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Figure 2. Map indicating the locations of all samples in the Hald and Steinsund database. Abundance data for E. excavatum f. clavata is incor-
porated.
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the samples used for this study, there was no reported
occurrence of C. wuellerstorfi, so this species was left out
(Table 1).

The environmental data in the H&S database are
average values, based on all available July and August
measurements (since 1900) stored at the Norwegian
Oceanographic Datacentre, or measurements at
sampling stations.

In the H&S database, a slightly different nomenclature
was used (Cassidulina teretis, Nonion barleeanum, and
Nonion labradoricum). In this study we have updated
the taxonomy of the species to include those currently
in use (Cassidulina neoteretis, Melonis barleeanum and
Nonionellina labradorica).

3.2 New data

The samples were taken during the annually conducted
“Ecosystem cruises” in the Barents Sea by the Institute
of Marine Research vessel R/V G.O. Sars, mainly
using a box core, but also by grab sampling. The upper
2 cm (“the fluffy layer”) of sea bottom sediments
was transferred to a separate vial and stained with a
mixture of ethanol and Rose Bengal and kept cool until
preparation of the samples in the laboratory.

Samples were wet-sieved in the laboratory using mesh
sieves 63-106pum and 106-1000pum. From the 106-1000um
size fraction, around 300 stained (live) specimens were
counted in the wet sample including both calcareous and
agglutinated species. For this study, only the 20 species
documented in the H&S database were considered (Table
1). The total number of specimens of these selected
species counted in the samples range between 20 in the
east of the study area (sample 476) and 200 in the west
(sample 338). The abundances are given as percentages
of the total number of specimens of the selected species.

Nine samples from the central Barents Sea have been
selected from the new dataset on the basis of proximity
to one or more samples from the old dataset of Hald &
Steinsund (1996) (Fig. 1). Distances between the new
and previously published samples range between 9 and
40 km. Eight of the nine samples from the new dataset
have CTD data available on bottom temperature and
salinity.

3.3 Rationale for the use of total and live assemblages in
combination

In this study we have used a database of total benthic
foraminiferal assemblages from a period of several
decades as a benchmark for comparison with modern
assemblages of live benthic foraminifera in the Barents
Sea. This database contains only the 20 most abundant
species (or groups of related species) of the total
foraminiferal counts. In order to compare our data
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with this dataset, we restrict ourselves to these same
species. Doing so minimizes two sources of error in such
comparisons. The first concerns the overrepresentation
of fragile species in the live assemblages, the tests of
which are assumed to disintegrate rapidly after their
death, thereby introducing a strong secondary faunal
difference between live and total fauna. The second
error concerns the live fauna which has a stronger
seasonal imprint. By only focussing on the species that
are abundant in the total fauna the fragile species and
those that only thrive in a short period of the year will
be eliminated.

We still, however, expect that differences in methodology
can affect the comparison of total and live assemblages.
In this study we will try to evaluate if this error is
small enough compared to the ecological information
contained in the two sets of assemblages and which
a comparison would reveal. We will first assess the
general variability within the total fauna samples and
then calculate the difference between the total and live
assemblages. We repeat this exercise with the species
grouped according to environmental preferences
in order to improve the signal to noise ratio. As a
sensitivity test, we also perform these calculations after
transforming the data in such way that the rare species
are emphasised. If the difference between the total and
live assemblages is of the same order of magnitude as
between the total assemblages, and there is agreement
between the differences in fauna and environment, then
the error due to method difference is acceptably small.

3.4 Evaluation of taxonomic species groups

In order to achieve maximum comparability, we present
our results according to the same taxonomic divisions as
Hald and Steinsund (1996), which include the lumping
together of several morphologically related species.
While possibly minimising artefacts due to taxonomic
confusion, this procedure does introduce another
possible source of error. In order to have a feasible
chance to compare total fauna counts with live fauna
counts, we need to concentrate on only robust species,
as the fragile tests will be underrepresented in the fossil
assemblage. This was automatically achieved as the
H&S database only gives the abundances of the 20 most
common species. However, as some species were first
lumped into taxonomic groups, only after which these 20
most common species were selected, fragile species that
were lumped with highly abundant robust species could,
in that way, end up in the database.

