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Abstract

A high-resolution study of marine environmental conditions and changes through the Late Holocene (2,700 years) in the eastern North Atlantic realm is presented. In order to contribute new knowledge about the North Sea region, the faunal distribution, fluxes of benthic and planktonic foraminifera and grain-size data were analysed from a gravity core (GeoB 6003-2) from the Skagerrak. The data indicate environmental changes (i.e. stability and productivity) both in the bottom and surface waters. Major shifts, recorded at around 2200, 1900, 1500, 1200 and 400 cal yr BP, are interpreted as climatic changes. The resulting intervals are linked to well-known historical epochs such as the Subatlantic Pessimum, the Roman Period, the Migration Period, the Medieval Warm Period and the Little Ice Age. The benthic foraminiferal flux indicates that highly productive phases are generally connected with relatively cool climates. Moreover, the planktonic foraminiferal flux reflects a decreasing influence of North Atlantic surface water masses since the end of the Migration Period at around 1200 cal yr BP.
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1. Introduction

Meteorological and hydrographical instrumental data recording Northern Hemisphere climate variations are only available for the last 250 years. Further back in time, useful information for the reconstruction of past climatic changes is for example preserved in marine sediments, i.a. in microfossil assemblages. Those indicators that have a close relationship to parameters such as temperature and salinity are called environmental ‘proxies’ for that particular parameter (Wefer et al., 1999).

Although the climate of the Holocene (last 11,500 years) is designated as rather stable, significant changes occurred within this period. The knowledge of the exact timing of the onset and the duration of these climatic changes as well as the background for the variations is, however, still sparse. Examples of climatic shifts in the Late Holocene include the Medieval Warm Period, coinciding with the Viking Period and Nordic settlement of Iceland and Greenland, and the climatic depression of the Little Ice Age, when coolness and rainfall resulted in crop failures and diseases in Europe (Lamb, 1977; Schönwiese, 1988; Lozán, 1998; Grove, 2002). Since the beginning of industrialization such natural climatic variations are increasingly influenced by mankind.
Due to a close coupling of atmospheric and oceanic circulation (Rodhe, 1987; Van Weering et al., 1993a) and due to high sedimentation rates (e.g. Van Weering (1981), Van Weering et al. (1987), Pederstad et al. (1993), Van Weering et al. (1993 a, b), the Skagerrak area bears high potential for environmental reconstruction and appears to be a promising place to study Holocene climate changes.

A number of investigations have been carried out on recent as well as on subrecent foraminiferal data from the Skagerrak (e.g. Qvale et al., 1984; Qvale and Van Weering, 1985; Corliss and Van Weering, 1993; Seidenkrantz, 1993; Conradsen et al., 1994; Alve and Murray, 1995; Alve, 1996; Bergsten et al., 1996; Alve and Murray, 1997). In general, surface sediments were examined in these studies with respect to the spatial distribution of benthic foraminifera and their response to water mass properties. For the Holocene, paleoenvironmental interpretations based on several proxies were presented by Conradsen and Heier-Nielsen (1995), Knudsen et al. (1996) and Knudsen and Seidenkrantz (1998). A multidisciplinary study of a core from the northern part of the Skagerrak contributed new knowledge on the general climatic development in the area through the Late Glacial and the Holocene (Stabell and Thiede, 1985). The time resolution for the Late Holocene part in these studies is, however, not high enough for a detailed correlation with our record.

Benthic foraminiferal assemblages and the sedimentological development through the Late Holocene in the Skagerrak were described by Hass in 1993, 1994, 1996, and 1997, who investigated sites located further to the east, at water depths of about 420 m. In the present paper, we partly follow Hass’s approach in adopting the links to historical epochs. Comparisons to his cores were, however, problematic, e.g. because of differences in temporal resolution and water depth.

This study is part of the HOLSMEER project aiming to reconstruct paleoenvironmental conditions in the North Atlantic realm through the last 2,000 years. Benthic and, for the first time planktonic foraminiferal distributions were used as proxies for the interpretation of environmental and climatic changes in the Skagerrak area during the Late Holocene (c. 2,700 years).

2. Geographic and oceanographic setting

In this study, sediment core GeoB 6003-2, which was obtained from the central Skagerrak basin at 57(58.3’N and 9(23.2’E at a water depth of 312 m (Fig. 1), was investigated. The Skagerrak is the deepest part (700 m) of the Norwegian Trench, which has been formed by repeated glacial advances from the east and the south during the Quaternary. The trench has the topography of a large fjord (Rodhe, 1987) and runs parallel to the Norwegian coast. The asymmetric Skagerrak basin has an irregular, steep northern and a more regular, gentle southern slope (Fig. 1). It serves as a natural sediment trap receiving input from a number of northwest European source areas and from remobilization of North Sea sediments.

The modern current system is influenced by the large-scale atmospheric and oceanic circulation pattern as well as by the outflow of Baltic waters (e.g. Rodhe, 1987). The Skagerrak surface circulation is a part of the anticlockwise movement of the North Sea waters (Fig. 1). A large amount of North Atlantic water enters the Skagerrak directly through the Tampen Bank Current (TBC), while the Southern Trench Current (STC) brings water masses from the northwestern North Sea. Another contributor to the current system is the South Jutland Current (SJC) which runs parallel to the Danish west coast and continues as the North Jutland Current (NJC). In the innermost Skagerrak, the NJC and STC waters are supplemented by less saline Baltic outflow water, the Baltic Current (BC). These combined waters turn towards northwest and west and form the Norwegian Coastal Current (NCC), which continues towards north along the Norwegian coast (Fig. 1).

