
 

Master thesis, 60 hp 

Master thesis in Earth Science, 60 hp 
 Vt 2018 

 
 
 

 
 
 

Environmental change during 
the Holocene  

 
A comparative multi-proxy study of 

landscape disturbances in northern Sweden 
 

Mégane Capel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Abstract 
 
Varved lake sediments were used to provide information on how a landscape is affected by 
disturbances of different scales, from global (i.e. climatic) to local (i.e. fires), as well as 
anthropogenic activities. Geochemical and pollen data, biogenic silica (bSi), lake-water total 
organic carbon (LWTOC) and chlorophyll a were used as proxies to infer past changes in lake-
conditions. The goal was to evaluate the response to scale different disturbances and how it 
differs among sites. By comparing different lake records, it became possible to isolate the 
climatic signal from the effect of soil development and vegetation establishment, and 
differences emerging from different catchment characteristics. Climatic trends were 
reconstructed based on the pollen and geochemical data. The sediment records were then 
compared to identify the effect of each disturbance on individual lakes. One of the most 
prominent event observed was the immigration of spruce at about 3000 BP which considerably 
affected sedimentation trends. The presence of spruce within the catchment appears to 
promote the input of fine-grained material to the lakes. The timing and intensification of 
anthropogenic activities was established and it was possible to differentiate the effects of 
human disturbance from changes caused by natural processes such as climate or landscape 
vegetation cover changes. The results show that farming practices started earlier in more 
southern locations and that this timing is site-dependent. Two phases were identified, 
corresponding to the start of slash and burn farming and later to the expansion of agricultural 
practices, with a more profound transformation of the landscape. 
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1. Introduction 
1.1. Background 
The Holocene is characterized by high climatic variability. One of the most prominent climatic 
features of the Holocene, is a period called the Holocene Thermal Maximum (HTM) which 
lasted from about 9000 to 4800 years BP, and was followed by a progressive cooling trend 
characterized by high climatic variability (Seppä et al., 2009). In the last 5000 years, 
centennial-scale variations in oceanic and atmospheric circulation patterns in the North 
Atlantic region caused cold and warm anomalies, as well as, changes in humidity (Seppä et al., 
2009). After 3500 BP, a shift to cold and moist conditions led to a major vegetation change in 
northern Sweden with the establishment of spruce (Picea abies) (Segerström, 1990). Changes 
in vegetation assemblage and erosion intensity result in modifications of catchment and lake 
processes. Climatic forcing, catchment characteristics as well as anthropogenic disturbances 
are the main processes that lead to such changes. Humans have had a profound impact on the 
landscape as extensive forest clearings and farming influence soil erosion processes (Gaillard 
et al., 1991). This can make it difficult to differentiate the effects of human disturbance from 
changes caused by natural processes such as climate or landscape vegetation cover changes. 
Three lake sediment records from northern Sweden are studied in this project. Climate has 
been similar in Västerbotten over time and should be recorded simultaneously in the sediment 
profiles for both Sarsjön and Kassjön, however, the nature of the response and its intensity are 
expected to differ, due to local characteristics (e.g., vegetation, hydrological processes). It has 
previously been difficult to extract a regional climate signal from the geochemical records of 
Kassjön and Sarsjön, as well as other varved lakes in the area for this reason (Petterson et al. 
2010). Pannsjön was not included in the climatic study as the record only includes the last 
3000 years. The first evidence of cultivation in the Umeå area occurred at about 1500-1200 
years BP and these practices had an increasingly profound impact on the natural vegetation 
(Huttunen and Tolonen, 1972; Segerström, 1990). Early human influence on the landscape is 
difficult to evaluate as these early communities did not practice extensive cultivation, only 
leaving a small imprint on their environment without significantly altering the vegetation 
(Wieckowska-Lüth et al. 2017). Varved lake sediments record provide a precise and high 
resolution record of environmental and climatic variability (Dean et al., 1984; Anderson, 1992; 
Lotter et al. 1997). By simultaneously studying pollen records and geochemical profiles from 
varved lake sediments we can subsequently learn more about how a landscape reacts to 
changes in the climate (Wieckowska-Lüth et al. 2017). When looking at the paleolimnological 
records from several lakes, it becomes possible to separate the effect of climate, vegetation 
changes and human disturbances and establish their relative effect on the catchment and its 
biogeochemical processes (Gaillard et al. 1991). Different timing in anthropogenic 
disturbances and site-specific changes in land use enable to identify natural vegetation trends 
that may be hidden in the pollen record.   
 

1.2. Aim 
The aim of this project is to compare the sediment records from three lakes (Kassjön, Sarsjön 
and Pannsjön) with preserved annually laminated sediments, and to provide answers on the 
type, timing and intensity of responses to different disturbances in their catchments such as 
change in vegetation cover, alteration of hydrological flow paths, erosion intensity or the extent 
of adjacent mires. In order to identify the key processes behind these changes, lake-water TOC 
(LWTOC), inferred from VNIRS, biogenic silica (bSi) and total organic carbon (TOC), both 
inferred from FTIRS, and geochemical composition (WD-XRF), supplemented with pollen 
data, are used together to perform a multiproxy paleolimnological study. The use of several 
proxies clarifies the importance of different types of disturbances which occur at different 
scales, i.e. from global climatic changes to site-specific fire or man-related disturbances.  
 
The hypothesis is that because climatic forcing and anthropogenic disturbances are 
responsible for modifications in catchment and lake processes, it should be expected that the 
timing and the type of response to such changes as well as the emergence of agricultural 
practices will differ between the lakes due to their location (i.e. Pannsjön being situated further 
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south than Sarsjön and Kassjön). It would then be possible to separate global climatic setting 
from local dynamics and identify the key drivers responsible for the recorded changes.  
 

2. Material and methods 
2.1. Study area 
Three study sites are considered in this study. Lakes Kassjön and Sarsjön are situated in 
Västerbotten, Sweden, between Umeå and Vindeln. The present-day vegetation in this area 
consists mostly of typical boreal vegetation, with spruce (Picea abies), pine (Pinus sylvestris) 
and birch (Betula pubescens) and alder (Alnus incana) on wet soils. Lake Sarsjön (64.03877° 
N, 19.60107° E) has a maximum water depth of 7,3 m, and was isolated at c. 8900 BP by 
isostatic uplift (Renberg and Segerström, 1981). It lies 60 km northwest of Umeå, at 177 m a.s.l 
and has a catchment area of 3,5 km2 and a lake area of 0.1 km2 (catchment/lake ratio: 35:1). 
Lake Kassjön (63°55′ N, 20°01′ E) has a maximum water depth of 12 m and was formed c. 
6300 BP after isolation from the sea. It is now 84 m a.s.l. and has an area of 0.23 km2 and a 
catchment area of 13 km2 (catchment/lake ratio: 56.1). Lake Pannsjön (63.06766° N, 17.61923° 
E) is located further south, in Ångermanland, just south of Västerbotten, at 36 m a.s.l., and has 
a maximum depth of 9,8 m. It was isolated from the sea at c. 3400 BP. Compared to Kassjön 
and Sarsjön, which lie further north, it has a more favorable climate, although the vegetation 
assemblage is similar. 

 
2.2. Sample preparation 
For this study, three cores were analysed. For the sediment record from Pannsjön, a total of 
173 samples were retrieved with a resolution of about 1 cm between the depth 65 and 245 cm 
of a c. 3m long core. This represents 3059 ±50 years, based on varve counting. The 4 cm3 
samples were freeze-dried and weighed, in order to calculate the dry bulk density and the 
accumulation rate, using the weight and volume of samples. For the Sarsjön sediment record, 
221 samples were analysed between 0 and 388 cm of depth, spanning 8900 years, with a 
resolution of 1 cm up to 37 cm depth and of 2 cm for the rest of the sequence. The Kassjön 
sediment record was sampled with a resolution of 1 cm for the first 30 cm and of 2 cm to a 
depth of 446 cm. A total of 244 samples were analysed, representing c. 6400 years. For both 
Sarsjön and Kassjön, the dry bulk density and accumulation rate were calculated as well.  
 
2.3. Geochemistry 
Wavelength dispersive X- ray fluorescence (XRF) analysis was performed on 200 mg loose 
powder sediment samples, for every sample in the Pannsjön record (n=273), in the Sarsjön 
record (n=221) and in the Kassjön record (n=244) in order to achieve a high temporal 
resolution. XRF is a rapid and effective, non-destructive method which allows to quantify the 
concentration of geochemical elements in the samples (Rydberg, 2014). The concentration of 
major (sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), sulfur (S), potassium (K), 
calcium (Ca), iron (Fe)) and trace elements (phosphorus (P), chlorine (Cl), titanium (Ti), 
vanadium (V), manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn), bromine (Br), rubidium 
(Rb), strontium (Sr), yttrium (Y), zirconium (Zr), barium (Ba), lead (Pb)) was obtained. 
Elemental concentrations were calculated using the calibration model developed by Rydberg 
(2014). The quality control samples (QCs) used were NCS DC70314 and NCS DC73310, which 
had a relative standard deviation of less than 10 % for most elements. It was however higher 
for the elements in lower concentrations. Zr and Ba had a higher relative standard deviation 
with a maximum of 35 % and 24% respectively. The relative standard deviation for the 
replicates which were run to check for the validity of the analysis was below 17%.  
 

2.4. Lake-Water Total Organic Carbon (LWTOC) 
VNIRS (Visible and Near-Infrared Spectroscopy) allows to track past changes in lake-water 
TOC. It can be determined from organic degradation products within the sediment. The NIR 
spectrum is obtained using wavelengths of 12500-4000 cm-1 (Rosén and Persson, 2006). Lake 
sediments are a mixture of proteins, lipids, carbohydrates and other biochemicals derived from 
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tissues of organisms formerly living in a lake and its catchment (Rosén and Persson, 2006). 
This organic fraction holds a distinct NIR signature that can be extracted by running a model 
based on a number of lakes used as reference to obtain LWTOC concentrations (Rosén, 2005; 
Rosén and Persson, 2006). NIRS analysis was performed using a Foss XDS NIR rapid content 
analyzer, in the wavelength range from 400 to 2500 nm at 0,5 nm intervals, with reference 
samples run every tenth samples at the department of Ecology and Environmental Science, 
Umeå University.  
 

