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Abstract

Although the environmental factors influencing the growth rate and reproduction of benthic foraminifera are known, the relationship between foraminifera test size and environmental variables remains unclear, especially on geological timescales. In this article, we present two records of benthic foraminiferal test size over the last 14 000 years from the southern Svalbard shelf. We use statistical correlation to relate test size changes with environmental conditions recorded by other proxies, including benthic δ18O and δ13C, foraminiferal flux and abundance, and relative abundances of different ecologically indicative foraminiferal groups. The general trends in test size were relatively consistent between the two cores. Still, we found that none of the analysed proxies was statistically correlated with the test size in both records. This leads to a conclusion that foraminifera size is primarily impacted by local oceanographic conditions. These local conditions are partly influenced by global oceanographic transitions. Therefore, large-scale changes can have a secondary impact on foraminiferal test size. The analysis of test size correlation between species similarly revealed that not all species react consistently to environmental changes. Our results indicate that foraminiferal test size cannot be used as a universal and straightforward proxy, but in combination with other methods it can yield valuable palaeoenvironmental information.
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Introduction

The growth rate and reproduction of foraminifera are supposed to be governed by the interplay of various environmental factors. Temperature is usually listed as the most important (e.g., Boltovskoy & Wright 1976; Gross 2000; Nigam et al. 2008), as it controls vital activities of foraminifera. Laboratory culture studies (e.g., Bradshaw 1955; Bandy 1963; Lewis & Jenkins 1969) showed that colder waters cause cosmopolitan foraminifera species to grow larger. Apparently, a higher temperature leads to quicker reproduction resulting in smaller specimens (Bradshaw 1961; Boltovskoy & Wright 1976). However, the opposite trend has also been observed (e.g., Theyer 1971). Next to temperature, oxygen concentration has been listed as another important factor in test size and the volume-to-surface ratio of foraminifera (Bernhard 1986; Kaiho 1994; Keating-Bitonti & Payne 2016). Other factors controlling foraminiferal growth include food availability (Boltovskoy & Wright 1976), light intensity (in the case of symbiont-bearing foraminifera), salinity (e.g., Stouff et al. 1999; Nigam et al. 2006) and pH (e.g., Le Cadre et al. 2003; Kuroyanagi et al. 2009).

Knowledge about foraminiferal test size response to specific environmental factors inferred from field studies is scarce and mainly concerns million years timescales (e.g., Bernhard 1986; Kaiho 1998). The majority of studies of foraminifera test size focus on modern assemblages (e.g., Corliss & Silva 1993; Duchemin et al. 2007; Keating-Bitonti & Payne 2016, 2018). There is a lack of studies focusing on foraminifera size changes in geological timescales, especially in the North Atlantic, a region that has experienced major oceanographic changes impacting the global climate over the last 14 000 years.

The majority of environmental studies attribute foraminiferal size variability to a combination of factors, as the response to one parameter may also be influenced by another (Murray 2006). Environmental variables that control the test size of foraminifera have changed over the postglacial and the Holocene mainly in accordance with changes in AW/ArW advection to the Svalbard shelf (e.g., Ślubowska-Woldengen et al. 2008; Rasmussen & Thomsen 2015). It is well-known that benthic foraminiferal abundance and diversity have varied significantly in this region over the last ca. 14 000 years (e.g., Łącka et al. 2015; Telesiński et al. 2018). Clear signals of size response of deep-sea foraminifera to long-term environmental changes were reported on the scale of hundreds of millions of years (Kaiho 1998). However, the response of foraminiferal test size to oceanographic changes in high temporal resolution studies has not yet been explored.

Here we present the results of a study of changes in foraminiferal test size expressed by normalized volume deviation over the last 14 000 years recorded in two sediment cores from the south-west Svalbard shelf and Storfjordrenna (Fig. 1). We relate test size changes to environmental conditions recorded at these sites by other proxies as well as to regional oceanic and climatic patterns described in the literature. The aim of the study is to examine the relationships between foraminiferal test sizes and environmental conditions and to determine whether benthic foraminiferal test size may be used as a proxy for environmental conditions over a millennial timescale.