The deep water circulation in the Skagerrak follows more or less the same pattern as the surface circulation, but the velocity of the bottom currents is lower than that of the surface currents (Dahl, 1978; Qvale and Van Weering, 1985; Rodhe, 1987). A volumetrically large part of the high salinity and oxygen-rich bottom water is of North Atlantic origin. A minor amount is derived from dense water formed in the northern North Sea during very cold winters (Løjen and Svansson, 1972).

In general, the highest current speeds occur on to the convex southern slope of the Skagerrak (Rodhe, 1987), to which the inflowing water masses are constrained. Due to the relatively high near-bottom current velocities, non-deposition or reworking of sediments may occur locally, especially in the shallow areas with water depths of less than 100 m (Van Weering, 1981; Salge and Wong, 1988; Kuijpers et al., 1993).

3. Material and methods

The sediment core GeoB 6003-2 (core length 1049 cm), which consists mainly of silty clay, was obtained in 1999 during RV Meteor cruise M45-5 in the Skagerrak. Environmental proxy data were analysed within the upper 400 cm of the core at five centimetre intervals.

The sediment samples for foraminiferal analyses were wet sieved on 63 and 150 µm sieves (see grain-size distribution, Fig. 2). In order to obtain better comparison with previous foraminiferal analyses in the area, the samples were subsequently dry sieved on a 100 µm sieve. Foraminifera in the size fraction >100 µm were concentrated by the help of the heavy liquid CCl4 (( = 1.59 g/cm3) as described by Meldgaard and Knudsen (1979). The major part of the fauna consisted of calcareous benthic foraminifera which were generally well preserved. Some agglutinated foraminifera occurred, but due to their poor preservation potential in the geological record these were excluded from the analyses. The planktonic fauna consists of only a few species. At least 300 specimens of benthic calcareous and 300 specimens of planktonic foraminifera were identified and counted in each of the 80 samples, where possible. In total, 165 different foraminiferal taxa were determined. The 15 most important taxa, 13 benthic and 2 planktonic, are listed in Appendix A.

The percentage distribution of the most important benthic species in the core was used for the subdivision of the record into intervals (Figs. 3-5) and for the interpretation of environmental conditions. Moreover, the benthic and the planktonic foraminiferal fluxes were considered for the interval definitions and interpretation.

The foraminiferal flux, as a measure for productivity, was determined with the following equation: F = ni * (d/ t (F = foraminiferal flux (specimens/cm2/year); ni = number of foraminifera per gram; (d = dry specific density (g/cm3); t = years per centimetre core interval). For the dry specific density an average value of 2.0 g/cm3 (Knudsen and Seidenkrantz, 1998) was inserted. The fluxes are shown in Figures 5 (planktonic) and 6 (benthic).

4. Chronology

The chronology of the entire core GeoB 6003-2 down to its base at 1049 cm is discussed in order to understand the changes in sedimentation rates throughout the record. The age-depth model was constructed on the basis of 11 AMS 14C datings and 210Pb measurements, taking changes in grain-size distribution into account (Fig. 2).

The 210Pb determinations for the uppermost part of the record were performed at the Netherlands Institute for Sea Research (NIOZ) by measuring 210Pb activity via it’s -particles emitting grand daughter 210Po, following the method described by Van Weering et al. (1987). The 210Pb activity in the upper 40 cm decreases significantly downcore, enabling an accurate estimation of the sedimentation rates (1.8 mm/yr) for the last 200 years (Fig. 2).

The AMS 14C datings were made at the Leibniz Laboratory for Age Determinations and Isotope Research at the University of Kiel. They were carried out on approximately 10 mg carbonate from mixed benthic foraminifera or from shell fragments, respectively (Table 1). All ages were corrected for fractionation, and the (13C values are listed in Table 1. The 14C ages were calibrated with CALIB4 (Stuiver et al., 1998), using the marine model calibration curve. A standard reservoir correction of 400 years ((R=0) is built into this model (see also Heier-Nielsen et al., 1995b).

The AMS 14C datings do not all increase continuously with core depth (Fig. 2, Table 1). A few of the datings on benthic foraminifera appear to give too old ages compared to the others. Reworked older material, moved by hydrodynamic transportation, might have caused such age discrepancies. Temporary intense bottom currents may thus have led to the transport and re-deposition of a certain amount of foraminiferal tests in the sediment. This is the background for considering the too old ages for the upper three AMS 14C datings as a result of partly reworked assemblages (Fig. 2). A similar process of reworking may also explain an apparently too old age for the 803 cm level. Deviations towards too old ages have previously been reported by Heier-Nielsen et al. (1995a) and by Knudsen et al. (1996) from high-energy Holocene deposits of northern Denmark.

