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Abstract 

Quantitative, high-resolution and long-term climate reconstructions are needed to determine 

the extent of natural climate variability during the late Holocene, to compare recent climate 

change to ‘naturally’ warm climates (e.g. the Roman Climate Optimum) and to interpret 

regional climate model projections for the 21st century. This is especially relevant for Central 

Europe and the Alps where regional climate models project enhanced inter-annual summer 

temperature variability and late summer - autumn extreme precipitation with continued 

warming. 

Here, sediments from varved Lake Silvaplana (eastern Swiss Alps) were investigated 

as an archive of past climate. For sediments spanning ca. 570 BC - AD 120 (i.e. the late Iron 

Age to Roman Period transition), annually resolved June-July-August (JJA) temperatures 

were reconstructed from biogenic silica (bSi) fluxes (Type II regression; Standard Major Axis 

calibration-in-time) and chironomid assemblages. For sediments covering ca. 1450 BC – AD 

420, mass accumulation rates (MAR) reconstructed glacier length changes in the catchment 

and approximated warm/dry and cool/wet climates. Turbidite frequencies and thicknesses 

(also ca. 1450 BC - AD 420) were a proxy for late summer - autumn palaeofloods.  

Reconstructed JJA temperatures from ca. 570 BC - AD 120 were compared to JJA 

temperatures from the last millennium (reconstructed from the same sediment core but a 

different study, AD 1177 - AD 1950; instrumental from Sils Maria, AD 1950 - AD 2000). 

Inter-annual and decadal JJA temperature variability from ca. 570 BC - AD 120 exceeded 

values from the last millennium. However, multi-decadal and lower frequency variability 

were comparable. Warm and variable JJA temperatures were noted at the Late Iron Age - 

Roman Period transition (ca. 50 BC to AD 100 in this region) and a cold anomaly was 

recognized around 470 BC (Early - Late Iron Age). The warmest JJA temperatures occurred 

from ca. 570 BC - 351 BC (11.2°C) and the coolest were found from ca. AD 1351 - AD 1700 

(8.8°C). Turbidites indicated eighty-five palaeofloods between ca. 1450 BC and AD 420. 

These were more frequent and thicker during cool/wet climate phases, as inferred from MAR.  

Among reconstructed JJA temperatures (ca. 570 BC - AD 120), 130 analogues for the 

21st century climate in the Alps were identified (i.e. 50 year windows with a warming trend 

and average JJA temperature exceeding AD 1950 - AD 2000 values from Sils Maria). During 

most of these analogues, the frequency and thickness of turbidites was less than the ca. 1450 

BC - AD 420 50 year average.  

Reconstructed JJA temperatures (ca. 570 BC - AD 120) and palaeofloods (ca. 1450 

BC - AD 420) were used to explore regional climate model projections which suggest greater 
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inter-annual to decadal JJA temperature variability and more frequent extreme summer-to-

autumn precipitation events in a warmer climate. Mean-Variability Change plots of 

reconstructed JJA temperatures (ca. 570 BC - AD 120) and reconstructed and instrumental 

JJA temperatures from the last millennium, revealed a strongly heteroscedastic behavior for 

mean JJA temperatures exceeding ~9.8°C in the Engadine (for reference, average Sils Maria 

JJA temperature from AD 1950 - AD 2000=9.8°C). This is consistent with regional climate 

models which project an increase in inter-annual temperature variability in Central Europe 

and the Alps with continued climate warming. Alternatively, the late summer - autumn 

palaeoflood record revealed a reduction in the frequency and magnitude of extreme summer-

autumn precipitation events and floods in the eastern Swiss Alps with an increase in mean 

temperature. This suggests that late summer - autumn floods in this region might not increase 

under continued global warming.  

Finally, we considered whether the calibration method developed for Lake Silvaplana 

which produced high-resolution quantitative temperature reconstructions from annually 

laminated sediments, could be applied in varved Lake Seeberg (limestone bedrock, north-

western Swiss Alps). A calibration period chronology was established from 210Pb and 

validated with 137Cs and spheroidal carbonaceous particles. Up-to-annual measurements were 

made of sedimentation rates, MAR, bSi (concentrations and fluxes), reflectance from 380-730 

nm, grain sizes and loss-on-ignition (550°C and 950°C). We estimated the percent of 

autochthonous sediments (%AUTO) and allochthonous sediments (%ALLO) from the results 

of loss-on-ignition and biogenic silica concentration. 

Anomalous reflectance results were attributed to high water contents in the sediments. 

A steep increasing (long-term) trend in %AUTO after AD 1960 was significantly correlated 

to May-June-July-August-September (MJJAS) temperatures at Château-d’Oex. However, the 

possible influence of eutrophication on %AUTO should be further investigated. After three 

year smoothing, an MJJAS and %AUTO regression model had a root mean squared error of 

prediction (RMSEP) of 0.51°C, a reduction of error of 0.62 and a positive coefficient of 

efficiency of 0.03 (split-period approach; AD 1902 - AD 1960 and AD 1961 - AD 2004). For 

the entire calibration period (AD 1902 - AD 2004; rPearson=0.76, pcorr<0.01), the ten-fold cross-

validated RMSEP decreased to 0.45°C.  

The findings of this study offer insight into natural climate variability of the past in 

Central Europe and the Alps and the likelihood of regional climate model projections. 

Furthermore, they demonstrate the potential and limitations of varved sediments as an archive 

of past climate. 
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1. Introduction 

a.  Problem Framing 

Global warming is a major challenge of our time and under discussion by science and media. 

The enhanced emission of greenhouse gases (carbon dioxide, methane, nitrous oxide and 

halocarbons) by human activities is expected to continue, resulting in a global average 

warming of ca. 0.2°C/decade to the mid 21st century (IPCC, 2007).  

This warming is projected to be most pronounced over the land surface with spatially 

heterogeneous impacts. These impacts may include the flooding and erosion of coastal 

regions as sea levels rise, a reduction in snow cover and deeper thawing of permafrost (which 

will release additional carbon dioxide) in high latitude regions, and a reduction of 

precipitation in the subtropics (IPCC, 2007).  

Regional climate models project that Central Europe and the Alps will become a ‘hot-

spot’ of enhanced inter-annual summer temperature variability as land (i.e. soil moisture)-

atmosphere feedbacks intensify (Schär et al., 2004; Scherrer et al., 2006; Seneviratne et al., 

2006; Parey et al., 2010). A similar relationship between the mean and variability of 

temperatures was presented in the IPCC third assessment report (2001) (Figure 1.1).  

 

 

 

 

 

 

 

 

Figure 1.1 An increase in the mean and variability of temperatures (IPCC, 2001) 

 

Other regional climate models project that Central Europe will have more extreme summer-

autumn precipitation events and floods (Kundzewicz et al., 2005). This is because warmer 

temperatures enhance the moisture carrying capacity of the atmosphere which can cause 

cyclones to intensify (Kundzewicz et al., 2005). The impacts of warming will be particularly 

severe in Alpine regions where many ecosystems (e.g. lakes) are ultra-sensitive to changes in 

temperature (Thompson et al., 2005).   

 In response to these projections, mitigation and adaptation policies have become 

increasingly relevant (Stern, 2006). However, substantial uncertainties about future climate 
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change and natural climate variability (e.g. natural climate forcing and complex feedback 

mechanisms) remain. These uncertainties can be partly attributed to the lack of long-term 

observational (i.e. instrumental) climate data for many regions of the world. In Switzerland, 

home to a highly developed network of meteo-stations, temperature and precipitation data 

exist for only the last ca. 150 years (MeteoSchweiz, 2010).  

Palaeoclimate records can provide additional information about natural climate 

variability preceding the instrumental period and reduce the uncertainties of regional climate 

model projections (Hegerl et al., 2006). For instance, the prolonged warm and dry conditions 

in Central Europe and the Alps during the Iron Age/Roman Period may serve as an analogue 

for 21st century climate. This could provide information about summer temperature variability 

and summer-autumn extreme precipitation during a generally warmer climate. These 

palaeoclimate records can be garnered through historical (documentary), tree ring, lake 

sediment, ice core, speleothem, palaeosol and geomorphic archives and offer different 

temporal resolutions and ranges (Figure 1.2).  

 

 

 

 

 

 

 

 

 

Figure 1.2 Typical palaeoclimate archives and their maximum temporal resolutions and 

ranges (adapted from Bradley and Eddy, 1991 and Bradley, 1999). 

 

In particular, lake sediments can provide quantitative climate reconstructions at a high 

spatial resolution (e.g. relative to ice cores), a high temporal resolution (e.g. annual in varved 

sediments; Thomas and Briner, 2009) and a long temporal range (e.g. millennia; Zolitschka et 

al., 2000). Additionally, lake sediments have been shown to preserve low-frequency climate 

variability (Moberg et al., 2005).  

The heterogeneous composition of lake sediments can provide multiple biological and 

non-biological climate proxies. Biological proxies (e.g. chironomids and chrysophyte 

stomatocysts) are typically converted into temperatures using transfer functions. 
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Alternatively, non-biological proxies can be transformed using a calibration-in-time (Grosjean 

et al., 2009; Trachsel et al., 2010a, b). Establishing a calibration-in-time depends on an 

accurate sedimentary chronology (and high-resolution sedimentary sampling) and a 

significant stable-in-time relationship between sedimentary variable (i.e. the proxy) and 

climate variable (e.g. temperature or precipitation) (Blass et al., 2007).  

Palaeoclimate records from certain regions, such as the eastern Swiss Alps, are 

particularly valuable because, as evident in Figure 1.3, the June-July-August temperatures of 

this region are highly spatially correlated to western and central Europe and the northern 

Mediterranean (Trachsel et al., 2010a). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 The spatial correlation of June-July-August temperatures from meteo-station Sils 

Maria to European meteo-stations with Pearson’s r values indicated in color (Trachsel et al., 

2010a). 
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b. Research Questions 

Within the context of 1a, we have chosen to use the sediments of Lake Silvaplana (eastern 

Swiss Alps; ca. 570 BC - AD 120 or ca. 1450 BC - AD 420) and Lake Seeberg (north-western 

Swiss Alps; calibration period) to address four research questions: 

 

1. What was the extent of natural climate variability in Central Europe and the Alps 

during the late Holocene?  

 

2. How did the climate from AD 1950 - AD 2000 in Central Europe and the Alps 

compare to ‘naturally’ warm climates such as the Roman Climate Optimum? 

 

3. How realistic are the projections of regional climate models in the context of past 

climate in Central Europe and the Alps? 

 

4. Can the calibration-in-time method which was effective in Lake Silvaplana be applied 

to other lakes? 
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c. Outline 

Following the introduction (Chapter 1), a brief description of the two sites (Lake Silvaplana 

and Lake Seeberg; Chapter 2) and a summary of the relevant data and methods (Chapter 3), 

we used the sediments of Lake Silvaplana to address the first three research questions in 

Chapters 4 and 5.  

We elected to use sediments from Lake Silvaplana because they are annually 

laminated for the past 3300 years (Leemann and Niessen, 1994). This provides an accurate 

sedimentary chronology and facilitates high-resolution sampling. Additionally, the 

composition of sediments from Lake Silvaplana has been investigated in numerous studies 

and shown to be closely linked to changes in climate.   

In Chapter 4, we present the results of an annually resolved June-July-August (JJA) 

temperature reconstruction (ca. 570 BC to AD 120) from biogenic silica (bSi) and 

chironomids in the sediments of Lake Silvaplana. This time period was chosen because lower 

resolution climate records suggest that it was warmer than the last millennium and could 

include analogues for the climate of the 21st century. Specifically, it includes a warmer (Early 

Iron Age), a cooler (Late Iron Age), and a moderate-to-warm (Roman Period) phase (Tinner 

et al., 2003).  

This was compared to reconstructed JJA temperatures from AD 1177 to AD 1950 (the 

same sediment core, different study) and Sils Maria instrumental JJA temperatures from AD 

1950 to AD 2000 to determine the extent of natural climate (in this case, JJA temperature) 

variability in Central Europe and the Alps between ca. 570 BC and AD 120 and to compare 

recent warming (i.e. AD 1950 - AD 2000) to the ‘naturally’ warm climate during the Roman 

Climate Optimum. Then, a Mean-Variability Change plot tested whether the projections of 

regional climate models (i.e. for an increase in summer temperature variability under 

continued climate warming in Central Europe and the Alps; Schär et al., 2004; Scherrer et al., 

2006; Seneviratne et al., 2006; Parey et al., 2010) had precedents from ca. 570 BC to AD 120.  

This chapter, under the title ‘Quantitative inter-annual and decadal summer 

temperature variability ca. 570 BC - AD 120 (Iron Age - Roman Period) reconstructed from 

the varved sediments of Lake Silvaplana, Switzerland,’ was accepted for publication by the 

Journal of Quaternary Science. Co-author Isabelle Larocque-Tobler provided all of the 

chironomid (and chironomid-derived July temperature) data, wrote the methods and results 

paragraphs regarding the chironomid (and chironomid-derived July temperature) data and 

produced Figure 4.4. Co-author Martin Grosjean provided the project concept, wrote the 

discussion paragraph on natural forcings, and assisted with the conclusion.  
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In Chapter 5, a complete record of palaeofloods was derived from turbidites and 

glacier activity (and associated climate phases) were inferreded from mass accumulation rates 

(MAR) in sediments spanning ca. 1450 BC to AD 420. These records, in combination with 

the quantitative JJA temperature reconstruction of ca. 570 BC to AD 120 (Chapter 4), were 

used to investigate the behavior of floods (i.e. frequency and/or magnitude) under a wide 

range of climate variability. Specifically, we considered whether the frequency and magnitude 

of floods increased during warmer climates of ca. 1450 BC - AD 420. The findings of this 

study are important because regional climate models have projected an increase in extreme 

precipitation and floods in Central Europe and the Alps under continued global warming 

(Arnell and Liu, 2001; Kundzewicz et al., 2005). However, the relationship between recent 

floods (i.e. derived from instrumental and documentary records) and climate in Central 

Europe is inconclusive. This chapter, entitled ‘Reconstructions of Late Holocene palaeofloods 

and glacier activity in the Upper Engadine, Switzerland (ca. 1450 BC - AD 420)’ was 

submitted for publication to the journal Palaeogeography, Palaeoclimatology, Palaeoecology. 

Co-authors Martin Grosjean and Lucien von Gunten provided discussion which improved the 

quality of this manuscript. Co-author Franz Gunther Kuglitsch provided the composite 

NCEP/NCAR reanalysis data and the description of the atmospheric patterns. Co-author 

Samuel Nussbaumer offered insight into the behavior of glaciers in the Swiss Alps. 

The fourth research question, whether the calibration-in-time method that was 

effective in Lake Silvaplana is applicable in other varved lakes (e.g. Lake Seeberg), is 

considered in Chapter 6.  

We investigated the sediments of Lake Seeberg because they have a different 

composition (i.e. organic-rich, higher carbonate content) than sediments from Lake 

Silvaplana. Lake Seeberg’s sediments are varved for the last 2600 years (except for the upper 

ca. 15 cm; Hausmann et al., 2002) and their composition has been investigated by van der 

Knaap et al. (2000) for pollen, by Hausmann et al. (2002) for diatoms and mineralogy, and by 

Larocque-Tobler et al. (accepted; in which M. Stewart is a co-author) for chironomids. These 

studies have shown that sediments from Lake Seeberg are sensitive to changes in land-use and 

climate. Here, we used sediments spanning ca. AD 1878 to AD 2005 to determine: ‘The 

potential of Lake Seeberg sediments as an archive of past climate.’ This chapter is in 

preparation for publication in the Journal of Paleolimnology. Co-author Martin Grosjean 

provided the project concept. Isabelle Larocque-Tobler, Franz Gunther Kuglitsch and 

Christian Kamenik provided discussion. Co-author Lucien von Gunten developed the 210Pb 

models and transformed raw reflectance data into the L*a*b* space.  
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To conclude, Chapter 7 describes the main accomplishments of this thesis and 

suggests directions for future palaeoclimate studies.  
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2. Study Site 

a. Lake Silvaplana, Upper Engadine, Switzerland 

Lake Silvaplana (1791 m a.s.l.) is situated in the Upper Engadine valley between Lake Sils 

and Lake Champfèr (Ohlendorf et al., 1997; Figure 2.1). The average depth of the lake is 47 

m, the surface area is 2.7 km2 and the volume is 127×106 km3 (LIMNEX, 1994).  

The catchment of Lake Silvaplana (175 km2) is underlain by the Lower Austroalpine 

Margna, the Upper Penninic Platta and the Lower Austroalpine Bernina. These are composed 

of granite, gneiss and carbonate (AdS, 2004; Blass, 2006). Additional details about the 

regional geology can be found in Ohlendorf (1999). Under the glaciated region of the 

catchment, bedrock is enriched in chlorite and mica (biotite and illite) (Ohlendorf, 1999; AdS, 

2004; Trachsel et al., 2010b). In AD 1999, 5% of the catchment was glacier-covered (Kääb et 

al., 2002; Paul et al., 2002; Paul, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Characteristics of the Lake Silvaplana catchment (LIMNEX, 1994; Blass, 2006; 

right), the location of Lake Silvaplana in Switzerland (Mappad, 1996; upper left) and Sils 

Maria monthly temperature and precipitation means from AD 1961 to AD 1990 

(MeteoSchweiz, 2010a; lower right).  
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The Inn, Fedacla, Valhun, and Surlej Rivers drain into Lake Silvaplana. Glacial melt-

water (i.e. from the Fedacla River) and fluvial base flow are the most important purveyors of 

sediment (Blass et al., 2007a). Sediment trap data suggest that summer temperatures regulate 

sedimentation in distal regions of Lake Silvaplana at the monthly, seasonal and annual time 

scale (Blass et al., 2007a).  

The lake mixes in May and November, has thermal stratification from June to October 

and has inverse thermal stratification below the ice cover from January to May (LIMNEX, 

1994; Ohlendorf, 1999). According to water chemistry measurements taken over a year, the 

lake is oligotrophic and oxic with a pH of 7.8 (LIMNEX, 1994; Ohlendorf, 1999).  

The region is dominated by a continental winter-dry climate with large fluctuations in 

monthly temperature and precipitation (MeteoSchweiz, 2010a). Temperature inversions 

enable cool and dry air to accumulate in the Engadine valley during the winter (Ohlendorf, 

1999; MeteoSchweiz, 2010a). During the reference period (Sils Maria, AD 1961 - AD 1990), 

January temperatures averaged -7.2°C and February precipitation amounted to 42 mm 

(MeteoSchweiz, 2010a). Enhanced insolation and moist air from the Maloja Pass bring warm, 

windy and humid summers (Ohlendorf, 1999; MeteoSchweiz, 2010a). For the same reference 

period, July temperatures had a mean of 10.4°C and August precipitation reached 121 mm 

(MeteoSchweiz, 2010a).  

This climate sustains diverse vegetation. Larch (Larix decidua) dominates the (sunny) 

western slopes of the Engadine valley whereas stone pine (Pinus cembra) is found on the 

(shady) eastern slopes (Ohlendorf, 1999). Spruce (Picea abies) is exclusively found in the 

region exposed to the ‘Malojaschlange’ belt of moist air (Ohlendorf, 1999). Current tree-line 

(the elevation supporting trees >5 m tall) is around 2410 m a.s.l. (Gobet et al., 2003). 

However, shrubs and herbs can be found above 3000 m a.s.l. (Ohlendorf, 1999). This region 

has been settled sporadically since the Mesolithic. During the Bronze Age, copper prospecting 

developed the Upper Engadine region (e.g. Oberhalbstein). By the Iron and Roman Age, 

active trading across Alpine passes favored settlements in the Lower Engadine (Gobet et al., 

2003).   

