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A B S T R A C T   

The Koster Trench is the deepest part of the Kosterfjord (Skagerrak, North Sea), which stretches southward along 
the west coast of Sweden. Since 2009 Kosterfjord has been included in the Marine Protected Area Kosterhavet 
National Park. To effectively manage national parks, long-term time series of ecological data are needed and 
those can be derived from local sediment archives. In this study we present multiproxy geochemical (bulk TOC, 
C/N and heavy metals) and micropaleontological (dinoflagellate cysts, selected palynomorphs and benthic 
foraminifera) data from a sediment core taken in the southern part of the Koster Trench. Radiometric dating by 
210Pb and 137Cs shows that the core archived the environmental changes that took place between 1988 and 2012. 
The TOC, heavy metals and foraminiferal indices indicate mainly high to good Ecological Quality Status, with 
moderate ecological quality for arsenic concentrations. Dinoflagellate cysts suggest a major change occurring in 
the upper water column around 2002. The cysts of Pentapharsodinium dalei peak around 1992 and show overall 
slightly higher relative abundances between 1988 and 2002. Increased abundance of Biecheleria baltica cysts, 
heterotrophic species, oligotrichids, pollen and spores characterise the upper core part deposited from 2002 to 
2012. Also, there is a clear increase of Alexandrium cysts in the top of the core (~2008–2012). Benthic fora-
minifera show a major faunal change reflected in a significant increase of agglutinated species (mainly Textularia 
earlandi) from 2007 towards present day, while the lower part of the core (1988–2007) is dominated by 
calcareous species. Overall, the changes demonstrated by the dataset suggest an increased freshwater input or a 
higher river/land runoff, as supported by climatic and hydrographical data showing increased precipitation over 
the study area, decreasing salinity, and an increasing trend in particulate organic carbon in the surface waters. 
These changes, in combination with trawling activities, which have been moved to the deepest part of the trench 
since 2009, seem to favour dinoflagellate and benthic foraminiferal species with mixotrophic and omnivorous 
feeding strategies. Similar to the dinocysts, calculated foram-AMBI and NQIforam indices show a shift around 
2002 suggesting that environmental changes occurring in the study area are likely linked to darkening of coastal 
waters.   

1. Introduction and study area 

The Kosterfjord (Fig. 1) stretches from the north-eastern corner of the 
Skagerrak (North Sea) southward along the west coast of Sweden. The 
Kosterfjord is not a true fjord defined geomorphologically but represents 
a tectonically formed structure, open at both ends and separated from 
the adjacent Skagerrak by the Koster Islands in the west, by a sill located 
north of the Tisler Islands in the north and by the Väderöarna Islands in 

the south (Fig. 1). The deepest part of the Kosterfjord, the Koster Trench 
(Fig. 1), forms a 48-km long basin, which reaches a maximum depth of 
247 m. The steep slopes of the trench run downwards from ~60 m water 
depth and its deepest part has several deep basins separated by sills to 
the south with depths of ~70 m (Linders et al., 2018). The northern edge 
of the Kosterfjord has a deeper sill at 110 m and, thereby, has a better 
communication with the deeper Skagerrak and the Norwegian Trench 
(Fig. 1). 
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The general hydrography of the fjord is governed by the major cur-
rents of the Skagerrak (Fig. 1). The circulation results in a dense 
oxygenated saline (S = 30–35) Atlantic water mass underlying the more 
brackish (S = 24–27) surface water, marked by the outflowing water 
from the Baltic Sea, which forms a low-saline surface layer extending 
~10 km offshore along the Swedish west coast (Svansson, 1975; Rodhe, 
1996; Linders et al., 2018). In the Kosterfjord area, the Baltic water 
mixes with the Skagerrak water, local river runoff, and the northern 
Jutland Current (S = 31–34), carrying North Sea and Atlantic water 
masses at surface. This mixed water continues westward along the 
southern Norwegian coast and exits the Swedish part of the Skagerrak as 
the Norwegian Coastal Current (Rydberg et al., 1996). The dense and 
nutrient-rich Atlantic deep water (S = ~35) enters the Skagerrak as a 
subsurface Atlantic Current through the Norwegian Trench (Talpsepp 
et al., 1999). The inflowing Atlantic water mass is reflected in the Kos-
terfjord basin water, which has a salinity >34.2 and temperature <8 ◦C 
with low annual variability (Linders et al., 2018). 

The water mass stratification in the Kosterfjord also reflects the 
general pattern observed in the adjacent Skagerrak. A pycnocline is 
present most of the year at 10–30 m water depth (Fig. 2) and separates 
the saline Skagerrak water from the brackish Baltic water. The basin 
water in the Koster Trench is renewed during upwelling of denser water 

masses (Linders et al., 2018). Observations in March and June 2016 
(Linders, unpubl. data) indicate that the basin water exchange in the 
southern part of the trench occurs as influx over the shallow area south 
of the Koster Islands (Fig. 1), bringing in rather turbid water, which 
probably explains higher sedimentation in the area. Tidal sea-level 
fluctuations are semidiurnal, with an amplitude of 10–20 cm (Svans-
son, 1975) and extensive sea ice cover is very rare in the area (SMHI, 
2017). 

The sill of the Kosterfjord hosts a cold-water coral reef, the Tisler 
Reef, dominated by Lophelia pertusa (Wishhak and Rüggeberg, 2006), 
and several other Lophelia occurrences are encountered north and south 
of the fjord. Due to the presence of cold-water coral reefs and general 
high species richness and diversity, Kosterfjord is considered a hotspot 
of marine biodiversity, and therefore it is included in the Marine Pro-
tected Area (MPA) Kosterhavet National Park. The Kosterhavet is so far 
the only marine national park in Sweden, established in 2009 with an 
area of 389 km2 (Kraufvelin et al., 2017). In the north, the park borders 
the Norwegian Hvaler National Park whose deepest basin, Hvaler Deep 
(Fig. 1), enables Atlantic water to reach into the Kosterhavet MPA and 
allowing deep fauna, commonly found deeper and further offshore, to 
settle and establish itself in the Kosterfjord (Kraufvelin et al., 2017). 
Despite being a marine protected area, multiple uses of land and water 

Fig. 1. Map showing the study area and location of the Kosterfjord within North Sea-Baltic Sea region (A) and within Skagerrak (B). The red circle shows the 
sampling site of the KSK12-01D/C sediment cores, while the cross depicts the position of the conductivity, temperature and depth (CTD) profile shown in Fig. 2 and 
located approximately 1 km away from the core sampling site. The star indicates Kosterfjorden (NR16) station, from which hydrological time series of temperature, 
salinity, oxygen and POC are available. The main currents are indicated as follows: AW: Atlantic Water; NCC: Norwegian Coastal Current; SJC: Southern Jutland 
Current; NJC: Northern Jutland Current; and BC: Baltic Current. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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are allowed in most of the Kosterhavet MPA (SEPA, 2009). For example, 
licensed commercial fishing is permitted within the park, the most 
important being bottom trawling for northern prawn (Pandalus borealis) 
with an annual landing of around 150 tonnes (Linders et al., 2018). 
However, trawling is completely forbidden in areas with known occur-
rences of coral reefs (CAD, 2019, Fig. 1 herein) since multiple areas on 
the largest reef in the north of Kosterfjord showed signs of degradation 
likely caused by trawling (Lavaleye et al., 2009). 

To effectively manage national parks, ecological data spanning over 
decades, centuries or millennia are needed. Paleoecological records 
derived from local sediment archives can provide such data. This study 
aims to investigate recent environmental changes that have taken place 
in the area over the last two decades with help of sediment archives. For 
this, we use geochemical and micropaleontological data derived from a 
sediment core taken in the Koster Trench in 2012, in combination with 
hydrographic data. 