The distribution of the grain-size fractions 63-150 and >150 µm through core GeoB 6003-2 (Fig. 2) also indicates varying hydrodynamic conditions in the area during the Late Holocene. Presumably, a significant coarsening of the sediment in the upper 200 cm (from a mean value of about 4 to 8 weight percent of the grain-size fraction 63-150 µm) points to gradually higher current velocities in the area. The distinct grain-size change at 138 cm depth is suggested to represent the level of a change in sedimentation rate (Fig. 2, Table 2). This level is, therefore, introduced as an age zone boundary between two linear segments of the age model.

Accordingly, the sedimentation rate from core top down to 138 cm amounts to 1.20 mm/yr. This is close to the sedimentation rate obtained by the 210Pb measurements. A second linear segment, determined by four AMS 14C datings, indicates a sedimentation rate of 1.65 mm/yr between 138 cm and a dated sample at 446 cm. A third linear segment between 446 cm and the deepest date at 1003 cm is determined by two datings on shell fragments and two on benthic foraminifera. The accumulation rate in this interval is 5.53 mm/yr. These sedimentation rates are in agreement with the results of previous studies in the area (Van Weering et al., 1987; Kuijpers et al., 1993; Pederstad et al., 1993).

Thus, the suggested age model for core GeoB 6003-2 (Fig. 2, Table 2) is based on a linear interpolation between the top of the core and two age zone boundaries. The age-depth model shows that the upper 400 cm of the core comprise the last 2,700 years of the Late Holocene. The temporal resolution in this study is approximately 30 to 40 years per sample.

5. Foraminiferal analyses and faunal interpretation

The percentage distribution of the most important benthic foraminiferal species is shown in Figs. 3a-j and 4. Among those, Cassidulina laevigata (b), Elphidium excavatum (i), Pullenia osloensis (g) and Stainforthia fusiformis (j) are the most abundant. Few planktonic specimens are found, and they are generally small-sized. The flux of each of the two most common planktonic species Globigerinita uvula (a) and Turborotalita quinqueloba (b) is shown in Fig. 5, together with the percentages of the benthic group of Miliolids (c). The environmental indication of the foraminifera is interpreted on the basis of modern distributions and ecology of the species in the Skagerrak and North Sea areas.

For the interpretation of the data, it is important to be aware of possible reworking (see above), which may have influenced the original fauna by removing or introducing additional species and/or specimens. Species like E. excavatum as well as some species of the group of Miliolids are common in relatively shallow, high-energy environments of the southern slope of the Norwegian Trench (Conradsen et al., 1994). These are suggested to be easily transported into the area of investigation (Qvale and Van Weering, 1985; Conradsen and Heier-Nielsen, 1995). For instance, the increasing abundances of E. excavatum (Fig. 3i) after around 1000 cal yr BP may be at least partly due to reworking from shallower areas. Even though three radiocarbon ages from the analysed sequences of the core appear to give too old ages, no major disturbances of assemblage compositions were clearly visible.

5.1 Benthic foraminifera

On the basis of major faunal changes, the record was subdivided into six intervals (Fig. 3, A-F). The assemblages are described, and their environmental indication is interpreted in the following (from the bottom to the top). To simplify the description, the species are lettered with a-j.
The time interval 2690-2200 cal yr BP (A)

The most common species in this interval are C. laevigata (b), S. fusiformis (j), P. osloensis (g) and Hyalinea balthica (c). The percentages of C. laevigata (b) are relatively constant. Stainforthia fusiformis (j) changes from low frequencies in the lower part to higher values from around 2500 cal yr BP. A drop in percentages of H. balthica (c) is recorded at the same level. Pullenia osloensis (g) decreases steadily through the entire interval. The percentages of Bulimina marginata (a) and Melonis barleeanus (e) are low, with strong variations and a general decrease through the interval. The percentages of Cibicides lobatulus show maximum values during the upper part (Fig. 4).

In modern faunas of the Skagerrak area, C. laevigata is abundant on the southern and the northern slopes of the Norwegian Trench. This species is related to the boundary zone between the stable bottom water mass and the surface waters with more variable environmental conditions (Qvale and Van Weering, 1985; Conradsen et al., 1994). The opportunistic species S. fusiformis is especially abundant on the shallower part of the southern slope (Alve and Murray, 1995, 1997; Bergsten et al., 1996). Stainforthia fusiformis and B. marginata are both associated with high contents of organic carbon in the sediment (Qvale and Van Weering, 1985; Alve and Murray, 1997). Pullenia osloensis appears to be confined to the deeper part of the Norwegian Trench (Bergsten et al., 1996). Hyalinea balthica is most common in the deepest part as well, but mostly in small numbers, and is linked to high organic carbon contents (Qvale and Van Weering, 1985). Hass (1997) considered H. balthica to be an indicator of low oxygen contents in stagnant bottom waters. Melonis barleeanus is most abundant in the deeper part of the Norwegian Trench, where it seems to be connected with stable, well-oxygenated bottom waters (Qvale and Van Weering, 1985; Bergsten et al., 1996). Cibicides lobatulus is an indicator of high bottom current velocities (Murray, 1991).

