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A new insight into oceanography with multivariate and time-series analyses on
the 1990-1999 planktonic foraminiferal fluxes in the Bering Sea and the central

subarctic Pacific

Hirofumi Asahi” and Kozo Takahashi**

Abstract

A nine year-long study on planktonic foraminifer fluxes was conducted in the Bering Sea
(Station AB) and the central subarctic Pacific (Station SA). Mathematical analyses were
carried out in order to decipher the consequences of temporal variation of foraminifer fluxes
and their faunal assemblages with the oceanographic variability. As a result of R-mode (true)
factor analysis, four factors were recognized: Warm Water Factor; Seasonal Factor;
Temperature Factor; and Oligotrophic Factor. The temporal variations of these four factors
appeared to correspond to the oceanographic changes occurred at each of the stations.
Among the temperature-related factors, Temperature Factor showed reasonable correlation
coefficients with SST anomaly at both stations (Station AB: r=0.57; Station SA: r=0.83).
Notable high scores of Warm Water Factor occurred during 1997 at Station SA. During this
period, a significant suppression of the other measured biogenic particles such as diatoms
occurred. This extraordinary event observed at Station SA may be a reflection of the large
scale climatic shift. The temporal variation of Oligotrophic Factor at each of the stations
demonstrated different oceanographic features which controlled the local primary
production. At hemipelagic Station AB, the temporal variation of the SST anomaly, which is
a measure of controlling the subsurface nutrient supply to surface layer, was the significant
feature influential to the local primary production. On the other hand, the power balance
between the Alaskan Stream and the Subarctic Current influenced most to the local primary
production at pelagic Station SA. The Maximum Entropy Method revealed that temporal
variation of foraminifer fluxes, their relative abundances, and the factor scores fluctuated
with significant periodicity. Most fluxes of foraminifer taxa at Stations AB and SA showed
significant seasonal (six month, and twelve month-long) and inter-annual (twenty to forty
month-long) cycles. Seasonal cycles were attributed to the occurrence of the primary flux
maxima, which occurred in fall (Station AB) and spring (Station SA), and the secondary
maxima appeared in spring (Station AB) and fall (Station SA). The periodicities of the
relative abundances were the most significant for the twelve month-long cycle. The nine
year-long monthly means of the relative abundances and their twelve month-long cycles
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indicated the preference of each of the foraminiferal taxa in a specific condition. Contrary,
the periodicity of four factors tended to appear inter-annually, except for Seasonal Factor. It
was the only factor with twelve month-long cycle. The other factors appeared to have twenty
to forty month-long cycles. The inter-annual cycle of these factors may be a reflection of the
large scale climatic shift occurred in the Bering Sea and the subarctic Pacific during 1990 to
1999.

Keywords: long-term time series, R-mode true factor analysis, Bering Sea, planktonic
foraminifers, annual variation, inter-annual variation, MEM spectrum analysis

1. Introduction

The Bering Sea and the central subarctic Pacific belong one of the most biologically productive
regions in the world. This region is with a characteristic of the high biological production with high
contribution by the siliceous shell-bearing plankton such as diatoms and radiolarians (Takahashi et al.,
2000, 2002). Together with the Okhotsk Sea, the Bering Sea is a marginal sea with a high production by
diatoms (Takahashi, 1998). However, there have been little understandings for ecology of calcareous
plankton such as planktonic foraminifers and coccolithophores in this region.

Among these biogenic particles, planktonic foraminifers have been focused upon reconstructing
paleoceanograhic conditions because of their responses to a variety of oceanographic features. Imbrie
and Kipp (1971) introduced a multivariate analysis (Q-mode Principal component Analysis) to
reconstruct paleo-temperature using transfer functions derived by sea surface temperature data and
planktonic foraminiferal assemblages from surface sediments.

Food availability, depth of mix layers and temperature are considered as controlling factors to their
productions and faunal assemblages. Laboratory culturing of planktonic foraminifers showed that each
of the taxa has certain optimum temperature and salinity for their growth (e.g., Bijima et al., 1990).
Several studies by plankton tows and sediment traps have indicated that production of planktonic
foraminifers and their faunal assemblages are controlled by food supply (e.g., Watkins et al., 1996;
Mohiuddin et al., 2002; Eguchi et al., 2003), temperature and thermal structure of the water column
(e.g., Schiebel et al., 2001; Shr?der-Rirzrau et al., 2001; King and Howard, 2003).

Temperature and thermal structure of the water column are considered the controlling factors of
planktonic foraminifer production and their faunal assemblages. First described by Murray (1897),
variations of their faunal assemblages are well reflecting along latitudinal zones, which correlate those
of sea surface temperatures. Zaric et al. (2006) have noted that production of several species including
Neogloboquadrina pachyderma and Globigerina quinqueloba reflects the significant influences of sea
surface temperatures. Furthermore, several studies conducted in the Nordic Sea (Koheld et al., 1996;
Corstens et al., 1997) and the Antarctic Ocean (Donnar and Wefer, 1994) has indicated the preferences
of a surbarctic fauna N. pachyderma in the relatively warm water.

In order to decipher the relation between planktonic foraminifers and the oceanographic changes,
several taxon quantitative studies have been performed upon planktonic foraminifer fluxes in the
subarctic Pacific (e.g., Sauter and Thunell, 1986; Eguchi et al., 1999; Kuroyanagi et al., 2002). Their
works noted that the foraminifer fluxes and their faunal assemblages clearly corresponded to the
oceanographic changes such as food availability and temperature in the subarctic Pacific. However, their
works mainly focused on the temporal variation of the relative abundances of foraminiferal faunal
assemblages and their fluxes along the oceanographic changes. Since faunal assemblages of these
plankton reflects oceanographic environment with many factors (e.g., temperature and food
availability), it is difficult to examine their relationship by simply comparing temporal variation of each
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fauna with environmental factors. The advantage of multivariable analysis is to yield a small number o
underlying factors. Therefore, the mathematical application to the results of taxon-quantitative works
with environmental factors has a key to decipher not only general information on biological system but
also the ecology of planktonic foraminifers itself.

