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Introduction

In order to evaluate what effects various kinds of human
activity (e.g., effluent discharges and physical changes)
have possibly had on the marine environment, details are
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High resolution analyses of fossil benthic foraminiferal assemblages have been performed on two short (<40 cm)
sediment cores from the deep Skagerrak Basin, NE North Sea. 210Pb-datings of replicate cores from the same two
stations have made it possible to calculate accumulation rates of both sediments and benthic foraminiferal tests,
and the vertical (historical) assemblage distributions are compared with sediment surface assemblages collected in
1937 and 1992/93. The core data show that the accumulation rate of agglutinated tests was relatively constant from
about 1770 to 1940-1950 and that it has increased about 5-6 times since the late 1960’s compared to average pre-
1940 values. This increase is due mainly to increased production in the 4 agglutinated species Haplophragmoides
bradyi, Eggerelloides medius, Saccammina spp., and Trochamminopsis pusillus, of which the last 2 were present only
as accessory species before the 1960's. The 3 calcareous species Pullenia osloensis, Nonionella iridea, and Cassidulina
laevigata, which dominated the dead assemblages prior to the early 1970's, all show subsequent reduced accumu-
lation rates. Despite possible errors caused by postmortem destruction of some agglutinated components, their
overall preservation seems to be good enough to reflect the real faunal conditions over the last couple of centuries.
The faunal development, as reflected by the core data, is in good agreement with the conclusions based on the
comparative study of surface assemblages collected in 1937 and 1992/93. That is, the benthic foraminiferal assemb-
lages in the deep Skagerrak Basin have changed, and according to the core data, these changes have occurred pri-
marily since the early 1970’s.
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However, in most areas such information is lacking or
very sparse, and the only way to gain an insight into past
conditions is to interpret the record which is stored in the
sediments.

A study of benthic foraminiferal distribution and abun-
dance from surface sediments (0-2 cm) collected by

needed about previous environmental conditions. ) X
Hoglund in the Skagerrak in 1937 (taxonomy discussed in
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Skagerrak Basin. These changes were interpreted as indi-
cating environmental change. The 1937 surface sedi-
ments are now burried at a depth of 9-18 cm below the
modern sediment surface. In order to test to what extent
these changes are reflected by the fossil assemblages in
the sedimentary record (i.e., in cores penetrating sedi-
ments deposited > 50 years ago), foraminiferal analyses
have been carried out on two short (< 40 cm), 210Pb-
dated sediment cores from the deep Skagerrak Basin.

A summary of previous foraminiferal studies in the
Skagerrak has been given by Alve & Murray (1995) and is
not repeated here.

Benthic foraminiferal tests are preserved in most mari-
ne sediments but it is known that in certain cases, some
calcareous tests are lost through dissolution (e.g., Scott
1975, Alve & Nagy 1986) and that some agglutinated taxa
with organic or weakly mineralised cement are lost
through early diagenetic destruction (e.g., Douglas et al.
1980; Mackensen et al. 1993). Consequently, studies in
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which changes in foraminiferal assemblages are docu-

Fig. 1. Bathymetric map (contour interval 200 m) of investigation area sho-
wing the location and year of collection of the deep Skagerrak Basin surface
samples and the position of the two 1993 sediment cores.

mented both by down core variations and by compari-
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sons of surface samples collected today and in the past
(now equivalent to a subsurface layer in the cores) are
important for evaluating the applicability of foraminiferal
analysis in studies of long term environmental change.

Material and Methods
Field and laboratory procedures

The sediment cores were collected from the Skagerrak at
652 m (station 56) and at 595 m (station 74) water depth
(Fig. 1) in July 1993 (University of Bergen cruise no. 9307)
by means of a Niemistoe gravity corer (inner diameter 50
mm). Immediately after collection, most of the water
overlying the sediment in the core liner was carefully sip-
honed off slowly. The sediment was then gently pushed
up through the core liner and the last few millimetres of
water was carefully removed with a pipette and transfer-
red to the surface sample (0.0-0.5 cm) container. The sur-
face 1 cm was sectioned into two 0.5 cm slices, and the 2-
6 cm and 6-20 cm intervals were sectioned in T cm and 2
cmi slices, respectively. Finally, the rest of the 2 cores were
sectioned in 4 cm (core 56) and 5 cm (core 74) slices,
respectively. The 7 samples from the upper 6 cm of core
74 were gently mixed with 70% ethanol, whereas those
from core 56 were kept at ambient temperature (6-8°C)
until they were wet-sieved (63 um sieve) in ambient tem-
perature sea water within 3 days of collection. Fifty indivi-
duals from each sample were picked for ATP (adenosine
triphosphate) extraction (Alve 1995) and the remaining
parts of these 7 samples were preserved in 70% ethanol.
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Samples from the deeper core levels were kept refrigera-
ted on the ship and frozen immediately after return to
the on-shore laboratory. All ethanol-preserved samples
were processed by washing them on a 63um sieve and
staining the residues with rose Bengal for about one hour
before they were washed again on the same sieve and
dried at 50°C. The frozen samples from 6-20 cm core
depths were thawed in ethanol and processed as descri-
bed above. As living individuals were not expected to be
present below 20 cm, the deeper samples were not stai-
ned but were otherwise processed in the same way.

