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Abstract 
 
Four sediment cores were sampled in Kaggfjärden, located in the southern archipelago of Stockholm. 
Two of the cores were analyzed with respect to the diatom record and lithology. Terrestrial macrofossils 
were dated using Carbon-14 dating. The aim of the study was to detect and date changes in the 
environment of Kaggfjärden by using the diatom stratigraphical record. These environmental changes 
were then interpreted in terms of climate change and/or anthropogenic impact. 

The results show that the lowermost part of the core was deposited approximately 6300 cal yr BP, 
thus from the Littorina Sea, a warmer and more marine phase in the Baltic Sea history. The diatom 
record in these layers is dominated by the typical Littorina species, Pseudosolenia calcar-avis 
(Schultzee). Both the diatom record and the lithology show that e.g. erosion or non-deposition caused a 
hiatus in the sediment core; several thousands of years are missing. The following levels were deposited 
during the 15th century and indicate an environment with greater visibility and less distribution of 
hypoxia than today. This coincides with the so called “Little Ice Age”. 

The uppermost part of the core consists of laminated sediments, and by counting the laminations it 
is clear that the area has suffered from hypoxia for about 110 years. This is interpreted as a result of the 
big changes in the agricultural landscape that occurred around that time. Further up in the core a change 
in the diatom assemblage from being dominated by benthic taxa, to planktonic, indicates more turbid 
water and poor visibility. This is probably a result of the opening of the nearby sewage treatment plant, 
Himmerfjärdsverket, in the mid 1970´s. The upper layers indicate no improvement in the water quality, 
rather a more turbid and overloaded situation. This study could be a part of the process of determining 
what “good environmental status” in the Baltic Sea means, and therefore be at help when monitoring 
future environmental work in the area. 
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Sammanfattning 
 
Kaggfjärden är en vik i norra delen av Himmerfjärden, Stockholms södra skärgård. I november 2011 
togs fyra sedimentkärnor i fjärden, två av dessa kärnor analyserades sedan med avseende på 
kiselalgsarkivet och litologin. Terrestra makrofossil funna i kärnorna daterades med Kol-14 metoden. 
Syftet med studien var att genom att studera kiselalgsarkivet upptäcka och datera miljöförändringar i 
Kaggfjärden. Dessa miljöförändringar tolkades sedan i termer av klimatförändringar och/eller mänsklig 
påverkan.  

Resultaten visar att materialet i den nedre delen av kärnan är c:a 6300 år, alltså från Littorinahavet, 
en både varmare och mer marin period i Östersjöns historia. Dessa nivåer domineras av den typiska 
Littorinaarten Pseudosolenia calcar-avis (Schultzee). Både kiselalgsarkivet och litologin indikerar att 
till exempel erosion eller icke-sedimentering har orsakat en lagerlucka. Detta gör att flera tusen års 
sedimentation saknas i sedimentkärnan. Nivåerna som följer direkt på de från Littorina är från 1400-talet 
och indikerar ett större siktdjup och mindre utbredning av syrebrist på botten än idag. Dessa nivåer är 
sedimenterade under den s.k. Lilla Istiden.  

Den övre delen av kärnan består av laminerade sediment. Genom att räkna lamineringarna drogs 
slutsatsen att området har lidit av syrebrist i ungefär 110 år. Detta tolkas som en konsekvens av de stora 
förändringar i jordbrukslandskapet som ägde rum kring förra sekelskiftet. Längre upp i kärnan sker en 
förändring i kiselalgssammansättningen från att ha varit dominerad av bentisk taxa till att domineras av 
planktonisk taxa. Detta indikerar mer grumligt vatten och därmed sämre siktdjup vilket antagligen är ett 
resultat av det närliggande Himmerfjärdsverkets öppnande i mitten av 1970-talet. De övre nivåerna visar 
inte någon förbättring i vattenkvalitén, snarare en ännu mer övergödd miljö. Denna studie kan vara en 
del i processen att bestämma vad ”god miljöstatus” innebär för Östersjön. Därmed kan studien vara till 
hjälp vid framtida miljöarbete i Östersjöområdet. 
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Introduction 
 
The Baltic Sea is one of the largest brackish-water bodies in the world. It is also one of the earth’s 
youngest and most changing seas (Bernes 2005). It is surrounded by a big catchment area and the Baltic 
Sea is a heavy polluted basin that suffers from eutrophication. Several factors contribute to make the 
Baltic Sea extremely sensitive for disturbances, e.g. the big catchment area, its northern location and the 
fact that the basin is almost separated from the ocean. This poor connection with the North Sea gives the 
basin a low salinity and contributes to the forming of a halocline (Bernes 2005). The salinity varies 
between 0.5 in the northern Bothnian Bay and 35 in Skagerrak along a salinity gradient of 2000 km, 
which is the world’s longest (Snoeijs and Weckström 2010). Water exchange with the North Sea occurs 
through Little Belt, Great Belt and Öresund, all narrow straits with shallow sills, where irregularly 
inflows of oxygen-rich marine water occur. These so called Major Baltic Inflows are driven by 
variations in the air pressure gradient which causes sea-level differences (Elken and Matthäus 2008). 
Since the 1970s both the frequency and intensity of the Major Baltic Inflows have decreased, and over 
the last decades only a few have occurred (Elken and Matthäus 2008).  