In this study, we employed the mathematical analysis on the taxon quantitative results of the nine
year-long time-series planktonic foraminifers at Station AB and Station SA. Using the results obtained
from these invaluably long time-series samples, we evaluate the correspondence of the planktonic
foraminifer fluxes and their faunal assemblages with the oceanographic changes.

2. Oceanographic settings

The Bering Sea and the central subarctic Pacific are characterized by the high biological
production attributed to high diatom production (Takahashi et al., 2000, 2002). Geographically, the
Bering Sea is connected to the Chukchi Sea in the Arctic Ocean, and hence it consequently plays an
important role in water mass exchange between the Pacific Ocean and the Atlantic Ocean
(Takahashi, 1999). In this region, a variation of sea surface temperature (SST) can be considered as
one of the most significant oceanographic features. A significant variation of SST influences
physiochemical and biological conditions in the surface layers. Based upon the satellite images, the
SST ranged from 2 to 10°C at Station AB whereas at Station SA SST ranged from 4 to 12°C
(Reynolds and Smith, 1994). A strong seasonal thermocline appears around at 20 m (Station AB)
and 15 m depth (Station SA), respectively, during the summer period when the surface layer was
heated around 7 to 12°C due to high solar radiation. On the other hand, the strong thermocline
deepens to 150 m (Station AB) and 90 m depth (Station SA) during the late winter period of cold
SST attributed to the radiative heat loss to the atmosphere (Levitus and Boyer, 1994).

The surface circulation in this region is another oceanographic feature to bring the variation in
the physiochemical and biological conditions (Nagata et al., 1992). Because of the unique
geography, Stations AB and SA are under influence of the different surface circulations,
respectively. Station AB is located in the Bering Sea which is considered as a semi-closed marginal
sea with hemipelagic conditions whereas Station SA in the subarctic Pacific is considered as in the
open pelagic realm. In the Bering Sea, the Bering Gyre is the most dominant surface flow in the
semi-closed hemipelagic realm. On the other hand, the Alaskan Stream and the Subarctic Current
are the two significant flows at Station SA. Since Station SA is located in an open ocean, the water
mass exchanges due to these two flows are expected. The Alaskan Stream is a westward flow
originating from the Alaskan Gyre in the Gulf of Alaska, whereas the Subarctic Current flows
eastward originating from the Western Subarctic Gyre, running along the south of the Alaskan
Stream. These two currents running around Station SA reflect characters of gyres where they are
originally running from. In the Western Subarctic Gyre, the annual SST is two to three degrees
lower than that in the Alaskan Gyre (Dodimead, 1967; Dodimead and Pickard, 1967). The other
difference of the two gyres can be described as the differences in primary plankton producers.
Harrison et al. (2004) discussed their differences from a point of nutrient profiles and phytoplankton
dynamics. They have indicated lower calcifications (mainly produced by coccolith and planktonic
foraminifers) and higher diatom productions in the Western Subarctic Gyre than in the Alaskan
Gyre. From these facts discussed above, waters in the Alaskan Stream can be described as relatively
warm and low diatom production compare to that in the Subarctic Current. It has been reported that
these two currents change their paths attributing to their strength intra-annually and inter-annually
(Ohnishi and Ohtani, 1999; Ohnishi, 2000).
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3. Methods

3.1. Planktonic foraminifer analysis

Consecutive nine year-long particle flux samples were collected during 1990 to 1999 by two
sediment traps (PARFLUX Mark 7G-13 with 13 rotary collectors; Honjo and Doherty, 1988)
moored in the Bering Sea (Station AB: 53° 30 N, 177° W, sea- floor depth: 3788 m, trap depth: 3198
m) and the central subarctic Pacific (Station SA: 49° N, 174° W, sea- floor depth: 5406 m, trap
depth: 4812 m; Fig. 1). Each of the mooring systems was designed to set the collecting instruments
at approximately 600 m above the sea-floor. Recoveries, maintenance, and redeployments of the
traps were carried out every August on T/S Oshoro-maru of the Hokkaido University, Japan. Most
of the sampled intervals were set for 20 or 56 days (for exact information on the sampled schedules,
see Takahashi et al., 2002). Prior to the deployment, each of the trap cups were filled with deep sea
water collected at 2000 m depth of the respective stations. In order to preserve the sedimentary
biological materials collected, the deep water was mixed with either glutaraldehyde (1990-1994) or
formaldehyde (1995-1999) to make up 5% solution, which was sodium borate-buffered (pH 7.6-
7.8).
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Fig. 1. Map showing the deployed locations of the long-term time-series sediment traps: Station AB in the Aleutian
Basin of the Bering Sea and Station SA in the central subarctic Pacific.

On board at dock, recovered trap samples were wet-sieved through 1 mm stainless sieve to
remove the large crustaceans. The sample of <1 mm was split into four sub-samples with a rotary
splitter. In the shore laboratory, samples were again split into sub-samples whose aliquot size ranged
from 1/16 to 1/16384, depending upon purposes of further analysis. For this work, 1/64 aliquot size
was chosen. After the splitting, all samples were sieved through 500 pm, 250 pm, 125 pm, and 63
um stainless steel meshes and thus five size fractions were obtained: 1000-500 um, 500-250 pm,
250-125 pm, 125-63 pm, and 63-0 um. Since the shell size of adult planktonic foraminifers ranged
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from 125 pm upward, three size fractions greater than 125 um were focused in this investigation.
All samples greater than 125 um were examined under a dissecting microscope for counting and
species identification. The counted foraminifer data were converted to fluxes (No. shells m? d™':
Appendix Table 1).

3.2. Mathematical calculation (factor analysis and spectrum analysis)

With the obtained nine year-long time-series of foraminifer faunal assemblages, R-mode
varimax true factor analysis was applied to our data set. A factor analysis is the mathematical
analysis which attempts to resolve the similarities between entities in terms of placement in a
multidimensional space.