At least 250 dead individuals were picked and identifi-
ed from each sample. Fragments of tubular and branc-
hing forms were treated as a separate category and have
not been included in the calculations (for discussion, see
Murray & Alve 1994).

Datings and calculation of foraminiferal test accumulation
rates

Various methods have been used to determine the rate of
sediment accumulation in modern sediments (see review
by van Weering et al. 1993). The most reliable are those
based on 219Pb and in the present study, replicate cores
from both stations have been dated by Helmar
Kunzendorf using the 2'1°Phb-method. The dating was car-
ried out on 1 cm thick slices throughout both cores. From
the results, the calculated sediment accumulation rates
are 0.23 and 0.15 cm/yr for cores 56 and 74, respectively.
Previously published rates for the study area range from
0.08 to 0.22 cm/yr (van Weering et al. 1987, 1993).
Consequently, the values for the two newly investigated

Table 1. Accumulation rates and relative abundance of important species (see text), and calculated faunal parameters of dead assemblages in core 56. * =

Ages are given as whole years and represent the middle of each depth interval.

Core 56, dead assemblages

Depth (cm) 0-05 0.5-1 1-2 2-3 34 45 56 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-24 24-28 28-32 32-37
Year* 1992 1991 1988 1984 1980 1976 1973 1969 1963 1956 1949 1945 1940 1931 1917 1902 1888 1871
No./10 cm2/yr

Earlandammina sp. 6 8 17 10 13 28 16 4 7 4 9 24 5 4 12 5 2 4
E. medius 12 17 16 25 21 27 22 15 15 b7 7 9 3 7 11 1 3 5
H. bradyi 71 64 44 47 58 39 38 29 19 15 15 32 20 17 24 10 6 8
Saccammina spp. 112 58 27 40 48 28 18 2 3 2 0 2 1 0 0 0 0 0
T. pusillus 49 27 29 32 52 28 12 13 17 1 0 4 4 2 4 2 1 4
C. laevigata 5 3 2 9 10 13 16 46 12 16 29 28 30 21 33 9 34 26
N. iridea 25 5 5 15 42 64 35 80 88 72 82 84 60 52 83 60 36 54
P. osloencis 31 19 ) 28 22 39 22 51 40 64 113 145 57 78 62 66 59 42
S. fusiformis 2 1 2 2 6 7 7 16 20 14 16 50 26 20 21 13 16 27
% values

Earlandammina sp. 1 3 9 4 4 7 5 1 2 i 2 4 2 1 3 2 1 2
E. medius 3 6 8 9 6 7 6 3 4 5 1 2 1 2 3 0 1 2
H. bradyi 17 23 21 16 16 9 1 6 5 4 3 6 6 6 6 4 2 3
Saccammina spp. 26 21 13 14 13 7 5 0 1 1 0 0 0 0 0 0 0 0
T. pusillus 12 9 14 11 14 7 4 3 5 0 0 1 1 1 1 1 0 2
C. laevigata 1 1 1 3 3 3 5 10 3 5 6 5 9 7 9 3 13 9
N. iridea 6 2 2 5 1 16 11 17 25 21 17 16 18 18 22 22 14 19
P. osloensis 7 7 3 9 6 9 6 11 11 19 23 27 18 27 16 24 23 15
S. fusiformis 0 0 1 1 2 2 2 4 6 4 3 9 8 7 5 5 6 10
No. counted 278 243 270 253 250 274 247 256 261 278 268 250 250 284 311 257 282 260
Tests/cm3 128 84 76 120 154 143 83 126 122 132 117 105 121 136 160 98 97 140
% agglutinated 74 76 82 64 61 51 52 29 26 19 17 20 22 18 19 1 10 14
Tests/10cm?2/yr 426 282 204 292 375 407 334 466 349 343 489 540 327 290 386 274 260 281

Aggl./10cm2/yr 314 214 167 185 229 206 173 133

90 64 84 108 72 51 75 30 26 40
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Table 2. Accumulation rates and relative abundance of important spec ies (see text), and calculated faunal parameters of dead assemblages in core 74. * =

Ages are given as whole years and represent the middle of each depth interval.

