected with an increase
in ETS activity and a distinct decrease in AMP to build
up ATP. Based on this physiological-awakening reaction,
food was gathered by pseudopodial activity and ingested
in high quantities. Three days after feeding, high quality
food was found in the digestion vacuoles leading to an
increase of 89% in individual organic carbon contents.
During the following six days, this food was converted
into biomass as lipids and other reserve compounds were
built up. After ten days, digestion vacuoles contained de-
graded matter only. The final shift in individual biomass
was 16.9% in comparison to the initial population.

INTRODUCTION

Recent studies have shown that the deep-sea benthic com-
munities in boreal and arctic oceans are episodically sup-
plied with pulses of organic material via seasonal sedimen-
tation (e.g., Billett and others, 1983; Rice and others, 1986;
Tyler, 1988; Thiel and others, 1988/89; Smith and others,
1994; Graf and others, 1995). Research on organic fluxes
and the benthic response has shown that a major part of the
annual turnover may occur over time spans of only days or
weeks (Graf, 1989; Pfannkuche, 1993). Although informa-
tion on the degradation of organic material in deep-sea sed-
iments (e.g., Rowe and Pariente, 1992) as well as the or-
ganisms involved (Gooday, 1988; Gooday and Lambshead,
1989; Gooday and Turley, 1990; Turley and Lochte, 1990;
Koster and others, 1991; Altenbach, 1992; Campos-Creasey,
1994) has considerably increased, our knowledge of the
deep-sea benthic ecosystem is still in its infancy. It can be
expected that deep-sea animals have developed special ad-
aptations to this environment, which is characterized by
large fluctuations in food supply (Graf and Linke, 1992;
Linke, 1992; Turley and others, 1993).

To investigate this, we conducted a feeding experiment
using sediment cores from a known station on the Vering
Plateau (Norwegian Sea) in 1,244 m water depth. With the
feeding of plankton material we simulated a sedimentation
event in late summer, which is the time when these events
occur in nature (Bathmann and others, 1991). The reaction
of the benthos was monitored in a synchronized time sched-
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ule on the level of the sediment community, the prokaryotes
(Koster and others, 1991; Meyer-Reil and Koster, 1992) and
the foraminifera (Altenbach, 1992; Graf and Linke, 1992).
In the present paper we combine these former results and
other physiological measurements with ultrastructural and
live observations to assess the foraminiferal reaction with
different approaches and show the time scales over which
and in what proportion benthic foraminifera were involved
in the benthic response to a simulated food pulse.

MATERIAL AND METHODS

More than 90 sediment cores were collected from one
station (Sta. M468; mean water depth 1,244 = 7 m; mean
coordinates 67°44.0'N, 05°55.0'E) located on the Vegring
Plateau (Norwegian Sea) using a multiple corer (modified
from Barnett and others, 1984) during cruise 7/4 of RV
“Meteor” on August 19th, 1988 (cruise report in: Hirschle-
ber and others, 1988). Ships drift during the 12 multiple
corer hauls was below 1.5 nm (SD latitude 0.08', longitude
0.1'). During the feeding experiment, the same site was
sampled again on August 30th (Sta. M533; 1,243 m;
67°44.0'N, 05°55.6'E) to get control values aboard the ship
from in situ conditions. The top and bottom of each core
tube were stoppered with ‘Delrin’ and the sediment cores
were kept in a temperature controlled refrigerator under in
situ temperature (—0.5°C).

FEEDING OF SAMPLES

Natural planktonic and detrital matter sampled from a wa-
ter depth of 150 m was concentrated through a 20 pm plank-
ton net. The material was suspended in surface water, boiled
for 30 minutes, homogenized with a teflon pestle and en-
riched by centrifugation three times (10 min.; 1,200 rpm;
0°C). Part of the material was frozen until analyses of par-
ticulate organic carbon and nitrogen using a Perkin-Elmer
CHN Analyzer.

