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ABSTRACT: This experimental study investigated the vertical migratory response of benthic 
forammifera in sediments that were initially oxygenated, to variations in dissolved-oxygen concentra- 
tions ranging from well-oxygenated to dysaerobic conditions. Two box cores, with a carpet of poly- 
chaete tubes extending above the sediment-seawater interface, were recovered from 71 m water depth 
in Oslofjord, southern Norway. The seawater oxygen concentration of one box core was decreased 
every 4 wk, to a minimum value of <0.2 ml 0; 1' .  Aerated seawater circulation was maintained in 
the other (control) box core. In a time course, 2 subcores were taken from each mesocosm every 4 wk 
and sectioned in 0 5 cm mtervals to depths of 2.0 cm, and 1.0 cm intervals from 2.0 to 4.0 cm. The 
portion of the polychaete tubes extending into the overlymg water was collected and treated as an 
additional sample. Live foramimferal distributions were examined in the > 63 pm fraction of each inter- 
val shallower than 2 cm using both an ATP assay and a rose Bengal staining method, while only rose 
Bengal was used to assess distributions from 2 to 4 cm. Results indicate that larger numbers of live and 
stained forammifera are found on the polychaete tubes and in the superficial 0.5 cm of sediment after 
exposure to dysaerobic conditions compared to original and control abundances. After re-oxygenation 
for 4 mo, the foraminifera re-migrated into the sediments, exhibiting distributions similar to those of 
the control mesocosm. These observations suggest that some species actively migrate to a micro- 
environment with a particular oxygen concentration, rather than maintaining a stable position with 
respect to the sediment-water interface. 

KEY WORDS: Forammiferal vertical migration Hypoxia Mesocosm . Behavior. Re-oxygenation 

INTRODUCTION 

Benthic foraminifera (Protista: Sarcodina) are ubiqui- 
tous members of most marine environments (reviewed 
in Murray 1991) and the dominant meiofaunal group 
in some areas (e.g. the deep sea; Coull et al. 1977, 
Shirayama 1984, Gooday 1986). It is now well estab- 
lished that this taxonomic group has infaunal as well 
as epifaunal species (e.g. Corliss 1985, Gooday 1986, 
Linke & Lutze 1993). The infauna have been further 
subdivided into shallow-, intermediate-, and deep- 
dwelling species (e.g. Corliss 1991), some of which are 
thought to be facultative anaerobes (Bernhard & 
Reimers 1991, Moodley & Hess 1992, Bernhard 1993, 
Sen Gupta & Machain-Castillo 1993, Alve 1994). How- 

ever, a better understanding of the forces which drive 
benthic foraminiferal vertical distributions is impor- 
tant, particularly for studies of marine benthic cornmu- 
nity dynamics, pollution, and paleoceanography. For 
instance, in sediments where benthic foraminifera are 
dominant and/or abundant (e.g. the deep sea, oxygen- 
depleted environments, organically polluted areas), 
they are likely to play an active role m structuring 
the benthic ecosystem, as observed in the deep sea 
(Gooday 1994). Foraminiferal distributions have been 
used to monitor the extent and magnitude of organic 
pollution (Alve 1995) but an increased understanding 
of foraminiferal response to depleted dissolved oxygen 
concentrations, caused, for instance, by eutrophication, 
will further refine these approaches. Studies which use 
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broad-scale benthic foraminiferal distributions (e.g. 
Koutsoukos et al. 1990, Kaiho 1991), test (shell) mor- 
phologies (Nagy 1992), and test stable isotopic signa- 
tures to interpret paleoenvironmental conditions will 
also greatly benefit from such knowledge. The fact 
that foraminifera inhabit a variety of microhabitats 
with respect to vertical distributions within, on, and 
above sediments permits the use of the 613C signal in 
the tests of certain calcareous species to infer various 
paleoceanographic properties (e.g. paleocirculation, 
paleoproductivity; reviewed in Altenbach & Sarnthein 
1989). Because the 513C signal reflects, among other 
things, the chemical properties of the microhabitat 
where a specimen calcified (Mackensen & Douglas 
1989, McCorkle et al. 1990), it is of crucial importance 
to determine the microhabitat where different fora- 
miniferal species reside. 

Most studies investigating foraminiferal ecology and 
microhabitat distributions sample specimens and vari- 
ous environmental parameters in an area at one given 
time (e.g. Hermelin & Shimmield 1990, Bernhard 1992, 
Jorissen et al. 1992). While recent progress has been 
made in establishing general vertical distribution 
patterns for some species (e.g. Corliss lggl), information 
is needed concerning the vertical migratory patterns of 
the foraminifera over time (e.g. seasonally, ontogeneti- 
cally) as well as the environmental factors which control 
an individual specimen's position within sediments. In 
other words, are infaunal specimens transient or per- 
manent inhabitants of a particular sediment horizon? If 
transient, do they follow a particular microenvironment? 
Oxygen concentration and food availability (i.e. organic 
carbon content) have been suggested as the primary 
driving forces of foraminiferal vertical distributions (e.g. 
Bernhard 1992, Linke & Lutze 1993) but an ongoing 
debate remains concerning which factor is more irnpor- 
tant (e.g. Rathburn & Corliss 1994). One field study 
which sampled the same area over time concluded that 
some species which are generally considered to be 
infaunal migrate to the sediment surface during periods 
of oxygen depletion (Barmawidjaja et al. 1992). How- 
ever, in the natural environment, oxygen concentration 
and organic carbon content are inherently linked since 
an increase in organic carbon can indirectly cause a 
decrease in oxygen concentration. Consequently, it is 
difficult to isolate the influence of each parameter upon 
foraminiferal distribution (Altenbach & Sarnthein 1989, 
Sjoerdsma & van der Zwaan 1992). Our working hypo- 
thesis was that dissolved oxygen concentration drives 
foraminiferal vertical distributions. This was tested by 
controlling the dissolved oxygen concentration in box- 
core mesocosms of similar organic carbon concentra- 
tions. Vertical distributions of naturally composed for- 
aminiferal assemblages were analyzed after extended 
exposure to known oxygen concentrations. 

METHODS 

Two 0.25 m2 box cores were recovered on 8 October 
1992 from 71 m water depth in the inner Oslofjord, 
Norway (59' 44.28' N, 10' 31.75' E). Typically, this area 
is bathed in bottom waters with oxygen concentrations 
of > 3 mi l 1  (i.e. > 130 pM k g 1 )  but concentrations may 
occasionally drop below 1 m l l l  (J. Magnusson written 
comm. 1994). Temperature and salinity fluctuate annu- 
ally between -7 and 10Â° and 32.5 and 33.8%0, respec- 
tively (Magnusson written comm. 1994). 