Fig. 1  Location map showing the present-day surface water circulation around the southern part of the main group of islands in the Svalbard Archipelago. The extraction locations of cores JM07-015 and JM09-020 are marked by black dots. Ocean currents are marked with arrows.
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Oceanographic setting

The bathymetry of the southern Svalbard shelf (which herein refers to the shelf off the southern part of the main group of islands in the Svalbard Archipelago, i.e., excluding the outlying island of Bjørnøya far to the south) was shaped mainly by glacial abrasion, which formed numerous banks dissected by deep, U-shaped depressions that represent former glacial valleys (Fig. 1). The area was finally deglaciated prior to 13 cal. Ky BP (Rüther et al. 2012). The present-day physical sedimentary environment on the southern Svalbard shelf is characterized by intensive winnowing, which led to the removal of fine-grained sediments on shelf bathymetric heights, the shelf break and the upper slope (Andruleit et al. 1996). Modern sediments are composed mainly of sandy-silty muds with coarse-grained deposits on top (Winkelmann & Knies 2005). The delivery of terrigenous material to the shelf is minor because of the trapping of sediment in fjords. Ice-rafted debris is delivered mainly by sea ice from the Barents Sea (Vinje 2001) and by icebergs from tidewater glaciers (Błaszczyk et al. 2009).

The oceanographic regime of the southern Svalbard shelf is shaped by two coastal currents: the WSC, which transports AW (S > 34.9, T > 3°C; Saloranta 2001) northwards along the west Svalbard coast and the ESC, carrying a cold and less saline mixture of ArW (T < 0°C, 34.4 ≤ S ≤ 34.9) and Polar Water (S < 34.4). The WSC is considered to be the major pathway for both heat and saline water into the Arctic Ocean (Aagaard et al. 1985). The bottom topography of the southern Svalbard shelf prevents AW from reaching the coastline, while the flow of the ESC in the area is restricted to the continental shelf. On account of the vicinity of Hornsund, the coring site JM07-015 is also influenced by local waters, composed of glacial meltwater (Węsławski et al. 1995) and winter-cooled waters that form during the winter convective mixing and brine rejection (Zajączkowski et al. 2010). The mixing of AW, ArW and local waters results in the formation of TAW, which expands across the shelf and penetrates into the fjords (Cottier et al. 2005).

Storfjorden is an approximately 190-km long glacial trough that is enclosed by the landmasses of Spitsbergen to the west and Edgeøya and Barentsøya to the east and is limited by the shallow Storfjordbanken in the south-east. The sound is connected with the north-western Barents Sea via Heleysundet to the north and via Freemansundet to the north-east. Storfjorden consists of two basins about 190 m deep, bordered by shallow (ca. 40 m) shelves. A 120-m deep sill crosses the mouth of Storfjorden and separates the main basin from Storfjordrenna, a continuation of a trough that extends beyond the shelf break. The bottom depth along the axis of Storfjordrenna varies between 150 and 420 m (Pedrosa et al. 2011).

The water column in Storfjorden is composed of a mixture of two exogenous water masses and mixed waters that are formed locally. AW, carried by the WSC, enters Storfjorden in a cyclonic manner following the topography of the Barents Sea shelf break (Fer et al. 2003). ArW is transported by ESC and enters the trough via Freemansundet and Heleysundet as well as with a coastal current flowing into Storfjorden along Edgeøya. The Polar Front marks the boundary between the AW and ArW masses. In Storfjorden it is located along the slope of Storfjordrenna (Loeng 1991). TAW propagates along the Polar Front (Schauer 1995).

Material and methods

The study is based on material from two sediment cores. Core JM07-015 comes from a depression on the outer continental shelf off south-west Spitsbergen at a 148-m water depth (Sternal et al. 2014; Fig. 1). Core JM09-020 was retrieved from Storfjordrenna, off southern Spitsbergen, at 253-m water depth (Łącka et al. 2015; Fig. 1). Age models of both cores are based on AMS 14C dating (Sternal et al. 2014; Łącka et al. 2015). Additionally, in core JM07-015, modern sediment accumulation rates and an assessment of the core top recovery were based on the activity profiles of 210Pb and 137Cs (Sternal et al. 2014). Study sites were proven to reflect general climatic fluctuations observed in the Svalbard area (Łącka et al. 2015; Telesiński et al. 2018).