It is important to understand human impact on the Baltic Sea environment in order to draw 
reasonable guidelines when setting the agenda for the environmental work in the area. According to 
EU´s Water Framework Directive, by 2012 all member states will need to make preliminary 
assessments of Europe’s seas by determining the characteristics of good environmental status. Pristine 
nutrient conditions of the Baltic Sea, i.e. before human impact, are not known as the environmental 
monitoring started in the 1970’s at the best. Therefore paleoecological studies of sediment cores from 
the Baltic Sea can increase the knowledge on background nutrient conditions and the timing of when 
changes started. Also, by looking at how the Baltic Sea environment has responded to climate change in 
the past, we can better understand the present climate warming and maybe even predict some 
consequences of it.  

There is an ongoing debate about when anthropogenic impact first started to affect the Baltic Sea, 
and to what extent it is the climate or the human induced eutrophication that has increased the 
distribution of hypoxia (Andrén et al. 2000a; Virtasalo 2010; Voss 2010; Zillén 2008, 2010). Studies of 
environmental changes in the Baltic Sea using diatom analysis have mostly been limited to the open 
Baltic proper (e.g. Andrén1999, 2000) where it is easy to obtain continuous sediment stratigraphies and 
thus a more regional development can be studied. Coastal areas, and especially areas affected by 
isostatic uplift, are a much more dynamic environment and therefore it is more likely that these areas are 
affected by erosion or resuspension (Jonsson 2003). Nevertheless it is important to study the coastal 
areas to determine when human impact started to affect the Baltic Sea. This human impact, driven from 
land, should be detectable in the coastal areas first, before showing as disturbances in the deeps of the 
Baltic basin.   

The aim of this study is to identify and date changes in the environment of Kaggfjärden, by using 
the diatom stratigraphical record. Furthermore, detected environmental changes will be interpreted in 
terms of climate change and/or anthropogenic impact. 
 
 

Background 
 

Holocene history 
 
The last deglaciation of the Baltic basin began 17 000 – 15 000 calendar years before present (cal yr BP) 
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and ended around 11 000 – 10 000 cal yr BP (Björck 2008). Since the deglaciation the Baltic Sea basin 
has undergone many phases driven by climate change. The gradually melting ice sheet was followed by 
isostatic land uplift, which in turn affected the sills controlling the inflows of marine water. Therefore 
the exchange of water with the world oceans has varied greatly and led to a changing salinity throughout 
the Holocene history of the Baltic Sea (Björck 1995, 2008).  

In front of the melting ice sheet a proglacial lake was developed, the Baltic Ice Lake (Björck 
2008). This lake was dammed 25 meters above sea level until around 11 600 cal yr BP when the ice 
sheet melted from the north tip of mount Billingen (Andrén et al. 2002). The following weakly brackish 
water phase is called the Yoldia Sea and lasted for about 900 years until 10 700 cal yr BP when, due to 
isostatic uplift, the inlet through middle Sweden was closed. Yet another enclosed freshwater lake was 
formed, the Ancylus Lake. When the sea level-rise in the world oceans caught up with the isostatic 
uplift in the south of Sweden, marine water could enter the basin. This happened around 9800 – 7500 cal 
yr BP and was the beginning of the Littorina Sea (Andrén et al. 2000b; Björck 2008). This stage was the 
most marine phase in the history of the Baltic Sea, but there are different opinions about just how saline 
it really was. Some believe that the surface water had a salinity of around 15 where it is now 7-8, while 
newer research indicates the salinity being only 4‰ higher than today (Westman et al. 1999; Andrén 
2004). The inflows of marine water peaked 7500 – 6000 cal yr BP when the water depth in the threshold 
areas was deeper due to a high eustatic sea level (Berglund et al. 2005). At that point the melting of the 
great ice sheets had almost ceased, and because of the isostatic uplift in the area the Danish sounds 
became more and more shallow, and eventually the inflows and thus the salinity became more like the 
Baltic Sea of today (Björck 2008; Bernes 2005). This gradual transition was time transgressive and 
occurred somewhere between 3000 – 1000 cal yr BP at different locations within the basin (Andrén 
2000a).  
 

The biology and use of diatoms 
 
Diatoms can be found in almost all aquatic environments, often in high abundance and species diversity 
(Julius and Theriot 2010). They vary in size but the general range is 2-200µm (Snoeijs et al. 1993-
1998). The diatoms stand for one fifth of the world’s total primary production and are closely related to 
brown algae, with which they form the group heterokonta (Björn and Cronberg 2010). There is an 
ongoing debate about where to put the heterokonts in the evolutionary tree. The most accepted 
suggestion is that they, together with e.g. dinoflagellates, ciliates and haptophytes, belong to the group 
chromoalveolates (Campbell and Reece 2008; Julius and Theriot 2010). Diatoms are considered to have 
a last common ancestor around 200 million years ago (Björn and Cronberg 2010; Julius and Theriot 
2010). 