There are two common methods for this mathematical analysis, the “principal components” and
“true factor analysis”. Their differences mainly attribute to their way of defining factors. In principal
component analysis, all of the factors are determined to account for maximum variance of subjective
data sets, while those are calculated for maximum inter-correlations of all subjective variables
(Reyment and Joreskog, 1993). Among these methods, principal component analysis is a common
method for scientific studies using factor analysis (including Imbrie and Kipp, 1971: They have
applied Q-mode principal components analysis). This popularity mainly owes to its simple
calculation process and its convenience in standard statistical software packages (e.g., SPSS and
SAS). However, Costello and Osborne (2005) suggested their preference of true factor analysis to
principal component analysis for extracting latent factors, because principal component analysis is
only a data reduction method and it is computed without regard to any underlying structure in
subjective data-sets. In our study, true factor analysis was employed, because the main goal of our
study is “to reveal latent factors controlling faunal assemblages of planktonic foraminifers”, but not
to compile them (Asahi and Takahashi, 2007, for raw data see Apendix Table 1).

In order to perform this analysis, the relative abundances of foraminiferal faunal assemblages
were calculated (Asahi and Takahashi, 2007). The samples, whose total counts of foraminifers were
less than 100 specimens, were excluded prior to execution of this analysis. Following the method
introduced by Reyment and Joreskog (1993), an R-mode factor analysis with varimax rotation was
carried out to our data set. All of the calculation procedures were performed by “Esumi® Excel add-
in package for multivariate analysis”.

In order to understand the periodicities of foraminifer flux, their relative abundances, and R-
mode true factors, we employed the Maximum Entropy Method (MEM: Burg, 1967). Our data set,
whose sampled intervals were either 20 or 56 days, was standardized to equal intervals prior to the
calculation. The MEM power spectrum was calculated by a software called AnalySeries 1.2
(Paillard et al., 1996).

4. Results

4. 1. Factor analysis

The nine year-long time-series fluxes of planktonic foraminifers were observed at Stations AB and SA
(Asahi and Takahashi, 2007). In order to grasp the general information on the changes in the foraminiferal
faunal composition, an R-mode true factor analysis with varimax rotation was applied to the data set
described above (Figs. 2-4; Appendix Table 1). The foraminifer flux at Stations AB and SA were mostly
comprised by six taxa: Neogloboquadrina pachyderma, Globigerina umbilicata, Globigerinita glutinata,
Globigerina quinqueloba, Orbulina universa, and Globorotalia wilesi, respectively. These six taxa
occupied 99% of the foraminiferal faunal composition throughout the nine years at both stations (Asahi
and Takahashi, 2007). The other unidentified foraminifers were counted as Other foraminifer spp. Their
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Fig. 2. The plots of the variances and their cumulative variances of the R-mode true factor analysis performed to the
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nine year-long time-series of foraminifer fluxes at Stations AB and SA.

Factor 1

O. universa

G. wilesi

G. quinqueloba
G. glutinata
Foram. spp.

G. umbilicata
N. pachyderma

-1 0 1
Facotor Loadings

Factor 3

G. glutinata

O. universa
Foram. spp.

G. wilesi

G. quinqueloba
G. umbilicata
N. pachyderma

-1 0 1
Facotor Loadings

G. umbilicata
Foram. spp.

G. quinqueloba
O. universa

G. wilesi

G. glutinata

N. pachyderma

-1

G. quinqueloba
G. wilesi

G. umbilicata
O. universa
Foram. spp.

G. glutinata

N. pachyderma

-1

Factor 2

0 1
Facotor Loadings

Factor 4

0 1
Facotor Loadings

Fig. 3. The factor loadings of first four factors calculated by R-mode true factor analysis at Stations AB and SA.
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Fig. 4. The nine year-long time-series of SST (a, b), SST anomaly (c, d), total foraminifer flux (e, f), Shanon-Wiener
diversity index (g, h), and first four R-mode true factors (i-p) at Stations AB and SA during 1990-1999.
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abundances were rare (mean: Station AB: 0.31%; Station SA: 0.58%), and thus the effect by these
foraminifers were limited to the factor analysis.

As a result, we obtained five factors. Following other studies using factor analysis (e.g., Imbrie and
Kipp, 1971), the use of Eigenvalues is one of the criteria for deciding numbers of factors to be retained.
Majority of their studies use the Kaiser criterion (all factors greater than one) for their decisions. The true
factor analysis tends to result in lower variances of factors and its eigenvalues than those by the principal
component analysis due to its calculation procedure (Reyment and Joreskog, 1993; Costello and Osborne,
2005). Application of Kaiser criterion does not always yield the best result. For our result, Factors 1 to 3
were suitable for this criterion (Table 1). The variance of these three factors ranged from 15 to 20%.
Furthermore, the cumulative variance of these three factors was 55% (Fig. 2). In order to obtain the
detailed information on the foraminiferal faunal composition, we add Factor 4 to the further discussion.
And therefore, the cumulative variance of the four factors reached 60% (Fig. 2).

Table 1. The R-mode true factor loading matrix and their variances calculated from nine year-long
time series fluxes of foraminifer faunal assemblages at Stations AB and SA.