The material added in the experiment had a C/N ratio
(<6) which indicates a high nutritional value for the deep-
sea benthic community. For comparison, such low ratios
were found in shallow waters during the sedimentation of a
spring phytoplankton bloom (Graf and others, 1982). ATP
and DNA assays were performed to confirm that this treat-
ment destroyed all the ATP and DNA in the planktonic ma-
terial. After equilibration to ship-board conditions for 4
days, 5-mL aliquots of the natural ““aged” organic material
were carefully pipetted into the overlying water of the sed-
iment cores (surface area 78.5 cm?). Whereas half the cores
received the enrichment, the other half remained untreated
serving as unfed controls. The simulated food pulse was 200
mg of dry weight per core, equivalent to 1.1 g org. C m2.
This corresponds to % of the annual vertical sedimentation
in this area (Bathmann and others, 1990, 1991). The sedi-
ment cores were processed in a synchronized time schedule,
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providing a stepwise determination of processes and budget
for the timespan of the microcosm experiment. At each sam-
pling date one of 5 sediment cores was used for each method
described below.

SEDIMENT DNA ASSAY

For DNA analysis of the benthic community 5 times 1
cm’® from the upper centimeter of each sediment core (1 of
5 per sampling date) was diluted with 2 mL ice-cold phos-
phate buffer (0.1 M: pH = 7.0) and mortared for 2 minutes.
The homogenate was centrifuged for 10 minutes (3,500
rpm; 0°C) after which 0.5 mL of the supernatant was ana-
lyzed for DNA using the DAPI method as described by
Kapuscinski and Skozylast (1977). To 3 additional repli-
cates, 100 pL of 0.1 to | pg calf thymus DNA was added
as an internal standard in order to correct for adsorption
losses in the sediment and for enzymatical decomposition
during the extraction procedure.

ISOLATION OF FORAMINIFERA

The upper centimeter of each sediment core (4 of 5 per
sampling date) was removed and gently washed in the cold
room with precooled seawater on a plastic sieve with a mesh
size of 250 wm. The remains in the sieve were transferred
into glass petri-dishes and living foraminifera were picked
out with forceps and pasteur pipettes under a dissection mi-
croscope. The foraminifera were gently cleaned of adhering
detritus. Samples were kept at in situ temperature by means
of a cooling device built on the microscope table (Linke,
1989).

FIXATION FOR TRANSMISSION ELECTRON
Microscory (TEM)

As inorganic compounds reduce the quality of the ultra-
thin sections, TEM investigations were only conducted in
calcareous species like Pvrgo rotalaria, Miliolinella sub-
rotunda and Quingueloculina seminula. The foraminifera
were fixed in seawater buffered with 2.5% glutaraldehyde
and postfixed in 1% osmium tetroxide. They were decalci-
fied with 0.2 M EDTA (ethylene dinitrile tetraacetate), de-
hydrated in a graded alcohol series and embedded in ERL
resin (10 g vinylcyclohexene, 6 g DER softening agent, 26
g nonenylen succinic anhydride, 0.4 g dimethyl amino eth-
anol). The sections were cut with a diamond knife and
stained with 1% uranyl acetate and 0.5% lead citrate. TEM
micrographs were taken with a ZEISS 109 operated at 80KV
(details in Heeger, 1990).

CHEMICAL ASSAYS

For the biochemical assays (organic carbon, adenosine
nucleotides, electron transport system) the agglutinated spe-
cies Cribrostomoides subglobosum was used.

Organic Carbon Assay and Biomass Calculations

Live specimens of Cribrostomoides subglobosum
were picked from the sediment and lyphophilized. Sed-
iment sections of one cm thickness were taken downcore
and stained with Rose Bengal for the determin:tion of
abundances of foraminiferal species. The maxim im test
diameter of individuals was measured with a W ld M8
microscope, and biomass was detected by infrarcd anal-
ysis of wet oxidated individual organic carbon ontent
(Altenbach, 1987). Bulk measurements of up o five
specimens in each size class were used for smo'l indi-
viduals. Between 34 to 46 individuals were used to es-
tablish the allometric function of maximum test = z¢ ver-
sus organic carbon content for every core. Inicgrated
biomass of the size fraction 400-1,200 pm was used for
comparison of samples from different cores. A detailed
description of handling, equipment and functional rela-
tions is given by Altenbach (1987, 1992).

Adenosine Nucleotide (ATP, ADP, AMP) Assays

The nucleotides ATP, ADP and AMP occupy a central
position within the intracellular metabolism of all living
organisms since they are the energy carrier between en-
ergy-generating processes (such as respiration and de-
composition of organic molecules) and energy-consum-
ing processes (e.g., biosynthesis, active transport and
movement).