2.5. Biogenic silica (bSi) and Total Organic Carbon (TOC) 
FTIRS (Fourier-Transform Infrared Spectroscopy) uses wavelengths of 4000-400cm-1. It 
monitors directly molecular vibrations and allows structural and compositional analysis of 
organic and inorganic compounds. Every molecule has a unique infrared spectrum, that can 
be identified. Biogenic silica (bSi) absorbs at wavelengths around 450, 800, and 1050-1280 
cm-1 while TOC is centered around 1050 and 1750 and 2800 and 3000 cm-1 (Rosén et al. 2011). 
BSi accumulates in the sediment and its concentration serves as a proxy for past in-lake 
productivity (Conley and Schelske, 2001). TOC (Total Organic Carbon) is a proxy for the 
abundance deposited organic carbon in the sediment and is an indicator of primary 
productivity (Tian et al 2013, Kołaczek et al. 2014). Each sample was prepared by weighing 5,5 
mg of sediment, then by adding 250 mg of KBr, according to the method of Meyer-Jacob et al. 
2014 and a Bruker Vertex 70 with a MCT detector was used for the measurements. A 
calibration model developed by Meyer-Jacob et al. (2014) was then used to extract inferred bSi 
and TOC values from the FTIR-spectra.  
 
2.6. Chlorophyll A 
Elevated abundance of pigments such as chlorophyll a can be used to infer high levels of 
aquatic productivity, as this pigment will be more abundant in the sediment (Gorham et al. 
1974). From the VNIRS data, it is possible to extract the amount of chlorophyll and its 
degradation products, using a model developed by Michelutti et al. 2010. This calibration 
model uses the spectral measurements with a 2-nm resolution for wavelengths between 650 
and 700nm to evaluate the amount of chlorophyll a. It is considered as a useful 
paleolimnological tool to evaluate past in-lake productivity (Michelutti et al. 2010). 
 

2.7. Weathering indices and elemental ratios 
Lower pH caused by production of organic acids, increased vegetation cover and acidic by-
products of vegetation, promotes silicate weathering (Colin et al. 1999; Kandasamy and Chen, 
2006). Silicate weathering affects the major-element geochemistry and mineralogy of the 
sediment and soils (Nesbitt and Young, 1982). The Chemical Index of Alteration (CIA) is a 
measure of the degree of weathering and gives the proportion of secondary aluminous clay 
minerals to primary silicate minerals such as feldspars (Nesbitt and Young, 1982). A larger CIA 
value reflects more weathered material, as during weathering, feldspars are degraded by soil 
solutions and small cations as Ca, Na and Sr are removed while the larger cations (Ba, Rb, Al, 
Ti, Zr) become enriched (Nesbitt and Young, 1982, Kandasamy and Chen, 2006). 
 

 CIA = 100 ∙
Al2O3

(Al2O3+CaO+Na2O+K2O)
    Equation 1 

 
The Rb/Zr ratio can be used as a proxy for grain size. Rb is enriched in clay minerals while Zr 
tends to be enriched in the coarse grain fraction, and is rather immobile (Liu et al. 2002). 
Although weathering affects most elements to some extent, and therefore overrides the signal 
of other processes, the Rb/Zr ratio remains relatively unaffected by its effect (Liu et al. 2002). 
The K/Al ratio is used to indicate changes in the quality of the mineral matter. K is 
preferentially weathered from silicate over the more insoluble Al, which provides information 
about the degree of weathering of the sediment. More weathering results in a lower K/Al ratio, 
because K is more easily transported down in the soil. Therefore, the K/Al ratio is a measure 
of erosion intensity against weathering intensity (Roy et al. 2008; Kaupilla and Salonen, 1997). 
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2.8. Principal component analysis (PCA) 
PCA is used to reduce the number of variables by grouping them into principal components. It 
allows to identify the relationships between the different variables. A PCA was performed using 
the psych package within the R software. All geochemical data was included for the PCA, as 
well as dry bulk density and LWTOC, TOC, chlorophyll a and bSi. Before the analysis was run, 
all values were converted to z-scores in order to standardize the data using the following 
equation (2): 
 

 𝑧 =
𝑋−𝜇

𝜎
      Equation 2 

 

where X corresponding to the value for a particular sample,  being the mean for the samples 

and  the standard deviation of all samples. Z-scores are linearly transformed data that have a 
distribution with a mean of 0 and a standard deviation of 1. Certain elements showing low 
loadings with the principal components were removed from the analysis. These elements are 
Ca, Cu, As, P, Pb and V for Sarsjön, As, Cl, Ni, Pb and S for Kassjön, but Pb was added passively 
and finally, for Pannsjön, Zn, As, Si, Ca were removed. The sediment deposited right after the 
emergence of the catchment contains marine sediment, while in the recent past, deposition is 
affected by human activities and atmospheric pollution. Therefore, the top and bottom sections 
of the sediment sequences were removed from the analysis because they represent conditions 
not relevant for this study. Elemental ratios K/Al, Mn/Fe, Rb/Zr as well as accumulation rates 
were not included in the analysis but were passively added to the plot, after being correlated to 
the different principal components using a Pearson correlation 
 
2.9. Pollen 
I have used for the interpretation a partial pollen record from Sarsjön from Snowball et al. 
2002, spanning from 8500 to 6700 BP (Appendix 1, Fig. S1a) and a pollen record from 
Barnekow et al. 2008 for lake Svartkälstjärn, situated close to Sarsjön, spanning the whole 
sequence from (Appendix 1, Fig. S1b), because no pollen record spanning the entire period was 
available for Sarsjön. In Svartkälstjärn, the vegetation seems to be stable by 7000 BP, and 
therefore, no disparities due to vegetation establishment and forest development that may 
differ between catchments may interfere with the analysis. This record can be used to trace 
changes in vegetation linked to global climatic trends and be matched with Kassjön, as they 
are situated close to each other. For Kassjön, Artemisia, Humulus/Cannabis, Rumex acetosa, 
Plantago lanceolata were grouped together under the term “apophytes”, which is defined as 
native plants favoured by human disturbances. Hordeum, Secale cereale and Triticum were 
grouped together as “anthropocores”, defined as pollen from cultivated plants. The data was 
obtained from the European Pollen Database (EPD) based on the work of Segerström (1990) 
and is presented in Appendix 2, Fig. S2. The pollen record for Pannsjön (Appendix 3, Fig. S3) 
was obtained thanks to Jan-Erik Wallin (personal communication). 
 

3. Results 
3.1. Principal component analysis 
3.1.1. Sarsjön 
The PCA explains 85% of the variance in the data for the period from 9000 to 50 BP, with three 
principal components (Fig. 1). PC1 accounts for 39% of the total variance and has Zr, Ba and 
Sr that load positively against CIA, Hg, Br, Cl, LWTOC, TOC and bSi on the negative side. PC1 
represents weathering intensity and organic matter against inorganic material. 37% of the total 
variance is explained by PC2, with the lithogenic elements Na, Mg, Al, Si, Ti, K loading 
positively against chlorophyll a, S, Mn/Fe, which have a strong negative load. PC2 is 
interpreted as representing the mineral matter input against organic matter produced in the 
lake Finally, PC3 accounts for 11% of the total variance where the metals Fe, Ni, Cu and Pb have 
positive loadings. PC4 has the Rb/Zr ratio as a weak negative loading.  
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3.1.2. Kassjön 
The PCA explains 88% of the variance in the data and spans from 6050 to 30 BP, with four 
principal components (Fig. 2). On PC1, which explains 43% of the total variance, Na, Mg, Al, 
Si, Ti, K have a strong positive loading while chlorophyll a, bSi, Br, P and LWTOC load 
negatively. This principal component reflects the amount of mineral matter input against the 
organic matter. PC2 explains 28% of the total variance where Si, Ca, Mn, Cu, Sr and Zn load 
positively, while LWTOC, CIA and Hg have negative loadings. It is interpreted as representing 
weathering intensity. PC3 accounts for 9% of the total variance, with Fe, V and Rb/Zr loading 
on the positive side, opposed to Mn/Fe, which loads weakly on the negative side, and 
represents the iron content in the sediment. Finally, PC4 explains 8 % of the variance, and has 
Zr, Rb, Ba and Pb as positive loadings. These elements correspond to mineral matter that is 
unaffected by weathering  
 

 
 
Figure 1:  PCA plot for Sarsjön. PC1 and PC3 are plotted together on the left, and PC2 and PC4 on the right.  

 
 

 
 
Figure 2:  PCA plot for Kassjön. PC1 and PC2 are plotted together on the left, and PC3 and PC4 on the right.  

 
3.1.3. Pannsjön 
The PCA accounts for 90% of the variance in the data for 3150-400 BP, with four principal 
components (Fig. 3). PC1, which explains 45 % of the total variance, has lithogenic elements 
Na, Mg, Al, Si, Ti, K as positive loadings opposed to LWTOC, TOC, bSi and Br, representing 
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the organic elements. The second principal component, with 25% of the total variance, has S, 
Cl, Ni and Cu with strong positive loadings while dry bulk density, accumulation rate and Ti 
plot on the negative side. PC3 with 11% of the total variance explained, has Zr, Ba and Sr 
plotting on the positive side and Rb/Zr with a moderate negative loading. It represents the 
lithogenic elements that are not affected by weathering. Finally, PC4, which accounts for 9 % 
of the variance, has Fe, P and Pb as positive loadings, against Mn/Fe. It explains soil 
disturbance.  

 
 

Figure 3:  PCA plot for Pannsjön. PC1 and PC4 are plotted together on the left, and PC2 and PC3 on the right. 
 

3.2. Geochemistry 
3.2.1. Sarsjön 
9000-6500 BP: At 8500 BP, 400 years after the emergence of the lake lithogenic elements 
begin to decrease with Ti, which is associated with the mineral matter, dropping from 4800 to 
4100 ppm. However, shortly after, at 8250 BP, Ti increases again and remains at about 5100 
ppm until 7700 BP. At 7700 BP, dry bulk density decreases abruptly from 0,6 to 0,45 g/cm3. 
Between 8500 and 6500 BP, Ti decreases steadily from 4800 to 3600 ppm. The bSi shows an 
increasing accumulation trend, going from 0,2 to 0,6 g/m2/yr, and the K/Al ratio lowers 
slightly. The high PC1 shows that there is a high input of weakly weathered material throughout 
this period. Between 7700 and 6500 BP, Br concentrations are relatively stable, with values of 
10 to 15 ppm, and LWTOC remains at 9 mg/L throughout this period (Fig. 4).  

