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Abstract 

Long-term dynamics of lake-water total organic carbon (LW-TOC) concentrations in 

freshwater lakes provide an important perspective on the recent increases in LW-TOC 

observed in many of these systems and may assist with the identification of natural and 

anthropogenic drivers of change. This study examines how LW-TOC in Dragsjön, a lake 

situated in an area with a long history of anthropogenic land use, has changed in response to 

natural and anthropogenic perturbations throughout the Holocene. To provide a better 

understanding of the processes involved, a multi-proxy study was conducted and included 

multi-element geochemistry (17 major and trace elements), biogenic silica, organic matter 

(OM) content and composition, and the faecal biomarker “coprostanol”. The direct 

biomarker for anthropogenic presence, “coprostanol”, and a detailed characterisation of OM 

composition are for the first time applied for tracing changes in LW-TOC. Natural processes 

contributed to stable LW-TOC concentrations in Dragsjön for most part of the Holocene. 

Humans were present in the catchment from AD 100 as indicated by coprostanol, but did not 

begin to affect LW-TOC until c. AD 1500. In the last 500 years LW-TOC steadily declined 

from 17 to 10 mg L-1 in response to anthropogenic alterations to the terrestrial biomass 

balance. The increase in LW-TOC during the last 70 years likely represents a recovery from 

anthropogenic disturbance rather than a baseline shift in response to any of the number of 

proposed recent stressors. The faecal biomarker coprostanol and OM composition provided 

information essential for identifying and characterising the effects of anthropogenic 

disturbance. 

 

Keywords: lake-water TOC, faecal biomarkers, Pyrolysis GC/MS, forest grazing. 
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1. Introduction 

In Sweden, and elsewhere, monitoring of organic carbon (OC) in aquatic systems began only 

a few decades ago and has in that time shown that OC is steadily increasing (Monteith et al. 

2007, Erlandsson et al. 2008). The subject has received considerable interest and is 

recognised as a cause of concern because of the multitude of effects that elevated OC 

concentrations have on aquatic ecosystems, including on drinking-water quality, lake 

productivity and the global carbon cycle (Cole et al. 2007, Karlsson et al. 2009, Ledesma et al. 

2012). Total organic carbon (TOC) in water bodies is measured as the sum of the fraction of 

carbon, in the form of recalcitrant organic acids from detrital plant, algal and bacterial matter, 

dissolved directly in the water (dissolved organic matter, DOC) and the fraction bound to 

particles in suspension (particulate organic carbon, POC) (Fiedler et al. 2008). In northern 

boreal systems up to 90-95% of TOC is in dissolved forms (Mattsson et al. 2005, De Wit et al. 

2007). Several hypotheses attempt to explain the recent increase in OC based on links 

observed between OC and declining atmospheric deposition (SO42-, Cl-, NO3-) (De Wit et al. 

2007, Monteith et al. 2007, Erlandsson et al. 2008), climate (Erlandsson et al. 2008, 

Freeman et al. 2001), and catchment characteristics and land-use (Mattsson et al. 2005). 

 

Many of these studies rely on monitoring data from the last 30 years and therefore lack the 

important perspective on long-term dynamics. The paleolimnologic approach (paleon=old, 

limne=lake, logos=study), which concerns the reconstruction of processes affecting 

lacustrine systems over centennial and millennial time-scales, offers substantial advantages. 

This is exemplified by the case of acidification of boreal lakes, which have been shown to have 

gradually acidified over thousands of years due to natural soil development processes, rather 

than simply in response to modern atmospheric acid deposition (Renberg et al. 1990). 

Paleolimnologic reconstructions using visible near infrared spectroscopy (VNIRS) to infer 

lake water TOC concentrations (LW-TOC) have demonstrated that LW-TOC has been 

declining for up to 850 years  and several authors have attributed the decline to alterations in 

the catchment biomass balance (Rosén and Hammarlund 2007, Rosén et al. 2011). Rosén 

and Hammarlund (2007) proposed a naturally high fire frequency as the reason for declining 

lake-water TOC (LW-TOC) in three lakes in northern Sweden from 750 to 1965, while other 

authors have suggested increased anthropogenic catchment disturbance, in the form of forest 

removal in favour of pastures and cropping, as the reason for the declines in southern 

Sweden from 750 to 1750 (Rosén et al. 2011) and 1200 to 1900 (Bragée et al. 2015). 

 

South-central Sweden has a long documented history of landscape utilisation through 

summer farming (fäbodar in Swedish, alpage in French) (Larsson 2009). Summer farms 

were settlements located at distances of 3-30 km away from the home farm and utilised on a 

seasonal basis with the purpose of providing summer pasture and winter fodder for the 

livestock (Montelius 1977). The forests served as grazing grounds for the livestock that were 

sometimes herded several kilometres from the farm to suitable pastures, while the land 

adjoining the farm was used for fodder production (Fig. 1). After the late medieval crisis (c. 

1500), which saw the Swedish population severely decimated in numbers, summer farming 

became an essential part of the agricultural system (Larsson 2009). The system of summer 

farming was practiced over large parts of the country, but particularly prominent in County 

Dalarna. With increasing population numbers from 1750 onwards, every part of the forest 

was utilised and geographical expansion of summer farms was no longer possible in this 

region (Larsson 2009). The heavy utilisation of forest resources led to extensive 

modifications to vegetation structure and composition (Segerström and Emanuelsson 2002, 
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Karlsson et al. 2010). Forests were thinned and burned to improve the pasture with 

subsequent increases in grasses, shrubs and grazing tolerant forbs, while other species, 

predominantly broad-leaved tree species, disappeared (Segerström and Emanuelsson 2002). 

These changes have recently been shown to have led to a decline in LW-TOC in the lake Lång-

Älgsjön, Gyllbergen, County Dalarna (Meyer-Jacob et al. 2015). 

 

 

Figure 1. On the left, Rossåsvallen summer farm at Bjuråker, County Gävleborg in 1937. The round-pole fence 

kept the livestock away from the hay-meadows when herded to and from the forest. Photo by Mårten Sjöbäck, 

Länsmuseet Gävleborg. On the right, cattle, sheep and goats grazing in the forest. Floda parish, county Dalarna, c. 

1900. Photo by Gerda Söderlund, Leksands lokalhistoriska arkiv. 

 

Studies concerned with impacts of summer farming on the surrounding landscape typically 

rely on indirect disturbance markers, including pollen, charcoal particles and some 

minerogenic (e.g. Ti, K) elemental ratios, for inference and estimation of anthropogenic 

pressure. Taking pollen as an example, the abundance of natural, disturbance-favoured 

species (apophytes), such as grasses and forbs, can be linked to both natural fires and animal 

grazing (Segerström et al. 1997). A more direct link can be made with the presence of pollen 

from species cultivated by humans (anthropocores), but because pollen can disperse several 

kilometers by wind, the source area cannot be readily defined (Bunting et al. 2004). To better 

distinguish between natural and anthropogenic influences on landscape development 

processes, indirect disturbance markers can be complemented by direct markers for 

anthropogenic presence and OM sources. 

 

Coprostanol is a faecal 5β-stanol formed exclusively in the intestinal tract of mammals. In 

human faeces coprostanol is the dominant sterol making up approximately 60-80% of the 

total sterol content (Shah et al. 2007, Leeming et al. 1996). For cattle and sheep the 

proportion of coprostanol, when compared with 7 other major sterols, is approximately 35-

40% (Shah et al. 2007). Dietary preferences influence the relative proportions of 5β-stanols 

in the faeces, which is why sterol profiles of ruminants show greater proportions of plant-

derived compounds, such as 24-ethylcoprostanol, 5β-sitostanol and 5β-stigmastanol, 

compared with humans (Leeming et al. 1996). The usefulness of faecal 5β-stanols has 

recently been demonstrated by D’Anjou et al. (2012) who were able to correlate human 

settlement patterns with climatic oscillations in northern Norway using faecal 5β-stanols. In 

this study, coprostanol is used as a direct proxy for estimating the timing of human and 

ruminant presence within a lake catchment and for the first time applied to tracing long-term 

changes in LW-TOC. 
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The determination of OM composition at the molecular level has been shown to provide very 

useful information regarding past environmental conditions. Vegetation is a major source of 

OM and its composition influenced by a range of factors, including temperature, species 

migration, hydrology, fire regime and grazing (Schellekens et al. 2011, Mälson et al. 2008, 

Giesecke 2005, Segerström and Emanuelsson 2002). Plant litter entering lacustrine systems 

provide nutrients and serve as substrates for microbial organisms, which subsequently 

decompose many primary compounds into secondary forms (Meyers and Ishiwatari 1993), in 

addition to contributing biomass to the OM pool. The presence and preservation of the 

associated organic molecules in the sediments are linked both to their provenance and the 

environmental conditions at the time of incorporation (Schellekens et al. 2015). Pyrolysis - 

gas chromatography/mass spectrometry (Py-GC/MS) provides rapid and detailed 

information on the molecular composition of OM. Without the need for sample pre-

treatment and with efficient data processing, several hundred compounds from different 

classes (e.g., cell wall lipids, lignin structures, carbohydrates, nitrogen (N) compounds) may 

be identified at high temporal resolution (Tolu et al. 2015). Py-GC/MS have mainly been 

applied to soils and peat in order to distinguish different terrestrial OM sources and rates of 

degradation within paleoclimatic contexts (e.g. Schellekens et al. 2015, Routh et al. 2014). 

For example, lignin and phenolic compounds, long-chain n-alkanes derived from plant cell 

walls/waxes and polysaccharides derived from cellulose are useful proxies of different plant 

OM input (Tolu et al. 2015). An increased presence of easily degraded compounds, such as 

fresh sugars, is indicative of an altered rate of decomposition (Vancampenhout et al. 2008). 

Py-GC/MS has also been applied to aquatic systems (sediments and total suspended matter) 

to trace aquatic vs. terrestrial sources (Fabbri et al. 2005, Tolu et al. 2015) and to identify 

anthropogenic influences on OM composition, such as recent pollution (Kruge and 

Permanayer 2004, Micic et al. 2011) and catchment disturbance (Meyer-Jacob et al. 2015). 

Thus, Py-GC/MS holds potential for improving the understanding of the long-term declines 

of LW-TOC in boreal lakes. 

 

1.1. Aim 

This study aims t0 assess the role of anthropogenic catchment disturbance as a driver for the 

observed decline in lake water TOC in southern and central Sweden. Addressing this aim will 

require answering three important questions. Which were the natural processes driving LW-

TOC prior to anthropogenic disturbance? How and when is anthropogenic disturbance 

registered in the sediment? Can anthropogenic disturbance signals be linked to processes 

that are likely to affect LW-TOC concentrations? 

 

The chosen approach was to perform a multi-proxy study on lake sediment recovered from 

Dragsjön, south-central Sweden. Dragsjön is considered a suitable study site due to the 

remote location and the nutrient poor soils of the area, which have placed natural limitations 

on anthropogenic land-use activities, ruling out intensive agriculture. Being a headwater lake, 

issues associated with dilution and down-stream transport are also avoided. Furthermore, 

the outcome from this study may be compared with those from a neighbouring headwater 

lake subjected to similar disturbances but draining into a different catchment (Meyer-Jacob 

et al. 2015). 
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2. Materials and methods 

 

2.1 Site description 

Dragsjön (60°23’46”N, 15°07’40”E) is a small (0.06 km2), dystrophic headwater lake situated 

430 m above sea level on the Gyllbergen plateau, County Dalarna, south-central Sweden. The 

lake is shallow with a maximum depth of 6 m. It is bordered by forest to the north, east and 

west, with ridges rising up to 480 m above sea level. A mire system, Fäbodmyran (Summer 

farm mire in English), covering an area of 0.2 km2, borders the lake to the south. Water loss 

occurs through evaporation and by percolation of groundwater through the mire system, 

eventually draining into a small stream 450 m south of the lake. A large proportion of the 

shoreline is lined with floating mats of Sphagnum. Based on a diatom-inferred 

reconstruction, lake-water pH has been stable around 4.7 during the last 800 years (Renberg 

and Ek 2001), which corroborates with measurements made between 1971 and 1998 in the 

range pH 4.5-4.7 (Länsstyrelsen Dalarnas Län 2000). LW-TOC measured in 1998 ranged 

from 14.2 mg L-1 near the sediment surface to 13.6 mg L-1 in the surface water (Länsstyrelsen 

Dalarnas Län 2000). A number of lakes in the Gyllbergen area were limed in the period 1971-

1989, but Dragsjön was exempt from this treatment (Länsstyrelsen Dalarnas Län 2000). 

 

Gyllbergen is an undulating, granitic plateau rising up to 500 m above sea level. Mature 

forests (> 140 y) cover the plateau, and numerous lakes and mires are scattered throughout 

the landscape (Fig. 2). Soils are thin (<1 m) and stoney with a Scot’s pine (Pinus sylvestris) 

forest of Calluna vulgaris-type dominating in drier sites and Norway spruce (Picea abies) 

forest of Vaccinium myrtillus-type occupying richer, groundwater-fed sites. Field-layer 

vegetation on the mires is typically characterised by Carex spp., Poaceae and Calluna 

vulgaris and the ground-layer vegetation by Sphagnum spp. Lake-shore vegetation is 

relatively uniform among the lakes and characterised by Carex rostrata, C. lasiocarpa, C. 

vesicaria, Menyanthes trifoliata, Nymphea alba and Nuphar lutem (Länsstyrelsen 

Kopparbergs län 1971). 
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Figure 2. Map of Gyllbergen showing the location of Dragsjön, Lång-Älgsjön (Meyer-Jacob et al. 2015) and 

historic sites of summer farms (a), the western shore of Dragsjön, looking north (b) and Fäbodmyran, looking 

south (c). 