The varved sediments of Lake Silvaplana have been shown to be a viable archive of 

past climate. June-July-August (JJA) temperatures were reconstructed from biogenic silica 

(bSi) fluxes (AD 1580 - AD 1950; Blass et al., 2007b) and a combination of bSi and 

chironomids (AD 1177 - AD 1950; Trachsel et al., 2010a). Independently, chironomids were 

used to reconstruct July temperatures spanning ca. AD 1032 - AD 2001 (Larocque-Tobler et 
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al., 2010). Another biological proxy, chrysophyte stomatocysts, was used to reconstruct 

October to May temperatures from AD 1870 to AD 2004 (de Jong and Kamenik, accepted).  

Mineral ratios in Lake Silvaplana sediments, shown by Ohlendorf (1999) to reflect 

glacial and non-glacial sediment sources, were the basis of temperature and precipitation 

reconstructions from AD 1580 to AD 1950 (Trachsel et al., 2008). In a novel application of 

scanning reflectance spectroscopy, reflectance-derived variables indicative of chlorite, illite 

and biotite were used to reconstruct June-July-August-September (JJAS) temperatures (AD 

1177 - AD 1950; Trachsel et al., 2010b).  

Finally, low-frequency mass accumulation rates (MAR) in Lake Silvaplana sediments 

have been shown to reflect glacier activity in the catchment (Leemann and Niessen, 1994; 

Ohlendorf et al., 1997; Blass, 2006; Blass et al., 2007a; Nussbaumer et al., accepted) and 

provide approximations of long-term changes in climate. Alternatively, turbidites spanning 

AD 1590 to AD 2000 have been attributed to historical floods (Blass, 2006; Caviezel, 2007).  
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b. Lake Seeberg, Bernese Oberland, Switzerland 

Lake Seeberg (also known as Seebergsee; 1830 m a.s.l.) is located in the Bernese Oberland. 

The lake consists of two basins with maximum depths of 9 and 15.5 m and has a maximum 

volume of ca. 4.4×10-4 km3 (Hausmann et al., 2002) (Figure 2.2). 

Figure 2.2 Characteristics of the Lake Seeberg catchment (modified from Hausmann et al., 

2002; Google Earth, 2010; left), the position of Lake Seeberg in Switzerland (Mappad, 1996; 

upper right) and Château-d’Oex monthly temperature and precipitation means from AD 1961 

to AD 1990 (MeteoSchweiz, 2010b; lower right).  

 

This lake covers an area of 0.058 km2 and drains a carbonate catchment of 0.23 km2. 

The catchment consists of 15% rocks, 26% screes and 45% bare ground (Guthruf et al., 

1999). Soils along the east and south shore contain quartz, clays, plagioclase and K-feldspar, 

and limestone. At the southwest shore, a steep slope extends 200 m above the lake. 

Approximately 510 m beyond the lake, the outlet disappears in a doline (Hausmann et al., 

2002). 

The thermal regime of Lake Seeberg consists of mixing in June and November, 

thermal stratification between mid-June and late October and inverse thermal stratification 

under the ice cover from December to May. Diatom blooms follow each mixis (Hausmann et 

al., 2002). During the summer, blue and green algae are abundant and purple sulphur-
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reducing bacteria are present in the deep and anoxic regions of the lake (Hausmann et al., 

2002). 

The climate of the Lake Seeberg region is classified as high-altitude temperate (Peel et 

al., 2007). At nearby meteo-station Château-d’Oex (958 m a.s.l.), average January 

temperatures were -2.7°C (reference period AD 1961 and AD 1990) and average July 

temperatures for the same reference period were 15°C (MeteoSchweiz, 2010b). Maximum 

precipitation occurred in June.  

Present tree-line is located at the lake. Vegetation is dominated by Alpine meadows 

with occasional Norwegian spruce (Picea abies), green alder (Alnus viridis) and stone pine 

(Pinus cembra) (Hausmann et al., 2002). Water horsetail (Equisetum fluviatile) and sedges are 

found around the lake and the littoral zone contains slender-leaved pondtail (Potamogeton 

filiformis) (Hausmann et al., 2002). 

The lake was hypertrophic between ca. AD 1350 and AD 1680 due to increased land-

use in the catchment (Hausmann et al., 2002). Consistently, van der Knaap et al. (2000) found 

a transition from relatively high amounts of grass pollen in sediments from Lake Seeberg 

around AD 1500 to forest-indicating pollen by ca. AD 1650 - AD 1700. van der Knaap et al. 

(2000) also found evidence for increasing land-use between AD 1923 and AD 1996. In a 

recent study by Larocque-Tobler et al. (accepted), chironomids reconstructed the onset of 

anoxia after AD 1960. 
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3.   Data and Methods  

a. Data 

A long, continuous and homogenized record of instrumental meteorological data (e.g. 

Kuglitsch et al., 2009) is required to test the correlation between sediment composition and 

temperature (and/or precipitation), and to develop a calibration-in-time.  

The nearest meteo-station to Lake Silvaplana meeting these requirements is Sils Maria 

(46° 26.3' N, 9° 45.9' E; 1798 m a.s.l.). This monthly homogenized record of temperature and 

precipitation spans from AD 1864 to present (MeteoSchweiz, 2010a).  

The nearest meteo-station to Lake Seeberg which fulfils these requirements is 

Château-d’Oex (46° 28.6' N, 7° 8.5' E; 985 m a.s.l.; MeteoSchweiz, 2010b). Monthly 

homogenized instrumental temperature data are available from AD 1879 to present with 

occasional missing values for the earliest years. The total continuous temperature record 

covers from AD 1901 to present. The total continuous precipitation record spans from AD 

1900 to present.  

  

b. Field methods 

Coring (Lake Silvaplana and Lake Seeberg) 

A pair of parallel nine meter sediment UWITEC piston cores were recovered in three meter 

sections from the distal region of Lake Silvaplana (core names: SVP 06 2 and SVP 06 3) in 

the winter of 2005. The cores were delivered to the laboratory, split lengthwise and 

photographed (Nikon D80 digital camera 2300×1700 pixels; Appendix A). The core halves 

were wrapped in polyethylene film and stored at 4°C until sampling. In this thesis, only the 

lower six meters of the parallel cores are considered. Information about the composition of 

the upper three meters of sediments can be found in Blass et al. (2006, 2007a, b) and Trachsel 

et al. (2008, 2010a, b). 

Also in the winter of 2005, a three meter Niederreiter freeze core (core name: SBS) 

and a ca. 1.5 meter UWITEC gravity core were extruded from the deepest basin of Lake 

Seeberg. All measurements (except for spectrophotometry) were conducted on the freeze 

core. Upon delivery to the laboratory, the freeze core was photographed (Nikon D80 digital 

camera 2300×1700 pixels; Appendix A), wrapped and stored at -10°C until sampling.  

 

Thermistor data (Lake Seeberg) 

Hourly thermistor data was collected from 12.5 m, 8.5 m, 6.5 m, 3.5 m and 1 m below the 

water surface to identify seasonal changes in lake circulation and thermal stratification. The 
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thermistors were attached to a mooring with a weight at the lake bed and a buoy at the water 

surface (Figure 3.1). The mooring was deployed to the deepest part of Lake Seeberg between 

July 2008 and October 2009. Thermistor data was downloaded using Minilog software in 

October 2008, July 2009, August 2009 and October 2009.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The mooring arrangement in Lake Seeberg 

 

Sediment Traps (Lake Seeberg) 

In addition to holding thermistors, the mooring had two cylindrical sediment traps (Z1 depth: 

12.5 m - 10.5 m; Z2 depth: 6.5 m - 4.5 m). The sediment traps were periodically emptied and 

cleaned (October 2008, July 2009, August 2009 and October 2009), and their content was 

used to determine seasonal changes in biogenic silica (bSi) concentration, grain size and loss-

on-ignition.  

 

Water samples (Lake Seeberg) 

Water samples and profiles provided a record of water chemistry and chemical stratification. 

Water samples were taken with a UWITEC instrument (13 m, 11 m, 10 m, 9 m, 7 m, 6 m, 5 

m, 3 m, 2 m, 1 m below the water surface) near the mooring site (July 2008, October 2008, 
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July 2009, August 2009 and October 2009) and were tested in the laboratory for total cation 

hardness, total anion hardness and pH. Meanwhile, a Hydrolab M5 was used to obtain 

conductivity profiles.  

 

Soil Samples (Lake Seeberg) 

Soil samples were taken from the East and South shores of Lake Seeberg to identify potential 

sources of allochthonous sediments. Soil samples were tested for mineralogy (XRD), grain 

size and loss-on-ignition. 
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c. Laboratory methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1 Laboratory methods applied to sediments from Lake Silvaplana and the freeze core 

from Lake Seeberg 
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Chronology (Lake Silvaplana) 

The chronology for the lower six meters of the Lake Silvaplana core was based on varve 

counts anchored with calibrated radiocarbon dates. The varve counts were floating (i.e. not 

continuous with the varve chronology to AD 1177 developed by Trachsel et al., 2010a) 

because of a turbidite at 275-300 cm depth (i.e. between AD 1177 and the section studied 

here). This turbidite had an erosive base which implies that varves may have been lost. 

Varves were counted on resin-embedded blocks made according to the protocols of 

Lamoureux (1994) and Lotter and Lemcke (1999). Overlapping slabs (20×2 cm) of wet 

sediment were extracted from the core, flash frozen one-by-one with liquid nitrogen and 

freeze-dried overnight. Dried sediment slabs were arranged in aluminum trays and an epoxy 

resin (NSA, ERL, DER and DMAE) was decanted over the slabs. The resin was cured at 

70°C overnight and the slabs were sent to GEOPREP (University of Basel, Switzerland) to be 

cut into blocks and polished.  

The polished blocks were scanned at 1200 dpi. These scans were opened in ImageJ 

software (Abramoff et al., 2004) and the start of each varve was identified according to the 

Lake Silvaplana varve descriptions (i.e. a basal silt layer capped by a clay lamination) of 

Leemann and Niessen (1994). Varve counts were repeated three times and verified under a 

petrographic microscope. Marker horizons (i.e. turbidites) were used to combine varve counts 

from consecutive blocks and the three floating varve chronologies were fit through a turbidite 

at ~440 cm depth. 

 The floating varve chronology was constrained using calibrated accelerator mass 

spectrometry (AMS) radiocarbon dates. Radiocarbon dating is based on cosmic ray fluxes at 

the upper atmosphere catalyzing the collision of free neutrons with 14N. This causes the 

displacement of protons from 14N and formation of 14C (Björck and Wohlfarth, 2001). 14C is 

oxidized into 14CO2 and circulates the atmosphere until it is up taken by plants and animals 

(i.e. via photosynthesis and the food-chain) and by oceans. The carbon which is integrated 

into the tissue of plants and animals is in equilibrium with its surroundings (e.g. the 

atmosphere, the ocean) until the organism dies and the uptake of CO2 ceases (Björck and 

Wohlfarth, 2001). Radiocarbon measurements on this fossil organic matter are based on the 

decay of 14C which has a half-life of 5568 years (Mook, 1986; Björck and Wohlfarth, 2001).  

Terrestrial macrofossils (i.e. wood fragments and needles) were used for radiocarbon 

dating to avoid reservoir effects. This is because radiocarbon dates from (aquatic) organic 

carbon in bulk sediments in the upper three meters of sediments were anomalously old due to 

reservoir effects (M. Trachsel, unpublished data; Chapter 5; Stewart et al., submitted). 
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Macrofossils were only located in coarse-grained, organic-rich turbidite deposits which may 

have been reworked material. The type of terrestrial specimens was identified with assistance 

from P. Kaltenrieder. Specimens were cleaned with distilled water in a fine sieve, dried 

overnight at 105°C and sent to Poznań Radiocarbon Laboratory (T. Goslar; Poland). The 

radiocarbon dates were calibrated in Intcal04.14 (Reimer et al., 2004). Two of the six 

radiocarbon dates appeared to be anomalously old and were interpreted as being reworked 

material. The varve chronology which was most consistent with the four (acceptable) 

radiocarbon dates was elected to be the final chronology. Therefore, all ages presented here 

are calculated from an annually resolved but floating varve chronology anchored by calibrated 

radiocarbon dates (BC and AD). 

 

Chronology (Lake Seeberg) 

In Lake Seeberg, varves were counted on resin-embedded blocks (created using the same 

method as above) and thin sections (resin-embedded blocks thinned to 30 µm at GEOPREP, 

University of Basel, Switzerland) from the upper 25 cm of Lake Seeberg sediments 

(approximate calibration period). Consistent with the findings of Hausmann et al. (2002), 

varves could only be found lower (below ca. 15 cm) in the sediment core. Therefore, 

sediments from the calibration period were dated using radionuclides and spheroidal 

carbonaceous particles (SCPs).  

Twenty-five consecutive sediment samples (0-25 cm; 6 cm3 each) were sent to 

EAWAG (Dubendorf) for 137Cs (at 662 keV) and 210Pb (at 46.5 keV) measurements. Peaks of 
137Cs signify fallout from thermo-nuclear tests (starting at ca. 1954 and peaking at ca. 1963) 

and the Chernobyl accident in AD 1986 (Appleby, 1997 and 2002). 210Pb results from the 

decay of 238U into 226Ra and then 222Rn. 226Ra and 210Pbtotal are in disequilibrium because 

during the decay of 226Ra in soil, some of the gaseous isotope 222Rn escapes into the 

atmosphere via diffusion. The 210Pb which forms (in situ) from the decay of 226Ra in soil is in 

equilibrium with 226Ra (=210Pbsupported). The 210Pb which forms in the atmosphere is returned to 

the land, lakes and oceans through wet or dry deposition from the atmosphere 

(=210Pbunsupported) (Appleby, 1997 and 2002). 210Pbunsupported reaches lake sediments through 

scavenging of 210Pbunsupported which is deposited on the lake, and from in wash from the 

catchment (Appleby, 1997 and 2002). To determine the amount of 210Pbunsupported, one must 

subtract 226Ra from 210Pbtotal at each level (Appleby, 1997 and 2002). 
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SCPs were counted on thirty-two consecutive sediment samples (0-29.5 cm) prepared 

according to the method used in Grob (2008). This involved digestion of organic matter with 

H2O2 (32%) and removal of calcite and iron oxides with HCl (10%).  

SCPs indicate fossil fuel combustion which peaked in the Swiss Alps around AD 1977 

+/-4 (Lotter et al., 2002). SCPs can be identified under magnification by their distinct shape 

(spheroidal; 3 dimensional), color (black), porosity, size (consistent within each lake, 

typically 5-10 µm) and fragility (Rose, 2001; Grob, 2008). Counts were converted to SCPs 

per gram of dried sediment. 

The Constant Rate of Supply (CRS) model and the Sediment Isotope Tomography 

(SIT) model (both unconstrained and constrained with the peak of 137Cs at ca. AD 1963) 

provided two possible age-depth models (Liu et al., 1991; Appleby, 2002; Carroll and Lerch, 

2003). The model which was most consistent with independent stratigraphic markers such as 

the start of SCPs at ca. AD 1880 (Rose, 2001), the start of 137Cs at ca. AD 1954, the AD 1963 

peak of 137Cs (Hausmann et al., 2002) and the AD 1977 +/- 4 SCP peak (Lotter et al., 2002), 

was elected the calibration period chronology. The calibration period chronology was 

consistently several centimeters offset from the Hausmann et al. (2002) age-depth model. 

 

Scanning reflectance spectroscopy (Lake Silvaplana and Lake Seeberg) and spectro-

photometry (Lake Seeberg) 

Scanning reflectance spectroscopy was measured on a half of the sediment cores from Lake 

Silvaplana (unfrozen). For Lake Seeberg, a slab of frozen sediment (300×3×2 cm) was 

removed from the core and left to thaw. Reflectance was measured with a hand-held Gretag 

Macbeth Spectrolino (sensor aperture: 2.5 mm, spectral range: 380-730 nm, spectral 

resolution: 3 nm integrated to intervals of 10 nm bands, measurements at each 2 mm) 

(Trachsel et al., 2010b). This rapid, non-destructive and inexpensive method provides raw 

reflectance data which indicate changes in the composition (e.g. fossil pigments) of the 

sediments (Trachsel et al., 2010b).  

A white ceramic reference piece composed of Barium Sulfate (BCA) was covered in 

polyethylene film and used to calibrate the Spectrolino (Rein and Sirocko, 2002). Then, the 

sediment core surface was scraped clean of oxidized sediment in the direction of laminations 

using a Swiss Army knife. This was challenging for the Lake Seeberg core due to the high 

water content of the sediments. The sediment surface was covered with a single layer of 

polyethylene film to prevent further oxidation and to keep the Spectrolino sensor clean (Rein 
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and Sirocko, 2002). A soft-bristle paint brush was used to gently expel any air bubbles caught 

between the sediment surface and the polyethylene film.  

The raw reflectance data were divided by the reflectance of the BCA covered in 

polyethylene film (Rein and Sirocko, 2002). Then, the data were assigned years based on the 

age-depth model for the sediments and the associated depth of the Spectrolino data. For Lake 

Seeberg, this was only possible for the upper ca. 0-25 cm (i.e. the calibration period). 

The average reflectance spectrum from Lake Silvaplana sediments dating ca. 1450 BC 

to AD 420 had the same reflectance minima (i.e. 480 nm and 690 nm) and maximum (580 

nm) as the spectrum from AD 1177 to AD 1950 (Trachsel et al., 2010b; Figures 3.2a, b). 

According to Trachsel et al. (2010b), these reflectance features indicate changes in the 

mineral composition (i.e. biotite, illite and chlorite) of Lake Silvaplana sediments. High-

frequency changes in the reflectance features (i.e. mineral composition) are related to glacial 

melt (i.e. summer temperatures) and runoff (Trachsel et al., 2010b). Low-frequency changes 

are influenced by glacier length variations in the catchment (Trachsel et al., 2010b). 

Therefore, the raw reflectance data from ca. 1450 BC to AD 420 were transformed using the 

published algorithms of Trachsel et al. (2010b; Table 3.2). These results can be found in 

Appendix C. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Reflectance spectra of sediments from several years between (a.) ca. 1450 BC and 

AD 420 and (b.) AD 1177 and AD 1950 (redrawn from Trachsel et al., 2010b) 

 

Table 3.2 Published reflectance algorithms used for the sediments of Lake Silvaplana 

(Trachsel et al., 2010b) 
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Alternatively, this was the first time that scanning reflectance spectroscopy was 

applied to a sediment core from Lake Seeberg. To highlight changes in the slope of the 

spectrum, we overlaid the average reflectance spectrum with the 2nd derivative (Stephens et 

al., 2003). This revealed a trough spanning R590 to R640 and a trough from R640 to R720 (Table 

3.3; Figure 3.3).  

Two published algorithms were used to describe the trough from R640 to R720 and 

minima around 665 nm (Relative Absorption Band Depth, RABD). 

 

Table 3.3 Published reflectance algorithms used for the sediments of Lake Seeberg  

  

Because no published algorithms describe the trough from R590 to R640, a custom 

algorithm was developed (Table 3.4). In an effort to account for changes in the water content 

of the sediments, the algorithm was divided by the average reflectance (Rmean; Balsam et al., 

1998). 

 

Table 3.4 Custom reflectance algorithms used for the sediments of Lake Seeberg  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Calculation of the Trough590-640 
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The two reflectance troughs in the Lake Seeberg sediments were further explored with 

spectrophotometry. Twelve ca. 1 cm3 sub-samples were taken from the Lake Seeberg gravity 

core (0-15 cm depth with sub-samples at 2, 4 and 14 cm excluded) and freeze-dried. For each 

sub-sample, 200 mg of sediment was placed in a 22 ml tube and extracted with acetone 

(Routh et al., 2009) in a 200 Dionex Accelerated Solvent Extractor (ASE). The sediment 

residue was flushed with 60% of the initial solvent volume (ca. 14 ml). The extracts were 

poured into 50 ml volumetric flasks to achieve equal concentrations.  