 
6500-5300 BP: As PC1 is lower and the CIA becomes higher during this period, it is assumed 
that the mineral load becomes increasingly weathered. After 6500 BP, the K/Al ratio decreases 
more rapidly, showing the increasing influence of weathering relative to erosion. Between 
6300 and 6000 BP, an increase in PC2 reflects higher erosion intensity. PC2 shows a 
decreasing trend after 6000 BP, which indicates that erosion becomes less intense. During this 
period, bSi decreases to 0,2 g/m2/yr which reflects decreased productivity. At 6000 BP, Br, an 
element that binds to organic matter, rises from 15 to 30 ppm, and LWTOC reaches 13 mg/L 
and PC3 increases, with Fe rising from 5,8 to 7%wt (Fig. 4).  
 
5300-4300 BP: Throughout this period, the low PC1 and K/Al ratio, and CIA values which 
become higher than previously, show that the mineral load is increasingly weathered. The low 
PC2 shows low erosion intensity. Chlorophyll a, which plots against mineral matter on PC2, is 
high throughout this period.  High input of metals is shown by the high PC3. During this 
period, Br is lower than previously, at 20 ppm. Between 4700 and 4300 BP, a drop in the K/Al 
ratio occurs and productivity increases, with bSi reaching a maximum of 0,7 g/m2/yr. LWTOC 
increases to 17 mg/L, while Br rises to 36 ppm (Fig. 4). 
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4300-3700 BP: After 4300 BP, PC1 decreases, as well as PC3. Fe has lower values than 
previously and goes down to between 5 and 6 %wt, and CIA becomes lower. PC2 remains low 
and Ti does not exceed 3000 ppm. After 4000 BP, Zr, which plots against organic elements 
and CIA in PC1, increases from 130 to 200 ppm showing the input of coarser material. A low 
K/Al ratio however indicates that the mineral load is well weathered. BSi is lower with values 
of about 0,25 g/m2/yr, however, chlorophyll a, which plots against mineral matter in PC2, is 
not affected and remains high, while LWTOC is constant at 14 mg/L (Fig. 4). 

 
 

Figure 4:  Geochemical data, elemental ratios and principal components from the Sarsjön sediment record. 
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3700-3200 BP: At 3700 BP, dry bulk density rises abruptly from 0,2 to 0,5 g/cm3. PC3 is low 
as Fe remains at values of 5 to 6%. PC2 is high, which reflects increased erosion intensity. The 
high PC1 indicates input of less weathered material and the K/Al ratio increases. Throughout 
this period, there is reduced productivity after 3700 BP with bSi dropping to 0,1 g/m2/yr and 
chlorophyll a getting lower as well.  At 3700 BP, Zr increases from 200 to 250 ppm and Ti from 
3100 to 4600 ppm, while LWTOC drops to 7 mg/L, and Br, which is transported with organic 
matter, decreases to 7 ppm (Fig. 4).  
 
3200-2400 BP: During this period, the low PC1 indicates input of more weathered material. 
Until 3000 BP, erosion is less intense than previously as shown by the low PC2. The K/Al ratio 
decreases, bSi increases to 0,5 g/m2/yr and Br reaches 20 ppm. After 3000 BP, PC2 increases 
as well as PC3, with Fe reaching 7%wt. A period of intense erosion is inferred between 3000 
and 2600 BP from PC2 while the high Rb/Zr ratio shows the sediment is fine-grained and 
reflects increased input of detrital clay. The coarse grain associated element Zr becomes lower 
going from 200 to 170 ppm, due to the transport of primarily fine-grained material.  
Chlorophyll a, which plots against mineral elements, drops to 0,010 mg/g while Ti increases 
from 4000 to 4800 ppm indicating higher erosion. LWTOC decreases to 8 mg/L until 2700 
BP. After 2700 BP, erosion becomes less intense as shown on PC2 and by a drop in Ti to 3700 
ppm. CIA becomes higher while K/Al decreases, which indicates more stable soils with input 
of more weathered material. At 2600 BP, the Rb/Zr ratio becomes lower, Br peaks to 30 ppm, 
bSi at 0,4 g/m2/yr and LWTOC 12 mg/L (Fig. 4). 
 
2400-1500 BP: PC1 shows weathering is weaker and there is decreased input of metals during 
this period with Fe reaching 5%wt. Between 2400 and 1800 BP, Br remains at 23 ppm and 
LWTOC at 9 mg/L. After 1800 BP, Br increases to 38 ppm while LWTOC reaches 19 mg/L. 
Before 2000 BP, a high PC2 indicates erosion is taking place, and Ti is at 4500 ppm. At 2000 
BP, Rb/Zr becomes lower which indicates smaller grain size, while at the same time, PC2 
decreases with Ti at 2200 ppm showing lower erosion (Fig. 4). 
  
1500-0 BP: Between 1500 and 1200 BP, a high PC3 shows increased metal input, as Fe rises to 
6,5%wt. The low K/Al ratio and low PC2 show low erosion intensity, with Ti decreasing to 2000 
ppm. Weathering is more intense, as shown by the low PC1. Higher organic matter input occurs 
as Br peaks to 40 ppm. A bSi value of 0,95 g/m2/yr shows productivity is also favored by these 
conditions, while LWTOC increases to 20 ppm. At 1200-700 BP, K/Al is high, Fe lower with a 
value of 5%wt, and chlorophyll a drops to 0,010 mg/g. Between 1200 and 1000 BP, weathering 
is weaker as shown by an increase in PC1. Between 1100 and 700 BP, Rb/Zr is higher and 
increased erosion occurs, with Ti reaching 4000 ppm and dry bulk density 0,3 g/cm3. After 
800 BP, weathering becomes more intense and Fe increases to 7%wt, as shown by PC3. The 
mineral content decreases as Ti reaches 1500 ppm while Br, which is transported with organic 
matter, peaks to 170 ppm and LWTOC reaches 22 mg/L. At 600 BP, the Rb/Zr ratio becomes 
lower and after 300 BP, both bSi and LWTOC begin to decrease while Zr increases from 30 to 
100 ppm and Rb/Zr decreases further (Fig. 4).  
 
3.2.2. Kassjön 
6300-4500 BP: At 5800 BP, about 500 years after the emergence of the lake following the 
isolation from the sea, Ti decreases from 4200 to 3600 ppm showing the decreasing influence 
of erosion while dry bulk density drops from 0,60 to 0,45 g/cm3. The K/Al ratio begins to 
decrease. After 5300 BP, PC1 decreases, as Ti becomes lower from 3800 to 3500 ppm, while 
Fe decreases as well, from 6 to 5%wt. At 5000 BP, a decrease in PC2 and an increase in CIA 
shows the material entering the lake is more weathered. Br, which is associated with the 
organic matter, remains stable at about 15 ppm throughout this period. LWTOC increases from 
6 to 9 mg/L until 4500 BP and bSi increases from 0,6 to 1,8 g/m2/yr. At 4700-4500 BP, a peak 
in CIA occurs (Fig. 5). 
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4500-3800 BP: Throughout this period, the K/Al ratio decreases steadily and bSi remains 
between 0,9 and 1,5 g/m2/yr. PC1 is low, although slightly higher than in the previous period 
and Ti is at 3500 ppm. After 4000 BP, PC2 increases showing reduced weathering intensity.  
Hg, which plots together with CIA on PC1, decreases from 40 to 30 ppm. LWTOC increases 
from 8 to 9 mg/L during this period (Fig. 5).  

 
Figure 5:  Geochemical data, elemental ratios and principal components from the Kassjön sediment reco
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3800-3200 BP: During this period, PC1 is low indicating little erosion, while PC2 is higher 
indicating less weathered material. Between 3800 and 3600 BP, Ti reaches to 3100 ppm but 
becomes higher afterwards at 3500 ppm. A high LWTOC of 11 mg/L occurs between 3800 and 
3600 BP before falling to 9 mg/L afterwards. bSi peaks to 2,2 g/m2/yr at 3800-3600 BP. The 
low K/Al and an increase in CIA until 3400 BP indicates increasingly weathered material. After 
3400 BP, Hg, which plots together with CIA on PC2, decreases from 40 to 30 ppm while bSi 
decreases to 1,8 g/m2/yr (Fig. 5).   
 
3200-2400 BP: Between 3200 and 2800 BP, a low PC2 shows weathering is stronger and Hg 
increases from 30 to 50 ppm, Br from 15 to 20 ppm. BSi increases as well from 1,2 to 1,4 
g/m2/yr. PC1 remains low until 2900 BP. The K/Al ratio begins to increase at 2900 BP and 
becomes high after 2800 BP while dry bulk density increases from 0,3 to 0,5 g/cm3. Between 
3000 and 2400 BP, Fe reaches 5 %wt, compared to 4,5 %wt since the beginning of the 
sequence, while Rb/Zr is higher. Between 2800 and 2400 BP, Ti is at 4200 ppm indicating 
high erosion intensity. Between 2800 and 2700 BP, PC2 shows weathering is less intense, 
LWTOC drops to 5 mg/L and bSi to 0,3 g/m2/yr. Between 2700 and 2400 BP, stronger 
weathering occurs, bSi peaks to 0,6 g/m2/yr and LWTOC to 8 mg/L (Fig. 5).  
 
2400-1500 BP: After 2400 BP, K/Al is lower. PC1 decreases indicating less intense erosion. 
Between 2400 and 2200 BP, bSi peaks to 0,8 g/m2/yr and LWTOC to 8 mg/L. After 2200 BP, 
PC2 is high, reflecting input of less weathered material. The high PC1 and an increase in Ti up 
to 4500 ppm indicate increased erosion. PC3 increases with Fe up to 6%wt, while the Rb/Zr 
ratio becomes higher. Productivity is lower, with bSi reaching 0,2 g/m2/yr. LWTOC is lower 
than previously at 6 mg/L. Before 2000 BP, dry bulk density is at 0,6 g/cm3 but shows a 
decreasing trend until 1500 BP, reaching 0,5 g/cm3 (Fig. 5). 
 
1500-0 BP: Between 1500 and 500 BP, PC1 becomes lower, while LWTOC increases from 6 to 
13 mg/L and dry bulk density decreases from 0,48 to 0,28 g/cm3. PC2 show a decreasing trend 
until 1100 BP. After 1250 BP, the K/Al ratio is lower, as well PC3, with Fe reaching 5,5%wt. The 
Rb/Zr ratio becomes lower and bSi increases to 0,9 g/m2/yr. At 1400 and 1100 BP, drops in 
LWTOC values coincide with peaks in erosion coinciding with a higher Rb/Zr, as Ti increases 
respectively from 3500 to 4500 ppm and 2800 to 4100 ppm. Between 1100 and 900 BP, the 
CIA values are lower, as PC2 increases. LWTOC decreases from 12 to 10 mg/L at 1100 BP. At 
800 BP, CIA becomes higher indicating intense weathering while Fe increases to 8%wt. Dry 
bulk density decreases to 0,2 g/cm3. The Rb/Zr ratio becomes lower and LWTOC reaches 14 
mg/L, while bSi increases to 0,6 g/m2/yr. At 500 BP, Ti increases from 2500 to 3500 ppm, the 
Rb/Zr ratio becomes lower and LWTOC decreases from 14 mg/L to about 10 mg/L, while the 
CIA shows lower values. At 150 BP, the K/Al ratio increases and LWTOC drops from 10 to 5 
mg/L (Fig. 5). 
 