 

Although rugged and seemingly untouched, this landscape has a long history of human land 

use. The forests of Gyllbergen were utilised by the local population for livestock grazing from 

at least the mid-14th century (Norell and Sundström 1993). Written sources confirm the 

presence of three summer farms in the Gyllbergen area by the first census at 1663 (Lindén 

1974), a number that had increased to six by the mid-18th century (Hillerström 1984) (Table 

1). The number of shareowners at each farm was adjusted with the land reform in the early to 

mid-19th century but the intensity of the land use persisted, if not increased (Montelius 1977).

c 

b 

a 

a 
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Parallel to the use of the forests as grazing grounds, timber was harvested for the production 

of charcoal to supply the regional mining industry (Bindler et al. 2011 A). Evidence for 

charcoal production is found in the form of numerous remains of charcoal kilns 

(Länsstyrelsen Kopparbergs Län 1971), but the exact period of operation is not known. There 

are no records of mining and iron production taking place on the Gyllbergen plateau, but 

several relict mining areas are located at the base of the plateau to the north (Norans bruk), 

east (Idkerberget) and south (Tuna-Hästberg and Laxsjön) (Swedish National Heritage 

Board Database). During the 19th century sections of Gyllbergen’s forests were subjected to 

clear-cutting (Forslund 1941). These areas can still be identified by the stunted vegetation 

currently growing at these locations. Since 1982, the Gyllbergen plateau has been under 

formal protection through the formation of the Gyllbergen Nature Reserve. 

 

Current human land use is of a recreational nature, mainly through hiking and cross-country 

skiing. The only road within the reserve is found in the south eastern corner and provides 

access to the radio tower at Stora Spånsberget. 

 

2.2. Sampling and strategy for the multi-proxy analyses 

Sediment cores were recovered from the deepest part of Dragsjön in September 2014. The 

upper 60 cm were sampled with a HTH gravity corer (Renberg and Hansson 2008) and 

extruded in the field at 1 cm resolution. A sequence of four 1 m cores were taken at varying 

depths using a Russian peat corer (8 cm diameter) to recover sediment down to 285 cm, the 

uppermost core overlapping the gravity core by 50 cm and each subsequent Russian core 

overlapping the previous by approximately 20 cm. Cores were wrapped with plastic wrap and 

aluminium foil before being placed in wooden boxes and stored at +5◦ C. In the lab, the 

outermost layer of sediment was removed from the Russian cores to minimise potential 

contamination caused by smearing of sediment along the core during sampling. Russian 

Table 1. Documented summer fams at Gyllbergen in the period 1663-1947, specifying name, number of 

shareowners†, active period*, and geographical distance to Dragsjön for each summer farm. 

Name Shareowners† Year Active period* 

Distance 
to 

Dragsjön 
(km) Reference 

Gyllbergets 

fäbod 26/17 ~1825/1840   1663- 1907 3.7 Hillerström 1984 

Prästbodarna 23 1812   1663- 1940 3.2 

Swedish National 

Heritage Database 

Stockgropen 24 Late 1800s   1665- 1947 3.0 

Swedish National 

Heritage Database 

Älgbergets 

fäbod 22/9 ~1825/1840   ~1700- 1900 3.7 Hillerström 1984 

Dragbergets 

fäbod 4/3 ~1825/1840 ~1700- 1900 0.7 Hillerström 1984 

Gamla 

Spånsbodarna 26/12 ~1825/1840 ~1750- 1845 3.0 Hillerström 1984 

†The number of people with the right to utiilise each summer farm was reduced with the land reform (Storskiftet) c. 1825 (Hillström 1984). 

The number of sharowners before and after the land reform are provided when possible. 

*The active period is based on taxation records from 1663 (Lindén 1974) as well as later inventories (Hillerström 1984) and do not necessarily 

reflect the start of utilisation. 
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cores were sectioned at 1 cm resolution down to 85.5 cm, thereafter sub-sampled every 4 cm. 

Every second sample from 0-85.5 cm and all sub-samples were freeze-dried and 

homogenised using agate balls prior to analysis. For the VNIRS, FTIRS and Py-GC/MS, 

samples were also ground using a pestle and mortar. 

 

A continuous sedimentary record for Dragsjön was produced using the field-determined 

depths and adjusted using the concentration of Cl, an indicator of OM-related elements, and 

the Ti/Si ratio, representing inorganic element quality (Fig. 3). After removal of the 

overlapping data, 97 samples were selected for the continuous profile. 

 
 

Figure 3. Stratigraphic matching of sediment cores from Dragsjön with a) Cl and b) Ti/Si. Solid grey and dotted 

black lines distinguish the five cores. 

 

A common issue encountered in high-resolution, multi-proxy studies of lake sediment 

archives is the limited amount of sample mass available for analysis. The methods applied in 

this study have been chosen because they were developed to require only reduced sample 

amounts (Tolu et al. 2015, Meyer-Jacob et al. 2014, Rydberg 2014, Melendez-Perez and 

Fostier 2013) and/or offer the opportunity to recover samples for further analyses. Access to 

these techniques enabled the multi-proxy study of Dragsjön, given that sample masses were 

limited to 400-1500 mg. The multi-proxy study began with the non-destructive WD-XRF 

analysis of the sediment using all samples. The remaining five analyses were performed with 

reduced sample sets, focusing on the most recent 2000 years and selected based on the 

changes in geochemistry and on the available sample mass at each level. The number of 

samples included for each analysis is specified in the respective sections below. 

 

2.3. Quantification of major and trace elements (except Hg) 

Major and trace elements geochemistry in the sediment samples was analysed with 

wavelength dispersive X-ray fluorescence spectrometry (WD-XRF). This non-destructive 

method irradiates the samples, leading to ionisation of the atoms. Energy released in this 
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process, that is, the number of photons emitted, differs between elements and allows for their 

identification. Geochemical composition is valuable for understanding processes occurring 

within both catchments and lakes. For example, large inputs of lithogenic elements (e.g. K, 

Na, Mg and Rb) may signify enhanced catchment erosion and elemental ratios (e.g. K/Al) 

may serve as indicators of the balance between erosion and weathering as soil forming 

processes (Kaupilla and Salonen 1997). Geochemical composition is also useful for 

determining patterns of historic and modern pollution (Brännvall et al. 2001). 

 

The analysis was performed on 0.2 g of sediment using a Bruker S-8 Tiger WD-XRF 

equipped with a Rhodium-anticathode X-ray tube. The applied calibration method 

(LAKE_200 mg) was developed by Rydberg (2014). Certified reference materials (NCS-DC 

70314 and 73310, both sediment) were included with approximately every 12th sample. 

Method detection limits, accuracy and precision for major and trace elements were 

determined from the measurements of the certified reference materials (4 replicates, Table 2). 

Bromine concentrations were close to the detection limit explaining the relative standard 

deviation values. 

 

 

2.4. Quantification of mercury (Hg) and loss on ignition (LOI) 

Mercury is valuable as an indicator of temporal and geographical pollution patterns. Modern 

pollution patterns are characterised by concentrations elevated above the natural background 

level, beginning at AD 1850-1900 and peaking at AD 1970-1980 (Bindler et al. 2001). Arising 

from fossil fuel combustion, this is considered a regional pollution signal. Elevated Hg 

Table 2. Method detection limits, analysis accuracy and precision for certified reference materials (NCS-DC 

70314 and 73310, both sediment). 

Element LLDa Accuracy (%)b Precisionc (%) 

Al 0.0003% 0.24 4.5 

Ca 0.0015% 0.03 6.1 

Fe 0.0018% 0.32 9.6 

K 0.0014% 0.08 6.4 

Mg 0.0003% 0.04 4.9 

Na 0.0007% 0.02 4.5 

S 0.0008% 0.01 8.9 

Si 0.0016% 0.81 5.5 

Br 1 mg kg-1 2 57 

Cl - 41 29 

Mn 8 mg kg-1 88 5 

P 1 mg kg-1 45 20 

Pb 2   mg kg-1 23 14 

Rb 1 mg kg-1 16 7 

Ti 14 mg kg-1 103 6 

Zn 2 mg kg-1 43 28 

a Lower limit of detection (LLD) was calculated as 
3

𝑆𝑖
√

𝐼𝑏

𝑇𝑏
 where Si is the analytical sensitivity (Cps/concentration), Ib is the background 

intensity (Cps) and Tb is the background measurement time (s), see Rydberg (2014). 
b  The accuracy was calculated as: [average concentration/certified concentration]*100 

c The precision corresponded to the relative standard deviation calculated as [standard deviation/average concentration]*100 
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concentrations pre-dating modern pollution have also been found to indicate local point 

source pollution from historical mining (Bindler et al. 2011 A). In the current study, evidence 

for historic Hg pollution may provide important information on the timing and type of early 

human land use in the vicinity of Dragsjön. 

 

The analysis was performed on 20-60 mg, depending on the sample, (43 samples, 5.5-285 cm) 

using a Direct Mercury Analyser (DMA-80, Milestone). With this method samples are 

thermally decomposed, which allows for volatilisation of mercury to Hg0. Additional 

combustion products are either trapped by a catalyst (SOx, NOx and halogens) or flushed out 

by a stream of oxygen (4.5 bar), while Hg0 is selectively trapped by a gold amalgamator. The 

Hg0 is then released by rapidly heating the gold amalgamator and measured by atomic 

absorption spectrophotometry (253.7 nm) in the detection cells. The varying sample masses 

do not significantly affect the measured Hg concentrations (Melendez-Perez and Fostier 

2013). A certified reference material (NCS-DC 73309, stream sediment) and replicate 

samples were included with every 10th sample to assess accuracy and precision. 

Concentration for the certified reference material was in the range 72 ± 8-12 ng g-1, which is 

in good agreement with the certified range (72 ± 9 ng g-1). Average RSD for replicate samples 

was ≤5%. The uppermost 5 cm could not be analysed due to the limited sample mass. 

Loss on ignition (LOI) was estimated from the ash remaining from the Hg analysis. 

Accordingly, samples were combusted at 750◦ C for 2 minutes. This approach assumes an 

absence of carbonates in the sediment, which may otherwise begin to volatilise and release 

inorganic carbon already at 650◦ C (Bird et al. 2003), leading to overestimation of LOI. The 

regional bedrock is not expected to contain carbonates (Swedish Geological Survey Database) 

and the diatom-inferred pH of around 4.7 indicates that carbonates are absent to at least 40 

cm depth (Renberg and Ek 2001). Any carbonates present below this depth would also have 

been evident in the FTIRS analysis of BSi (Rosén and Persson 2006). Short retention time 

(<2 h) may lead to underestimation of LOI up to 40-70 % at the conventional temperature of 

530◦ C (Heiri et al. 2001). Potential discrepancies in LOI measurements due to the short 

heating time were expected to be compensated for by small samples, high organic content 

and high combustion temperature, all of which contribute to more efficient combustion 

(Heiri et al. 2001). The average relative standard deviation between replicates was ≤ 1.7%.  

Missing LOI data for the uppermost 5 cm were modelled against chloride. Chloride is 

abundant in boreal forest OM and strongly correlated with OM (Gustavsson et al. 2012). 

Before generating the model, five random samples were excluded for later verification of the 

model performance. The best model was non-linear (y= 21.579 ln(x) - 66.032) with R2=0.88 

and an average difference of 3.5% between measured and modelled values (Fig. 4). 
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Figure 4. Model for estimating missing LOI data for Dragsjön. The model is based on LOI measured between 5.5 

and 285 cm depth (o), verified with five reference samples (◊) and applied to five samples in the upper part of the 

core (●). 

 

2.5. Lake-water total organic carbon (LW-TOC) 

Visible near-infrared spectroscopy (VNIRS) was applied for the reconstruction of historical 

levels of lake water TOC. Organic matter preserved in the sediment is composed of the 

degradation products from living tissues including terrestrial and aquatic plant matter, 

animals, and microbes (Meyers and Ishiwatari 1993). Stratigraphic differences in OM quality 

and quantity register in the VNIR spectra and historic changes in LW-TOC can be inferred 

using calibration models based on the relationship between contemporary LW-TOC 

concentrations in the water column and in the surface sediment (Rosén 2005, Cunningham 

et al. 2011, Rouillard et al. 2011). 

 

The VNIR spectra were recorded with a NIRSystems 6500 instrument (FOSS NIRSystems 

Inc.) equipped with a spinning cup module in diffuse reflectance mode placed in a 

temperature-controlled room (25 ±0.5◦ C). The VNIR spectra were measured for 96 (0-285 

cm) samples in the wavelength range 400-2500 nm at 2 nm intervals, yielding 1050 points 

per sample. Samples were placed in a temperature-controlled room for 12 hours prior to 

analysis to minimise temperature and humidity effects. The transfer function was developed 

by Rosén (2005) and the training set was extended by Cunningham et al. (2010). Meyer-

Jacob et al. (2015) updated the training set for the purpose of improving the calibration for 

higher TOC concentrations. The partial least squares regression calibration model included 

140 Swedish lakes with TOC concentrations ranging from 0.7 to 22.0 mg L-1 and have R2
CV of 

0.65 and RMSECV of 3.0 mg L-1 (see Meyer-Jacob et al. 2015).  
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2.6. Biogenic silica (BSi) 

Biogenic silica is the proportion of sediment comprising siliceous microfossils and is a proxy 

for lake productivity. With highly specific wavelength absorption bands of infrared radiation, 

BSi, measured as SiO2, can be estimated with Fourier Transformed Infrared Spectroscopy 

(FTIRS). Similar to VNIRS, training sets and calibration models are employed for 

quantification. A range of applications have been developed from FTIRS, enabling, for 

example, tracing of peat decomposition (Broder et al. 2012) but for this study estimation of 

BSi is of most relevance. 