Absorption spectra (330 nm to 800 nm; 1 nm resolution) were made on a Shimadzu 

Spectrophotometer UV-1800. The Spectrophotometer absorption results were corrected for 

acetone and glass flask effects with a reference. The corrected results (as percentages) were 

opened with UVProbe software. This revealed an absorption pattern consistent with the 

average reflectance spectrum of the Lake Seeberg freeze core. Specifically, there was an 

absorption maximum at 610 nm and at 665 nm.  

According to Louda et al. (2002), reflectance minima (or absorption maxima) around 

610 nm and 665 nm indicate chlorophyll degradation products. Thus, changes in these 

reflectance minima (or absorption maxima) could reflect variable organic contents. 

Finally, the reflectance spectra of Lake Seeberg sediments was transformed into the 

L*a*b* color space according to Nederbragt et al. (2004) and Lindbloom (2011). The color of 

sediments can indicate changes in composition (e.g. mineralogy, grain size, pore water 

content or chemistry, organic content) related to the provenance or depositional environment 

(Andrews and Freeman, 1996). The raw reflectance spectra were converted into an XYZ 

coordinate system where Y indicates luminance (i.e. greyscale), and X and Z represent colors. 

The XYZ coordinate system was further transformed into L*a*b* which is closer to the 

human perception of color (Nederbragt et al., 2004).  

L* values range from 0 (black) to 100 (white), indicating the lightness of sediments. In 

a study of marine sediments off the coast of eastern Canada, peaks in L* (i.e. lighter 

sediments) were correlated to higher amounts of detrital carbonate. Lower values of L* (i.e. 

darker sediments) were found for marine sediments with higher water contents (Andrews and 

Freeman, 1996). 

Variations in a* and b* are typically more subtle than L* in sediments (Nederbragt 

and Thurow, 2004). a* reflects changes from green (negative values) to red (positive values). 

In marine sediments taken off of the coast of California, a* was positively correlated to total 

organic carbon (Nederbragt and Thurow, 2004). b* indicates changes from blue (negative) to 

yellow (positive). In sediments from Saanich Inlet (British Columbia, Canada), positive 
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values of b* (more yellow) were attributed to diatom-rich laminations whereas negative 

values of b* (more blue) were ascribed to detrital material (Debret et al., 2006).  

Although L*a*b* has typically been applied to studies of marine (rather than lake) 

sediments, we assume that L*a*b* is equally sensitive to changes in the composition of lake 

sediments.   

 

Mass Accumulation Rate (Lake Silvaplana and Lake Seeberg) 

Mass accumulation rates (MAR) were calculated from varve thickness, dry sediment density 

and porosity using a modified version of the Berner (1971) and Niessen et al. (1992) method 

(i.e. organic carbon was not included in the calculation). In the sediments of Lake Silvaplana, 

high frequency peaks in MAR have been associated with glacio-nival melt (associated with 

summer temperatures) and precipitation (Blass et al., 2007a). Low-frequency shifts in MAR 

have been attributed to glacier length changes in the catchment (e.g. Leemann and Niessen, 

1994; Ohlendorf et al., 1997; Blass et al., 2007a; Nussbaumer et al., accepted). In sediments 

from Lake Seeberg, MAR was not measured in previous studies. However, we suggest that it 

should be related to primary productivity (associated with summer temperatures and nutrient 

availability) and detrital inputs (related to precipitation).    

Lake Silvaplana varve thicknesses were determined from the high-resolution scans of 

resin-embedded blocks. These scans were opened in ImageJ software and the start of each 

varve was digitally marked (Abramoff et al., 2004). An algorithm in ImageJ calculated the 

distance between each consecutive varve (i.e. varve thickness). Turbidites were identified as 

exceeding 2σ of the average varve thickness and/or having a coarser texture and different 

coloring than neighboring varves. These turbidites were excluded from MAR calculations. 

Alternatively, Lake Seeberg sedimentation rates were approximated through linear 

interpolation between age-depth model points. For both Lake Silvaplana and Lake Seeberg, 

the dry density of sediment was estimated at 2.65 g/cm3 (=quartz) whereas porosity was found 

from the water content, dry sediment density and pore water density (ca. 1 g/cm3; Blass et al., 

2007a).  

 

Sub-sampling (Lake Silvaplana and Lake Seeberg) 

The sediments of Lake Silvaplana (dating ca. 570 BC - AD 120) and of Lake Seeberg (dating 

ca. AD 1878 - AD 2005; ca. 0-25 cm) were sub-sampled at up-to-annual resolution. Half of 

the sediment core from Lake Silvaplana was flash-frozen using liquid nitrogen. On both the 

frozen sediment core half from Lake Silvaplana and half of the freeze core from Lake 
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Seeberg, thumb-tacks were inserted at approximately 10 year intervals according to the 

respective age-depth models. The frozen sediments were placed in a core holder lined with 

blocks of dry ice to prevent thawing of the sediment core during sub-sampling. A knife or a 

band saw was used to scrape approximately annual layers from the sediment cores (Blass, 

2006). 

 

Biogenic silica (Lake Silvaplana and Lake Seeberg) 

Biogenic silica concentrations (%bSi) were measured on all of the Lake Silvaplana sub-

samples (dating ca. 570 BC - AD 120), the Lake Seeberg sub-samples (dating ca. AD 1878 - 

AD 2005) and the Lake Seeberg sediment trap material according to the protocol of 

Ohlendorf and Sturm (2008). Biogenic silica indicates diatom productivity which can be 

influenced by climate and land-use (e.g. Blass et al., 2007b).   

 Approximately 150 mg of sediment per sub-sample was treated with 5 ml H2O2 (30%) 

to remove organic matter. After a week, the sediments were washed with distilled water and 

freeze-dried. The loss in weight following treatment with H2O2 (30%) was used as an estimate 

of organic content. The sediments were combined with 10 ml of 1 M NaOH matrix in tubes 

and placed in an ultrasonic bath. The tubes were capped, shook with a mini-shaker set to 

>2500/minute, and transferred to an oven (90°C) for one hour. These last three steps were 

repeated three times. The tubes were centrifuged to separate the supernatant from the 

sediment. 700 µl of the supernatant was combined with 70 µl 65% HNO3 and Milli-Q-Water 

up to 14 ml. Measurements of %bSi were made on an inductively coupled plasma optical 

emission spectrometer (ICP-OES; Paul Scherrer Institute, Switzerland) and results were 

corrected for lithogenic silica (Al:Si ratio 2:1) (Ohlendorf and Sturm, 2008). %bSi was 

converted to bSi flux by multiplying by MAR. For Lake Seeberg, %bSi was also presented as 

%bSiO2. This entailed multiplying the %bSi values by the sum of the relative atomic mass of 

Si (28) and O2 (2*16). 

 

Grain size (Lake Silvaplana and Lake Seeberg) 

Laser particle size measurements were made on all of the Lake Silvaplana sub-samples dating 

ca. 570 BC - AD 120 (results can be found in Appendix C), the Lake Seeberg sub-samples 

dating ca. AD 1878 - AD 2005 and the Lake Seeberg sediment trap material following 

removal of organic matter with H2O2 (30%) and bSi with NaOH (1 M). These measurements 

were conducted on a Malvern Mastersizer Hydro 200S with three repetitions of each sample.  
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This method is based on the principle that there is an inverse relationship between 

angle a grain diffracts a beam of monochromatic light and the size of the grain (Singer et al., 

1988). Changes in the size (e.g. median grain size) and distribution (e.g. sorting) of sediments 

can indicate changes in the catchment (e.g. glacier cover), climate (e.g. precipitation, 

temperature) and provenance of sediments. For instance, Blass et al. (2007a) found that in the 

low frequency, the sorting and grain sizes of sediments deposited in Lake Silvaplana was 

dependent on glacier extent and activity. In a separate study, Blass et al. (2008) attributed 

larger median grain sizes from AD 1880 - AD 2004 to precipitation events which followed 

explosive volcanic eruptions.  

 

Chironomid head capsules (Lake Silvaplana and Lake Seeberg) 

Chironomid head capsules were counted by I. Larocque-Tobler for Lake Silvaplana at annual 

resolution for four time windows (approximately 570 BC - 500 BC, 480 BC - 440 BC, 390 

BC - 340 BC, and 30 BC - 0) and for Lake Seeberg at one centimeter resolution for the 20th 

century (Larocque-Tobler, accepted). 

 

Loss-on-ignition (Lake Seeberg) 

Sequential loss-on-ignition (LOI) provides an estimate of the organic carbon and calcium 

carbonate content of sediments. This method was applied to Lake Seeberg sediments dating 

ca. AD 1878 - AD 2005, sediment trap material and soil samples using a modified sequential 

loss-on-ignition method (LOI; Dean, 1974; Heiri et al., 2001).  

Sediments were kept in an oven overnight at 105°C to remove excess moisture, 

homogenized with a mortar and pestle and transferred to pre-weighed crucibles. The dried 

sediments were weighed (=DW105) before being placed in a furnace at 550°C. After an hour, 

the sediments were removed from the furnace and deposited in a desiccator containing blue 

silica crystals to prevent the sediments from up taking air moisture during cooling. When the 

sediments had cooled, they were reweighed (=DW550). The sediments were returned to the 

furnace at 950°C. After an hour, the sediments were removed from the furnace and placed 

back in the desiccator containing blue silica crystals. When the sediments had cooled, they 

were reweighed (=DW950).  

The percent loss of weight between DW105 and DW550, %LOI550, is composed of 

CH2O. This was multiplied by the relative atomic mass of CH2O (30) divided by the relative 

atomic mass of C (12) to find the percent of organic carbon (%Corg). The percent loss of 

weight between DW550 and DW950 consists of carbon dioxide (CO2). DW950 was multiplied by 
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the relative atomic mass of CaCO3 (100.088) divided by the relative atomic mass of CO2 

(44.009) to find the percent of calcium carbonate (%CaCO3) (modified from Heiri et al., 

2001). 

 

Percent Autochthonous Sediments and Percent Allochthonous plus carbonate 

The percent of autochthonous sediment (%AUTO) was estimated from the sum of %bSiO2, 

%Corg and %CaCO3. The percent of autochthonous sediment was subtracted from 100% and 

combined with %CaCO3 as an estimate of detritus (%ALLO) from the catchment. Because 

the origins of %CaCO3 are unknown (i.e. could be marl or detritus), it was included in both 

variables (%AUTO and %ALLO). Consequently, both variables should be interpreted 

prudently. 

 

X-Ray Diffraction (Lake Seeberg) 

The mineralogy of soil samples from the eastern and southern shores of Lake Seeberg was 

determined from smear slides. This indicated the source area of material in the sediment core 

and sediment trap. 

The soil was homogenized using an agate mortar and organic matter was removed 

with H2O2 (30%). The organic-free soil was flushed with distilled water, treated with several 

drops of ethylene glycol and transferred to slides using a pipette. Once the slides were dried, 

they were placed in a Philips PW 3710 and scans were made from 4° to 40° 2θ (0.02° 

interval).  

 

d. Statistical Methods 

Reconstruction Methods (Lake Silvaplana) 

BSi fluxes in the sediments of Lake Silvaplana (ca. 570 BC - AD 120) were converted to JJA 

temperatures with the Type II Standard Major Axis regression calibration-in-time from 

Trachsel et al. (2010a) (JJA Sils Maria: AD 1864 - AD 1949, r=0.67, pcorr=0.03). The JJA 

temperatures reconstructed from bSi were combined with chironomid-inferred July 

temperatures from four time windows (approximately 570 BC - 500 BC, 480 BC - 440 BC, 

390 BC - 340 BC, and 30 BC - 0; I. Larocque-Tobler). This involved scaling the chironomid 

temperatures from July to JJA by the average 20th century difference (Sils Maria=0.8°C; 

Trachsel et al., 2010a). Then, the difference between the average bSi temperature and the 

average chironomid temperature was calculated for the overlapping time windows. The 

difference between the overlapping time windows was estimated through linear interpolation. 
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This provided an annual estimate of the difference between the bSi- and chironomid-inferred 

temperatures. These values were added to the annually resolved bSi temperatures. The final 

root mean squared error (RMSE) included the error from the chironomid transfer function, 

from the bSi reconstruction (ten-fold cross-validation), and combination of the two 

reconstructions (leave-one-out method).  

 

Calibration Methods (Lake Seeberg) 

Resulting data (sedimentation rates, MAR, bSi concentrations or bSiO2, bSi fluxes, %LOI550 

or %Corg, %LOI950 or %CaCO3, %AUTO, %ALLO, and D50) from Lake Seeberg were 

regressed against instrumental temperature and precipitation data from meteo-station Château-

d’Oex (AD 1901 - AD 2005). Correlation coefficients (rPearson) and p values (corrected for 

autocorrelation; pcorr) were quantified using the method of Trenberth (1984). %AUTO and 

May-June-July-August-September (MJJAS) had the highest correlation and were filtered with 

three, five, and seven year running averages to determine the amount of smoothing which 

maximizes the correlation while preserving statistical significance.  

Following smoothing of %AUTO and MJJAS temperatures, a calibration (AD 1961  

AD 2004) and a verification period (AD 1902 - AD 1960) was established to test the quality 

of ordinary least squares (OLS) regression model (i.e. cross-validation split-periods; von 

Gunten et al., 2009). The calibration and verification periods were split at AD 1960 to 

determine the influence of the increasing trend (after AD 1960) on the correlation between 

%AUTO and MJJAS. The reduction of error (RE), coefficient of efficiency (CE) and the root 

mean squared error of prediction (RMSEP) were calculated according to Cook et al. (1994).  

Additionally, an OLS model which represents the complete range of calibration period 

climate variability (i.e. the entire AD 1901 - AD 2005 period) was developed. A ten-fold 

cross-validation provided the reconstruction error (RMSEP; Venables and Ripley, 2002; 

Peters and Hothorn, 2009; R Development Core Team, 2009; Therneau and Lumley, 2009; 

Leisch and Dimitriadou, 2010; Therneau et al., 2010). 

 

Analytical Methods 

The results of sedimentary analyses and temperature reconstructions were evaluated using a 

series of statistical methods calculated with R Statistical Software (R Development Core 

Team, 2009). These methods included: tests of data distribution (e.g. Kolmogorov-Smirnov 

test; Kirkman, 1996), autocorrelation, correlation coefficients (rPearson) and p values (corrected 

for autocorrelation; pcorr; Trenberth, 1984), cross-correlations, changepoint analysis (e.g. 
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hierarchical clustering or the method of Caussinus and Mestre, 2004), spectral analysis (i.e. 

Morlet Wavelet analysis; Torrence and Compo, 1998), linear trends (decadal, 30 year and 

centennial), frequencies (e.g. turbidites) and Mean-Variability Change (MVC) analysis.  
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4.   Quantitative inter-annual and decadal June-July-August temperature 
variability ca. 570 BC - AD 120 (Iron Age - Roman Period) reconstructed 
from the varved sediments of Lake Silvaplana, Switzerland 
 
Stewart, M., Larocque-Tobler, I., Grosjean, M.  
Journal of Quaternary Science, accepted 
 
a.   Abstract  

Annually resolved June-July-August (JJA) temperatures from ca. 570 BC to AD 120 (+/-100 

years; approximately 690 varve years) were quantified from biogenic silica and chironomids 

(Type II regression; Standard Major Axis calibration-in-time) preserved in the varved 

sediments of Lake Silvaplana, Switzerland. Using 30 year (climatology) moving averages and 

detrended standard deviations (Mean-Variability Change MVC), moving linear trends, 

changepoints and wavelets, reconstructed temperatures were partitioned into a warmer 

(+0.3°C; ca. 570 BC - 351 BC), cooler (-0.2°C; ca. 350 BC - 16 BC) and moderate period 

(+0.1°C; ca. 15 BC - AD 120) relative to the reconstruction average (10.9°C; reference AD 

1950 - AD 2000=9.8°C). Warm and variable JJA temperatures at the Late Iron Age - Roman 

Period transition (approximately 50 BC to AD 100 in this region) and a cold anomaly around 

470 BC (Early - Late Iron Age) were inferred. Inter-annual and decadal temperature 

variability was greater in ca. 570 BC - AD 120 than the last millennium whereas multi-

decadal and lower frequency temperature variability were comparable as evident in wavelet 

plots. Using MVC plots of reconstructed JJA temperatures from ca. 570 BC - AD 120, we 

verified current trends and European climate model outputs for the 21st century which suggest 

increased inter-annual summer temperature variability and extremes in a generally warmer 

climate (heteroscedasticity; hotspot of variability). We compared these results to MVC plots 

of instrumental and reconstructed temperatures (from the same sediment core and proxies but 

a different study) from AD 1177 to AD 2000. Our reconstructed JJA temperatures from ca. 

570 BC - AD 120 showed that inter-annual JJA temperature variability increased rapidly 

above a threshold of ~10°C mean JJA temperature. This increase accelerated with continued 

warming up to >11.5°C. We suggest that the Roman Period serves with respect to inter-annual 

variability as an analogue for warmer 21st century JJA temperatures in the Alps. 
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b.   Introduction 

Climate reconstructions are needed to determine the response of the climate system to natural 

and anthropogenic forcings. A concern is increased inter-annual summer temperature 

variability and extremes in a warmer climate as observed in the 20th century and as projected 

by Regional and Global Climate Models for the 21st century, particularly in Europe (‘hotspot 

of variability’; Schär et al., 2004; Scherrer et al., 2006; Seneviratne et al., 2006; Parey et al., 

2010 and references therein). Enhanced inter-annual summer temperature variability under 

warming is ascribed in part to the soil moisture - atmosphere feedback mechanism which may 

manifest during dry and warm summers. Depletion of soil moisture increases the Bowen 

Ratio (=Sensible Heat : Latent Heat), resulting in a non-linear rise in the transfer of land 

surface energy into sensible heat (Schär et al., 2004; Seneviratne et al., 2006). Implications 

include greater heatwave and drought frequency with grave regional impacts (Seneviratne et 

al., 2006; Fischer and Schär, 2010). The relationship between the ‘mean’ and ‘variability’ of 

temperature weakens in cooler or very warm climates (Parey et al., 2010). Until now, most 

studies of the relationship between mean and inter-annual variability of summer temperatures 

have been limited to reanalysis and instrumental periods and projected future climate 

conditions. Therefore, the range of temperature variability and the thresholds for 

heteroscedasticity are poorly constrained (Scherrer et al., 2006; Parey et al., 2010).  

Lake sediments can provide up-to-annual and long-duration (multi-millennial) records 

of past climate. Prerequisites include the presence of an accurate chronology, a recognized 

climate signal in the sediments, a sufficiently long local homogenized instrumental record, 

and an appropriate statistical calibration model (Kuglitsch et al., 2009; Trachsel et al., 2010b). 

Here, an annually resolved, ca. 690 varve year (570 BC - AD 120, +/-100 years) 

quantitative June-July-August (JJA) temperature reconstruction from biogenic silica and 

chironomids in the sediments of Lake Silvaplana (eastern Swiss Alps) was used to determine 

the persistence of the relationship between mean and inter-annual variability of summer 

temperatures during warmer periods in the past (i.e. the Iron Age - Roman Period). These 

results were compared to instrumental and reconstructed temperatures from AD 1177 - AD 

2000 (also from biogenic silica and chironomids in the same sediment core but a different 

study; Trachsel et al., 2010a), including the late Medieval Climate Anomaly and the Little Ice 

Age. These two temperature reconstructions are not continuous due to a large turbidite 

(approx. 275-300 cm depth) above the sediment section from this study.  