2. Material and methods 

This study is based on two sediment cores (KSK12–01C and KSK12- 
01D) taken in September 2012 in the Koster Trench (58◦42 904′N, 
11◦02,407′E) at 157 m water depth (Fig. 1). Cores KSK12-01D and 
KSK12–01C were retrieved with a Gemini corer (modified Niemistö 
corer, Ø = 80 mm) aboard R/V Skagerak and were 53 and 54 cm long, 
respectively. The Gemini corer allows obtaining an intact water- 
sediment interface and thus allows the study of the youngest (the most 
recently deposited) sediments. The sampling was done to the north of 
the southernmost occurrence area of cold-water corals, where any 
trawling and sampling by heavy gears such as box corer and Gemini 

corer are forbidden (CAD, 2019). 
Upon retrieval, the cores were sectioned into 1-cm thick consecutive 

slices down to 10 cm core depth and into 2-cm thick consecutive slices 
below that. The subsampled sediment material was transported to the 
lab of the Department of Earth Sciences at University of Gothenburg, 
where all samples were weighed, freeze-dried, weighed again, checked 
for their water content and prepared for further analyses. Core 
KSK12–01C was used for radiometric (210Pb and 137Cs) dating, while 
core KSK12-01D was used for geochemical and micropaleontological 
analyses. 

Geochemical analyses included total organic carbon (TOC), carbon 
to nitrogen ratio (C/N) and heavy metals (Ni, Cu, Zn, As, Cd and Pb). The 
TOC and C/N were measured on sediment samples powdered in an agate 
mortar by using a Carlo Erba1500 CHN analyser (University of Goth-
enburg). Sample preparation for heavy metal analysis was done 
following the Swedish Standard method (SS028183) commonly used for 
environmental assessment of coastal areas in Sweden (SEPA, 2000). 
According to the method, around 1.0 g of sediment sample was pul-
verized in an agate mortar and then subject to leaching in 20 mL of nitric 
acid (7 M HNO3). The leaching was performed in closed polytetra-
fluoroethylene (PTFE) vials placed into an autoclave at 120 ◦C for 30 
min. The liquid phase was then separated in a centrifuge and diluted for 
further analysis, performed by using an AGILENT 7500 Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS) at the Department of Earth 
Sciences, University of Gothenburg. To further evaluate Ecological 
Quality Status, we used a deviation from reference conditions and 
pollution classes established for Ni, Cu, Zn, As, Cd and Pb by the Nor-
wegian Environmental Protection Agency (Veileder, 2018), as those 
have been recently updated in comparison to the guidelines of the 

Fig. 2. Temperature, salinity, oxygen and turbidity measurements in the southern Koster Trench (position 58◦ 43 586′ N; 11◦ 2546′ E and water depth of 162 m), 
taken on August 27, 2012 approximately 1 km to the north from the site KSK12–01C. Note increased turbidity below 60 m water depth, reflecting trawling allowed 
that day (Linders et al., 2018). 
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Swedish EPA (SEPA, 2000). 
Micropaleontological analyses included counting and identification 

to species level (where possible) of benthic foraminifera, dinoflagellate 
cysts (dinocysts) and other palynomorphs. For the benthic foraminifera, 
~10 g of dried sediment was washed over 63-μm and 1-mm sieves and 
treated with sodiumdiphosphate (Na2P2O7), where necessary, in order 
to disintegrate sediment aggregates (mostly present as faecal pellets). 
The sediment fraction >63 μm was dried at 40 ◦C and was thereafter dry- 
counted for benthic foraminifera. The foraminifera-rich samples were 
split and >300 specimens were counted in each sample. Both relative 
(%) and absolute abundances (ind./g dry sed.) were noted. Foraminif-
eral species with affinity to pulses of fresh phytodetritus reaching the 
seafloor were grouped together as primary productivity (PP) species 
(Table 1). Tests of Elphidium species often had a milky appearance and 
signs of corrosion/breakage. Those were, hence, regarded as transported 
and were excluded from the assemblage data prior to data analysis. 
Based on foraminiferal abundance data we calculated diversity indices 
ES100 and H’log2 and sensitivity indices foram-AMBI (Alve et al., 2016) 
and Norwegian Quality Index (NGIforam; Alve et al., 2019) to reconstruct 
the temporal development of the Ecological Quality Status (EcoQS) in 
the area following Bouchet et al. (2012), Dolven et al. (2013) and Alve 
et al. (2019). The EcoQS is a measure of water quality assessment 
applied by the European Water Framework Directive (e.g. Dolven et al., 
2013). The foram-AMBI index describes sensitivity of the foraminiferal 
assemblages to organic enrichment of the sediments and is calculated 
based on the abundance of species belonging to ecological groups (EG): 
EG 1 – sensitive species; EG 2 – indifferent species; EG 3 – tolerant 
species; EG 4 – 2nd order opportunistic species; and EG 5 – 1st order 
opportunistic species (Alve et al., 2016). The NGIforam index is based on 
both ES100 and foram-AMBI, and is an adaptation of the Norwegian 
Quality Index (NQI), which is an internationally intercalibrated mac-
rofaunal index applied for the EcoQS assessment (Alve et al., 2019). 

The organic fraction containing dinocysts and other palynomorphs 
was isolated from the KSK12-01D samples at the Geotop laboratory 
(Université du Québec à Montréal, Canada) with standard maceration 
techniques. These involve repeated treatments of 2–3 g of dry sediment 
with cold ~10% HCl and ~40% HF to dissolve the carbonate and sili-
ceous fraction, respectively, and washing over polymer sieve mem-
branes with 10 μm and 106 μm mesh sizes. The samples were spiked by 
adding one tablet of Lycopodium clavatum spores before treatment (Lund 
University, Batch 483 216, 18 583 spores per tablet) to allow deter-
mining absolute palynomorph concentrations. The final residues were 
mounted in glycerine jelly between slide and coverslip and census 
analysis was done on a transmitted light microscope at ×400 and ×1000 
magnification, targeting a minimum count of 300 dinoflagellate cysts 
identified to species level. Species identification was done conforming to 
the latest paleontological cyst-based nomenclature (Williams et al., 

2017; Limoges et al., 2020; Mertens et al., 2020; Van Nieuwenhove 
et al., 2020). Gymnodinium species were distinguished based on their 
size following Harland and Nordberg (2011). Brigantedinium simplex, 
unspecified Brigantedinium and Diplopsalid cysts, and other round 
brown cysts with a smooth wall that could not be identified to species 
level because of unfavourable orientation or preservation are grouped 
together as Round Brown Spineless Cysts (RBSCs). Similarly, Spiniferites 
spp. includes cysts that could not be unambiguously assigned to a known 
species of the genus. Operculodinium centrocarpum as used here refers to 
the morphotypes sensu Wall and Dale (1966). Taxa relative abundances, 
expressed as percentages, were calculated based on the total sum of cysts 
that were identified to genus or species level, excluding reworked cysts 
and Alexandrium cysts. The latter cyst types are quite abundant, espe-
cially in the uppermost part of the core, but their long-term preservation 
potential as well as their resistance to palynological treatment is not well 
known, as such introducing a possible bias in the downcore percentage 
data. Also counted were various regularly recurring palynomorphs, 
including foraminiferal inner linings, the green algae Botryococcus spp. 
and Pediastrum spp., and various ciliate remains such as Halodinium spp., 
Radiosperma corbiferum and Hexasteria problematica (Gurdebeke et al., 
2018) as well as tintinnid and undifferentiated oligotrichid cysts and 
loricae. 