Prior to deployment of the UNSEL-Mark 5 type 
boxcorer, a snug-fitting plexiglass liner was installed 
inside the core barrel. After recovery, the core bottom 
was sealed off by sliding a plate of PVC across the 
bottom of the core as the spade was slowly opened. 
The sediment-filled plexiglass core liner was then 
removed from the boxcorer, fastened with a temporary 
lid, and transported via ship to the Norwegian Insti- 
tute for Water Research (NIVA) Solbergstrand marine 
station. The experiment was conducted in a cool, dark- 
ened laboratory equipped with running fjord seawater 
pumped from 40 m water depth. 

While some studies show that alternative sampling 
devices retrieve less-disturbed samples than box cores 
(Chandler et al. 1988, Bett et al. 1994), our box cores 
had clear overlying waters, probably because the 
sediments were anchored by the polychaete-tube lawn 
(see below). Furthermore, since the control and ex- 
perimental mesocosms were collected in an identical 
manner, the possibility that the samples were dis- 
turbed is of little consequence to the experimental 
design. Spatial pseudoreplication, however, poses more 
of a concern regarding our experimental design (Hurl- 
bert 1984). While the time-dependent nature of our 
sampling scheme and analyses prohibited the inclu- 
sion of more than 2 mesocosms in our study, the 
inclusion of a control mesocosm in our design helps 
to alleviate the charges of pseudoreplication. 

One mesocosm was continuously circulated with the 
seawater pumped directly from the fjord, and, therefore, 
was considered the aerated control. The other (experi- 
mental) mesocosm also had continuous circulation but 
the oxygen concentration of the seawater was manipu- 
lated to desired levels by flushing the incoming seawater 
with nitrogen (Fig. 1). After a sampling event (Table I),  
the oxygen concentration of the mesocosm was manipu- 
lated to the desired level over a period of 24 to 48 h. The 
oxygen concentration of the experimental mesocosm 
was decreased to a minimum (< 0.2 ml O2 1"') over 3 mo 
and maintained at < 0.2 ml Oz 1 for an additional 5 wk, 
at which time it was aerated over another 4 mo. The 
oxygen concentration of the water was continuously 
monitored with a permanently installed YSI oxygen 
probe (type 518) connected to a model 58 oxygen meter. 
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The major steps executed during each sampling event 
are shown in Fig. 2. During each sampling event, 2 sub- 
cores (denoted A and B, 4.6 cm inner diameter) were 
taken from each box core. When a subcore was taken, 
2 nested core liners were simultaneously pressed into 
the sediments. The outer, larger diameter liner re- 
mained in the sediments to prevent slumping while the 
smaller diameter subcore was capped and removed for 

0 SEDIMENT 

0 SEAWATER 

Fig. 1. Schematic of the experimental 
mesocosm and seawater supply tank 
showing the path of water circulation and 

location of oxygen-meter probes 

processing. In the experimental box core, access to the 
mesocosm was through tightly capped sampling ports 
that were machined into the lid. Thus, when a subcore 
was taken, the mesocosm was exposed to atmospheric 
conditions only for a very brief time (i.e. < 3 s). Since the 
outer subcore liner remaining m the mesocosms must 
have affected the pattern of water circulation, initial 
subcores were taken near the side of the mesocosm 

Table 1. Date, oxygen concentration, temperature, and salinity for the ex- 
perimental mesocosm for each sampling event. Temperature and salinity 
data are the same for both mesocosms and reflect the average value for the 
period just after the preceding sampling event until the given sampling 
event. Oxygen data are Wmkler results taken on the specified date, but 
similarly reflect the values for the periods just after the preceding sampling 

event until the given sampling event 

Sampling Date Oxygen Temperature Salimty 
event (mll-I) (OC) (%o) 

1 15 Oct 1992 > 3,O 9.8 33.9 
2 23 Nov 1992 2.0 10.5 33.7 
3 21 Dec 1992 1.3 9 0 33.2 
4 18 Jan 1993 0.7 8.4 33.0 
5 4 Feb 1993 < 0.2 8.4 32.6 
6 22 Feb 1993 < 0.2 7.4 34.4 
7 20 Jun 1993 >3.0 7.1 34.3 

opposite the inflow. Subsequent subcores 
were taken progressively closer to the 
water inflow. During each sampling 
event, those portions of polychaete tubes 
extending into the overlying water in the 
subcores were collected and treated sepa- 
rately. The polychaete tubes were severed 
at the sediment-water interface using fine 
microscopy forceps and live-insect-collect- 
ing forceps. The ATP from each foraminifer 
found on the polychaete tubes within 
about 30 min was extracted. Tube remains 
were preserved in 70 % ethanol and sub- 
sequently treated as a separate sediment 
sample, as described below. 

After the polychaete tube sample was 
obtained, each sediment subcore was 
sectioned in 0.5 cm intervals to a depth of 
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(I) Sample mesocosm 
(A) Sample water for Winkler titration 
(B) Subcore A taken 

(1) Obtain polychaete sample 
(2) Section subcore from 0-4 cm 
(3) Preserve intervals in ethanol 

(C) Subcore B taken 
(1) Obtain polychaete sample 
(2) Section 0-4 cm 
(3) Maintain intervals from 0-2 cm in 

chilled seawater 
(4) Preserve 2-4 cm intervals in ethanol 
(5) Sieve 0-2 cm intervals over 63 urn 

screen with chilled seawater 
(6) Pick and extract foraminifera from 

polychaete-tube sample 
(7) Pick 0-2 cm intervals, extract obtained 

specimens for ATP (1 00 per interval) 
(8) Preserve remaining 0-2 cm interval 

samples in ethanol 
(I) Sample control mesocosm 

(A) Repeat (1)(B) through (C) 
( I )  Increase N2 in header tank to experimental mesocosm 
(IV) Process preserved samples (2 250 stained specimens 

per interval) and analyze ATP extracts 

Fig 2 Outline of tasks executed during each sampling event 

2.0 cm, and 1.0 cm intervals from 2.0 to 4.0 cm. The 
sediments recovered from 0 to 2 cm in the B subcores 
were sieved with ambient temperature seawater over 
63 pm screens and maintained at - 5OC. The >63 pm 
fraction was kept on ice and examined for foraminifera 
using a Zeiss stereoscope. A total of 100 specimens 
were recovered from each sediment interval from 0 to 
2 cm using a mouth pipette. The length of each speci- 
men was recorded just prior to its extraction for ATP, 
following the procedure of Bernhard (1992). ATP 
extracts were frozen (-35OC) until analyzed via 
luciferase reaction on an LKB 1250 luminometer. 
Remaining sediments were preserved in 70 % ethanol 
and refrigerated until further processing with rose 
Bengal (see below). During sampling events 5 and 6 ,  

specimens were not extracted for ATP from the depth 
interval 1.5 to 2.0 cm due to logistical complications. 
Data were analyzed following the procedure of Bern- 
hard (1992), where specimens with > 149 ng ATP mm-3 
test volume were considered to be alive at the time 
of extraction. Sediment intervals deeper than 2 cm 
were preserved in ethanol soon after sampling and 
processed using only the rose Bengal method. 