Sediments from Lake Silvaplana were investigated because they are annually 

laminated (varved) for the past 3300 years (Leemann and Niessen, 1994) and the composition 



53 

has been investigated in various studies (e.g. Leemann and Niessen, 1994; Ohlendorf, 1999; 

Blass et al., 2007a, b; Trachsel et al., 2010a, b). Biogenic silica in Lake Silvaplana is closely 

related to changes in regional climate to at least AD 1177 (Trachsel et al., 2010a). 

Specifically, the JJA temperature signal in biogenic silica flux (bSi) combined with 

chironomids has been shown to reconstruct a wide (inter-annual to millennial) range of 

climate variability (Trachsel et al., 2010a). Furthermore, JJA temperatures of this region are 

spatially correlated to western and central Europe and the northern Mediterranean (Trachsel et 

al., 2010a). We focus on ca. 570 BC to AD 120 because lower resolution climate records 

suggest that it was warmer than the last millennium, including a warmer (Early Iron Age; in 

Central Europe ‘Hallstatt’), a cooler (Late Iron Age; in Central Europe ‘La Tène’), and a 

moderate-to-warm Roman Period (Tinner et al., 2003). Alongside instrumental and 

reconstructed temperatures from the last millennium, we will investigate the relationship 

between the mean and inter-annual variability of JJA temperatures during generally warmer 

and cooler conditions and isolate the mean temperature threshold above which 

heteroscedasticity occurs.  

We aim to answer: (1.) what is the relationship between the mean and inter-annual 

variability of reconstructed JJA temperatures for ca. 570 BC - AD 120? How does the 

relationship between the mean and inter-annual variability of reconstructed JJA temperatures 

for ca. 570 BC - AD 120 compare to JJA temperatures of AD 1177 - AD 2000 (including the 

late Medieval Climate Anomaly, the Little Ice Age and the present)? (2.) How does the 

pattern of decadal, multi-decadal and centennial JJA temperature variability and trends during 

the Iron Age and Roman Period compare to the last millennium and the present? (3.) Do 

prolonged trends or large anomalies in JJA temperatures coincide with changes in natural 

forcings? 

 

c.   Study site  

Lake Silvaplana (1791 m a.s.l., between 46º 24’ N, 9º 42’ E and 46º 30’ N, 9º 52’ E), belongs 

to a chain of lakes (Sils, Silvaplana, Champfèr and St. Moritz) in the Upper Engadine valley 

of eastern Switzerland (Ohlendorf et al., 1997). Lake Silvaplana covers 2.7 km2, has a 

capacity of 127×106 m3 and has an average depth of 47 m (LIMNEX, 1994) (Figure 4.1).  

The contributing watershed (175 km2) includes 6 km2 (1998 status) of glacier cover, 

underlain by three major tectonic nappes: the Lower Austroalpine Margna, the Upper 

Penninic Platta and the Lower Austroalpine Bernina consisting of granite, gneiss and 

carbonate (AdS, 2004; Blass et al., 2007a). Four tributaries connect Lake Silvaplana to the 
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watershed including the Fedacla River (principal purveyor of suspended sediments) (Blass et 

al., 2007a). Inflowing water has an average residence time of eight months (LIMNEX, 1994).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Site characteristics of Lake Silvaplana and the contributing watershed (right; 

modified from Blass et al., 2007a) and the location of Lake Silvaplana in Switzerland (left; 

Mappad, 1996). 

 

The watershed is exposed to continental winter-dry conditions with large fluctuations 

in monthly temperature (MeteoSchweiz, 2010). Temperature inversions allow cool and dry air 

to accumulate in the Engadine valley during the winter which favors January to May ice-

cover (Ohlendorf, 1999; MeteoSchweiz, 2010). Alternatively, warm and relatively moist and 

windy summers result from greater insolation and packages of moist air from the South 

(Ohlendorf, 1999; MeteoSchweiz, 2010).  

Lake Silvaplana has a volume ratio (%epilimnion/%hypolimnion) of 30/70. The lake 

overturns in May and November, is thermally stratified from June to October and inverse 

thermally stratified under the ice cover from January to May (LIMNEX, 1994; Ohlendorf, 

1999). The lake is oligotrophic with sufficient oxygen in the hypolimnion (May, mid-July and 

end of summer) to be classified as oxic (LIMNEX, 1994; Ohlendorf, 1999).  
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Summer temperatures drive sedimentation in distal regions of Lake Silvaplana at the 

monthly, seasonal and annual time scale. Therefore, glacial melt-water and fluvial base flow 

are the most important purveyors of sediment (Blass et al., 2007a).  

 

d.   Methods  

Sampling 

We used the lower two thirds (300 cm to 900 cm) of a nine meter long UWITEC piston core 

recovered from the distal region of Lake Silvaplana in the winter of 2005 - 2006. The core 

was split lengthwise in the laboratory and photographed with a Nikon D80 digital camera 

(2300×1700 pixels; Appendix A). Half of the core was wrapped in polyethylene film and 

placed in storage at 4°C.  

The other core half was frozen with liquid nitrogen, wrapped in polyethylene film and 

kept at -10°C until sub-sampling. Varves dating ca. 570 BC to AD 120 (360 cm to 465 cm) 

were identified on the frozen core from high-resolution (1200 dpi) scans of polished sediment 

blocks and digital photographs of the wet sediment core. Each varve was sub-sampled (i.e. 

scraped) from the frozen core using a knife. 

 All of the sub-samples were analyzed for mass accumulation rate (MAR), biogenic 

silica concentration (%bSi) and biogenic silica flux (bSi flux), whereas chironomids were 

counted in four discrete time windows at annual resolution (approximately 570 BC - 500 BC, 

480 BC - 440 BC, 390 BC - 340 BC, and 30 BC - 0). The sampling design was chosen 

because Trachsel et al. (2010a) found that bSi flux had the highest skill for reconstructing 

multi- to sub-decadal JJA temperatures (i.e. ‘variability’) whereas the chironomid transfer 

function (Heiri et al., 2003; Larocque-Tobler et al., 2010) provided low (centennial) 

frequency July (scaled to JJA) temperature (i.e. ‘mean’). Combination of these two 

reconstructions captured both the variability and mean of JJA temperatures. This was most 

critical for the study of MVC behavior. 

 

Dating 

A floating chronology was established from varve counts on polished sediment blocks and 

constrained with four calibrated AMS radiocarbon dates. The varve chronology is not 

continuous to the present (Trachsel et al., 2010a) because of a turbidite with an erosive base at 

275-300 cm depth (between AD 1177 and the section studied here). The number of varves 

removed by this turbidite is unknown. 
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To create polished sediment blocks, overlapping slabs (20×2 cm; Lamoureux, 1994; 

Lotter and Lemcke, 1999) of wet sediment were removed from the core, flash frozen with 

liquid nitrogen and freeze-dried overnight. The dried sediment slabs were arranged side-by-

side in aluminum trays and a four component (NSA, ERL, DER and DMAE) epoxy resin 

(SPI) was poured over the slabs. The resin was cured in an oven (70°C) over 12 hours and the 

slabs were cut into blocks and polished at GEOPREP (University of Basel, Switzerland).  

Polished sediment blocks were scanned (1200 dpi) and viewed in ImageJ software 

(Abramoff et al., 2004). Varves were identified from changes in lithology (see Results, 

Lithology) along three scan lines and marker horizons (i.e. turbidites) were used to combine 

varve counts from consecutive blocks.  

Four terrestrial macrofossil-derived calibrated AMS radiocarbon dates were analyzed 

at the Poznań Radiocarbon Laboratory in Poland (Table 4.1). Terrestrial macrofossils (only 

found in turbidites) were used because radiocarbon dates of bulk sediments (including algal 

aquatic organic matter) in Lake Silvaplana are affected by reservoir effects. The macrofossils 

may be reworked material. Three macrofossil samples were taken from neighboring turbidites 

around 440 cm depth to test for internal consistency of the resulting radiocarbon dates (i.e. 

whether there was reworking). The radiocarbon dates should be interpreted as maximum ages. 

Following calibration of the four radiocarbon dates in Intcal04.14 (Reimer et al., 2004), the 

three floating varve chronologies were fit through a turbidite at ~440 cm depth. The varve 

chronology which was most consistent with the four radiocarbon dates was elected to be the 

final chronology. Therefore, all ages presented here are calculated from an annually resolved 

but floating varve chronology anchored by calibrated radiocarbon dates (BC and AD). 

 

Sedimentological and biogeochemical analyses 

Mass accumulation rates (MAR) were calculated from varve thickness, dry sediment density 

and porosity using a modified version of the Niessen et al. (1992) method (i.e. organic carbon 

was excluded from the calculation). Varve thickness was found from high-resolution (1200 

dpi) scans of polished sediment blocks opened in ImageJ software (Abramoff et al., 2004). 

The transition from dark to light lamination was visually identified and digitally marked and 

an algorithm in ImageJ calculated the distance between each consecutive mark. Turbidites, 

identified as being >2σ from the average varve thickness and/or having a different texture and 

coloring than neighboring varves, were excluded. The dry density of sediment was estimated 

at 2.65 g/cm3 (=quartz) (Blass et al., 2007a). Porosity was calculated from the water content, 
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dry sediment density and pore water density for each varve. Pore water density was estimated 

at 1 g/cm3. 

Biogenic silica concentrations (%bSi) were measured according to the protocol of 

Ohlendorf and Sturm (2008). Approximately 150 mg of sediment per sub-sample was treated 

with 5 ml H2O2 (30%) to eliminate organic matter. The loss in weight before and after 

treatment with H2O2 (30%) was used as an estimate of organic matter. After a week, the 

sediments were cleaned with distilled water and freeze-dried. 10 ml of 1 M NaOH matrix was 

added to the organic-free sediments in plastic tubes and the tubes were placed in an ultrasonic 

bath. The tubes were capped, shook with a mini-shaker set to >2500/minute, and heated for 

one hour at 90°C. These last three steps were repeated three times. The tubes were centrifuged 

and 700 µl of the supernatant was pooled with 70 µl 65% HNO3 and Milli-Q-Water. 

Measurements of %bSi were made by D. Fischer on an inductively coupled plasma optical 

emission spectrometer (ICP-OES; Paul Scherrer Institute, Switzerland) and results were 

corrected for lithogenic silica (Al:Si ratio 2:1) (Ohlendorf and Sturm, 2008).  

 

Chironomid analysis 

Chironomid head capsules were counted at annual resolution for four time windows 

(approximately 570 BC - 500 BC, 480 BC - 440 BC, 390 BC - 340 BC, and 30 BC - 0). These 

time windows were chosen based on changes recorded in the MAR and the bSi records. KOH 

10% was added to the samples overnight then the samples were sieved in a 100 µm mesh. The 

residue remaining in the mesh was poured into a Bogorov counting tray and examined under a 

Leica Zoom 2000 binocular at 40X magnification. Each individual head capsule was hand-

picked using a forceps and deposited in a drop of Hydromatrix on a microscope slide. The 

head capsules were identified at 400-1000X magnification using a Motic B3 Professional 

microscope. The identification followed Wiederholm (1983), Oliver and Roussel (1983), 

Larocque and Rolland (2006) and Brooks et al. (2007). 

 

Statistical analysis 

The product of MAR and %bSi (=bSi flux) was converted to JJA temperatures using the Type 

II regression (Standard Major Axis) calibration-in-time (JJA Sils Maria: AD 1864 - AD 1949, 

r=0.67, pcorr=0.03) developed by Trachsel et al. (2010a).  

The program C2 was used to create the chironomid stratigraphy and ZONE was used 

for zonation (Juggins, 1991 and 2003). These zones were independent of the four studied 

periods suggesting an independent separation of chironomid assemblages. A transfer function 
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from the chironomid distribution in 101 lakes (Heiri et al., 2003; Heiri and Lotter, 2005; 

Bigler et al., 2006) was used to infer mean July air temperatures. The temperature gradient is 

6°C. The transfer function was modified to fit Lake Silvaplana chironomid taxonomy (e.g. 

Tanypodinae were merged into two categories (Pentaneurini and Procladius) and all 

Crictopus were merged). This modified transfer function has a leave-one-out, cross-validated 

coefficient of determination (r2) of 0.9, a root mean squared error of prediction (RMSEP) of 

1.5°C, a maximum bias of 1.7°C, and was previously used to successfully reconstruct mean 

July air temperatures of the last 1000 years (Larocque-Tobler et al., 2010).  

The inferred mean July temperatures resulting from the transfer function were scaled 

to JJA temperatures (for consistency with the bSi-inferred temperatures) by the average 20th 

century difference between measured mean July air temperature and measured mean JJA 

temperatures (Sils Maria=0.8°C; Trachsel et al., 2010a). 

The bSi- and chironomid-inferred temperatures were combined by calculating the 

difference between the average bSi temperature and the average chironomid temperature for 

the four common time windows, extending this difference between the four windows through 

linear interpolation for an annual estimate of the difference between the bSi- and chironomid-

inferred temperatures, and adding these differences to the annually resolved bSi temperatures. 

Combining bSi- and chironomid-inferred temperatures provided a robust JJA temperature 

reconstruction with skill in the inter-annual, decadal and centennial domains of climate 

variability (Trachsel et al., 2010a; Larocque-Tobler et al., 2010).  

The root mean squared error (RMSE) of the combined JJA temperature reconstruction 

included the error from the bSi reconstruction (ten-fold cross-validation), the error from the 

chironomid transfer function, and combination of the two reconstructions (leave-one-out 

method).  

 To evaluate the annual JJA temperature reconstruction, a Kolmogorov-Smirnov test 

determined if the temperatures were normally distributed and whether parametric or non-

parametric statistics should be applied (Kirkman, 1996). Then the mean, variance, and degree 

of autocorrelation were calculated to describe the series. Using 30 year moving averages (30 

year m.a.), 30 year moving linear detrended standard deviations (30 year m. det. std. dev.), 

moving decadal to centennial linear trends, changepoint analysis (Constrained Hierarchical 

Clustering CHC and the method of Caussinus and Mestre C&M), and Morlet wavelet 

analysis, subsets of relatively homogeneous temperatures were identified (Caussinus and 

Mestre, 2004; Scherrer et al., 2006; Bunn, 2008 and in press; Juggins, 2009; von Gunten et 

al., 2009; R Development Core Team, 2009). Specifically, accumulations of changepoints 
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which coincide with 99th or 1st percentile trends (decadal, 30 year and/or centennial) were 

considered as possible transitions between subsets (i.e. periods of significant climatic change). 

We confirmed that the character of temperatures falling on either side of these possible 

transitions was distinct (i.e. in terms of variance) by running ANOVA (analysis of variance) 

on the three subsets following log transformation (to account for the distribution of the 

reconstructed temperatures) (Kirkman, 1996). Finally, a scatter-plot and linear model of 30 

year m.a. versus 30 year m. det. std. dev. (Mean-Variability Change MVC) was created for 

the entire reconstruction and for the individual subsets to determine the relationship between 

mean JJA temperature and inter-annual JJA temperature variability under different climatic 

conditions (Scherrer et al., 2006). 

 

Comparison to the last millennium record and instrumental data 

To contextualize the inter-annual to centennial behavior of JJA temperatures in the 

reconstruction presented in this study, and to compare our warm-biased MVC plots to a 

generally cooler time window, annually resolved JJA temperatures [both instrumental and 

reconstructed from Lake Silvaplana sediments from AD 1177 - AD 1950 (using the same 

sediment core and proxies in another study) and exclusively instrumental from AD 1950 - AD 

2000] were used for comparison (Trachsel et al., 2010a; MeteoSchweiz, 2010). First, a non-

parametric (to account for the distribution of the reconstructed temperatures) Kolmogorov-

Smirnov test determined whether the reconstructed temperatures from the Iron Age / Roman 

Period were statistically different from JJA temperatures between AD 1177 and AD 2000 

(Kirkman, 1996). Then the mean, variance, and degree of autocorrelation were calculated to 

compare with values from ca. 570 BC - AD 120. Using the same statistical methods as for our 

reconstruction, three subsets were identified including one which roughly encapsulates the 

Little Ice Age (approximately AD 1600 - AD 1800 in the Northern Hemisphere; IPCC, 2001) 

and one which covers the later Medieval Climate Anomaly (approximately AD 1000 - AD 

1400 in the Northern Hemisphere; IPCC, 2001). Finally, MVC plots for the entire AD 1177 - 

AD 2000 time series, for the three subsets of the Iron Age / Roman Period and for AD 1950 - 

AD 2000 were created to evaluate JJA temperature heteroscedasticity.  

 

e.   Results 

Lithology 

Sediments in the investigated section of the core had a basal silt layer (light colored, slightly 

coarser grained summer layer) with a clay cap (dark colored, slightly finer grained winter 
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layer; Figure 4.2). The average couplet thickness was 1.4 mm. This was consistent with the 

varve descriptions of Ohlendorf et al. (1997) and Blass et al. (2007a). 

 

 

 

 

 

 

 

 

Figure 4.2 Core photo showing the lithology of Lake Silvaplana sediments (Blass, 2006). 

 

Dating 

Varve counts and radiocarbon dates provided a chronology that is accurate at the inter-annual 

scale from varve counting but floating within the accuracy of calibrated radiocarbon AMS 

dates (Table 4.1, Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Age-depth model with the three series of varve counts. 

 

When the three floating varve chronologies were anchored at the turbidite at ~440 cm, 

the maximum difference between the three series of varve counts was 120 years. 85 
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laminations were interpreted as possible turbidites. These were thicker (>2σ) than the average 

varve, had a coarse (i.e. sand) basal layer with increasingly fine grains towards the top of the 

deposit, and a high concentration of macrofossils. 

The first three radiocarbon dates (Poz-28061, Poz-28062 and Poz-28064) had a 

difference in varve counts which was within the +/-2σ error range of the calibrated 

radiocarbon ages. This internal consistency suggested that there was no reworking of 

macrofossils within the sampled turbidites. The fourth radiocarbon date was taken from a 

turbidite with similar characteristics. The first series of varve counts fit through the four 

radiocarbon dates better than the other two series. The combination of these varve counts and 

the four radiocarbon dates suggested that the entire sediment section spanned approximately 

1450 BC to AD 420 (+/-100) of which 690 varve years (570 BC - AD 120, +/-100) are 

presented in this study (Figure 4.3). 

 

Table 4.1 Calibrated AMS radiocarbon dates (Intcal04.14) from Lake Silvaplana used to 

constrain the floating varve chronology. * Sediment depth [cm] without turbidites. 

 

Chironomid assemblages and mean July air temperatures 

A total of 208 samples spanning the four studied time windows between ca. 570 BC - AD 120 

(see Methods, Chironomid analysis) and representing 41 taxa were analyzed. Of these taxa, 

30 were present in more than two samples (Figure 4.4a). The most striking changes were the 

following: Corynocera oliveri-type (cold stenotherm), Psectrocladius sordidellus-group and 

Protanypus (cold stenotherm) were found only in sediments younger than ca. 440 BC whereas 

Parakiefferiella was found in sediment older than ca. 390 BC. Limnophyes, Micropsectra 

insignilobus-type, Polypedilum, Tanytarsus lactesens-type, Paracladopelma, Brilla, 

Paratanytarsus and Tanytarsus mendax-type were absent in zone 6 (older than ca. 535 BC). 

Paratanytarsus was recorded only during zone 3. 

The mean July air temperature (MJAT) obtained from these assemblages is presented 

in Figure 4.4b. From ca. 570 BC to 550 BC, MJATs were warmer than the average (12°C). 

Values temporarily decreased around 550 BC - 525 BC but rebounded by 500 BC. Another 
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peak in MJAT was inferred between ca. 575 BC and 550 BC. In ca. 400 BC - 340 BC and ca. 

24 BC - 0, MJATs oscillated around the average.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Results of (a.) chironomid assemblages, (b.) inferred mean July air temperatures 

(MJAT) and (c.) % organic matter (OM). For Figure 4.4a, percentages for each taxon are 
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represented. The black lines represent the zones created using the ZONE program (Juggins, 

1991). 