Foraminiferal and dinocyst absolute abundance data were subject to 
multivariate statistics analysis with the PAST software (Hammer et al., 
2001). Hierarchical Q-mode cluster analysis and CABFAC factor analysis 
with varimax rotation were run on absolute abundance data for the 
species with relative abundances >2% to define/confirm the most sig-
nificant changes in the core assemblage data. In our study, cluster 
analysis was based on an unweighted pair group average (UPGMA) al-
gorithm and either Euclidean distance (foraminifera) or Bray Curtis 
(dinocysts) similarity indices. The UPGMA creates clusters based on the 
average distance between all members in the two groups (Hammer et al., 
2001). The Euclidean distance and Bray Curtis index are the most 
commonly used similarity measures in Q-mode clustering (Parker and 
Arnold, 1999). The above-mentioned clustering methods were chosen 
because of their highest cophenetic correlation (0.85 and 0.71 for 
foraminifera and dinocysts, respectively), which confirms optimality of 
the chosen clustering method (Davis, 1986). 

3. Sediment core dating and age model 

Contents of unsupported 210Pb showed a clear tendency for expo-
nential decline with depth but were still high in the bottom of the core at 
53 cm depth (Fig. 3), indicating that the sedimentation rate is high at the 
site. The calculated inventory of unsupported 210Pb is 1050 Bq m− 2 y− 1, 
which is about a magnitude higher than the expected atmospheric flux at 
the site; this can be estimated on the basis of data shown by Appleby 
(2001). The very high inventory of unsupported 210Pb shows that the 
site of core KSK12–01C is subject to intense sediment focussing. The 
content of 137Cs was generally low but showed a distinct increase at the 
bottom of the core (Fig. 3). A210Pb-based chronology was calculated 
using a modified CRS-model, in which the activity below the deepest 
sample (53 cm) was calculated using a regression on all the analysed 
samples following the procedure described by Andersen (2017). This 
chronology dates the sample with the highest content of 137Cs at the 
bottom of the core to 1987 ± 6 years, which is in agreement with the 
expected Chernobyl origin of this material. The obtained chronology is, 
therefore, considered to be reliable and possible disturbance by trawling 
(e.g., Linders et al., 2018) appears not to be a major issue at this 
particular site. To further estimate potential effects of trawling on the 
KSK12–01C chronology, additional data (e.g., sidescan sonar or multi-
beam) would be needed, but those were not available in this study. 

Table 1 
“Primary productivity species” of benthic foraminifera with known affinity to 
fresh phytodetritus as food source.  

Species References 

Adercotryma glomeratum (Brady, 1878) Heinz et al. 
Brizallina skagerrakensis Qvale and Nigam 

1985 
Duffield et al. 

Buccella frigida (Cushman, 1921) Mudie et al.; Dias et al. 
Bulimina marginata d’Orbigny, 1826 Eberwein and Mackensen; Eichler 

et al. 
Epistominella vitrea Parker, 1953 Thomas et al. 
Nonionella iridea Heron-Allen and Earland, 

1932 
Gooday and Hughes; Duffield et al. 

Nonionella turgida (Williamson, 1858) Gustafsson and Nordberg 
Nonionellina labradorica (Dawson, 1860) Cedhagen; Gustafsson and Nordberg 
Pullenia osloensis Feyling-Hanssen, 1954 Mackensen et al.; Rasmussen et al. 
Uvigerina spp. d’Orbigny, 1826 Fariduddin and Loubere; De Rijk 

et al. 
Eggerelloides medius (Höglund, 1947) Alve, 2010; Murray  
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4. Results 

4.1. Sediment geochemistry 

Total organic carbon shows a range of 2.2–2.5% d. w., with an 
average of 2.3%. The C/N ratio ranges between 7.1 and 9.1, with an 
average of 8.3 (Fig. 4a). 

The heavy metals lead, cadmium and zinc (Pb, Cd and Zn) show a 
decreasing trend from ca. 2005 towards present day (Fig. 4c–e). Copper 
and nickel (Cu and Ni) show little variability (Fig. 4b, f), while arsenic 
(As) increases from ~2007 towards the core top (Fig. 4g). Most of the 
metal concentrations for Ni, Cu, Zn, Cd and Pb fall within high and good 
EcoQS, which are close to reference conditions (classes 1 and 2; see 
Appendix 1) according to the Norwegian Environmental Protection 
Agency criteria (Veileder, 2018). Arsenic levels fall mostly within class 1 
and 2 (high and good EcoQS) throughout the core, but reach class 3 
(moderate EcoQS) in the upper core part (~2011–2012: Fig. 4g, Ap-
pendix 1). 

4.2. Dinoflagellate cysts and selected palynomorphs 

Dinocysts were abundantly present in all analysed samples, with 
absolute cyst concentrations varying between ~16 700 and 37 800 
cysts. g− 1 dry sediment, and highest concentrations of >30 000 cysts g− 1 

occurring in the lowermost part of the core, i.e. prior to ~1992 (Fig. 5). 
The assemblages are dominated by Operculodinium centrocarpum 
(~23–37%), peaking between 26 and 38 cm (~1996–2002). The sub-
ordinate component is made up by cysts of Pentapharsodinium dalei 
(~5–18%, with one peak of ~33% at 44 cm or ~1992 and overall 
slightly higher relative abundances in the lower part of the core) and 
RBSCs (~8–20%), with highest relative abundance in the upper half of 
the core. The assemblages are completed by a considerable number of 
low-abundance species with fairly stable abundances throughout the 
studied interval (Appendix 2, Fig. 5), with the exception of cysts of 
Biecheleria baltica, showing a notable increase to >10% towards recent 
times, and Trinovantedinium applanatum and to a lesser extent Seleno-
pemphix quanta, both showing a subtle but clear abundance plateau at 
15–26 cm (~2002–2007). Spiniferites ramosus steadily increases over the 
last few decades but, together with other Spiniferites species (including 
the cyst of Gonyaulax baltica, which morphologically fits within the 
genus Spiniferites but was not given a separate paleontological name; 
Ellegaard et al., 2003), decreases abruptly in the uppermost two 

samples. By contrast, Alexandrium cysts show a marked absolute abun-
dance increase and peak (>2000 cysts. g− 1) towards the top of the core. 
Among the non-dinocyst palynomorphs, a noteworthy abundance min-
imum of foraminiferal inner organic linings occurs between 24 and 36 
cm (~1997–2003), while oligotrichid cyst abundances increase 
throughout the upper half of the core. Finally, the record shows an in-
crease in pollen and spore concentration around 15 cm or ~2007. 

4.3. Benthic foraminifera 

From the 26 samples analysed for benthic foraminifera, a total of 84 
species were identified and of those 19 were agglutinated and 65 were 
calcareous (see Faunal Reference List and Plate 1). The core KSK12-01D 
turned out to be rich in benthic foraminifera showing an absolute 
abundance range from 272.4 to 1024 individuals per gram dry sediment 
(537 ind. g− 1 on average). Assemblages with dominant (>10% of the 
assemblage) Bulimina marginata, Epistominella vitrea and Stainforthia 
fusiformis, and rich in accessory species (5–10%) Cassidulina laevigata, 
Cibicides lobatulus, Hyalinea balthica and Nonionella turgida (all calcar-
eous species) characterise the lower part of the record from 19 to 52 cm, 
deposited between ~1987 and 2007 (Fig. 6a). In contrast, calcareous 
Stainforthia fusiformis and agglutinated Textularia earlandi are the two 
species that strongly dominate the record between 0 and 17 cm 
(~2007–2012) (Fig. 6a). This interval is also characterised by a clear 
increase of the number of agglutinated species towards the core top. 
Prior to 2007, agglutinated species comprised 4–14% (8.5% on 
average), while during 2007–2012 their abundance increased to 
18–57% (39.8% on average), a nearly 5-fold increase when comparing 
the mean values. This increase appears to occur at the expense of 
primary-productivity species (Table 1), which are all sensitive to 
changes of fresh phytodetritus arriving to the seafloor (Fig. 6b). Also, a 
recently reported alien species Nonionella sp. T1 (Polovodova Asteman 
and Schönfeld, 2016; as Noniella stella) has been sporadically recorded 
throughout the entire core with higher abundances (max 2% or 16 ind. 
g− 1 dry sed.) in the uppermost 2 cm (~2011–2012). 