 

Forty-eight samples (0-285 cm) were analysed with a Bruker Vertex 70 attached to a HTS-XT 

multi-sampler. To reduce excessive absorption during the analysis, samples (0.011 g) were 

diluted and thoroughly mixed with spectrograde KBr (500 ± 0.5 mg). Samples (placed in a 

desiccator) and the instrument were kept in a temperature-controlled room (25 ± 0.5◦ C) for 

12 h prior to analysis. The BSi was inferred using the calibration model developed by Meyer-

Jacob et al. (2014). It is based on 306 synthetic sediment mixtures with BSi content ranging 

from 0-100% and consists of a 5-component PLS regression model with R2
CV of 0.97 and 

RMSECV of 4.7%. Due to contamination of the KBr used during the initial analysis, 10 new 

samples were prepared with tested, clean KBr and re-analysed. Biogenic silica was modelled 

with linear regression (y=1.2282x - 0.0176, R2=0.98, Fig. 5) and the spectrum adjusted 

accordingly. 

 

 

Figure 5. Regression model for BSi (%) measured with contaminated and clean KBr. The correction model is 

based on nine samples (●), not including the outlier (×), and has an R2 = 0.98. 

 

An estimation of detrital Si (Sidetrital) was made by subtracting the contribution of BSi from the 

total Si (analysed with WD-XRF) as outlined in Equation 1: 

 

Sidetrital= Total Si(%) - [BSi(%) × (atomic mass of Si/atomic mass of SiO2)] 
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2.7. Organic matter composition 

Organic matter composition was determined for 60 samples (0-274 cm) by Py-GC/MS 

following the method developed by Tolu et al. (2015, in press). The principal of Py-GC/MS is 

to burn the samples in an inert atmosphere to reduce the complex OM structures into 

molecular units that are then separated using chromatography, and measured and identified 

with mass spectrometry. The method by Tolu et al. (2015, in press) is for high-throughput 

characterization of OM and associated biomarkers in sediments using sub-mg sample size. 

Sample masses of 200 ± 10 µg were pyrolysed at 450 °C, a temperature shown to improve the 

determination of several important polysaccharides, lignins and proteins (Tolu et al. 2015, in 

press), using a Pyrolysis system PY-2020iD and AS-1020E (FrontierLabs, Japan). The Py 

system was coupled on-line with a GC/MS system Agilent, 7890A-5975C (Agilent 

Technologies AB, Sweden). The Py/GC interface and GC injector temperatures were set to 

340°C and 320°C, respectively. The injector was operated with helium as the carrier gas and 

a split ratio of 16:1, which means that 6% of the volatilized molecules are injected in the 

GC/MS. The pyrolysis products were separated on a DB-5MS capillary column (30 m x 0.25 

mm i.d., 0.25 µm film thickness; &W, Agilent Technologies AB, Sweden), with He as the 

carrier gas. The initial GC oven temperature was set to 40°C, increased to 320°C and held for 

3 min. The mass spectrometer (70eV electron impact) scanned masses from m/z 30 to 500. 

 

The raw data files were exported from proprietary instrument software (Agilent Chemstation 

Data Analysis Version E.02.00.493) to NetCDF. In ‘R’ (version 2.15.2, 64 bits), the Py 

chromatograms were processed using a data processing pipeline based on chromatogram 

smoothing and alignment, background correction and multivariate curve resolution to 

automatically integrate the peaks and extract the corresponding mass spectra. The extracted 

mass spectra were then imported into the software ‘NIST MS Search 2’ to identify peaks 

based on spectra from the library ‘NIST/EPA/NIH 2011’ complemented by spectra included 

from an extensive literature review (cf. Tolu et al. 2015, in press). The 168 pyrolysis products 

identified were grouped according to their molecular structure (e.g. polysaccharides, nitrogen 

compounds, n-alkanes) and are listed in Appendix 1. The sum of the peak areas of the 

identified organic compounds were normalized to 100% per sample and the result for each 

organic compound reported as the relative proportion with respect to that sum (% total peak 

area). The average relative standard deviation (RSD) associated to these relative proportions 

was 8.0 ± 3.87%. Overall, 84% of RSD values were within 10%, 98% of values within 20% and 

2% of values above 20%. A series of PCAs performed on the source groups assigned 168 

compounds into 73 variables, based on their proximity within the PCA space. 

 

2.8. Coprostanol (faecal biomarker) 

Fourty-five samples (0-274 cm) were extracted and analysed for the human and ruminant 

faecal biomarker coprostanol (5β-cholestan-3β-ol). The extraction consisted of a series of 

wet-chemical procedures to isolate the specific compound groups of interest (sterols) that 

were then analysed with GC/MS. Epi-coprostanol (5β-cholestan-3α-ol), often included to 

account for diagenetic transformation (Bull et al. 1999), was also analysed but below the 

detection limit. 200-500 mg of sediment, depending on the sample, was sonicated 30 min 

with 25 mL dichloromethane:methanol [9:1 (vol/vol)] solvent mixture. Extraction and 

sonication were carried out twice, producing 50 mL of extract for each sample, which 

corresponds to the total lipid extract (TLE). After solvent removal under a constant stream of 

air, 1 mL of hexane was added to the TLEs and these mixtures were sonicated for 5 min. TLEs 
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were separated using glass columns filled with activated anhydrous silica gel (0.5 mL), NaSO4 

(0.5 mL) and HCl-rinsed copper granules (0.5 mL) to obtain four fractions: 

 

- Aliphatics using 5 mL of hexane for elution. 

- Aromatic hydrocarbons using 4 mL of hexane:toluene [1:1 (volume/volume)] for 

elution. 

- Alkenones/ketones using 4 mL of acetate:hexane [15:85 (volume/volume)] for elution. 

- n-alkanols/sterols/stanols using 4 mL ethyl acetate for elution. 

 

The fourth fraction was analysed for the compound coprostanol using a GC/MS system 

(Waters/Micromass Autospec Ultima) after derivatisation to its trimethyl silyl ethers by 

addition of 1 mL dichloromethane and 100 µL N,O-bis (trimethylsilyl) trifluoroacetamide 

(Supelco, Sigma Aldrich) to the extracts. The injector was operated in splitless mode with 

helium as the carrier gas (1.2 mL min-1) and the separation was performed on a DB-5MS 

capillary column (60 m x 0.25 mm i.d., 0.25 µm film thickness; &W, Agilent Technologies AB, 

Sweden). The GC oven temperature was first set to 35°C for 1 min, then increased at 20°C 

min-1 to 250°C, and finally increased at 5°C min-1 to 320°C, which was held for 2 min. 

Electron ionisation (EI) of the mass spectrometer was set to 70 eV. For identification selected 

ion recording (SIR) information was performed for the molecular ion, i.e. coprostanol 

(C27H48O, M = 388.36997 g mol-1), and one major fragment (C27H46, M = 370.35940 g mol-1). 

The latter had higher EI response and was therefore used for quantification, while the 

molecular ion was used for confirmation. A 13C-labelled PCB was added prior to analysis 

(referred to hereafter as the ‘internal standard’) and was used to correct for volume 

differences between samples, and between samples and the quantification standard. The 

standard for coprostanol was obtained from Steraloid Inc. (New Port, USA) and the 

quantification standard was prepared at a concentration of 14.3 μg L-1 in MeOH. 25 μL of 13C-

labelled PCB were added to the quantification standard. Data analysis was performed with 

Masslynx software (Waters), and quantification of coprostanol was calculated as outlined in 

Equation 2: 

 

mC, i = 
(𝐴C,𝑖 /𝐴IS,𝑖) 

(AS/𝐴IS) 
* mC, S 

 

Where mC, i is the mass of coprostanol in the sample i (in µg); mC, S is the mass of coprostanol 

in the quantification standard (in µg); AC, i is the peak area of coprostanol in the sample i, AIS, i 

is the peak area of the internal standard (13C-PCB) of sample in the i; AS is the peak area of 

coprostanol in the quantification standard; and AIS is the peak are of the internal standard 

(13C-PCB) in the standard. 

 

Concentrations of coprostanol (in µg g-1) were calculated from the mass of coprostanol 

measured in the extract (noted mC, i above) and the mass of sediment used for the extraction.  

Similarly to D’Anjou et al. (2012), coprostanol concentrations were calculated and reported in 

µg per g of organic carbon (µg g OC
-1) using sample LOI values. 

 

2.9. Age dating 

In paleolimnology, the timing and duration of past processes and events are established by 

age dating of soil, peat and sediment cores. With absolute chronology, events or sequences 

are assigned numerical ages that enables comparison with known climatic changes, historic 

events and between records (Giesecke 2005). Radiocarbon dating assumes that the 
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proportions of carbon isotopes incorporated into living tissues are in equilibrium with the 

living-environment. After death, the radioactive 14C isotope begins to decay and by 

determining the 14C/12C ratio in dead tissue the time of death can be calculated. For 

conversion into calendar years data must be calibrated to account for fluctuations in 

atmospheric 14C over time and reservoir effects (Reimer et al. 2013). 

 

An absolute chronology for the sediment core from Dragjsön was established using 

radiocarbon dating. Five macrofossils from Dragsjön were cleaned with MilliQ water and sent 

for accelerator mass spectrometry (AMS) radiocarbon dating at Beta Analytic Inc. (Miami, 

USA). Two out of five macrofossils could not be dated due to insufficient carbon after sample 

preparation. Instead, to constrain the upper part of the profile (<43.5 cm), Pb concentration 

curves of Dragsjön and the neighbouring Lång Älgsjön (Meyer-Jacob et al. 2015, SI) were 

aligned and the chronological age from Lång Älgsjön assigned to a common point of inflexion 

in the Dragsjön record. For the relevant part of the Lång Älgsjön record 206Pb/207Pb isotope 

ratios were wiggle-matched with the Pb record from the varve-based chronology from Kalven 

(Bindler et al. 2011 A). Using this strategy, sediment at 11.5 cm depth from Dragsjön was 

estimated to AD 1855 ± 50 years. An age-depth model was produced with CLAM (Blaauw 

2010) and the IntCaL13-14C calibration curve (Reimer et al. 2013). 

 

2.10. Statistical treatment 

Principal component analysis (PCA) was performed with SPSS 22.0 statistics software and all 

components were extracted using a Varimax rotated solution. Prior to PCA, all data were 

converted into z-scores calculated as outlined in Equation 3: 

 

Z-scorei = (Xi-Xavg)/Xstd, i 

 

where i corresponds to a sediment sample, Xi is the value of the variable X for the sample i, 

and Xavg and Xstd are the average and standard deviation of the variable X for all sediment 

samples . 

 

Here, PCA was used as an exploratory tool for observing how the multiple variables within 

each of the two large data sets, the sediment geochemistry (major and trace elements, BSi 

and LOI) and the sediment OM composition (pyrolytic organic compounds) are correlated. 

The grouping of elements within each PC is linked to environmental processes and events, 

and the PCA thus serves as a tool for selecting the most significant and relevant proxies for 

the discussion of the paleo-reconstruction of Dragsjön. 

 

The timing of abrupt changes within the sediment record was identified with change point 

modelling. Change points represent locations at which statistically significant changes in the 

mean trend occur (Gallagher et al. 2011) and complements the qualitative approach for 

delineating changes and periods often used in paleolimnological contexts (Kylander et al. 

2013). The method is based on Markov chain Monte Carlo-inference of change point 

probability distributions and parsimonious Bayesian modelling to constrain model 

complexity (Gallagher et al. 2011). Multiple data sets can be modelled jointly, regardless of 

differences in sampling depth, as long as the assumption of common change points is met. 

Change point modelling was performed on a set of eight selected proxies using CPQt 1.1, run 

over 1 × 105 to 2 × 106 iterations, adjusting for data fit. Model acceptance rates were kept 

within 20-60%. 
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3. Results 
 

3.1. Age-depth modelling 

Results from the carbon dating are presented in Table 3.  

 

Table 3. Accelerator mass spectrometry 14C measurements for Dragsjön specifying material, 14C age ± 1σ and 

calibrated age range. 

Sample LAB code 

Depth 

(cm) 

 Calibrated range (AD) 
14C age BP Lower Upper 

Picea needle Beta - 395995    44   940 ± 30  1020 1165 

Pinus needle Beta - 402581    84 2830 ± 30 -1050 -910 

Pinus needle Beta - 395996    111 3280 ± 30 -1625 -1500 

 

The age-depth model is based on a smooth spline (Fig. 6) and is extrapolated both from the 

lowermost carbon date to the base, supported by post-glacial isolation of this area between 

10750-10250 BP (Swedish Geological Survey Database), and from the transferred Pb date to 

the surface. Relative to the main period of interest - 2000 BP to present - the macrofossils 

date to approximately 850, 2950 and 3550 BP. 

 

 

Figure 6. Age-depth model for Dragsjön. The model was established with Clam (Blauuw 2010) and the IntCaL13-

14C calibration curve (Reimer et al. 2013). The lower three markers (dark blue) indicate macrofossils, and the 

uppermost marker (light blue) the calibrated date transferred from Lång-Älgsjön. Shaded grey areas indicate the 

95% confidence interval of the radiocarbon dates. 
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3.2. Sediment geochemistry: PCA 

Seventeen major and trace elements were adequately quantified. The full data set with 

concentrations of major and trace elements, LOI and BSi is reported in Appendix 2. The PCA 

extracted four principal components (PC1-4), together explaining 93% of the total variance 

(Fig. 7). 

