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ABSTRACT 
From two cores of the central Arctic Ocean and the Southern Ocean (Weddell Sea) a new mor- 
photype of the planktic foraminifer Neo~loboquadrina pachydernra (skstral) ( ~ h r e n b e r ~ )  with 
"sausage" shaped final chambers (i.e. "Wurstkammer") is described. A comparison of these 
morphotypes in the two polar regions shows significant differences in shape and frequency 
during the last 70,000 years in the central Arctic Ocean and during the last 140,000 years in the 
Weddell Sea. In the central Arctic Ocean the frequency of wurstkammer specinlens call be cor- 
related to that of the so-called kummerform specimens during the last 70,000 years; this corre- 
lation cannot be seen in a core from the Weddell Sea. The wurstkammer and kummerform spe- 
cimens are interpreted as being end-members of a morphological progressional line. The 
abnormal chamber growth is probably an adaption to various environmental stress conditions 
found in the two polar regions during the last 70,000 in the Arctic and 140,000 years in the 
Antarctic, but the reasons for this abnormality are not yet fully understood. 

INTRODUCTION 
In this study, a new morphotype of the planktic 
foraminifer Neogloboqrradri~~a pach!ydernla (sinistral) 
(Ehrenberg) is described and its occurences in the 
central Arctic (Fig. 1) and the South Atlantic Ocean 
(Weddell Sea, Fig. 2) is compared. The last cham- 
bers of these specimens are ,,sausage" shaped 
(,,WurstkammerU = sausage chamber), especially 
in Core PS2185, or are more inflated (in Core 
PS1388). 

Earlier studies concentrated mainly on the 
integration of the planktic foraminifer species N .  
pachyderma (sin.) within the total planktic foramini- 
fer taxa. Since the 1970's several workers have stu- 
died the paleoceanographic and ecological para- 
meters of this polar species, such as the evaluation 
of coiling directions and of frequency distributions 
(Kennett, 1968, Keller, 1978). 

In the 1980's, research on the recent distri- 
bution of planktic foraminifers in the water column 
was strengthened by plankton tow and sediment 
trap experiments, especially in the Pacific Ocean 
(Arikawa, 1983, Reynolds & Thunell, 1986). 

During the 1990's, detailed studies of the verti- 
cal and horizontal distribution of N .  pachyderma in 
the water column of the Arctic Ocean (Carstens & 

Wefer, 1992) and the South Atlantic (Donner & 
Wefer, 1994, Berberich, 1996) have been carried out. 
Several tropical and subtropical planktic forainini- 
fer species (i.e. Globi~perinoides sacc~llifcr, Globiseri- 
nella siphonifera and Orbz~lirza uiziversa) have been 
successfully cultured under varying laboratory 
conditions (e.g. temperature, salinity, food) 
(Hernleben et al., 1987, Hemleben et al., 1989, Bijma 
et al., 1990, Bijma et al., 1992). Studies of N .  paclz!y- 
derina in the Weddell Sea have focused on its di- 
stribution and abundance in the water column 
with and without sea ice cover, and on the occu- 
rence of living specimens of N .  paclzyder-nza in the 
Weddell Sea ice (Spindler & Dieckrnann, 1986, 
Syindler et al., 1990, Dieckmann et al., 1991, 
Berberich, 1996). Culture experiments to demon- 
strate the special adaption of N .  pachydcriila to lug11 
salinities in Antarctic sea ice have been carried out 
by Spindler (1996). 

MATERIAL & METHODS 
Samples of two sediment cores were examined: 
Core PS2185 in the central Arctic Ocean 
(Lomonosov Ridge, core location 87O32.0'N 
144"22,9'E, 1051 m water depth, Fig. 1) and Core 
PSI388 in the eastern Weddell Sea (core location 
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Figure 1. Core location of Core PS2185 in the central Arctic Ocean (Lomonosov-Ridge). 

69O02.0'S; 5'55.0'W, 2526 m water depth, Fig. 2). 
Core PS2185 was recovered during the Arktis- 
VIII/3 expedition of RV ,,Polarsterno (Fiitterer, 
1992) and Core PSI388 during the Antarktis- IV/3 
expedition (Fiitterer, 1987). 

All samples were wet-sieved over a 63 PI 

mesh-size sieve and later dry-sieved. The coarse 
fraction was dry-sieved into the subfractions 63- 
125, 125-250 and 250-500 LLm. The wurstkammer 
and kummerform specimens were counted in the 
250-500 pn fraction and calculated for the total 

sample (specimens per gram dry sediment). 
Simi~ltaneously the wurstkammer specimens were 
picked for SEM-analysis. Ongoing work shows 
that only few specimens of N. pach!/dernra (sin.) 
with wurstkammer-shaped chambers occur in the 
subfraction 125-250 tun. 