During interval A the foraminiferal assemblages generally point to a high input of organic matter to the area, an interpretation which is based on relatively high amounts of one or more of the species S. fusiformis (j), H. balthica (c) and B. marginata (a). The decrease in H. balthica (c) and P. osloensis (g) together with the increase in S. fusiformis (j) indicates a change from relatively stable bottom waters towards more variable conditions in the later part of the interval. H. balthica decreases while S. fusiformis increases: How does that fit to the interpretation that both indicate high TOC contents? What do the productivity indicators tell? The increasing trend in percentages of the less common species E. excavatum (i) and Ammonia beccarii (h) also points to gradually higher environmental variability, and C. lobatulus shows increasing bottom current velocities towards the end of the interval.
The time interval 2200-1900 cal yr BP (B)

The dominant species in this interval are S. fusiformis (j), C. laevigata (b) and P. osloensis (g). Globobulimina turgida (d) is relatively common too, with frequencies close to those in the previous interval. The onset of this interval is characterised by an increase in percentages of P. osloensis (g) and an abrupt decrease in A. beccarii (h). After an abundance peak in E. excavatum (i) at around 2200 cal yr BP, the frequency of this species returned to similar low values as before (interval A). Stainforthia fusiformis (j) and C. laevigata (b) occur with continued high frequencies. The percentages of P. osloensis (g) are generally slightly higher than during the later part of the previous interval. A decreasing trend in percentages of Uvigerina mediterranea (f) is already apparent since around 2500 cal yr BP, while the percentages of M. barleeanus (e) became very low at around 2300 cal yr BP. The percentage values are continuously low through interval B.

Uvigerina mediterranea is a slope species overlapping the area of C. laevigata in the modern Norwegian Trench (Qvale and Van Weering, 1985). It does not live in high-energy environments, but seems to require stable water conditions. The decreasing trend may point to an increase in variability through the interval. The composition of species, e.g. with high percentages of S. fusiformis (j) and C. laevigata (b), indicates continuously variable environmental conditions. This is supported by relatively high contents of C. lobatulus (Fig. 4).
The time interval 1900-1500 cal yr BP (C)

Cassidulina laevigata (b) remains the dominant species together with S. fusiformis (j) and P. osloensis (g). At the transition to this interval there is, however, a decrease in the percentages of S. fusiformis (j). Hyalinea balthica (c) increases in frequency at the transition and has its maximum peak at 1800 cal yr BP. After a marked decrease, there is a slight general, but variable increase in the percentages of the accessory species A. beccarii (h) and E. excavatum (i) during the later part of the interval. These species are tolerant to variable environmental conditions, but their distribution pattern appears to reveal two periods of temporary less variability. Globobulimina turgida (d) and the less common M. barleeanus (e) show considerable variation with relative frequency minima at about 1500 cal yr BP.

In general, the environmental conditions are still highly variable, but there is faunal indication of more stable conditions than during the previous interval. This is for instance indicated by a relatively high contribution of H. balthica (c) and the decrease in S. fusiformis (j). The decrease in percentages of S. fusiformis to a generally lower level may indicate a reduced input of organic carbon. What´s about the increase in H.balthica? What do the productivity indicators tell?
The time interval 1500-1200 cal yr BP (D)

The species distribution is not very different from that in the previous interval. The dominant species are the same, though with slightly decreasing percentages of S. fusiformis (j). After an increasing trend in C. laevigata (b) and generally high percentages of H. balthica (c) through this interval, there is a marked drop in the abundances of both species. Melonis barleeanus (e) and B. marginata (a) gradually increase in frequency through the entire interval. The amount of Miliolids (Fig. 5c) has increased compared to the intervals before 1500 cal yr BP, but the values are generally rather low in the core. It is an indicator group for increased bottom water salinity (Murray, 1991, 1992). 

During interval D, the environment may be slightly more stable, as reflected by relatively high percentages of H. balthica (c) and the decrease in S. fusiformis (j). The Miliolids point to an increased influence of North Atlantic bottom waters in the area. A hydrographic shift to more unstable conditions is indicated close to the end of the interval. This is displayed by a drop in H. balthica (c) and C. laevigata (b) and a subsequent increase in S. fusiformis (j). Any indications for Corg??
The time interval 1200-400 cal yr BP (E)

After 1200 cal yr BP there is an increase in S. fusiformis (j). A subsequent decrease between 1100 and 800 cal yr BP is again followed by gradually higher percentages. Cassidulina laevigata (b) and H. balthica (c) decrease in frequency, with especially low values at around 800 cal yr BP. Similar minima are seen for B. marginata (a) and G. turgida (d). These latter species are associated with high organic carbon contents in the sediment and tolerate low-oxygen environments (Sen Gupta, 1999). Elphidium excavatum (i) and A. beccarii (h) show a significant rise in percentages between 1200 and 900 cal yr BP, reaching maxima at around 800 cal yr BP. The most pronounced change in P. osloensis (g) also occurs at around 800 cal yr BP, a change which appears to have taken place within a few decades. After 700 cal yr BP, G. turgida (d) reaches its highest values for the entire record. In addition, M. barleeanus (e) becomes much more abundant, reaching maximum percentages after about 600 cal yr BP.