Foraminiferal species classification based on their sensitivity to 
organic enrichment showed that the KSK12-01D record is dominated by 
tolerant taxa (EG 3) and by 1st order opportunists (EG 5), with sensitive 
and indifferent species (EG 1 and 2) being present in lower abundances 
(Fig. 6b). The lower part of the record is dominated by opportunistic 
species (EG 5), while tolerant species (EG 3) increase in the core post 
2004 (Fig. 6b). This is reflected in the AMBI index, which shows 

Fig. 3. Dry bulk density and age model for sediment core KSK12–01C based on radiometric dating by 210Pbxs and 137Cs.  
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somewhat lower values and a general declining trend between 1988 and 
2002, after which it reaches its maximum in the record and declines 
again towards present day (Fig. 6b). The NGIforam index (Fig. 6b) also 
indicates a clear shift from on average higher values during 1988–2002 
and generally lower values between 2002 and 2012 (except for the core- 
top, where NGIforam increases again). 

4.4. Multivariate statistics 

For the dinocysts, the Q-mode cluster analysis defined three clusters: 
(A, B and C, see Fig. 7). Dino-cluster A (represented by O. centrocarpum, 
cysts of P. dalei and B. baltica, and Brigantedinium spp.) groups the upper 
samples from 0.5 to 19 cm (~2012–2005), while dino-cluster B (rep-
resented by O. centrocarpum, Brigantedinium spp. and cysts of P. dalei) 
includes samples between 28 and 40 cm core depth (~2000–1994). Both 
clusters are separated by two samples at 24 and 26 cm. Finally, dino- 
cluster C groups the samples between 44 and 52 cm (~1992–1988) 
and is heavily dominated by O. centrocarpum and cysts of P. dalei. The 
CABFAC factor analysis run on the dinocyst data resulted in two factors, 
which together explain 96.3% of the variance (Table 2b). Factor 1 in-
cludes O. centrocarpum, cysts of B. baltica and Brigantedinium spp. 
(hereafter referred to as O. centrocarpum – B. baltica factor), which 

Fig. 4. Downcore distributions of total organic carbon (TOC), carbon to ni-
trogen ratio (C/N), and Cu, Zn, Cd, Pb, Ni and As concentrations for sediment 
core KSK12-01D. Bulk sediment geochemistry data are given in Appendix 1b. 

Fig. 5. Downcore distributions of the most abundant dinocysts and paly-
nomorphs in sediment core KSK12-01D, with indication of their main feeding 
strategy (note that many autotrophic species have been shown to be variably 
mixotrophic to some degree; Jeong et al., 2010, and references therein). Total 
heterotrophs are shown excluding cysts of B. baltica. 
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Fig. 6. (A) Downcore distributions of the most important benthic foraminiferal species in sediment core KSK12-01D and (B) sensitivity indices Foram-AMBI & 
NQIforam together with the distribution of the species assigned to ecological groups (EG) 1–5 based on their sensitivity to organic enrichment and primary pro-
ductivity species. 
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together stand for 93.6% of the variance and dominate the upper part of 
the record (0–24 cm or ~ 2012–2003). Factor 2 is solely represented by 
cysts of P. dalei, explains 2.8% of the variance and peaks two-step-wise 
in the lower half of the core between 26 and 52 cm (~2002–1988). 

The Q-mode cluster analysis of the foraminiferal assemblages 
defined three clusters (A, B and C; see Fig. 7). Cluster C corresponds to 
the core interval between 15 and 52 cm (~1987–~2007). Cluster B 
groups the samples between 6.5 and 11 cm (~2008–2010), while cluster 
A represents the uppermost group of samples between 0 and 5.5 cm 
(~2012–2010). Cluster C is defined by dominant B. marginata, E. vitrea 
and S. fusiformis (see above). Clusters B and A are both heavily domi-
nated by S. fusiformis and T. earlandi; the major difference between the 
two being the presence of the accessory species B. marginata, C. laevigata, 
E. vitrea and E. medius in cluster B. The CABFAC factor analysis run on 
the foraminiferal data resulted in two factors (Table 2a), which together 
explain 97.8% of the variance. Factor 1 is characterised by higher 

contributions of S. fusiformis, E. vitrea, B. marginata, C. laevigata, H. 
balthica, and T. earlandi (hereafter referred to as S. fusiformis – E. vitrea 
factor) and alone stands for 81.6% explained variance. Factor 2 is 
strongly dominated by T. earlandi with some contribution from 
S. fusiformis and alone explains 16.2% of the variance. Both statistical 
analyses picked up two significant changes in the foraminiferal assem-
blages around 6.5 and 15 cm core depth (~2010 and ~2007, respec-
tively; see Fig. 7). 

5. Discussion 

5.1. Changes in the dinocyst/palynomorph assemblages 

The dinoflagellate cyst assemblages of the core KSK12-01D are 
dominated by Operculodinium centrocarpum, a cosmopolitan species with 
highest surface sediment abundances (>60%) in the North Atlantic 

Fig. 7. Multivariate statistics results for cluster (dendrograms) and factor analyses (factor scores) performed on the foraminiferal and dinocyst data.  
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Table 2A 
Factor scores together with eigenvalues and explained variance for 
foraminfiera. Numbers in red indicate species with the highest con-
tributions to the factors 1 and 2A. 
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Ocean underneath the path of the warm and saline North Atlantic Drift 
(e.g., Rochon et al., 1999; Zonneveld et al., 2013; de Vernal et al., 2020). 
Hence, high proportions of O. centrocarpum in downcore assemblages 
have been used as an indicator of past Atlantic Water inflow (e.g., 
Harland et al., 2016; Van Nieuwenhove et al., 2018). The dominance of 
the species in our record might therefore reflect the water exchange 
between the Skagerrak, which is exposed to Atlantic Water inflow at 
depth, and the Koster Trench across its northern and southern sills. At 
the same time, the cosmopolitan and opportunistic nature of the species 
cautions against more refined paleo-environmental interpretations of its 
abundance signal here. 

The Koster Trench record also shows high abundances of cysts of 
P. dalei between 35 and 50 cm (~1990–1997), but a decline and 
generally lower occurrences in the upper half of the core (Fig. 5). The 
decrease of this species is part of an overall significant change in the 
dinocyst assemblages, as illustrated by the multivariate analysis of the 

palynomorph data and indicating a major change in the upper water 
column occurring between 1998 and 2004 (Fig. 7). Pentapharsodinium 
dalei is known as a spring bloomer in Scandinavian fjords (e.g., Dale, 
1977; Godhe et al., 2001; Harland et al., 2004a), and observations in 
Hudson Bay indicate that the peak of P. dalei cyst production coincides 
with the spring-melt freshet, bringing nutrients and creating strongly 
stratified surface waters. In the nearby Koljö Fjord, some 100 km south 
of our study area along the Swedish west coast, the local breakdown of 
the stratification and pycnocline, in addition to subtle changes in the 
seasonal distribution of nutrient input, has been suggested as possible 
contributing factor in the steep decline of P. dalei cyst concentrations 
there during the 1980s (Harland et al., 2004b). Spring nutrient avail-
ability, in particular nitrate, similarly appears to play a role in marked 
assemblage changes seen in a core from the central Baltic Sea, where 
cysts of P. dalei started decreasing in line with declining spring nitrate 
input in the late 1990s (Sildever et al., 2019). All the above thus in-
dicates that P. dalei responds to the complex interplay of different 
physico-chemical parameters linked to the spring freshet. Discharge 
data of the Norwegian Glomma River, the largest river draining into the 
Skagerrak and thus contributing substantially to its nutrient and fresh-
water balance (e.g., Frigstad et al., 2020) (Fig. 1), reveal that two drops 
in the relative abundance of cysts of P. dalei, around 1995–1996 and 
2003, coincide with minima in river discharge (Fig. 7). After those 
discharge lows, freshwater input increased again, but interestingly, 
hydrographic data from Kosterfjorden (NR16) station indicate that 
notably the summer precipitation increased (Fig. 8). It can thus be 
argued that the timing and physico-chemical characteristics of the more 
recent freshwater input from increased precipitation – in contrast to 
spring freshet from ice and snow melt – created conditions that were less 
favourable for the development of P. dalei, but more to the liking of other 
species, as discussed below. 