Ethanol-preserved sediments were sieved over a 
63 pm screen, stained with rose Bengal for 8 to 14 h, 
and dried at 50Â°C While 45 pm or smaller sieves are 
used in many meiofaunal studies, the use of a 63 pn 

sieve is consistent with most foraminifera1 ecology 
studies (see e.g. Sen Gupta et al. 1987). When possible, 

at least 250 stained specimens were picked from a 
known portion of each sample and the total number 
was calculated. The subsequent use of the terms 'live' 
and 'stained' refer to specimens which were deter- 
mined to be live by the ATP method and those which 
were stained with rose Bengal, respectively. 

Examination of the data on the stained foraminifera 
from B subcores from the control box core suggested 
that variability in numerical density between subcores 
occurred (i.e. horizontal patchiness; Table 2). How- 
ever, vertical distribution patterns were surprisingly 
consistent (Table 2). In the single set of replicate sub- 
cores analyzed for the control mesocosm, the vertical 
distributions were similar between subcores. There- 
fore, for the aerated control, only 1 subcore was 

Table 2. Down-core numerical density of stained foraminifera 
(number stained c m 3 )  for the control (CA and CB) and ex- 
perimental (EA and EB) mesocosms for each sampling event 

Sampling Depth 
event interval (cm) 

Density 
CA CB EA EB 

1 Tubes 
0 0-0.5 
0.5-1.0 
1.0-1.5 
1.5-2.0 
2.0-3.0 
3.0-4.0 

2 Tubes 
0.0-0.5 
0.5-1.0 
1.0-1 5 
1.5-2.0 
2 0-3.0 
3.0-4.0 

5 Tubes 
0.0-0.5 
0.5-1.0 
1.0-1.5 
1.5-2.0 
2 0-3 0 
3 0-4.0 

6 Tubes 
0.0-0.5 
0.5-1.0 
10-1 5 
1.5-2 0 
2.0-3.0 
3.0-4.0 

7 Tubes 
0.0-0.5 
0 5-1.0 
1.0-1.5 
15-2.0 
2.0-3.0 
3.0-4.0 
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processed for each of the remaining sampling events 
analyzed. Horizontal patchiness of stained forarnini- 
fera was more apparent in the experimental subcores 
(Table 2). Therefore, in order to assure that vertical 
distributional patterns were consistent in the experi- 
mental mesocosm, replicate subcores were counted in 
all but one of the analyzed sampling events. Sampling 
events 3 and 4 were not analyzed because the results 
did not indicate any drastic changes (in terms of 
vertical patterns) between sampling events 2 and 5. 

After sampling event 2, dissolved oxygen concen- 
trations were empirically determined by standard 
Winkler titration, to provide independent calibration of 
the oxygen probe. Total organic carbon analyses was 
determined by the LECO combustion method on a 
third set of subcores collected during sampling event 7. 
Water content was calculated as the percentage of 
weight loss after drying of the wet sediment at 50Â°C 

RESULTS 

At the time of collection, both box cores had spionid 
polychaete lawns with tube densities of about 2 to 
3 cm2 .  Sediments were hght to dark brown muddy silt. 
A distinct color change to black occurred deeper than 
10 cm. Polychaetes were diverse; both tubiculous and 
burrowing types were numerous and observed to 
depths of > 5  cm. Other macrofaunal constituents in- 
cluded ophiuroids, irregular echinoids and bivalves. For 

further information about the macrofaunal composition 
in Oslofjord, consult Mirza & Gray (1981) and references 
therein. Salinity and temperature, which were moni- 
tored continuously, were similar for each mesocosm 
(Table 1). In the experimental mesocosm, the lowest 
oxygen concentration obtained was 0.16 ml 1 (i.e. 
< 0.2 m l l  ) in February. Total organic carbon values 
did not show any vertical trends and ranged from 2.6 to 
3.1 % in the control and from 2.9 to 3.1 % in the experi- 
ment box core, but was typically around 2.9 % in both 
cores. Water content decreased from 77 % and 73 % in 
the surface cm to 63 % and 67 % between 3 and 4 cm in 
the control and experiment box cores, respectively. 

Assemblages in oxygenated sediments 

The macrofaunal composition in the control (contin- 
uously aerated) box core altered somewhat during the 
experiment. With higher dissolved-oxygen concentra- 
tions compared to the ambient levels at the sampling 
site, the polychaete lawn degraded. However, tall 
sabellid polychaetes (Hormothoe sarsii) continued to 
live in this mesocosm, although less densely than the 
original lawn of shorter spionid polychaetes. 

Very few live specimens were found in either meso- 
cosm, as determined by ATP assay. Consequently, the 
numerical density data resulting from the ATP analy- 
ses are not presented, but, the data can be interpreted 
with caution on a presence/absence basis (Table 3). At 

Table 3. Occurrence o f  live foraminifera (determined by  ATP assay) i n  control and experimental subcores. Bold t ype  indicates 

2 5 live specimens o f  that species were  extracted in that interval; italic t ype  = 2 t o  4 l ive specimens o f  that species; regular t ype  = 
1 live specimen o f  that species. Species k e y :  A d g  = Adercotryma glomeratwn; A g  = Astrononion gallowayi; Am = Ammodiscus  

sp.; Bp = Bolimellmapseudopunctata; Bs = Brizalina spathulata; B m  = Buhmina marginata; C g  = Crithionina goesi; C k  = Cribro- 
stomoides kosterensis; C l =  Cassidulina laevigata; C s  = Cibicides sp.; Ee = Elphidium excavatum; Es = Eggerelloides scabrus; 

Ev  = Epistominella vitrea; G a  = Globobulimina auriculata; H b  = Haplophragmoides bradyi; H p  = Hippocrepina pusillla; LC = Lep- 

tohalysis catella; Lg = L. gracilis; M a  = Mihammina arenacea; N1= Nomonell ina labradorica, N s  = Nomonellina sp.  ; N t  = Non-  

ionellma turgida; Pb = Psammophaera bowmanni;  Pw = Pyrgo williamsoni; Rs = Reophax  subfusiformis; Rt = Recurvoides 

trochamminiforme: S f  = Stainforthid fusiformis: T o  = Textulana uracillima: T t  = T tenuissima: T x  = Trochammina so.: T k  = Tech- - - 
nitella sp.  -: n o  live specimens; nd :  n o  data 

Control 

Depth (cm) C1B C2B C5B C6B C7B 

-0 5-0 Cg, pw Bm, Cl, Hp - Bm, Cs Es, Hp, Pb, S f  
0-0.5 Ag,  Bm, Ga, Hb, T t  Adg, Bm, Cl, S f ,T t  Adg,Bm, Bp, Ee, Es, Ev, Sf ,  Tt Adg,Bm,Es, S f ,T t  Adg,  Bm,Hb, Hp, Nl, Rs, S f  