In the H&S database the species Nonionella auricula
was lumped with N. labradorica for morphological
reasons. However, this fragile species challenges the
comparability of the total with the live assemblages.
Furthermore, in the Barents Sea, these two species have
profoundly different environmental preferences. As N.
auricula is highly abundant in the new recent samples
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Table 1. Foraminifera species abundances for all new samples presented in this study and discussed in the
Abundances of only 19 of the 20 species used in the He&S database are given as none of the samples discussed in this study
contains specimens of C. wuellerstorfi. Abundances of N. labradorica are given in addition to those of N. labrado-
rica lumped together with N. auricula. The sample codes correspond to those in Fig. 1. Abundances are given as percen-
tages of these selected 20 species, and thus add up to 100%. The total number of counted foraminifera is given (tot #),
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(up to >20%), the lumping of these species obscures the
faunal signal. In the modern samples, the morphological
distinction is indisputable, and we therefore present
not only our results in accordance with the H&S
taxonomy, but also with N. auricula removed. As a

check on whether this pattern is consistent, we looked
at the abundances of the other species of Nonionella in
all samples: N. iridea, N. turgida, N. turgida digitata and
one not further identified Nonionella sp.. All are almost
absent in the total assemblages, and highly abundant
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H&S database samples.

as well as the total number of specimens belonging to the selected 20 species (tot # 20 species). Species groups indicated: W — warm water species,
C - cold water species, and T — temperature tolerant species. Sample coordinates, water depth, and environmental parameters are indicated. Both
temperatures and salinities from the H&S database and Conkright et al. (2001) are given. The Bray-Curtis Index of dissimilarity (BCI) is given for
the sample pairs (value refers to the difference between the sample in the row above the given value and the row in which the given value is placed).
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in the live assemblages, indicating that this is probably  the analyses performed in this study, the results achieved
a secondary signal and not the result of environmental  both using and excluding N. auricula are presented.
changes. Showing both sets of results will possibly provide other

users of the H&S database with an estimate of the
In order to demonstrate the influence of this species on  influence of this species.
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3.5 Quantification of differences between samples

The differences between the foraminiferal assemblages
are quantified using the Bray-Curtis Index of
dissimilarity (Eq. 1; BCI; Bray & Curtis, 1957). We
chose this index, because it compares each foraminiferal
species from one sample to the next (paired method),
instead of considering all species at the same time.
Moreover, the method can be used on datasets
containing zeroes. For these reasons BCI is to be
preferred over e.g. the Student’s t test, Chi squared, and
the Kolmogorov-Smirnov test. The first only detects
significant differences in mean, the second can only be
applied to frequency data, and the third method is not a
paired calculation.

In order to make the samples comparable, all
foraminifera counts and percentages were recalculated
to percentages adding up to 100%. We performed these
calculations on the sample pairs in each locality that are
adjacent in time, as follows:

E
E(Y +sz)

Y -V

ij ik

BCI, Eq. 1

where BCIjk is the Bray-Curtis index of dissimilarity
between sample j and sample k, Y is the abundance of
the ith species in the jth sample, and Y, is the abundance
of the ith species in the kth sample. The values of the
BCI of dissimilarity range from 0 (identical samples) to
1 (entirely different samples).

These calculations are repeated after transforming
the data by taking the fourth root of the percentages
(M. Greenacre, pers. comm.), in order to reduce the
emphasis on the more abundant species. This means we
assign more weight to the appearance and disappearance
of species that are rare, and are therefore possibly nearer
the boundary of the environment where they thrive,
than to fluctuations within species that are abundant.
The results of the calculations can be found in Table 1.

4. Results and discussion

The foraminiferal counts, of both the samples from
the H&S database and the new data, are listed in Table
1. Listed are also the environmental data and the BCI
values.

4.1 Faunal distribution pattern in the study area

Table 1 gives some insight into the variability in
foraminiferal assemblages between locations in the
region over time. Overall, the samples show two main
groups based on the content of some characteristic
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species. There is a northern sample group (338, 350,
483, 476) based on their similarity in containing I.
norcrossi and Buccella spp. in all samples and during
the entire time period studied. In the two most north-
easterly samples (483 and 476) E. excavatum occurs.
The southern samples (327, 325, 288, 433, 449) are, in
contrast to the northern samples, characterised by
high occurrences of M. barleeanum along with high
abundances of E. nipponica. Moreover, T. angulosa is
present in all samples except the most eastern sample,
449, where T. fluens is found. This overall distribution
pattern is generally similar to previous findings by Hald
& Steinsund (1996). A more detailed comparison is in
preparation.