Core 74, dead assemblages

Depth (cm) 0-0.5 0.5-1 1-2 2-3 3-4 4-5 5-6 6-8 8-10 10-12 14-16 18-20 20-25 25-30 30-35
Year* 1991 1988 1983 1977 1972 1967 1961 1952 1939 1924 1897 1869 1845 1810 1777
No./10 cm2/yr

E. medius 15 11 13 34 37 23 19 7 8 4 3 5 2 3 6
H. bradyi 40 45 29 48 28 17 13 6 4 4 14 7 6 8 7
Saccammina spp. 45 29 9 15 3 i 0 0 0 0 0 0 0 0 1
T. pusillus 30 18 10 20 19 15 6 5 3 0 0 0 0 0 0
B. skagerrakensis 10 33 29 59 68 56 60 21 16 10 46 33 6 5 7
C. laevigata 3 2 3 7 21 19 29 34 36 27 26 18 27 23 12
N. iridea 8 4 4 29 45 44 40 42 74 60 90 27 27 27 34
P. osloensis 21 25 19 35 63 52 54 37 78 49 68 59 39 23 45
S. fusiformis 9 9 5 8 6 8 4 11 16 9 13 10 7 9 10
% values

E. medius 6 8 8 10 10 7 6 3 2 2 1 2 1 2 3
H. bradyi 15 18 18 14 7 5 4 3 1 2 4 3 3 5 4
Saccammina spp. 17 12 6 4 1 0 0 0 0 0 0 0 0 0 0
T. pusillus 11 7 6 6 5 4 2 2 1 0 0 0 0 0 0
B. skagerrakensis 4 14 18 17 17 16 20 9 5 4 13 13 3 3 4
C. laevigata 1 1 2 2 5 5 10 15 11 11 8 7 15 15 7
N. iridea 3 2 2 8 11 13 13 18 22 24 27 11 15 17 20
P. osloensis 8 10 12 10 16 15 18 16 23 20 20 24 22 15 26
S. fusiformis 3 “ 3 2 2 2 1 5 5 3 4 4 4 6 6
No. counted 247 234 252 248 263 255 257 252 265 288 260 317 269 277 258
Tests/cm?3 179 164 106 177 192 197 189 137 254 171 246 167 126 106 120
% agglutinated 65 59 54 45 33 28 bIrg 17 7 8 10 8 16 15 15
Tests/10cm2/yr 267 244 163 348 392 340 300 231 344 250 340 248 180 157 173
Aggl./10cm2yr 174 143 88 157 130 93 51 39 25 19 34 20 29 24 26

cores are in good agreement with these previous fin-
dings. The values reflect the high variability in the sedi-
ment accumulation rates in the area and, as a consequen-
ce, core 56 penetrated sediments deposited since about
1870, whereas core 74 penetrated back to about 1770
even though the cores were of comparable length.

The accumulation rates of dead, benthic foraminifera
(defined as the number of tests per 10 cm2 per year) were
calculated as follows. For each sample, the total number
of dead foraminiferal tests was divided by the core area
(in cm?2), multiplied by 10, and finally divided by the num-
ber of years of sedimentation represented by that sam-
ple. This gave the number of dead tests added to the
sediment per 10 cm? per year. The accumulation rates of
individual species and of dead agglutinated tests were
calculated in the same way.

Results

The faunal data, relevant for the present discussion, are
presented in Tables 1 and 2. According to the 219Pb-
dating, the actual 1937 sea-bed surface now lies at a
depth of 17-18 cm (core 56) and 9-10 cm (core 74) below
the current sea floor. In sediments deposited before
about 1910 (Fig. 2), that is below 24 ¢cm in core 56 and
below 14 cm in core 74, the accumulation rates of agglu-
tinated tests are fairly constant (20-40 tests/10 cm?2/yr). At
levels corresponding to the late 1960's, the rates have
increased to about 100-130 tests/10 cm2/yr. Subsurface
local minima are succeeded, in both cores, by maximum
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Fig. 2. Accumulation rates of dead agglutinated tests in cores 56 and 74.
Histograms show the average concentration of agglutinated tests in deep
Skagerrak Basin surface samples collected in 1937 and 1992/93 (surface
data from Alve & Murray 1995).

accumulation rates of 314 (core 56) and 174 (core 74)
agglutinated tests/10 cm?2/yr in the most recently deposi-
ted 0.5 cm of sediment.
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Fig. 3. Relative abundance of the 4 most frequently occurring species throughout cores 56 and 74.

Nine species make up >5% of the total dead assembla-
ge in at least two samples within each core. Eight of these
are the same in both cores and the relative abundances
of the 4 most common species (i.e., dominant in at least
one sample), except Brizalina skagerrakensis (Qvale &
Nigam), are shown in Fig. 3. The reason for omitting this
species from the diagram is discussed below. The deeper
parts of the cores (>4 cm in core 56; > 6 cm in core 74) are
dominated by one or the other of Nonionella iridea
Heron-Allen & Earland and Pullenia osloensis Feyling-
Hanssen. In core 56, Haplophragmoides bradyi
(Robertson) dominates the core interval 0.5-4.0 cm with
frequent Saccammina spp. and Trochamminopsis pusillus
(Hoglund), whereas Saccammina spp. dominate the sur-
face 0.0-0.5 cm with the other two as frequent compo-
nents. In core 74, B. skagerrakensis dominates the core
interval 2-6 cm with frequent P. osloensis, N. iridea, H. bra-
dyi, and Eggerelloides medius (Hoglund). The surface 2 cm
are generally dominated by H. bradyi with frequent
Saccammina spp., B. skagerrakensis, P. osloensis, and T.
pusillus.