The most common energy carrier for metabolic pro-
cesses, ATP, has a rapid turnover in the cells and is in
equilibrium with its phosphorylase products ADP and
AMP. Thus, the ratio at which the nucleotides are found
in living cells reflects the energetic state and metabolic
activity of the organisms. Adenosine nucleotides of sin-
gle foraminifera (7 to 20 individuals per sampling date)
were extracted in boiling TRIS (0.02 M; pH 7.8) buffer
(details in Linke, 1992). The tests of the foraminifera
were crushed with a glass rod to optimize the extraction
efficiency and to shorten the extraction time to 30 sec-
onds. All nucleotide extracts were stored deep frozen
until analysis. ATP was analyzed with the luciferine-lu-
ciferase enzyme system using a JRB ATP-photometer.
The nucleotides ADP and AMP were measured after
conversion to ATP according to the method of Witzel
(1979).

PLATE 1
SEM, light and TEM micrographs of fed benthic foraminifera. 1. SEM micrograph of Miliolinella subrotunda. This epibenthic species accumulated
detrital material around its aperture a few hours after feeding. Scale bar = 40 wm. 2. Light micrograph of Cribrostomoides subglobosum with a
large food particle at its aperture. Scale bar = 200 wm. 3-5. TEM micrographs of Miliolinella subrotunda. 3. Cytoplasm containing freshly ingested
phytoplankton cells (arrows) three days after feeding. Scale bar = 2 pum. 4. Three days after feeding, the food vacuoles contained copepod muscle
tissue. Scale bar = 2 um. 5. Ten days after feeding, stercomata and lithosomes were found in younger chambers of the foraminifera. Scale bar =
0.5 pm. 6. TEM micrograph of Pyrgo rotalaria showing numerous lipid vesicles (arrows). Scale bar = 2 um.
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Electron Transport System (ETS) Assay

This method determines the potential activity of the
electron transport system by reducing a dye instead of
oxygen or other electron acceptors in extracted respira-
tion chains. ETS activity of 10 to 20 foraminifera was
measured in cold phosphate (0.1 M: pH 8.2) buffer (de-
tails in Linke, 1992). The number of replicate measure-
ments varied (1 to 4) due to the varying number of living
foraminifera found in the sediment cores. The samples
were incubated at a constant temperature in a water bath.
Incubation temperatures varied between 18.5°C and
22°C; the samples were correspondingly incubated be-
tween 60 and 10 minutes. The reaction was stopped with
1 mL of 1.0 M H,PO, in 4% formaldehyde solution.
After centrifugation for 10 minutes at 3,500 rpm, sample
absorbance was measured at 492 nm. As controls, to
determine nonenzymatic reduction of the tetrazolium
dye (INT), 1 mL of each sample was initially treated
with the stopper solution and incubated like the experi-
mental sample. Another control to check the different
buffers was carried out by incubating 1 mL of homog-
enization buffer in place of the homogenate. The cor-
rected ETS activity values were calculated with the Ar-
rhenius formula to the in situ temperature and converted
to potential oxygen consumption.

RESULTS AND DISCUSSION

On the Varing Plateau in the Norwegian Sea, the pelagic
realm is represented in the summer by a nutrient-depleted
surface layer, a low phytoplankton biomass with relatively
high primary production, and a change in the *“‘grazer” -pop-
ulation from calanoid copepods to pteropods (Bathmann and
others, 1990). From sediment trap moorings, each deployed
for one year in 1987 and 1988 on the Voring Plateau, the
time between July and September was recognized as the
season of the maximum in vertical particle flux. From this
knowledge, the working hypothesis was developed that the
change from copepods to pteropods as dominant grazers in
the euphotic zone could be one trigger for the late summer
sedimentation maximum (Bathmann and others, 1990,
1991).

The aim of the feeding experiment was to simulate such
a late summer sedimentation event under controlled condi-
tions with sediment cores from a well-known station. Dur-
ing the feeding experiment, the same site on the Vgring
Plateau (Sta. M468), where the sediment cores for the ex-
periment had been taken, was sampled again (Sta. M533)
to get control values aboard the ship from in situ conditions.
AL this time, the pelagic sedimentation event happened,
which was simulated on board the RV “Meteor.” In drifting
sediment traps, the natural breakdown of the pelagic sum-
mer population by pteropod grazing was monitored (Bath-
mann and others, 1991), but it had not yet reached the sea-
floor by our sampling date.