Factor 1 Factor 2 Factor 3 Factor 4
(Warm Water)  (Seasonal) (Temperature) (Oligotrophic)
N. pachyderma -0.16 -0.72 -0.54 -0.30
G. umbilicata -0.12 0.86 -0.24 0.05
G. quinqueloba 0.11 0.08 -0.03 0.59
G. glutinata 0.07 -0.09 0.84 -0.07
G. wilesi 0.81 -0.08 -0.02 0.22
O. universa 0.83 0.04 0.15 0.00
Other Foram. spp. -0.02 0.10 -0.02 -0.02
Variance 20.11 18.52 15.38 711
Cumulative Variance 20.11 38.63 54.00 61.11

4.1.1. Factor loadings and scores

The R-mode true factor analysis of our data set showed a significant trend during 1990 to 1999. The
factor loadings of Factor 1 were described by significantly positive loadings of Globorotalia wilesi and
Orbulina universa (Fig. 3). The factor loadings of the other foraminifers were quite small, ranging from -
0.2 to 0.2. The nine year-long time-series of Factor 1 score showed notable maxima in 1993, 1996, and
1997 at Station SA, and the values increased ten times higher than the other period. Compared to Station
SA, the amplitude of Factor 1 score at Station AB was the tenth of that at Station SA. The factor loadings
of Factor 2 were described by two taxa; positive loading by Globigerina umbilicata (0.8) and negative
loading by Neogloboquadrina pachyderma (-0.7: Fig. 3). The factor loadings of the other taxa were quite
small as Factor 1. The scores at Station SA showed higher values than that at Station AB during the study
period. The significant maxima were visible at the end of 1992, and 1994 at Station SA. The loadings of
Factor 3 were described by the positive values of Globigerinita glutinata and the negative values of N.
pachyderma and G. umbilicata (Fig. 3). Their scores showed high values during 1990 to 1991 at Station
SA and during 1996 to 1997 at both stations than the other years. The loadings of Factor 4 were defined by
two taxa; N. pachyderma and G. quinqueloba (Fig. 3). The nine year-long of the scores showed periods
with notable high values during 1993 at Station SA and 1996 to 1997 at both stations.
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4.2. MEM
In order to understand the periodicity of each data set the maximum entropy method (Burg, 1967) has
been applied to our data set. Each subject data showed seasonal and inter-annual cycles.

4.2.1. Foraminifer flux

The MEM power spectrum of foraminifer fluxes showed conspicuous periodicities: six month, one
year, and two year-long cycles (Fig. 5). The cycles within one year were more significant at Station AB
than Station SA. These timings of the periodicity were observed in most of the foraminifer taxa except for
Orbulina universa and Globorotalia wilesi, which consisted less than 0.1% throughout of the observed
years. Among the foraminifer fluxes, the amplitude of the MEM power spectra of Globigerina umbilicata
and Globigerina quinqueloba differed from that of the total foraminifer flux. The power spectra of these
two taxa showed significantly high spectra in the one year-long cycle at Station AB.
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Fig. 5. The plots of frequency vs. the MEM power spectrum of total foraminifer flux (a) and fluxes of each of the
foraminifer taxa (b-g) at Stations AB and SA.
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4.2.2. Faunal composition

The periodicity of the relative abundances of each of the foraminifer taxa clearly represented annual
and inter-annual variations (Fig. 6). The MEM power spectrum of Neogloboquadrina pachyderma, which
was the most abundant taxon at both Stations AB and SA, showed clear six month and three year-long
cycles at both stations. Globigerina umbilicata and Globigerinita glutinata were the taxa that showed high
annual cycle. The power spectrum of these taxa showed significant peaks at 0.08 to 0.09 Hz. This
frequency is referred to one year-long cycle. That periodicity of G. glutinata appeared at equal amplitude at
both stations. That of G. umbilicata was more apparent at Station SA than Station AB. The MEM
spectrum of Orbulina universa and Globorotalia wilesi showed peculiar cycles. Globorotalia wilesi
showed an apparent twenty month-long cycle. The MEM power spectrum of O. universa showed three
different peaks at each station; six month, one year, and twenty month-long at Station AB, and six month,
one year-long, and forty month-long at Station SA.
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Fig. 6. The plots of frequency vs. the MEM power spectrum of the relative abundances of each of the foraminifer
taxa at Stations AB and SA.
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4.2.3. Factors

The MEM power spectrum of factors obtained by the factor analysis to foraminifer faunal assemblages
showed significant inter-annual variations at both stations (Fig. 7). Factor 1 and Factor 3 showed
conspicuous one year and forty month-long cycles at both studied stations. Though the periodicity of
Factor 4 also appeared at one year and forty month-long at both stations, the forty month-long cycle at
Station SA was not as clearly visible as that at Station AB. Factor 2 was the only factor whose seasonal
periodicity was clearly legible. Especially, one year-long cycle was clearly visible at Station AB. Most of
these visible cycles were more apparent at Station AB than those at Station SA.
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Fig. 7. The plots of frequency vs. the MEM power spectrum of R-mode varimax true factors at Stations AB and SA.

5. Discussion

5. 1. Factors
5.1.1. Definition of the each factor

The factor scores obtained by the R-mode true factor analysis clearly represented the oceanographic
changes at the study stations (Fig. 4). The each factor loading reflected the characteristic faunal
compositions. The Factor 1 is defined as “Warm Water Taxon Factor” because of the large contributions
by Orbulina universa and Globorotalia wilesi (Fig. 3). There have been many studies on O. universa, and
there is a general agreement that this taxon prefers warm waters (e.g., Bé and Tolderlund, 1971; Thunell
and Honjo, 1981). These two taxa appeared only in the limited periods at Stations AB and SA when the
surface waters were warm (Asahi and Takahashi, 2007). Hence, this factor represented that the effect of the
warm water mass occurred at each of the stations.
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Factor 2, the second contributing factor, was dominated by Globigerina umbilicata and
Neogloboquadrina pachyderma (Fig. 3). These two taxa were the first and second dominant taxa,
respectively, throughout the observed period at Stations AB and SA. The percent abundances of these two
taxa were 83% at Station AB and 70% at Station SA. The seasonal variation of G. umbilicata appeared to
have its maxima of the percent abundances during warm periods at Stations AB and SA (Asahi and
Takahashi, 2007). Moreover, conspicuous one year-long cycle was clearly visible for this factor (Fig. 7).
Hence, Factor 2 can be correlated with unsubtle variations in faunal assemblages and seasonal temperature
changes. It is thus defined as the “Seasonal Factor”.