 

From ca. 30 BC to 0, MJATs were colder than the average. The MJAT variations were 

not related to changes in the organic matter (OM) percentages (i.e. peaks in MJAT were not 

always associated with increases or decreases of OM; Figure 4.4c). 

 

Combined (bSi and chironomid) JJA temperature reconstruction ca. 570 BC - AD 120 

Figures 4.5a-d show the annually resolved data for mass accumulation rates, bSi 

concentrations and bSi fluxes, and bSi-derived JJA temperatures. The bSi and chironomid JJA 

temperatures presented in Figures 4.5d and e were combined (Figure 4.5f). The RMSE of the 

combined reconstruction is 1.5°C which represents a 95% confidence interval of +/-3°C 

(Figures 4.5f, 4.6a, 4.6f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Results of (a.) mass accumulation rates (MAR), (b.) biogenic silica (bSi) 

concentrations, (c.) bSi fluxes, (d.) bSi June-July-August (JJA) temperature reconstruction, 

(e.) chironomid JJA temperature reconstruction (f.) combined bSi&chironomid JJA 

temperature reconstruction with the 95% confidence interval in grey. 
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The annually reconstructed JJA temperatures between ca. 570 BC and AD 120 were 

not normally distributed (p<0.01), with a relatively high mean (10.9°C), a variance of 2°C, 

and an autocorrelation which was greatest at year 1 and decreased until year 10. Detailed 

analyses of 30 year m.a., 30 year m. det. std. dev., decadal to multi-decadal linear trends, 

changepoints and wavelets, reveal the presence of three relatively homogeneous periods of 

climate which were statistically distinct according to ANOVA (p<0.01): a slightly warmer, a 

slightly cooler and a moderate period relative to the reconstruction average (Figures 4.6b, d, f, 

h, j, l and n, subsets A-C).  

The first two hundred years of record (ca. 570 BC - 370 BC) had a rapid increase 

(warming) and then decrease (cooling) in the multi-decadal trends (30 year m.a. temperature) 

of JJA temperatures followed by a plateau at 11°C (Figures 4.6d and h). The 30 year m. det. 

std. dev. decreased from 1.9°C (ca. 570 BC - 540 BC) to the record minimum of 0.5°C (ca. 

445 BC - 415 BC; Figure 4.6f). A changepoint around 557 BC (method C&M; Figure 4.6l) 

coincided with one of three very strong decadal JJA temperature warming trends (99th 

percentile; dark red in Figure 4.6h). Meanwhile, two very strong decadal JJA temperature 

cooling trends (1st percentile) were concurrent to the Early Iron Age to Late Iron Age 

transition. This was followed by a centennial warming trend and a shift from high power in all 

wavelet periods to minimal power between ca. 400 BC and 350 BC (Figure 4.7a). 

Over the next hundred years (ca. 370 BC - 270 BC), the 30 year m.a. reached its 

record maximum (12.8°C, ca. 380 BC - 350 BC; Figure 4.6d), synchronous with a temporary 

increase in the inter-annual variability (30 year m. det. std. dev.) of JJA temperatures. Strong 

(99th percentile) decadal (0.5°C/yr) and centennial (0.02°C/yr) JJA warming trends were 

bordered by two changepoints, and there was an emergence of high power in the decadal to 

multi-decadal domains of variability (64 and 32-16 year periods; Figure 4.7a). 

The maximum 30 year m.a. of JJA temperatures around 350 BC was followed by 300 

years of cooling until the record minimum of 9.5°C (ca. 55 BC - 25 BC). There was also a 

decrease in the inter-annual JJA temperature variability until ca. 170 BC after which it 

rebounded. Decadal JJA temperature trends ranged from +/-0.3°C/yr except for two decades 

with strong cooling (-0.4°C/yr) around 150 BC and 130 BC. The latter coincided with a 

changepoint (method C&M). Multi-decadal trends remained moderate. Finally, we noted a 

transition from moderate-to-low power in wavelet periods 128, 64, 32 and 10-2 years (ca. 250 

BC - 150 BC) to extremely low power (<0.756) for all periods greater than 64 years, 

indicating exceptional climate stability (Figure 4.7a).  
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Figure 4.6 (a.) the biogenic silica (bSi) & chironomid June-July-August (JJA) temperature 

reconstruction from AD 1177 - AD 1950 with the 95% confidence interval in grey (Trachsel 

et al., 2010a), (b.) the bSi&chironomid JJA temperature reconstruction from ca. 570 BC - AD 

120 with the 95% confidence interval in grey, (c.) the 30 year moving averages for the 
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bSi&chironomid JJA temperature reconstruction from AD 1177 - AD 1950, (d.) the 30 year 

moving averages for the bSi&chironomid JJA temperature reconstruction from ca. 570 BC - 

AD 120, (e.) the 30 year moving detrended standard deviations for the bSi&chironomid JJA 

temperature reconstruction from AD 1177 - AD 1950, (f.) the 30 year moving detrended 

standard deviations for the bSi&chironomid JJA temperature reconstruction from ca. 570 BC 

- AD 120, (g.) the decadal, 30 year and centennial trends for the bSi&chironomid JJA 

temperature reconstruction from AD 1177 - AD 1950, (h.) the decadal, 30 year and 

centennial trends for the bSi&chironomid JJA temperature reconstruction from ca. 570 BC - 

AD 120, (i.) the decadal and 30 year trends in the 1st and 99th percentile for the 

bSi&chironomid JJA temperature reconstruction from AD 1177 - AD 1950, (j.) the decadal 

and 30 year trends in the 1st and 99th percentile for the bSi&chironomid JJA temperature 

reconstruction from ca. 570 BC - AD 120, (k.) the changepoints for the bSi&chironomid JJA 

temperature reconstruction from AD 1177 - AD 1950, (l.) the changepoints for the 

bSi&chironomid JJA temperature reconstruction from ca. 570 BC - AD 120, (m.) subsets D, 

E, and F for the bSi&chironomid JJA temperature reconstruction from AD 1177 - AD 1950, 

(n.) subsets C, B and A for the bSi&chironomid JJA temperature reconstruction from ca. 570 

BC - AD 120. 

 

The final 200 years of the record were characterized by warming JJA temperatures up 

to 11.5°C (ca. 40 BC - 10 BC) followed by fluctuations between 11.5°C and 10.5°C. Inter-

annual JJA temperature variability rose strongly until the record maximum (ca. 40 BC - 10 

BC), and then decreased.  

Decadal trends were variable from around 40 BC to AD 40 as shown by four decades 

with very strong cooling (1st percentile) and three decades with very strong warming (99th 

percentile). In many of these decades, changepoints were also found. One of the decades 

characterized by very strong JJA temperature warming and all of the decades with very strong 

cooling coincided with the Late Iron Age to Roman Period transition. We found high power 

in the 64-32 year periods with pulses of moderate-to-high power in the 16-8 year periods 

around 0 and AD 100 (Figure 4.7a).   

 According to these results, we propose three subsets of relatively homogeneous JJA 

temperature conditions (Table 4.2): subset A (ca. 570 BC - 351 BC, Early to Late Iron Age) 

was relatively warm. Inter-annual JJA temperature variability was very high around 570 BC 

and near 351 BC, separated by low inter-annual JJA temperature variability and cooler 

temperatures between ca. 460 BC and 400 BC. Decadal trends were pronounced. Subset B 
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(ca. 350 BC - 16 BC, Late Iron Age to Roman Period) had a JJA temperature cooling trend 

that was mostly pronounced in the long-term (centennial scale). Inter-annual JJA temperature 

variability fluctuated with a minimum between ca. 270 and 170 BC which coincided with a 

cooler climate. Few changepoints were found. The transition to subset C (ca. 15 BC – AD 

120, start of Roman Period) coincided with rapid shifts between warming and cooling decadal 

JJA temperature trends. We observed very high but decreasing inter-annual JJA temperature 

variability and consistently high (multi-) decadal variability (with multiple changepoints). The 

JJA temperature approached the reconstruction average. 

 

 

Figure 4.7 Morlet wavelets for (a.) the biogenic silica (bSi) & chironomid June-July-August 

(JJA) temperature reconstruction from ca. 570 BC - AD 120 and (b.) the bSi&chironomid JJA 

temperature reconstruction from AD 1177 - AD 1950 (Trachsel et al., 2010a). 

 

Comparison to AD 1177- AD 2000  

The character of the 570 BC - AD 120 (+/-100 year) reconstructed JJA temperatures 

fundamentally differed from AD 1177 - AD 2000. This was shown by a Kolmogorov-

Smirnov test of statistical independence (p<0.01), a reduced mean JJA temperature of 9.4°C 

(as opposed to 10.9°C in ca. 570 BC - AD 120), a strongly reduced inter-annual JJA 

temperature variability, much weaker decadal JJA temperature trends, and a longer duration 

of autocorrelation (>year 29) which suggests enhanced multi-decadal JJA temperature 

variability. The AD 1177 - AD 1950 record was partitioned into three periods of relatively 

homogeneous JJA temperatures (Table 4.2). Relative to the corresponding AD 1177 - AD 

2000 values, subset D (AD 1177 - AD 1350; late Medieval Climate Optimum in the Lake 

Silvaplana region) had a moderate mean JJA temperature (9.7°C; 0.2°C cooler than AD 1950 

- AD 2000 and 1.2°C cooler than the Iron Age - Roman Period average), relatively low inter-

annual JJA temperature variability, multiple changepoints and a strong multi-decadal to 
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centennial cooling (1st percentile). Subset E (AD 1350 - AD 1700) roughly coincided with the 

Little Ice Age, had a very low mean JJA temperature (8.8°C), a moderate variance (1.1°C), 

low inter-annual JJA temperature variability (compared to the Iron Age - Roman Period), a 

large number of changepoints, and a moderate number of very strong (multi-)decadal JJA 

temperature trends. Subset F (AD 1701 - AD 1950) had a relatively high mean JJA 

temperature (9.8°C; equally warm as AD 1950 - AD 2000; but 1.1°C cooler than the Iron Age 

- Roman Period average), a low variance (0.8°C), low (19th century) inter-annual JJA 

temperature variability, one changepoint, and strong (multi-)decadal cooling and warming 

trends.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Mean-Variability Change (MVC) plot for the entire June-July-August (JJA) 

temperature reconstruction (ca. 570 BC - AD 120), for the entire combined reconstructed and 

instrumental temperature record (AD 1177 - AD 1950) and for subsets with a significant (p < 

0.05) MVC relationship. Details provided in Table 4.2.  

 

Figure 4.8 presents MVC plots for our entire Iron Age - Roman Period reconstruction 

(ca. 570 BC - AD 120), for reconstructed and instrumental temperatures (AD 1177 - AD 

2000) and for the individual subsets with a significant relationship between mean and 
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variability of JJA temperatures. Positive relationships were found for the relatively warm Iron 

Age - Roman Period (ca. 570 BC - AD 120) and subsets A-C therein. The warmest subsets, A 

and C, showed the strongest increase in inter-annual JJA temperature variability with 

warming (Figure 4.8 and Table 4.2). Insignificant negative relationships were found for 

subsets E and F. Significant negative relationships belonged to subset D and the entire AD 

1177 - AD 2000 record (mean JJA temperature=9.4°C). From Table 4.2 and Figure 4.8, we 

observed that the significant MVC relationships remained first constant and increased 

afterwards steeply with increasing mean JJA temperature (subsets B, C, A). This suggests that 

the mean JJA temperature threshold needed for heteroscedasticity was between 9.8°C and 

10.7°C. As the mean JJA temperature continued to increase above this threshold, inter-annual 

temperature variability became increasingly sensitive. 

 

 

Table 4.2 Statistical characteristics of June-July-August (JJA) temperatures for the individual 

subsets and the entire reconstruction (ca. 570 BC - AD 120; AD 1177 - AD 1950) and 

instrumental temperatures (AD 1950 - AD 2000). The table is sorted by mean JJA 

temperatures. Positive Mean-Variability (MVC) relationships (slope of regression) are bold; 

significance levels of the MVC relationship are marked with: . (p<0.1); * (p < 0.05); ** (p < 

0.01), *** (p < 0.001) 

 

Overall, JJA temperatures during the Iron Age - Roman Period were warmer and more 

variable than JJA temperatures from the last 800 years. However, multi-decadal and 

centennial trends were comparable as evident in Figure 4.7. Inter-annual JJA temperature 

variability and (multi-)decadal trends (both warming and cooling) seemed to be focused 

around specific periods (e.g. the early Roman Period). However, the late Iron Age was 

remarkably stable with low multi-decadal and centennial variability and gradual cooling. An 

equivalent for the extremely warm JJA temperatures in subset A (ca. 570 BC - 351 BC) was 

not found in AD 1177 - AD 2000. However, during the Iron Age - Roman Period, among 643 
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possible 50 year windows, we identified 130 precedents for the increasing linear trend 

(0.02°C/yr, p=0.02) registered for AD 1950 - AD 2000. In all of these instances, the mean and 

variance of JJA temperatures exceeded the AD 1950 - AD 2000 values.  

 

f.   Discussion 

The 570 BC - AD 120 (+/-100 years) reconstruction benefited from a varve count and 

radiocarbon based chronology which afforded annually resolved data and precise 30 year 

floating chronologies. The uncertainty of the cumulative varve counts is approximately 100 

years (18%). The absolute chronology (combined varve counts and radiocarbon dates) has an 

uncertainty of 100 to 150 years. 

The reconstruction consisted of a calibrated and tested bi-proxy data set (bSi flux and 

chironomids) which provided quantitative JJA temperatures with skill in the inter-annual to 

centennial frequency domains of climate variability (Larocque-Tobler et al., 2010; Trachsel et 

al., 2010a). BSi flux provided a quantitative measure of diatom productivity which has been 

shown to be sensitive to warm season temperatures prior to eutrophication of the lake (post 

AD 1950; Blass et al., 2007b). Also, chironomids are sensitive to both water and air 

temperature as reflected in taxa assemblages (Larocque et al., 2009). Both proxies were 

previously used, independently and in combination, to successfully reconstruct JJA 

temperatures back to AD 1177 from the same sediment core (Larocque-Tobler et al., 2010; 

Trachsel et al., 2010a).  

The quality of our ca. 570 BC - AD 120 JJA temperature reconstruction was limited 

by the chronological uncertainties of AMS radiocarbon dating (i.e. the calendar ages) and 

varve counts (i.e. the floating chronology). Varve identification came with the risk of missing 

or falsely identifying laminations related to the subjective nature of varve identification 

(Lamoureux and Bradley, 1996; Ojala, 2001). Therefore, a lamination which was identified as 

a turbidite for one scan line could have been interpreted as a series of varves on another scan 

line. This resulted in a maximum varve counting error of 120 years. However, the error of the 

30 year floating chronology was negligible which was most relevant for the statistical analysis 

of climate variability and trends.  

An additional source of error was imperfect varve-by-varve sampling and conversion 

of proxy data into temperatures. Detailed sedimentary analyses showed no changes in 

sedimentology which would lead us to question the integrity of the chronology and the 

relationship between our proxies (bSi and chironomids) and temperature (i.e. Figure 4.4c). 

Proxy series are not always able to capture seasonal variability (i.e. extremes) and a 
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calibration-in-time approach is not always reliable at capturing low-frequency (centennial) 

variability (Trachsel et al., 2010a). Therefore, the combination of a bSi flux derived JJA 

temperature reconstruction (calibration-in-time) with chironomid derived JJA temperature 

data (transfer function) for four time windows allowed a reconstruction of temperature 

variability in a wide spectrum of frequency domains. The resulting JJA record was more 

robust, particularly in the low-frequency domain, than an exclusively calibration-in-time 

based record inferred from bSi flux data. By adding interpolated differences (between JJA 

temperatures derived from bSi flux and chironomids) to the bSi temperatures, we risked 

creating artificial multi-centennial scale trends. However, this did not appear to be the case 

(Figures 4.6h and l) since changepoints do not generally fall into periods where chironomid-

temperatures were used to anchor the bSi reconstruction (except for ca. 15 BC). Finally, the 

temperature reconstruction would have been improved by continuous chironomid data 

throughout the time series but the temporal demands of chironomid analysis limits the number 

of samples able to be analyzed in a reasonable amount of time. 

Despite these caveats, the overall character of the ca. 570 BC - AD 120 temperature 

reconstruction agreed with contemporaneous lower-resolution climate records from the 

region. This suggests that the relationship between bSi flux and temperature, defined for the 

calibration period (AD 1864 - AD 1949) and stable-in-time back to AD 1177 (Trachsel et al., 

2010a), persisted between ca. 570 BC and AD 120.  

The mean temperature of the reconstruction was consistent with the chironomid-based 

July temperature reconstruction of Heiri et al. (2003) for 1550 BC - AD 950 (11.5-12°C). A 

high frequency and magnitude of droughts, related to these high temperatures, was 

reconstructed for 320 BC - AD 150 from N. Ireland peatlands (Swindles et al., 2010). The 

warmest subset A, coincided with warm spring temperatures at Oberer Landschitzsee and an 

increase in prehistoric farming North and South of the Alps (570 BC - 450 BC) and in the 

Upper and Lower Engadine (500 BC and 300 BC; 570 BC - 350 BC, respectively) (Zoller et 

al., 1996; Raba, 1996; Gobet et al., 2003; Tinner et al., 2003). Additionally, major alpine 

glaciers (the Great Aletsch glacier, the Gorner glacier and the Lower Grindelwald glacier) 

retreated around this time (Holzhauser et al., 2005). It also overlapped dry conditions at 

Walton Moss Bog, N. England (510 BC), and high chironomid-based July temperatures at 

Talkin Tarn, N. England (450 BC - 250 BC; Barber and Langdon, 2007). Finally, the 

reconstructed temperatures carry the signature of a major cooling event (two decadal linear 

trends in the 1st percentile) coincident to the Early Iron Age to Late Iron Age transition (ca. 

450 BC; Figure 4.6h). The cooler subset B (roughly Late Iron Age; cf. La Tène) was 
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synchronous with a hiatus in land-use between 300 BC and 50 BC for the alpine region, 

probably related to a deteriorating climate (Zoller et al., 1996; Raba, 1996; Gobet et al., 2003; 

Tinner et al., 2003). The end of this subset, characterized by high climate variability (i.e. a 

series of decadal and 30 year linear trends in the 99th and 1st percentile and three 

changepoints), was concurrent to the Late Iron Age - Roman Period transition. After 50 BC, 

warmer JJA temperatures (i.e. subset C) were reconstructed for Oberer Landschitzsee 

(Schmidt et al., 2007). Plant macrofossils and dryness-indicating testate amoebae were found 

for this period in Walton Moss peat (Barber and Langdon, 2007). These conditions favored 

renewed land-use North and South of the Alps and in the Upper and Lower Engadine (Tinner 

et al., 2003; Zoller et al., 1996; Raba, 1996; Gobet et al., 2003).   

 

(1.) What is the relationship between the mean and inter-annual variability of reconstructed 

JJA temperatures for 570 BC - AD 120 (+/- 100 years)?  

A significant positive relationship between mean and variability (heteroscedasticity) of JJA 

temperatures above a certain lower threshold mean temperature (here between 9.8 and 

10.7°C) was found. The slope of this relationship became steeper as the mean became 

progressively higher (i.e. slope for subset B<<subset C<subset A). This is consistent with 

results from climate model experiments for European summers in the warmer 21st century and 

with theoretical considerations, and suggests that the mean JJA temperature threshold 

required for heteroscedasticity is around 9.8-10.7°C in the Engadine, Swiss Alps (mean of 

subset B) (Schär et al., 2004; Seneviratne et al., 2006; Parey et al., 2010). This is the 

temperature range that has been reached in the current decades and should persist during the 

first half of the 21st century according to future climate scenarios for the region. Our data 

demonstrate that the mean JJA temperatures during the warmest subset of our reconstruction 

(11.2°C, mean of subset A ca. 570 BC - 351 BC) have not yet transcended a second upper 

threshold above which consecutive very warm summers are predicated to reduce inter-annual 

temperature variability (Parey et al., 2010). Tentatively, we place this upper threshold to 

between 12°C and 13°C mean JJA temperature (Figure 4.8). However, the lower and the 

upper thresholds for inter-annual summer temperature heteroscedasticity (i.e. the probability 

density function of the soil moisture - atmosphere feedback) are also controlled by the 

seasonal rainfall and soil moisture regime. It is currently not known whether or not the Iron 

Age / Roman Period conditions are comparable to those of today and the 21st century. 
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(2.) How does decadal, multi-decadal and centennial JJA temperature variability and trends 

during the Iron Age and Roman Period compare to the last millennium and the present?  