The comparative study of surface assemblages from
1937 and 1992/93 (Alve & Murray 1995) indicated that the
greatest changes had occurred in 4 agglutinated and 3
calcareous taxa. The calculated accumulation rates of the
4 agglutinated taxa Saccammina spp., T. pusillus, E. medi-
us, and H. bradyi, are relatively low in both cores in sedi-
ments deposited before about 1950 with <1, <5, 1-11,
and generally 4-20 tests/10 cm?/yr, respectively (Fig. 4).
While E. medius shows maximum values (27-37 tests/10

cm?/yr) in both cores at core depths corresponding to the
1970’s, the other 3 generally show maximum values in
the upper 1-2 cm: Saccammina spp. 45-112; T. pusillus 30-
49; H. bradyi 45-71 tests/10 cm2/yr .

Of the 3 «calcareous taxa, Cassidulina laevigata
d'Orbigny generally has accumulation rates between 15
and 35 tests/10 cm?2/yr in pre 1970 core levels, whereas
the values for P. osloensis and N. iridea generally lie in the
range 30 to 90 tests/10 cm2/yr. Minimum values for all 3
species occur in the upper 1-2 cm: C. laevigata 2; P. oslo-
ensis 7-19; N. iridea 4-5 tests/10 cm?2/yr.

Discussion
Accumulation rates of agglutinated tests

The accumulation rates of agglutinated tests indicate rea-
sonably stable production from the late 1700's until
1950-1960, although a minor increase is indicated in core
56 from about 1910 (Fig. 2). However, both cores show a
pronounced increase from the late 1960's; by the late
1980's to early 1990’s (represented by the accumulation
rate in the surface 0-2 cm in core 56 and 0-1 cm in 74), the
rate had increased by factors of 4.7 (core 56) and 6.3 (core
74), compared to average pre-1940 values. These values
are in good agreement with the findings of Alve & Murray
(1995). Their comparative study of benthic foraminiferal
surface (0-2 c¢cm) assemblages collected in the deep
Skagerrak Basin in 1937 and in 1992/93 indicated that the
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Fig. 4. Accumulation rates of 4 key agglutinated species in cores 56 and 74. Histograms show their average concentration in deep Skagerrak Basin surface
samples collected in 1937 and 1992/93 (surface data from Alve & Murray 1995).

average abundance of agglutinated tests had increased
by a factor of 3.8 during that time period. As this compari-
son was based on only 3 samples from 1937 and 12 sam-
ples from 1992/93 the factor of 3.8 should be regarded
merely as an approximation. On the other hand, it can be
argued that some of the agglutinated tests have been
lost through early diagenetic destruction so that the
agglutinated test concentration is somewhat reduced at
deeper core levels compared to the time when they were
deposited.

Agglutinated tests which are weakly held together by
organic material do not survive long after death (Murray
1991). Douglas et al. (1980) suggested that the organic
matter probably is oxidised within the surface layer of the
sediments, and Sidner & McKee (1976) indicated that the
vertical distribution of iron-rich agglutinated taxa is con-

trolled by geochemical factors rather than ecological
ones. Additionally, some agglutinated species do not sur-
vive sample processing simply because their tests are too
fragile. Undoubtedly, some of the more fragile species in
the deep Skagerrak Basin either rapidly disintegrated
after death due to oxidation or bacterial attack of the
organic material, or were destroyed during processing.
Alve & Murray (1995) noted that for instance
Haplophragmoides membranaceum Hoglund, which was
common in the stained assemblages in the deep basin,
was rare in the companion dead assemblages, probably
due to postmortem destruction. However, because this
destruction seemed to happen so quickly, and because
the stained assemblages generally made up <15% of the
total assemblages (stained + dead in upper 0-2 cm) upon
which the comparison between surface samples was
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Fig. 5. Accumulation rates of 3 key calcareous species in cores 56 and 74. Histograms show their average concentration in deep Skagerrak Basin surface sam-

ples collected in 1937 and 1992/93 (surface data from Alve & Murray 1995).

based, discrepancies caused by the presence of fragile
species were almost eliminated. In the down core compa-
risons made here, only the dead assemblages were consi-
dered. Consequently, the most fragile species had alrea-
dy been eliminated from the surface sediment assembla-
ge data, before the down core comparisons were under-
taken.