The third factor is noteworthy to discuss, because of the positively high contribution by Globigerinita
glutinata (Fig. 3). This taxon has a wide range of distribution from subtropical to polar regions (Bradshow,
1959). This widely distributed taxon is most likely to be found at tropical to subtropical realms.
Globigerinita glutinata, however, also prefers upwelling environments (B¢ and Tolderlund, 1971; Thunell
and Reynolds, 1984). This notable habitat of this taxon was observed at the study stations. This taxon is
unique because its percent abundances tended to show its maxima during winter period (Asahi and
Takahashi, 2007). Moreover, the periodicity of %G. glutinata is clearly visible for one year-long.
Therefore, it can be said that their percent abundances reach their maxima every winter. Nevertheless, %G.
glutinata reached their maxima during winter, their percent abundance tended to show drastically high
values during the period, while the sea surface temperature anomaly was positive (Asahi and Takahashi,
2007). Hence, it is reasonable to say that this factor is also correlated with the temperature changes. Hence,
it is defined as “Temperature Factor”.

The forth factor, is dominated by Globigerina quinqueloba (Fig. 3). It is worth to discuss this factor,
when we argue this with the geographic distribution of this taxon. Globigerina quinqueloba was the one of
the most abundant taxon in the other sediment trap studies in the subarctic Pacific (Station PAPA: Sauter
and Thunell, 1989; Site 8: Eguchi et al., in prep; SON: Kuroyanagi et al., 2002). Asahi and Takahashi
(2007) pointed out its preference for relatively oligotrophic waters in the subarctic Pacific, because that the
ranking trend in the mean %G. quinqueloba appeared as an opposite pattern to the trend of opal flux levels
at all concerned stations. Furthermore, this taxon is known as harboring photosynthetic symbionts
(Hemleben et al., 1989) and is reported to prefer to live in the well mixed water in the Santa Barbara Basin
(Kincaid et al., 2000). It is now reasonable to characterize that this taxon prefers to live in the oligotrophic
waters in the subarctic realms. Therefore, it is defined as “Oligotrophic Factor”.

5.1.2. Oceanographic changes impliedby the factors

Nine year-long time-series of the R-mode true factor analysis scores showed a significant trend along
the oceanographic changes at the study stations (Fig. 4). The definitions of each factors derived by the
faunal information exhibited that most of R-mode true factors represented temperature-related entities such
as “Warm Water Factor” (Factor 1), “Seasonal Factor” (Factor 2), and “Temperature Factor ”(Factor 3).

Among these factors, the nine year-long variation of “Temperature Factor” (Factor 3) draws attention
with the relation with temperature changes. The high correlation of this factor with temperature variation is
apparent by the scatter plot of seven-month running means of this factor versus satellite-derived sea surface
temperature anomaly (SST anomaly: Reynolds and Smith, 1994: Fig. 8). The correlation coefficients were
higher at Station SA (=0.83) than Station AB (r=0.57), because of the differences in the foraminiferal
faunal composition and the temperature in the upper layer. The temporal variation of foraminiferal faunal
composition was usually lower at Station AB than Station SA throughout the observed period (Figs. 4g,
4h). The amplitude of SST anomaly and SST were higher at pelagic Station SA than hemipelagic Station
AB. The temporal variation of the SST anomaly at Station AB ranged from -1 to +1 °C whereas that at
Station SA ranged from -2 to +1 °C. Furthermore, the SST at Station SA was approximately 2°C higher
than that at Station AB through most of the study period (Figs. 4a, 4b). The lower variation in the faunal
composition is partially the reflection of the lower temperature variation at Station AB than Station SA.
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The factor scores showed high values during 1996 to 1997 at both stations. Even though the correlation
coefficients of this factor with SST anomaly were low at Station AB, it is still reasonable to conclude that
this factor represented temperature changes at both stations.
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Fig. 8. The nine year-long time-series of total diatom fluxes (Takahashi et al., 2002) and Factor 4 (Oligotrophic
Factor) during 1990 to 1999 at Stations AB and SA.

Among the other temperature-related factors, “Seasonal Factor” (Factor 2) is the factor with intriguing
seasonal variation. This factor is explained by the two dominant taxa; Neogloboquadrina pachyderma, and
Globigerina umbilicata, which were two of the most dominant taxa at both study stations.
Neogloboquardina pachyderma is a well known species living in the subpolar to polar regions whereas G.
umbilicata is known to live in the subarctic to transitional waters. Note that the name of the species G.
umbilicata employed in our study was earlier regarded as Globigerina bulloides in the other sediment trap
studies (Sauter and Thunell, 1989 and Kuroyanagi et al., 2002). Nevertheless, we distinguished G.
umbilicata from G. bulloides by its thick shell wall and its texture (Ujiié and Ichikura, 1973) in our study;
these two taxa were identical to the other sediment trap studies in the subarctic Pacific because of the
indication by Ujii¢ (2003). A significant feature of this factor is described by the conspicuous one year-
long cycle (Fig. 7). The factor score of “Seasonal Factor” tends to show its seasonal maxima during
summer to fall season at both stations (Figs. 4k, 41). This is ascribable because that the percent abundance
of G. umbilicata increased during the warm periods (Asahi and Takahashi, 2007). With these, it is
envisioned that this factor represents the seasonal variation of the foraminiferal faunal assemblages, which
is mostly affected by the temperature change in the surface.

It is noteworthy to discuss about “Warm Water Factor” (Factor 1). Because that a significant increase
of this factor at Station SA draws an attention as the most notable changes in the faunal composition
occurred during the study period (Figs. 4i, 4j). The anomalous high factor scores were observed during
1996, 1997 at Station SA followed by a significant decrease in the Shanon-Wiener diversity index (Fig.
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4h). This intriguing event was only observed at Station SA. At the same time, an extremely low
foraminifer flux was also observed (Figs. 4e, 4f).