The environmental conditions during the early part of this interval were more unstable than during the previous interval. At 800 cal yr BP, there is a marked environmental change, and since then the assemblages gradually show even higher instability. This is for instance indicated by the decrease in P. osloensis (g) and by the increase in S. fusiformis (j) and E. excavatum (i). The relatively high percentages of S. fusiformis (j), M. barleeanus (on page 8 M. barleeanus is described to be related to well-oxygenated bottom waters, that is normally low organic matter contents) (e), G. turgida (d) and B. marginata (a) point to an increased input of organic matter to the area after 800 cal yr BP (this time shows the lowest benthic foraminifera flux rates, which indicate a low flux of organic matter…). The Miliolids (Fig. 5c) continue to show periodical abundance peaks throughout interval E, indicating variations in the influence of North Atlantic water masses to the area.

The increasing abundances of E. excavatum (i) and A. beccarii (h) clearly indicate gradually more unstable conditions and lower salinities in the area (Qvale and Van Weering, 1985), an interpretation which is supported by the general changes in the assemblages, e.g. increase in C. lobatulus, and by the change in grain-size distribution towards coarser sediments (Figs. 2 and 4). The combined change in the fauna and in the sediment may, however, partly be a result of an increased input of reworked material from shallower areas of the slope. Reworking of part of the assemblage is indicated by some apparently too old 14C datings within the depth range of this interval (see above).
The time interval 400 cal yr BP-present (F)

This interval is characterised by an increase in the percentages of A. beccarii (h), E. excavatum (i) and S. fusiformis (j), the latter species reaching particularly high values. Ammonia beccarii (h) and E. excavatum (i) fluctuate a lot in frequency. A decrease in salinity, as indicated by these two species, is supported by low percentages of the Miliolids (Fig. 5c). Other characteristic features for this interval are continued low percentages of P. osloensis (g) and a marked gradual decrease in U. mediterranea (f), M. barleeanus (e), G. turgida (I can´t see that!) (d) and B. marginata (a).

A single distinct peak in the abundance of Bolivina skagerrakensis is seen at one level around 150 years ago. This species typically occurs in modern faunas of the deepest part of the Skagerrak, and it was suggested by Qvale and Van Weering (1985) and Conradsen et al. (1994) to be an indicator of stable bottom water conditions. In contrast to this, Hass (1997) regarded B. skagerrakensis as an opportunistic species, signalling instability during periods of changing conditions. This interpretation was based on the fact that the species always occurred during transitional intervals in his records, for instance at the transition to the Little Ice Age. Since we only find one peak of B. skagerrakensis in our record, it is not possible to resolve whether this represents a short period of environmental change, or if it is rather a product of irregular occurrences of the species.

The assemblages in interval F indicate a decrease in salinity and a pronounced increase in the instability of the environment. This is indicated by an increase in E. excavatum (i) and a decrease in U. mediterranea (f), M. barleeanus (e) and G. turgida (d) (again, can´t see that, What´s about B. marginata?). Additionally, the high percentages of S. fusiformis (j) point to an increase in the organic carbon contents in the more recent times.(but H. balthica is low and M. barleeanus, G. turgida and B. marginata decrease. However, benthic foram flux rates increase)
5.2 Planktonic foraminifera

Globigerinita uvula totally dominates the planktonic assemblages with >80 %, while T. quinqueloba is less common. Therefore, the G. uvula flux (Fig. 5a) is used in this study as a measure for the total planktonic foraminiferal flux. The variation in flux of G. uvula ranges between 0 and 60 specimens/cm2/year, with a single peak reaching 130 specimens/cm2/year (Fig. 5a). The maximum values occur in the intervals A, B and C, particularly between 2400-2100 cal yr BP. Minimum values are reached at around 1200 cal yr BP. Since then, the G. uvula flux has been close to zero with a slight peak at about 500 cal yr BP (within interval E).

The flux of T. quinqueloba (Fig. 5b) is usually below 1 specimen/cm2/year, with only two higher peaks between 1800-1700 cal yr BP (within interval C). These two major peaks as well as several other maxima in the T. quinqueloba flux correlate with high values of the G. uvula flux, indicating periods of increased influx of North Atlantic surface water masses to the area. As seen for G. uvula, the T. quinqueloba flux is very low after 1200 cal yr BP, and it became almost zero only within the last 200 years.

Studies of recent and subrecent foraminiferal distributions in the Skagerrak (Seidenkrantz, 1993; Bergsten et al., 1996) showed that planktonic foraminifera are generally very sparse in this area. However, the two planktonic foraminiferal species G. uvula and T. quinqueloba have been observed rather frequently in the outer parts of Norwegian fjords (Mikalsen, 1999; Husum and Hald, in press). By regarding the Skagerrak as a fjord-like system, one could argue that our results are in accordance with their observations. The percentage distribution map of Johannessen et al. (1994) also exhibits a branch of slightly increased values for T. quinqueloba off the Norwegian west coast.

6. Environmental changes and historical epochs

Major changes both in the benthic foraminiferal assemblages and in the benthic flux are found to occur at around 2200, 1900, 1500, 1200 and 400 cal yr BP in the Skagerrak core. The different intervals defined by the foraminiferal data correspond to well-known historical epochs such as the Subatlantic Pessimum, the temperate Roman Period and the cooler Migration Period, the Medieval Warm Period and the Little Ice Age. In general, these epochs are distinguished by differences in climatic conditions, mainly in temperature. Our results are also compared with surface temperature conditions, reconstructed by Mann and Jones (2003) for the last 1,700 years. Their combined proxy record is valid for the Northern Hemisphere (Fig. 6).