The experimental feeding of sediment cores with enriched
plankton material on board the ship led to a marked, but
time-limited reaction of all investigated foraminifers. The
reaction was monitored with live observations, cytological
characteristics and biochemical measurements.

LivE AND CYTOLOGICAL OBSERVATIONS

Live observations and TEM investigations revealed that
all foraminiferal species investigated in this study reacted to
the simulated food pulse. Within one day after feeding, the
epibenthic foraminifer Miliolinella subrotunda produced a
pronounced plug of accumulated detrital matter, built by
pseudopodial activity around the apertural region (P1. 1, fig.
1). The same species from the unfed sediment cores showed
a less distinct plug constituted of resuspended detritus and
degraded material only. Fresh food particles were absent.
Apart from this activity in front of the aperture, the cyto-
plasm of the unfed foraminifera was characterized by very
old egestion vacuoles and only a limited number « ~ lipid
vesicles. There was no ultrastructural difference disc: nable
between unfed foraminifera and those taken from th' r nat-
ural habitat on the same sampling day.

On the third day after feeding, the cytoplasm of ' sub-
rotunda showed large, fresh-food vacuoles contain g de-
trital matter with high nutritional value. Fresh phyt. slank-
ton cells and copepod muscle tissue were identified in the
young chambers (Pl. 1, figs. 3 and 4). After 6 days. nearly
all the cytoplasm was filled with vacuoles containing ma-
terial in various stages of digestion. The material conversion
of the food offered was completed within 10 days. Approx-
imately half of the old chambers stored mainly lipid vesicles
as reserve substances. Undigestible algal cell walls, copepod
remains and stercomata were concentrated in the young
chambers, presumably for egestion,

The sediment-surface scavenging Cribrostomoides subglo-
bosum, the versatile and ubiquitous Pyrgo rotalaria and
Quingueloculina seminula (sensu Linke and Lutze, 1993)
reacted to the food input with a time delay of | to 3 days
compared to the facultative suspension feeding Miliolinella
subrotunda. Even large particles in relation to the size of
the foraminifera can be withdrawn to the apertural region
(PL. 1, fig. 2). The contents of the digestive vacuoles were
comparable to those of M. subrotunda. Bacteria were not
found in the cytoplasm or in digestion vacuoles. Soon after
food uptake, the number of lipid vesicles (reserve sub-
stances, see Pl. 1, fig. 6) increased substantially compared
to the unfed controls and the foraminifera investigated on
the first day after feeding. The undigestible remains were
concentrated in stercomata. As a final stage of digestion the
development of crystals (lithosomes) in the cytoplasm of P.
rotalaria and M. subrotunda was observed ten days after
feeding (PL. 1, fig. 5). These lithosomes are typical end-
products in the digestion of food containing mainly cope-
pods (Hausmann, 1985).

BIOCHEMICAL MEASUREMENTS

The biochemical assays conducted with the sediment sur-
face scavenging Cribrostomoides subglobosum also re-
vealed the reaction of the benthic foraminifera to the sim-
ulated food pulse. Only one day after feeding, a distinct
increase in ETS activity was observed, indicating a rapid
activation of the enzymes of the electron transport chain.
Figure 1A depicts the potential oxygen consumption of C.
subglobosum during the experiment. Only one day after
feeding, both fed and unfed foraminifera showed a distinct
increase in ETS activity, but both these levels dropped on
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FiGURE 1. A. Development of potential oxygen consumption of

fed and unfed Cribrostomoides subglobosum derived from ETS activ-
ity measurements. During the feeding experiment, the same site where
the sediment cores for the experiment had been taken, was sampled
again (Sta. M533) to get ETS control values under natural conditions.
The values in brackets indicate the number of replicate measurements
(13 to 20 individuals per assay) and the bars the standard deviation,
when sufficient living foraminifera for replicate analyses were found.
B. Response of C. subglobosum to the food pulse derived from the
integrated mean bodymass in the size fraction 400 to 1,200 pm. Thirty-
four to forty-six specimens were measured per core; bars indicate the
standard deviation from the specific allometric function of each sample.
C. DNA concentration of the sediment surface layer (0-1 cm) during
the experiment (n = 5). The day of transfer from the deep sea to the

the third day. Though both curves were almost parallel, the
potential oxygen consumption of fed C. subglobosum main-
tained a significantly higher level than that of the unfed
individuals. The potential oxygen consumption of forami-
nifera selected from the same site (Sta. M533) during the
experiment had the same order of magnitude as for the fo-
raminifera in the unfed sediment cores.