By using former knowledge of ecologic preferences
(Knudsen, 1992 and Seidenkrantz and Knudsen, 1997)
of the relevant species three major environmental faunal
groups termed, ‘warm water species’, ‘cold water species’
and ‘tolerant species’ were erected (Table 1). These
clearly portray the southern and the northern sample
groups, and the environmental gradient existing between
them (Fig. 3).

Figure 3. Percentages of the three temperature related groups of fora-
minifera species: warm water species (red), temperature tolerant
species (yellow) and cold water species (blue), at each sample loca-
lity. The centre of each bar diagram is placed at the location of the
sample of which the code number is given next to the bar diagram.
Note that due to lack of space, the bar diagrams of locality 288 have
been offset; original location indicated by circle. The percentages
are calculated based on the original data; i.e including N. auricula.
In mirror image, and in subdued colours, the calculated results are
given excluding N. auricula are given. The bar diagrams give the
data in chronological order, from left to right. Values can be found
in Table 1.



NORWEGIAN JOURNAL OF GEOLOGY

Benthic foraminifera assemblages in the Central Barents Sea 157

4.2 BCI variability within localities

The differences between each of the temporal samples in
the H&S database from the various localities, quantified
by means of the Bray-Curtis Index of dissimilarity
(BCI), provide insight into the variability in the
foraminiferal assemblages. The BCI values are presented
in Table 1 and Fig. 4. In the text, we present the values
in couples, i.e. calculated with N. auricula/calculated
without N. auricula. First we examine BCI values of
sample pairs from the H&S database. These range from
0.17/0.17 to 0.66/0.70, with an average of 0.35/0.37 and
a standard deviation of 0.19/0.21. The highest values are
found in sample localities 350, mainly due to a shift from
Buccella spp. and M. barleeanum to C. lobatulus, and the
lowest in south-western localities 327 and 325.

The BCI values of the pairs of samples with one from
the H&S database and one new sample vary between
0.29/0.23 and 0.66/0.67, with an average of 0.40/0.40 and
a standard deviation of 0.19/0.20 (Table 1). The samples
which show the highest BCI between the H&S database
and the new data are 350, where C. lobatulus diminishes
again in favour of M. barleeanum, and 449, where C.
neoteretis almost vanishes while M. barleeanum thrives
(table 1). The lowest values are found in sample localities
in the southwest: 327 and 433.

The population of BCI values for adjacent samples from
either the H&S database, or from the H&S database and
the live assemblage counts, is not statistically different.
This implies that the method difference is so small that
it cannot be detected in the BCI values calculated on

the basis of 20 species. Furthermore, the spatial pattern
in the BCI values is comparable with high values in
localities at 350 and low values in the southwest.

Taking all BCI values within the sample localities
together results in a pattern, with the highest differences
in the eastern and north-western part of the basin (449,
350, 483, 476, and 338), and lowest level of change in the
southwest (288, 433, 325, 327) (Fig. 4).

4.3 Changes in environmental faunal groups through
time

The homogeneous variability, as expressed by BCI
values in all our samples, suggests the time period
represented by the total fauna assemblages is small with
respect to the temporal sample spacing. This allows us to
evaluate the faunal changes through time as documented
in the samples. In order to facilitate the detection of
trends in time we plotted the ratios of the three major
foraminiferal faunal groups in all samples (Fig. 3.)
The results are given both with (bright colours) and
without (subdued colours) N. auricula. From this plot
it becomes apparent that, in both scenarios, the changes
in the ratios of these three environmental groups are
highly variable. The warm water group occurs with high
abundances in the southern part of the central Barents
Sea. Through time it consistently increases in abundance
at two localities (338, and 449), while it decreases at 288,
and varies at 350. At localities 327, 325 and 433 the trend
depends on which scenario is chosen; with the possibly
disturbing presence of N. auricula, 325 and 433 show an

Figure 4. BCI values of all chronologically adjacent sets of samples within each sample locality, given in chronological order, from left to right. Fig.
4a: raw data; Fig. 4b: transformed data (fourth root of percentages). In green: BCI values calculated on all 20 species. In pink: BCI values calcu-
lated for three species groups. In order to enhance readability, only the values excluding N. auricula are given. Values can be found in Table 1.
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irregular pattern while 325 shows a decrease. With this
species eliminated, 327 and 433 show a steady increase
in the warm water group while 325 shows an irregular
pattern.