Loss of agglutinated tests in the surface sediments
have also been reported from the East Pacific Rise

(Douglas & Woodruff 1981), the southern California bor-
derland (Douglas et al. 1980), the northwest Atlantic
Ocean (Schroder 1988), the eastern Weddell Sea
(Mackensen & Douglas 1989, Mackensen et al. 1990), and
beneath the South Atlantic Polar Front (Mackensen et al.
1993). Schroder (1988) distinguished 3 categories of
deep-sea agglutinated species according to their preser-
vation potential and Mackensen et al. (1990, 1993) went
as far as excluding from their «potential fossil assembla-
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ges» all agglutinated species that they considered as
non-resistant. A feature common to the samples analysed
in most of these investigations is that they were collected
from relatively deep-water environments (> 1000 m). On
the other hand, down core investigations in more margi-
nal marine areas have reported abundant agglutinated
assemblages well below the surface few centimetres (i.e.,
throughout 140-170 cm cores in Drammensfjord, Norway
(Alve 1991), throughout cores of up to >240 cm in
Saguenay Fiord, Canada (Schafer et al. 1991), and down
to 7 m below the sediment surface in Lake Melville,
Labrador (Vilks & Mudie 1983). Denne & Sen Gupta (1989)
concluded that «taphonomic processes are least active in
areas of rapid sedimentation, where the bioturbated
zone is thin, and under oxygen-deficient conditions».
Consequently, it is probable that the more selective pre-
servation of agglutinated tests in the deep-sea compared
with that in marginal marine environments is, to a great
extent, related to their differing sedimentation rates.
Another possibility is that many typical shelf and margi-
nal marine agglutinated species may have a higher pre-
servation potential than that of deep-sea taxa, as a gene-
ral adaption to more stressed environments.

The deep Skagerrak Basin has fairly rapid sedimentati-
on rates (>1 mm/yr) and sediment porewater oxygen
profiles in sediment cores from 27 stations in the
Skagerrak, including the deep basin, showed that the
oxygenated zone is thin (3-20 mm, Bakker & Helder 1993).
Consequently, if a rapid sedimentation rate and a thin
oxygenated zone are regarded as important criteria for
the preservation of agglutinated tests, the agglutinated
tests in the deep basin sediments should stand a good
chance of not getting lost. Additionally, the deep
Skagerrak Basin can be geomorphologically considered
as a silled fjord (separated from the rest of the North Sea
by a sill at about 270 m water depth), and most of the
common species are also frequent components in the
adjacent fjords (i.e., Qvale et al. 1984) where abundant
and diverse agglutinated assemblages are preserved in
the sediments (Alve 1991, unpubl. data).

To summarise, it can be concluded from the above-
mentioned factors, and the fact that the core data show
relatively constant accumulation rates of agglutinated
tests for nearly 200 years before the recent increase, that
the core data reflect the original faunal development rea-
sonably well. Furthermore, the down core data support
the conclusion drawn from the comparative study of sur-
face assemblages of 1937 and 1992/93 that the abundan-
ce of agglutinated foraminifera has increased in the deep
Skagerrak Basin during the last six decades.

Changes in the faunal composition

The comparison with Hoglund'’s 1937 surface assemblage
data indicated that a pronounced increase has occurred

in 4 agglutinated species in the deep basin (see lower
right-hand diagram in Fig. 4 and Alve & Murray 1995).
Two of these, Saccammina spp. and Trochamminopsis
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pusillus, were not recorded by Hoglund in this area.
However, scattered occurrences of both at pre-1940 core
depths, show that they have been present there for a
longer time period, but only as accessory species (Fig. 4).
The two other species, Haplophragmoides bradyi and
Eggerelloides scabrus, were the most frequently occurring
agglutinated species in Hoglund’s deep basin samples.
This is also in good agreement with the core data, as they
are the most common agglutinated taxa at levels corres-
ponding to sediments deposited before about 1960.

The overall most abundant taxa in Hoglund's deep
basin 1937 assemblages were Cassidulina laevigata,
Pullenia spp. and Nonionella iridea (as his Nonion labrado-
ricum?). Accordingly, the same species are also the most
abundant in both cores in sediments deposited before
about 1970. However, the surface comparison indicated
an increasing trend in the abundance of Pullenia spp. and
N. iridea and a minor decrease in C. laevigata (lower right-
hand part of Fig. 5), whereas the core data show reduced
frequencies in all (Fig. 5). This discrepancy is probably due
to the fact that Hoglund analysed the samples in a wet
state, and probably overlooked a number of Pullenia spp.
(mainly P. osloensis) and N. iridea specimens, since they
are small (typically < 190 um greatest diameter; Feyling-
Hanssen 1964) and thin-shelled and relatively transpa-
rent in water. Consequently, it seems that the core data
give more reliable information about the faunal changes
than the comparison with Héglund’s surface assembla-
ges. On the other hand, C. laevigata, which is a bigger and
thicker shelled species, shows the same decreasing trend
towards today’s conditions in both the comparative sur-
face and core studies.