The increased abundance of cysts produced by heterotrophic dino-
flagellate species as well as oligotrichid cysts and other ciliates in the 
upper half of the core KSK12-01D (0–26 cm or 2002–2012) (Fig. 5) 
suggests increased food availability, as these mainly graze on primary 
producers such as diatoms, but also other dinoflagellates and small 
flagellates. Indeed, hydrographic observations for the time periods 
2002–2006 and 2010–2012 indicate increased chlorophyll a levels in 
the surface waters of the area (Fig. 8). In addition, the upper part of the 
KSK12-01D record (from ~2004 towards present day) is also charac-
terised by increased abundances of cysts produced by Biecheleria baltica, 
a probable mixotrophic dinoflagellate feeding both through photosyn-
thesis and on other organisms (Moestrup et al., 2009). While our 
autecological knowledge about B. baltica is somewhat hampered by the 
fact that its vegetative stage is indistinguishable from other main 
spring-bloom contributing dinoflagellate species in the Baltic Sea (e.g., 
Kremp et al., 2018, and references therein) and its cysts have an 
ambiguous taxonomic past, laboratory culture studies by Kremp et al. 
(2005; as Woloszynskia halophila) show that the species can be consid-
ered a brackish-marine organism with maximum growth reached at 
salinities of 9–20, but also growing in salinities as low as 3 and as high as 
30. The temperature range for B. baltica was found to be between 0 and 
6 ◦C, suggesting that the species is constrained to the cold-water season, 
presumably growing from late winter to spring (Kremp et al., 2005) and 
blooming under sea ice (Spilling, 2007). As such, B. baltica seems to take 
over the role of P. dalei as main spring bloom (cyst-producing) dino-
flagellate. Recently, B. baltica has also been reported as a dominant and 
increasing contributor to the spring bloom in the central and northern 
Baltic Sea (e.g., Kremp et al., 2018; Sildever et al., 2019), more and more 
taking the place of diatoms, which usually dominate spring blooms in 
temperate waters (Smayda and Reynolds, 2003). The acceleration in the 
B. baltica contribution to the spring bloom in the Baltic Sea proper 
during the past decades is the continuation of a process that started in 
the first half of the 20th century, when the species is assumed to have 
responded to the increasing anthropogenic eutrophication of the surface 
waters (Kremp et al., 2018; Sildever et al., 2019). However, ecosystem 

Table 2B 
Factor scores together with eigenvalues and explained variance for 
dinoflagellate cysts. Numbers in red indicate cysts with the highest 
contributions to the factors 1 and 2. 
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modelling suggests that rather than nutrient input, the superiority of 
B. baltica over diatoms is likely caused by climate change interfering 
with its life-cycle processes, i.e. an earlier temperature increase in spring 
over the past few decades has decreased the timespan between cyst 
germination and dinoflagellate blooms (Lee et al., 2018). The hydro-
graphic data from northern Koster Island do not reveal a clear seasonal 
temperature increase mirroring the trend of cysts of B. baltica, but 
considering the species’ preference for lowered salinities, the increased 
abundance of B. baltica cysts in the Koster Trench sediments from ~2004 
onwards may thus at least partly be caused by the changed seasonal 
runoff pattern in the area with higher summer precipitation and lower 
surface water salinities (Figs. 7 and 8) – the exact same changes that 
likely contributed to the decline of the P. dalei cyst bed. A final 
consideration to make relates to the cyst longevity of both species. While 
cysts of P. dalei have been shown to germinate after a dormancy of 
several decades (e.g., Lundholm et al., 2011; Ribeiro et al., 2011), the 
germination potential of B. baltica basically drops to zero already within 
the first few years (Kremp et al., 2018). Hence, rapid burial of the cysts 
of B. baltica might prevent inoculation of the spring bloom and conse-
quent renewal and build-up of the seed bed if the cysts are not resus-
pended, for instance by bottom currents or bioturbation, at the right 
moment and within one or two years after formation. In this context, it is 
interesting to consider the fact that trawling has been banned in shallow 
areas since 2009. While trawling would locally cause important sedi-
ment, and thus cyst, resuspension, a halt in trawling activities drastically 
reduces sediment deposition over the much larger adjacent area. As a 
consequence, this leaves the cysts closer to the sediment-water interface 
from where the cells can resume their vegetative stage upon excystment, 
something that might be more advantageous to species with short 
revival potential such as B. baltica compared to those that still can excyst 
after several years when being stirred up from the sediment into the 
water column by intermittent sediment disturbance, such as P. dalei. 

In addition to the above-mentioned changes in dinocyst and paly-
nomorph assemblages, there is also a clear increase in Alexandrium cysts 
in the record from 2008 towards the present day. While Alexandrium 
cysts have a somewhat lower preservation potential compared to other 
organic-walled dinocysts because of their different cyst wall nature (e.g., 
Head et al., 2006, and references therein) and a preservation bias 
therefore cannot be excluded, there are also reasons to assume that the 
post 2008-increase of Alexandrium cysts is an actual signal. For instance, 
Miyazono et al. (2012) have recovered Alexandrium cysts from sedi-
ments over 100 years old. However, to explain what these changes in 
Alexandrium cysts mean from an environmental point of view is chal-
lenging for a number of reasons. For instance, several Alexandrium 
species produce morphologically indistinguishable cysts (John et al., 
2014), making it difficult to link the fossil cysts to one particular dino-
flagellate species. Also, blooms of Alexandrium depend on a complex 
interplay of the different aspects of the local hydrological and environ-
mental conditions with the life cycle behaviour of the dinoflagellates 
(Anderson et al., 2012). Increased freshwater input or plumes (possibly 
bringing the necessary micronutrients) can play an important role, and 
the consequent stratification/stabilization of the water column often 
appears to be as important as the nutrient input itself (Anderson et al., 
2012). Considering the signals from the other proxies and hydrographic 
data, it is likely that this increase in Alexandrium cysts is a further 
indication for a change in the run-off regime (see above). It is important 
to note that Alexandrium species generally do not respond to increased 
anthropogenic eutrophication, but that blooms of this genus on the 
contrary have been observed to occur only once the surface waters had 
become oligotrophic (Anderson et al., 2012). The more or less concur-
rent increase in cysts of B. baltica in our record supports this, as blooms 
of B. baltica do not solely appear to be caused by an increased nutrient 
input (Lee et al., 2018). 