At the same time, several of the southern localities
(288, 327, 325, 433) show a considerable increase in the
abundance of the cold water group (up to >30%) (Fig.
3). This is, for a large part, due to high abundances of
N. auricula. The bar charts without this species show
either a diminished (327, 325, 288) or negligible (433)
increase in cold water species. Without N. auricula,
the southern samples (325, 327, 288, 449) do not have
higher percentages of cold water species than 13%,
almost entirely due to C. neoteretis; these values are of
similar magnitude as in the older samples. The cold
water group shows decreases in abundance at localities
350, 483 and 476, samples of which are located in the
northeastern part of the study area, close to the Polar
front. The strongest assemblage change is found in the
extreme southeastern part of the study area (locality
449) where the cold and temperature insensitive groups
decrease strongly along with an increase in the warm
water group. This faunal change is mainly caused by
M. barleeanum and E. nipponica (warm water group)
and a decrease of C. reniforme (cold water group).
Altogether, in the northwestern and southern parts of
the studied basin, the abundance of warm water species
is increasing. The abundance of cold water species is
weakly increasing in the south-west, due to an increase
in C. neoteretis, and considerably decreasing in the east
of the study area, mainly due to a reduction in Buccella
spp. and N. labradorica. In the abundance changes of
the temperature tolerant species, a weak decrease can
be seen in the SW part of the basin (mainly due to A.
gallowayi, C. obtusa and Discorbinella sp.), while a weak
increase is visible in the mid-east of the study area
(mainly due to an increase in C. lobatulus).

When evaluating the trends within these localities, one
should be aware of the differences in time coverage
between the localities (from 13 years at 449 to 35 years
at 350), and the time between the specific samples
(from 0 at 350 and 433, to 34 at 476). In general, the
changes seen in each locality appear more gradual than
abrupt, possibly indicating roughly comparable rates of
environmental change over the period studied.

4.4 Variability of BCI calculated from environmental
groups within localities

When quantifying the differences between the samples
through calculating the BCI on all pairs of species
percentages, our results may be obscured by the equal
weight attributed to changes from one species to another
if they have comparable environmental preferences.
For instance, a reduction in I islandica combined
with an increase in I. norcrossi, all with an affinity to
cold water masses, has the same effect on the BCI
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calculated on the 20 selected species, as a reduction in
I islandica combined with an increase in C. laevigata.
This is despite the latter change being much more
environmentally significant, due to strong differences
in ecologic preferences of these two species. In order to
obtain a firmer grasp on the faunal data, we have also
calculated the BCI for all pairs of samples based on the
differences in abundance of environmental groups (cold
water fauna, warm water fauna, tolerant fauna; Fig.
3). The observed differences between the samples agree
better with the environmental information as contained
in the foraminiferal assemblages; e.g. the high BCI value
of locality 449 (Table 1), which is largely caused by a
reduction in C. reniforme and C. neoteretis (cold water
species), and an increase in M. barleeanum (warm water
species). The latter is still high after lumping the species
into groups (Fig. 4a). The high BCI value based on the
20 species in sample 476 (Fig. 4a) is largely based on
the exchange of the cold water species E. subarcticum
and N. labradorica for cold water species C. neoteretis
and S. loeblichi, and is subsequently reduced when the
value is calculated for the environmental groups (Table
1). This transformation fits well with the small change
in temperature and salinity. The pronounced change
toward warmer species from 1992 to 2006 at locality 350,
synchronous with a 0.5°C temperature increase, is also
expressed better in the BCI calculated for environmental
groups. The highest BCI value being found at locality
449, and the lowest at 327, is the same as seen in the
ungrouped data (Fig. 4a). The overall pattern of low
values in the southwest and higher values elsewhere,
however, is not apparent. This phenomenon may be
explained by the harsh conditions prevailing in the
northeastern part of the study area, and the consequent
low abundances of calcareous species. The high
variability in the 20 species at localities 483 and 476 can
be an artifact due to the small number of specimens on
which the percentages are calculated. With the species
lumped into three groups this effect is diminished.