This unique suppression was not only observed for foraminifers, but also for diatom and total mass
fluxes (Takahashi et al., 2002). The factor loadings clearly exhibited that this factor was dominated by the
warm water species such as Orbulina universa and Globorotalia wilesi. Extensive studies on O. universa
showed that there was a general agreement that this taxon lived in warm to subtropical waters (e.g., B¢ and
Tolderlund, 1971; Thunell and Honjo, 1981). Moreover, a few appearances of this taxon were also
reported by other sediment trap studies in the North Pacific (Sauter and Thunell, 1987; Kuroyanagi et al.,
2002). While this unique increase of this “Warm Water Factor” was observed during 1997, the satellite-
observed SST was only 1°C higher than that of a typical year (Fig. 4d). Hence, this remarkable event was
not only a clear evidence of the warm water effects to the faunal assemblages but also the reflection of the
other anomalous oceanographic changes at Station SA.

There were several works reported on the climate change in the Pacific which can be linked to this
event. Minobe (2000) reported that the sign of the regime shift were observed during this period in the
northern Pacific and Alaska. In particular, the outstanding cool winter-spring air temperature was observed
in Alaska during 1999. Moreover, this significant climate shift in the Pacific was discussed and described
by the Pacific Decadal Oscillation Index (PDOI: Mantua et al., 1997). The time series examination of this
index indicated the major shift of the climate system in the northern Pacific during 1999. These reports
envisioned the possibility of occurrence of this significant climate shift in the northeastern Pacific. There
have been several reports of the significant influence of this regime shift to the biological systems (e.g.,
Venrick et al., 1987; Roemich and McGowan, 1995; McGowan et al., 1998; Francis et al., 1998). In their
studies, it was reported that a significant decrease in the plankton biomass in the northern Pacific was
linked to this climatic shift.

It is envisioned that there is a link between the large scale climatic shift and the high values of “Warm
Water Factor” associated with the significantly low biogenic particle flux (Takahashi et al., 2002). In other
words, it is considered that the significant high value of “Warm Water Factor” at Station SA is one of the
useful records of the major regime shift in this region. This noteworthy increase in “Warm Water Factor” is
observed only at Station SA. Furthermore, the amplitude of “Warm Water Factor” is larger at Station SA
than that at Station AB. The trend in time series changes of this factor at Station AB is similar to the
Shanon-Wiener diversity index and SST anomaly at the same station (Figs. 4c, 4g, 4k). This fact refers that
“Warm Water Factor” at Station AB represented the temperature changes in the surface. Hence, it is
thought that the effect of Pacific Decadal Oscillation was much more significantly represented at pelagic
Station SA than at hemipelagic Station AB.

The other factor, which may have given influences in this intriguing event during 1997 at Station SA,
is a change in the position of the Polar Front. Belkin et al. (2002) has mentioned that there is a significant
oscillation pattern in the position of the Polar Front at 170°E. In their study, the Position of Polar Front
extended to northward from 42°N to 47°N during 1992 to 1997. However, this notable moving of the Polar
Front was only observed at 170°E. This shift of the position of the Polar Front may bring warm waters via
the Alaskan Stream to the Station SA.

The other interesting feature, which may explain this intriguing event during 1997, was the temporal
variation of the biological domains. Gregr and Bodtker (2007) mentioned that there was a significant
difference in the position of the biological domains between those during 1966 to 1975 and 1980 to 1989
in the North Pacific by using the image classification method to the General Circulation Model. They
indicated that the change in the biological domains in the North Pacific was a reflection of the change in
the regime during their study period. They also mentioned that the position of the Subarctic Current,
which fluctuates seasonally between S0°N (summer) and 45°N (winter), had great impact on the biological
domains. With the limited data we have obtained for this period, it is not possible for us to explain this
anomalous event observed during 1997 at Station SA. Further investigations, including comparisons of
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physical oceanography and climatological data-sets, are warranted.

Besides the intriguing trend in the temperature-related varimax factors, it is notable to discuss about the
factors linked to other oceanographic changes. The nine year-long time-series of “Oligotrophic Factor”
(Factor 4) draws a notable attention when it is discussed with the local export production and the change in
the surface circulation. The factor loading of this “Oligotrophic Factor” is dominated by Globigerina
quinqueloba. The geographic distribution of this taxon is correlated to the local primary production in the
subarctic Pacific (Asahi and Takahashi, 2007), when the means of diatom flux was compared to %G.
quinqueloba at four sediment trap study stations (Station PAPA: Sauter and Thunell, 1989; Station 50N:
Kuroyanagi et al., 2002; Stations AB and SA: Asahi and Takahashi, 2007).

The nine year-long time-series values of this factor tend to show high values, when diatom fluxes at the
same stations (Takahashi et al., 2002) were relatively low (Fig. 9). This relation appeared to be more
conspicuous at Station SA than Station AB. Furthermore, the amplitude of this factor is greater at Station
SA than that at Station AB. Although the trend of the diatom flux and “Oligotrophic Factor” is less
significant at Station AB than Station SA, we can conclude that the timing of the high factor scores and
low diatom fluxes at Station AB is synchronous. Takahashi et al. (2000) illustrated that temporal fluxes of
diatoms tended to become smaller when SST anomaly was positive at the same sediment trap stations.
This is because that the relatively warm SST obstructed the seasonal mixing of the surface water with the
subsurface water, which plays a large role in the nutrient supply to the upper layer. The correlation
coefficient » for the SST anomaly with “Oligotrophic Factor” is 0.62 at Station AB whereas that is 0.20 at
Station SA. And thus, the temporal variation of SST is a controlling parameter of the local primary
production in the Bering Sea (Station AB) whereas the other oceanographic parameters might have played
significant roles at Station SA.
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Fig. 9. The scatter plot of Factor 3 (Temperature Factor) vs. SST anomaly at Stations AB and SA.

This notable relation of “Oligotrophic Factor” and diatom fluxes can be described at Station SA, when
we consider the surface circulation in this region. The variation of the water masses can be expected due to
the transport by two significant surface currents: the Subarctic Current in the south of Station SA and the
Alaskan Stream in the north. The former current is the eastward flow originating from the Western
Subarctic Gyre whereas the later is the westward flow originating form the Gulf of Alaska. Physical
oceanographic studies on these two currents revealed that the paths depending upon their strength varied
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intra-annually and inter-annually (Ohnishi and Ohtani, 1999; Ohnishi, 2000). Their studies reported that
the annual water mass transport of the Subarctic Current during 1993 to 1996 dropped about one half level
of that observed during 1990 to 1992. And thus it is envisioned that the effect derived by the Alaskan
Stream was relatively strong during 1993 t01996, compared to that during 1990 to 1992.