To contextualize the mean and variability of temperatures in the ca. 570 BC - AD 120 

reconstruction, the JJA temperatures of AD 1177 - AD 2000 were considered. These were 

cooler and less variable at the inter-annual to (multi-)decadal scale (i.e. variance, 30 year m. 

det. std. dev. and number of multi-decadal trends in the 99th or 1st percentile) than 

temperatures from the Iron Age - Roman Period. However, JJA temperatures of AD 1177 - 

AD 2000 had more changepoints than their older counterpart and exhibited more pronounced 

centennial-scale temperature variability.  

 

(3.) Do prolonged trends of large amplitudes coincide with changes in known natural 

forcings? 

At millennial timescales, the behavior of Iron Age - Roman Period JJA temperatures relative 

to the last millennium can be attributed to orbital forcing. July insolation at 47°N was 4-6 

W/m2 higher between ca. 600 BC and AD 100 than during the last 800 years (Berger and 

Loutre, 1991). Furthermore, long-term orbital forcing exceeded shorter-term fluctuations of 

total solar irradiance by more than an order of magnitude during this time (Steinhilber et al., 

2009). Although the grand solar minima of the last millennium (e.g. Wolf, Spörer, Maunder 

and Dalton Minima) are reflected in lower JJA temperatures (Trachsel et al., 2010a), there 

was no obvious response to changes in Total Solar Irradiance (TSI) during the Iron Age - 

Roman Period. Exceptions are the cool temperatures coinciding with a persistent strong 

negative TSI anomaly centered around 400 BC and warm JJA temperatures during the high 

TSI values of the late Early Iron Age (ca. 550 BC - 450 BC) and the Roman Period (subsets A 

and C). 

 

g.   Summary and Conclusions 

Annually resolved (570 BC - AD 120, +/-100 years; Early Iron Age to Early Roman Period) 

quantitative June-July-August (JJA) temperatures were reconstructed from the varved 

sediments of Lake Silvaplana from biogenic silica flux (continuous, annually resolved, 

calibrated-in-time) and chironomids (four discrete windows, annually resolved, transfer 

function). Varve counts provided a floating chronology that was constrained by four AMS 

radiocarbon dates. The internal consistency and the highly precise annual resolution (within 

varve counting errors) of our data set were most relevant for the statistical analysis of inter-

annual and decadal temperature variability and trends. 
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Temperatures reconstructed from ca. 570 BC - AD 120 were warmer than today (AD 

1950 - AD 2000; 9.8°C) and the last millennium (from AD 1177 onwards, used here for 

comparison): the warmest period was reconstructed between ca. 570 BC - 351 BC (mean JJA 

temperature 11.2°C). We found moderately warm temperatures for the Roman Period (11°C, 

ca. 15 BC - AD 120) and less warm temperatures for the Late Iron Age (10.7°C, ca. 350 BC - 

16 BC). The warmer summer conditions during the Iron Age - Roman Period compared to the 

last 800 years (MWP, LIA and present) were attributed to orbital forcing (∆4-6 W/m2, July). 

The ca. 570 BC - AD 120 record agreed with other regional reconstructions. 

Using the 570 BC - AD 120 (+/-100 years) temperature reconstruction, we assessed 

inter-annual to (multi-)decadal JJA temperature variability and trends during periods of 

warmer conditions in the past, which might serve as precedents for the future. Instrumental 

data, climate model experiments and theoretical considerations have suggested a strongly 

heteroscedastic behavior of summer temperatures in Central Europe and the Alps (increasing 

inter-annual temperature variability and extremes with increasing mean temperatures). 

According to Parey et al. (2010), there is a range of temperatures where heteroscedasticity is 

strongest. Under very cold and very warm conditions the link between mean and variability 

weakens. Our data showed that inter-annual to decadal temperature variability was strongly 

enhanced under warmer JJA of the Iron Age - Roman Period (compared to the last 

millennium). Conversely, multi-decadal temperature variability remained equivalent. Using 

Mean-Variability Change plots, a strongly heteroscedastic behavior was shown for mean JJA 

temperatures exceeding ~9.8°C (Engadine). This is the temperature that has been reached in 

the current decades. The upper mean JJA temperature limit, above which inter-annual 

temperature variability decreases again, was not captured by our reconstruction. According to 

our data it is above 11.2°C (i.e. the warmest period of our investigation, ca. 570 BC - 351 

BC), tentatively between 12-13°C (i.e. 2-3°C warmer than the current decades). These results 

agreed with the projections of regional climate models for the 21st century for Central Europe 

and the Alps and confirmed that at global scales, Central Europe will be a future global 

hotspot of warm season variability. 
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5. Reconstructions of Late Holocene palaeofloods and glacier activity in the 
Upper Engadine, Switzerland (ca. 1450 BC - AD 420)  
 
Stewart, M., Grosjean, M., Kuglitsch, F.G., Nussbaumer, S.U., von Gunten, L. 

Palaeogeography, Palaeoclimatology, Palaeoecology, Submitted  
 

a.   Abstract 

The relationship between summer-autumn floods in Central Europe and climate warming is 

poorly constrained by instrumental and model data. To investigate this relationship, a 

complete record of palaeofloods, regional glacier lengths (and associated cool/wet and 

warm/dry climate phases) and regional glacier advances and retreats (and associated 

transitions between cool/wet and warm/dry climate phases) were derived from the varved 

sediments of Lake Silvaplana (ca. 1450 BC - AD 420; Upper Engadine, Switzerland). In 

combination, these records provide insight into the behavior of floods (i.e. frequency and 

magnitude) under a wide range of climate conditions. 

Eighty-five palaeofloods were identified from turbidites in the sediments of Lake 

Silvaplana. Regional glacier lengths (and associated cool/wet and warm/dry climate phases) 

were inferred from centennial anomalies in low-frequency mass accumulation rates (MARLP). 

Regional glacier advances and retreats (and associated transitions between cool/wet and 

warm/dry climate phases) were inferred from centennial trends in MARLP. This is the first 

continuous record of glacier activity in the Lake Silvaplana catchment for this time period. 

These data agree with regional records of land-use, glacier activity and lake levels. 

Thicker and more frequent turbidites were found during cool/wet phases of ca. 1450 

BC to AD 420. However, no relationship to climate transitions was discerned. Consistently, 

June-July-August (JJA) temperatures dating ca. 570 BC - AD 120 were inversely correlated to 

the thickness and frequency of turbidites. The rate that turbidite thickness and frequency 

increased with cooler JJA temperatures was not linear. Finally, 130 analogues for 21st century 

climate in the Alps between ca. 570 BC - AD 120 (i.e. 50 year windows with a warming trend 

and average JJA temperature exceeding AD 1950 - AD 2000 values from Sils Maria) were 

considered. These revealed that turbidites were thinner and less frequent than between ca. 

1450 BC - AD 420. 

The findings of this study suggest that the frequency and magnitude of extreme 

summer-autumn precipitation events and floods in the eastern Swiss Alps might not increase 

under continued global warming.  
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b.   Introduction 

Continuous, high-resolution climate reconstructions are needed to place current warming into 

the context of past natural climate variability. One concern is the frequency and magnitude of 

summer-autumn floods in Central Europe under climate warming. Recent events have cost 

human lives and damaged infrastructure (Brázdil et al., 2002; Trenberth et al., 2007).  

Changes in the frequency and magnitude of floods in Central Europe have been 

explored in instrumental hydrological time series (e.g. Mudelsee et al., 2003, 2004), historical 

data (e.g. Pfister et al., 2006; Schmoker-Fackel and Naef, 2010), natural proxies (e.g. Pauling 

et al., 2006; Debret et al., 2010) and regional climate models (e.g. Frei and Schär, 2001; 

Christensen and Christensen, 2003). Most instrumental (i.e. precipitation and river stage) time 

series only exist for the 20th century and have a sparse spatial distribution (Gimmi et al., 

2007). Documentary data (i.e. written reports and flood marks) offer additional information. 

For instance, instrumental time series and weather diaries were used to reconstruct seasonal 

and annual precipitation in Bern, Switzerland back to AD 1760 (Gimmi et al., 2007). A flood 

history spanning AD 1750 to AD 1900 in the Engadine, Switzerland, was based on 

documentary sources (Caviezel, 2007). In Germany, historical data provided flood 

chronologies from the Pegnitz River until AD 1300 (Brázdil et al., 2002). A historical and 

instrumental flood record for the Elbe and Oder Rivers showed a decrease of winter floods 

but no significant trend for summer floods in the 20th century (Mudelsee et al., 2003, 2004). 

These findings for the Elbe and Oder Rivers are surprising because regional climate models 

(e.g. HIRHAM4 of E.U. PRUDENCE; Christensen and Christensen, 2003) project that future 

climate warming in Central Europe will bring more intense precipitation events (e.g. summer-

autumn floods) (Arnell and Liu, 2001; Kundzewicz et al., 2005). This is attributed to an 

increase in the atmospheric concentration of water vapor during warm summers and the 

intensification of cyclones (Kundzewicz et al., 2005). 

Lake sediments can provide additional information about the relationship between 

floods (i.e. frequency and magnitude) and climate on longer time scales than hydrological 

time series and historical data. This is because floods enhance the discharge of rivers and 

mobilize large sediment loads (Knighton, 1998). Where these rivers enter lakes, gravity flows 

(‘turbidity currents’) can develop (Sturm and Matter, 1978). Turbidity currents typically have 

a sediment concentration of 9% to 45% by volume (Bagnold, 1962; Mulder and Alexander, 

2001). Within turbidity currents, sediments are suspended by fluid turbulence supplemented 

by grain-to-grain interaction (Bagnold, 1962; Mulder and Alexander, 2001). Flood-induced 

turbidity currents typically result in two sedimentary units. These turbidites (or ‘inundites’) 
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are composed of a thick lower deposit with a coarsening upwards grain size (i.e. inversely 

graded) which forms as flood conditions intensify and an upper deposit with a fining upwards 

(i.e. normally graded) grain size which forms as the flood wanes (Mulder and Alexander, 

2001).  

Turbidites have reconstructed extreme hydrological events in (e.g.) Lillooet Lake, 

British Columbia (Desloges and Gilbert, 1994) and Ape Lake, British Columbia (Gilbert and 

Desloges, 1987). In sediments from Lake Silvaplana spanning AD 1177 to AD 2000, most 

turbidites were attributed to historical floods (Blass, 2006; Caviezel, 2007; Trachsel et al., 

2010). Furthermore, larger historical floods in the Upper Engadine (i.e. in AD 1828, AD 

1834, AD 1951 and AD 1987) produced particularly thick turbidites (Blass, 2006). 

Most of the historical floods in the Upper Engadine from AD 1177 to AD 2000 can be 

attributed to severe summer-autumn precipitation (Caviezel, 2007). For twelve severe 

summer-autumn precipitation events which formed turbidites in Lake Silvaplana between AD 

1950 and AD 2000, a composite analysis using daily NCEP/NCAR reanalysis data of the 

mid-tropospheric geopotential height at 500 hPa (Z500) and Sea Level Pressure (SLP) 

revealed a distinct atmospheric pattern (Kalnay et al., 1996; Kistler et al., 2001). Strong 

negative anomalies of Z500 and SLP over western Europe and the western Mediterranean 

favored the advection of anomalous humid south-westerlies and convective precipitation over 

the western Alps (Kalnay et al., 1996; Kistler et al., 2001). Consistently, the weather station 

Sils Maria (Engadine, Switzerland) recorded from 32 to 91 mm of precipitation on these dates 

(MeteoSchweiz, 2010). Therefore, the frequency and thickness of turbidites should be a 

reliable proxy for the frequency and magnitude of palaeofloods, extreme summer-autumn 

precipitation and the associated synoptic-scale meteorological situation.  

Regional glacier length and activity (i.e. advances and retreats) can be reconstructed 

from the low-frequency variability of mass accumulation rates (MAR) in the sediments of 

Lake Silvaplana. Leemann and Niessen (1994) found similarities between the low-frequency 

variability of MAR from Lake Silvaplana and advances and retreats of the Unterer 

Grindelwaldgletscher (Switzerland). Ohlendorf et al. (1997) found agreement between retreats 

of the Vadret da Morteratsch and the Vadret da Roseg (glaciers in the Upper Engadine, 

Switzerland) and low-frequency variability of MAR from Lake Silvaplana between AD 1864 

and AD 1994. Following a similar logic, Blass et al. (2007) matched peaks of long-term MAR 

from Lake Silvaplana to fluctuations in the Unterer Grindelwaldgletscher (ca. AD 1570 - AD 

1983) and the Vadret da Morteratsch (AD 1890 - AD 1990). Recently, Nussbaumer et al. 

(accepted) found consistencies between the square-root of low-frequency MAR (MARLP
1/2) 
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from Lake Silvaplana and the frontal position of the Unterer Grindelwaldgletscher, the Mer de 

Glace (France) and Vadret da Tschierva (Switzerland) from AD 1500 - AD 2000, and the 

Grosser Aletschgletscher (Switzerland) and the Gornergletscher (Switzerland) from AD 1177 

- AD 2000. Because low-frequency MAR is related to glacier lengths in the Swiss Alps and 

glacier lengths are mainly driven by long-term changes in climate (e.g. Steiner et al., 2005), 

MARLP
1/2 provides an approximation of cool/wet climates (positive anomalies of MARLP

1/2), 

warm/dry climates (negative anomalies of MARLP
1/2), the transition from cool/wet to 

warm/dry climates (negative linear trends of MARLP
1/2) and the transition from warm/dry to 

cool/wet climates (positive linear trends of MARLP
1/2). 

Finally, biogenic silica (bSi) flux and chironomids in the sediments of Lake Silvaplana 

successfully reconstructed June-July-August (JJA) temperatures from AD 1177 to AD 1950 

(including the local expression of the late Medieval Climate Anomaly and the Little Ice Age; 

Trachsel et al., 2010) and from ca. 570 BC - AD 120 (including the local expression of the 

Iron Age and Roman Period; Stewart et al., accepted; Chapter 4).  

Lake Silvaplana is an ideal archive to study palaeofloods because it has annually 

laminated (i.e. varved) sediments for the last 3300 years except for episodic turbidites 

(Leemann and Niessen, 1994). This provides an approximately annual chronology. 

Furthermore, the relationship between Lake Silvaplana sediments from the last millennium, 

floods, glacier activity, and summer temperatures is understood through previous studies (e.g. 

Leemann and Niessen, 1994; Ohlendorf, 1999; Blass et al., 2006; Trachsel et al., 2008). The 

time window ca. 1450 BC to AD 420 was chosen because in Central Europe it contains 

greater inter-annual JJA temperature variability than the last millennium (Stewart et al., 

accepted; Chapter 4). Therefore, it can provide information about the floods under a broad 

range of natural climate variability (e.g. including multiple analogues for a warmer 21st 

century).  

In this paper, the following questions are investigated: (1.) What was the influence of 

long-term climate (i.e. cool/wet phases, warm/dry phases, cool/wet to warm/dry transitions 

and warm/dry to cool/wet transitions) on turbidite frequency and thickness in the sediments of 

Lake Silvaplana between ca. 1450 BC and AD 420? (2.) What was the influence of JJA 

temperatures on turbidite frequency and thickness in the sediments of Lake Silvaplana 

between ca. 570 BC and AD 120 (i.e. the years for which quantitative reconstructed JJA 

temperatures are available; Stewart et al., accepted; Chapter 4)? (3.) During windows with a 

trend and mean JJA temperature exceeding AD 1950 - AD 2000 (i.e. analogues for the 



83 

warmer 21st century), is turbidite frequency and thickness enhanced in the sediments of Lake 

Silvaplana? 

 

c.   Study site 

Lake Silvaplana (1791 m a.s.l., between 46º 24’ N, 9º 42’ E and 46º 30’ N, 9º 52’ E) is 

located in the Upper Engadine valley of eastern Switzerland between Lakes Sils and 

Champfèr. Lake Silvaplana has a surface area of 2.7 km2, a volume of 127×106 m3 and a 

mean depth of 47 m (Figure 5.1; LIMNEX, 1994). Turnover occurs in May and November, 

stratification lasts from June to October and inverse thermal stratification (below ice cover) 

persists from January to May (LIMNEX, 1994; Ohlendorf, 1999).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 The Lake Silvaplana catchment including major fluvial systems, glacier cover and 

mean temperature and precipitation (Sils Maria; AD 1961 - AD 1990) (Mappad, 1996; Blass, 

2006; MeteoSchweiz, 2010).  

 

The catchment (175 km2) is underlain by three major tectonic nappes: the Lower 

Austroalpine Margna, the Upper Penninic Platta and the Lower Austroalpine Bernina 
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consisting of granite, gneiss and carbonate (AdS, 2004; Blass, 2006). As of 1999, 5% of the 

catchment was glacier-covered (Kääb et al., 2002; Paul et al., 2002; Paul, 2007).  

Lake Silvaplana is connected to the catchment by the Inn River, the Fedacla River, the 

Valhun and the Surlej Rivers (Blass, 2006). Inflowing water has an average residence time of 

eight months (LIMNEX, 1994).  

A continental winter-dry climate dominates the region (MeteoSchweiz, 2010). In 

winter, temperature inversions favor the accumulation of cool and dry air in the Engadine 

valley, resulting in January to May ice-cover on the lake (Ohlendorf, 1999; MeteoSchweiz, 

2010). Southerly moist air from over the Maloja Pass results in humid summers (Ohlendorf, 

1999; MeteoSchweiz, 2010).  

This climate favors larch (Larix decidua) and stone pine (Pinus cembra) vegetation in 

the catchment. Current tree-line (the elevation supporting trees >5 m tall) lies at 2410 m a.s.l. 

(Gobet et al., 2003). This region has sustained sporadic human settlements since the 

Mesolithic (e.g. artifacts from Valle Mesolcina date to 4850 BC). During the Bronze Age, 

copper prospecting expanded settlements near the Upper Engadine (e.g. Oberhalbstein). By 

the Iron and Roman Age, active trading across Alpine passes brought settlements to the 

Lower Engadine (Gobet et al., 2003).     

 

d.   Methods 

Sampling 

The lower six meters of a nine meter UWITEC piston core (winter, 2005) were investigated. 

The core was cut lengthwise and photographed (2300×1700 pixels). Half of the core was 

wrapped in polyethylene film and stored at 4°C until preparation of sediment blocks. The 

other half was flash-frozen with liquid nitrogen, covered in polyethylene film and preserved at 

-10°C until sub-sampling.  

 

Dating 

A turbidite with an erosive basal surface at 3 m depth (ca. AD 1177) prevented continuation 

of the varve chronology established for AD 1177 - AD 2000 (Trachsel et al., 2010; Stewart et 

al., accepted; Chapter 4). Therefore, three series of varve counts on polished sediment blocks 

were used to develop a floating varve chronology. For details regarding the construction of 

the polished sediment blocks the reader is directed to Stewart et al. (accepted; Chapter 4). 