4.5 BCI variability on transformed data

When calculating BCI values on sample sets, the
results are dominated by the abundant species. Their
high abundance may indicate that the environmental
parameters at the sample location are near the optimum
for these species. A small environmental change
would therefore only have a modest effect on their
abundances. The rare species, however, may experience
an environment close to their tolerance limits in the
same samples, and therefore be more sensitive to
environmental change.

Furthermore, the BCI values of the untransformed
data show that variability within the H&S database
and between the H&S database and new samples is
of the same magnitude. Calculating BCI values on
transformed data would determine if the less abundant
species are equally comparable in both data sets. Such
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low abundances may possibly have a secondary cause,
namely dissolution within the total fauna, the effect
being minimized by the selection of the species, but not
entirely eliminated. The same holds for species with
their abundance peaks at the time of sampling of the
new samples. We therefore repeat our calculations after
transforming the percentage data by taking the fourth
root, thereby assigning greater relative weight to the rare
species.

The results (Table 1, Fig. 4b) show that the BCI values
of the transformed data indeed differ significantly
between intra- and extra-H&S database samples. The
average BCI value for the last time step (H&S database
to new sample) for the grouped and transformed data is
~75% higher than the average BCI value for such data
calculated on steps from one H&S sample to another.
This could either mean the two sample sets are not
comparable when it comes to rare species, or the rare
species reveal increased environmental change in the
time step between the H&S database and the new
samples.

4.6 Relating faunal variation and environment

When assessing the possible relationship between the
faunal and environmental data here presented, we
have to take into account that both our environmental
and our faunal data have several, and quite different,
sources, and together represent four different time
scales. As for the faunal data, the changes within the
H&S database, and between the database and the new
samples, do not reflect year-to-year environmental
changes. As mentioned earlier, the assemblages of the
samples in the H&S database form a mixture of live
(recent) foraminifera and up to a 100 years’ content
of fossil foraminifera, of which the ratio is unknown.
These therefore reflect some weighted averages of
environmental parameters over, most likely, several
decennia, but with emphasis on the last year. The
concomitant environmental data represent either a
moment (CTD) or the average summer temperatures
over almost a century (NOD data). Unfortunately, the
H&S database does not disclose which samples come
with what type of data. In order to work with consistent
data, at least within the database, it can be advisable to
extract environmental information from another source,
such as Conkright et al. (2001). Parameters for all H&S
sample locations were extracted from this atlas by Sergei
Pisarev (unpublished data), and from this selection, we
took annual average bottom water temperatures (Table

).

The newly presented faunal data most likely represent
a several month period, while the concomitant
environmental data are all CTD measurements,
representing only minutes. As it is practically impossible
to acquire temperature data that represent the same time
period as the faunal assemblages, it is approximations
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which offer the best solutions. The Conkright data
represent an average over a longer time than the
coverage of the database, so the only differences between
them represent spatial variability. As we treat the
various samples from one sample locality as spatially
indistinguishable, we chose to average the temperature
and salinity data for the H&S database samples within
this one locality. This also avoids the false suggestion
that the values give information on changes through
time. This means we cannot relate the faunal changes
within the H&S samples to environmental changes, and
have to limit ourselves to comparing the H&S database
with the modern samples. We can then compare these
background values with the modern CTD values. This
difference between the 2005/06 values and the long
term average is an indication of recent change, just as
the difference between the total fauna counts and the
modern, live assemblages may be.

All samples for which we have environmental data,
except for 449, show an increase in both temperature
and salinity (Table 1). Locality 449 shows an opposite
trend. This means the northern sample localities (350,
483 and 476) with their decrease in cold water species
show congruent trends in environment and fauna. The
south-western samples (327, 325, 433) show a slightly
less unambiguous relation; the temperature increase
comes together with an increase in warm species in only
two of these three samples, while the abundance of the
cold water species increases in all three. The locality with
the highest BCI value, namely 449, has opposite faunal
and environmental trends. While the fauna shows the
most conspicuous increase in warm water species and
decrease in cold water species, the environmental data
show a pronounced cooling and freshening. Possibly, the
high variability at locality 350 is related to movement
of the polar front. The high variability at location 449
may be a result of variations in properties (amount,
temperature, salinity) of the inflowing Atlantic Water,
related to the distance of the location (449) to its source.
Altogether the data suggest a fairly good correspondence
between relative faunal change and environmental
parameters as expressed by our temperature and
salinity data. The correspondence is weakest at the
highest faunal variability. This may be explained by the
environment in such locations being so highly variable
that either the fauna is not able to keep up, and is out of
equilibrium with it, or perhaps the CTD measurements
are not representative in such strongly changing areas.