Diatoms are known for their sensitivity to environmental changes and are used both for 
monitoring water quality and to reconstruct environmental and climate change through time (e.g. 
Batterbee 1986; Julius and Theriot 2010). A diatom assemblage can for example indicate changes in 
salinity, pH, temperature, ice cover, water depth and nutrient concentrations (Batterbee 1986; Birks and 
Koç, 2002; Snoeijs and Weckström 2010). The siliceous outer shell of the diatom cell, called the 
frustule, is in most cases all that is needed for species identification. Diatoms are extremely diverse and 
their frustules accumulate in high concentrations in sediments where they are being preserved. This 
together with the fact that they can be identified to species level is what makes them good 
paleoecological indicators (Batterbee 1986). But to be useful in paleoenvironmental studies it is 
important to take into consideration that the quality of frustules preservation is affected both by physical 
processes (e.g. erosion, resuspension and currents) and biological (e.g. bioturbation and grazing), and 
also that the degree of dissolution may vary between different diatom taxa and throughout a diatom 
stratigraphy (Snoeijs and Weckström 2010).  

The diatom assemblage in the Baltic Sea consists of a mixture of freshwater and marine Atlantic 



 7 

species. Brackish diatom taxa can roughly be divided into two affinity groups; marine affinity taxa and 
freshwater affinity taxa. There are almost no diatoms with a true brackish water distribution, only a few 
small genera (Snoeijs and Weckström 2010). Many marine organisms that have adapted to the low and 
stable salinity in the Baltic Sea have an exceptionally low genetic variability (Johannesson and André 
2006). This is probably also true for the diatoms in the Baltic Sea (Snoeijs and Weckström 2010). 
 

Area of investigation 
 
Kaggfjärden is located in the southern archipelago of Stockholm, Sweden (Figures 1 and 2). It is a semi-
enclosed bay in the north of the Himmerfjärden estuary, connected to it with a narrow strait with a 
shallow sill of about 12 meters. The surrounding areas consist of small villages (Kagghamra, Sibble and 
Vårsta), woodland and arable land (Salonsaari 2009). Both Himmerfjärden and Kaggfjärden are 
surrounded by heights that descent abruptly into the water. In the south-east part of the area there is a 
glaciofluvial deposit, and because of its height this area was also above sea level as early as 7000 years 
ago, then appearing as small islands (Sund 2010). The surrounding areas flatten out in the north of 
Kaggfjärden and the sea bed does the same. The deep where the samples used in this study were 
sampled is located close to the strait in the south of Kaggfjärden (Figure 2). 

The salinity in Himmerfjärden is about 0.5 lower than in the open sea outside the estuary which is 
about 6-7 (Elmgren 1997). In Kaggfjärden there is an indication of a weak halocline at 15-20 meters 
water depth. The oxygen conditions at the sea bottom are severe; oxygen deficiency occurs and 
phosphorus is periodically being released from the sediments. The bay is affected by discharge of both 
nitrogen and phosphorus from the surrounding areas and probably also from the sewage treatment plant 
Himmerfjärdsverket, located about 5 kilometers downstream from Kaggfjärden (Salonsaari 2009).  

In the Baltic Sea large fluctuations have occurred through time concerning water temperatures and 
distribution and duration of sea ice. The trend for ice distribution over the last century is falling. Since 
1990 only four winters have been estimated as severe by SMHI; 1995-96, 2002-03, 2005-06 and 2009-
10 (Grafström et al. 2009).   

 

 
Figure 1. The location of Kaggfjärden in the Baltic Sea.  

Figure 2. The location of the sampling stations marked as red 
dots on the map.  

© Lantmäteriet Gävle 2011. Medgivande I 2011/0097 
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Methodology 
 

Sampling 
 
Four sediment cores were sampled in November 2010 from R/V Limanda (Table 1). Three 1 meter 
cores were sampled with a gravity corer (Kagg1-3) and one 3 meter long core, Kagg4, was sampled 
using a piston corer. The plastic liner of the piston core was cut into 1 meter pieces and divided 
lengthwise on the jetty outside the Askö laboratory. One gravity core, Kagg3, was sub-sampled into 1 
cm slices in the laboratory and then transported in plastic bags to Södertörn University where it was 
stored in a cold room together with the other cores, waiting for later analysis.  
 
 

Diatom preparation and analysis 
 
The gravity core Kagg3 was selected for diatom analysis. Small amounts were sub-sampled and put in 
beakers. 10% HCl was added to remove metal salts and carbonates, and 30% H2O2 for the oxidation of 
organic matter. The beakers were then gently heated, special attention needs to be taken just as they 
reach the boiling point, as the samples easily boil over. When all the samples boiled calmly the beakers 
were left to boil on the hotplate until all organic matter had been removed (approximately 2 hours).  