 

   

Figure 7. Loadings of the 19 geochemical variables on the four extracted principal components. Shaded areas 

explain the main process describing the direction of the geochemical data. 

 

Principal component 1 (PC1) explains 34% of the total variance and has positive loadings (≥ 

0.5) for Ti, Na, K, Rb, Mg and Sidetrital concentrations. These elements are commonly 

associated with silicate minerals (Kaupilla and Salonen 1997) and thus PC1’s positive side can 

be interpreted as representing detrital input. K/Al, indicative of the quality of detrital inputs 

(Roy et al. 2008), was plotted passively in the PC1-PC2 space using the Pearson’s correlation 

coefficients between K/Al and PC1 and PC2, respectively. K/Al groups with the 

concentrations of detrital elements on PC1’s positive side, indicating that K/Al is a 

representative proxy for detrital input in this sediment record. Plotting alone on the negative 

side of PC1, BSi (≤-0.5) does not seem to be linked to the minerogenic elements, thus 

substantiating its role as an indicator for lake productivity.  

 

The second PC explains 24% of the total variance and includes, on the positive side, the 

concentrations of Mn, Fe, Al and Ca. In common for all of them is their affinity for 

complexing with organic matter (Warren and Hack 2001, Alberts and Filip 1998). Aluminium, 

Fe and Mn also form authigenic minerals through (co)precipitation of (oxy)hydroxides and 

adsorption (Engstrom et al. 1985, Warren and Hack 2001). In particular, formation of Fe and 

Mn (oxy)hydroxides is strongly dependent on oxic bottom conditions (Engstrom et al. 1985). 

These results suggest that stratigraphic trends are similar for the concentrations of these four 

elements and thus the Al concentration trend is sufficient to discuss authigenic processes 

within the lake. 
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LOI and concentrations of P, Br and Cl load on PC3, which explains 20% of the total variance. 

PC3 thus represents the OM fraction in the sediment for which P, Br and Cl are well-known 

to be associated (Gerritse and George 1988, Gustavsson et al. 2011). The fourth PC explains 

15% of the total variance and has strong loadings for Zn, Pb, S and Hg concentrations. These 

elements can be linked to both historic and modern regional pollution (Bindler et al. 2001, 

Bindler et al. 2011 B). Either of Pb and Hg qualifies as a proxy for anthropogenic pollution 

but they have, to some extent, different drivers. This is highlighted by the strong loadings of 

Hg on the negative side of PC2, suggesting Hg is associated with a source/process other than 

modern pollution, and loadings on PC3 associated with the OM fraction. Hence, both Pb and 

Hg are selected for discussing past lake development. With Hg, the focus is on processes 

operational prior to the period of widespread anthropogenic pollution. 

3.3. Sediment organic matter: PCA 

From the pyrolytic organic compounds data set eight components were identified with the 

PCA, explaining 93% of the total variance. Figure 8 presents the variable loadings on PC1 and 

PC2.
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Positive loadings (>0.5) on PC 1 (39% of the total variance) are observed for (poly)aromatics, 

n-alkenes, n-alkanes, nitrogen compounds and steroids. Among these are compounds 

associated with bacterial steroids (hopanoids, H), pyrolysis products of resistant 

biomacromolecules (Al2-4) and products of highly degraded OM, such as benzene derivatives 

(Ar2-3) (Vancampenhout et al. 2008). Polysaccharides (11 out of 14), phenols (Ph1, Ph2, Ph3), 

short-chain fatty acids (FA1), aromatics with an alcoholic side-chain (Ar1) and methyl N-

acetyl-d-glucosamide (N13) plot on the negative side of PC1. Within this group are several 

polysaccharides, including maltol (Ps4), anhydrosugars (Ps5), dianhydrorhamnose (Ps9), 

levoglucosenone (Ps11) and dianhydro-glucopyranose (Ps13) that derive mainly from fresh 

plant material (Schellekens et al. 2009). The biomarker for Sphagnum, 4-isopropenylphenol, 

is also found on the negative side of PC1 and is, along with the fresh polysaccharides, another 

easily degraded compound (Schellekens et al. 2015). Consequently, the positive side of PC1 is 

interpreted as reflecting degraded and resistant OM, and the negative side fresher, less 

degraded OM. 

 

On the positive side of PC 2 (15% of the total variance), lignin (Lig1-8) plots together with 

chlorophyll-derived Prist-1-ene (Chl1), tocopherol (V), fatty acid methyl esters (FAME), long-

 

Figure 8. Loadings of the pyrolytic organic compounds on the two first principal components. The shaded areas 

define the main process explaining the compounds along the two main principal components. 

Al= aliphatics; Ar= aromatics; Par= polyaromatics; Ps= polysaccharides; N= nitrogen compounds; Ph= 

Phenols; Lig= lignin; Chl= chlorophyll; FA= fatty (carboxylic) acids; K= methyl ketones; St= Steroids; H= 

hopanoid; V= tocopherol. 
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chain n-alkanes (Al9, C31-33) and methyl ketones (K21_33). Lignin compounds are derived 

exclusively from vascular plants and predominately from woody plants (Kögel-Knabner 

2001). The nine different lignin compounds can be divided into guaiacyl monomers (Lig1-4, 6, 

7) derived from coniferyl alcohol and present in higher proportions in gymnosperm plants 

(Lig1-4, 6, 7) and syringyl monomers (Lig5, 8-9) derived from sinapyl alchohol found in 

higher abundance in angiosperms (Schellekens et al. 2009). Accordingly, the 

syringyl/guaiacyl ratio is a useful proxy for vegetation composition changes. The long-chain 

n-alkanes originate from waxes in roots and epi-cuticular waxes of leaves produced by 

vascular plants and mosses (Jansen et al. 2006, Ficken et al. 1998), but found only in limited 

amounts in coniferous species compared to angiosperm species (Bush et al. 2013). Methyl 

ketones are known as degradation products of n-alkanes but may also reflect direct plant 

input, especially from plants living in humid habitats, such as peatland plants or 

macrophytes (Ficken et al. 2000). Hence, PC2’s positive side indicates plant input. Because 

lignin, n-alkanes(C31-33) and methyl-ketones are slightly separated within the PC1-PC2 space 

this highlights the importance of different plant sources in the Dragsjön sediment cores. 

 

While PC2’s positive side corresponds to the input of plant material, the negative side is 

associated with two chlorophyll-derived pyrolysis compounds, phytadiene 1 (Chl3) and 

phytadiene 2 (Chl4). These chlorophyll compounds are less degraded than prist-1-ene, the 

chlorophyll-derived compound found on PC2’s positive side (Nguyen et al. 2003). Moreover, 

the two phytadienes group with the nitrogen-containing compounds maleimide, oxazoline 

structures, indole and pyridines (N7, N11, N4 and N9) of which at least two have been found 

in the pyrolysis products of algae (Nguyen et al. 2003). Thus, the negative side of PC2 

appears to correspond to algal OM input. 

 

Overall, PCs 1 and 2 highlight the importance of different OM sources through the distinction 

of plant and algal OM, different types of plant OM and the degradation states for both plant 

and algal OM. Therefore, providing details on PCs 3 and 4, which are also linked to algal OM 

but of different types, do not at this stage provide any additional insights because the most 

important biomarkers are already identified. No informative conclusions could be made 

regarding components 5-8, all driven by a single variable. Seven different proxies were finally 

selected to represent these different OM pools and are summarized in Table 4. 
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Table 4. Selected organic proxies from the PCA analysis on the full Py-GCMS dataset. 

Parameter Process/source Reference 

Total (poly)aromatics Degraded OM Vancampenhout et al. 2008 

Total polysaccharides OM mainly from plants and 

mosses 

Schellekens et al. 2011 

Freshsugarsa/Total 

polysaccharides 

Contribution of fresh plant OM  

Total lignin Contribution of woody plants Schellekens et al. 2009 

n-alkane31-33 Contribution of angiosperms OM Jansen et al 2006, Ficken et al. 2000 

syringyl/guaiacylb Balance angiosperm/coniferous 

OM  

Kögel-Knabner 2002 

Total phytadienesc Algal OM Nguygen et al. 2003 

a (maltols+ anhydrosugars+ dianhydrorhamnose+ 1,4:3,6-Dianhydro-α-d-glucopyranose (% total peak area)). 

b (guaiacol+methyl-guaiacaol+ethyl-guaiacol+vanillic acid+guaiacyl acetone)/(syringol+syringaldehyde+propenyl-syringol (% total peak area)) 
c(phytadiene 1+ phytadiene 2 (% total peak area)) 

 

3.4. Proxy profiles 

The profiles of LW-TOC, the faecal biomarker coprostanol and the 6 sediment geochemical 

proxies selected from the PCA are presented in Figure 9. Figure 10 shows the 7 sediment OM 

proxies selected from the PCA. Change point modelling was performed on eight proxies and 

the most important change points are marked within the respective profiles. Complete 

change point models with inferred functions, average models and change point probabilities 

are reported in Appendix 3. 
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Figure 9. Concentrations and ratios of LW-TOC, coprostanol and the six selected geochemical proxies for 

Dragsjön. The vertical bars mark the locations of the most important change points (determined using change 

point modelling). The tick marks for depth (lower x-axis) follow the chronological axis (upper y-axis). 
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Figure 10. Profiles for the 7 selected pyrolytic organic proxies for Dragsjön. The vertical bars mark the 

locations of the most important change points (determined using change point modelling). The tick marks for 

depth (lower x-axis) follow the chronological axis (upper y-axis). 
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The trajectory for LW-TOC can be divided into five phases. After deglaciation, LW-TOC 

increases from 1 mg L-1 at 8540 BC (285 cm) to 15 mg L-1 over a 3500 year period. In the 

following 2800-year period, to 1200 BC (94 cm), levels are relatively stable at 15-16 mg L-1. 

From 1200 BC to AD 1480 (32 cm) concentrations begin to fluctuate and a slight trend for 

declining concentrations can be seen. Concentrations vary between 13 and 18 mg L-1 during 

this period. LW-TOC declines to 10 mg L-1 from AD 1480 to 1940 (6 cm). To put this into 

perspective, such low concentrations are only observed during the initial 960 years of the 

record after deglaciation. Between AD 1940 and 2010 LW-TOC recovers to 12 mg L-1. Change 

point modelling provides support for a long period of stable LW-TOC from 5400 BC to AD 

1480, when the average concentration is in the range 15-16 mg L-1. Fluctuations observed 

from 1200 BC do not deviate significantly from the mean trend, but the decline from AD 1480 

onwards is statistically significant. 

During the first 3500 years of the record several proxies exhibit large changes in their trends. 

In the early post-glacial period, c. 8540 to 7580 BC (285-266 cm) the K/Al ratio declines 

from 0.51 to 0.06, and by c. 5400 BC it stabilises at 0.04, as indicated by the change points. 

Total polysaccharides and the ratio fresh sugars/total polysaccharides also decline, albeit at a 

slower rate, and do not stabilise until c. 4200 BC. The trend for Al is characterised by an early 

decline but followed by a gradual increase from 1.6% at 7580 BC (266 cm) to ~3% at 4880 BC 

(210 cm). BSi increases from 5 to 55% over 800 years from 8540 to 7990 BC (285-274 cm). 

Phytadienes peak not long after at 7180 BC (258 cm), and thereafter both algal proxies 

decline to their lowest levels during the Holocene. The proxies for OM and vascular plant 

input, LOI and total lignin, show similar increasing trends as the algal proxies, but while 

lignin declines after peaking with 2.6% at 5060 BC, LOI stabilises  at ~50% around the same 

time. 

Stable trends without noticeable fluctuations are characteristic for the long period leading up 

to 1100 BC (90 cm) for most geochemical and OM proxies. One exception is Al, which has 

relatively high, but declining, concentrations throughout the mid-Holocene. 

Following the period of stability, changes are first observed among the OM proxies. There is a 

distinct increase in lignin from 1.2% at 970 BC (86 cm), to 2.0% in the period 440 to 20 BC 

(74-66 cm), before declining to 1.3% by AD 1240 (40 cm). The same trend can also be seen 

for long-chain n-alkanes(C31-33) and in conjunction with these changes the syringyl/guaiacyl 

ratio distinctly declines from 0.3 to 0.2, where it stabilises. The proportion of total  

(poly)aromatics within the sediment is stable at 5.0% until 730 BC (80 cm). A small but 

significant decline in the mean trend is observed at c. 730 BC and this is followed by a 

marked decline in the mean trend from c. AD 1100 (44 cm) as the proportion approaches and 

fluctuates around 3.5%. Total polysaccharides show the opposite trend to total 

(poly)aromatics. Around the same time as the first change in total (poly)aromatics,  total 

polysaccharides begin to increase and reach ~23% by AD 420 (44 cm), a ratio maintained 

until AD 1100 (58 cm). The first significant increases above the background concentrations of 

coprostanol and Hg occur in the first century AD. Around the same time, change point 

modelling suggests that the K/Al increases significantly from 0.04 to 0.06. Coprostanol has a 

first peak of 0.24 μg g oc-1 at AD 1180 (46 cm) and the concentration again declines by AD 

1300 (38 cm), but remains four times higher than the background concentration of 0.02 μg g 

oc-1. 