3.2.3. Pannsjön 
3400-1800 BP: At 3100 BP, the K/Al ratio begins to decrease, while LWTOC shows an 
increasing trend. Until 2200 BP, PC1 is steady. Between 2200 and 1800 BP, Br increases from 
30 to 50 ppm, bSi from 0,8 to 2,3 g/m2/yr and LWTOC from 5 to 9 mg/L while Ti decreases 
4300 to 3500 ppm. PC2 shows lower accumulation of sediment compared with before 2200 
BP (Fig. 6). 
 
1800-1000 BP. Between 1800 and 1000 BP, LWTOC increases from 9 to 13 mg/L and bSi from 
2,3 to 3,4 g/m2/yr. During this period, the K/Al ratio is generally low, although higher between 
1500 and 1200 BP. PC2 is lower, showing faster accumulation, especially after 1500 BP while 
chlorophyll a shows the opposite trend. PC1 is low during this period, although a little higher 
between 1600 and 1400 BP (Fig. 6). 
 
1000-400 BP: Between 1000 and 800 BP, LWTOC decreases from 10 to 6 mg/L while the K/Al 
ratio shows an increasing trend and dry bulk density increases from 0,3 to 0,5 g/cm3. PC2 is 
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low during this period showing high accumulation rate. After 800 BP, PC1 is high, indicating 
increased mineral matter input (Fig. 6). 

 
Figure 6:  Geochemical data, elemental ratios and principal components from the Pannsjön sediment record. 

 
3.2.4. Comparison of the lake records 
The most distinctive differences between Kassjön and Sarsjön is different timing for periods of 
high minerogenic input. In lake Sarsjön, a period of intense erosion occurs between 3700 and 
2000 BP and in lake Kassjön at 3000-1500 BP. Also, at 3700-3000 BP, in Kassjön, the 
sediment is characterized by high organic matter and low mineral matter content, while in 
Sarsjön, it is characterized by high mineral matter content characterized by a low CIA. For the 
period 2000-1500 BP in Sarsjön, there is high organic matter content in the sediment but more 
erosion in Kassjön with a high mineral matter content. In the more recent past, increased 
mineral matter input occur after 1000 BP in Pannsjön, 500 BP in Kassjön and 300 BP in 
Sarsjön.  
Some similarities are also found as a period of high erosion between 3000 and 2000 BP in 
both Sarsjön and Kassjön. Also, PC2 in Kassjön and PC1 in Sarsjön are generally low after 3000 
BP. There is a trend towards increasing organic matter content after 1500 BP in both lakes, 
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interrupted by a period of increased erosion at c. 1200-1000 BP. It is more difficult to compare 
with the Pannsjön record as it is only a short sequence, therefore, only the most recent part is 
investigated.  
 

4. Discussion 
4.1. Climatic trends 
9000-6500 BP: A period of increased erosion is inferred from the increase in Ti and a high 
PC2 in Sarsjön between 8200 and 7700 BP (Fig. 4). Between about 8000 and 7700 BP, reduced 
total pollen concentration occurs according to the pollen data of Snowball et al. 2002 
(Appendix 1, Fig. S1a). This is thought to reflect the cold “8.2 kyr event” (Alley et al. 1997). It 
was likely a period with longer winters and more frequent frost. Colder temperature reduced 
pollen production, and led to lower total pollen abundance during this event (Hicks, 1999; 
Snowball et al. 2002). Shortly after this cold period, at c. 7600 BP, increased abundance of 
warmth-demanding species as elm occur around Sarsjön (Appendix 1, Fig. S1a). The high total 
pollen sum recorded in the area at the time is characteristic of high temperature, which 
promotes vegetation cover (Barnekow et al. 2008, Ekström et al. 2011). Generally, conditions 
were warm and dry during this period, which corresponds to the warmest and driest part of 
the Holocene Thermal Maximum (HTM) (Seppä et al. 2009).  
 
6500-5300 BP: After 6500 BP, increased humidity is inferred from a decrease in pine in both 
Sarsjön and Kassjön (Appendix 1, Fig. S1b, Appendix 2, Fig. S2). High pine abundance is 
favoured by dry conditions (Engelmark, 1978). The increased mineral matter content also 
points to more humid conditions, as more intense runoff favours its transport (Fig. 4, 5). After 
6000 BP, increased moisture is inferred from the presence of peatlands and wetlands near the 
lakes, with the occurrence of Sphagnum and other spores, as well as Cyperaceae, which reflect 
the presence of damp areas (Appendix 1, Fig. S1b, Appendix 2, Fig. S2). This trend towards 
increased humidity corresponds to the end of the warmest and driest part of the HTM dated 
to approximately 6000 BP, followed by colder and moister conditions (Seppä et al. 2009).  
 
5300-3200 BP: After 5300 BP, and especially after 5000 BP, warmth-demanding species as 
elm begin to decrease indicating a cooling while the abundance of pine pollen increases 
(Appendix 1, Fig. S1b, Appendix 2, Fig. S2) reflecting drier conditions (Engelmark, 1978). The 
low mineral matter content also indicates reduced runoff due to less precipitation (Fig. 4, 5). 
At 4700 BP, further dryness is inferred in the area by a decrease in wetland vegetation, with 
low Cyperaceae (Appendix 1, Fig. S1b, Appendix 2, Fig. S2). After 4500-4300 BP, a retreat in 
peatlands as shown by the absence of Sphagnum spores, as well as a decline in alder, which 
grows on wet soils tell of increasingly dry conditions. The high abundance of pine as well as the 
low extent of peatlands until 3200 BP points towards dry conditions in both catchments. The 
period between 5000 and 4000 BP is characterized by high temperature and low humidity, 
followed by a cold anomaly at about 3800-3000 BP (Seppä et al. 2009).  Shifts in temperature 
are not surprising as during the last 5000 years, after the end of the HTM, high climatic 
variability is inferred (Seppä et al. 2009). 
 
3200-2400 BP: Increasingly moist conditions are inferred from the expansion of peatlands 
after 3200 BP and the higher mineral matter content in the sediment indicates more intense 
runoff (Fig 4, 5). Also, by 3200 BP, a cooling is inferred from the low abundance of elm pollen 
(Appendix 1, Fig. S1b, Appendix 2, Fig. S2), while spruce, which is favoured by cold and humid 
conditions, becomes an important forest component, replacing birch to a large extent as they 
grow on the same soils (Segerström, 1990). Besides, pine decreases in abundance at 3200 BP, 
inferring a more humid climate (Engelmark, 1978). This agrees well with the results of other 
studies, which have shown a cooling associated with increased humidity occurred at 3500-
3200 BP (Väliranta et al. 2007, Seppä et al. 2009). By 3000 BP, spruce became abundant with 
20 % of the forest composition in Kassjön and 15 % in Sarsjön. This period is marked by further 
expansion of peatlands after 2700 BP as shown by the increasing amount of Sphagnum spores, 
and a lower abundance of pine, indicating increased moisture (Appendix 1, Fig. S1b, Appendix 
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2, Fig. S2). An increase in deciduous tree species and shrubs at about 2500-2200 BP coincides 
with a sharp decline in spruce. The reason for this is certainly increased fire frequency, as 
spruce dominated forests are fire-sensitive and burn easily (Bradshaw and Zachrisson, 1990). 
Carcaillet et al. 2007 suggested increased fire frequency in northern Sweden after c. 2500 BP 
due to more frequent summer droughts in spruce-dominated forests.  
 
2400-1500 BP: At 2400 BP, increasingly humid conditions occur with enhanced peatland 
formation as told by higher Sphagnum counts as well as abundant Cyperaceae. At 2000 BP, 
pine increases from 14 to 25% in Kassjön and 30 to 45 % in Sarsjön and remains abundant 
until 1500 BP while peatlands become less extensive (Appendix 1, Fig. S1b, Appendix 2, Fig. 
S2). The reduced erosion rates after 2000 BP point to decreased runoff (Fig. 4, 5). The higher 
abundance of pine during this period as well as the retreat of peatlands tells of a dry climate 
after 2000 BP. Warm and dry conditions are also inferred in the few centuries after 2000 BP 
by Grudd et al. 2002 and Seppä et al. 2009.  
 
1500-800 BP: Between 1500 and 1200 BP, higher Cyperaceae and Sphagnum abundance 
occur, as well as more spruce (Appendix 1, Fig. S1b, Appendix 2, Fig. S2), which is known to 
favor humid and cold conditions (Segerström, 1990). A cold and wet period occurred at that 
time (Grudd et al. 2002). After 1200 BP, spruce declines and shrubs begin to increase as the 
dense canopy of a spruce-dominated forest opens. Lycopodium annotinum and other spores 
become less abundant, indicating a drier climate. This period is known as the Medieval Warm 
period, centered around 1000 BP (Mann, 2007). After 1000 BP, pine becomes less abundant, 
indicating increased humidity (Appendix 1, Fig. S1b, Appendix 2, Fig. S2). This represents a 
cooling towards the cold and moist conditions of the Little Ice Age, at about 500 BP (Bradley 
et al. 2003; Bjune et al. 2009). 

 
Figure 7: Summary of climatic trends based on the pollen and geochemical record from Sarsjön and Kassjön. 
 