To reduce minerogenic matter i.e. clay particles, a physical method was used. Deionized water 
was added and the fact that diatoms and coarser mineral particles sediment faster than smaller particles 
were used when the clay particles were decanted after two hours. This procedure was repeated 9 times 
whereof one time in a dilute ammonium hydroxide solution (0.5ml 25% NH3 in 1 L water). The samples 
are clean from clay particles when the water is clear. Small amounts of the samples were then suspended 
in water and thoroughly mixed. Two different concentrations were prepared for each sample, this to 
increase the chances of having a sample to analyze with an, for counting, appropriate amount of valves 
on the coverslips. A pastourpipette was used to carefully drop approximately 0.2 ml of the suspension 
on to the coverslips, which had been cleaned in alcohol and then carefully dried with a piece of paper. 
The coverslips were then left in room temperature for about 24 hours allowing the water to evaporate 
and the diatoms to settle. They were then permanently mounted using Naphrax™ for high refractive 
index.  

Throughout the 76 cm long core approximately every third cm was analyzed starting with the 
lowest level, 75-76 cm. Altogether 26 levels were analyzed and approximately 300 valves were counted 
at each level. Most of the valves were only determined to genus, but some species, known to indicate 
e.g. sea ice, eutrophication or salinity were distinguished. The analysis was carried out with a light 
microscope at a magnification of x1000 using oil immersion. The floras used for identifying the taxa 
were: Cleve-Euler (1951); Hustedt (1930); Krammer and Lange-Bertalot (1986-1991); Snoeijs et al. 
(1993-1998).  

A diagram was constructed using the program C2 Version 1,6 (Juggins, S.) including all taxa with 
a relative abundance of more then 2% at any level. The taxa was sorted and plotted with regard to their 
first appearance. All counted taxa were also separated as either planktonic or benthic (benthic being all 
other than the planktonic) based on their life form. Chaetoceros spp. resting spores were excluded from 
the basic sum, but also their relative abundance was calculated from the sum of all counted taxa. 
 

Lithology 
 
Due to the fact that the core used for diatom analysis, Kagg3, was sliced already at Askö laboratory, the 
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parallel core labelled Kagg1 was used for the lithological description. Before slicing up Kagg3 it was 
noticed that the two cores appeared almost identical. 

The sample was carefully pushed out from the plastic tube and then scraped horizontally. The 
lithology was described and sediment type and colour were determined. The laminations of the upper 
sediment sequence were counted.  

No analyzes of the samples content of organic carbon were made. The sediment type was 
determined by visual examination.  
 

Dating, Carbon -14 
 
In the core labelled Kagg3 several levels that appeared to contain macrofossils were wet sieved using a 
0.25 mm mesh. After studying the lithology of the core labelled Kagg1 the interval of 58-63 cm was 
sieved in the search for macrofossils. In Kagg3 level 65-66 cm were chosen for dating, in Kagg1 
retrieved material from the whole interval 58-63 cm were needed to collect enough amount carbon to 
date. The macrofossils were then sent to “Lund University Radiocarbon Dating Laboratory” for 14C 
analysis. 
 
 

Results 
 

Sampling 
 
The piston corer, Kagg4, was initially meant to be used for the diatom analysis. The hope was to get a 
continuous 3 meter long sample that would reflect environmental changes in the area the last 1000-2000 
years. The gravity cores were meant to complement the piston core, as the top layer often is disturbed or 
missing when sampled with a piston corer. But when the sample was opened and analyzed it was clear 
that the weights on the piston corer had not been enough to penetrate the sandy sediment down to 3 
meters. The retrieved sample was about 150 cm and had been torn apart in the plastic liner. At the 
bottom sand and gravel (probably resuspended from the nearby glaciofluvial deposit visible on the 
geological map) was found and this layer is probably what stopped the piston corer. Additionally at least 
77 cm was missing at the top of the sample.  
 
Table 1. The coordinates and water depth at the four sampled stations.  

 
Station label 
 

 
Water depth 

 
Coordinates  

Kagg1 
 

38.9 m N 59° 05,111’        
E 17°44,582’ 

Kagg2 23.9 m N 59° 05,612’ 
E 17° 45,408’ 

Kagg3 38.9 m N 59° 05,112’ 
E 17° 44,596’ 

Kagg4 37.1 m N 59° 05,099’ 
E 17° 44,601’ 
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Dating  
 
By working with laminated sediments one can be sure that the sample is continuous and undisturbed. 
Therefore laminated sediments are the optimum tool when working with chronology in the Baltic Sea 
(Andrén 1999). In both cores, Kagg1 and Kagg3, laminated black clay-gyttja occurred from the top and 
down to about 52 cm. The laminations were counted as annual (Savage et al. 2003) to 110 ± 10 years. 
This means that in general 0.5 mm material per year has been deposited during the last 110 years.  