Three days after feeding, there was a remarkable increase
(88.7%) in the organic carbon content of Cribrostomoides
subglobosum (Fig. 1B). As the method cannot differentiate
between the carbon content of the food ingested by the fo-
raminifera and the plasma carbon, this value is not equiva-
lent to an increase in biomass. The ultrastructural observa-
tions revealed the food was converted into foraminiferal
biomass in the following days. This was documented by an
increase of 16.9% in mean individual biomass ten days after
feeding. In comparison, the unfed individuals had a growth
increase of 8.7% compared to the initial situation. Some of
the response might have resulted from minor artificial influ-
ences, such as the activation of nutrients from deeper sedi-
ment layers and a microbial reaction to the sampling and
incubation procedure (Altenbach, 1992). This is consistent
with an increase of the enzymatic decomposition of organic
material in the unfed sediment cores, measured by the ac-
tivity of hydrolytic enzymes (Koster and others, 1991).

The ATP content of fed Cribrostomoides subglobosum
showed the same tendency as the organic carbon content
during the experiment, with a distinct increase on the third
day after adding the food (Fig. 2A). The unfed foraminifera
maintained a low ATP level without large fluctuations be-
tween values in the time series. The ATP content of fora-
minifera selected from sediment cores taken from the col-
lection site (M533) was the same as for the fed foraminifera
in the experiment. In contrast to the ATP and ADP content
of C. subglobosum (Fig. 2B), a strong decrease in AMP
occurred one day after the feeding (Fig. 2C). This decrease
coincided with an increase in ADP and ATP. suggesting a
conversion from the AMP pool. Three days after feeding,
the AMP content of the fed foraminifera increased again,
reaching its original level. Six days after feeding, ADP and
ATP contents were similar to those of the unfed foraminif-
era. The unfed individuals did not show this stabilization in
AMP. Instead, their AMP levels dropped to very low values
on the third day, but they recovered at the end of the ex-
periment.

The adenosine nucleotide pool represents the physiolog-
ical state of the cell and is a regulation mechanism itself;
i.e., in a cell with a high ATP content, ATP-consuming pro-
cesses are supported, whereas in a cell with a high AMP
level, ATP-generating processes are supported and/or ATP-
consuming processes are slowed down (Witzel, 1979; Graf
and Linke, 1992). Both effects should be useful during pe-
riods of low food supply and starvation, at least as long as
the organisms can survive and the ATP pool can be re-
established.

—

shipboard microcosms was August 19, 1988, day —4 on the time axis.
A food pulse of 1.1 g C m? was added 4 days later (day 0) to simulate
a flux event. Note the different scales on y-axes.
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FIGURE 2. Development of the adenosine nucleotide contents of
Cribrostomoides subglobosum during the experiment. Values in brack-
ets indicate the number of individuals per measurement and bars the
standard deviation. A. Adenosine triphosphate (ATP). During the feed-
ing experiment, the same site from which the sediment cores for the
experiment had been taken was sampled again (Sta. M533) to get ATP
control values under natural conditions. B. Adenosine diphosphate
(ADP). C. Adenosine monophosphate (AMP). Note the different scales
on y-axis.

The high AMP level as well as the dramatic fluctuations
in the AMP content point out a key role of AMP in the
nucleotide metabolism of Cribrostomoides subglobosum
(Graf and Linke, 1992). In the feeding experiment, a distinct
decrease in the AMP contents of fed and unfed foraminifera
was found. This indicates a deactivation of the AMP block-
ade, a physiological “awakening™ reaction. The reasons for
the “‘awakening” could be the disruption during sampling
and the vibrations of the ship. In the case of the unfed fo-
raminifera, the “awakening” reaction led to a massive
breakdown in the AMP pool; a physiological “awakening™
reaction happened, but there was not enough food. The fed
foraminifera regenerated their high AMP content only 3
days after the feeding. The experiment with C. subglooosum
indicates that the first physiological response is me :ly a
phosphorylation of AMP. This “awakening™ reaction ' pos-
sible without new production of purines, which wou 1 be
an energetically expensive process. If the food is sui! “ient
the foraminifera can start to produce biomass and in rcase
ATP. On the other hand, it seems reasonable that the high
AMP pool of the fed foraminifera might serve as a hasis
for further decomposition of the AMP molecule. This v ould
lead to a production of purines, which might serve s nu-
clear material for reproduction. In the TEM investigations
of the feeding experiment, however, no signs for reproduc-
tion in the foraminiferal community were found.