4.2. TOC dynamics  
4.2.1. Sarsjön 
9000-6500 BP: A sharp decrease in erosion indicates that catchment soils began to stabilize 
after its emergence following isostatic uplift at about 8500 BP. Dry bulk density decreases and 
CIA becomes higher, indicating that the material transported to the lake is more weathered 
than previously. Between 8200 and 7700 BP, the high PC2 (Fig. 4) shows increased mineral 
matter input, characterized by a high Rb/Zr ratio. This period is also associated with high 
magnetic susceptibility, which indicates the variations in the input of detrital minerogenic 
matter during the spring snow melt (Snowball et al. 1999). Magnetic susceptibility is 
characterized by contribution of clay minerals from catchment erosion (Petterson, 1999; 
Zillén, 2003). It can therefore be assumed the Rb/Zr ratio is a proxy for detrital clays. This 
erosion event is thought to reflect the “8,2 kyr cold event” of Alley et al. 1997.  Between 7700 
and 6500 BP, the mineral load is relatively unweathered, as CIA remains at low values (Fig. 4). 
Weathering rate depends on several factors including vegetation and soil pH (Berner and 
Berner, 1996). Also, water is essential for chemical weathering to take place, as well as for the 
transport of the weathered material to the lake (Smedberg, 2008). During this period, the dry 
climatic conditions (Fig. 7) would prevent intense weathering. TOC also acts as a weak acid 
promoting weathering (Hruska et al. 2003), but as soils remain unstable during this period, 
they do not store a lot of organic matter that could contribute to higher weathering intensity.  
Besides, the forest vegetation is not well developed as the catchment has only recently emerged 
from the sea. Vegetation enhances weathering through exudation of organic acids by the roots 
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(Grayston et al. 1997). Br, which binds to organic matter, and therefore represents the input of 
such material into the lake, as well as LWTOC remain steady during this period (Fig. 4) as soils 
and vegetation are not well developed and the catchment is relatively unstable (Meyer-Jacob 
et al. 2015). Also, the dry climate would prevent strong runoff hence explaining the low organic 
matter input to the lake (Fig. 7). During this period, dry bulk density decreases as well as the 
K/Al ratio (Fig. 4). This indicates that despite generally unstable soils throughout this period, 
there is a trend towards decreasing erosion and increased organic matter build-up in soils, 
reflecting catchment stabilization after its emergence from the sea. This favors diatom 
production as seen from an increase in bSi accumulation throughout this period. 
 
6500-5300 BP: After 6500 BP, K/Al decreases more abruptly while the CIA shows the opposite 
trend indicating the input of increasingly weathered material (Fig. 4). As shown by the high 
PC2 and Ti concentrations at 6300-5300 BP, increased erosion occurs during this period (Fig. 
4). Shrubs and herbs decrease in abundance in the catchment as the tree pollen counts 
becomes higher, showing an increasingly dense forest composition (Appendix 1, Fig. S1b). A 
denser forest contributes to stabilizing the catchment soils, hence leading to decreased erosion 
intensity, and promotes weathering (Grayston et al. 1997, Meyer-Jacob et al. 2015). 
Increasingly stable soils would also contribute to a greater build-up of organic matter and 
therefore to more organic acids, favoring weathering (Hruska et al. 2003). Because the climate 
becomes increasingly moist after 6500 BP (Fig. 7), a greater amount of mineral matter would 
be carried to the lake due to more intense runoff, despite denser vegetation. After 6000 BP, an 
increase in metals is seen on PC3, coinciding with higher CIA values. Br, which is bound to 
organic matter, increases at 6000 BP (Fig. 4) thanks to increased moisture favoring its 
transportation into lakes. Humid conditions also lead to increased weathering intensity 
(Smedberg, 2008). Weathering promotes acidity due to the greater production of organic 
substances, favoring the transport of metals which are more mobile under a low pH (Rosén 
and Hammarlund, 2007). The high CIA values at 5700-5500 BP (Fig. 4) coincide with an 
episode of peatland formation (Appendix 1, Fig. S1b). Peatlands favor the production of humic 
substances, hence enhancing weathering, and leading to increased input of allochtonous 
organic carbon to lakes (Rosén and Hammarlund, 2007). Due to high acidity and intense 
chemical weathering, LWTOC increases from 9 mg/L before 6000 BP to 13 mg/L at 5600 BP 
(Fig. 4). Diatom production is expected to be favored by increased organic matter and nutrient 
input, because the mineral elements plot on the opposite side of nutrients on PC2 (Fig. 1). As 
the accumulation rate of bSi does not increase during this period, it is likely that diatom 
production is negatively affected by the increased input of mineral matter.  
 
5300-4300 BP:  At 5300 BP, Br decreases and PC2 is low, showing little mineral matter input 
(Fig. 4). As conditions get warmer and dryer, towards the warm anomaly at 5000-4000 BP 
(Seppä et al. 2009), organic elements, including Br, as well as mineral elements, such as Ti, 
become less mobile due to decreased runoff. Throughout this period, CIA values are high, 
indicating the input of heavily weathered material and PC3 remains high with Fe being at 
6%wt. As dry climatic conditions do not favor weathering, the high CIA and metal content, is 
most likely due to acidity in the catchment, due to dense vegetation cover under warm 
temperature (Grayston et al. 1997, Ekström et al. 2011). Also, until 4500 BP, the K/Al ratio 
increases, indicating stabilization of the catchment soils. Increased organic matter build up 
favors its input to the lake and leads to increased acidity (Hruska et al. 2003; Meyer-Jacob et 
al. 2015). Between 4700 and 4300 BP, LWTOC and bSi both increase (Fig. 4). This coincides 
with an expansion of peatlands. These organic rich soils are known to favor the export of 
organic carbon and nutrients, favoring productivity and contribute to high weathering rates 
(Rosén and Hammarlund, 2007).  
 
4300-3700 BP: During this period, CIA shows a decreasing trend and there is lower input of 
metals, as seen on PC3 (Fig. 4). It can be assumed that weathering has become weaker. Br is 
lower showing the reduced input of organic matter (Fig. 4). The low PC2 indicates low mineral 
matter content in the sediment. At this period, conditions are warm and dry, leading to 
decreased input of mineral and organic matter because of less intense runoff (Fig. 7). LWTOC 
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decreases, as well as bSi, indicating reduced diatom production, while chlorophyll a, which 
plots together with the nutrients on PC2 (Fig. 1), remains at high values. The decrease in bSi is 
therefore due to lower organic matter input, shown by lower Br concentrations, under these 
dry conditions, rather than by increased mineral matter input.  
After 4000 BP, Zr, which is associated with the coarse grain fraction, and plots against CIA and 
organic elements in PC1 (Fig. 1), is particularly high (Fig. 4). This change in lithology is also 
recorded by Barnekow et al. 2008 during this period. It may represent an episode of 
particularly dry conditions, preventing weathering as shown by the high PC1, and where most 
of the mineral matter would be carried in the snowmelt, transporting large-grained fraction 
due to higher flow. Besides, when the flow is higher, it occurs as surface or near-surface flow 
instead of percolating through the soil layers, and therefore does not have time to interact with 
the soil, limiting weathering intensity (Smedberg, 2008). 
 
3700-3200 BP: During this period, CIA has low values, PC3 shows reduced metal export (Fig. 
4) and the K/Al ratio is high. This shows input of unweathered material to the lake and low 
weathering intensity. According to Seppä et al. 2009, at about 3800 BP, a shift towards colder 
conditions occur, leading to increased snow accumulation in winters. At 3700 BP, dry bulk 
density rises abruptly and remains high until the end of this period, and the high PC2 and Ti 
concentration show increased mineral matter input (Fig. 4). Strong snowmelt due to increased 
snow accumulation explains the high Zr concentrations during this period. Low weathering 
intensity and input of metals to the lake can be explained by decreased humidity (Fig. 7), as 
well as by the colder temperatures, which lead to less dense vegetation cover (Smedberg, 2008; 
Ekström et al. 2011). Also, a stronger flow at snowmelt causes denudation of soils and prevents 
high weathering intensity while promoting input of mineral matter to the lake. There is little 
diatom production, as shown by lower bSi values due to the low input of organic matter and 
nutrients with Br being as low as 7 ppm (Fig 4) and LWTOC drops to 7 mg/L. 
 
3200-2400 BP: During this period, bSi and LWTOC are higher than between 3700 and 3200 
BP and PC1 lower, showing more intense weathering. The K/Al ratio decreases slightly, 
showing the input of more weathered material. Until 3000 BP, bSi and Br increase. PC2 is 
lower, indicating that erosion is less intense. After 3200 BP, increasingly humid conditions 
(Fig. 7) favor organic matter and nutrient input to the lake, as shown by the increasing Br 
accumulation, which leads to higher diatom production (Fig. 4). The presence of peatlands also 
promotes organic matter input allowing LWTOC to rise to 12 mg/L.  
After 3000 BP, the Rb/Zr ratio increases, showing higher input of detrital clays. The sediment 
contains less Zr, a coarse grain associated element, than during the previous erosion event at 
3700-3200 BP due to the transport of primarily fine grained material, and dry bulk density 
remains low (Fig. 4). Chlorophyll a, which is affected by the mineral input as shown from PC2 
(Fig. 1), decreases. Metals are also increasingly transported to the lake. At 3000 BP, spruce 
becomes abundant under these moist and cool conditions (Appendix 1, Fig. S1b) (Segerström, 
1990). Therefore, spruce and its effect on soils is likely the reason for the input of clay material 
and the lower chlorophyll a, while increased runoff due to moist conditions would favor the 
input of mineral elements to the lake. That spruce contributes to an increase in metals is 
supported by the fact that the soil around spruce is more acidic than around birch. This acidity 
causes increased leaching of metals and promote their transport to the lake (Hansson et al. 
2011). Between 2900 and 2700 BP, Br decreases as well as CIA. This coincides with less 
extensive peatlands, as shown by the decreasing abundance of Sphagnum spores (Appendix 1, 
Fig. S1b). As a consequence of reduced export of organic matter, and unstable soils due to 
erosion, LWTOC decreases.   
The K/Al ratio becomes lower at 2700 BP, as CIA increases. Peatlands expand at the same time 
favoring organic matter input to the lake (Rosén and Hammarlund, 2007) and therefore 
LWTOC reaches to 11 mg/L. At 2600 BP, a decline in spruce coincides with a decrease in Rb/Zr 
and PC2, which indicate lower erosion rate (Fig. 4). CIA increases, indicating more weathered 
material, as soils are more stable. Chemical weathering leads to more organic matter export 
(Rosén and Hammarlund, 2007), allowing high LWTOC and metal input until 2400 BP. As 
erosion is weaker, there is more chlorophyll a at 2600-2400 BP. The K/Al ratio however shows 
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that the material is not very weathered during this period where intense runoff promotes 
erosion (Fig. 4).  
 