A wurstkammer is defined as one of the last 
chambers of N. pnchydcrrwn (sin.) which is, in con- 
trast to a kummerform chamber, normally two to 
three times more elongated than the previous 
chamber. They are normally ,,sausagen shaped 

with a width/length ratio of 
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Sea, Fig. 4). Of special interest are the morphologi- 
cal and faunal changes in the wurstkammer speci- 
mens during the glacial/interglacial transitions 
6 /5 (Termination 11) and 2/ 1 (Termination I). These 
time spans are recorded in Core PSI388 through 
stable oxygen isotope data, but between 52-24 ka 
B.P. 110 samples are available (Figs. 4, 6, 7b, 8b). 
Samples in Core PS2185 cover the last 70,000 years 
dated through AMS-ages and stable oxygen iso- 
tope data (N~rgaard-Pedersen, 1996). The strati- 
graphical basement of Core PSI388 (Weddell Sea) 
used in this study, is the N. pachyderiim (sin.) 6180 
curve, carried out by Grobe et al. (1990) and Grobe 
& Mackensen (1992). The stratigraphic fix points 
are in accordance with Martinson rt al. (1987). 

RESULTS 
Morphological results of the wurstkammer speci- 
mens (interpretation of SEM-photographs) 
The scanning electron microscope photographs 
(Plates 1 and 2) show abnormal shell growth (i.e. 
,,Wurstkammer" specimens) in comparison to nor- 
mal shell growth. Here the ,,Wurstkammerl' mor- 
photypes are defined as N. pachyderinn (sin.) speci- 
mens with abnormally elongated last chambers. In 
these specimens the final chambers are not nor- 
mally arranged in a trochospire. The wurstkam- 
mers appear to grow at an angle of 90" to the nor- 
mal growth direction, thus overlapping the spiral 
and umbilical parts of the test in the form of a 
,,sausagew. Usually only one chamber is formed as 
a wurstkammer, but occasionally two or more 
wurstkammers can be seen in one specimen. In this 
case the last wurstkammer is larger in size and 
more elongated than the others (Plate 1: Fig. IV). 

In the two polar regions morphologically diffe- 
rent types of wurstkammer specimens can be 
found: 

a) In samples from the central Arctic Ocean 
(Core PS2185) relatively long wurstkammers domi- 
nate (Plate 1: Fig. Ia, b, 111, IV). These chambers can 
be up to three times larger than the penultimate 

Figure 3a,b.. Percentages of 
wurstkammer and kumnier- 
form specimens of Nepylubo- 
qiradrirza pnclrt deriim (sin.) of 
total N. pnclilikrnin (sin.) speci- 
mens in the fraction 250-500 pn1 
in Core PS2185, central Arctic 
Ocean (oxygen isotope Stages 4 
to 1). 

chamber. The very wide aperture of the wurstkalli- 
mer specimens in comparison to normal specimens 
of N. pachydtrma (sin.) is another important charac- 
teristic feature (Plate 1: Fig. Ib, 111). 

b) Many wurstkainmer specimens in the 
Weddell Sea (Core PS1388) differ in shape froin 
those of the Arctic Ocean: The wurstkaininers 
formed here are more inflated as they have a lower 
length/width ratio than the wurstkammers from 
Core PS2185 (Plate 2: Fig. IIIa, IVb). 

In addition to the N, pachydernla wurstkainmer 
specimens with large terminal chambers, samples 
also contain specimens with rudimentary lasl 
chambers, so called kummerform-specimens 
(Berger, 1969; Olsson, 1973) (Plate 2: Fig. 11). Berger 
(1969) first described these specimens: he defined 
kummerforms as specimens with a smaller or 
equal-sized final chamber as the penultimate one 
In exceptional cases kummerkammers and wurst- 
kammers occur in the same specimen: Here the last 
chamber is formed as a kumrnerkainmer whereas 
the penultimate and antepenultimate chambers are 
formed as wurstkanuners (Plate 1: Fig. IV) 