 

From AD 1480 to the present lignin increases to and is maintained at 1.7-2.1%. Again, a 

similar pattern is observed for long-chain n-alkanes(C31-33). Leading up to the present, total 
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polysaccharides has three pronounced peaks. The first peak occurs already at AD 1370 (~32%, 

40 cm), and the subsequent peaks occur at AD 1700 (~30%, 22 cm) and AD 1860 (~35%, 12 

cm). These peaks are driven by increases in several groups of compounds including 

furanones, furans, cyclos sugars, dihydro-pyranone and dimethyl-furanone, although none 

these increase in proportion to the summed polysaccharides. Instead, there is a larger 

proportional input of fresh sugars. Lead concentrations increase 3-fold to 60 mg kg-1 within 

100 years, between AD 1480 and AD 1576 (28 cm) and continues up to 90 mg kg-1 by AD 

1800 (16 cm). After a decline concentrations begin to increase again from AD 1940, with a 

maximun at AD 1960 (120 mg kg-1). The K/Al ratio doubles from AD 1700 to 1890 (10 cm) 

and is accompanied by the highest coprostanol concentrations (0.70 μg g oc-1, AD 1890) for 

the entire Holocene. 

 

4. Discussion 

The following discussion is structured according to the schematic presentation of the 

development trajectory for Dragsjön as presented in Figure 11. In chronological order it 

shows the processes dominating during different periods and highlights events considered to 

be of particular interest. The division of periods is guided by change point modelling and 

takes into consideration changes to the LW-TOC trend as well as changes in inorganic and 

organic proxies. 
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Figure 11.  Schematic diagram of the development trajectory of Dragsjön from 8500 BC to present, showing LW-TOC, coprostanol and fresh sugars/total polysaccharides.  
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4.1. Post-glacial catchment development and early stabilisation, c. 8500-5000 

BC. 

The immediate period following deglaciation, 8500 to 5000 BC, is characterised by 

increasing biological production and stabilisation of soils. Development of terrestrial 

vegetation within the catchment is registered as increased proportions of lignin and n-

alkanes(C31-33) in the sediment. From 8000 to 5000 BC lignin increases from 0.7 to 2.6% and 

n-alkanes(C31-33) from 0.3 to 0.4%.  The effect of vegetation establishment on surrounding 

soils is evident as a slowing of detrital inputs. Detrital input, indicated by the K/Al ratio, 

declines by 70% within a period of only 6oo years, from 8540 to 7980 BC, and then continues 

to decline until 5300 BC, when change point analysis indicates a stabilisation. The decline of 

total polysaccharides and the proportional reduction of fresh sugars further indicate slowing 

of detrital input. Fresh sugars are sensitive to degradation processes (Schellekens et al. 2009) 

and good preservation is the result of shorter terrestrial retention time or reduced 

degradation within the sediment (Vancampenhout et al. 2008). At Dragsjön the degradation 

status of the sediment does not appear to change during this period, as shown by the 

biomarker for degradation, total (poly)aromatics, and preservation is more likely linked to 

short terrestrial retention time during more intense erosion. 

 

In Sweden, deglaciation progressed from south to north over c. 7000 years (Swedish 

Geological Survey Database) and, therefore, the timing of lake isolation and early ontogeny is 

linked to the geographical location. The early development trajectory for Dragsjön is in close 

correspondence with that observed for numerous other Swedish sites, both in terms of 

stabilisation of soils (Kaupilla and Salonen 1997, Giesecke 2005, Rosén et al. 2011, Meyer-

Jacob et al. 2015) and the development of catchment vegetation (Almquist-Jacobson 1994, 

Giesecke 2005). At nearby Lång-Älgsjön, Sphagnum leaves were present in the sediment 

already from c. 8400 BC (Meyer-Jacob et al. 2015) and a similar timing of Sphagnum 

establishment at Dragsjön seems likely given their close proximity and similar 

physiographical settings. As expected, the onset of lake ontogeny in both Dragsjön and Lång-

Älgsjön sedimentary records agree to within 100 years (within the error-range for respective 

age-depth models, Meyer-Jacob et al. 2015) and, perhaps more importantly, the development 

trajectory for Dragsjön fits within the wider regional chronology (Giesecke 2005).  

 

The development of terrestrial vegetation and soil stabilisation is associated with OC build-

up in the catchment. Subsequent export of terrestrial OC to the lake is reflected by the timed 

increase in LOI alongside lignin and n-alkanes(C31-33), and over this period LW-TOC increases 

from 1 to 15 mg L-1. These results highlight the strong link between catchment vegetation as a 

source of LW-TOC as discussed previously by Mattsson et al. (2005). 

 

4.2. Holocene stabilisation, c. 5000-1200 BC. 

From 5000 to 1200 BC stable catchment conditions prevailed; LW-TOC (15 ± 2 mg L-1) and 

most other proxies show near constant values. The K/Al rato is stable at 0.40, and there are 

no changes in lignin, n-alkanes(C31-33), total polysaccharides and fresh sugars/total 

polysaccharides. Similar observations have been made by Rosén et al. (2011) from 5000 BC 

to AD 850 for the clear-water lake Lysevatten in southern Sweden, and from 5000 BC to c. 

AD 900 for Lundsjön and Sotaure in northern Sweden (Rosén and Hammarlund 2007). The 

Holocene stabilisation coincides approximately with the Holocene Thermal Maximum 

(HTM), characterised by warm and dry conditions, with maximum temperatures around 

5500 BC, but lasting until 2800 BC (Seppä et al. 2009). In south and south-central Sweden 
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the HTM is associated with lowered lake levels (Almquist-Jacobson 1995) and increased 

decomposition in peatlands (Kylander et al. 2013). At Dragsjön, dry conditions and lowered 

lake-levels may explain the general trend for increasing BSi and phytadienes during this 

period as the climate progressively cooled. In the shallow basin a lowered water level would 

quickly have reduced habitat availability for the benthic plankton dominating the diatom 

assemblage during this period (Meyer-Jacob et al. 2015).  

 

Although this period is generally characterised by stable conditions, authigenic processes 

appear to be intensified. Aluminium has relatively high concentrations throughout this 

period, and may be the result of intensified leaching under the warmer climatic conditions. 

Both Al and Fe are mobilised through dissolution by organic acids (Riise et al. 2000), a soil 

forming process that intensifies in warmer conditions (Jenny 1994). Furthermore, oxic water 

conditions during low water levels encourages precipitation of Fe and Mn oxides in the water 

column, which can then be preserved in the sediment (Engstrom et al. 1985). Despite the 

increased importance of authigenic processes during this period, no apparent influence on 

LW-TOC concentration is observed because of the extensive mires and floating sphagnum 

mats fringing most or all of the lake shoreline, that were likely a dominant source of the lake-

water carbon (Mattsson et al. 2005). 

 

4.3. Catchment vegetation change, c. 1200 BC to 0 BC/AD. 

Similar to the preceding 3800 year period there are no large changes to in LW-TOC 

concentration (16 ± 2 mg L-1) from 1200 BC to 0 BC/AD. However, it is clear that fluctuations 

in the LW-TOC trend are more pronounced than in the preceding period and, in contrast to 

the stability previously observed among the proxies, large changes are now registered in the 

sediment. From 850 to 550 BC there is a shift towards greater contributions of plant OM 

within the sediment as indicated by the increases in total polysaccharides, n-alkanes(C31-33) 

and lignin. The simultaneous, significant drop in the syringyl/guaiacyl ratio, from 0.3 to 0.2, 

points to an increase of OM from plants containing more guaiacyl lignin units, that is, 

coniferous species. Pollen records from Lång-Älgsjön (Meyer-Jacob et al. 2015) and 

Holtjärnen (Giesecke 2005) both show evidence of pollen from Picea abies (Norway spruce) 

already by 3200 BC and 3800 BC, respectively. However, not until 900 to 800 BC are 

continuous pollen curves recorded in both lakes, which are indicative of a local population 

(Giesecke 2005). Figure 12 shows the pollen curves for Picea abies and summed angiosperms 

from Lång-Älgsjön and the syringyl/guaiacyl ratio from Dragsjön. The decline in the 

syringyl/guaiacyl ratio is consistent with the long-term decline of angiosperm trees and the 

rather abrupt appearance of Picea abies in the pollen record. Giesecke (2005) reported that 

Picea abies to a large extent replaced Betula (birch), Populus (aspen), Corylus (hazel) and 

Tilia (lime) species when colonising the area around Holtjärnen and a similar development 

may be deduced from the pollen record of Lång-Älgsjön (Meyer-Jacob et al. 2015).  
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Figure 12. Picea abies and summed angiosperm* pollen curves for Lång-Älgsjön (Meyer-Jacob et al. 2015) and 

the syringyl/guaiacyl ratio for Dragsjön from 4000 BC to present. *Sum of Alnus, Betula, Corylus, Tilia, Fagus, 

Fraxinus, Quercus and Salix spp. pollen. 

 

The influence of Picea abies colonisation on lake-sediment composition is still largely 

unknown. Korsman et al. (1994) reported significant changes in diatom communities with 

the immigration of Picea abies in 7 out of 8 lakes and an increase in diatom-inferred DOC in 

three of the lakes. At Dragsjön the colonisation of Picea abies is associated with a decline and 

a subsequent recovery for both BSi (from 37 to 27%, 1200 to 800 BC) and LW-TOC (from 17 

to 15 mg L-1, 1200 to 550 BC). It has further been suggested that the establishment of Picea 

abies would reduce the field layer vegetation, leading to increased erosion (Giesecke 2005). 

Increased detrital input at Dragsjön as a consequence of altered field layer vegetation is not 

immediately evident but a small, significant increase takes place c. 850 years after the 

establishment of Picea abies, and may represent a delayed effect. If so, processes involved 

might be linked to the increased production of, or change in the types of, organic acids and an 

increased dispersion of clay particles (Ranger and Nys 1994), thus leading a higher K/Al ratio. 

However, other studies have shown that concentrations of organic acids in the mineral soil do 

not differ significantly between Betula pendula (silver birch) and Picea abies forest stands 

(Sandnes et al. 2005). 

 

Even though the vegetation composition at the species level changes dramatically, the 

fluctuations in LW-TOC cannot be clearly linked to this shift, and the same is observed for 

Lång-Älgsjön (Meyer-Jacob et al. 2015). This may be due to an overall balance of coniferous 

and angiosperm vegetation that was not substantially altered with the invasion of Picea abies. 

Alternatively, the terrestrial forest vegetation composition is of less importance when it 
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comes to driving LW-TOC, possibly because of the surrounding mires that act as a physical 

buffer for some of the changes in the surrounding forest. 

 

4.4. Early anthropogenic disturbance, c. 0 BC/AD to AD 1480. 

As a direct marker for human and ruminant presence the faecal biomarker coprostanol 

provides evidence for anthropogenic presence in the landscape. Indirect disturbance markers 

such as ‘pollen’ and ‘charcoal’ can be transported on the wind, not only from sources in the 

immediate vicinity and within the catchment, but from quite some distances away 

(Hjelmroos 1991, Bunting et al. 2004). Faecal biomarkers are linked directly to activities 

within the catchment (D’Anjou et al. 2012) and because of the importance of lakes as fresh-

water sources for humans and livestock (Larsson 2009), presumably from the near vicinity. 

Early forest utilisation in Sweden has been inferred with pollen and charcoal as the main 

lines of evidence. Forest utilization, presumably in the form of forest grazing (Segerström and 

Emanuelsson 2002), is recognized by declines in tree-pollen and increases in pollen from 

grasses and grazing tolerant herbs, often in conjunction with higher proportions of charcoal 

from forest clearing activities (Karlsson et al. 2010). In Dalarna most of the evidence begins 

to appear in the period AD 900-1300, such as around Norberg (Bindler et al. 2011 A), 

Skallskog, Leksand (Segertröm and Emanuelsson 2002) and Stor-Flen, Björbo (Segerström 

1997). Further north, at Ängersjö, Hälsingland, grazing and cultivation are evident already at 

AD 600 (Karlsson et al. 2010). The first indication of anthropogenic disturbance at Dragsjön 

appears in the first century AD when coprostanol increases above the background 

concentration to 0.05 μg g oc-1. This is accompanied by an enhanced catchment transport as 

reflected by the K/Al ratio. Coprostanol concentrations are consistent with the increase in 

apophyte pollen at Lång-Älgsjön from AD 100, but Meyer-Jacob et al. (2015) also noted signs 

of anthropogenic disturbance already from 500 BC based on smaller increases in apophyte 

and anthropocore pollen types. In fact, a small increase in coprostanol can be seen at 450 BC 

but cannot be differentiated with certainty from the long-term background concentration. 

Humans have been utilising Gyllbergen for forest grazing going back to at least AD 1350 

(Norell and Sundström 1993), but coprostanol in the sediment in combination with increases 

in pollen associated with grazing disturbance in Lång-Älgsjön would suggest such activities 

began much earlier.  