2400-1500 BP: As metals are lower during this period, as shown by PC3, it is assumed that 
weathering is less intense than in the previous period. Lower weathering intensity would 
provide less acidity and organic substances (Rosén and Hammarlund, 2007). Between 2400 
and 2000 BP, Br is generally high and PC2 increases indicating stronger erosion (Fig. 4). The 
moist conditions at the time would favor increased runoff and transport of both organic and 
mineral material (Fig. 7). Increased erosion would also lower the organic matter build-up in 
the soils. The sediment is characterized by a high Rb/Zr, as the abundance of spruce 
contributes to the input of clay material (Fig. 4, Appendix 1, Fig. S1b). Until 2000 BP, shrubs 
and deciduous trees, which are favored by increased fire frequency, are abundant. Fires may 
deplete the soil organic matter and therefore decrease the export of TOC to the lakes (Schindler 
et al. 1997). Therefore, despite humid conditions and extensive peatlands, LWTOC remains 
between 8 and 12 mg/L until 1800 BP (Fig. 4).  
At 2000-1500 BP, PC2 decreases, showing reduced erosion intensity, as conditions are dryer 
(Fig. 7) Also, this period is inferred as being a warm period (Fig. 7), and as seen between 5500 
and 3700 BP, under warm and dry conditions, erosion is not intense in Sarsjön. Until 1800 BP, 
productivity is generally low, as shown by low amounts of chlorophyll a and bSi in the sediment 
(Fig. 4). After 1800 BP, Br, which is transported with organic matter, increases as well as 
LWTOC and bSi. At 1800 BP, shrubs decrease in abundance and birch becomes a minor 
component of the forest, relative to pine and spruce (Appendix 1, Fig. S1b). This indicates 
decreased fire frequency (Bradshaw and Zachrisson, 1990), which would favor allochtonous 
carbon input to the lake. The denser vegetation cover as well as the fact that pine and spruce, 
which are abundant during this period, provide more acidity relative to birch contribute to 
increased weathering and organic matter input to the lake (Grayston et al. 1997, Hansson et al. 
2011; Klimaszyk and Rzymski 2013).  
 
1500-800 BP: Between 1500 and 1200 BP, PC3 and CIA are high. After 1500 BP, increased 
humidity and expanding peatlands lead to increasingly acidic conditions in the catchment until 
800 BP (Rosén and Hammarlund, 2007). Until 1200 BP, the low abundance of shrubs shows 
that vegetation is dense (Appendix 1, Fig. S1b). Increased acidity as well as dense vegetation 
explain the high metal content in the sediment (Berner and Berner, 1996; Grayston et al. 1997). 
At 1500 BP, the Rb/Zr ratio becomes higher showing input of clay as spruce becomes abundant 
as this species favors humid and cold conditions (Segerström, 1990). PC2 is however low as 
erosion is not intense. Thanks to increased acidity and stable soils, favoring the input of 
allochtonous carbon and nutrients, LWTOC to reach 21 mg/L and diatom production is 
favored. 
At 1200-800 BP, PC2 is higher and PC3 decreases. Between 1200 and 1000 BP, weathering is 
weaker as shown by an increase in PC1, due to a dryer and warmer climate (Fig. 7). At 1200 
BP, spruce begins to decline due to the climatic conditions and export of clay from the 
catchment occurs. Although runoff is not intense, erosion intensifies (Fig. 4). As shrubs 
become abundant due to opening of the canopy, it is likely that soils become more unstable 
due to a less dense forest, hence leading to increased mineral matter input. LWTOC decreases 
to 10 mg/L due to reduced allochtonous carbon input, and bSi decreases to less than 0,2 
g/m2/yr, showing reduced productivity as a consequence of decreased nutrient input. Between 
1000 and 800 BP, although erosion decreases in intensity as shown by the lower PC2 and Ti 
reaching 1500 ppm, Rb/Zr is still high due to the presence of spruce in the catchment leading 
to the input of clay. After 800 BP, weathering becomes stronger again, as shown by a decrease 
in K/Al and an increase in Fe (Fig. 4), as conditions become cooler and moister towards the 
Little Ice Age, and LWTOC reaches 22 mg/L (Bradley et al. 2003; Bjune et al. 2009).  
 
4.2.2. Kassjön 
6300-5300 BP: A sharp decrease in erosion occurs at about 5900 BP and lower shrub 
abundance together with higher tree pollen count indicates the formation of a closed forest 
(Appendix 2, Fig. S2). The high PC2 during this period shows low weathering intensity, 
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reflecting that the soils remain unstable. CIA however, although low, is following an increasing 
trend (Fig. 5), as soils and vegetation progressively become progressively more stable, allowing 
organic matter build-up and contributing to a greater allochtonous contribution of organic 
carbon to the lake (Meyer-Jacob et al. 2015). Thanks to more stable soils and denser 
vegetation, LWTOC increases from 5 to 7 mg/L.  

 
5300-4500 BP: At 5300 BP, PC1 becomes lower and Ti decreases. Br, which is associated with 
organic matter, remains constant (Fig. 5). Pine doubles in abundance from 12 to 24 % of the 
tree pollen due to the dryer climate (Fig. 7) and reduced precipitation contributes to lower 
erosion intensity. After 5000 BP, CIA increases and PC2 becomes lower, indicating weathering 
becomes more intense. The K/Al ratio continues to decrease steadily. LWTOC increases from 
7 to 9 mg/L between 5300 and 4500 BP while bSi increases as nutrients and organic matter 
input is higher as shown from the PC1 (Fig. 5). At 5000 BP, a decrease in shrubs and in herbs 
occurs and higher tree pollen counts show a denser forest. It allows further soil stabilization 
and promotes more intense weathering (Grayston et al. 1997). As soils stabilize, increased 
organic matter buildup would promote Br export despite dryer conditions, hence explaining 
its constant value. At 4700-4500 BP, a peak in CIA occurs, coinciding with increased 
Sphagnum spores counts indicating expansion of peatlands (Appendix 2, Fig. S2). These 
organic rich soils are known to favor the export of organic carbon, therefore contributing to 
higher weathering rates and high organic matter input, as shown by the Br values (Rosén and 
Hammarlund, 2007).  
 
4500-3800 BP: After 4500 BP, bSi becomes lower than previously, between 0,9 and 1,5 
g/m2/yr. PC1 becomes slightly higher but remains low, showing erosion is not intense. Br, 
which is carried with organic matter, becomes lower, indicating reduced input of organic 
matter. The K/Al ratio continues to decrease throughout this period, as the catchment soils 
progressively develop and stabilize (Meyer-Jacob et al. 2015). Climatic conditions are warm 
and dry during this period (Fig. 7) and therefore lower runoff reduces the export of organic 
matter and nutrients from the catchment. Reduced diatom production occurs as a 
consequence. However, soil organic matter which acts as a weak acid, is building up during 
stabilization of the catchment contributing to increased weathering, explaining the decrease in 
K/Al (Grayston et al. 1997; Meyer-Jacob et al. 2015). Besides, the high temperature promotes 
vegetation cover, leading to increased weathering (Hruska et al. 2003). As a result, LWTOC 
increases from 8 to 9 mg/L.  
After 4000 BP, weathering is weaker as shown by an increasing PC2. A decrease in Hg, which 
plots on the negative side in PC2 also occurs (Figs. 1, 5). This is considered a particularly dry 
period, with little precipitation, and therefore weathering is not intense (Smedberg, 2008). 

 
3800-3200 BP: During this period Br has a higher accumulation rate than at 4500-3800 BP. 
After 3800 BP, PC1 and Ti are lower than in the previous period (Fig. 5) especially at 3800-
3500 BP. Dry conditions are inferred during this cold anomaly (Seppä et al. 2009) and 
contribute to low mineral input due to decreased runoff. Between 3800 and 3500 BP, at the 
end of the very dry period of 4000-3500 BP, inferred from the change in lithology from 
Barnekow et al. 2008, erosion is particularly weak. The high PC2 shows weathering is not 
intense throughout this period. CIA however, shows high values despite reduced moisture. 
Because weathering is weak in intensity, it can be assumed that slower erosion rates lead to 
more stable soils that do not get removed fast allowing the mineral matter to get increasingly 
weathered as the acids interact with the soil. Also, the fact that CIA increases despite low 
weathering intensity is partly due to soil development and increasing organic carbon buildup, 
also shown by the K/Al trend (Meyer-Jacob et al. 2015). As the CIA is high, a greater amount 
of organic substances is transported to the lake and LWTOC peaks to 11 mg/L during this 
period (Rosén and Hammarlund, 2007). Diatom production is favored, with bSi reaching 2,2 
g/m2/yr as Br, which is transported with organic matter, is higher.  
CIA which showed an increasing trend since 5900 BP during catchment development, becomes 
stable at 3400 BP. After 3400 BP, Hg, which plots together with CIA on PC2 (Fig. 2), decreases 
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and the CIA becomes stable. Due to little precipitation, erosion remains weak and as the 
amount of organic matter stored in soils has stopped increasing, organic matter and nutrient 
input becomes lower, LWTOC decreases to 9 mg/L and bSi drops to 1,8 g/m2/yr.  

 
3200-2400 BP: At 3200-2900 BP, PC1 is low. Between 3100 and 2800 BP, PC2 reaches higher 
values indicating strong weathering intensity, and Hg, which plots together with CIA on PC2, 
increases from 30 to 50 ppm. After 3200 BP, increased moisture (Fig. 7) enhances the chemical 
weathering rate and peatlands expand, as shown by increasing Sphagnum spore abundance, 
promoting input of allochtonous organic carbon to lakes (Rosén and Hammarlund, 2007, 
Smedberg, 2008). Thanks to this, LWTOC reaches 10 mg/L between 3200 and 2900 BP. Br 
transport is favored and diatom production is favored thanks to greater organic matter and 
nutrient input. 
At 3000-2900 BP, the Rb/Zr ratio increases showing higher input of detrital clays. Metals also 
increase as shown on PC3. As spruce becomes more abundant at 3000 BP, to the expense of 
pine and birch, with 22% of the tree pollen, the grain size decreases and increased acidity due 
to the presence of spruce promotes the export of metals from the catchment (Hansson et al. 
2011). PC1 and erosion intensity remains however low until weathering rate decreases at 2800 
BP. Erosion is favored by the humid conditions at the time, leading to increased runoff. The 
K/Al ratio reaches high values at 2800-2400 BP, coinciding with decreased Br accumulation. 
The organic matter input is negatively affected by erosion intensity, due to less stable soils. 
Between 2800 and 2700 BP, the higher PC2 shows decreasing weathering intensity, coinciding 
with a decrease in Sphagnum spores. Reduced peatland extent would contribute to lowering 
the amount of organic matter and acids in the catchment, and therefore to lower weathering 
rate (Rosén and Hammarlund, 2007). As a consequence of reduced export of organic matter 
and nutrients due to the retreat of peatlands, as well as unstable soils due to erosion, LWTOC 
plunges to 5 mg/L while bSi reaches 0,3 g/m2/yr at about 2800 BP. At 2700-2400 BP, PC2 is 
lower, indicating stronger weathering. Moist conditions are inferred from the expansion of 
peatlands, thus favoring high weathering rates and organic matter export (Smedberg, 2008) 
allowing LWTOC to increase at 7 mg/L and bSi increases slightly to 0,6 g/m2/yr. 
 