Based on previous studies, five benthic species most abundant in both records were chosen for test measurements: Cibicides lobatulus, Cassidulina reniforme, Elphidium clavatum, Islandiella norcrossi and Nonionellina labradorica. Size fraction >100 μm was used in all foraminiferal analyses. Only samples containing at least 30 specimens of at least one of the species were selected for the study. Thirty-one samples were analysed in core JM07-015 and 45 in core JM09-020. Measurements were performed using a Nikon SMZ18 stereomicroscope equipped with a Nikon P2-SHR Plan Apo 1× lens and a Zeiss Axiocam 105 colour camera. In each analysed sample, 30 specimens of each of the above-mentioned species were measured. If a sample contained less than 30 specimens of a species, this species was omitted from the analysis in this sample. Two dimensions of each specimen were measured: the greatest diameter (i.e., the longest dimension of a shell) and the width (perpendicular to the greatest diameter). The size of the test was expressed as volume and was approximated by half of the volume of a sphere:
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where r equals half of the mean of W and L (Hannah et al. 1994).

The only exception was N. labradorica, which was approximated by a truncated cone:
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where h equals W, r1 (the radius of the base) equals half of the mean of W and L and r2 (radius of the top) equals 0.4r1 (modified after Hannah et al. 1994; Fig. 2). Arithmetic means of the volumes of the 30 specimens of each species in every analysed sample were calculated. Subsequently, these means were normalized to allow comparison of size changes between different species:

Fig. 2  Schematic drawing of measured dimensions in tests of (a) C. lobatulus, C. reniforme, E. clavatum, I. norcrossi and (b) N. labradorica.
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where V is an arithmetic mean of a species` test volume in a sample, Vmean equals to an arithmetic mean of a species’ test volume in the entire core and σ is the standard deviation of a species’ test volume in a core. The final output Vnorm is referred to as test normalized volume deviation. We decided to normalize the values of test sizes because of the large differences between species. The raw measurement data can be found in the Supplementary Data Set.

Finally, averages of normalized volume deviations of all species were calculated for each layer. In layers where not all species were present, the mean was calculated using available normalized volumes of species.

Using statistical correlation, we analysed the normalized volume deviation of foraminiferal tests (the average of the five species) for a potential correlation between changes in test size and variations in different palaeoenvironmental proxies. The latter included: benthic δ18O (corrected for the ice volume effect [Fairbanks 1989]) and δ13C, benthic foraminiferal flux and abundance and relative abundances of selected foraminiferal taxa grouped based on their ecological tolerances (AW indicators Buccella frigida and N. labradorica; ArW indicators I. norcrossi; glaciomarine fauna E. clavatum and C. reniforme; bottom current indicators Astrononion gallowayi and Cibicidoides lobatulus [Majewski et al. 2009; Telesiński et al. 2018]). The Pearson correlation coefficient r was calculated and the statistical significance was determined (the significance threshold was set to p < 0.05).

Results

Statistical regression analysis of the normalized volume deviations between pairs of species reveals that only some species correlate in test size changes. A significant correlation (p < 0.05) was found in five out of 10 analysed pairs of species in core JM09-020 and four out of 10 in core JM07-015 (Table 1). The normalized volume deviation of species C. reniforme correlates with most of the other species in both cores, while the species N. labradorica displays correlation with only one species. This shows a weakly positive relationship between test size of selected species.

 


Table 1 Significance values for regression analysis between pairs of species (p < 0.05 for significant correlation, in boldface) in cores JM09-020 and JM07-015.


	p-value
	Elphidium clavatum
	Cassidulina reniforme
	Islandiella norcrossi
	Cibicidoides lobatulus
	Noninellina labradorica





	E. clavatum
	–
	0.597b
	0.006b
	0.207b
	<0.001b



	C. reniforme
	<0.001a
	–
	0.009b
	0.014b
	0.058b



	I. norcrossi
	0.022b
	0.087b
	–
	0.655b
	0.002b



	C. lobatulus
	<0.001a
	0.009a
	0.144a
	–
	0.821b



	N. labradorica
	0.093a
	0.468a
	0.333a
	0.445a
	–



	aJM07-015. bJM07-015.





The average normalized volume deviation records in both cores exhibit a consistent pattern and can be divided into three distinct intervals (Fig. 3). In the oldest part of the records (14–11.7 cal. Ky BP) the foraminiferal test volumes are relatively high in core JM07-015 (an average value of 0.51σ), while they oscillate slightly below the mean in core JM09-020 (–0.27σ). None of the samples from both cores contained a sufficient number of all the analysed species in this interval (e.g., I. norcrossi was completely absent). The averaged records are therefore distinctly variable as in some cases the mean was calculated from a single species (Supplementary Data Set). The results in this interval should be interpreted with particular caution as the observed changes in foraminiferal test size might be methodological artefacts rather than reflecting environmental evolution.