Fig. 8. Hydrographic data plotted versus precipitation, POC and chlorophyll a 
from Kosterfjorden (NR16) station (Fig. 1) and selected sediment proxy data. 
Horinzontal black arrows below indicate some of the major recent environ-
mental changes reported for the Skagerrak region by e.g. Johannessen et al. 
(2012), Moy and Christie (2012) and Frigstad et al. (2013, 2020). 
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5.2. Changes in benthic foraminiferal assemblages 

The general trend reflected in our data from the Koster Trench re-
veals a dominance of calcareous foraminiferal species from ~1988 to 
2007 followed by an increase of agglutinated species in more recent 
times (~2007–2012). A similar but earlier increase (since the 1950s) of 
agglutinated species and a decline of common calcareous species since 
the 1990s have been documented for the deepest Skagerrak basin and 
was suggested to be linked to changes in nutrient fluxes, organic 
enrichment and oxygen deficiency in the deep basin (Alve, 1996). Since 
our record only goes back to ~1988, we cannot determine whether the 
observed increase of agglutinated species in the Koster Trench is a recent 
phenomenon or the continuation of a longer trend that similarly had 
started in the mid-20th century. Species T. earlandi, E. medius and 
A. glomerata are the major taxa responsible for the increase of aggluti-
nated shells in the Koster Trench. Textularia earlandi strongly dominates 
the assemblages and shows a very distinct increase since ~2007. 
Calcareous species such as B. marginata, C. laevigata, H. balthica, E. vitrea 
and N. turgida, all dominant to frequent in the Koster Trench prior to 
~2007, commonly occur in the Skagerrak and its fjords (e.g., Conradsen 
et al., 1994; Alve and Murray, 1995; Bergsten et al., 1996; Nordberg 
et al., 2000). Almost all of these species declined in abundances since the 
early 1980s in the Gullmar Fjord as a result of frequent seasonal bottom 
water hypoxia (e.g., Filipsson and Nordberg, 2004). In the Skagerrak, 
however, dissolved O2 concentrations in the bottom waters seldom 
reach hypoxic conditions (<2 mL O2 L− 1: Diaz and Rosenberg, 1995) 
and often have values around 5.5–7.3 mL O2 L− 1 (observations: Dahl and 
Danielssen, 1992) and ~5.3 mL O2 L− 1 (modelling: Skogen et al., 2004, 
2014), despite a higher nutrient input from the German Bight (Aure and 
Magnusson, 2008) and simulated high primary productivity (Skogen 
et al., 2004, 2014). Hydrographic data from the Kosterfjorden (NR16) 
station also do not show any significant changes in the bottom water 
oxygen, although there is a somewhat lower range of 3.5–6.8 mL O2 L− 1 

for the period 1994–2012 (Fig. 8). Hence, coastal hypoxia cannot 
explain the decline of calcareous foraminiferal species seen since 
~2007. According to Spezzaferri et al. (2013), some of the declining 
species are reported from the living cold-water coral framework facies 
(E. vitrea) or coral rubble (H. balthica, Cassidulina spp. and E. vitrea) to 
shallow mud facies (Nonionella spp.). The Lophelia reefs in the study area 
are reported to show signs of damage likely caused by trawling (Lav-
aleye et al., 2009) and, based on fishermen reports, are believed to have 
covered a more extensive area just three decades ago (Hall-Spencer and 
Stehfest, 2009). Hence, it is possible that the decline of calcareous 
foraminifera in the Koster Trench is linked to coral reef degradation, 
either caused by trawling or other environmental factors (Hall-Spencer 
and Stehfest, 2009). For instance, Guihen et al. (2012) reported un-
usually high temperatures (>9 ◦C) at the Tisler Reef during 2006–2008 
resulting in mass mortality of cold-water coral reef-associated sponge 
communities. This timing is very close to our major change in forami-
niferal faunas at ~2007, and the local hydrographic observations 
(Kosterfjorden (NR16) station) do show a steep temperature increase 
during 2006–2008 (Fig. 8). Whether those high bottom water temper-
atures have been a “tipping point” or crossed a threshold for assemblage 
changes, from which the foraminiferal population was not able to 
recover to its previous state, remains unclear at this point. 

The general decline of calcareous species in the Koster Trench is 
followed by a significant increase of T. earlandi, which since 1994 has 
become a dominant species in the Gullmar Fjord where in the 2010s it 
made up 40–75% of the foraminiferal assemblages (Polovodova Aste-
man and Nordberg, 2013; Jusslin, 2014). It was speculated that 
increased abundances of T. earlandi in Gullmar Fjord could have been 
triggered by a change in quality of the organic matter available as food 
for the species (Polovodova Asteman and Nordberg, 2013). Textularia 
earlandi is a known opportunist with an omnivorous feeding behaviour, 
able to survive, grow and reproduce under prolonged absence of fresh 
food (Alve, 2010), at maximum burial by sediment (Hess et al., 2013) 

and following a transfer from deep (320 m) to shallow-water conditions 
(Alve and Goldstein, 2010). All these features make T. earlandi being 
classified as a “tolerant species (EG 3)” able to withstand high organic 
enrichment of the sediments (Alve et al., 2016). Textularia earlandi (as 
T. tenuissima) also grew and added chambers under a simultaneous 
hypoxia- and acidification-induced stress in the laboratory, suggesting 
species insensitivity to both stressors (van Dijk et al., 2017). To our 
knowledge, neither bottom water hypoxia (see above) nor ocean acidi-
fication have been reported for the Kosterhavet National Park specif-
ically. A recent study by Omar et al. (2019) showed somewhat higher 
pCO2 values during 2004–2008 in the Skagerrak, which albeit has been 
considered statistically insignificant. Hence it is unlikely that hypoxia or 
acidification can be responsible for the increased abundances of 
T. earlandi. It remains clear, however, that based on sediment cores 
collected in the Skagerrak and its fjords, the onset for generally higher 
abundances of T. earlandi appears to be time-transgressive as it occurs 
around 1990 in Gullmar Fjord (Polovodova Asteman and Nordberg, 
2013) and around 2007 in Koster Trench. 

Trawling of the seafloor is another factor which can be considered, 
particularly regarding the effects of sediment resuspension on benthic 
organisms such as foraminifera. Since 2009, all trawling activities in the 
Kosterhavet MPA are restricted to water depths below 60 m (the major 
part of the Koster Trench), and since 2015 each vessel is allowed only 3 
fishing days per week, and not on weekends (Linders et al., 2018). Alve 
and Murray (1995) suggested that the sediment resuspension caused by 
trawling releases nutrients and organic matter, as well as algae and 
bacteria, on which foraminifera can feed. According to the authors, this 
may explain high foraminiferal abundances on the Danish slope of the 
Skagerrak observed in the 1990s. Resuspended by trawling silt and clay 
particles remain in the water column for days and, hence, are present in 
the deep Koster Trench even during days without trawling (Linders 
et al., 2018). Those particles likely represent a source of organic matter, 
which may stimulate abundance peaks in foraminiferal shells resulting 
in the highest concentrations of total foraminifera (calcareous plus 
agglutinated) observed in our record since ~2009 (Fig. 6a). It is inter-
esting to note though that we observe a general increase of foraminiferal 
shell concentrations since 2009 when trawling in the Kosterhavet MPA 
became limited to waters below 60 m water depth (Fig. 6a). In Koster 
Trench, the most dominant species since ca. 2007 is T. earlandi, an 
opportunist known to quickly recolonize areas subject to rapid burial by 
sediment (Hess et al., 2013). Hess and Kuhnt (1996) also reported 
Textularia species to be among the first colonizers of an ash-covered 
seafloor following the Mount Pinatubo eruption. It can thus be hy-
pothesized that T. earlandi takes advantage from the resuspended sedi-
ment – and its associated organic matter and bacteria as food source – in 
trawled areas by rapidly colonizing the disturbed sea floor. This seems 
likely given the species’ high colonisation potential and omnivorous 
feeding strategy, though additional studies targeting its ecology and 
traits are needed to properly address this question. Nevertheless, if 
T. earlandi appears to be resistant to trawling, the latter may have 
boosted its abundances once trawling had been restricted to the deepest 
trench in 2009, similar to what was seen in resistant macrofaunal species 
(Sköld et al., 2018). It remains unclear, however, why in Gullmar Fjord 
T. earlandi increased in abundances since ~1990, associated with a 
trawling ban, which ceased in 1999, when trawling activities in the fjord 
resumed but to a lesser extent (Wikström et al., 2018). 