0.5-1.0 Adg, Am, Bp, Lg, S f ,  T k  Adg, Bs, S f ,  Ts Bm, T t  Adg,  Bm Nt, S f  
1.0-1.5 Adg, C k ,  Es, Lg, S f  Bm - Adg, Bm, S f  Ck  

15-2.0 S f ,  T t  Adg, Bm, Lg, Ma, S f  nd nd - 

Depth (cm)  E2B 
Experiment 

E5B E6B 

-0.5-0 - Adg, Bm, Bs, Cl, Sf  Ag,  Bm, Sf Bm, Es, Hp, Ts 
0-0 5 Adg,  Bm, S f ,  Tt Adg,  Bm, Bs, Cl, S f ,  T t  Adg,  Ns, Sf Adg, Ag,  Bm, Cl, Ee, Ev, S f ,  Tt 

0 5-1 0 S f ,  T t  LC, Lg, Sf - Bm, Bp, Es, S f ,  Tg ,  Tt 
10-1.5 S f ,  T t  To ,  7-t Sf  Bm, Ga, Rt 
1.5-2.0 Bm, S f  nd nd - 
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the beginning of the experiment, maximum abun- 
dances of both stained and live foraminifera occurred 
in the surface 0.5 cm of both mesocosms, although 
stained specimens were present throughout the top 
4 cm (Fig. 3) and living specimens occurred to 2 cm 
depth (1.e. the maximum depth investigated with the 
ATP method). Approximately one-third (31 to 39 %) of 
the stained specimens, summed over the top 4 cm, 
were found shallower than 0.5 cm sediment depth. 
These values include the rare occurrences of foramini- 
fera on the polychaete tubes, where densities aver- 
aged 2.3 % of the total stained assemblage. 

Over time, the foraminiferal vertical distribution 
within the control box core remained relatively static, 
with specimens shallower than 0.5 cm accounting for 
39 to 47% of the total stained assemblage (Fig. 4). 
Occurrences on the polychaete tubes averaged 1.0 
stained specimen cm3,  which corresponds to 1.6% of 
the total stained assemblage. Stained specimens were 
found to the maximum depth investigated (4 cm) and 
live specimens were generally found throughout the 
top 2 cm (an exception was C5B where live specimens 
were found only to 1 cm; Table 3). The absence of live 
specimens in the 100 specimens extracted per interval 
is not surprising since the proportion of stained speci- 
mens from 1 to 4 cm was less than 4 %  of the total 
(stained + unstained) assemblages and the proportion 
of live specimens must be considerably lower than that 
value. Of course, the absence of a live specimen in 
any given core interval may only indicate that live 

Total no. stained cm -3 

specimens were not included in the 100 specimens 
extracted. 

Stained foraminiferal numerical densities in the 
experimental box core were always higher than those 
of the control, with only 1 exception (Table 2). How- 
ever, while the average of the sum of stained 
foraminiferal densities over the top 4 cm in the experi- 
mental subcores was approximately twice as high 
as that in the control (x = 110.3, SD = 74.3; x = 60.4, 
SD = 12.2, respectively), there was no statistically 
significant difference between these 2 sets of data 
(Smirnov 2-sample test, p > 0.05; Conover 1971). 

Responses of the experimental box core assemblages 

After exposure to 4 wk of oxygen levels at - 1.3 ml 
some macrofaunal organisms were visibly affected. 
Some of the spionid polychaetes died, resulting in a 
deterioration of the polychaete lawn. Ophiuroids and 
echinoids remained active. After a 1 mo exposure to 
0.7 ml O2 11 ,  the irregular echinoids were epifaunal 
and only 1 active ophiuroid was observed. However, 
burrowing polychaetes were seen to depths of at least 
3 cm. After a 2.5 wk exposure to <0.2 ml Oz 1 \  all 
echinoids were dead, live ophiuroids were not ob- 
served, and the dead spionid polychaete bodies were 
protruding from the tops of their tubes. At this time, 
polychaetes that normally burrow were partially or 
completely extended above the sediment-water inter- 

Control 

Total no. stained cm -3 

0 5 10 15 20 25 30 35 40 45 50 55 60 

Fig. 3. Down-core forammiferal numerical densities for the control (C; left) and experimental (E; right) mesocosms. Note that 
some traces represent the average for the 2 replicate subcores (A & B) taken in that mesocosm for that sampling event (1 to 7, 
corresponding to events hsted in Table 1). The off-scale value for E7A & B, 0 to 0.5 cm, is 116 specimens cm3 .  The interval 

-0.5 to 0 cm represents densities on the polychaete tubes extending above the sediment-water interface 
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Cum. % abundance Cum. % abundance 

Fig. 4. As in Fig. 3 but showing down-core cumulative percent of stained foraminifera for each mesocosm over the course of the 
experiment 

face or climbing the walls of the mesocosm. After 
another 2.5 wk exposure to oxygen levels of ~ 0 . 2  rnl 
1 1 ,  all macrofauna were dead except 1 polychaete, 
which had crawled onto the mesocosm wall to a posi- 
tion approximately 10 cm above the sediment-water 
interface. Most of the empty polychaete tubes, while 
extremely fragile, remained extended above the sedi- 
ment-seawater interface. After re-aeration for 4 mo, 
greyish fecal pellets were present on the sediment 
surface but macrofauna were not visible. The sedi- 
ments of the surface centimeter were slightly orange 
in color and distinctly stratified, indicating a lack of 
bioturbation. 

As oxygen concentrations decreased throughout the 
experiment, the foraminiferal distribution became 
more concentrated within the surface 0.5 cm and onto 
the portion of polychaete tubes which extended above 
the sediment-water interface (schematically shown in 
Fig. 5). By sampling event 5 (after a 2.5 wk exposure to 
<0.2 ml O2 I-'), over half (53 to 70%) of the stained 
foraminifera occurred shallower than 0.5 cm depth. 
Live and stained specimens also occurred in higher 
abundances on the polychaete tubes (-4 stained 
specimens cm3) .  After a 5 wk exposure to < 0.2 ml O2 
I-' (sampling event 6), 80 to 90% of the stained 
foraminifera were shallower than 0.5 cm and only 1 
live specimen was found deeper than 0.5 cm (Table 3). 
At this time, a notable increase of the foraminiferal 
abundance on polychaete tubes occurred. The average 
density (24 stained specimens c m 3 )  on tubes was 
48 times higher than that in the control (0.5 stained 
specimens cm3) .  This foraminiferal density on poly- 
chaete tubes in the experimental mesocosm is equiva- 

lent to 34 % of the total stained assemblage (Fig. 4). At 
sampling event 6, the number of species found stained 
on polychaete tubes was 16 to 18 compared to 8 at 
sampling event 1. 