Fig. 3  Benthic foraminifera test normalized volume deviation of the five most common species and an average record for all the species versus age from cores JM07-015 and JM09-020.
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In the interval between 11.7 and ca. 8.5 cal. Ky BP the foraminiferal tests in both cores were generally small, with almost all volumes below the records’ mean, in the case of individual species and the average was noted to be –0.46σ in JM07-015 and –0.89σ in JM09-020). In core JM07-015 all species, except for I. norcrossi, were present throughout the interval (N. labradorica was absent in two and C. lobatulus in one out of 15 samples), while in core JM09-020 each species was missing in at least two out of 10 samples, while C. lobatulus was completely absent (Supplementary Data Set).

In the interval after 8.5 cal. Ky BP the foraminiferal test sizes are generally above the average in both records (0.39σ in JM07-015 and 0.31σ in JM09-020). Only at the end of the records (after ca. 1 cal. Ky BP in core JM07-015 and after ca. 2 cal. Ky BP in core JM09-020) the tests tend to be smaller. In this interval, all of the measured species were present in all analysed samples (except for C. lobatulus, which was missing in three samples of core JM09-020; Supplementary Data Set) so the averaged records capture the variability of the entire fauna.

The statistical analysis of the foraminiferal test normalized volume deviation in both records shows a generally poor correlation with palaeoenvironmental proxies (Fig. 4). A significant correlation (p < 0.05) was found only in four out of 16 analysed cases. In core JM07-015, the normalized volume deviation correlates with the relative abundance of AW and ArW indicators (the Pearson correlation coefficient, r, equal to –0.52 and 0.36, respectively). In core JM09-020 a statistically significant correlation of the normalized volume deviation was found only with the benthic δ18O record and benthic foraminiferal abundance (r equal to 0.47 and 0.36, respectively). Thus, none of the analysed palaeoenvironmental proxies shows a statistically significant correlation with the normalized volume deviation record of both cores.

Fig. 4  Statistical correlation of the benthic foraminiferal test normalized volume deviation (an average of the five most common species) with other palaeoenvironmental proxies: benthic δ18O (corrected for the ice volume effect) and δ13C, benthic foraminiferal flux and abundance and relative abundances of selected foraminiferal taxa grouped based on their ecological tolerances (AW indicators, ArW indicators, glaciomarine fauna and bottom current indicators [Majewski et al. 2009; Telesiński et al. 2018]). The Pearson correlation coefficients, r and the p values are shown for each correlation. Where there is significant correlation (p < 0.05), the regression line is shown.
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Discussion

Foraminiferal test size as a potential palaeoenvironmental proxy

As demonstrated above, the foraminiferal test size records of the two analysed marine sediment cores show statistically significant correlations to different sets of palaeoenvironmental proxies and none of the proxies is mutual for both records (Fig. 4). Thus, the foraminiferal test size itself cannot be used as a palaeoenvironmental proxy in a straightforward manner. However, the foraminiferal test size in each of the cores correlates with some of the palaeoenvironmental proxies, indicating that the foraminiferal size depends on the oceanographic conditions of the coring sites. Additionally, the major foraminiferal test size changes (Fig. 3) coincide with global oceanographic transitions (i.e., YD/Holocene and early/mid-late Holocene boundaries).

The fact that the foraminiferal test size correlates with different palaeoenvironmental proxies at each of the study sites could be explained by differences in oceanographic properties of the settings. Site JM07-015 is located on the open continental shelf, close to the main path of the WSC and the ESC, so the environmental conditions there depend to a large extent on the interplay between AW and ArW (Telesiński et al. 2018). In the JM07-015 core, foraminiferal test size was positively correlated with ArW indicators and negatively correlated with AW-indicating species (Fig. 4). Such dependency may suggest a connection between test size and ambient water temperatures, which is in line with findings that in relatively stable oxygen concentrations temperature plays an important role in determining foraminifera size (Keating-Bitonti & Payne 2016). It is likely that at this site, the foraminifera reached larger test sizes in colder, less saline water to withstand less favourable conditions. In contrast, in AW dominated conditions they were able to reach reproductive maturity at an earlier stage and therefore stopped growing at smaller sizes (Boltovskoy & Wright 1976).