Quantitative analysis of wurstkammer/kummer- 
form N.  paclzyderfna (sin.) specimens in the sub- 
fraction 250-500 p n  
In the sediment samples of Core PS2185 the maxi- 
mum frequency of wurstkammer speciinens is 
found at the beginning of oxygen isotope Stage 3 
(up to 22% of the total N. paclzyderi~ra specimens in 
the subfraction 250-500 pm) and at Terinination I 
(up to about 12%, Fig. 3a). The lowest frequencies 
of wurstkammer specimens appear in Termination 
I1 (about O%), in Stage 2 (about 2%) and in the 
Holocene (up to 3%) (Fig. 3a). Highest numbers of 
kurnmerform specimens occur at the same time as 
the wurstkammer specimens, i.e. at the beginning 
of Stage 3 (27% frequency) and at Termination I 
(21%). Frequency minima occur at stage boundary 
4/3, in the middle part of Stage 3 and in the upper 
Holocene (Fig. 3b). 
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Figure 4a,b. Percentages of  
wurstkammer and kummer- 
form specimens of N~.o,ylol~o- 
q ~ i d r i n n  pacl~!/ll~rrr~a (sin.) of 
total N. paclr!jd~~~ilrn (sin.) in 
the fraction 250-500 pm in  
Core PS1388, eastern Weddell 
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In Core PSI388 wurstkammer specimens can 
be observed maiidy within Stage 5 (about 9%) and 
in the Holocene. Frequency miiuma appear at Ter- 
mination 11, Termination I and in the lower Holo- 
cene, a weak minimuin occurs in Stage 4 (Fig. 4a). 

Most of the kuminerform specimens appear in 
Substage 5.5 (about 26%), in Stage 4 (about 9%) and 
in the Holocene (11%) (Fig. 4b). Frequency minima 
occur at Termination 11, within Stage 5, at 
Termination I aild in the Holocene (Fig. 4b). 

Concentrations of wurstkammer/kummerform 
specimens in the subfraction 250-500 p~ 
I11 Core PS2185 1x0 wurstkamrner specimens are 
found in the upper part of Stage 4 and at stage 
boundary 4/3. The numbers increase throughout 

Figure 5a,b. Concentration of 
wurstkammer and kummer- 
form specimens of N L Y J ~ ~ ~ ~ ~ ~ ~ ( I -  
quddrina pacll!jdo~r~a (sin.) in 
the fraction 250-500 pm/g dry 
sediment in Core PS2185, cen- 
tral Arctic Ocean (oxygen iso- 

b tope Stages 4 to 1) 

Stage 3 with hghest test concentratioi~s found in 
the middle part of Stage 3 (up to 11 specimens/g 
dry sediment) (Fig. 5a). At the end of Stage 3 the 
number of wurstkammer specimens decreases 
rapidly down to only 1 wurstkamrner speciinei~/g 
in Stage 2. During the Holocene the concentration 
increases slightly up to 2.5 specimens/g (Fig. 5a). 
The corresponding plot of the kummerforin con- 
centrations shows a similar trend (Fig. 5b): Lowest 
concentrations of kuinmerform speciinei~s arc 
found in the upper part of Stage 4 and at stage 
boundary 4/3 (0 specimens/g). Highest concentra- 
tions occur in Stage 3 (up to 18 specimens/g, Fig. 
5b). Concentrations here are on average twice as 
high as the wurstkarnmer specimens. 

In contrast, concentrations of wurstkammer 
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Figure 6a,b. Concentration of 
wurstkaminer and kummer- 
form specimei~s of Nt>o~lobo- 
quadrina pncht derriln (sin.) ui 
the fraction 225-500 v / g  dr 
sediment in Core P ~ 1 3 8 l  
eastern Weddell Sea (oxygen 
isotope Stages 6 to 1). 

Figure 7a,b. Concentration of 
total specimens of N.  paclryd~r- 
n m  (sin.)/g dry sediment in 
the fraction 250-500 pni in 
Core PS218.5, central Arctic 
Ocean (oxy en isotope Stages 
4 to 1) a n t  in Core PS1366, 
eastern Weddell Sea (oxygen 
isotope Stages 6 to 1). 

specimens are very high in Core PSI388 (more than takes place. In Stages 3 and 2 concentrations are 
600 wurstkammer specimens/g dry sediment near low (about 15 wurstkammer specimens/@. At 
Substage 5.5 about 115 ka B.P.) (Fig. 6a). Termination I and in the Holocene all wurstkam- 
Concentrations decrease rapidly after this short mer specimens disappear (Fig. 6a). Kummerform 
maximum, although a minor maximum occurs at specimens generally show lower concentrations 
stage boundary 5/4 (about 150 wurstkammer spe- than the wurstkammer specimens although they 
cimens/g). Throughout Stage 4 a second decrease follow a similar trend to the wurstkammer speci- 
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mens. Maximum concentrations were observed in 
Stage 5 with 170 kummerform individuals/g (Fig. 
6b). 