Apart from possible effects of trawling on foraminiferal abundances 
it is also pertinent to assess if trawling causes any changes at species 
level, for instance in affecting the abundances of epifaunal vs infaunal 
species. Many studies have shown that bottom trawling changes the 
composition and distribution of different functional groups in benthic 
fauna (Wikström et al., 2018 and references therein). For instance, 
intensely trawled areas in the North Sea show an increase of infaunal 
organisms, because small infaunal species with a short life span appear 
to somehow benefit from trawling as compared to large attached and 
long-living species (Jennings et al., 2002; Tillin et al., 2006). Based on 
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our data, it is difficult to see such effect on foraminifera, as the most 
abundant species, which have taken over the assemblages in Koster 
Trench since ~ 2007, are all either “epifaunal in phytodetritus” to 
“shallow infaunal” (T. earlandi: Alve and Goldstein, 2010; and 
A. glomerata: Heinz et al., 2001; Murray, 2006) or “infaunal” (E. medius: 
Murray, 2006). Many foraminiferal species are known to change their 
microhabitat preferences depending on the availability of fresh food at 
the water-sediment interface and steep geochemical gradients within 
the sediment caused by redox changes (e.g. Linke and Lutze, 1993; 
Jorissen et al., 1995). Hence, it is difficult to estimate the effects of 
trawling on local foraminiferal communities based on microhabitats 

only. 
As indicated by the hydrographic data from Kosterfjorden (NR16 

station: Fig. 8 herein), there was a recorded increase of chlorophyll a and 
Particulate Organic Carbon (POC) around 2010 (Fig. 8), which may have 
also stimulated the high benthic fertility reflected by the higher total 
foraminiferal abundances in the uppermost part of the Koster Trench 
sediment record. The increasing POC and chlorophyll a trends over the 
studied period fit remarkably well with changes in local precipitation, 
indicating a steady increase in summer precipitation from 1988 to 2012 
(Fig. 8). This further fits with dinocyst and palynomorph data suggesting 
higher precipitation, which would cause higher land runoff and result in 

Plate 1. Benthic foraminiferal species 
identified in the sediment core KSK12- 
01D from the Koster Trench. 1: Liebu-
sella goësi; 2–4: Textularia earlandi; 5, 8, 
9: Eggerelloides medius; 6: Cassidulina 
laevigata; 6a: C. laevigata (aperture 
detail); 7: Recurvoidella bradyi; 10: 
Nonionella iridea; 11–12: Epistominella 
vitrea (spiral and umbilical views); 13: 
Adercotryma glomerata (aperture view); 
14: Quinqueloculina stalkeri (aperture 
view), 15–16: Q. stalkeri (side views); 
17: Pullenia osloensis; 18: Nonionellina 
labradorica; 19–20: Nonionella turgida 
(aperture and spiral views); 21–22: Bri-
zalina skagerrakensis; 23–24: alien spe-
cies Nonionella sp. T1 (spiral and 
umbilical views); 25: Hyalinea balthica; 
26–27: Stainforthia fusiformis; 28–29: 
Globobulimina turgida; 28a-29a: 
G. turgida, details of aperture and 
spines.   
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an increased transport of terrestrial organic matter and nutrients. The 
latter would first stimulate algal blooms in the area and then hamper 
them due to limited light penetration because of lower water trans-
parency, as has been observed along the Skagerrak coast off the Oslof-
jord due to increased discharge by the Glomma River (Frigstad et al., 
2020). Other studies reported significant changes in the coastal Ska-
gerrak ecosystem related to an increased POC and darkening of coastal 
waters between 1998 and 2000, likely caused by high river discharge 
and an increased Baltic Sea outflow (Frigstad et al., 2013). High fresh-
water influence in coastal systems such as the Skagerrak has previously 
been suggested to result in an increased abundance of agglutinated 
foraminifera (e.g., Polovodova Asteman et al., 2018; Eichler et al., 
2019), consistent with our study. The worldwide distribution of benthic 
foraminifera shows a general trend of calcareous foraminifera giving 
way to agglutinated forms from open sea landward (Murray, 1973, 
1991bib_Murray_1973; Hayward and Hollis, 1994), and in brackish 
basins such as the Baltic Sea, mostly agglutinated species (Hermelin, 
1987) are able to survive low salinities (S = 8–18), low oxygen con-
centrations and decreasing availability of CaCO3 needed for calcareous 
species to precipitate their shells. There is a strong positive relationship 
between salinity and alkalinity in coastal regions (e.g., Atamanchuk 
et al., 2015; Müller et al., 2016), which implies that increased land 
runoff and lower salinities would benefit agglutinated species (with 
shells built of sediment particles) over calcareous ones. This may have 
an important implication for the Kosterhavet MPA ecosystem as it 
possibly affects feeding of Cephalaspidean gastropods Philine aperta, P. 
denticulata, P. scabra and Cylichna cylindracea, which all are known to 
preferentially feed on calcareous foraminifera and avoid agglutinated 
ones (Cedhagen, 1996). 

In addition to an overall increase of agglutinated species, our KSK12- 
01D record also demonstrates the most recent arrival of the alien fora-
miniferal species Nonionella sp. T1 (Plate 1) previously not recorded in 
the Skagerrak and its fjords. The presence of alien Nonionella sp. T1 in 
the topmost sediments dated to 2012 confirms that this species has 
spread to other coastal areas in the region (Deldicq et al., 2019; Char-
rieau et al., 2019) since its first discovery in Gullmar Fjord and at the 
Skagerrak-Kattegat front (Polovodova Asteman and Schönfeld, 2016), 
exemplifying its high potential of becoming regionally invasive due to 
its pronounced ability to denitrify (Choquel et al., 2020). 

In conclusion, both the dinocyst and foraminiferal data indicate a 
change in floral and faunal assemblages occurring in the early-to mid- 
2000s (Fig. 7). In particular, the NQIforam development in our study 
shows a sharp shift around 2002 suggesting important environmental 
changes in the Kosterhavet MPA (Fig. 6b). The timing of changes co-
incides with reported shifts in the coastal Skagerrak and Kattegat eco-
systems related to an increased POC, darkening of coastal waters and 
increased outflow from the Baltic Sea between 1998 and 2000 (Frigstad 
et al., 2013; Charrieau et al., 2019). The hydrographic data from the 
Kosterfjorden demonstrate increasing precipitation towards present day 
consistent with increasing POC and decreasing salinity in the surface 
waters (Fig. 8). Higher summer precipitation has likely led to increased 
B. baltica and Alexandrium cysts and a somewhat higher abundance of 
pollen/spores in our record (Fig. 8) with the latter being indicative of 
increased riverine/freshwater influence. A slight shift in the “season-
ality” of the run-off, i.e. change from dominant early spring freshet to 
late spring and summer run-off, might have triggered the subtle shift in 
the dinocyst assemblage composition characterised by decreased P. dalei 
and increased B. baltica. The increased abundances of agglutinated 
foraminiferal species (including T. earlandi and E. medius) in coastal 
settings further seem to support this increased fresh-water influence due 
to higher runoff from land (e.g. Polovodova Asteman et al., 2018; 
Eichler et al., 2019). 

The omnivorous feeding strategy of the benthic foraminifer 
T. earlandi and mixotrophic feeding strategy of the dinoflagellate 
B. baltica remarkably demonstrates that both planktonic and benthic 
niches in the Koster Trench have experienced recent occurrences of 

organisms able to adapt their diets based on available food. Whether this 
phenomenon is related to trawling activities or climate change (through 
shifted precipitation patterns and runoff), or both, remains unclear 
given the lack of more detailed ecological information for both micro-
fossil proxies. 