In Kagg3 the sieved level of 65-66 cm contained a leaf, probably from Alnus sp. (Figure 3). In the 
core labelled Kagg1 a seed from the plant Carum carvi was found (Figure 4). When dating organic 
material by using Carbon-14 it is always favourable to date terrestrial material; this due to the so called 
reservoir effect, which makes the organic material produced in the ocean appear older than organic 
material derived from land (Dumond and Griffin 2002).  

In level 65-66 in Kagg3 a 14C age of 5505 ± 55 years BP (present being 1950) was recorded. In the 
interval of 58-63 in the core labelled Kagg1 a 14C age of 540 ± 50 years BP was obtained. To calibrate 
this to calendar years the online program OxCal v3.10 was used (Bronk Ramsey 2005). The calibrations 
resulted in an age of approximately 6300 cal yr. BP for the leaf in Kagg3, and an approximate age of 
550 cal yr. BP for the seed in Kagg1.  
 
 

Figure 3. Pieces of the leaf found in Kagg3, cf. Alnus sp.  Figure 4. The seed found in Kagg1, Carum carvi 
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Lithology 
 
 
Table 2. The lithology of Kagg3. 

 
Kagg3, gravity corer 
(based on the studies of 
Kagg1) 
 

 
Retrieved sample: 76 cm 

0-52 cm  
 

Laminated black clay-gyttja: The top layer contained a lot of water 
and was therefore was very loose. Further down in the core the 
sediment became more consolidated. The laminations consisted of a 
light-coloured layer (spring-layer) with a dark-coloured layer on top 
of it. The laminations were approximately 0.5 cm thick.  
 

52-56 cm  
 

Very weakly laminated black clay-gyttja. 

56-62 cm 
 

Homogeneous greyish-greenish brown clay-gyttja. 
 

 Gradual transition to:  
 

62-63 cm  Homogeneous sandy silty layer. 
 

63-76 cm  Homogeneous greenish gray clay-gyttja. Tilted brown banding 
occurs. 
 

 
 
Table 3. The lithology of Kagg4. 

 
Kagg4, piston corer 
 

 
Retrieved sample: 147 cm 

0-11 cm  
 

Slightly laminated clay-gyttja. 
 

11-12 cm  Gradual transition to: 
 

12-47 cm  Greenish brown clay-gyttja. Throughout this level small pieces of 
macrofossils were noticed.  
 

47-52 cm  Sandy layer. 
 

52-140 cm  Brownish grey silty clay, probably glacial. 
 

140-147 cm  Sand and gravel. 
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The diatom record 
 
The major changes in the biostratigraphy of the core labelled Kagg3 (Figure 5) are as follows: 
The lowermost part, Zone1, is mostly dominated by Pseudosolenia calcar-avis (Schultzee); at level 72-
73 cm they represent more than 50% of all the counted taxa. Together with Hyalodiscus scoticus 
(Kűtzing), Rhabdonema arcuatum (Lyngbye in Hornemann), Rhabdonema minutum (Kűtzing), 
Cocconeis placentula (Ehrenberg) and Ardissonea crystallina (Agardh) it appears at these lowermost 
levels (76-62 cm) and are not to be seen again further up in the stratigraphy. Also Cocconeis scutellum 
(Ehrenberg), Tabularia spp. and Thalassiosira hyperborea var. lacunosa (Berg) show a high relative 
abundance in these levels in comparison with the upper ones. Zone1 is also characterised by a rather 
high relative abundance of Chaetoceros spp. resting spores, which shows a distinct decrease between 
level 62-63 and 59-60 cm.  

Zone2 starts with a peak of Epithemia spp.; at level 59-60 they represent almost 40% of all 
counted taxa. Several taxa appear in Zone2 and Zone3 that are not to be found at all in the levels 
beneath it, for example: Cymbella spp., Mastoglia spp., Rhopalodia spp., Fragilaria spp., 
Stephanodicus cf neoastrea (Håkansson and Hickel) and Rhoicosphenia curvata (Kűtzing ) (although 
this species occurs with about 1% in level 62-63). Both Melosira spp. but especially Aulacoseira spp. 
show an increase in their relative abundance in Zone2. Chaetoceros spp. resting spores have a low 
relative abundance in Zone2 and Zone3. The relative abundance of Thalassiosira baltica (Grunow) also 
starts to increase after level 62-63 cm.  

In Zone4 the taxa changes from being dominated by benthic taxa to planktonic. This coincides 
with an increase in the relative abundance of Chaetocuros spp. resting spores. Thereafter planktonic taxa 
decreases and then once again increases to dominate all the levels in Zone5.  

The lowest level of Zone5 shows a peak in the relative abundance of Melosira spp. All Melosira 
species were lumped together, but it was noted that these peaks mostly consisted of Melosira arctica 
(Dickie). Pauliella taeniata (Grunow) appears for the first time in level 15-16 cm and then fluctuates in 
the upper levels. Thalassiosira eccentrica (Ehrenberg) peaks in level 12-13 cm and Thalassiosira 
baltica in level 6-7 cm. Cyclotella choctawhatcheeana (Prasad) peaks in the second level, 3-4 cm, 
together with Pauliella taeniata. The uppermost level is dominated by Melosira spp., and this is also 
where the relative abundance of Chaetoceros spp. resting spores peaks. In the uppermost layers the 
planktonic taxa reaches its all time high with a relative abundance of 93%. This is also where the ice 
favoured species Fragilariopsis cylindrus (Grunow) appears for the first time.  