In particular, the benthic foraminiferal flux appears to be highly sensitive to climatic variations. Therefore, the benthic foraminiferal flux, which varies between 0 and 90 specimens/cm2/year through the record, will be discussed and linked to the Late Holocene climatic development below (Fig. 6).
The time interval A (2690-2200 cal yr BP) - The Subatlantic Pessimum

During interval A, benthic foraminiferal data of the Skagerrak core indicate rather stable environmental conditions, changing to a higher variability at around 2500 cal yr BP. The benthic foraminiferal flux is relatively high (mean value 40 specimens/cm2/year; Fig. 6). This is associated with faunal indication of high input of organic matter to the area (??? see above), increasing after 2500 cal yr BP. The entire period is characterised by a relatively strong influence of North Atlantic water masses, as reflected by maximum values of the planktonic foraminiferal flux (G. uvula; Fig. 5a).

This period corresponds to the final part of the Subatlantic Pessimum in Europe, a relatively cold period with high precipitation rates (Lamb, 1977; Fairbridge, 1987). In general, the Subatlantic Pessimum is reported to end at approximately 2200 BP. Lozán (1998), however, placed the termination of this epoch at 2550 BP, followed by a transitional period. This latter timing of climatic change corresponds to a change in our faunal data.
The time interval B (2200-1900 cal yr BP) – Early part of the Roman Period

Pronounced instability in the benthic environment prevailed during interval B. Increased bottom current velocities are indicated by maximum percentages of Cibicides lobatulus (Fig. 4). In particular, this interval can be distinguished from the previous one by its significantly lower benthic foraminiferal flux (mean value 33 specimens/cm2/year). The planktonic flux still indicates a relatively strong influence of North Atlantic water to the Skagerrak, though less important than previously.

This interval is linked to the early part of the Roman Period, which is characterised by several cooling spells and storm events (Lamb, 1977; Lozán, 1998). In general, the Roman Period (2150-1550 BP; Lozán, 1998) is described as mild, but unstable (Lamb, 1977).
The time interval C (1900-1500 cal yr BP) – Later part of the Roman Period
The benthic environmental conditions were still highly variable, but with intervals of some stability. The benthic foraminiferal flux is at its maximum, pointing to high productivity (mean value 57 specimens/cm2/year; Fig. 6). This clearly distinguishes interval C from the previous one. A slightly increased influence of North Atlantic waters is reflected in the planktonic foraminiferal fluxes, particularly between 1850 and 1650 cal yr BP (Fig. 5a, b).

This interval corresponds to the later part of the Roman Period. The temperature reconstruction from Mann and Jones (2003) shows a cooling trend towards the end of this time period (1700-1500 cal yr BP; Fig. 6). In addition, the stable oxygen isotopes (of planktic/benthic forams??) from core GeoB 6003-2 signal decreasing temperatures through the entire interval (Scheurle et al., in prep.).
 The time interval D (1500-1200 cal yr BP) – The Migration Period

The benthic environment became slightly more stable in interval D than in the previous one. A moderate decrease in the benthic foraminiferal flux (mean value 45 specimens/cm2/year; Fig. 6) indicates a slight change to lower productivity. The planktonic G. uvula flux (Fig. 5a) decreases to very low numbers, and the T. quinqueloba flux (Fig. 5b) remains low. The group of Miliolids (Fig. 5c), however, points to a small increase in the advection of saline bottom waters to the area. A shift to a gradually higher variability in the environmental conditions towards the end of the interval is indicated by the benthic foraminifera.

From historical observations, the Migration Period (1550-1250 BP; Lozán, 1998) was characterised by a decrease in temperature and an increase in precipitation. This climate deterioration is suggested as one of the main initiation factors for the Germanic Migration. Relatively cool conditions are also indicated in the temperature anomaly record of Mann and Jones (2003) as well as in stable oxygen isotope data of the Skagerrak core (Scheurle et al., in prep.), both reflecting similar temperature conditions as during the previous interval C.
The time intervals E and F (1200 cal yr BP-present) - The Medieval Warm Period and the Little Ice Age

The benthic foraminiferal distribution points to increased instability in the environmental conditions during the early part of interval E (1200-800 cal yr BP). After a marked change at 800 cal yr BP, the assemblages show gradually higher instability. During interval E (1200-400 cal yr BP), the benthic foraminiferal flux is generally low (mean value 27 specimens/cm2/year; Fig. 6), with two distinct minima.

The planktonic foraminifera almost disappear (Fig. 5a, b). This points to a noteworthy decrease in the influence of North Atlantic surface water masses. Fluctuations in the planktonic T. quinqueloba flux (Fig. 5b) as well as in the percentages of benthic Miliolids (Fig. 5c), however, still show some variations in the influx of Atlantic water masses. The change in planktonic productivity in the area at about 1200 cal yr BP appears to be closely associated with a general decrease in benthic productivity (Figs. 5 and 6). A decrease in the advection of Atlantic water masses to the region was previously reported by Klitgaard-Kristensen et al. (2001) and by Mikalsen (1999).