The three series of varve counts were combined with calibrated AMS radiocarbon 

dates (Poznań Radiocarbon Laboratory, Poland). Four radiocarbon dates from the (mostly 
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aquatic) organic carbon in bulk sediments (the upper sediment core; M. Trachsel, unpublished 

data) were subject to reservoir effects and consistently provided excessively old ages (i.e. ca. 

7000 BC - 4000 BC; inset, Figure 5.3). This is likely related to carbonate bedrock in the 

catchment (Ohlendorf, 1999). Therefore, for this study, six radiocarbon dates were derived 

from terrestrial macrofossils. Turbidites were the only location where terrestrial macrofossils 

could be found and these materials could be reworked. Therefore, the radiocarbon dates from 

the terrestrial macrofossils are interpreted as maximum ages. To estimate the degree of 

reworking, the difference in calibrated radiocarbon dates and in varve counts from 

consecutive terrestrial macrofossils was evaluated. 

Following calibration of the radiocarbon dates in Intcal04.14 (Reimer et al., 2004), the 

three varve chronologies were fit through a turbidite at ~4.4 m depth. The varve chronology 

which minimized the difference between varve counts and +/-2σ radiocarbon years is the final 

chronology. Therefore, all ages presented here are calculated from an annually resolved 

floating varve chronology anchored by calibrated radiocarbon dates (BC and AD). For more 

details, the reader is directed to Stewart et al. (accepted; Chapter 4). 

 

Sedimentological analyses 

Mass accumulation rates (MAR) were calculated from varve thickness, dry sediment density 

and porosity. The thickness of laminations was measured on the high-resolution (1200 dpi) 

scans of the polished sediment blocks with ImageJ software (Abramoff et al., 2004). 

Laminations exceeding 2σ of average varve thickness and/or having coarser grain sizes than 

surrounding sediments were interpreted as possible turbidites and excluded from MAR and 

varve counts.  

 

Statistical analyses 

Glacier length was reconstructed from the square-root of 100 year Loess low-pass filtered 

MAR (MARLP
1/2; Nussbaumer et al., accepted). The low-pass filter was set to a 100 year span 

to account for the time it takes larger glaciers in the Swiss Alps (e.g. the Grosser 

Aletschgletscher) to respond to long-term climate changes (i.e. temperature and/or 

precipitation). The square-root enabled comparison of glacier length changes to MAR (for 

additional detail consult Nussbaumer et al., accepted). Centennial anomalies (the difference 

between the 100 year average MARLP
1/2 and the record average) were used to estimate glacier 

high and low stands and therefore cool/wet and warm/dry climates, respectively. Centennial 

linear trends of MARLP
1/2 provided a record of glacier advances and retreats. These were used 
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to infer transitions between warm/dry and cool/wet climates or between cool/wet and 

warm/dry climates, respectively. 

 Centennial MARLP
1/2 anomalies and linear trends were compared to centennial 

turbidite frequencies and thicknesses. The records were ranked in descending order according 

to the MARLP
1/2 values (either anomalies or linear trends) and smoothed with a 100 year 

moving average. A Pearson correlation coefficient (rPearson) and p value (corrected for 

autocorrelation; pcorr; Trenberth, 1984) was calculated to estimate the influence of long-term 

climate change (i.e. cool/wet or warm/dry phases, the transition from cool/wet to warm/dry 

phases and the transition from warm/dry to cool/wet phases) on turbidite frequency and 

thickness. These results were plotted and a linear regression tested whether the slope of the 

results were significantly different from zero.  

June-July-August (JJA) temperatures from ca. 570 BC - AD 120 (quantitatively 

reconstructed from biogenic silica flux and chironomids; Stewart et al., accepted; Chapter 4) 

were used to compare centennial turbidite frequency and thickness to mean summer 

temperature. The data were ranked in descending order according to the centennial average 

JJA temperatures and smoothed with 100 year moving average. A Pearson correlation 

coefficient (rPearson) and pcorr were calculated to estimate the JJA temperature influence on 

turbidite frequency and thickness. These results were plotted and a linear regression tested 

whether the slope of the results were significantly different from zero.  

To identify analogues for the warmer 21st century between ca. 1450 BC and AD 420, 

50 year windows with warming trends and averages exceeding the AD 1950 - AD 2000 

values were identified. The frequency and thickness of turbidites during these 50 year 

windows was compared to ca. 1450 BC - AD 420 averages. 

 Additional statistical methods include changepoint analysis (constrained hierarchical 

clustering; Juggins, 2009; R Development Core Team, 2009), cross-correlation analysis and 

calculation of average and standard deviation.  

 

e.   Results and Discussion 

Lithology 

Sediments throughout the section of interest consisted of a light-colored silt basal layer 

(summer) capped by a dark clay layer (winter). Couplets (average thickness: 1.4 mm) were 

consistent with the varve descriptions of Ohlendorf et al. (1997) and Blass et al. (2007). 

Varves were interrupted by 85 (average thickness: 8 mm) detrital-enriched and sandy 

deposits. In some cases, these were sufficiently thick that an inversely graded lower layer and 
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a normally graded upper layer were apparent. In other cases, these turbidites contained cross-

laminations indicating a decreasing sediment load during waning of a flood (e.g. Mulder and 

Alexander, 2001). These 85 deposits were interpreted to be flood-induced turbidites 

(‘inundites’; Figure 5.2).   

 

 

 

 

 

 

 

 

 

 

Figure 5.2 A high-resolution scan of a polished sediment block (approx. 5.77 m sediment 

depth) with a turbidite across the center. The base of each varve can be identified by the 

layers of lighter colored sediments.  

 

Dating 

Varve counts offered a chronology with inter-annual accuracy. The maximum difference 

between the varve counts, when fixed at a turbidite around 4.4 m, was 120 years. This 

difference could be related to falsely identifying laminations and the loss of varves through 

turbidity current erosion (Lamoureux and Bradley, 1996; Ojala, 2001).  

Three calibrated radiocarbon dates (52 BC +/-71, 24 BC +/-82 and AD 16 +/-70; Table 

5.1), taken from terrestrial macrofossils in two nearby turbidites, were internally consistent 

(i.e. the difference between the number of varves and number of calibrated radiocarbon years 

between the two turbidites was equivalent). This suggested that terrestrial macrofossils within 

these two sampled turbidites were not reworked. These three calibrated radiocarbon dates 

were also in accordance with calibrated radiocarbon date 916 BC +/-85. Alternatively, 

terrestrial-macrofossil derived calibrated radiocarbon dates 3493 BC +/-128 and 1213 BC +/-

157 were anomalously old and were interpreted as reworked material (Wohlfarth et al., 1998). 

Therefore, only calibrated radiocarbon dates 916 BC +/-85, 52 BC +/-71, 24 BC +/-82 and 

AD 16 +/-70 were used in the final sediment chronology. 
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The first series of varve counts fit through the four accepted calibrated radiocarbon 

dates better than the other two series. These varve counts, combined with the four calibrated 

radiocarbon dates, suggested that the entire sediment section spanned approximately 1450 BC 

to AD 420 (+/-100) (Figure 5.3). For additional detail regarding the chronology, consult 

Stewart et al. (accepted; Chapter 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 The age-depth model including the three series of varve counts and the four 

elected calibrated AMS radiocarbon dates with error bars denoting two standard deviations. 

The inset provides the complete record of calibrated radiocarbon ages. Grey circles represent 

terrestrial macrofossil-derived radiocarbon dates whereas black crosses signify the bulk 

sediment-derived radiocarbon dates (M. Trachsel, unpublished data). 

 

Table 5.1 Calibrated AMS radiocarbon dates (Intcal04.14) from Lake Silvaplana and sample 

characteristics. Sediment depth (m) with turbidites. 
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Mass Accumulation Rate 

MAR (ca. 1450 BC to AD 420; Figure 5.4a) averaged 169 mg/cm2/yr and had a standard 

deviation of 53 mg/cm2/yr. Changepoints in MAR were found around 380 BC, AD 50 and 

AD 130.   

The MAR record was consistent with an independent MAR record also from the distal 

region of Lake Silvaplana (MARLN; Leemann and Niessen, 1994): following adjustment for a 

lag of 175 years (found through cross-correlation), there was a significant (p<0.01) correlation 

between the two records and similar changepoints. This lag was consistent with the findings 

of Leemann and Niessen (1994) that the maximum difference between calibrated radiocarbon 

dates and varve counts in the MARLN chronology was 175 years.  

As evident in Figure 5.4a, MAR was reduced between ca. 1450 BC and 900 BC with 

multi-decadal to centennial-scale oscillations. After 900 BC and until ca. 0, a millennial-scale 

increasing trend was super-imposed on these oscillations. After peaking at ~200 mg/cm2/yr at 

ca. 0, MAR decreased to 100 mg/cm2/yr where it remained until AD 100. This was followed 

by a rapid increase in MAR values. High MAR values persisted for the remainder of the 

record. 

MAR-inferred phases of cool/wet and warm/dry phases (i.e. centennial anomalies in 

MARLP
1/2) and transitions between these phases (i.e. centennial trends in MARLP

1/2) were 

consistent with records of regional climate change from central european lake levels (Magny, 

2004), the Grosser Aletschgletscher (Swiss Alps; Holzhauser et al., 2005), glaciers in the 

Grimsel region (Swiss Alps; Joerin et al., 2006), the Pasterze Glacier (Austrian Alps; 

Nicolussi and Patzelt, 2000), the Gepatschferner (Austrian Alps; Nicolussi and Patzelt, 2001), 

Oberer Landschitzsee (Austrian Alps; Schmidt et al., 2007) and Lake Le Bourget (French 

Alps; Debret et al., 2010) (Figures 5.4d-f). 

Between ca. 1450 BC and 580 BC, negative centennial anomalies in MARLP
1/2 

suggested a warm/dry climate. An increasing centennial linear trend in MARLP
1/2 from ca. 

1340 BC coincided with elevated lake levels in Central Europe (Magny, 2004). This was 

followed by a decreasing centennial linear trend in MARLP
1/2 after ca. 1250 BC which was 

consistent with a reduced length of the Grosser Aletschgletscher during the Bronze Age 

Optimum (Holzhauser et al., 2005). Another decreasing centennial linear trend in MARLP
1/2 

after ca. 1020 BC (partly overlapping with a dendroclimatology and GRIP inferred warm/dry 

phase; Tinner et al., 2003) coincided with a retreat of the Pasterze Glacier (Nicolussi and 

Patzelt, 2000), glaciers in the Grimsel region (Joerin et al., 2006) and the establishment of 

trees on the forefield of Gepatschferner (Nicolussi and Patzelt, 2001). 
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An increasing centennial linear trend in MARLP
1/2 after ca. 880 BC concurred with the 

flooding of lake-shore farmlands (Rychner et al., 1998; Tinner et al., 2003), higher lake levels 

in Central Europe (Magny, 2004), cool spring temperatures at Oberer Landschitzsee (Schmidt 

et al., 2007) and the Göschener cold phase I (approximately 1050 BC - 350 BC; Furrer, 2001). 

There were also two advances of the Grosser Aletschgletscher (Holzhauser et al., 2005). 

Around 750 BC, a warming climate brought renewed farming north and south of the 

Alps and the transition from the Protogolasecca to Golasecca cultures (Tinner et al., 2003). 

Slightly warmer spring temperatures were also reconstructed from chrysophyte stomatocysts 

at Oberer Landschitzsee (Schmidt et al., 2007). This was reflected in negative MARLP
1/2 

anomalies (ca. 750 BC - 666 BC). 

Positive centennial anomalies of MARLP
1/2 around 580 BC to 400 BC coincided with 

elevated lake levels in Central Europe (Magny, 2004) and an extended Grosser 

Aletschgletscher (Holzhauser et al., 2005).  

An increasing centennial linear trend in MARLP
1/2 from ca. 400 BC to 266 BC may be 

associated with the disappearance of farming locations in north and south of the Alps and in 

the Upper Engadine (Gobet et al., 2003). This was followed by brief decreasing centennial 

linear trend in MARLP
1/2 (ca. 265 BC - 166 BC) which coincided with a shift from the 

Golasecca to La Tène cultures (Tinner et al., 2003), a continued retreat of the Grosser 

Aletschgletscher (Holzhauser et al., 2005), reduced central european lake levels (Magny, 

2004) and slightly warmer spring temperatures recorded by chrysophyte stomatocysts in 

Oberer Landschitzsee (Schmidt et al., 2007).  

A shift to cooler conditions after ca. 210 BC was reflected in positive MARLP
1/2 

anomalies (until approximately AD 50) and an increasing centennial linear trend in MARLP
1/2 

from ca. 165 BC - 86 BC. This roughly coincided with an influx of glacial sediments in Lake 

Le Bourget (Debret et al., 2010). 
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Figure 5.4 (a.) mass accumulation rates (MAR) overlain by MARLP1/2, (b.) turbidite 

thicknesses and the centennial turbidite frequency, (c.) reconstructed June-July-August 

temperatures from biogenic silica (bSi) flux and chironomids (ca. 570 BC - AD 120) in the 
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sediments of Lake Silvaplana (Stewart et al., accepted; Chapter 4), (d.) the Lake Le Bourget 

magnetic susceptibility record (Debret et al., 2010), (e.) the Grosser Aletschgletscher 

extension curve (Holzhauser et al., 2005), (f.) lake level fluctuations in Central Europe 

(Magny, 2004). Cultures on the Alps and associated Epochs are presented alongside the 

aforementioned figures (Tinner et al., 2003).    

 

Decreasing and increasing centennial linear trends in MARLP
1/2 occurred at ca. 85 BC 

to 31 BC and ca. 30 BC to AD 44, respectively. However, positive MARLP
1/2 anomalies 

persisted. Alternatively, negative MARLP
1/2 anomalies were associated with a glacier retreat 

from ca. AD 45 - AD 135 which was probably related to the Iron-Roman Age Optimum. 

Agriculture intensified north and south of the Alps and in the Upper and Lower Engadine, and 

roads were constructed over open passes (Gobet et al., 2003; Tinner et al., 2003). 

Furthermore, chrysophyte stomatocysts in Oberer Landschitzsee recorded positive spring 

temperature anomalies (Schmidt et al., 2007), the Grosser Aletschgletscher reached a 

minimum extent (Holzhauser et al., 2005), the Pasterze Glacier retreated (Nicolussi and 

Patzelt, 2000), there were two retreats of glaciers in the Grimsel region and a retreat of 

glaciers in the Bernina region (Joerin et al., 2006), and trees were established on the forefield 

of Gepatschferner (Nicolussi and Patzelt, 2001). 

Around AD 136 to AD 335, increasing centennial linear trends in MARLP
1/2 occurred. 

At ca. AD 310, the maximum positive MARLP
1/2 anomaly from ca. 1450 BC - AD 420 was 

achieved. This roughly coincided with an advance of the Grosser Aletschgletscher 

(Holzhauser et al., 2005), a rise in lake levels in Central Europe (Magny, 2004) and increased 

glacial sediments in Lake Le Bourget (Debret et al., 2010).  

 

Turbidite Thickness and Frequency 

Turbidites (ca. 1450 BC to AD 420; Figure 5.4b) had an average thickness of 8 mm and a 

standard deviation of 9 mm.  

 The centennial frequency and thickness of turbidites was reduced for the first four 

hundred years of record (≤ ~0.04 per year and ≤ ~0.4 mm per year, respectively; ca. 1450 BC 

- 1050 BC; Figure 5.4b). Both the centennial frequency and thickness was slightly elevated 

from ca. 1050 BC to 900 BC but returned to pre-1050 BC values from ca. 900 BC to 340 BC.  

Around 340 BC, turbidite frequencies up to 0.05 per year were reached. From approximately 

95 BC to 65 BC, centennial turbidite frequencies were 0.1 per year. Concurrently, centennial 

turbidite thickness reached ~0.9 mm per year. Between ca. 65 BC and ca. 0, centennial 
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turbidite frequency decreased but centennial turbidite thickness exceeded 1 mm per year. Both 

centennial turbidite frequencies and thicknesses were slightly reduced from ca. 0 to AD 150. 

After AD 150, both values rose and reached the record (ca. 1450 BC - AD 420) maximum at 

ca. AD 330.  

 

The influence of long-term climate (i.e. cool/wet phases, warm/dry phases, cool/wet to 

warm/dry transitions and warm/dry to cool/wet transitions) on turbidite frequency and 

thickness in the sediments of Lake Silvaplana between ca. 1450 BC and AD 420 

In Figures 5.5a and b, MAR-inferred phases of cool/wet and warm/dry phases were compared 

to centennial turbidite frequency and centennial turbidite thickness. In Figures 5.5c and d, 

MAR-inferred transitions between cool/wet and warm/dry or between warm/dry and cool/wet 

phases were compared to centennial turbidite frequency and centennial turbidite thickness.  

A significant positive correlation was found between MARLP
1/2 anomalies and 

turbidite frequency (rPearson 0.86 and pcorr 0.01) with a positive slope of the linear regression 

significantly different from zero. Negative MARLP
1/2 anomalies coincided with turbidite 

frequencies around 0.02 turbidites per year. During positive MARLP
1/2 anomalies, turbidite 

frequencies increased almost linearly up to ca. 0.12 turbidites per year.  

A significant positive correlation was also found between MARLP
1/2 anomalies and 

turbidite thickness (rPearson 0.85 and pcorr<0.01). The slope of the linear regression was positive 

and differed significantly from zero. Turbidite thicknesses were around 0.2 mm per year 

during negative MARLP
1/2 anomalies. As MARLP

1/2 anomalies became increasingly positive, 

turbidite thicknesses increased, reaching 1.2 mm/yr by 2.0 (mg/cm2/yr)1/2.  

The rate of glacier advance or retreat had no significant correlation to turbidite 

frequency. Similarly, the rate of glacier advance or retreat had no significant correlation to 

turbidite thickness.  
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Figure 5.5 (a.) centennial anomalies in the square-root of low-frequency mass accumulation 

rates (MARLP1/2) and centennial turbidite frequency, ranked according to MARLP1/2 and 100 

year smoothed (ca. 1450 BC - AD 420), (b.) centennial anomalies in MARLP1/2 and centennial 

turbidite thickness, ranked according to MARLP1/2 and 100 year smoothed (ca. 1450 BC - AD 

420), (c.) centennial linear trends in MARLP1/2 and centennial turbidite frequency, ranked 

according to MARLP1/2 and 100 year smoothed (ca. 1450 BC - AD 420), (d.) centennial linear 

trends in MARLP1/2 and centennial turbidite thickness, ranked according to MARLP1/2 and 100 

year smoothed (ca. 1450 BC - AD 420), (e.) centennial June-July-August (JJA) temperatures 

and centennial turbidite frequency, ranked according to JJA temperatures and 100 year 

smoothed (ca. 570 BC - AD 120), (f.) centennial JJA temperatures and centennial turbidite 

thickness, ranked according to JJA temperatures and 100 year smoothed (ca. 570 BC - AD 

120). 
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The influence of JJA temperatures on turbidite frequency and thickness in the sediments of 

Lake Silvaplana between ca. 570 BC and AD 120 

In Figures 5.5e and f, average centennial JJA temperatures were compared to centennial 

turbidite frequency and centennial turbidite thickness. This demonstrated a significant 

negative correlation between JJA temperatures and turbidite frequency (rPearson -0.86 and 

pcorr<0.01) with a negative slope of the linear regression that differed significantly from zero.  

The decrease in turbidite frequency with increased average centennial JJA temperature 

included several non-linearities. Turbidite frequency decreased with a warming climate until 

ca. 10.5°C. Turbidite frequency was unchanged from ca. 10.5°C to 10.9°C, and then 

decreased until 11.0°C. Above JJA temperatures of ca. 11.1°C, the turbidite frequency was 

unchanged.  