Alve & Murray (1995) suggested that active carbonate
dissolution is taking place in the deep Skagerrak Basin
today (presence of corroded tests), and the recent decre-
asing trend in the accumulation rates of calcareous tests
in the two cores analysed seems to reinforce this observa-
tion. This topic will be further focused upon in a later
paper following completion of more core analyses.

When considering the historical development of the
relative abundances of the most common taxa, the core
data show that, except for a dominance of Brizalina ska-
gerrakensis between the late 1950’s and 1980 in core 74
(Table 2), a pronounced faunal shift from P. osloensis and
N. iridea dominated assemblages to H. bradyi and
Saccammina spp. dominated assemblages occurred
during the 1970’s (Fig. 3; Tables 1 and 2). The subsurface
dominance of B. skagerrakensis, which is only an accesso-
ry species in core 56, brings up the topic of temporal
mixing of faunas due to differences in vertical habitat
preferences. It is now generally accepted that certain
infaunal benthic foraminiferal species may live at various
depths below the current sediment surface (e.g., Corliss
1985, Gooday 1986, Mackensen & Douglas 1989, Alve &

Bernhard 1995). Deep infaunal taxa live in sediments laid
down decades ago. Thus, as also pointed out by Murray
(1995), the final dead assemblages may consist of con-
temporary deep infaunal tests plus epifaunal and shallow
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infaunal tests which died decades ago. In core 74, abun-
dant and nearly monospecific living B. skagerrakensis
assemblegs were present at 8-20 cm core depths (Alve
1995). In contrast to this, B. skagerrakensis had its live
maximum abundance in the upper 0.5 cm of the sedi-
ments in a core from the same area (621 m water depth)
investigated by Corliss & van Weering (1993). Based on
these findings, it is reasonable to assume that the subsur-
face dominance of dead B. skagerrakensis in core 74 does
not reflect that it actually dominated the original assemb-
lages deposited between the late 1950's and 1980. Its
dominance is probably rather an effect of its temporally
changing vertical position in the sediments causing it to
leave its empty tests together with non-contemporary
deposited assemblages. Exclusion of B. skagerrakensis
from the dead assemblage data during calculations of the
relative abundances did not alter the signals from the
other dominant species concerning the timing of the fau-
nal shift. However, environmental misinterpretations of
the core interval where it dominates were avoided, due
to the knowledge about its extremely changing vertical
living occurrences in the sediments in this area.

Significance of the faunal changes

The faunal changes indicated by the comparative study
of Alve & Murray (1995) based on surface assemblages
collected in 1937 and in 1992/93 have now been confir-
med by the down core investigations. The question then
arises as to what these changes actually mean? There is
limited information available concerning the reasons why
agglutinated assemblages suddenly should increase in
density. However, it is worthwhile mentioning that core
studies of sediments deposited over the last 400-500
years in Frierfiord near Porsgrunn (Fig. 1), southern
Norway, showed an increased abundance of agglutina-
ted taxa during the ‘saw-mill period’ (1600, 1700 and initi-
al parts of the 1800'’s), before they disappeared due to the
development of nearly permanently anoxic conditions
(Alve, unpubl. data). Furthermore, it is noteworthy that, in
the same way as in the Skagerrak, T. pusillus, and to some
degree H. bradyi, were among the agglutinated species
which showed increased abundance, whereas at the
same time C. laevigata, which previously had dominated
the assemblages, showed a clear decrease. In Frierfjord,
this faunal shift is interpreted to reflect poorly oxygena-
ted conditions in the surface sediments due to the comb-
ined effects of infrequent deep-water renewals and incre-
ased load of organic material.

Drastic changes in the foraminiferal assemblages have
also recently been noted at core levels dated to the early
1970’s in the southern Kattegat, between the Skagerrak
and the Baltic (Christiansen et al. 1994). It was speculated
that these changes were connected to documented
wind-induced higher salinities and declining bottom
water oxygen concentrations. The timing of the southern
Kattegat faunal changes fits surprisingly well with the
timing of the changes in the deep Skagerrak Basin.

However, it would be far too speculative to suggest that
these changes are linked to some overall environmental
changes that would affect two such different, although
not too distant, areas.

The deep Skagerrak Basin is the main depository of
fine-grained particulate material in the North Sea (e.g.,
van Weering et al. 1987). Additionally, because of its phy-
sical properties (sill at about 270 m water depth) and
general water circulation patterns which prevent efficient
deep water exchange (on average, deep water renewal is
every 25th month; Aure & Dahl 1994), the bottom envi-
ronment is probably more sensitive to changing fluxes in
nutrients and organic material than well-flushed areas. It
is not clear to what extent the yearly influx of anthropo-
genically induced nutrients and organic matter to the
North Sea has changed over the past 50-60 years but con-
sidering the general industrial and urban development in
northern Europe, it is reasonable to assume that it has
increased.