After re-oxygenation for 4 mo, the proportion of 
stained foraminifera in the surface 0.5 cm declined 
to -44 to 70% and stained specimens were found 
throughout the top 4 cm. A concomitant decrease in 

Sampling event 1 

Fig. 5. Schematic representation of foraminiferal vertical distri- 
butions over time and the relative estimated macrofaunal 
abundance in the experimental mesocosm. The 85 % horizon 
indicates the level above which 85 % of the stained individuals 
occurred. Species key: 1 = Bulimina margmata, 2 = Aderco- 
tryma glomeratum, 3 = Stainforthia fusifoms, 4 = Nonionellina 

labrador~ca, 5 = Bolivinellina pseudopunctata 

3'0h 0 3.0 

4.0 
Macrofaunal 
abundance 
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TIME- 
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stained foraminiferal abundance on the polychaete 
tubes occurred, but values remained higher than those 
of the control box core (3.3 to 6.0 stained specimens 
cm3) .  However, the proportions of stained foramini- 
fera on the polychaete tubes (2.1 to 3.9%) were com- 
parable to those of the control box core. At this time, 
live specimens were found to 1.5 cm depth. The 
number of species that were found stained on the 
polychaete tubes had decreased to 10 or 11. 

Species response 

The dominant foraminiferal species were Bulimina 

marginata and Stainforthia fusiformis. Other taxa com- 
prising > 5 % of the stained assemblage in 10 or more 
samples were Nonionellina la bradorica, Nonionella tur- 

gida, Adercotryma glomeratum, Bolivinellina pseudo- 

punctata, Nonionella spp., Epistominella vitrea, Globo- 

bulimina auriculata, and Brizalina spathulata. Of these 
species, only A. glomeratum is agglutinated; all others 
are calcareous. 

In the control mesocosm, Bulimina marginata consis- 
tently exhibited maximum abundances in the surface 
0.5 cm of sediment, but rarely occurred on polychaete 
tubes (Fig. 6). Live specimens were found to depths of 
2 cm near the beginning of the experiment (C2B & 

E2B, Table 3). Over the course of the experimental 
decrease in oxygen, B. marginata densities increased 
substantially on the polychaete tubes until, during 
sampling event 6, live specimens were found only 
on polychaete tubes. After re-oxygenation, stained 
B. marginata continued to occur on the polychaete 
tubes, but in considerably lower abundances and live 
specimens were found to depths of 1.5 cm. In all 
sampling events for both mesocosms, the majority of 
the stained B. marginata were juveniles. 

In the control core, stained Stainforthia fusiformis 

exhibited subsurface maximum abundances between 
0.5 and 2.0 cm (Fig. 6). Live specimens were found to 
2 cm depth and only 1 live specimen was ever found on 
the polychaete tubes. In the experimental mesocosm, 
S. fusiformis exhibited similar distributions except 
after exposure to <0.2 ml Oz 1 '  (sampling events 5 
and 6), when maximum, abundances were shallower 
than 0.5 cm and live specimens were rarely found 
deeper than 1.0 cm. In these subcores, live specimens 
were found on the polychaete tubes, often in high 
numbers. In 1 instance, the maximum numerical 
density of stained S. fusiformis was on the polychaete 
tubes (E6B). After re-oxygenation, S. fusiformis maxi- 
mum abundances occurred deeper than 0.5 cm and 
this species rarely remained on the polychaete tubes. 

Nonionellina labradorica consistently exhibited sub- 
surface maxima between 1.0 and 2.0 cm in the control 

(except for 1 subcore where the maximum was be- 
tween 0.5 and 1.5 cm) and for the first 2 sampling 
events in the experimental mesocosm (Fig. 6). By 
sampling event 5, N. labradorica maximum abundance 
shoaled to 0.5 to 1.0 cm in the experimental box core. 
By sampling event 6 (after a 5 wk exposure to < 0.2 ml 
OZ 1 1 ) ,  the maximum abundance for this species was 
in the surface 0.5 cm. After re-oxygenation, the 
N. labradorica maximum occurred between 0.5 and 
1.0 cm. N. labradorica (live, stained or unstained) were 
never found on polychaete tubes. Throughout the 
experiment, Nonionella turgida exhibited similar 
vertical distributions and responses as N. labradorica. 

At the beginning of the experiment, stained Boli- 

vinetlina pseudopunctata were found throughout the 
top 4 cm, but not on polychaete tubes (Fig. 6). The 
maximum abundance of stained B. pseudopunctata 

was between 0.5 and 1.0 cm in both mesocosms. As the 
experiment progressed, considerably higher propor- 
tions of stained specimens were found on the poly- 
chaete tubes. Indeed, for both experimental subcores 
collected during event 6, the stained numerical density 
on the polychaete tubes exceeded that in the surface 
0.5 cm. After re-oxygenation, only a few specimens 
remained on the tubes and the subsurface maximum 
was re-established. 

Adercotryma glomeratum always exhibited maximum 
stained abundances in the top 0.5 cm (the average for 
both mesocosms for the entire experiment = 3.9 speci- 
mens cm3 ,  SD = 4.6). Near the beginning of the experi- 
ment (C2B), A. glomeratum was found live to 2.0 cm 
depth and stained in moderate abundance (x= 0.7 cm3,  
SD = 0.4) between 0.5 and 4.0 cm. However, over the 
course of the experiment, A. glomeratum was not found 
living deeper than 0.5 cm and stained specimens 
only rarely occurred deeper than 0.5 cm. After re- 
oxygenation, stained A. glomeratum consistently 
occurred throughout the top 4 cm while continuing to 
exhibit a maximum abundance in the superficial layer. 

Stained Brizalina spathulata were found to depths of 
4 cm but maximum abundances were always in the 
surface 0.5 cm. As the experiment progressed, increas- 
ing proportions of stained specimens were found on 
the polychaete tubes. After re-oxygenation, few speci- 
mens remained upon the tubes. 

At the beginning of the experiment, stained Globo- 

bulimina auriculata were found throughout the top 
4 cm, but only rarely occurred in the surface 0.5 to 
1.0 cm. As the experiment proceeded, this species 
migrated upward, and was present only in the upper 
0.5 cm at sampling event 6. G. auriculata was never 
found on the polychaete tubes. After re-oxygenation, 
the maximum of this species was deeper than 0.5 cm. 