The graphs showing the planktonic and benthic taxa contain changes throughout the 
biostratigraphy. Zone1 is dominated by planktonic taxa, but they suffer a decrease and the levels above 
are dominated by benthic taxa until level 24-25 cm. At this level the planktonic taxa suddenly increases, 
but this only lasts for one level. Between the levels 18-19 and 15-16 the diatom assemblage once again 
shifts to being planktonic dominated and this trend then increases in the upper layers. In the top layer the 
planktonic taxa represents more than 93% of all counted taxa.  
 
 

Environmental interpretation and discussion 
 

Warmer and more marine conditions during the Littorina Sea stage   
 
The radiocarbon dating shows that the lower part of the sediment core, Zone1, was deposited around 
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6300 cal yr BP, which corresponds to a time when the inflows of marine water peaked during the 
Littorina Sea (Björck 2008). In this area where the salinity today is 6-7, it might have been around 10-12 
at that time (Westman et al. 1999). The high salinity can clearly be seen when looking at the diatom 
record, at these levels dominated by Pseudosolenia calcar-avis. This planktonic species is not found in 
the Baltic Sea today, but only fossil in sediments from warmer and more marine phases of the Baltic Sea 
(Snoeijs 1993). A great abundance of this species also indicates a greater water depth which corresponds 
well to the fact that the water level in this area was about 30-40 meters above today’s level (Sund 2010).   

Until 1500-2000 years ago Kaggfjärden had an opening that connected the bay over the lowermost 
topographic parts of Näslandet to Hallsfjärden in the West (today the inlet to Lake Mälaren, Figure 1) 
(Sund 2010). Due to glacio-isostatic uplift of the crust, the environmental history in the investigated area 
has been very changeable and when the strait was closed it must have had a major effect on the water 
movements in the area. The topographical map shows that the heights are as high as 50 meter above sea 
level right next to Kaggfjärden. This means that these heights have been above sea level for at least 
7000 years; around that time they appeared as islands surrounded by water. Many species, except 
Pseudosolenia calcar-avis, found from that time are not planktonic but benthic; e.g. Hyalodiscus 
scoticus, Rhabdonema arcuatum, Rhabdonema minutum, Cocconeis placentula and Ardissonea 
crystallina. By looking at this diatom assemblage it seems clear that the area was not too far away from 
the coast or islands. The paleogeographical maps constructed by Sund (2010) confirm this 
interpretation.  

At the time when the sediment of Zone1 was deposited, the area was further away from the 
mainland then it is today. The water depth was greater and the bottoms were probably accumulation 
bottoms. As the water depth was reduced due to the glacio-isostatic uplift, the seabed became within 
reach of the waves. When the strait connecting Kaggfjärden to Hallsfjärden was still open, the water 
currents might have been so strong that no sediment accumulated on the sea bottom. If the currents are 
too powerful no major sedimentation can occur, possibly only of heavier particles as gravel or sand. It is 
also very likely that already settled material could be resuspended when the water depth is decreasing. 
This is probably what caused the hiatus between the levels 62-63 and 59-60 cm in the stratigraphy, 
between them several thousands of years are missing. When the Näslandet strait was closed 
approximately 1500 years ago the water movements must have slowed down and finer sediments could 
start to accumulate on the sea bed.  
 

The more oxic and less turbid conditions of the 15th century – the result of a cooler 
climate or the plague? 
 
The layer of homogeneous greyish-greenish brown clay-gyttja, Zone2, just above the sandy silty layer 
proved to have an age of approximately 550 cal yr BP. With present being 1950 this means that these 
levels are from the 15th century. This interval showed no laminations and thus it is likely that the area at 
that time did not suffer from hypoxia to the same extent as it has the last century.  

At these levels the relative abundance of Epithemia spp. peaks. The species of this genus are 
epiphytes, i.e. they live attached to plants. The great relative abundance of epiphytic species shows that 
the studied area was close to shore at that time. Furthermore a high relative abundance probably also 
indicates clear water and greater visibility resulting in deeper colonization of submersed aquatic 
vegetation (Tolstoy and Österlund 2003).  