The concentration of the total specimens of N. 
pnclzydernzn (sin.) in the fraction 250-500 p is up to 
250 specimens/g dry sediment in Stage 3 in Core 
PS2185, a lower peak is observed in the Ilolocene 
with about 50 specimens/g (Fig. 7a). Lowest con- 
centrations can be seen at stage boundary 4/3 (0 
specimens/g) and in Stage 2 (about 20 speci- 
mens/g) 

In Core PSI388 highest concentrations are seen 
in two maxima within Stage 5 with 2750 speci- 
mens/g at 115 ka B.P. and 2100 specimens/g at 105 
ka B.P., minima occur at Ternunations I1 and I (0 
specimens/ g) (Fig. 7b). 

The highest concentration of total specimens of 
N. pnclz?/do~~ln  (sin.) is up to 30 times higher in the 
Weddell Sea than in the Arctic Ocean (Fig. 7a, 7b). 
The concentration curve of total specimens of N. 
~~mli!jdcrirln (sin.) in the Arctic Ocean and the 
Weddell Sea (Fig. 7a, b) correlates well with the 
concentration of kummerform specimens in the 
fraction 250-500 Fun in the same cores (Fig. 5b, 6b), 
whereas the correlatioll to the wurstkammer cur- 
ves is not so evident (Fig. 5a, 6a). 

The wurstkammer/kummerform ratio in the 
Arctic Ocean in the fraction 250-500 pm is low (up 
to 1.4 in Stage 5 and 1.7 in Stage 3) (Fig. 8a) com- 
pared with the wurstkammer/ kummerform ratio 
in the Weddell Sea (up to 4.2 in Stage 5 and 2.2 in 
the Holocene) (Fig. 8b). In the Arctic Ocean lowest 

Figure 8a,b. Wurstkani- 
mer/ kummerform 1.3 tio of 
specimens N. ~inclr,1/dr~rrrri7 
(sin.) in the fract~on 250-500 
pm in Core PS2185, central 
Arctic Ocean (oxygen iso- 
tope Stages 1 to 1) and in 
Core PSl388, eastern 
Weddell Sea (ox gen iso- 
tope stages 6 to 1 Y 

wurstkammer /kummerform ratios can be found 
in the upper part of Stage 4, at stage boundary 4/3 
and in Stage 2 (0.05), lughest values are seen in 
Stage 3 (up to 1.8, Fig. 8a). In the Weddell Sea maxi- 
ma of the wurstkammer/kununerform ratio occur 
in Stage 5 at 112 ka B.P. (4.1), near stage boundary 
5/4 (3.2) and in the upper Holocene (3.2). 

DISCUSSION & CONCLUSION 
The comparison of the quantitative analyses on the 
wurstkammer and kumrnerform specimens in the 
fraction 250-500 p n  in Core PS2185 shows an excel- 
lent correlation between these two morphotypes 
(Fig. 3a, b). In this core, especially in Stage 3 and at 
Termination I, a high number of wurstkammer and 
kumrnerform specimens occur at the same time. 
The percentage of kummerform individuals is nor- 
nlally two to three times higher t11ai1 that of the 
wurstkammer specimens. The ratio between 
wurstkammer and kumrnerform speciinens is rela- 
tively low, indicating only a small difference in the 
number of wurstkammer and kumlnerform speci- 
mens (Fig. 8a). 

These two special morpllotypes can be inter- 
pretated as end-members of a inorphological line 
and demonstrate the very high morphological 
variability of N. pclz?jdcrllrn (Kennett, 1968; Keller, 
1978; Healy-Williams, 1992), clearly evident in the 
short time intervals between 56-50 and 18-8 ka B.1'. 
(Fig. 3a, b). 

In contrast, in Core PSI388 no ge~leral correla- 
tion between wurstkamrner '~nd kummerform 
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types can be found, for example some samples 
show a high number of wurstkammer specimens 
together with only a few kummerform specimens 
(Stage 5, about 90 ka B.P.; Fig. 4a, b). 