 

Mercury concentrations closely follow the coprostanol content trend until c. AD 1750 and 

indicate that other anthropogenic activities than forest grazing may have taken place at 

Gyllbergen. At AD 100 the concentration of Hg is 140 ng g-1 and has by AD 1000 more than 

doubled to 340 ng g-1. Such an order of increase for Hg in Swedish lake sediments is normally 

associated with pollution after AD 1850 (Bindler et al. 2001). Bindler et al. (2009) reported a 

20-fold increase of Hg in lake Noren at AD 1500, which was likely linked to local mining and 

mine drainage because the increase in Hg is not seen in other regional lakes not receiving 

mine drainage. The situation is similar for the trend of Hg in Dragsjön already at AD 1000 

and an explanation cannot be provided at this point, but pollution sources are not likely. The 

pollution trend for Pb, on the other hand, is typical for this region. The first increase around 

AD 1000 is associated with atmospheric pollution originating from continental Europe 

(Brännvall et al. 2001) and possibly some regional sources (Bindler et al. 2011 A), and the 

second increase, from AD 1530, with both regional and continental pollution sources (Bindler 

et al. 2009). The trajectory for Pb shows that Dragsjön is a representative record for long-

distance and regional pollution in Sweden and further emphasises the significance of the 

deviating trend for Hg. 
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The faecal biomarker coprostanol together with increased detrital inputs provide evidence for 

early anthropogenic land-use at Gyllbergen. Based on the coupling between LW-TOC and 

anthropogenic land-use observed by Rosén et al. (2011) and Bragée et al. (2015) in southern 

parts of Sweden, and by Meyer-Jacob et al. (2015) in the adjacent Lång-Älgsjön the 

expectation would be declining LW-TOC concentrations with increasing anthropogenic 

pressure. In the beginning of this period, c. AD 0, the LW-TOC trend is already declining and 

continues to do so until AD 300. A recovery from 14 to 16 mg L-1 occurs in conjunction with 

increasing coprostanol until AD 520. Thereafter LW-TOC again declines and is later followed 

by coprostanol. Clearly, LW-TOC does not fully mirror the trend in the two proxies for early 

anthropogenic disturbance. It is possible that the type and intensity of the disturbance, and 

where in the catchment it occurred, has not been sufficient to make a measurable imprint on 

LW-TOC. 

 

4.5. Intense anthropogenic disturbance c. AD 1480 to 1940. 

From AD 1480 to 1940 the significant decline observed in LW-TOC suggests a disruption, or 

shift, in the processes driving LW-TOC during the previous 6500 years at Dragsjön. The 

magnitude of decline, from 17 to 10 mg L-1, is similar to that measured for Lång-Älgsjön for 

the same period (18-8 mg L-1) as well as for two other lakes in south-central Sweden, 

Långsjön and Fickeln, where the onset of decline began 200 years later (Meyer-Jacob et al. 

2015). In southern and northern Sweden, long-term declines have been noted for several 

lakes, beginning sometime between AD 750 and 1200, and lasting until AD 1700 to 1960 

(Rosén and Hammarlund 2007, Rosén et al. 2011, Bragée et al. 2015).  

 

At the regional, scale pervasive anthropogenic pressure from c. AD 1480 is supported by the 

significant increase in Pb, which has been shown to derive mainly from the mining of Pb-

containing iron ores in Sweden (Bindler et al. 2009). The decline in LW-TOC is preceded by 

an increase in fresh plant OM from c. AD 1430, when lignin, n-alkanes(C31-33) polysaccharides 

and, in particular, the proportion of fresh sugars increase. The earlier changes observed 

relating to Picea abies establishment differ in three important aspects. Firstly, Picea abies 

colonisation was not associated with fresh sugars or with increased erosion and, as seen 

during post-glacial stabilisation and early catchment development, these two proxies are 

closely linked. Secondly, the syringyl/guaiacyl ratio remains stable indicating that the overall 

vegetation composition is unchanged. Thirdly, changes occur in conjunction with 

unprecedented increases in apophyte and anthropocore pollen in Lång-Älgsjön and provide 

overall support of an intensification of anthropogenic activity at Gyllbergen.  

 

The process behind the increase in fresh plant OM may be a reduction of the ground-layer 

vegetation through forest burning, and grazing and trampling by livestock that contribute to 

shortening the terrestrial retention time of OM and promote preservation in the sediment 

(Segerström and Emanuelsson 2002, Vancampenhout et al. 2008). Forests of south-central 

Sweden were not naturally conducive to livestock grazing but to a large extent improved 

through clearing and burning to promote a richer herbaceous flora (Montelius 1977). This 

strategy was also applied for creating meadows for fodder production and patches for cereal-

growing. Forests were further opened up by cutting timber for construction of housing, utility 

buildings, and fences, and for fire wood. Added to that were timber harvested for production 

of charcoal and, from AD 1606, for paying tax (in fire wood and charcoal) (Larsson 2009). 

The consequence was a reduction of biomass across the landscape, further exacerbated by 

extensive livestock grazing that reduced the availability of terrestrial OC sources and thus its 
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influence on LW-TOC (Aitkenhead et al. 1999). In Dragsjön, the K/Al ratio begins to increase 

from c. AD 1530, and at AD 1700 change points indicate a significant change in detrital input, 

which is consistent with the maximum occurrences of apophyte and anthropocore pollen in 

Lång-Älgsjön. Reduced field-layer vegetation makes the soil susceptible to erosion by water 

run-off, but also to trampling. Targeted areas for soil exposure and erosion were along the 

travel routes used daily to herd livestock to the grazing areas, the designated mid-day resting 

areas, and hills slopes. Dissolved OM (DOM) strongly sorb to mineral surfaces through 

complexation with organic ligands (Kaiser and Guggenberger 2000) and provides another 

possible mechanism for a decline in LW-TOC with increased soil disturbance. In the 200 

years leading up to the decline in LW-TOC coprostanol increases from 0.09 to 0.18 µg g oc-1, 

where it remains until AD 1860. Coprostanol peaks at c. AD 1890 which is also the time of 

culmination for the use of summer farms in this region (Montelius 1977). Even though 

anthropogenic pressure is not registered equally in the sediment for coprostanol, pollen, and 

K/Al, which again may come back to the differing transport pathways, these three proxies all 

register changes in the landscape and anthropogenic presence (coprostanol). 

 

The correspondence between LW-TOC in Dragsjön and coprostanol, fresh sugars and K/Al 

links the decline in LW-TOC to landscape utilisation through burning, grazing and trampling. 

As previously highlighted, the mire and lake-margin vegetation appear to be important 

buffers for LW-TOC and contribute to more stable lake biogeochemistry. Therefore, it is 

important to consider the effect that anthropogenic activities had on mires and lake-margin 

vegetation as a heavily utilised source of winter fodder for livestock (Frödin 1952). Recurring 

harvesting on mires favoured the development of uniform stands of grasses (Poaceae) and 

sedges (Cyperaceae), such as those found at Fäbodmyran today, but also slowed the 

accumulation of biomass (Emanuelsson and Segerström 2002). Possibly, depletion of the 

mire carbon pool was a strong contributor to the decline in LW-TOC; it has been shown that 

OC from peatlands is less prone to biodegradation than OC from forest systems (Berggren et 

al. 2009). 

 

One of the proposed explanations for the increase in LW-TOC observed after AD 1950 is a 

warming climate that through higher biomass production, decomposition and humidification 

would contribute to the raising LW-TOC (Sobek et al. 2007). This hypothesis is of particular 

interest to address since the implication is that the reverse, a cooler climate, would have the 

opposite effect. The period here defined as intense anthropogenic disturbance (c. AD 1480 to 

1940) overall corresponds to the Little Ice Age, AD 1350-1850 (Seppä et al. 2009). As also 

noted by Meyer-Jacob et al. (2015), temperatures experienced during the LIA (average 

temperature 1◦C lower) are not unprecedented in the Holocene (Seppä et al. 2009, 

Matskovsky and Helama 2014), whereas the decline in LW-TOC in Dragsjön has no 

precedent. The difference between the LIA and other cool periods throughout the Holocene 

seems to be presence of intense anthropogenic disturbance.  

 

4.6. Cessation and recovery, c. AD 1940 to present. 

After the culmination of summer farms, the timing and time span for deconstruction varied 

greatly between farms. Some farms were abandoned already around AD 1850, while others, 

such as two of the farms at Gyllbergen, persisted for another 100 years, but with the number 

of shareowners steadily declining (Hillertröm 1984). Thus, the recovery in LW-TOC from 10 

to 12 mg L-1 during the last 70 years seems to follow the decline and cessation of summer 

farms.  

http://www.sciencedirect.com/science/article/pii/S0146638003002493#BIB20
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The VNIRS-inferred LW-TOC concentrations in the uppermost part of the record are 

comparable to the direct measurements of 13.6-14.2 mg L-1 made in AD 1998 (Länsstyrelsen 

Dalarnas Län 2000). LW-TOC concentrations fluctuates on monthly and annual time-scales 

and Meyer-Jacob et al. 2015 showed that VNIRS-inferred LW-TOC represents the long-term 

average concentrations, which may explain the difference between inferred and measured 

LW-TOC in Dragsjön. The reduced soil disturbance is recorded in the lack of increase in 

polysaccharides and declines in n-alkanes(C31-33) and coprostanol. The proportion of lignin 

remains high and the K/Al ratio continues to increase, which may be related to clear-cutting 

and continuing harvest of the forests after the decline of summer farms. Another hypothesis 

that comes up in the literature to explain the recent increase in LW-TOC is the recovery from 

soil acidification caused by atmospheric pollution. In heavily acidified soils terrestrial OC 

transport has been shown to increase due to the reduction of available binding sites for DOC 

with increasing soil pH (Evans et al. 2005). However, lake-water pH reconstructions for 

Dragsjön and the adjacent Lång-Älgsjön show no considerable alterations in pH due to 

acidification (Renberg and Ek 2001, Meyer-Jacob et al. 2015) but that stable acidic 

conditions (pH 4.7-4.9) have prevailed for most part of the Holocene, and recovery from 

acidification is not a likely cause of the increase in LW-TOC. 

 

4.7. Conclusions and future prospects 

In this multi-proxy study, influences and controls exerted by natural landscape processes and 

superimposed anthropogenic disturbances on LW-TOC dynamics have been investigated for 

Dragsjön, a lake in south-central Sweden. The development trajectory for Dragsjön 

throughout most of the early Holocene (8500 BC to 0 BC/AD) is characteristic for Swedish 

boreal lakes. In the period c. 8500-5000 BC vegetation progressively colonised the catchment 

leading to a slowing of erosion rates, build-up of catchment OC stores and subsequent export 

of OC to the lake. The period c. 5000 BC-AD 1480 is characterised mostly by stable LW-TOC 

concentrations with some fluctuations to the trend. A shift in vegetation composition occurs 

from c. 850 BC when Picea abies establishes in the area and is registered as a change in the 

OM composition. The first sign of anthropogenic disturbance appears c. AD 100, a little 

earlier than in previous published records, when coprostanol increases. Neither of these 

events has any clear effect on the LW-TOC trend. From c. AD 1480 and over the next 500 

years LW-TOC declines to concentrations similar to those observed during the immediate 

post-glacial period. Meanwhile, there is a continuous presence of coprostanol in the sediment 

and large inputs of plant OM into the lake that can be linked to the specific type of land use 

that was practiced during this period, namely, summer farming, involving burning and 

grazing of forests, and haymaking on the adjacent mire. Processes related to forest biomass 

reduction and soil OC retention are likely to have influenced the reduction in LW-TOC but 

also the interference with biomass accumulation and, consequently, the OC supply, from 

lake-margin and mire vegetation. The pervasiveness of summer farms and forest utilisation 

in Sweden implies that many more lakes than those under recent investigation may have 

experienced long-term alterations to their catchment OC balance. Furthermore, if drivers of 

decline differ depending on catchment characteristics, so may also the pathways to recovery. 

Improved understanding of these mechanisms will come from comparing lakes with different 

catchment characteristics but with similar land-use histories. 

 

Two proxies, molecular OM composition and the faecal biomarker coprostanol (5β-

cholestan-3β-ol) proved to be particularly useful for addressing the aims of this study. OM 
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molecular composition was shown to be advantageous for detecting source changes in OM 

inputs, such as between coniferous and angiosperm species. OM molecular composition 

provided important evidence for the roles of terrestrial forest and mire vegetation in 

controlling LW-TOC in Dragsjön. The faecal biomarker coprostanol, being specific for higher 

animals, supported previous pollen-based evidence for anthropogenic disturbance in the area 

that could now be linked directly to disturbance within the catchment. Faecal biomarkers 

may be used as a tool for separating local and regional disturbance signals and also for 

tracing land-use activities not necessarily associated with cultivation, such as reindeer 

herding, where climatic and anthropogenic effects on vegetation composition are otherwise 

difficult to distinguish. 
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Appendix 1. Identified pyrolytic organic compounds along with their molecular mass (M), 

the specific mass (m/z) fragments of their mass spectra, and the retention time. 