Epistominella vitrea did not exhibit a consistent 
depth occurrence over time in the control mesocosm 
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but was found with maximum abundance between abundances occurred in the surface 0.5 cm. Stained 
3 and 4 cm depth at sampling event 1 in the expert- specimens were found on the polychaete tubes only 
mental mesocosm. Subsequently, this species was only after exposure to 5 wk of < 0.2 ml 0; 1 ' .  Some speci- 
rarely found that deep in the sediments, and maximum mens remained on the tubes after re-oxygenation. 
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Pyrgo williamsoni was never abundant and com- 
prised > 5 %  of the stained assemblage in only 1 
instance (6% in E2A, 0.5 to 1.0 cm). However, during 
exposure to < 0.2 ml 0; l 1  (sampling events 5 and 6), 
an increasing number of this conspicuous, large (up to 
0.9 mm), white species was observed on the sediment 
surface and on polychaete tubes. 

Crithionina goesi and Hippocrepina pusilla were 
usually found living attached to the polychaete tubes 
and were only occasionally found stained in sedi- 
ments. Of course, H. pusilla, a thin-shelled aggluti- 
nated species, generally does not remain intact 
through sediment processing. When found on a poly- 
chaete tube, H. pusilla was usually covered with a 
layer of detritus which partially obscured the specimen 
from view. Other species found stained on the poly- 
chaete tubes, besides those previously noted, include 
the calcareous Cibicides sp., Cassidulina laevigata, 
and Astrononion gallowayi and the agglutinated 
Recurvoides trochamminiforme, Textularia spp., and 
Leptohalysis spp. Live C. laevigata and A. gallowayi 
were also found in the surface 0.5 cm of sediment. 

Many specimens of certain species (Astrononion gal- 
lowayi, Bolivinellina pseudopunctata, Elphidium exca- 
vatum, Epistominella vitrea, Globobulimina auriculata, 
Nonionella turgida, Nonionellina la bradorica, and 
Stainforthia fusiformis) had a yellowish-light green 
color in their older chambers (where the rose Bengal 
stain did not penetrate). All these species showed 
maximum abundances below the upper 0.5 cm at all 
sampling events, except during the period of maxi- 
mum oxygen depletion in the experimental mesocosm. 
The coloration in specimens recovered from later 
sampling events was pale compared to that of speci- 
mens collected early in the experiment. On the other 
hand, yellow-green coloration did not occur in Buli- 
mina margina ta, Brizalina spathula ta, Cassidulina 
laevigata or Hyalinea balthica, which always showed 
maximum abundances shallower than 0.5 cm. 

DISCUSSION 

Methodology 

While it has been argued that ATP analysis is a more 
reliable method than rose Bengal to determine fora- 
miniferal numerical densities (Bernhard 1988), rose 
Bengal is also reported to be an accurate and reliable 
method (Lutze & Altenbach 1991). In instances where 
there are high proportions of empty tests and dead 
specimens (i.e. this study), we conclude that rose 
Bengal is more reliable than the ATP method to deter- 
mine foraminiferal numerical densities since the for- 
mer method is not time dependent (e.g. samples are 

preserved) permitting examination of more specimens. 
Another reason why the rose Bengal method produced 
acceptable results in our study may involve the rate of 
autolysis at atmospheric pressure. Autolysis is a com- 
plex process and its response to hydrostatic pressure is 
unpredictable (e.g. Jaenicke 1981), but it is possible 
that foraminiferal autolysis at atmospheric pressure 
(i.e. our samples) occurred more rapidly than it would 
have occurred at ambient pressure (i.e. at 71 m water 
depth). Consequently, the postmortem existence of 
foraminiferal cytoplasm may have been shorter in our 
mesocosms than one would normally expect i n  situ. 
To support this possibility is the estimated prolonged 
persistence of dead foraminiferal cytoplasm in the 
deep sea (i.e. months to years; Corliss & Emerson 
1990). Therefore, rose Bengal should only be used with 
caution for routine numerical density determinations, 
especially for samples collected from environments 
with high hydrostatic pressure. Analysis of ATP 
remains the method of choice for biomass determina- 
tions (e.g. DeLaca 1986, Bernhard 1992). 

Assemblage response 

In the experimental mesocosm, where virtually all 
macrofauna died during the study, the foraminiferal 
populations survived and migrated upward when 
dissolved oxygen levels were decreased. Our results 
confirm that at least some foraminifera are less sensi- 
tive to hypoxia than metazoans (Josefson & Widborn 
1988) and therefore are well adapted to survive sea- 
sonal or episodic events of oxygen depletion associated 
with, for instance, eutrophication. In addition to the 
upward migration, and possibly more interestingly, the 
foraminifera migrated back down into the sediments 
once the mesocosm was re-oxygenated. In contrast, 
the foraminiferal distribution m the control (i.e. contin- 
ually aerated) mesocosm remained relatively static 
over the 8 mo experiment, illustrating the ability of 
microhabitat-selective species to remain in their 
optimal position over time regardless of bioturbation 
activity. These findings do not support Moodley's 
(1990) conclusion that foraminiferal vertical distribu- 
tion in the sediments primarily are governed by the 
burrowing activities of macrofauna. 

Foraminifera1 abundances on the polychaete tubes 
in the control box core were always low, while abun- 
dances on the decaying polychaete tubes of the exper- 
imental box core became surprisingly high during the 
period of lowest oxygen concentrations. In fact, in 1 
case (E6B) the stained forammiferal abundance on the 
tubes exceeded that in the surface 0.5 cm. 

It is well established that most benthic foraminifera 
are mobile and they may move at rates which ap- 
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proach 100 pm minu' (Kitazato 1988). The impetus 
for movement is varied: foraminifera migrate through 
sediments as a response to burial (e.g. Severin & 
Erskian 1981), throughout their life cycle (Matera & 
Lee 1972), to different habitats for food acquisition 
and/or changing environmental conditions (e.g. Linke 
& Lutze 1993), or, as in the present study, in response 
to chemical gradients. The most commonly proposed 
reason for benthic foraminiferal occurrence above the 
sediment-water interface is suspension feeding (e.g. 
Alexander & DeLaca 1987, Linke 1992, Altenbach et 
al. 1993, Linke & Lutze 1993) and polychaete tubes are 
among the various substrates that foraminifera use for 
elevation above the interface (Kitazato 1989, Mack- 
ensen & Douglas 1989, Linke & Lutze 1993). In our 
experiment, the foraminifera are probably not migrat- 
ing up the polychaete tubes in order to suspension 
feed. If this were the case, the foraminifera would have 
been situated on the tubes at the beginning of the 
experiment and they would not have re-entered the 
sediments after re-oxygenation. While it is likely that 
some foraminifera optimize their food acquisition by 
migrating from one microhabitat to another which 
possesses greater food availability (Linke & Lutze 
1993), it is also known that certain infaunal foramini- 
fera do not migrate upward as a response to episodic 
food mputs (i.e. phytodetritus; Gooday & Turley 1990). 
It is possible that the foraminifera on the tubes were 
taking advantage of a plentiful food source (i.e. the 
dead polychaetes), as observed for the large, carnivor- 
ous agglutinated antarctic foraminifer Astrammina rara 

(S. S. Bowser & J. M. Bernhard pers. obs.), but this pos- 
sibility is unlikely since the foraminifera in the control 
mesocosm did not migrate onto the polychaete tubes to 
feed on the dead polychaetes in that mesocosm. Our 
preferred explanation is that the foraminifera situated 
themselves above the sediment-water interface in 
the experimental mesocosm to gain exposure to higher 
oxygen levels. In fact, qualitative observations by 
Linke & Lutze (1993) support our explanation. They 
observed that the number of foraminifera visible on the 
sediment surface increased dramatically after the 
sediment surface of cores was colonized by sulfide- 
oxidizing bacteria. In addition, some foraminifera were 
seen on polychaete tubes. While oxygen data was not 
obtained, their speculation was that the foraminifera 
migrated as a response to anoxic conditions. 