Nevertheless, the DNA concentrations in the sediment
surface (0-1 c¢m) of the fed cores increased by 24% and
32% trom day —4 to day 1 and 3 respectively, whereas there
was no significant change in the unfed control (Fig. 1C). In
the fed cores on day 6, the former DNA concentrations of
29 pg cm* were re-established. In the control cores, DNA
concentrations decreased from day 3 to day 10 by 25%.
Unfortunately there was no control measured on day 6.

TIMESCALE AND PROPORTION OF RESPONSE

Looking at the timescale of the reaction to the food pulse,
the foraminifera showed a distinct reaction in food uptake
and increase in potential oxygen consumption only one day
after feeding. The potential oxygen consumption values of
fed and unfed Cribrostomoides subglobosum showed the
same time-course development as the values of the sediment
oxygen demand (SOD) during the experiment (Graf, oral
communication, 1993). These oxygen consumption data can
be converted to carbon respiration assuming a respiratory
quotient of 1 (Graf, 1987). By integrating these data over
11 days (day O until day 10 of the experiment), a mean SOD
of 68.8 mg C m~2d~' can be calculated. As C. subglobosum
had an average population density of 16,500 ind. m ? in the
topmost centimeter of the cores (Altenbach, 1992), the con-
tribution of this species alone to the respiration of the total
sediment community was up to 1.8% for the fed and 1.1%
for the unfed C. subglobosum, respectively. Prior to feeding,
C. subglobosum accounted for less than 0.2% of the sedi-
ment community respiration. As the ETS method measures
only the potential oxygen consumption, this means that in
both cases the enzymes of the electron transport chains were
rapidly reactivated.

No matter how much significance is given to artificial
effects during the microcosm experiment, the foraminifera



FEEDING RESPONSE OF DEEP-SEA BENTHIC FORAMINIFERA 81

consumed large amounts of particulate organic matter in re-
sponse to the food pulse. In addition, 3 days after feeding,
there was a remarkable increase in organic carbon, ATP and
ADP content of this species.

An estimate of carbon turnover by foraminifera is given
by Altenbach (1992). An increase of 1.73 pg from the first
to the third day after feeding was noted. Given an average
population density of 16,500 specimens m 2, a consumption
of 28.5 mg C m~? is obtained for this species. This con-
sumption corresponds to 2.6% of the added food (1.1 g C
m~?), whereas 19% (5.4 mg C m?) of this incorporated
carbon was converted to cytoplasmic bodymass. In com-
parison, only 0.1% of the organic carbon added was incor-
porated in microbial biomass (Koster and others, 1991).
This highlights that the availability of food is a key factor
in the ability of each member of the benthic community to
react to a food pulse reaching the sea floor. Whereas the
foraminifera observed in this experiment ingested a variety
of particulate organic matter, microbial degradation of par-
ticles requires their colonization by bacteria. Since a sub-
stantial fraction of the extracellular enzymes are bound to
the cell membranes or other surfaces (Boetius and Lochte,
1994), the bacteria have to dissolve particulate matter by
mobilizing exoenzymes prior to incorporation. The supply
of organic material in our experiment led to a stimulation
of microbial decomposition (as measured by the activity of
hydrolytic enzymes) with maximum enzymatic activity on
the third day after feeding (Koster and others, 1991). With
a time lag of approximately 6 days after feeding, the hy-
drolysis products were incorporated in microbial biomass
(Koster and others, 1991). However, an increase of the bac-
terial biomass obtained from direct counts was not observed.
One of the explanations for this discrepancy is the direct
counting method itself, which is not sensitive enough for
this grade of population fluctuation, whereas the DNA anal-
ysis of the entire sediment yielded an increase of 24 to 32%.
Another explanation is that the bacteria themselves became
a food source for the other participants of the feeding ex-
periment.