Code Compound class M m/z 
Retention time 
(min) 

     
 Straight n-alkenes    

Al1 n-C11:1 154 56+69+…+154 7.33 

Al1 n-C12:1 168 56+69+…+168 8.84 

Al1 n-C13:1 182 56+69+…+182 10.30 

Al2 n-C16:1 224 56+69+…+224 14.20 

Al2 n-C18:1 252 56+69+…+252 16.48 

Al2 n-C20:1 280 56+69+…+280 18.53 

Al2 n-C22:1 308 56+69+…+308 20.42 

Al2 n-C24:1 336 56+69+…+336 22.15 

Al2 n-C26:1 364 56+69+…+364 23.73 

Al3 n-C17:1 238 56+69+…+238 15.36 

Al3 n-C19:1 266 56+69+…+266 17.53 

Al3 n-C21:1 294 56+69+…+294 19.47, 19.50 

Al3 n-C23:1 322 56+69+…+322 21.24 

Al3 n-C25:1 350 56+69+…+350 22.94 

     

 Straight n-alkanes    

Al4 n-C12:0 170 57+71+85+…+170 8.97 

Al4 n-C13:0 184 57+71+85+…+184 10.41 

Al4 n-C14:0 198 57+71+85+…+198 11.77 

Al5 n-C16:0 226 57+71+85+…+226 14.29 

Al5 n-C18:0 254 57+71+85+…+254 16.55 

Al6 n-C17:0 240 57+71+85+…+240 15.45 

Al6 n-C19:0 268 57+71+85+…+268 17.59 

Al7 n-C20:0 282 57+71+85+…+282 18.60 

Al7 n-C22:0 310 57+71+85+…+310 20.45 

Al7 n-C24:0 338 57+71+85+…+338 22.19 

Al8 n-C21:0 296 57+71+85+…+296 19.55, 19.57 

Al8 n-C23:0 324 57+71+85+…+324 21.34 

Al8 n-C25:0 352 57+71+85+…+352 23.00 

Al8 n-C27:0 380 57+71+85+…+380 24.53 

Al8 n-C29:0 408 57+71+85+…+408 25.95 

Al9 n-C31:0 436 57+71+85+…+380 27.28 

Al9 n-C33:0 464 57+71+85+…+380 28.56 

     

 2-Ketones (K)    

K15_17 Trimethyl-2-pentadecanone 268 43+58+70+71+…+250+26

8 

16.98 

K15_17 2-K C17 282 43+58+59+71+…+254 17.61 

K21_33 2-K C21 310 43+58+59+71+…+310 21.41 

K21_33 2-K C23 338 43+58+59+71+…+338 23.08 

K21_33 2-K C25 366 43+58+59+71+…+366 24.63 

K21_33 2-K C27 394 43+58+59+71+…+394 26.07 

K21_33 2-K C29 422 43+58+59+71+…+422 27.42 

K21_33 2-K C31 450 43+58+59+71+…+450 28.73 

K21_33 2-K C33 478 43+58+59+71+…+478 30.34 

     

 Other aliphatics    

Al10 Dodecanal 184 57+70+…114+172 11.90 

     

 Polysaccharides    

Ps1 3(2H)-furanone 84 54+55+84 3.05 

Ps1 5-methyl -2(3H)-furanone 98 43+55+70+98 3.91 

Ps1 2(5H)-furanone 84 39+55+84 4.48 



 

 
  
 

Ps1 Dihydro-methyl-furanone 98 42+55+69+98 4.73 

Ps2 3-furaldehyde 96 39+67+95+96 3.24 

Ps2 2-furaldehyde 96 39+67+95+96 3.46 

Ps2 2-acetyl-furan 110 39+95+110 4.51 

Ps2 2-Furaldehyde. 5-methyl 110 43+109+110 4.57 

Ps2 2-Furaldehyde. 5-methyl 110 43+109+110 5.28 

Ps2 3-Furoic acid. methyl ester/.2-

(Hydroxyacetyl)furan; 

126 39+95+126 7.15 

Ps2 5-Hydroxymethylfurfural 126 41+53+69+97+109++126 9.36 

Ps3 4-Cyclopentene-1.3-dione 96 42+54+68+96 4.12 

Ps3 1.2-Cyclopentanedione 98 42+55+69+82+98 4.72 

Ps3 2-hydroxy-3-methyl-2-Cyclopenten-

1-one 

112 41+55+69+83+97+112 6.08, 6.26 

Ps4 Isomaltol 126 43+55+111+126 5.55 

Ps4 3-hydroxy-2-methyl-(4H)-Pyran-4-

one (maltol) 

126 43+55+71+97+126 7.59 

Ps5 Levosugar  60+71+73 8.57 

Ps5 Levosugar  57+60+73 11.53 

Ps5 Anhydrosugar  57+73 8.88 

Ps5 Anhydrosugar  57+73 9.92 

Ps6 Acetamide 59 42+43+44+59 2.82 

Ps6 3-acetamido-furan 125 43+53+54+83+125 9.30 

Ps6 3-acetamido-methyl-furan 140 43+69+97+139 10.65 

Ps7 α-Acetobutyrolactone   128 43+55+69+85+86+113+12

8 

5.81 

Ps8 4-hydroxy-5.6-dihydro(2H)-pyran-2-

one 

114 42+43+57+58+85+114 5.87 

Ps9 Dianhydrorhamnose 128 58+113+128 6.58 

Ps10 2.5-Dimethyl-4-hydroxy-3(2H)-

furanone 

128 43+57+85+128 7.21 

Ps11 Levoglucosenone 126 39+53+68+96+98 7.58 

Ps12 2-methyl-benzofuran 132 51+77+103+131+132 7.62 

Ps13 1.4:3.6-Dianhydro-α-d-

glucopyranose 

144 57+69+85+98+144 9.17 

Ps14 2.3 dihydro-benzofuran 120 91+92+119+120 9.25 

     

 Nitrogen compounds    

N1 Alkylamide (after C20:0)  59+72 18.93 

N1 Alkylamide  (2)  59+72+86+114+128+212+

255 

20.79 

N1 Alkylamide  (3)  59+72+81+98+264 22.06 

N1 Alkylamide 3 (after C24:0)  59+72 22.06 

N10 3-Methyl-indole 131 77+103+130+131 11.63 

N11 Oxazoline structure  55+83+84 13.65 

N12 Diketodipyrrole 186 70+93+186 15.57 

N13 Methyl-N-acetyl-d-glucosamide 235 43+59+60+73+84+101+11

4+185+235 

17.23 

N2 2-Pyridinecarbonitrile  39+50+77+104 6.84 

N2 Benzeneacetonitrile 117 77+89+90+116+117 8.04 

N2 Benzenepropanenitrile 131 91+131 9.54 

N2 trans-3-Phenylpropenonitrile 129 102+129 10.37 

N3 Alkanenitrile C20 (after C23:0) 293 43+57+70+83+97+110+12

4+138+236+250+292 

21.43 

N3 Alkanenitrile (C22?) (after C25:0) 293 43+57+70+83+97+110+12

4+138+236+250+264+27

8+294 

23.13 

N3 Alkanenitrile (C24?) (after C27:0)  

 

43+57+70+83+97++110+1

24+138+236+250+264…+

320 

24.70 



 

 
  
 

N4 Pyridine 79 39+50+51+52+79 2.54 

N4 2-methyl-pyridine 93 39+51+66+78+93 3.29 

N5 Pyrrole 67 37+38+39+40+41+67 2.59 

N5 2-methyl-1H-Pyrrole-(Methyl-

pyrrole)  

81 42+53+80+81 3.63 

N5 2-Formylpyrrole 95 39+66+94+95 6.08 

N5 2-acetyl-pyrrole 109 39+66+94+109 6.86 

N6 DKP from Pro-Ala 168 70+97+125+168 15.61 

N6 DKP from Pro-Val 196 70+72+97+125+154 16.72, 17.02 

N6 DKP from Cyclo-Leu-Pro  210 70+86+154 17.72, 17.90 

N6 DKP from Pro-Pro 194 70+96+138+166+194 18.04 

N6 DKP from Pro-Lys-NH3 208 70+125+154+166+208 20.90, 20.93 

N6 DKP from Pro-Phe  70+125+153+244 21.68 

N7 Pyrrole-2.5-dione (maleimide) 97 54+69+97 5.83 

N8 2.5-Pyrrolidinedione (Succinimide) 99 59+99 7.97 

N9 Indole 117 39+63+90+91+117 10.35 

     

 Phenols    

Ph1 Phenol 94 39+65+66+94 5.58, 5.60. 5.60 

Ph2 4-methyl-phenol 108 77+79+107+108 7.07 

Ph3 4-isopropenylphenol 134 39+51+65+77+91+119+134 10.45 

Ph4 2-methyl-phenol 108 77+79+107+108 6.74 

Ph5 2.5-dimethyl-phenol 122 77+91+107+121+122 8.19 

Ph5 4-ethyl-phenol 122 77+107+122 8.46 

Ph6 Acetophenone 120 39+43+51+77+105+120 6.94 

     

 Methoxy-phenols (Lignin)    

Lig1 Guaiacol 124 53+81+109+124 7.23 

Lig2 Methyl-guaiacol 138 77+95+123+138 8.81 

Lig3 Ethyl-guaiacol  152 122+137+152 10.05 

Lig4 4-vinyl-guaiacol 150 77+107+135+150 10.57 

Lig5 Syringol  154 93+111+139+154 11.05 

Lig9 4-propenyl-syringol 197 151+179+164 15.42 

Lig7 Vanillin  152 81+109+137+151+152 11.75 

Lig8 Guaiacylacetone  180 77+94+122+137+180 13.81 

Lig9 Syringaldehyde  182 65+79+111+182 14.94 

     

 (Poly)aromatics    

Ar1 1H-Indenol 132 51+77+103+115+131+132 11.23 

Ar1 Biphenylol 170 115+141+170 15.68 

Ar2 Benzene 78 39+51+63+77+78 1.94 

Ar2 Styrene 104 51+78+103+104 4.31 

Ar2 dodecyl-Benzene 190 91+92+ 17.48 

Ar2 Benzene C14   19.53 

Ar2 Benzene C16 302 91+92+…302 21.39 

Ar2 Benzene C17 316 91+92+…316 22.27 

Ar2 Benzene C18 330 91+92+…330 23.11 

Ar2 Benzene C19 344 91+92+…344 23.93 

Ar3 Toluene  92 65+91+92 2.78, 2.85 

Ar3 Benzaldehyde 106 51+77+105+106 5.33 

Ar3 Benzenacetaldehyde 120 39+51+63+65+91+120 6.60 

Ar4 Indene 116 36+89+115 6.63, 6.67 

Ar4 Guaiene 204 41+55++91+105+119+173 13.36 

Par 2.3-dihydro-inden-1-one 132 77+78+103+104+132 10.17 

Par 1-methyl-napthalene 142 63+115+139+141+142 10.67 

Par Retene 234 189+204+219+234 20.71 

Par Benzo-[K]-flouranthene 252 252 26.04 

     

 Carboxylic acids    



 

 
  
 

FA1 n-tetradecanoic acid 228 60+73+129+185+…+228 16.10 

FA1 n-pentadecanoic acid 242 60+73+129+185+…+242 16.79 

FA1 n-hexadecanoic acid 256 60+73+129+213+256 18.18 

FA2 Docosenoic acid 320 41+55+69+83+97+111...+3

20 

23.33 

FA2 Tetracosenoic acid 369  24.85 

FA3 Methyl-ester-docosanoic acid 354 74+87+97+143+311+35 23.21 

FA3 Tetracosanoic acid. methyl ester 382 43+57+74+87+97...+382 24.73 

  

 

   

 Chlorophyll derivatives    

Chl1 Prist-1-ene 266 43+56+57+69+97+111+12

6+140+196+222+266 

15.75 

Chl2 Prist-2-ene   15.91 

Chl3 Phytadiene 1 (after C18:0) 278 43+57+68+82+95+109+12

3+179+208+263+278 

16.93 

Chl4 Phytadiene 2 278 41+55+70+71+81+95+124

+168+2113+239+278 

17.37 

Chl5 Phytadiene 3 (after DKP Pro-Lys) 278 43+57+68+69+82+95+10

9+123+179+229+263+278 

17.65 

     

 Vitamin compounds    

V δ-Tocopherol   26.26 

V γ-Tocopherol 416 151+191+416+417 26.97 

V α-Tocopherol 430 164+165+205+430+431 27.49 

     

 Steroids    

St1 Stigmasterol 412 133+161+213+253+269+3

00+351+394+412 

28.36 

St1 Sitosterol 414 145+159+213+255+273+3

03+329+381+396+414 

28.79 

St1 Stigmastanol 416 215+233+401...+416 28.88 

St1 Cholesterol trimethyl 402 95+121+179+229+247 29.37 

St2 Cholesta-3.5-dien-7-one 382 159+161+174+187+199+22

7+269+298+367+382+38

3 

28.07 

St2 Stigmasta-3.5-dien-7-one 410 134+161+174+187+253+26

9+395+410+411 

29.48, 29.50 

St3 Stigmasta-5.22-dien-3-ol. acetate. 

(3β.22Z)- 

454 43+55+69+81+145+255+3

51+394 

26.92 

St3 Stigmastan-3.5-diene 396 105+121+133+146+147+21

3+255+275+288+382+39

6+397 

27.08, 27.31. 

27.32 

St3 Stigmast-4-en-3-one 412 124+149+229+2-

71+289+370+397+412 

28.34 

St4 Cholesta-3.5-diene  368 81+145+146+213+247+25

5+353+368+369 

26.01 

St4 (3β)-Cholesta-4.6-dien-3-ol 348 43+247+366 25.86 

St4 (5α)-Cholest-2-ene 370 147+176+215+230+257+31

6+370 

25.68 

     

 Hopanoids    

H 22.29.30-trisnorhop-17(21)-ene  69+79+95+147+191+231+

353+368 

26.22, 26.24 

H Hopanoid urs20en16one  95+149+191+355+384 26.57 

H C30 hopene: Hop-17(21)-ene 410 135+161+191+231+367+39

6+410 

27.40 

H Diplotene   27.93 



 

 
  
 

 Appendix 2. Concentrations of major and trace elements. BSi and LOI. 