These levels indicating oxic conditions and greater visibility coincide with the so called Little Ice 
Age. This period is characterized by cold winters, less nutrients coming from less agriculture and a 
reduced distribution of hypoxia in the Baltic basin (Zillen et al. 2008). The onset of the Little Ice Age 
was in the 14th century and is thought of to have ended in the 19th century. Zillen et al. (2008) propose 
that this reduced distribution of hypoxia in the Baltic Sea was not only climate-induced, but was in fact 
also a result of a decreasing human population due to the plague. They propose that human impact on 
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the bottom-conditions in the Baltic Sea started as early as 750 AD, around the onset of the Medieval 
Warm period when the distribution of hypoxia was widespread in the open Baltic Sea. But they also 
recognize that more increased distribution of hypoxia corresponds to increased salinity and increased 
productivity in a warmer climate, and therefore more oxic conditions correspond to a weakening of 
these two mechanisms. Zillen et al (2008) draw these conclusions about early human impact based on 
analyzes of cores sampled in the open Baltic Sea. If they are right and human impact on the oxygen 
conditions in the Baltic basin started as early as 1500 years ago, the coastal areas should be the first to 
be affected. Therefore it is crucial to examine the history of the coastal areas more thoroughly, and 
although this study gives us a hint, a more continuous sample would give much more information.  

Due to the fact that it is only a couple of centimetres between the 14C-dating of 550 cal yr BP and 
where the laminations start, it is likely that the sample contains yet another hiatus. This does not show as 
a sandy layer in the lithology as the previously hiatus did, but by looking at the diatom record it is a 
reasonable guess that something is missing between the levels 56-57 and 53-54 cm. Thereafter the 
relative abundance of Epithemia spp. suddenly decreases while the species Rhoicosphenia curvata 
increases, indicating changed conditions in the water. 
 

Agricultural changes around the year 1900 reflected as laminated sediment deposits 
 
The laminated sediments in the uppermost part of the core (Zone3, 4 and 5), show that this area has 
suffered from hypoxia for about 110 ± 10 years. At the end of the 19th century the agricultural landscape 
in Sweden changed drastically, due to a rapidly increasing population. Lakes were lowered and wetlands 
were drained in the hunt for new land to cultivate (Bergil et al. 2004). Between the years 1865-1935, the 
total cropland increased by 60 % (Bernes 2005). The watercourses of the agricultural landscape were 
straightened out to increase the runoff. This, in combination with an increasing use of fertilizers, led to 
more nutrient leakage (Bergil et al. 2004).  

The catchment area of Kaggfjärden is about 125 km², which means that the area of Kaggfjärden is 
approximately 2.8 % of the total catchment area. The catchment area contains 12 lakes whereof 8 have 
been drained (Salonsaari 2009). It is clear that this area is highly influenced by the big changes in the 
agricultural landscape that occurred around the year 1900. The laminated sediments found to reflect the 
last 100-120 years are interpreted as a result of these changes.  
 

Himmerfjärdsverket and the eutrophication of Kaggfjärden 
 
From where the laminations start and up to level 32-33 cm the diatom record shows no major changes. 
But between this layer and 27-28 cm there is a shift from a diatom assemblage being dominated by 
benthic taxa to planktonic taxa. Considering the sedimentation rate this happened sometime in the 
1950´s. It is hard to say what caused this change; it could be a change in the agriculture, e.g. an 
increased use of fertilizers in the 1950´s, resulting in more nutrient leakage and more turbid water. 
Another study from Kaggfjärden, but also from other coastal areas have shown that nitrogen load 
increased in the 1950´s due to an increased use of fertilizers (e.g. Savage et al. 2003; Clarke et al. 2006) 
But this shift in life form dominance could also be explained by the fact that in this study all Melosira 
species were lumped and counted as one, even though they differ in their way of life (Snoeijs et al. 
1993-1998). A change in the Melosira spp. taxa from being dominated by planktonic to benthic species 
would not be detectable in this study. But due to the fact that this type of change in the diatom 
assemblage probably would result in a decrease of the other benthic taxa, it would appear as a decrease 
in the overall benthic taxa. In future studies it is therefore favourable to separate the different species of 
the genus Melosira. 

Between the levels 18-19 and 15-16 cm, which represent the mid 1970´s, considerable changes 
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occur. It starts with a peak in the relative abundance of Melosira spp. which coincides with an abrupt 
decrease of Epithemia spp. to around 5 % and decreasing. Also the epiphytic species Rhoicosphenia 
curvata suffers from an abrupt decrease. This clearly indicates poor visibility in the water column which 
could be a result of human-induced eutrophication.  

These big changes in the mid 1970´s most probably are a result of the opening of the nearby 
sewage treatment plant Himmerfjärdsverket in 1974. At that time around 90 000 people were connected 
to it. In 1985 the plant expanded from 160 000 to 235 000 connected people (Elmgren and Larsson 
1997). From this study it seems clear that the treatment plant have had a major impact on the 
environment of Kaggfjärden. This is consistent with Salonsaaris (2009) report which states that most 
likely the treatment plant stands for a substantial part of the nutrient overload in Kaggfjärden.   

Kaggfjärden does indeed suffer from major eutrophication problems (Salonsaari 2009). In 1993 
Gunnar Aneer (Aneer 1996) did an inventory of the hydrography and seabed fauna in Kaggfjärden and 
the adjacent Mörkarfjärden. The secchi depth was measured several times; it was never more than 3 
meters. During the summer bloom in July that year, the secchi depth had decreased to only 1.8 meters. 
To compare, the variation over the same year at the measuring station located outside the Askö 
laboratory was 4 to 14 meters (Aneer 1996).  