The relation between BCI value and magnitude of
deduced environmental change is less straightforward.
There is a positive correlation between absolute
temperature change and BCI (only those between the
H&S database and the new samples), but this correlation
is weak both for the raw and transformed data.

In general, a mismatch between faunal assemblages
and temperature/salinity data can be explained if
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the foraminifera are influenced by several other
environmental factors. More recent studies on benthic
foraminifera particularly focus on oxygen and food
supply and their availability as factors controlling the
living environments of foraminifera (e.g. Murray, 2006).
For the Barents Sea these factors also relate to the
prevailing water masses (Wassmann et al., 2008), and
in particular food availability and quality. This could
be of great importance since the primary production
in our study area varies from 90 g C m? yr! in the area
of Atlantic water and <40 g C m? yr! near to the Polar
front (Sakshaug & Slagstad, 1992; Fig. 1).

5. Conclusions

In this study we have combined recent assemblages of
a selection of 20 species of live benthic foraminifera
with assemblages of the same 20 species both of live
and dead (total) foraminifera in the Barents Sea. We
have discussed the applicability of such a combination
for tracking environmental change in the benthic
foraminifera record, and the linkage of modern and
fossil foraminiferal assemblage data.

Regarding the comparison of total and live assemblages,
our results indicate that: i) the difference between the
two datasets (total and live fauna) is of equal size to
the variability within the total fauna dataset, indicating
that the selection of the 20 most abundant species
eliminates much of the possible error due to method
differences; ii) the similar variability of the live and total
fauna assemblages indicates that the total assemblages
represent short time periods with respect to the temporal
sample spacing; iii) the variability within the total fauna
samples and between the total and live fauna samples
shows a very similar spatial pattern, corroborating the
validity of the comparison; only part of this variation is
likely due to differences in the abundance of calcareous
species, and the total time coverage at each locality; iv)
lumping morphologically similar species with different
robustness and/or environmental preferences reduces the
comparability of total and live fauna; v) grouping species
into groups with specific environmental preferences
does not impair the similarity between the total and live
fauna datasets; vi) the change in abundances of rare
species between the two datasets is significant, which
may be due to the difference in approach rather than to
increased environmental change.

We therefore conclude that it is possible to use total and
live fauna in combination in (palaeo-) environmental
studies. We advise a restriction be made to species
that are abundant in the total faunal assemblages, as
this limits the errors involved. We further advise an
objective, i.e. quantitative, check being performed on
the comparability of the data, e.g. using the Bray-Curtis
Index of dissimilarity.
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Assuming that the use of the total and live faunal
assemblages as equivalents is valid, we can conclude the
following regarding the faunal patterns in the central
Barents Sea: i) the benthic foraminiferal assemblages in
the central Barents Sea display clearly distinguishable
faunal provinces, which are comparable to earlier
findings; ii) monitoring fluctuations in the abundance of
foraminifera species groups with similar environmental
preferences yields more promising results in tracking
environmental change than monitoring species
separately; iii) highest variability in both the 20 species
and 3 species groups is found at localities 449 and 350,
which is not an artefact of temporal sample spacing
or the small number of specimens; iv) large changes at
localities 449 and 350 may be related to changes in the
properties of inflowing Atlantic Water and the polar
front, respectively; v) the observed trends in abundance
of species groups agrees fairly well with environmental
data; vi) in the study area, the cold water species are in
general becoming less abundant while the warm water
species show an increase in abundance over the period
studied (1971-2006); vii) the link between the faunal
and environmental data improves when the restriction
of only using species that are abundant in the total
fauna is applied more strictly; viii) the fit of faunal and
environmental data is weakest at the locality with the
highest variability, possibly due to faunal disequilibrium.
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