The ocean environment at site JM09-020 is much more influenced by ArW, with sea ice playing an important role (Łącka et al. 2015). We therefore suggest that the abundance of sea ice and the position of the ice edge were the main factors influencing the foraminiferal fauna at this location. Sea ice transported by the ESC is produced mainly on vast Eurasian shelves, from relatively fresh and isotopically light water influenced by large Siberian rivers (e.g., Pfirman et al. 1997). Therefore, its melting might influence the surface salinity and stratification as well as the stable oxygen ratio of the ambient water. Furthermore, high surface-water productivity close to the sea-ice edge (e.g., Müller et al. 2011) provides high organic flux to the bottom-dwelling organisms and can promote the abundance of benthic foraminifera as well as their growth rates, while cold, isolated conditions under heavy sea-ice cover limit the development of benthic fauna. At this site, the small test size, as well as low abundance, were related to unfavourable living conditions under the heavy sea ice. The opposite indications were related to the high surface-water productivity zone close to the sea-ice edge.

No correlation between δ13C and the average foraminifera size was found at any of the study sites. This may imply a secondary role of the quality and quantity of organic matter on test morphology. Moreover, there is a large difference in stable carbon isotope ratios between coring sites that can be explained by the geographical location (Fig. 4). The isotopically light carbon signature at station JM09-020 is an effect of continental runoff supplying the Barents Sea in 12C enriched waters from Siberia (Łącka et al. 2015). The heavier isotopic signature of station JM07-015 is in turn mainly shaped by the inflow of AW, depleted in 12C (Telesiński et al. 2018).

Palaeoceanographic interpretation

The oldest part of both records (14–11.7 cal Ky BP) covers the late BA interstadial and the YD cold period—intervals of rapid, high-amplitude environmental changes (e.g., McManus et al. 2004). The coring sites were under the influence of retreating Svalbard Barents Sea Ice Sheet (Sternal et al. 2014; Łącka et al. 2015; Telesiński et al. 2018). The release of large amounts of turbid meltwater from the retreating Svalbard Barents Sea Ice Sheet and heavy sea-ice cover limited the primary productivity (Knies et al. 1999) and the foraminiferal fauna periodically faced low food supply accompanied by other environmental disturbances such as, for example, low salinity or high sedimentation rates (Sternal et al. 2014; Łącka et al. 2015; Telesiński et al. 2018). However, the foraminiferal size response differed between the study sites. It is likely that in core JM07-015 foraminifera grew larger and reached reproductive maturity later in order to withstand unfavourable environmental conditions (Bradshaw 1961; Boltovskoy & Wright 1976). On the other hand, the growth and reproduction of benthic foraminifera at site JM09-020 have been highly restricted by unfavourable environmental conditions (Boltovskoy & Wright 1976; Nigam et al. 2006). However, many species used for this study were absent in this interval (Supplementary Data Set) and the results should be treated with care.

The early Holocene interval (ca. 8.5–11.7 cal. Ky BP) was characterized by the smallest foraminiferal tests in both records (Fig. 3). On the south-west Svalbard shelf, the strong AW inflow created favourable environmental conditions in which benthic foraminifera reached reproductive maturity earlier, resulting in small foraminiferal test sizes (Bradshaw 1961; Boltovskoy & Wright 1976). Numerous palaeoenvironmental reconstructions have indicated increased heat flux from the stronger AW inflow to the south-west Svalbard shelf as a cause for the early Holocene warming, along with high solar insolation (Rasmussen et al. 2007; Ślubowska-Woldengen et al. 2007; Sternal et al. 2014; Telesiński et al. 2018). Nevertheless, until 9.2 cal. Ky BP Storfjordrenna still belonged to the ArW domain (Łącka et al. 2015). Intensive deglaciation was associated with large amounts of meltwater released from the retreating ice front, decreased surface salinity and increased water column stratification, limiting food supply and ventilation of the bottom waters. Such environmental conditions reduced benthic foraminiferal abundance as well as their growth, as seen in our record (Fig. 5). However, it is worth noting that the distinctly small size of foraminifera in both cores during the Early Holocene can be also explained by ambient water temperatures, as the region of Svalbard in the early Holocene was outstandingly warm in the palaeoceanographic record (Sarnthein et al. 2003; Hald et al. 2004).