It is generally accepted that foraminifera are obligate 
aerobes and some species have higher than expected 
respiration rates (Hannah et al. 1994). However, the 
pioneering laboratory work of Bradshaw (1961) 
showed that at least some foraminiferal species require 
very little oxygen to survive. Recent experimental 
studies conclude that certain benthic foraminifera may 
be facultative anaerobes for moderate periods of time 

(Moodley & Hess 1992, Bernhard 1993) and field 
studies support this conclusion (Bernhard & Reimers 
1991, Sen Gupta & Machain-Castillo 1993, Alve 1994). 
The fact that, in this study, the maximum abundance of 
certain species was deeper than others provides addi- 
tional evidence that some species require less oxygen 
than others, and possibly do not require any oxygen, 
to survive (e.g. Stainforthia fusiformis vs Bulimina 

marginata; see below). 
The question remains why the foraminifera returned 

to the sediments after re-oxygenation, since another 
commonly accepted notion of foraminiferal biology, 
seemingly contradictory to our results, is that they are 
negatively geotactic (e.g. Lee & Faber 1992). Indeed, 
downward foraminiferal migration has only rarely 
been documented (in response to increased flow 
regimes; Palmer & Molloy 1986) even though infaunal 
foramimferal distributions are universally recognized, 
as previously discussed. One commonly proposed 
reason to explain why foraminifera are infaunal is to 
avoid predation pressure from macroepifauna (e.g. 
Gooday 1986, Mackensen & Douglas 1989). However, 
in our experimental treatment, predation pressure 
surely was minimal during reoxygenation of the meso- 
cosm, as nearly all macrofauna had died. Still, the 
foraminifera returned down into the sediments. Our 
conclusion that foraminiferal species select different 
optimal oxygen regimes and their associated biochem- 
ical microenvironments helps to explain foraminiferal 
downward migration. While oxygen levels were not 
measured directly within the sediments, it appears that 
species tracked a particular oxygen regime, regardless 
of its depth in the sediment column, since foraminifera 
responded to increased as well as decreased oxygen 
concentrations. The fact that the distribution in the 
experimental mesocosm did not completely return to 
its initial pattern even after 4 mo of re-aeration (Fig. 4) 
may be because macrofauna were not present to bio- 
turbate, and consequently re-aerate, the sediments as 
deeply as at the initiation of the experiment. 

Species response 

The common species exhibited 2 major distributional 
and response patterns to the varying oxygen concen- 
trations. Species such as Bulirnina marqinata, Ader- 

cotryma glomeratum, and Brizalina spathulata consis- 
tently exhibited maximum abundances in the surface 
0.5 cm or on the polychaete tubes irrespective of the 
degree of oxygenation. The second distributional and 
response pattern was exhibited by most other species. 
Stainforthia fusiformis, Nonionellina la bradorica, Non - 
ionella turgida, BolivineLLina pseudopuncta ta, Globo- 

bulimina a uricula ta, and Epistominella vitrea all 
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exhibited subsurface (> 0.5 cm) maximum occurrences 
before exposure to dysaerobic conditions. While dys- 
aerobic conditions were maintained, these species 
migrated upward, exhibiting maximum abundances 
either in the surface 0.5 cm of sediment or upon the 
polychaete tubes. However, Nonionellina labradorica, 

Nonionella turgida, and G. auriculata were never 
found on polychaete tubes. After re-oxygenation, the 
species which originally exhibited subsurface maxi- 
mum abundances returned to primarily infaunal distri- 
butions, although some specimens remained upon the 
polychaete tubes. 

Bulimina marginata was consistently the dominant 
species shallower than 0.5 cm and occasionally domi- 
nant between 0.5 and 1.0 cm, whereas Stainforthia 

fusiformis was dominant deeper than 1 cm for all 
sampling events in the control mesocosm (except 
1 where S. fusiformis had unusually low abundances). 
This pattern was also observed in the experimental 
mesocosm for sampling events 1, 2, and 7. These 
observations demonstrate the consistency in micro- 
habitat separation between these 2 species on both 
intra- and inter-mesocosm scales. 

Stainforthia fusiform's is a typical opportunist, being 
the first foraminifera to recolonize organic-rich, for- 
merly anoxic fjord sediments (Alve 1990), where it 
survives brief periods of anoxia (Alve 1994). This is 
probably why S. fusiformis was the predominant in- 
faunal species throughout our study. However, S. fusi- 

formis is also known to dominate surface sediments 
(0 to lcm) in well-oxygenated areas of the North Sea 
(as Fursenkoina fusif0mil.s in Murray 1985, 1992). These 
seemingly contradictory observations demonstrate 
that at least some species are capable of exploiting a 
variety of microhabitats, an important observation with 
both ecological and paleoecological implications. 

Bulimina marginata also exhibits opportunistic traits. 
The observation that the majority of B. marginata were 
juveniles indicates that this species reproduced con- 
tinuously at least from October through June. During 
sampling events 1, 2, and 7 in the experimental meso- 
cosm, the total absolute abundance of B. marginata, 

summed over the top 4 cm, was consistently higher 
than that of Stainforthia fusiformis. Hence, one may 
expect B. marginata to dominate even after the maxi- 
mum upward migration of infaunal specimens 
(sampling event 6). However, at this time, B. mar- 

ginata was outnumbered in the upper 0.5 cm by 
S. fusiformis (Fig. 5). This suggests that even though 
S, fusiformis also migrated upward towards more 
oxygenated conditions, it was less affected by the low 
oxygen concentrations than B. marginata and there- 
fore reproduced more rapidly. After re-oxygenation, 
B. marginata flourished in the surface sediment layer 
(0.5 cm). 

It has been suggested that the apertural canal in 
some Bulimina species regulates oxygen concentration 
in the intratest cytoplasm of specimens found in 
dysaerobic sediments (Verhallen 1986). If this were the 
case, B. marginata is expected to remain in oxygen- 
depleted sediments. However, our results indicate that 
this species migrated as far as possible into more 
oxygenated waters above the sediment-water inter- 
face. It is unlikely, therefore, that the function of the 
apertural canal is to channel oxygen into the cytoplasm 
of B. marginata. 