According to Snoeijs (2010) the species found in the investigated diatom stratigraphy that could 
indicate cold winters and sea ice are: Pauliella taeniata, Thalassiosira baltica, Thalassiosira 
hyperborea var. pelagica and Fragilariopsis cylindrus. Pauliella taeniata is a species that seems to be 
indicating sea ice especially well. Unfortunately it is also weakly silicified (Andrén 1999) and therefore 
it is hard to determine why the relative abundance in Kagg3 peaks in the upper layers. This assemblage 
in the upper layers could be an indication of 2009-2010´s long winter and sea ice. But it could also be 
that this species has not been preserved in the lower layers, although in this study there is really no 
reason to suspect this. Laminated sediments where no bioturbation has occurred should give a well-
preserved diatom assemblage. Fragilariopsis cylindrus, on the other hand, is a heavy silicified species, 
and why this does not occur at all until the top layer is a larger enigma.  

There are no species that are definite indicators of eutrophication (Snoeijs and Weckström, 2010). 
Nonetheless have Cooper (1995) and Weckström (2006) suggested Cyclotella choctawhatcheeana as a 
possible indicator. Between January 2007 and November 2008 the nitrogen reduction step in the sewage 
treatment plant in Himmerfjärden was put on hold. The aim was to study if this would reduce the 
blooming of the toxic cyanobacteria Nodularia spumigena. This experiment clearly impaired the 
visibility at least in Himmerfjärden (Larsson, 2009). The sudden increase of Cyclotella 
choctawhatcheeana in level 3-4 cm could be interpreted as an indicator of eutrophication caused by this 
increased amount of nitrogen from the treatment plant. But it could also be that eutrophication causes 
more turbid water and more nutrients (phosphorus generated by cyanobacteria), hence the total 
production of pelagic (maybe especially small sized) diatoms increases (Weckström and Juggins, 2005; 
Andrén et al. 1999). Other species found in Kagg3 that might indicate eutrophication are: Thalassiosira 
baltica, Actinocylus octonarius var. crassus, Thalassiosira hyperborea and Thalassiosira levanderi 
(Snoeijs and Weckström, 2010).  

The change in the diatom assemblage from being dominated by benthic taxa to planktonic taxa  
persists and increases in the upper layers, indicating that the water quality has not improved, but rather 
become more turbid which is in line with other studies, e.g. from Finnish coastal waters (Weckström 
2006). Weckström (2006) also points out the complexity of biological communities; decreasing the 
nutrient loading may not be enough to switch the diatom community back to being dominated by 
benthic taxa. Internal loading of nutrients from the sediments and the fact that macro algae cannot 
recolonise in too turbid waters are factors that may prevent a shift in dominance (Weckström, 2006). 

For future studies it would be of greatest interest to find a continuous sediment stratigraphy, e.g 
for studying the transition between the medieval warm period and the Little Ice Age in coastal setting 
which Zillén et al (2008) are discussing in their paper. When doing similarly studies in coastal areas it is 
important to understand the difficulty in retrieving a continuous sediment core. Accurate studies of 
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geological maps need to be done, and a survey using seismic and acoustic profiling might be necessary 
to find the right place for sampling.  

This study has shown that environmental changes in the past (both old and recent events) are 
highly detectable by studying the diatom stratigraphical record. This should certainly be a tool when 
trying to determine what “good environmental status” means as used within the EU Water Framework 
Directive. Additionally these small changes in the diatom assemblage could be used as an early warning 
signal that something is changing in the environment. 
 
 

Conclusions 
 

• The diatom record from the lower levels indicates a warmer climate and more marine conditions, 
as well as a greater water depth. These conditions are typical for the Littorina Sea stage and this 
is confirmed by the radiocarbon dating of 6300 cal yr BP.  

• Both the lithological studies and the diatom record show that great water currents, erosion or 
resuspension has caused a hiatus in the sediment core possibly due to the paleogeographical 
history. 

• By studying the lithology of the levels representing approximately 550 cal yr BP, i.e. the 15th 
century, it can be concluded that around that time the area did not suffer from hypoxia to the 
same extent as today. The diatom record indicates a greater visibility and less turbid water than 
today. This coincides with the early stages of the Little Ica Age, which is characterized by these 
factors. 

• The uppermost layer, consisting of laminated black clay-gyttja, shows that this area has suffered 
from hypoxia for about 100-120 years. This can be explained by the great changes in the 
agricultural landscape that occurred at that time. 

• A shift in the diatom taxa being dominated by benthic taxa to planktonic indicates more turbid 
water, most likely caused by the opening of the nearby sewage treatment plant, 
Himmerfjärdsverket, in the mid 1970´s. 

• The dominance of planktonic taxa has only increased in the upper layers, which indicates no 
improvement in the water quality; but rather a more turbid and overloaded situation.  
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