Fig. 5  Palaeoceanographic data of cores (a) JM07-015 and (b) JM09-020 versus age. Average benthic foraminiferal test size (thick black lines, expressed as a standard deviation from the average in the core), benthic stable oxygen isotope record (thin blue lines are raw data; thick blue lines represent three-point running means), benthic stable carbon isotope record (thin red lines indicate raw data; thick red lines are three-point running means). In (a) the relative abundance of ArW- and AW-indicating species is indicated with thin black lines. In (b) benthic foraminiferal abundance is indicated in grey as specimens per 1 g dry sediment. Stable isotope and faunal data for core JM07-015 are from Telesin´ski et al. (2018) and for core JM09-020 from Łącka et al. (2015).
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The middle to late Holocene interval (after ca. 8.5 cal. Ky BP) was characterized by a relatively large foraminiferal test size in both records (Fig. 5). Storfjordrenna remained under the influence of AW throughout the middle to late Holocene and a significant reduction in the amount of freshwater and ArW was observed (Łącka et al. 2015). Therefore, the large tests are in agreement with heavy δ18O values related to AW dominance. In contrast, on the south-west Svalbard shelf, the AW inflow over the middle to late Holocene compared to the early Holocene. Although Telesiński et al. (2018) indicated, on the basis of the benthic foraminiferal flux and δ18O record, that the maximum AW advection lasted until 6.1 cal. Ky BP, the AW-indicating species started to decline already around 9 cal. Ky BP, slightly preceding the foraminiferal test size increase in our record. Thus, the large foraminiferal tests on the south-west Svalbard shelf after ca. 8.5 cal. Ky BP may be interpreted as indicating decreasing AW inflow. Interestingly, this suggests that the increase in foraminiferal test size correlates with an opposite change in AW inflow at two different sites (i.e., test size increases when the AW inflow increases in the Strofjordrenna and decreases on the south-west Svalbard shelf). This ambiguity confirms the fact that foraminiferal test size cannot be used as a straightforward, independent proxy as it relies on an interplay of local environmental conditions.

At both our sites the foraminiferal test size tends to decrease in the latest Holocene (Fig. 5). According to our statistical analysis (Fig. 4), a distinct decrease observed in the south-west Svalbard shelf within the last millennium is associated with an increase in AW inflow and a decrease in ArW inflow. This is, however, in contradiction with other proxies (Telesiński et al. 2018) indicating an increase in ArW inflow, ice-rafted debris supply and a return of more glaciomarine fauna related with the Little Ice Age. This apparent discrepancy is difficult to explain with available data and might suggest different factors influencing the foraminiferal test size though it might as well be an artefact of low sampling resolution. On the other hand, it indicates increased variability in the latest Holocene which is in agreement with numerous other studies (e.g., Spielhagen et al. 2011; Werner et al. 2011; Telesiński et al. 2015). A significant decrease in the foraminiferal test size observed around 2 cal. Ky BP in Storfjordrenna was simultaneous with light δ18O excursions that might suggest that they were related with either perturbation in the AW advection or ArW outflow and the strong sea-ice fluctuations in the Fram Strait (Müller et al. 2012). Similar to the JM07-015 record, these changes indicate increased variability in the latest Holocene. As demonstrated by, for example, Müller et al. (2012) and Telesiński et al. (2014), when gradual changes in insolation and the related cooling reach a certain threshold, they can result in a stepwise change or increased variability of other environmental parameters such as sea-ice cover, ocean circulation, sediment supply and faunal distribution.

Summary and conclusion

A case study of two sediment records from the southern Svalbard shelf covering the late deglaciation and the Holocene shows statistically significant, site-specific relationships between benthic foraminiferal test size variability and other palaeoenvironmental parameters. On the south-west Svalbard shelf (site JM07-015) the foraminifera reached larger test sizes in colder, less saline water, most probably to be able to withstand less favourable conditions. In contrast, in AW-dominated conditions they were able to reach reproductive maturity at an earlier stage and therefore grew to smaller sizes. In Storfjordrenna (site JM09-020), strongly influenced by the cold, low-salinity ESC, the small foraminiferal test size, as well as low abundance, might be related to unfavourable living conditions under the heavy sea ice.

This study suggests that there is no clear and universal dependency between the foraminiferal test size and other analysed proxies. The lack of a straightforward relationship shows that the foraminiferal test volume cannot be used as an independent proxy without referring to other palaeoenvironmental parameters. Even though the general pattern of the foraminiferal test size changes over the last 14 000 years looks similar in the two analysed records, the influence of major oceanographic transitions probably has a secondary impact. The fact that the foraminifera size correlates with different proxies at different sites suggests that local conditions have a foremost role in shaping foraminifera morphology.
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