2400-1500 BP: Between 2500 and 2400 BP, metals as well as Rb/Zr show a decreasing trend, 
while Br and PC2 increase. Between 2400 and 2200 BP, the K/Al ratio is low. After 2400 BP, 
increased moisture and higher runoff promotes the input of Br and organic elements to the 
lake (Rosén and Hammarlund, 2007). Besides, stable soils result in more nutrient availability 
and TOC, which in turn promote weathering (Hruska et al. 2003). Thanks to increased 
moisture and higher weathering rates LWTOC rises to 8 mg/L. Diatom production is favored 
as shown by a higher bSi. Higher precipitation would also favor the export of minerogenic 
matter. However, during this period, spruce is less abundant (Appendix 2, Fig. S2) resulting in 
decreased input of clay material, despite increased humidity. The decrease in spruce is likely 
due to a fire, as pine decreases at the same time and birch becomes more abundant (Bradshaw 
and Zachrisson, 1990).  
At 2200-1500 BP, Rb/Zr and metals increase as spruce is more abundant than previously, 
hence promoting the input of detrital clays and metals to the lake. The high K/Al ratio shows 
the mineral matter is not very weathered. Br being low, showing reduced allochtonous carbon 
input, LWTOC decreases to 6 mg/L and low productivity is shown by a low bSi (Fig. 5). High 
erosion would reduce the amount of TOC in soils and lower the amount of organic matter and 
nutrients exported. Weaker weathering under dry conditions, as shown by the high PC2, as 
well as decreased organic matter in soils reduce the amount of allochtonous carbon exported 
(Rosén and Hammarlund, 2007; Smedberg, 2008; Meyer-Jacob et al. 2015). At 2000 BP, birch 
becomes a minor component of the forest, relative to pine and spruce. This indicates a 
decreased fire frequency which favors spruce and pine (Bradshaw and Zachrisson, 1990). 
Dryer conditions are inferred after 2000 BP (Fig. 7). Erosion rate begins to decrease as shown 
by the decreasing dry bulk density due to decreased runoff and denser vegetation, although the 
clay content remains high due to abundant spruce (Fig. 5).  
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1500-800 BP: PC1 shows a decreasing trend, indicating higher export of organic matter to the 
lake, dry bulk density decreases from 0,48 to 0,28 g/cm3 and PC2 becomes lower as weathering 
intensifies. There is still a high minerogenic content as shown on PC1 but erosion intensity 
decreases. After 1500 BP, acidification of the catchment occurs through a large expansion of 
peatlands due to increasingly humid conditions. Between 1500 and 800 BP, LWTOC increases 
from 6 to 12 mg/L, thanks to increased acidity, as a higher soil pH favors more intense 
weathering (Berner and Berner, 1996).  
At 1250 BP, Fe and Rb/Zr decrease as shown on PC3 (Fig. 5). Spruce begins to decline, as the 
climate gets dryer approaching the Medieval Warm period centered around 1000 BP (Mann, 
2007). PC1 becomes lower, indicating a decreasing input of mineral matter to the lake as a 
consequence of decreased runoff. Meanwhile, bSi increases and K/Al decreases. Productivity 
is favored by the greater input of nutrients thanks to soil stability following a decline in spruce. 
On top of the rising LWTOC trend, two drops are seen at 1400 and 1100 BP, where LWTOC 
reaches respectively 7 and 8 mg/L and the mineral matter content increases (Fig. 5). Both pine 
and spruce decline abruptly, and birch and shrubs become more abundant which likely 
indicates fire episodes, resulting in lower organic matter input to the lake and increased 
erosion due to unstable soils.  
Between 1100 and 900 BP, the lower PC2 and CIA values (Fig. 5) show weathering is less 
intense than previously and LWTOC remains below 10 mg/L. The more open canopy following 
the decline in spruce promotes the growth of different shrubs and herbs and lead to more 
unstable soils (Appendix 2, Fig. S2). At this time conditions become dry and warm, during the 
Medieval warm period (Fig. 7). The K/Al ratio increases, showing the mineral load is not very 
weathered although dry bulk density remains at 0,35 g/cm3, due to less intense runoff. After 
900 BP, weathering increases and LWTOC reaches 13 mg/L as the climate becomes cooler and 
moister towards the Little Ice Age (Bradley et al. 2003; Bjune et al. 2009). 
 
4.2.3. Extracting the climate signal 
An increase in minerogenic matter is seen at 3700 BP in Sarsjön but such increase does not 
occur before 3000 BP in Kassjön. However, the type of material between 3700 and 3200 BP 
in Sarsjön, differs from that of after 3000 BP. Indeed, at 3700-3200 BP, Zr, which is associated 
with the coarse-grained mineral fraction, is abundant in the sediment, being above 200 ppm 
and peaking to 250 ppm at 3500 BP. CIA is lower during this period, indicating the input of 
less weathered material. After 3000 BP, in both Sarsjön and Kassjön, the sediment is 
characterized by fine clay material, as shown by the Rb/Zr ratio and a decrease in Zr. Soils also 
appear to be more stable as told from the high CIA ratio. Stable soils contain more organic 
matter, acting as a weak acid but also, as it is not flushed away as fast, the chemical weathering 
reaction can take place (Grayston et al. 1997, Meyer-Jacob et al. 2015). This is also shown by 
the LTWOC values, which are at about 8 mg/L at 3700-3200 BP and rise to above 10 mg/L 
after 3000 BP in Sarsjön, as a consequence of increased input of organic matter to the lake. A 
smaller grain size, as shown by the Rb/Zr ratio, makes the particles more likely to be subjected 
to chemical weathering by increasing their surface area. An increase in metals coinciding with 
a high clay input also points out to higher acidity, as they are more likely to be transported 
under a low pH (Rosén and Hammarlund, 2007). At 3000 BP, spruce becomes abundant 
around both Sarsjön and Kassjön, coinciding with increased transport of metals and clays. The 
input of clay material, as told by the Rb/Zr ratio, appears to reflect the timing and abundance 
of spruce in the catchment. A first phase of increased mineral input is seen in Sarsjön at 3000-
2600 BP and at 2900-2500 BP in Kassjön, before increased fire frequency causes a decline in 
spruce, which is matched by lower Rb/Zr values, indicating coarser sediment (Fig 4, 5). A 
second phase of increased clay material input occurs at 2400-2000 BP in Sarsjön and at 2200-
1500 BP in Kassjön, coinciding with an increase in spruce abundance. A third peak in Rb/Zr 
occurs at 1500-1200 BP in Sarsjön and at 1400-1200 BP in Kassjön, coinciding again with more 
spruce. This ratio provides a good proxy for the effect of spruce in the catchment. The different 
timing likely reflects a difference in fire regime, due to their geographical position, being 50 
km from each other. Therefore, the 3700 BP erosion event in Sarsjön is not due to spruce 
arrival, which is rather simultaneous in both Kassjön and Sarsjön at c. 3000 BP, and is likely 
due to climatic conditions affecting the hydrology. Snowball et al. 1999 had also interpreted 
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this erosion event as the result of a sudden climatic change. The hypothesis that it is possible 
to separate the effect of local dynamics from the record is verified.  
Dry conditions at 5300-3200 BP are inferred from a higher pine abundance (Appendix 1, Fig. 
S1b, Appendix 2, Fig. S2). Decreased runoff results in little mineral export to the lake during 
this period. Between 5000 and 4500 BP, weathering intensity is higher, due to the presence of 
peatlands but because of increasingly dry conditions after 4500 BP, weathering becomes 
weaker, and LWTOC decreases. After 4000 BP, and until 3200 BP, weathering intensity is 
particularly weak due to dry conditions. After 3800 BP, as conditions become colder (Seppä et 
al. 2009), a change in hydrology affects sedimentation patterns in Sarsjön. In Kassjön, as the 
conditions are dry, decreased runoff leads to low erosion rate, which is what would be normally 
expected. According to Petterson et al. 2010, Kassjön gives a clear erosion signal while Sarsjön, 
does not and is overridden by the effect of local, catchment scale processes, explaining this 
difference. Between 3200 and 2000 BP, increased moisture is inferred, especially after 2700 
BP. Therefore, erosion intensity is higher, but especially because of the establishment of spruce 
in both catchments, which provides more clay material input to the lake. LWTOC increases 
until 2900 BP but becomes lower as erosion affects soil stability and especially during a period 
of peatland retreat at c. 2800 BP (Fig 4, 5). After 2000 BP, dryer conditions and less frequent 
fires (Fig. 7) lead to decreasing erosion intensity as shown by the decreasing dry bulk density 
values. A high minerogenic matter content still characterizes the sediment in Kassjön due to 
high spruce abundance. In Sarsjön, Br and LWTOC begin to increase because decreased fire 
intensity preserves the soil organic matter and favors spruce and pine that provide more acidity 
compared to birch, therefore providing more allochtonous carbon to the lake (Bradshaw and 
Zachrisson, 1990; Schindler et al. 1997; Hansson et al. 2011; Klimaszyk and Rzymski, 2013). 
Besides, a smaller grain size due to the presence of spruce in the catchments increases their 
surface area and therefore promotes higher chemical weathering rates. After 1500 BP, 
increasing acidity in the catchment favor the export of organic matter (Rosén and 
Hammarlund, 2007). This is a consequence of different local dynamics at the catchment scale. 
Between 1500 and 1200 BP, the moist conditions favor weathering, although spruce is 
abundant and the Rb/Zr ratio is high, indicating clay material input. Thanks to increased 
catchment acidity however, the export of organic matter is favored and LWTOC increases in 
both lakes. After 1200 BP, spruce begins to decline as the climate gets warmer and dryer 
around the Medieval Warm period (Mann, 2007), leading to a more open forest and less stable 
soils. Until 1000 BP, dryer conditions limit the weathering rates, and due to spruce being still 
relatively abundant as well as unstable soils, an episode of increased erosion occurs (Fig 4, 5). 
After 1000 BP, increasing humidity towards the Little Ice Age promotes weathering and 
erosion intensity decreases, as spruce declines. Therefore, as acidity builds up in the 
catchment, thanks to suitable climatic conditions after 1500 BP, as well as high pine and spruce 
abundance and in the absence of extensive fires, organic matter export is favored and LWTOC 
becomes higher despite the initial negative influence of spruce establishment on catchment 
soils. Therefore, the climatic signal can be extracted when comparing different lake sediment 
records, when differences due to local processes are considered. 
 