We examined the effect of the Alaskan Stream by comparing foraminiferal assemblages at Station SA
to the other sediment trap studies along the 49°N line (Station PAPA: Sauter and Thunell, 1987; 50N:
Kuroyanagi et al., 2002; Asahi and Takahashi, 2007). The foraminiferal faunal assemblage during this
period was similar to that at Station PAPA in the Gulf of Alaska. This result indicated a strong influence by
the Alaskan Stream during 1997. There is a general agreement of an increasing trend of biological
production from the east (Gulf of Alaska) to the west (off Kamchatska) (see Takahashi et al., 2000).
Keeping this in mind, a significantly high “Oligotrophic Factor” and low diatom flux during 1996 to 1997
at Station SA were the evidence of the relatively strong effect by the Alaskan Stream, originated from the
Gulf of Alaska. There has been a report showing a causal relationship between diatom fluxes and the
correlation of the diatom flux with the surface water circulation as well as the density of the upper water
masses in the Gulf of the Alaska (Takahashi et al., 1990). And thus it is concluded that the water mass
transport of the Alaskan Stream partially affected the temporal variation of the diatom fluxes at Station SA
whereas the temperature variation affected to the temporal variation of the diatom fluxes at Station AB.

5.1.3. Periodicity of foraminiferal flux and its faunal assemblages

It is notable to discuss the periodicity of the foraminiferal flux and its faunal assemblages, when we
consider their temporal variations. For the foraminifer flux, there are significant cycles observed; six
month, twelve month, and twenty to forty month-long cycles for the most of foraminiferal taxa except for
Orbulina universa and Globorotalia wilesi (Fig. 5). Their abundances usually ranged less than 0.1% except
for 1997 when their abundances reached 60% as the maximum. Therefore, the periodicity of these two taxa
appeared more likely to be annual.

The other four taxa, which appeared to have conspicuous inter-annual and intra-annual cycles, draw an
attractive attention to discuss their periodicity. Among the cycles described, six month and twelve month-
long cycles are characterized as the seasonal variation of their fluxes. These seasonal cycles are referred to
two significant seasonal flux maxima; one in fall (September to December), and the other in spring (April
to June). These two significant cycles are referred to the primary flux maxima observed in fall at Station
AB and in spring at Station SA, which were higher than the secondary flux maxima appeared in spring at
Station AB and in fall at Station SA (Asahi and Takahashi, 2007).

These cycles are conspicuously observed for the most of the foraminiferal taxa. However, the
amplitudes of the power spectrum are different by each taxon; Neogloboquadrina pachyderma and
Globigerinita glutinata with relatively strong six month-long cycle, and Globigerina umbilicata and
Globigerina quinqueloba with relatively strong twelve month-long cycle. The nine year-long monthly
mean fluxes of each of the foraminiferal taxa clearly represented this trend. The former taxa tended to have
bimodal flux maxima within a year, whereas the latter one appeared to have a single flux maximum. It is
interesting that these two taxa with a single annual flux maximum tended to be present in fall season at
Station SA (Asahi and Takahashi, 2007). This fact represents a possible occurrence of the seasonal
segregation of these four foraminiferal taxa. In detail, G. quinqueloba and G. umbilicata preferred
relatively warm environment in the subarctic condition.

Besides discussing the periodicity of foraminifer fluxes, it is worthy to discuss the periodicity of
percent abundances of each foraminiferal taxon, when we consider their seasonal variation. For the
foraminiferal faunal assemblages, there are significant periodicity observed; six month, twelve month and
twenty to forty month-long cycles (Fig. 6). Among these cycles, significant twelve month-long cycle of
Globigerina umbilicata and Globigerinita glutinata draw an attention. These two taxa showed significant
twelve month-long cycles of their fluxes as described in the previous section.
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The percent abundance of G. glutinata tended to have their maxima during winter season. This is
because that it was the only the taxon whose flux maxima appeared in winter, when the other foraminifer
flux reached their minima at Stations AB and SA (Asahi and Takahashi, 2007). Despite of this taxon’s
apparent seasonal variation in winter, its percent abundance tended to increase significantly in the periods
when SST anomaly was positive (Asahi and Takahashi, 2007). Therefore, it is envisioned that this taxon
preferred the relatively warm winter.

The percent abundances of G. umbilicata appeared to have its maxima during summer to fall season at
Stations AB and SA. There is a general understanding that G. bulloides, which is an identical taxon to G.
umbilicata in our study, prefers the upwelling condition (e.g., Thunell and Reynolds, 1984). However, the
nine year long monthly means of its relative abundance at Stations AB and SA went against this preference
described by other studies. This taxon is known as subpolar to transitional species besides their preference
in upwelling condition. Keeping this in mind, it is envisioned that the percent abundances of this taxon is
controlled by the combination of these two oceanographic features. In other words, this taxon was more
influenced by the temporal variation of the SST than the upwelling condition at study stations.

Besides these taxa whose seasonal variation are significant, the periodicity of the percent abundances
of Globigerina quinqueloba is of great interest to discuss. The MEM power spectrum of this taxon is
apparent in twelve month and twenty to forty month-long cycles. In a previous section, it was discussed
that G. quinqueloba prefered the condition with a relatively low local primary production in the subarctic
conditions. Furthermore, the nine year monthly means of its percent abundance tended to increase in a
warm period, when the surface water was well stratified by the warm surface water (Asahi and Takahashi,
2007). Considering the information described for this taxon, it is believed that the possible occurrence of
the annual variations in some oceanographic features controlled the local primary production at the study
stations.