# 

 

Field 

depth 
(cm) 

Na 
(%) 

Mg 
(%) 

Al 
(%) 

Si 
(%) 

P 

(μg kg-1) 
S 

 (%) 

Cl 

(μg kg-1) 
K  

(%) 
Ca 
(%) 

Ti 

(μg kg-1) 

Mn 

(μg kg-) 
Fe 
(%) 

Zn 

(μg kg-1) 

Br 

(μg kg-1) 

Rb 

(μg kg-1) 

Pb 

(μg kg-1) 
Hg 

(ng g-1) 
BSi 
(%) 

LOI 
(%) 

Sidetrital 

(%) 

1 0 0.09 0.04 0.89 14.28 1543 0.68 479 0.16 0.30 474 69 1.00 86 76 8 47  28 67 1 

2 1 0.09 0.05 1.07 16.41 1467 0.75 469 0.17 0.33 551 69 1.07 107 63 8 52  26 67 4 

3 2 0.07 0.03 1.07 15.63 1069 0.69 378 0.16 0.29 583 70 0.87 162 59 8 74  24 62 4 

4 3 0.08 0.04 1.18 16.73 1025 0.74 357 0.18 0.30 619 69 0.92 262 56 9 86  26 61 5 

5 4 0.06 0.04 1.14 16.74 832 0.65 355 0.15 0.29 601 60 0.82 345 58 9 119 510 27 62 4 

6 6 0.07 0.03 1.20 18.20 912 0.65 371 0.13 0.31 579 66 0.88 323 45 5 87 501 30 60 4 

7 8 0.06 0.02 1.10 16.85 834 0.51 283 0.11 0.30 525 68 0.83 217 41 6 88 370 33 61 2 

8 10 0.07 0.03 1.22 16.99 1080 0.56 355 0.11 0.37 528 80 0.96 169 28 5 54  32 61 2 

9 12 0.05 0.01 1.11 14.79 944 0.47 312 0.09 0.36 470 78 0.91 98 29 7 56     

10 14 0.07 0.03 1.26 18.58 1188 0.50 388 0.12 0.34 569 79 0.99 96 39 8 53 293 34 59 3 

11 15 0.06 0.02 1.21 18.23 1164 0.46 348 0.10 0.34 566 78 0.95 55 47 7 87     

12 18 0.05 0.02 1.27 18.19 1352 0.50 391 0.10 0.37 563 84 1.05 64 42 6 79 245 36 61 2 

13 20 0.05 0.02 1.22 16.44 1343 0.47 327 0.08 0.35 553 90 0.98 111 46 6 84     

14 22 0.05 0.02 1.24 16.49 1439 0.49 349 0.08 0.38 551 97 1.05 83 37 6 58 187 33 61 1 

15 24 0.06 0.02 1.22 16.45 1378 0.48 330 0.09 0.36 596 92 1.00 118 47 5 58     

16 26 0.06 0.02 1.28 16.88 1626 0.51 366 0.09 0.38 717 93 1.11 73 52 4 52 252 29 64 3 

17 28 0.06 0.02 1.25 15.56 1517 0.47 326 0.08 0.36 671 97 1.04 35 67 4 58     

18 30 0.04 0.02 1.29 16.50 1406 0.45 348 0.08 0.38 608 93 1.03 27 38 3 26 227 34 64 1 

19 32 0.06 0.01 1.24 17.46 1356 0.42 268 0.05 0.38 516 99 1.02 10 41 3 16     

20 34 0.05 0.02 1.30 17.18 1482 0.43 300 0.06 0.39 516 101 1.03 14 27 4 9 201 34 63 1 

21 36 0.05 0.01 1.25 16.00 1445 0.39 260 0.05 0.41 493 107 1.04 4 31 6 11     

22 38 0.03 0.01 1.31 17.37 1677 0.44 317 0.08 0.39 564 107 1.07 31 33 4 14 237 31 62 3 

23 40 0.06 0.01 1.23 15.73 1426 0.41 355 0.08 0.35 623 103 1.00 15 56 6 9     

24 42 0.06 0.02 1.49 17.09 1820 0.45 345 0.08 0.43 674 117 1.24 17 43 3 14 251 31 62 2 

25 44 0.06 0.02 1.40 16.03 1679 0.45 342 0.09 0.39 687 119 1.16 22 61 5 14     

26 46 0.05 0.02 1.47 17.91 1564 0.45 344 0.08 0.36 612 104 0.99 2 31 6 -4 341 33 60 3 

27 48 0.05 0.02 1.48 15.83 1592 0.41 306 0.09 0.41 628 136 1.22 5 54 6 7     

28 50 0.05 0.02 1.54 17.94 1696 0.48 373 0.09 0.42 709 138 1.37 11 58 6 5 266 32 62 3 

29 52 0.05 0.01 1.43 16.34 1338 0.39 279 0.08 0.40 569 132 1.19 4 54 4 6     

30 54 0.06 0.02 1.51 17.71 1505 0.44 316 0.09 0.42 636 141 1.32 14 48 3 8 174 26 62 6 

31 56 0.06 0.02 1.54 17.92 1503 0.44 326 0.09 0.41 648 131 1.21 10 43 5 2 164 30 62 4 

32 58 0.04 0.01 1.30 14.81 1234 0.36 275 0.08 0.37 569 115 1.00 -5 38 5 -3 145 26 63 3 

33 60 0.05 0.02 1.53 17.61 1556 0.45 359 0.09 0.41 638 135 1.24 11 49 5 4 179 29 64 4 

34 62 0.06 0.01 1.45 18.15 1195 0.38 296 0.08 0.39 543 129 1.13 2 47 5 5 147 30 60 4 

35 64 0.05 0.02 1.71 20.98 1356 0.45 337 0.09 0.43 523 138 1.28 14 38 3 10 140 33 57 6 

36 66 0.05 0.02 1.59 19.89 1185 0.40 285 0.07 0.39 487 133 1.18 4 45 5 6 138 33 55 5 

37 68 0.05 0.02 1.74 21.42 1350 0.45 301 0.08 0.43 506 145 1.33 14 38 5 4 114 35 57 5 

38 70 0.05 0.01 1.76 19.40 1365 0.44 291 0.06 0.43 475 147 1.31 7 48 4 10 107 35 57 3 

39 72 0.06 0.02 1.85 23.10 1274 0.44 261 0.07 0.41 443 139 1.31 22 34 3 8 112 38 52 5 

40 74 0.05 0.02 1.67 21.77 1069 0.40 228 0.07 0.40 383 136 1.23 28 37 5 1 99 40 52 3 

41 76 0.05 0.02 1.74 22.10 1148 0.44 281 0.06 0.40 411 137 1.33 35 38 5 3 94 39 52 4 

42 78 0.04 0.01 1.53 20.50 985 0.37 259 0.05 0.38 385 136 1.18 8 40 1 7 93 35 52 4 



 

 
  
 

43 80 0.05 0.02 1.78 23.74 896 0.38 228 0.06 0.37 375 127 1.12 23 39 4 2 76 42 45 4 

44 82 0.05 0.02 1.80 25.02 987 0.40 231 0.06 0.38 389 129 1.21 20 33 2 6 72 41 45 6 

45 84 0.04 0.02 1.92 19.79 1126 0.43 267 0.06 0.43 400 156 1.27 9 51 4 4 83 31 52 5 

46 86 0.05 0.02 2.28 17.18 1375 0.48 302 0.05 0.50 422 178 1.51 80 55 4 3 107 29 59 4 

47 90 0.06 0.02 2.35 20.71 1350 0.50 292 0.06 0.49 443 177 1.63 31 47 2 2 100 27 50 8 

48 94 0.05 0.02 1.94 20.40 870 0.37 222 0.07 0.40 419 150 1.31 18 42 5 1 86 36 50 3 

49 98 0.06 0.02 2.25 21.17 1061 0.44 235 0.08 0.44 441 161 1.53 37 36 4 2 80 32 51 6 

50 105 0.06 0.02 2.33 20.79 1025 0.44 199 0.08 0.43 430 173 1.46 37 40 5 4     

51 109 0.06 0.03 2.46 24.30 1118 0.48 235 0.09 0.46 437 174 1.67 55 33 6 4     

52 113 0.05 0.02 2.33 19.84 940 0.43 193 0.07 0.44 429 172 1.48 27 37 5 2 68 32 49 5 

53 117 0.07 0.02 2.67 21.25 1258 0.55 306 0.10 0.51 523 203 1.76 92 41 4 9     

54 121 0.08 0.02 2.20 19.31 816 0.42 216 0.08 0.44 438 173 1.48 40 36 6 1     

55 125 0.05 0.03 2.51 23.69 945 0.48 241 0.09 0.48 455 189 1.75 35 38 4 2 12 34 49 8 

56 129 0.07 0.02 2.56 19.84 933 0.48 246 0.08 0.50 482 199 1.66 60 42 5 6     

57 131 0.08 0.03 2.50 22.31 1222 0.50 282 0.09 0.50 499 194 1.76 31 45 5 0     

58 133 0.06 0.02 2.53 18.39 989 0.46 240 0.09 0.49 466 196 1.63 20 42 5 6     

59 137 0.07 0.03 2.74 21.95 1054 0.49 235 0.10 0.51 541 209 1.92 70 42 5 5     

60 141 0.05 0.02 2.46 19.25 871 0.44 236 0.09 0.47 440 188 1.61 18 39 5 5     

61 145 0.07 0.03 2.87 19.95 1174 0.55 261 0.09 0.54 511 226 2.00 76 40 5 7 88 32 54 5 

62 149 0.06 0.02 2.87 17.87 1062 0.48 227 0.08 0.49 472 205 1.77 31 42 5 2     

63 150 0.07 0.03 2.98 18.00 1166 0.50 227 0.08 0.51 464 221 1.89 46 41 6 4     

64 154 0.05 0.02 3.03 16.56 1237 0.48 250 0.07 0.51 458 221 1.92 61 45 5 5     

65 158 0.06 0.03 3.15 18.87 1256 0.53 253 0.11 0.55 568 236 2.10 77 43 7 2 89 28 54 6 

66 162 0.06 0.03 2.87 17.30 996 0.43 195 0.09 0.50 464 213 1.77 39 42 6 4     

67 166 0.07 0.02 2.96 17.62 1062 0.47 233 0.07 0.51 459 219 1.82 56 39 5 5     

68 170 0.07 0.03 3.13 17.77 1146 0.47 229 0.07 0.52 431 228 1.93 56 42 5 7     

69 174 0.07 0.02 2.95 15.91 1121 0.44 198 0.07 0.49 413 221 1.85 69 39 5 5     

70 178 0.08 0.03 3.17 15.96 1313 0.51 230 0.08 0.55 478 241 1.97 122 43 5 7     

71 182 0.08 0.03 3.05 18.19 1202 0.48 193 0.12 0.51 523 226 1.92 67 39 9 6     

72 186 0.08 0.04 3.05 17.09 1154 0.47 178 0.14 0.51 576 228 1.82 95 37 10 3     

73 190 0.06 0.03 3.05 17.38 1208 0.45 213 0.08 0.51 431 225 1.85 84 38 6 3     

74 194 0.07 0.03 3.20 17.49 1230 0.47 196 0.10 0.51 482 229 1.97 70 40 6 7 90 23 53 7 

75 198 0.07 0.03 3.15 17.56 1241 0.49 218 0.11 0.52 507 233 1.90 56 37 6 7     

76 202 0.08 0.04 3.15 14.87 1357 0.50 256 0.12 0.55 560 242 1.95 92 39 8 5     

77 206 0.08 0.03 3.10 15.16 1352 0.49 233 0.12 0.54 513 238 1.82 28 44 9 3     

78 210 0.09 0.03 2.99 16.40 1441 0.48 245 0.11 0.52 457 220 1.82 87 42 7 4     

79 214 0.07 0.03 2.78 16.92 1362 0.45 247 0.11 0.51 445 212 1.91 67 38 8 3 87 28 55 4 

80 218 0.08 0.03 2.72 16.76 1320 0.45 207 0.12 0.50 475 214 1.92 91 39 9 1     

81 222 0.09 0.04 2.66 19.04 1135 0.39 188 0.15 0.46 511 210 2.17 82 35 11 6     

82 226 0.09 0.04 2.48 19.25 1144 0.42 172 0.14 0.48 500 210 2.12 52 38 11 3 68 29 50 6 

83 230 0.10 0.05 2.85 16.91 1204 0.41 193 0.21 0.50 636 214 1.91 47 38 13 5     

84 234 0.07 0.02 2.35 19.93 1249 0.42 251 0.11 0.47 438 199 1.80 69 39 8 0     

85 238 0.07 0.02 2.51 19.98 1337 0.48 224 0.09 0.47 434 191 1.94 84 40 9 2     

86 242 0.06 0.03 2.74 20.07 1451 0.48 272 0.10 0.47 438 185 1.87 69 39 6 3     

87 246 0.08 0.02 2.04 22.10 1033 0.39 170 0.12 0.39 437 163 1.65 87 32 9 -2     

88 250 0.07 0.02 2.04 24.72 1143 0.40 198 0.12 0.39 418 161 1.68 102 35 9 1     

89 254 0.07 0.03 2.03 24.96 1165 0.41 175 0.10 0.38 362 155 1.68 143 34 7 1     

90 258 0.06 0.03 1.94 27.83 1104 0.41 130 0.11 0.35 331 144 1.59 111 28 9 0 61 46 37 7 

91 262 0.07 0.03 2.09 26.63 1168 0.40 146 0.16 0.36 405 147 1.65 102 29 10 2     



 

 
  
 

92 266 0.11 0.04 1.64 27.90 771 0.40 122 0.23 0.32 482 152 1.77 107 26 14 2     

93 270 0.09 0.05 1.72 30.12 833 0.52 127 0.21 0.31 461 139 2.02 141 32 14 3     

94 274 0.12 0.06 1.82 28.83 758 0.45 122 0.26 0.31 592 152 1.96 184 26 16 4 73 52 28 5 

95 278 0.20 0.10 1.96 28.90 557 0.35 106 0.51 0.36 957 152 1.47 152 25 33 5     

96 282 0.54 0.21 2.55 26.82 216 0.16 52 1.17 0.46 1665 183 1.17 103 13 77 12     

97 285 0.89 0.33 3.46 27.46 233 0.13 24 1.75 0.57 2301 220 1.35 75 9 106 18 25 5 7 3 

 

 



 

 
  
 

Appendxix 3. Change point models. 



 

 
  
 

  