At the present stage, it is difficult to draw any firm
conclusions about what kind of environmental changes
might have caused the observed faunal changes in the
deep Skagerrak Basin. However, the fact that the forami-
niferal assemblages have changed, especially over the
last 20-30 years, is an interesting observation in itself.
Further investigations are needed in the area to try to
explain what the reasons might be.

Conclusions

Detailed foraminiferal analyses of two 219Pb-dated cores
from the deep Skagerrak Basin which penetrate sedi-
ments deposited since about 1770 and 1870, respective-
ly, have shown that:

(1) The accumulation rate of agglutinated foraminiferal
tests was relatively stable up to about 1950-1960 and has
increased about 5-6 times since the late 1960's compared
to average pre-1940 values.

(2) The increased accumulation rate of agglutinated
tests is primarily due to increases in Haplophragmoides
bradyi, Saccammina spp., Trochamminopsis pusillus, and
Eggerelloides medius. Before about 1950, H. bradyi and E.
medius were the most common agglutinated taxa, whe-
reas Saccammina spp. and Trochamminopsis pusillus
occurred only as accessory species.

(3) A drastic faunal change from assemblages domina-
ted by the calcareous Pullenia osloensis, Nonionella iridea
and Cassidulina laevigata to the above-mentioned agglu-
tinated species occurred during the early 1970's. Since
then, reduced accumulation rates have been recorded for
all 3 species.

The general trends concerning faunal development in
the deep basin support the conclusions drawn from the
comparative study of surface assemblages collected in
1937 and 1992/93 (Alve & Murray 1995). The discrepanci-
es concerning the two calcareous taxa P. osloensis and N.
iridea are probably due to an underestimation of their
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presence in the 1937 samples. Consequently, the core
data seem, in some respects, to give a more reliable
impression of the real faunal changes than the surface
sample comparison.

This is the first study where long-term changes in fora-
miniferal assemblages have been documented both by
down core variations and by comparisons of surface sam-
ples collected today and >50 years ago. These findings
have important implications for future investigations as
they demonstrate the applicability of foraminiferal analy-
ses in studies of long-term environmental change.

Acknowledgements

This work was carried out under contract to the Geological Survey of
Norway (NGU) and the Institute of Marine Research in Bergen. | would
like to thank NGU and the University of Bergen for the opportunity to
participate in the 1993 cruise of the ‘Hakon Mosby’, Helmar Kunzendorf
for kindly placing his 2'9Pb dating-results at my disposal, the
Department of Geology, University of Oslo, for the use of its facilities,
and Bruce Corliss, Karen Luise Knudsen and John Murray for helpful
comments on the manuscript.

References

Alve, E. 1991: Foraminifera, climatic change and pollution: A study of
Late Holocene sediments in Drammensfjord, SE Norway. The
Holocene 1,243-261.

Alve, E. 1995: Miljgstratigrafiske undersokelser i den nordvestre del av
Skagerrak over de siste 200 ar belyst ved foraminiferinnholdet i
utvalgte kjerner. Nor. geol. unders. Rapport no. 95.075, 44 pp.

Alve, E. & Bernhard, J.M. 1995: Vertical migratory response of benthic
foraminifera to controlled oxygen concentrations in an experimen-
tal mesocosm. Mar. Ecol. Prog. Ser. 116, 137-151.

Alve, E. & Murray, J.W. 1995: Benthic foraminiferal distribution and abun-
dance changes in Skagerrak surface sediments: 1937 (Hoglund) and
1992/93 data compared. Mar. Micropaleontol. 25, 269-288.

Alve, E. & Nagy, J. 1986: Estuarine foraminiferal distribution in
Sandebukta, a branch of the Oslo Fjord. J. Foram. Res. 16, 261-284.

Aure, J. & Dahl, E. 1994: Oxygen, nutrients, carbon and water exchange
in the Skagerrak Basin. Continental Shelf Res. 14, 965-977.

Bakker, J.F. & Helder W. 1993: Skagerrak (northeastern North Sea) oxy-
gen microprofiles and porewater chemistry in sediments. Mar. Geol.
111,299-321.

Christiansen, C., Kunzendorf, H., Laima, M.J.C,, Lund-Hansen, L.C. &
Pedersen, A.M. 1994: Recent changes in environmental conditions
in the southern Kattegat. 5th Marskat Meeting, Abstracts, p. 4.

Corliss, B.H. 1985: Microhabitats of benthic foraminifera within deep-sea
sediments. Nature 314, 435-438.

Corliss, B.H. & Van Weering, T.C.E. 1993: Living (stained) benthic forami-
nifera within surficial sediments of the Skagerrak. Mar. Geol. 111,
323-335.