The periodicity of R-mode true factors showed apparent inter-annual cycles (Fig. 7). All of four factors
appeared to show their MEM spectrum maxima in twelve month and twenty to forty month-long cycles.
This refers that the temporal variation of the whole foraminiferal faunal assemblages varied inter-annually,
whereas each of its abundance showed their seasonal variations. Among these factors, “Seasonal Factor”
appeared to have a significant twelve month-long cycle. This factor tends to be high during summer, and
thus it represents the seasonal variation of foraminiferal assemblages.

The other factors show significant inter-annual cycles. A significant inter-annual periodicity is clearly
visible for “Warm Water Factor” at Stations AB and SA. As described in the previous section, this factor is
dominated by Orbulina universa and Globorotalia wilesi, which are considered as tropical to transitional
species. A period with significantly high scores of this factor is apparent during 1996 and 1997 only at
Station SA. However, the MEM power spectrum of this factor represents a significant forty month-long
cycle at both stations. This refers that the same oceanographic features occurred at Station SA affected the
faunal assemblages at Station AB, although the amplitude of the factors was insignificant. In other word,
this unusual event during 1997 occurred at both Station AB and Station SA. However, the impacts to the
biological system at Station AB during this period was less significant than these at Station SA. It is
assumed that intra-annual variation of these factors is coincidental with the inter-annual large scale climatic
changes. In the study region, there have been several studies on the temporal variation of climatic features.
Mcfarlane et al. (2000) introduced a composite index (the Atmospheric Forcing Index: AFI) based on three
aspects of climate ocean conditions known in the Pacific: the Aleutian Low Pressure Index (ALPI:
Beamish et al., 1997), the Pacific Circulation Index (PCI: King et al., 1998), the Pacific Interdecadal
Oscillation Index (PDO: Mantua et al., 1997). These studies revealed inter-annual oscillation of these
climatic indices. The annual means of the AFI showed that the intensity and the position of the Aleutian
Low Pressure varied their strength every other year during 1990 to 1999 (Beamish et al., 1997). And thus,
it is reasonable to accept that the large scale climatic change affected the faunal composition at Stations AB
and SA.
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6. Conclusions

The statistical and mathematical calculations have been performed to understand the temporal variation
and the periodicity of the long-term time-series foraminifer fluxes in the Bering Sea and the central
subarctic Pacific. The varimax factor analysis to the faunal assemblages presented four factors. The faunal
information to the factor loadings revealed that first three factors reflected variations in the surface
temperature.

Significantly high factor scores of “Warm Water Factor” are observed during 1997 to 1998 at Station
SA. This significant feature is a consequence of the large scale climatic change such as the intensification
of the Aleutian Low Pressure. The power spectrum of this factor indicates that such unusual large scale
climatic shift brought biological impacts at both stations. However, their influence upon the biological
systems in the Bering Sea was smaller than that in the central subarctic Pacific.

The second factor “Seasonal Factor” is dominated by Globigerina umbilicata. A twelve month-long is
clearly visible for this factor. This refers that this factor represented seasonal variations of the foraminiferal
assemblages at Stations AB and SA.

Third factor “Temperature Factor” clearly exhibited a correlation with the SST anomaly. This factor is
dominated by Globigerinita glutinata. While the seasonal variation of this taxon showed a significant
increase in their relative abundances during winter, the correlation coefficient » for this factor and SST
anomaly showed a reasonable correlation (Station AB: 0.57; Station SA: » = 0.83).

The forth factor “Oligotrophic Factor” is dominated by Globigerina quinqueloba. The geographic
distribution of this taxon in the subarctic Pacific and the Bering Sea clearly shows that the taxon prefers the
environment with relatively low biological production. The temporal variation of this “Oligotrophic
Factor” coincides with the SST anomaly at hemipelagic Station AB, where it showed a reasonable
correlation with the temporal variation in strength of the Alaskan Stream at pelagic Station SA. This
indicates a different condition which affected the local primary production in the study region. The
temperature condition in the upper layer, which regulates the subsurface nutrient supply to the surface, is
pointed out as a controlling factor of the local primary production at Station AB. On the other hand, the
surface circulation described as the power balance of the Alaskan Stream and the Subarctic Current wass
the controlling factor at Station SA. These intriguing pieces of information derived by foraminiferal faunal
assemblages tends to have an inter-annual periodicity, which have possible consequences with the large
scale climatic shift such as the Pacific Decadal Oscillation and the variation of the Aleutian Low Pressure.

The periodicity of foraminifer flux and its faunal assemblages clearly represented their seasonal and
annual variations. Most foraminifer taxa tended to have their primary flux maxima during fall (Station AB)
and spring (Station SA) followed by secondary maxima in spring (Station AB) and fall (Station SA).
Neogloboquadrina pachyderma and Globigerina quinqueloba were the two taxa which followed this
periodicity significantly.

The other two taxa, represented by Globigerina umbilicata and Globigerinita glutinata, appeared to
demonstrate a twelve month-long periodicity for their fluxes. Their percent abundances also exhibited
significant twelve month-long periodicity. The nine year-long monthly means of their flux and percent
abundances indicated their preference of a specific condition. The flux and the percent abundance of
Globigerina umbilicata tended to increase in a warm condition during fall, whereas these of Globigerina
glutinata appeared to be present in a relatively warm winter. The periodicity of the R-mode true factor is
clearly visible inter-annually, while the periodicity of the percent abundances of the most foraminifer taxa
expressed the seasonal variation. This fact indicates that the temporal succession of foraminiferal faunal
assemblage in the study region is more likely to represent seasonal variation than the large scale climate
shift when we only discuss short term variation of the faunal assemblages. In other words, the long-term
observation of the biological successions has a key to achieve general understandings of large scale
climatic shift occurred in the study region.
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Our study clearly represented the inter-annual variation of the foraminiferal faunal assemblages along
with the oceanographic changes. The results of true factor analysis exhibited twenty to forty month-long
cycles of their variation in the faunal assemblages. These intra-annual variation in their faunal assemblages
was the reflection of the large scale climatic shift occurred in the Bering Sea and the central subarctic
Pacific.
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