4.3. Anthropogenic disturbances  
4.3.1. Timing 
Pannsjön: At c. 1600 BP, the first signs of human presence occur in the Pannsjön record as 
shown by a strong increase in Gramineae, indicating opening of the forest (Appendix 3, Fig. 
S3). Gramineae become more abundant after 1400 BP, when other apophytes such as 
Juniperus, Salix, Artemisia increase. They indicate openings in the forest, leading to a more 
open landscape, and often reflect the presence of human activities near the lake, such as 
grazing and cultivation (Meyer-Jacob et al. 2015). The first evidence of cultivation is found, 
with the occurrence Hordeum secale pollen (Appendix 3, Fig. S3). This falls within the know 
dates of increased agriculture at 1600-1400 BP in Ångermanland (Huttunen and Tolonen, 
1972). Between 1400 and 1300 BP, a decrease in CIA and higher Ti and PC2 (Fig. 6) show 
increased input of less weathered material to the lake occurs indicating a strong disturbance 
to the soils.  This is likely caused by trampling by livestock, which disturbs soils and vegetation 
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and exposes soil mineral horizons (Meyer-Jacob et al. 2015). Besides, the high abundance of 
charcoal particles indicates extensive use of slash and burn agriculture, which is used to create 
open areas for pastures and fields. Fires reduce the soil pool of organic matter and therefore 
the LWTOC becomes lower during this period (Fig. 6) due to reduced export from the 
catchment (Rosén and Hammarlund, 2007). This likely reflects a first episode of settlement. 
After 1000 BP, cultivation intensifies, and increased anthropocores and apophytes are found 
(Appendix 3, Fig. S3). According to Huttunen and Tolonen, 1972, this is a period of marked 
settlement and agricultural expansion in the region. As a result, LWTOC and PC2 (Fig. 6) 
decrease as intensification of human activities lead to a high input of mineral matter to the 
lake. After 1000 BP, there is continuous cultivation of Hordeum secale near the lake, as well 
as more Juniperus, Humulus/Cannabis and charcoal with an increasingly disturbed forest 
with rapid vegetation changes (Appendix 3, Fig. S3). Picea decreases in abundance, because it 
is particularly affected when pastures and arable fields are established as it grows on the most 
fertile soils, that are eventually preferentially being cleared (Segerström, 1990, Wallin, 1996). 
At 850 BP, increased disturbance in the Cyperaceae pollen points to hay-making activities on 
meadows, and Humulus/Cannabis pollen is higher as well as other apophytes (Appendix 3, 
Fig. S3). LWTOC, which plots opposite to mineral matter on PC1 (Fig. 3) decreases further as 
increasing input of lithogenic material occurs (Fig. 6). This can be considered as intensification 
of human activities at the lake. After 500 BP, the less disturbed forest and decreased cultivation 
evidence indicates less human activities. 
 
Kassjön: Spruce begins to decrease after 1200 BP, as the climate gets dryer (Fig. 7). It decreases 
sharply at 800 BP, leading to a lower Rb/Zr ratio, but this ratio does not reach low values until 
500 BP (Fig. 5). Spruce is known to be particularly affected by fires, and by human activities 
in general, including the use of slash and burn technique. Therefore, before 800 BP, it is 
unlikely that any human activities took place and therefore the earlier decrease in spruce is 
attributed to climatic conditions, which were warm and dry during the Warm Medieval Period, 
as spruce is favored by a cold and humid climate. Besides, shrubs and Gramineae as well as 
other apophytes, which are favored by human landscape disturbances, increase sharply at 800 
BP when spruce declines (Appendix 2, Fig. S2). These are clear indicators of disturbance and 
forest opening (Meyer-Jacob et al., 2015). At Kassjön, permanent settlements occurred at 
about 800 BP (Segerström, 1990). However, the high weathering rate and LWTOC values as 
well as a low PC1 indicate that the soil disturbance was generally low until 500 BP. Indeed, the 
climate was moister approaching to the Little Ice Age and this would have contributed to 
increased weathering and organic matter transport. At 500 BP, apophytes increase in 
abundance coinciding with an increasingly unweathered matter although LWTOC remains 
high at 10 mg/L. This is likely caused by trampling by livestock, which disturbs soils and 
vegetation (Meyer-Jacob et al., 2015). Cyperaceae increased indicating hay making. Shrubs 
also become more abundant suggesting a more open environment. Besides, Cereale secale and 
Hordeum pollen increase. At 500-400 BP, agricultural practices consisted mostly of summer 
forest grazing and farming, haymaking on mires with some cultivation of cereals (Segerström 
et al. 1996; Larsson, 2012). Spruce decreases in abundance probably due to the creation of 
more open areas for grazing and cultivation (Appendix 2, Fig. S2). Fires reduce the soil pool of 
organic matter and therefore the LWTOC becomes lower during this period due to reduced 
export (Rosén and Hammarlund, 2007). Intensification of these practices is seen at 300 BP, 
where apophytes and anthropocores increase sharply, and PC1 shows higher values (Appendix 
2, Fig. S2). At 150 BP, LWTOC drops and there is a marked increase in erosion (Fig. 5). At the 
same time, cereal pollen decreases, as well as pine. This period marks the onset of commercial 
logging, targeting especially pine and especially for tar burning (Tirén, 1937). Logging for tar 
involves exploitation of roots and therefore leads to increased soil erosion (Nordström, 1989). 
After 50 BP, LWTOC begins to increase again as summer farming and grazing became less 
important due to changing agricultural practices after the industrial revolution (Larsson, 
2012). 
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Sarsjön: Spruce begins to decrease after 1200 BP, as in Kassjön but it is only at 600 BP that it 
decreases sharply, as shown by the Rb/Zr ratio, and more so after 300 BP. This coincides with 
an increase in charcoal particles (Barnekow et al. 2008). The increase in CIA at 800 BP 
corresponds to more suitable climatic conditions. In this area, permanent settlement was 
established at 700 to 600 BP (Barnekow et al., 2008 and references therein). The decrease in 
spruce abundance at 600 BP and increase in shrubs and Gramineae correspond to the first 
signs of human activity (Appendix 1, Fig. S1b). The establishment of pastures and arable fields 
result in an opening of the landscape. Spruce is particularly affected as it grows on the most 
fertile soils, that are eventually preferentially being cleared (Segerström, 1990, Wallin, 1996). 
There is a sharp increase in minerogenic matter for 100 yrs and a decrease in CIA which can 
be explained by the fact that trampling by livestock disturbs soils and vegetation when grazing, 
leading to increased input of unweathered matter into the lake (Meyer-Jacob et al. 2015). After 
300 BP, bSi and LWTOC begin to decrease, although they remain high (Fig. 4). This decrease 
is attributed to increased erosion, with an increase in unweathered material as Zr, and a higher 
PC1. This is likely caused by trampling by livestock, which disturbs soils and vegetation 
(Meyer-Jacob et al., 2015). Increasing human influence is shown by increasing shrubs as 
Betula nana and Salix, and an equally sharp decrease in spruce. Gramineae also increase as 
well as cereal pollen (Appendix 1, Fig. S1b). The data from Barnekow et al. 2008 shows 
increased charcoal accumulation rates occur at 300 BP indicating forest clearance by fire “slash 
and burn” technique (Meyer-Jacob et al. 2015). At 150 BP, LWTOC decreases from 18 to 4 
mg/L. Pine declines and erosion increases with accumulation rate from 0,09 to 0,88 g/cm3, as 
commercial logging activities begin (Tirén, 1937).  
 
4.3.2. Climate or humans? 
This study shows that a dryer climate after 1200 BP is responsible for the decrease in spruce 
and increased apophytes and shrubs and that in neither Sarsjön nor Kassjön there are any 
signs of human activities at this time. Therefore, although between 1500 and 1250 BP, the first 
permanent settlements appeared in the Umeå region (Tolonen, 1972; Engelmark, 1976), signs 
of anthropogenic disturbances are not found in neither Kassjön nor Sarsjön at these dates. 
After 1000 BP, there is input of increasingly weathered material in both Kassjön and Sarsjön. 
Intensive agriculture usually results in the input of unweathered material due to tillage and 
ditching activities exposing unweathered soil horizons which would lead to lower CIA values. 
The high CIA in Kassjön and Sarsjön (Figs. 4-5) can therefore not be attributed to 
anthropogenic disturbances and is considered as climate related, as a cooling is inferred after 
1000-800 BP with increasingly moist conditions towards the Little Ice Age (Mann, 2007). 
From the two successive decreases in spruce and increases in apophytes, the first one 
attributed to the slash and burn farming and the second one to the intensification of this 
method and expansion of agricultural practices, it is possible to say that the first signs of 
human activities occurred at 1600 BP in Pannsjön, 800 BP in Kassjön and 600 BP in Sarsjön. 
The onset of agricultural expansion around Kassjön is dated to 900-800 BP by Engelmark, 
1976 and Segerström, 1990, while permanent settlement around the Vindeln area, closer to 
Sarsjön, is known at 700 to 600 BP (Tirén, 1937). Marked settlement signs and more intensive 
land use occurred after 1000 BP in Pannsjön, 500 BP in Kassjön and 300 BP in Sarsjön. Known 
dates of increased agricultural practices are estimated to between 600 and 300 BP in the Umeå 
area, including inland (Segerström, 1990), while in Ångermanland, this happened around 
1200-1000 BP (Huttunen and Tolonen, 1972). Therefore, the hypothesis that the timing of 
expansion of agricultural activities differs depending on the site locations is confirmed, with 
human impact being recorded earlier at lake Pannsjön, and although lakes Kassjön and Sarsjön 
are situated close to each other, the timing of human activities is not simultaneous. 
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Appendix 
1. Pollen record – Sarsjön  
 
 

 
Figure S1a: Pollen data for Sarsjön, from Snowball et al. 2002. 
 
 
 
 

 
Figure S1b: Pollen record from Svartkälstjärn, close to Sarsjön, from Barnekow et al. 2008.  
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2. Pollen data – Kassjön 
 
 

 
Figure S2: Pollen record from Kassjön, based on the data of Segerström, 1990 (European Pollen Database). 
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3. Pollen data – Pannsjön 
 

 
 
Figure S3: Pollen data, analyzed by Jan Erik Wallin (Pers. Communication) 
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