Kum~~erform growth is probably due to two 
main reasons (Berberich, 1996): 

a) Development of kum~nerforms in small 
specime~~s due to environmental stress, e.g. chan- 
ges in temperature, salinity and food supply 
(Berger, 1971; Be & Van Donk, 1971; Hecht & Savin, 
1972). 

b) Development of kurnrnerforms in large 
specimens due to reproduction stress. Hemleben ct 
a / .  (1987) discovered that specimens of the planktic 
foraminifer G. sncclllifer form kun~merform cham- 
bers instead of normally shaped last chambers 
shortly before reproduction. 

If kumnerform and wurstkammer specimens 
are considered as end-members of a morphological 
progression, then the reasons above i.e. environ- 
mental/reproduction stress need to be further ana- 
lysed. If the formation of a wurstkarnmer is com- 
pared with the building of the sack-like chamber in 
specimens of G. sncclrlfcr, then reproduction stress 
would be the inost important reason for forming a 
wurstkammer. This is supported by the large num- 
ber of wurstkammer specimens found in the frac- 
tion 250-500 pm in contrast to the fraction 125-250 
Fun where there are only a few such specimens. 
Therefore, the wurstkammers were formed mainly 
in the adult stage, when reproduction occurs. 
Secondary calcification of N. pncli!jder~lla tests 
formed shortly before reproduction (Kennett, 1968; 
Be & Hemleben, 1977; Meggers, 1996) appears to be 
less well developed on wurstkamrner individuals 
from either core (Plate 1: Fig. IIa, b, 111; Plate 2: Fig. 
IIIa, b). 

On the other hand the formation of wurstkam- 
mer specimens due to environmental stress is sup- 
ported by: 

1. their extensive appearance during time 
intervals of the last 140,000 years that are characte- 
rized by strong climate change, i.e. in very early 
Stage 3 and at Termination I (Nnrgaard-Pedersen, 
1996) the change of meltwater to normal salinity 
conditions could cause the appearance of large 
numbers of wurstkammer and kummerform speci- 
mens in the Arctic Ocean (Fig. 3a, b). 

2. the abnormal shell growth of the wurst- 
kammer individuals: the abnormality of the wurst- 
kainrner cl~ambers is not oi~ly restricted to size and 
shape, as in the sack-like chambers of G. sncct~lifcr, 
but there is also an abnormality in growth directio~~ 
(often a second growth direction perpendicular to 
the main one). These specimens may terminate 
11orina1 growth in one direction due to strong envi- 
ronmental stresses, and then build enlarged cham- 
bers with growth in a new direction. The different 

morphological shapes of the wurstkanuner cham- 
bers in each of the two polar cores point to different 
strong environmental factors influencii~g N. paclly- 
derrrin populations in the Arctic Ocean and the 
Weddell Sea. 

Earlier works (Be & Hutson, 1977; Boltovskoy, 
1982) were unable to find causes for abnormal shell 
growth in planktic foraminifera. 

To obtain more details about the formation of 
wurstkammer specimens additional studies of N. 
pnclzyderiira shells in sediment surface samples, in 
samples from sediment traps and in plankton net 
tows need to be carried out. Especially the North 
Atlantic and the South Atlantic are interesting regi- 
ons for further studies because of their different 
oceanic conditions and geological history to com- 
pare the biology and the fossil record of the bipolar 
populations of N. pndlyderr?ln. Culture experiments 
are also necessary to test the various conditions 
under which wurstkammer growth takes place. 
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Plate 1. SEM-phcrtngraphs of Nco,ylobrrq~mdrrrln ~ ~ n d i u d c r n ~ n  (sin.) wurstkammer specimens In Corv I37185 (central 
Arcticmean). FIG. la, b: Wurstknrnmcr specimens in different views (49 ka R.F). Fig. Ila, h: Wurstknmmer specimens 
in differnit views (78 kn R.p). Fig. 111: Wurstkammer specin~en (122 ka B.P.). Fig. IV: I.\turstknn~n~er sprcimen (78 kn 
U.P.1. 



I'late 2. SEM-plioto~raphs of hrthr)4~iidaq~lndr~nn ~ ~ n c l r ~ ~ i l r ~ r ~ i ~ n  (sin.3 r\-~trst kamlnrr speclrnvnq 111 Ctvrti PSI 788 (Wt-ddcl t 
Sea). Fit: I R~gi~lar- formed spcrimerl (122 kn 11.1'). Fig. 11: Ktrn~rncrtornm speclmctl (15 k~ B.P.). Fix. 1112, LY 
W~~rrtkanln~i*r 5pwimen.: ill diffewnt view* (1% ka l3.P.). Fig. IVa, b: Wuwtkamnler <puci~ncos In difirrpt~t \.rtliu.. (132 
kn n.lT.) 