A change in the hydrographical pattern through interval E becomes also evident from the grain-size data (Figs. 2 and 4). A decreased sedimentation rate coincides with an increase in grain-size. The coarsening upward trend in the Skagerrak is most likely a result of increased coastal and bottom erosion in the North Sea together with an intensification of the erosion and transport capacity of the North Jutland Current (Jørgensen et al., 1981; Nordberg, 1991; Fig.1). Since the onset of the Medieval Warm Period, a ’mud transport belt‘ has controlled the horizontal sediment flux, which was transporting sediment from the west to the east (Hass, 1996). This was connected by Hass (1996) to periods with prevailing stormy atmospheric conditions. According to Rodhe (1987), the inflow of water into the Skagerrak is highly wind-driven.

Interval E corresponds to the so-called Medieval Warm Period and the earliest part of the Little Ice Age (i.a. Grove, 2002). Usually, the beginning of the Medieval Warm Period is associated with the Viking Period (1150-950 BP) and the Nordic settlement of Iceland and Greenland. Furthermore, winegrowing in northwestern Europe is used as an indicator for an ameliorated climate during this time period (e.g. Schönwiese, 1988). In addition to the historical evidence, the proxy-based temperature reconstruction presented by Mann and Jones (2003) shows the highest temperatures from 1200-800 cal yr BP, followed by a cooling trend between 800-500 cal yr BP. The timing of that temperature change coincides with a significant change in the benthic foraminiferal composition in the Skagerrak.

At around 500 cal yr BP, the foraminiferal assemblages in the Skagerrak core changed markedly within a period of 200 years. A decrease in salinity is shown by diminishing percentages of the group of Miliolids (Fig. 5c) and by an increase in the percentages of A. beccarii and E. excavatum (Fig. 3h, i). These latter species contribute significantly to the final rise in the benthic foraminiferal flux (mean value 34 specimens/cm2/year; Fig. 6; interval F). The planktonic foraminiferal flux of G. uvula remains very low, and the flux of T. quinqueloba becomes almost zero during the last 200 years (Fig. 5a, b). This shows that the North Atlantic surface water influence was even further reduced.

The environmental change around 500 cal yr BP can be linked to the climatic transition from the Medieval Warm Period, when climate altered (Flohn and Fantechi, 1984; Lamb, 1984) and deteriorated into the Little Ice Age. The Little Ice Age is generally considered to have lasted from about 600 to 100 cal yr BP in central and northern Europe. Due to changes in the atmospheric circulation system, the weather conditions became unstable, for example resulting in increased precipitation and storminess. Faunal indication of increased of organic carbon to the sediments during the last couple of centuries may reflect the anthropogenic influence in the area. HOW?
7. Summary and conclusion

This study contributes new knowledge about Late Holocene changes in the marine environment of the Skagerrak, which is part of the North Atlantic realm, by presenting benthic and planktonic foraminiferal analyses as well as grain-size distribution in core GeoB 6003-2. Due to the fact that there is a close connection between the atmospheric and the oceanic systems in the area, the foraminiferal indication of changes in bottom and in surface water characteristics, like e.g. stability and productivity, can be used for environmental and climatic reconstruction. During the last 2,700 years, major environmental shifts are recorded in the benthic faunal distribution as well as in the benthic foraminiferal fluxes at around 2200, 1900, 1500, 1200 and 400 cal yr BP, indicating climatic changes. The defined intervals can be linked to historical epochs such as the Subatlantic Pessimum, the Roman Period, the Migration Period, the Medieval Warm Period and the Little Ice Age.

Changes in the environmental stability at the sea floor, as indicated by benthic foraminiferal distributions and grain-sizes, are suggested to be at least partly controlled by changes in bottom current speeds. Unstable conditions may thus be related to periods of frequent storm events.

It can be concluded that the benthic foraminiferal flux, which is a measure of productivity in the area, is highly sensitive to climatic variations. During periods with relatively warm conditions, the benthic foraminiferal flux is generally low, while it is higher during cooler periods. It is assumed that more nutrients were availabe in the marine environment during relatively cool phases. This can be linked with historical evidence of increased precipitation and storminess.

A pronounced advection of North Atlantic surface waters to the Skagerrak prevailed until about 1200 cal yr BP. Subsequently, a marked decrease in the planktonic foraminiferal flux, which coincides with a general decrease in the benthic foraminiferal flux, shows that this inflow diminished. Most likely, this shift can be linked to a change in the large-scale atmospheric-oceanic circulation system.
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Appendix A. List of the most important foraminiferal taxa

_____________________________________________________________________________

The original description of the foraminiferal taxa cited in the text is reported in Ellis and Messina (1949)

Benthic taxa:

Ammonia beccarii (Linné, 1758) = Nautilus beccarii, 1758

Bolivina skagerrakensis Qvale and Nigam, 1985

Bulimina marginata d’Orbigny, 1826

Cassidulina laevigata d’Orbigny, 1826

Cibicides lobatulus (Walker and Jacob) = Nautilus lobatulus Walker and Jacob, 1798

Elphidium excavatum (Terquem, 1875) = Polystomella excavata Terquem, 1876

Globobulimina turgida (Bailey, 1851) = Bulimina turgida Bailey, 1851

Hyalinea balthica (Schroeter, 1783) = Nautilus balthicus Schroeter, 1783

Melonis barleeanus (Williamson, 1858) = Nonionina barleeanum Williamson, 1858

Miliolids

Pullenia osloensis Feyling-Hanssen, 1954

Stainforthia fusiformis (Williamson, 1858) = Bulimina pupoides, var. fusiformis Williamsen, 1858