Denne, RA. & Sen Gupta, B.K. 1989: Effects of Taphonomy and Habitat
on the Record of Benthic Foraminifera in Modern Sediments.
Palaios 4, 414-423.

Douglas, R.G., Liestman, J., Walch, C., Blake, G. & Cotton, M.L. 1980: The
transition from live to sediment assemblages in benthic foraminife-

Elisabeth Alve 93

ra from the southern California borderland. /n Field, M., Bouma, A.,
Coulborn, 1., Douglas, R.G. & Ingle, J. (eds): Quaternary Depositional
Environment of the Pacific Coast. Pacific Coast Paleogeography
Symposium, vol. 4, Pac. Sect., SEPM., 256-280.

Douglas, R.G. & Woodruff, F. 1981: Deep sea benthic foraminifera. In
Emiliani, C. (ed.): The Sea, vol. 7, The Oceanic Lithosphere, Wiley-
Interscience, New York, 1233-1326.

Feyling-Hanssen, R.W. 1964. Foraminifera in Late Quaternary deposits
from the Oslofjord area. Nor. geol. unders. 225, 383 pp.

Gooday, A.J. 1986: Meiofaunal foraminiferans from the bathyal
Porcupine Seabight (northeast Atlantic): size structure, standing
stock, taxonomic composition, species diversity and vertical distri-
bution in the sediments. Deep-Sea Res. 33, 1345-1373

Hoglund, H. 1947: Foraminifera in the Gullmarfjord and the Skagerrak.
Zool. Bidrag Uppsala, 26, 328 pp.

Mackensen, A. & Douglas, R.G. 1989: Down-core distribution of live and
dead deep-water benthic foraminifera in box cores from the
Weddell Sea and California continental borderland. Deep-Sea Res.
36, 879-900.

Mackensen, A, Futterer, D.K., Grobe, H. & Schmied|, G. 1993: Benthic for-
aminiferal assemblages from the eastern South Polar Front region
between 35°and 57°S: distribution, ecology and fossilization poten-
tial. Mar. Micropal. 22, 33-69.

Mackensen, A., Grobe, H., Kuhn, G. & Fltterer, D.K. 1990: Benthic forami-
niferal assemblages from the eastern Weddell Sea between 68 and
73°S: distribution, ecology and fossilization potential. Mar. Micropal.
16,241-283.

Murray, J.W. 1991: Ecology and palaeoecology of benthic foraminifera.
397 pp. Longman.

Murray, J.W. 1995. Microfossil indicators of ocean water masses, circula-
tion and climate. In: Bosence, D.W.J. & Allison, P.A. (eds), Marine
Palaeoenvironmental Analysis from Fossils, Geol. Soc. Spec. Publ. 83,
245-264.

Murray, JW. & Alve, E. 1994: High diversity agglutinated foraminiferal
assemblages from the NE Atlantic: dissolution experiments.
Cushman Found. Spec. Publ. 32, 33-51.

Qvale, G., Markussen, B. & Thiede, J. 1984. Benthic foraminifers in fjords:
response to water masses. Nor. Geol. Tidsskr. 66, 325-332.

Schafer, C.T., Collins, E.S. & Smith, J.N. 1991: Relationship of Foraminifera
and thecamoebian distributions to sediments contaminated by
pulp mill effluent: Saguenay Fiord, Quebec, Canada. Mar.
Micropaleontol. 17,255-283.

Schréder, C.J. 1988: Subsurface preservation of agglutinated foraminife-
ra in the northwest Atlantic Ocean. Proceedings of the second
workshop on agglutinated foraminifera. Abhandlungen der
Geologischen Bundesanstalt 41, 325-336.

Scott, D.B. 1975: Quantitative studies of marsh foraminiferal patterns in
southern California and their application to Holocene stratigraphic
problems. Maritime Sediments Spec. Publ. 1, 153-170.

Sidner, B.R. & McKee, T.T. 1976: Geochemical controls on vertical distri-
bution of iron-rich agglutinated foraminifers in Late Quaternary
continental slope sediments from northwest Gulf of Mexico. Amer.
Assoc. Petrol. Geol., Bull. 60, p. 722.

Van Weering, T.C.E., Berger, G.W. & Kalf, J. 1987: Recent sediment accu-
mulation in the Skagerrak, northeastern North Sea. Netherlands J. of
Sea Res. 21,177-189.

Van Weering, T.C.E.,, Berger, G.W. & Okkels, E. 1993: Sediment transport,
resuspension and 210Pb accumulation rates in the northeastern
Skagerrak. Mar. Geol. 111, 269-285.

Vilks, G. & Mudie, P.J. 1983: Evidence for postglacial paleoceanographic
and paleoclimate changes in Lake Melville, Labrador, Canada. Arctic
and Alpine Research 15, 307-320.

Manuscript received March 1995, revised version accepted January 1996.