It is likely that organic carbon content (1.e. food avail- 
ability) also plays an important role in determining 
vertical distributions of foraminifera. For obligate 
aerobes, as long as the pore-water oxygen concentra- 
tion is above a certain threshold, potentially infaunal 
species will populate those sediments, probably to take 
advantage of available food and to avoid competition 
with epifauna (Gooday 1986). The infaunal species 
exhibiting a yellow-green coloring presumably exploit 
algae as a nutrient source. While it is likely that the 
algae are used for food by some species, at least 2 of 
the colored species, Nonionellina la bradonca and 
Stainforthia fusiformis, retain viable chloroplasts in 
their cytoplasm, possibly as symbionts (Cedhagen 
1991). In order for the infaunal foraminifera to acquire 
algae, either the foraminifera must migrate to the 
sediment-water interface, the algae must be bio- 
turbated into the sediments, or the foraminifera1 
pseudopods sequester the algae near the sediment- 
water interface and transport them to the infaunal test. 
The latter 2 possibilities are more likely than the 
former since species with green coloration only rarely 
occurred in superficial sediments of the control. Bio- 
turbation is known to mix algae quickly into sedi- 
ments, where the concentrations of chloroplastic pig- 
ment equivalents (CPE) at sediment depths of 1 to 3 cm 
can be higher at certain times of the year than CPE 
concentrations at 0 to 1 cm (Faubel et al. 1983, see also 
Graf 1989). The fact that foraminifera at the end of the 
experiment were pale and that they migrated into the 
sediments after re-aeration when bioturbators, and 
consequently fresh algal material, were absent from 
the sediments indicates that these foraminifera must 
also utilize other nutrient sources. While the organic 
carbon content of the sediments was high (-2.9%), 
suggesting a plentiful food supply, some of the avail- 
able material (e.g. dead infauna) may not necessarily 
be used by foraminifera. However, a likely food source, 
which foraminifera requiring little or no oxygen may 
exploit, is bacteria associated with rotting animals and 
with the redox boundary (e.g. sulfide oxidizers, iron 
oxidizers, nitrate reducers). The filamentous sulfide- 
oxidizing bacteria Beggiatoa sp. has been observed in 
the food vacuoles of a species closely related to N. 
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labradorica (Nonionella stella; Bernhard & Reimers 
1991) and foraminiferal feeding has been observed at 
the redox boundary (Linke & Lutze 1993). 

Our observations do not support the conclusion that 
most agglutinated foraminifera are deep-living in- 
faunal species (Buzas et al. 1993). The only 2 common 
agglutinated species in our assemblage, Adercotryma 
glomeratum and Crithionina goesi, exhibited shallow- 
infaunal and epifaunal distributions, respectively. 

Comments on test morphology 

It has been suggested that benthic foraminiferal test 
characteristics vary according to microhabitat. For 
instance, in the deep sea, epifaunal species generally 
have trochospiral coiling and biconvex or plano- 
convex shapes, whereas more rounded shapes (e.g. 
planispiral and triserial coiling) are exhibited by in- 
faunal species (Corliss 1985, 1991). In addition, pores 
in the test of epifaunal species commonly occur only on 
one side of the test while the pores of infaunal species 
typically occur on all parts of the test. It has also been 
proposed that small-sized species are more common 
in oxygen-depleted (i.e. infaunal) environments than 
well-oxygenated environments (Bernhard 1986 and 
references therein). Lastly, the tests of species found in 
oxygen-depleted environments are suggested to be 
characterized by thin, unornamented walls (Harman 
1964). In our experiment, Stainforthia fusiformis, the 
most abundant species deepest in the sediments, and 
some of the species with subsurface maxima (e.g. 
Bolivina spp.) do have small, thin-walled, unorna- 
mented tests. Therefore, these species exhibit many of 
the test characteristics thought to be representative 
of opportunistic species (Gooday 1993, Alve 1994) or 
of deep infaunal species. However, other commonly 
occurring species which have distinct subsurface max- 
ima, such as Nonionellina labradorica (trochospiral- 
planispiral test) and Nonionella turgida (trochospiral), 
exhibit test characteristics more representative of epi- 
faunal species according to Corliss' (1991) definition. 
Furthermore, Bulimina marginata, the most abundant 
species occurring in superficial sediments (i.e. 0.0 
to 0.5 cm) or on the polychaete tubes, is triserial (i.e. 
elongated), has thicker walls, some ornamentation, 
and pores distributed about its test. According to the 
distribution of this species, it would be classified as 
epifaunal, using definitions of Corliss (1991). However, 
if we were to classify the species based on test charac- 
teristics, it would be termed shallow infaunal using 
Corliss' (1991) criteria. As noted by Sen Gupta & 
Machian-Castillo (1993), representatives of all mor- 
phologies, sizes, degrees of ornamentation, and pore 
distributions can be found in nearly every microhabitat 

with respect to oxygen (i.e. anoxic, dysaerobic, well- 
aerated). Therefore, considering the highly dynamic 
nature of foraminiferal vertical distributions, at least in 
variable environmental settings, caution should be 
taken if these types of characteristics are used to infer 
environmental attributes. 

CONCLUSIONS 

Our results show that, at atmospheric pressure, 
detailed variations in the vertical distribution patterns 
of benthic foraminifera can be traced using rose 
Bengal when samples are collected over relatively 
short time spans (i.e. 2.5 to 4 wk). In the aerated control 
mesocosm, we observed the ability of microhabitat- 
selective species to remain in their optimal position 
within the sediments over time irrespective of the 
activity of bioturbators. Under our experimental condi- 
tions, infaunal species started migrating upward when 
overlying waters decreased below 2 ml Oz 1 .  Some of 
the infaunal and surface-dwelling species emerged 
above the sediment-water interface (i.e. onto poly- 
chaete tubes) when oxygen concentrations dropped 
below 0.2 ml l-I. After re-oxygenation, the foraminifera 
actively moved downward toward their original depth 
distribution, although after 4 mo the maximum 
abundance of some species was not as deep as it was 
originally. These shallower vertical distributions were 
probably due to inadequately aerated subsurface sedi- 
ments, resulting from a lack of bioturbation. Our 
results provide the first published quantitative experi- 
mental evidence of foraminiferal migration as a result 
of controlled, altered oxygen concentrations. We con- 
clude that some foraminiferal species select an optimal 
oxygen regime regardless of its position with respect to 
the sediment-water interface. It is likely that foramini- 
fera select a microhabitat where food supply is opti- 
mized in apposition to oxygen demand. Further ex- 
perimental studies are needed to assess the response 
of foraminifera to manipulated organic carbon concen- 
trations while holding oxygen concentrations constant. 
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