Uvigerina mediterranea Hofker, 1932

Planktonic species:

Globigerinita uvula (Ehrenberg, 1861) = Pylodexia uvula Ehrenberg, 1861

Turborotalita quinqueloba (Natland, 1938) = Globigerina quinqueloba Natland, 1938
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Figure Captions

Fig. 1. Location of core GeoB 6003-2 and the present-day surface circulation pattern in the Skagerrak and the North Sea (insert map). Partly, North Atlantic water flows directly into the Skagerrak (gray-dotted arrows), modified waters flow into the area via the southern North Sea or comes from the Baltic (black arrows). Abbreviations: BC, Baltic Current; DK, Denmark; GER, Germany; N, Norway; NAC, North Atlantic Current; NCC, Norwegian Coastal Current; NJC, North Jutland Current; S, Sweden; SJC, South Jutland Current; STC, Southern Trench Current; TBC, Tampen Bank Current; UK, United Kingdom. Modified from Danielssen et al. (1991) and Nordberg (1991).

Fig. 2. The age-depth model for core GeoB 6003-2 with the AMS 14C datings (shown with 1( error bars), the 210Pb results and the sedimentation rates for each linear segment. The change in grain-size distributions (63-150 and >150 µm) at about 138 cm depth was used to support the definition of an age zone boundary at that level.

Fig. 3. The percentages of selected benthic foraminifera in core GeoB 6003-2. The horizontal unbroken lines indicate the subdivision of the record into intervals (A-F), whereas the stippled line marks an environmental change at around 800 cal yr BP.

Fig. 4. Selected indicators of bottom current activity: the percentages of the grain-size fraction 63-150 µm and the percentages of Cibicides lobatulus (for intervals see Fig. 3).

Fig. 5. Indicators for North Atlantic water influence in the Skagerrak: the fluxes of the planktonic Globigerinita uvula and Turborotalita quinqueloba as well as the percentages of the benthic group of Miliolids (for intervals see Fig. 3).

Fig. 6. The total benthic foraminiferal flux compared with the temperature anomaly curve of Mann and Jones (2003). The approximate timing of the documentary climatic history in northwestern Europe is also shown. Abbreviations: SAP, Subatlantic Pessimum; RP, Roman Period; MP, Migration Period; MWP, Medieval Warm Period and the LIA, Little Ice Age (for intervals see Fig. 3).

Table captions

Table 1. AMS 14C datings used for the age-depth model for the Skagerrak core GeoB 6003-2. A reservoir correction of 400 years has been applied. The ages were calibrated with CALIB4 (Stuiver et al., 1998), using the marine model calibration curve. The 1( intervals (min./max. range) of the calibrated ages and the (13C values used for correction of the fractionation are given.

Table 2. The age zone boundaries for the three linear segments in the age-depth model for the Skagerrak core GeoB 6003-2. The sedimentation rate for each interval is indicated as well as the background for determination of the age zone boundaries, including the number of datings.
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Figure 6

	Core depth

(cm)
	Lab. no.
	Material
	14C ages

(BP)
	Err.

(+/-)
	Reservoir corrected ages

(BP; R=400)
	Calibrated ages

(cal yr BP)
	Min./Max.

range; 1(
	δ13C

	73
	KIA 17063
	Benthic foraminifera
	1720
	30
	1320
	1272
	+17/-19
	+1.8

	163
	KIA 17062
	Benthic foraminifera
	2455
	30
	2055
	2101
	+27/-47
	+2.1

	223
	KIA 18914
	Benthic foraminifera
	2680
	25
	2280
	2341
	+12/-13
	+0.2

	283
	KIA 18238
	Benthic foraminifera
	2400
	35
	2000
	2020
	+53/-40
	-9.8

	343
	KIA 18236
	Benthic foraminifera
	2690
	30
	2290
	2345
	+22/-14
	-2.6

	403
	KIA 13694
	Benthic foraminifera
	2875
	30
	2475
	2692
	+15/-30
	0.1

	446
	KIA 18926
	Shell fragments
	3190
	30
	2790
	2968
	+55/-34
	+1.1

	513
	KIA 18925
	Shell fragments
	3245
	30
	2845
	3062
	+47/-58
	-1.2

	603
	KIA 13693
	Benthic foraminifera
	3420
	70
	3020
	3311
	+53/-103
	-20.5

	808
	KIA 13691
	Benthic foraminifera
	4050
	35
	3650
	4076
	+51/-70
	-2.1

	1003
	KIA 13690
	Benthic foraminifera
	3990
	50
	3590
	3976
	+94/-68
	-11.6


Table 1

	Top

(cm)
	Base

(cm)
	Base

(cal yr BP)
	Sedimentation rate

(mm/yr)
	Basis

(dating type, number)

	0
	138
	1100
	1.20
	210Pb and grain-size data

	138
	446
	2968
	1.65
	AMS 14C datings (4)

	446
	1003
	3976
	5.53
	AMS 14C datings (4)


Table 2
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