5.3. Changes in ecological quality status in the kosterhavet MPA 

Reconstructed EcoQS based on foraminiferal indices shows fluctua-
tions between classes 1 and 2 (“high” and “good” EcoQS, respectively, 
see Appendix 1), and mainly pick up shifts from “high” to “good” status 
occurring in the early to mid-2000s and around 2010. The latter change 
is also indicated by the arsenic levels, whose concentrations remarkably 
increase from ~2010 and cause the EcoQS to drop from “good” to 
“moderate”. Arsenic is released during hydrolysis of dumped World War 
II chemical munition (Emelyanov, 2007). Tengberg et al. (2017) report 
elevated As concentrations in the sediments sampled “downstream” 
from the Måseskär munition dumping site (south of the Kosterhavet 
National Park) and interpreted this as a result of sediment resuspension 
due to trawling. Hydrographic observations in March and June 2016 
(Linders, unpubl. data) indicate that the bottom water exchange in the 
southern Koster Trench (where the core is taken) comes as influx over 
the shallow area south of the Koster Islands (Fig. 1), bringing in rather 
turbid water. This water exchange can potentially also bring in resus-
pended sediments with high As content and explain the elevated As 
trend in our record. Furthermore, in the Norwegian Trench (Fig. 1), with 
which Koster Trench communicates over its northern sill, there are >30 
known munition dumping sites containing chemical weapons with many 
shipwrecks showing traces of damage and their cargo being spread out 
on the seafloor (Hansen et al., 2019a). Many of those sites lay within 
heavily trawled areas and monitoring with acoustic methods presents 
compelling evidence of fishing trawlers hitting the wrecks with the 
bottom trawl and dragging them from one place to another (Hansen 
et al., 2019b). Hence, it is likely that the higher As concentrations 
observed more recently in the Kosterhavet MPA result from sediment 
resuspension caused by trawling in proximity to dumping sites either at 
the Måseskär dumping site or in the Norwegian Trench (or both), with 
which Koster Trench communicates at depth over its southern and 
northern sills. 

Another explanation for elevated As concentrations in the study area 
would be industrial discharges “upstream” of the Skagerrak and As 
transport by rivers, which should be indicated in the hydrographic data. 
Yet, the Norwegian Environmental Agency does not report a significant 
increase of As transport by the Glomma River occurring from 2007 to-
wards present day (Skarbøvik, 2017), suggesting that As release from 
chemical weapons and transport by bottom currents to the MPA is a 
more likely scenario. 

6. Conclusions 

Core KSK12-01D from the Kosterhavet MPA is an archive for the 
environmental changes that occurred between 1988 and 2012. Dino-
flagellate cysts suggest a major change occurring in the upper water 
column around 2002. Pentapharsodinium dalei cysts peak around 1992 
and show overall slightly higher relative abundances between 1988 and 
2002. Increased abundance of Biecheleria baltica cysts, heterotrophs, 
oligotrichids, pollen and spores characterise the upper core part 
deposited from 2002 to 2012. Furthermore, there is a clear increase of 
Alexandrium cysts in the top of the core (~2008–2012). Both TOC and 
heavy metals indicate high/good to moderate EcoQS in the Kosterhavet 
MPA throughout the studied time interval. The high to good EcoQS is 
confirmed by benthic foraminiferal assemblages, which show a major 
faunal change reflected in a drastic increase of agglutinated Textularia 
earlandi from 2007 towards the present day, while the lower part of the 
core (1988–2007) is dominated by calcareous species. Overall, our 
proxy data suggest an increased freshwater input or higher river/land 
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runoff, as supported by climate and hydrography data showing 
increased precipitation over the study area, decreasing salinity and an 
increasing trend in particulate organic carbon in the surface waters. 
These changes, in combination with trawling activities shifted to the 
deepest part of the trench since 2009, seem to favour dinoflagellate and 
benthic foraminiferal species with mixotrophic and omnivorous feeding 
strategies. Calculated foram-AMBI and NQIforam confirm a shift around 
2002, picked up by the dinocyst assemblages, suggesting environmental 
changes occurring in the study area are likely linked to darkening of 
coastal waters. 
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Palynol. 128 (1–2), 119–141. 

Harland, R., Polovodova Asteman, I., Morley, A., Morris, A., Harris, A., Howe, J.A., 2016. 
Latest Quaternary palaeoceanographic change in the eastern North Atlantic based 
upon a dinoflagellate cyst event ecostratigraphy. Heliyon 2, e00114. https://doi. 
org/10.1016/j.heliyon.2016.e00114. 

Hayward, B.W., Hollis, C.J., 1994. Brackish foraminifera in New Zealand: a taxonomic 
and ecologic review. Micropaleontology 40, 185–222. 

Head, M.J., Lewis, J., de Vernal, A., 2006. The cyst of the calcareous dinoflagellate 
Scrippsiella trifida: resolving the fossil record of its organic wall with that of 
Alexandrium tamarense. J. Paleontol. 80, 1–18. 

Heinz, P., Kitazato, H., Schmiedl, G., Hemleben, C., 2001. Response of deep-sea benthic 
foraminifera from the Mediterranean Sea to simulated phytoplankton pulses under 
laboratory conditions. J. Foraminifer. Res. 31 (3), 210–227. 

Hermelin, J.O.R., 1987. Distribution of holocene benthic foraminifera in the Baltic Sea. 
J. Foraminifer. Res. 17 (1), 62–73. 

Hess, S., Kuhnt, W., 1996. Deep-sea benthic foraminiferal recolonization of the 1991 Mt. 
Pinatubo ash layer in the South China Sea. Mar. Micropaleontol. 28 (2), 171–197. 

Hess, S., Alve, E., Trannum, H.C., Norling, K., 2013. Benthic foraminiferal responses to 
water-based drill cuttings and natural sediment burial: results from a mesocosm 
experiment. Mar. Micropaleontol. 101, 1–9. 

Jeong, H.J., Yoo, Y.D., Kim, J.S., Seong, K.A., Kang, N.S., Kim, T.H., 2010. Growth, 
feeding and ecological roles of the mixotrophic and heterotrophic dinoflagellates in 
marine planktonic food webs. Ocean Sci. J. 45, 65–91. 

Jennings, A.E., Knudsen, K.L., Hald, M., Hansen, C.V., Andrews, J.T., 2002. A mid- 
Holocene shift in Arctic sea-ice variability on the East Greenland Shelf. Holocene 12 
(1), 49–58. 

Johannessen, T., Dahl, E., Falkenhaug, T., Naustvoll, L.J., 2012. Concurrent recruitment 
failure in gadoids and changes in the plankton community along the Norwegian 
Skagerrak coast after 2002. ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 69 (5), 
795–801. 

John, U., Litaker, R.W., Montresor, M., Murray, S., Brosnahan, M.L., Anderson, D.M., 
2014. Formal revision of the Alexandrium tamarense species complex (Dinophyceae) 
taxonomy: the introduction of five species with emphasis on molecular-based 
(rDNA) classification. Protist 165, 779–804. 

Jorissen, F.J., de Stigter, H.C., Widmark, J.G., 1995. A conceptual model explaining 
benthic foraminiferal microhabitats. Mar. Micropaleontol. 26 (1–4), 3–15. 

Jusslin, P., 2014. The Distribution of Benthic Foraminifera in the Gullmar Fjord Deep 
Basin, Station S65142B: a Comparison with Hydrographic Parameters and North 
Atlantic Oscillation. BSc Thesis B828. University of Gothenburg, p. 25. ISSN 1400- 
3821.  

Kraufvelin, P., Svensson, F., Fredriksson, R., Bergström, L., Karlsson, M., Wennhage, H., 
Wikström, A., Bergström, U., 2017. Inventering och modellering av fisk-och 
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Länsstyrelsen Västra Götaland, Naturavdelningen, Rapportnr 22, 83. 
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