As the agglutinated foraminifer Cribrostomoides subglo-
bosum accounts for only 25.3% of all living foraminifera in
the size class greater than 250 pm, the total consumption
and respiration of all species of benthic foraminifera in all
size classes must be much higher. At our station on the
Voring Plateau, C. subglobosum is very abundant (up to
24,850 Rose Bengal stained individuals m 2 in the size class
greater than 250 pm; Thies, 1991) and is also important in
terms of biomass. It comprises up to 75 mg C m~? (Linke,
1989), much more than the nematode biomass of 7 mg C
m~? (Jensen, 1988). For comparison, Romero-Wetzel and
Gerlach (1991) calculated the biomass (wet weight) of the
total macrofauna from 17 box corer samples collected on
the Voring Plateau to be in the range of 10 g m2. This,
according to Steele (1974), is roughly equivalent to 1 g C
m 2. Based on these estimates, the foraminifer C. subglo-
bosum contributes 7.5% to the biomass of the total com-
munity. Thus, foraminifera have to be considered as impor-
tant members of the benthic community and as rapid and
significant consumers of flux events in the Norwegian Sea.

SUMMARY AND CONCLUSION

Summarizing all the measurements gives a picture of ben-
thic foraminiferal adaptations within the trophic system of
the deep-sea community. The foraminiferal biomass is high,
exceeding by far the meiofaunal biomass and running into
ranges detected in benthic macrofauna. However, foraminif-
eral respiration is comparably low with respect to total ben-
thic oxygen consumption when food is rare. Energy inten-
sive activities are delayed by high AMP levels, but this
AMP can be used quickly as an energy reservoir by con-
version to ATP. After the food pulse, ETS activity increases
roughly threefold. It takes about three days until the ETS
activity and the lowered AMP pools reach their original
levels. This time span coincides with maximum accumula-
tion of organic matter in foraminiferal food vacuoles, the
development of maximum enzymatic (microbial) activity in
the sediment, and total benthic oxygen consumption. Bio-
chemical activation, the “awakening™ reaction to the food
pulse, occurs at the onset of this time span. Conversion of
ADP and ATP from the AMP pool determines energy in-
vestments for the formation of new biomass and possibly
nuclear matter by subsequent purine production for repro-
duction. Thus, the alternation of the adenosine nucleotide
pool and the total DNA level continues several more days.
The awakening reaction also took place in the unfed sam-
ples, presumably as an artifact of the sampling procedure.
Growth potential is detectable based on sources provided
from the environment sampled. But, in contrast to individ-
uals supplied with an additional pulse of organic matter, the
dropping AMP levels in activated but unfed individuals re-
covered only slowly. The increase in biomass is smaller, and
finally leads to a loss in total DNA.

Ongoing biological research focuses on foraminifera as a
potential monitor of deep-sea food chains. Research benefits
from high numbers of individuals in a broad range of marine
environments. Foraminifera make up a major part of the
benthic community, and specimens within their test are eas-
ily detected and handled. These advantages make forami-
nifera one of the most important groups in micropaleontol-
ogy. Moving away from static concepts, such as physical or
chemical properties of the bottom waters, the results dis-
cussed here give insight into dynamical adaptations of ben-
thic foraminifera to alternating nourishment conditions in
the deep sea.

It is important to note that the interpretation of faunal
shifts in deep-sea assemblages has been traditionally guided
by concepts developed from shallow-water environments.
Both the pronounced annual changes in water properties and
supply of plant-produced organic matter seen in the shallow
ocean do not provide appropriate concepts for the deep sea.
Over the last decade an increasing body of evidence has
accumulated indicating that much, perhaps most, of the
deep-sea floor is an environment of substantial temporal
variability. This variability is driven largely by seasonal
changes of processes occurring in surface waters (e.g., Bil-
lett and others, 1983; Rice and others, 1986; Tyler, 1988;
Thiel and others, 1988/89; Smith and others, 1994; Graf and
others, 1995). Although some recent studies (Sayles and
others, 1994) contrast sharply with these previous reports,
there is strong evidence that with increasing water depth,
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trophic conditions depend on the ability to react to short
pulses of organic matter. In this environment benthic fora-
minifera are very well adapted and account for a significant
part of the entire community turnover.
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