A negative relationship was also found for JJA temperatures and turbidite thickness 

(rPearson -0.9 and pcorr 0.04). The negative slope of the linear regression significantly differed 

from zero. The decrease in turbidite thickness with increased JJA temperature was also 

interrupted by several non-linearities. From ca. 10.3°C to 10.5°C, the thickness of turbidites 

decreased. Turbidite thickness was unchanged from ca. 10.5°C to 10.9°C. After ca. 10.9°C, 

turbidite thickness decreased until 11.2°C.  

The overall behavior of turbidites with changing JJA temperatures is consistent with 

the relationship between MARLP
1/2 anomalies and turbidites. This suggests that especially 

cool/wet phases during the investigated time window (ca. 1450 BC - AD 420) and phases of 

cool JJA temperatures during the window ca. 570 BC - AD 120 favored an increase in the 

frequency and magnitude of palaeofloods. However, these relationships are not linear. 

 

Turbidite frequency and thickness in the sediments of Lake Silvaplana during windows with a 

trend and mean JJA temperature exceeding AD 1950 - AD 2000 (i.e. analogues for the 

warmer 21st century) 

The relationship between turbidites and mean JJA temperatures was further investigated using 

130 analogues (50 year windows) for a warmer 21st century in the Alps. These 50 year 

windows had an increasing trend and mean JJA temperature exceeding the Sils Maria AD 

1950 - AD 2000 reference period (Sils Maria AD 1950 - AD 2000 JJA temperature 

trend=0.02°C/yr, p=0.02; average=9.8°C; MeteoSchweiz, 2010). Among these 130 windows, 

only 31 (24%) had a turbidite thickness and 35 (27%) had a turbidite frequency exceeding the 

ca. 1450 BC - AD 420 50 year averages (0.38 mm and 0.05 per year, respectively). Therefore, 
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the frequency and thickness of turbidites (i.e. the frequency and magnitude of palaeofloods) 

was not enhanced during warmer periods of ca. 570 BC - AD 120.  

Finally, thicker and more frequent turbidites occurred in Lake Silvaplana during the 

20th century (Sils Maria AD 1900 - AD 2000 JJA temperature average=9.7°C; Turbidite 

frequency=0.93 mm, Turbidite Thickness=0.2 per year) (Blass, 2006; MeteoSchweiz, 2010) 

than during the warmer ca. 570 BC - AD 120 (JJA temperature average=10.9°C; Stewart et 

al., accepted; Chapter 4). However, turbidite formation may have been influenced by 

hydrological engineering in the catchment in the 19th century (Gobet et al., 2003). 

 

f.   Conclusion 

Future climate scenarios project an increase in the frequency and severity of summer-autumn 

floods in Central Europe in a warmer climate. However, model projections and flood records 

(i.e. historical and instrumental) of the recent past have yet to reach a consensus (e.g. 

Christensen and Christensen, 2003; Mudelsee et al., 2003). 

Insight into the relationship between floods and climate, under a wide range of climate 

variability in Central Europe from ca. 1450 BC to AD 420, can be found in the sediments of 

Lake Silvaplana (Upper Engadine, Switzerland). The frequency and magnitude of local 

palaeofloods can be reconstructed from turbidite frequency and thickness, respectively. Long-

term cool/wet and warm/dry climate phases can be reconstructed from anomalies in low-

frequency mass accumulation rates (MAR). This is because low-frequency MAR reflects 

glacier lengths in the Swiss Alps and glacier lengths are a response to long-term climate 

conditions (e.g. Steiner et al., 2005). Transitions between cool/wet and warm/dry climate 

phases can be inferred from centennial trends in low-frequency MAR. Furthermore, 

quantitative absolute June-July-August (JJA) temperatures reconstructed from biogenic silica 

(bSi) flux and chironomids in the sediments of Lake Silvaplana are available from ca. 570 BC 

to AD 120 (Stewart et al., accepted; Chapter 4). 

Comparison of turbidite frequency and thickness to MAR-inferred climate phases (ca. 

1450 BC - AD 420) and JJA temperatures (ca. 570 BC - AD 120) suggests an increase in the 

frequency and magnitude of palaeofloods during cool/wet climates and windows of cooler 

JJA temperatures. Specifically, the frequency and thickness of turbidites were reduced during 

warm/dry climates of ca. 1450 BC to AD 420. Following the transition to cool/wet climates, 

the frequency and thickness of turbidites increased. However, no discernable relationship 

between the rate of transition from warm/dry to cool/wet climate and turbidite frequency or 

thickness could be found.  
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Increasing JJA temperatures from ca. 570 BC - AD 120 were matched by a decrease in 

the frequency and thickness of turbidites. However, the decrease was not linear. Finally, 

among 130 analogues (50 year windows) for warmer 21st century summers in the Alps, the 

average turbidite frequency and thickness was less than the ca. 1450 BC - AD 420 averages. 

The findings of this study suggest that the frequency and magnitude of extreme 

summer-autumn precipitation events (i.e. flood events) and the associated atmospheric pattern 

in the eastern Swiss Alps was not enhanced during warmer (or drier) periods of ca. 1450 BC - 

AD 420. Therefore, evidence could not be found that summer-autumn floods would increase 

in the eastern Swiss Alps in a warmer climate of the 21st century. However, these findings 

need to be confirmed by independent (e.g. palaeoflood and modelling) studies. 
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6.  The potential of sediments from Lake Seeberg (Bernese Oberland, 
Switzerland) as an archive of past climate 
 
Stewart, M., Grosjean, M., von Gunten, L., Kuglitsch, F.G., Larocque-Tobler, I., Kamenik, C. 
Journal of Paleolimnology, in preparation  
 

a.   Abstract 

Long-term records of past climate are needed to contextualize recent climate change and to 

understand natural climate variability. However, instrumental records of past climate in 

Central Europe and the Swiss Alps rarely exceed the past 150 years. Fortunately, climate 

proxies can provide quantitative, high-resolution (up-to-annual) and long-duration (multi-

millennial) reconstructions of past climate variability. Here, we evaluate the potential of 

recent sediments from Lake Seeberg (Bernese Oberland, Switzerland) as an archive of past 

climate. Up-to-annual measurements (ca. AD 1878 - AD 2005) were made of sedimentation 

rates, mass accumulation rates (MAR), biogenic silica (bSi), median grain size (D50), loss-on-

ignition (LOI) and scanning reflectance spectroscopy to assess their potential as climate 

proxies. Anomalous reflectance results were attributed to high water contents in the sediments 

and were not further explored as a climate proxy. We estimated the percent of autochthonous 

sediments (%AUTO) from the results of loss-on-ignition (%LOI550 as %Corg, %LOI950 as 

%CaCO3) and biogenic silica concentration (%bSi as %bSiO2). We estimated the percent of 

allochthonous sediments (%ALLO) from 100% - %AUTO, plus %CaCO3. %CaCO3 was 

included in both %AUTO and %ALLO because its origins in Lake Seeberg can be both 

autochthonous or allochthonous. 

A steep increasing (long-term) trend after AD 1960 was found in sedimentary 

variables indicative of autochthonous productivity. A similar trend in warm-season (May-

June-July-August-September; MJJAS) temperatures was found at nearby meteo-station 

Château-d’Oex. Consequently, we explored %AUTO as a proxy for MJJAS temperatures. 

With three year smoothing, an MJJAS and %AUTO regression model resulted in a root mean 

squared error of prediction (RMSEP) of 0.51°C, a reduction of error of 0.62 and a positive 

coefficient of efficiency of 0.03 (split-period approach). With the entire calibration period 

(rPearson=0.76, pcorr<0.01), the ten-fold cross-validated RMSEP decreased to 0.45°C. 

These findings suggest that changes in autochthonous productivity in Lake Seeberg 

may be a reflection of warm season temperatures with the potential for reconstructing past 

MJJAS temperatures. However, the possible influence of eutrophication on %AUTO should 

be further investigated. 
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b.   Introduction 

Recent warming in Central Europe and the Alps (e.g. AD 1950 - AD 2000) has raised 

concerns about the response of the climate system to natural and anthropogenic forcings. For 

example, regional climate models project that Central Europe will be a ‘hotspot’ of increased 

inter-annual summer temperature variability and extremes under a generally warmer climate 

(Schär et al., 2004; Scherrer et al., 2006; Seneviratne et al., 2006; Parey et al., 2010). Other 

regional climate models suggest that continued climate warming will bring a higher frequency 

and magnitude of extreme precipitation and floods to Central Europe (Frei and Schär, 2001; 

Christensen and Christensen, 2003). However, many of these regional climate model 

projections have never been explored on long-term climate data because most meteo-stations 

in Central Europe have only been active for the past ca. 150 years (e.g. MeteoSchweiz, 2010).  

Fortunately, long-term changes in the composition of lake sediments can provide 

quantitative, highly temporally resolved (up-to-annual) and long-duration (multi-millennial) 

reconstructions of natural climate variability in the past. This depends on an accurate 

sediment chronology, a recognized climate signal in the sediments, a long local homogenized 

instrumental record (e.g. Kuglitsch et al., 2009), and the appropriate choice of statistical 

calibration model (e.g. Esper et al., 2005; Trachsel et al., 2010a).  

 In high-altitude lakes which are not limited by nutrient availability or affected by 

extensive land-use (e.g. eutrophication; Blass et al., 2007b), elevated growing season 

temperatures have been shown to enhance primary productivity. This may be attributed to an 

extension of the growing season for photoautotrophs such as diatoms and chrysophytes 

(Smol, 1988; Battarbee, 2000; McKay et al., 2008).  

Consequently, sedimentary indicators of primary productivity such as biogenic silica 

(bSi; a quantification of total diatom and chrysophyte abundance) have been used to 

reconstruct past temperatures. For example, bSi in the varved sediments of Lake Silvaplana, 

Switzerland, was used to reconstruct June-July-August (JJA) temperatures from AD 1177 - 

AD 1950 (Trachsel et al., 2010a) and from ca. 570 BC - AD 120 (Stewart et al., accepted; 

Chapter 4). In the sediments of Hallet Lake, Alaska, bSi was used to quantify JJA 

temperatures of the last two millennia (McKay et al., 2008).  

 The amount of chloropigments in organic-rich lake sediments may also be indicative 

of primary productivity (e.g. von Gunten et al., 2009). These pigments are related to 

photoautotroph abundance and can be measured rapidly and non-invasively with reflectance 

spectroscopy. For instance, Rein and Sirocko (2002) ascribed reflectance minima at 410 nm, 

460 nm, 510 nm, 600-610 nm and 660-670 nm to diagenetic derivatives of chlorophyll. 
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Reflectance spectra from productive Lac La Biche (Alberta, Canada) revealed a reflectance 

trough centered at 675 nm in accordance with high-pressure liquid chromatography (HPLC) 

concentrations of chlorophyll-a and isomers (Wolfe et al., 2006). More recently, von Gunten 

et al. (2009) used the relative absorption band depth at 660-670 nm as an estimate of total 

sedimentary chlorin and the ratio of 660 nm to 670 nm as an indicator of pigment diagenesis 

in the highly organic sediments of Laguna Aculeo (Chile). Both of these variables had robust 

correlations to austral summer temperatures (December-January-February) (von Gunten et al., 

2009).  

 Sediments from Lake Seeberg (Bernese Oberland, Switzerland) have vast potential as 

a climate archive. This is because Lake Seeberg sediments are biogenically varved (i.e. 

laminated with 2 diatom blooms per year) for the last ca. 2600 years except for the upper ca. 

15 cm (Hausmann et al., 2002). Furthermore, the composition of Lake Seeberg sediments has 

been shown to be sensitive to both land-use and climate (van der Knaap et al., 2000; 

Hausmann et al., 2002; Larocque-Tobler et al., accepted).  

Using calibration (i.e. instrumental) period sediments from Lake Seeberg, we 

investigate: (1.) How have recent sediments in Lake Seeberg changed? (2.) Can changes in 

sediments (i.e. in sedimentation rates, MAR, bSi, D50, LOI, %AUTO and %ALLO) 

coinciding with the instrumental period (AD 1901 - AD 2005) be attributed to climate 

(temperature or precipitation) and be used to develop a calibration-in-time in order to 

reconstruct past climate?  

 

c.   Study site 

Karstic Lake Seeberg (also known as Seebergsee; Bernese Oberland, Switzerland) contains 

two basins (9 m and 15.5 m) and has a maximum volume of ca. 4.4×10-4 km3. The catchment 

(0.23 km2; Figure 6.1) is covered by rocks, screes and bare ground (Guthruf et al., 1999). 

Soils along the eastern and southern shores are composed of quartz, clays, plagioclase and K-

feldspar, and limestone. South-west of the lake, the land rises steeply. South-east of the lake, 

the outlet disappears in a doline. 

Lake Seeberg is dimictic (mixings in June and November) and diatom blooms follow 

each mixis (Hausmann et al., 2002). Thermal stratification exists between mid-June and late 

October and inverse thermal stratification is found under the ice cover from December to May 

(Figure 6.2).  
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Figure 6.1 The Lake Seeberg catchment (modified from Hausmann et al., 2002; Google 

Earth, 2010; left), the location of Lake Seeberg in Switzerland (Mappad, 1996; upper right) 

and Château-d’Oex monthly temperature and precipitation means from AD 1961 to AD 1990 

(MeteoSchweiz, 2010; lower right). 
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Figure 6.2 The thermal regime of Lake Seeberg from thermistors located 12.5 m, 8.5 m, 6.5 

m, 3.5 m and 1 m below the water surface 

 

Tree-line (the elevation supporting trees >5 m tall) is located at the lake. Vegetation 

consists of Alpine meadows with Norwegian spruce (Picea abies), green alder (Alnus viridis) 

and stone pine (Pinus cembra). Intensified land-use in the catchment from ca. AD 1350 to AD 

1670 caused a hypertrophy of the lake (Hausmann et al., 2002). Currently, 14% of the 

catchment is used for cattle grazing (Guthruf et al., 1999).  

The water chemistry of Lake Seeberg is seasonally and annually variable (Figure 6.3). 

In July 2008, profiles of conductivity, pH, total cation hardness and total anion hardness were 

approximately uniform with depth. Alternatively, in July 2009, a chemocline was observed 

around 7-8 meters below the lake surface. In August 2009, the chemocline reached depths of 

11 meters, but reappeared at 7-8 meters below the lake surface in October. Sediment trap data 

can be found in Appendix D. 

Blue-green algae are found in the lake during the summer and purple sulphur-reducing 

bacteria are present in the deep and anoxic regions of the lake (Hausmann et al., 2002 and 

personal observation).  

The climate of the region is high-altitude temperate (Peel et al., 2007). At nearby 

meteo-station Château-d’Oex (958 m a.s.l.), January temperatures averaged -2.7°C (reference 

period=AD 1961 - AD 1990; MeteoSchweiz, 2010). During the same reference period, July 

temperatures at Château-d’Oex averaged 15°C and maximum precipitation occurred in June 

(MeteoSchweiz, 2010).  
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Figure 6.3 Water chemistry measurements (Conductivity, pH, Total Cation Hardness and 

Total Anion Hardness) from Lake Seeberg taken in 7/2008, 10/2008, 7/2009, 8/2009 and 

10/2009. 
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d.   Methods 

Coring 

A three meter Niederreiter freeze core was recovered from the deepest basin of Lake Seeberg 

in the winter of 2005. During the same field campaign, a supplementary UWITEC gravity 

core (ca. 1.5 m) was taken from this basin. All analyses except for spectrophotometry were 

conducted on the freeze core.  

The freeze core was transported to the laboratory where it was photographed with a 

Nikon D80 digital camera (2300×1700 pixels; Appendix A). The core was wrapped in 

polyethylene film and stored at -10°C until sub-sampling. For this study, a focus is placed on 

recent sediments (i.e. sediments coinciding with the age-depth model; ca. AD 1878 - AD 

2005; ca. 0-25 cm) and the Château-d’Oex instrumental period (AD 1901 - AD 2005). 

 

Chronology  

Varves were counted on resin-embedded blocks and thin sections from the upper 25 cm of the 

Lake Seeberg freeze core. Slabs of frozen sediment (20×2×1 cm) were created with a bone 

saw. The slabs were lypophilized, placed in aluminum trays and submerged in an epoxy resin 

composed of NSA, ERL, DER and DMAE (Lamoureux, 1994; Lotter and Lemcke, 1999). 

The resin was set overnight at 70°C and the slabs were cut into polished blocks and 30 µm 

thin sections at GEOPREP (University of Basel, Switzerland). The polished blocks and thin 

sections were scanned at 1200 dpi and viewed in ImageJ software (Abramoff et al., 2004).  

As found by Hausmann et al. (2002), varves (i.e. couplets composed of dark organic 

and light carbonate laminations with ca. 2 diatom blooms per year) were only apparent below 

ca. 15 cm in the sediment core. Therefore, we used radionuclides and spheroidal 

carbonaceous particles (SCPs) to establish a chronology for the upper 25 cm of sediments. 

EAWAG (Dubendorf) provided 210Pb (at 46.5 keV) and 137Cs (at 662 keV) values for 

twenty-five consecutive sediment samples (0-25 cm depth; 6 cm3 each). 210Pb forms when 
238U decays into 226Ra and then into 222Rn. 226Ra and 210Pbtotal are in disequilibrium because 

during the decay of 226Ra in soil some of the gaseous isotope 222Rn diffuses into the 

atmosphere. Alternatively, the 210Pb which forms from the decay of 226Ra in soil is in 

equilibrium with 226Ra (=210Pbsupported). 210Pbunsupported (i.e. the 210Pb which forms in the 

atmosphere) is returned to the land, lakes and oceans through wet or dry deposition from the 

atmosphere (Appleby, 1997 and 2002). Most relevant for 210Pb dating is the amount of 
210Pbunsupported. This is found by subtracting 226Ra from 210Pbtotal at each level (Appleby, 1997 
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and 2002). 137Cs indicates thermo-nuclear tests (starting at ca. 1954 and peaking at ca. 1963) 

and the Chernobyl accident in AD 1986 (Appleby, 1997 and 2002). 

Spheroidal Carbonaceous Particles (SCPs) indicate fossil fuel combustion which 

reached an apex in the Swiss Alps around AD 1977 (Lotter et al., 2002). SCPs were counted 

on thirty-two consecutive sediment samples (0-29.5 cm) prepared according to the method 

used in Grob (2008). Organic matter was removed with hydrogen peroxide (32%) and 

carbonates and iron oxides were eliminated with hydrochloric acid (10%). SCPs were 

distinguished under magnification by shape (spheroidal), color (black), porosity, size (ca. 5-

10 µm) and fragility (Rose, 2001; Grob, 2008). SCP counts were converted to SCPs per gram 

of dried sediment. 

The results of 210Pb measurements were put in the Constant Rate of Supply (CRS) 

model and the Sediment Isotope Tomography (SIT) model (Liu et al., 1991; Appleby, 2002; 

Carroll and Lerch, 2003). We elected the model which was most consistent with independent 

stratigraphic markers to be the final calibration period chronology [e.g. the introduction of 
137Cs (ca. AD 1954; Appleby, 1997 and 2002), the peak of 137Cs (ca. AD 1963; Appleby, 

1997 and 2002; Hausmann et al., 2002), the appearance of SCPs (ca. AD 1880 in the Swiss 

Alps; Rose, 2001) and the peak of SCPs (ca. AD 1977 +/-4 in the Swiss Alps; Lotter et al., 

2002)].  

 

Scanning Reflectance Spectroscopy and Spectrophotometry 

Scanning reflectance spectroscopy was conducted on thawed sediments from the Lake 

Seeberg freeze-core with a hand-held Gretag Macbeth Spectrolino (sensor aperture: 2.5 mm, 

spectral range: 380-730 nm, resolution: 3 nm integrated to 10 nm bands, measurements at 2 

mm intervals) (Trachsel et al., 2010b).  

First, we calibrated the Spectrolino against a white ceramic reference piece (Barium 

Sulfate; BCA) in polyethylene film (Rein and Sirocko, 2002). Then, we used a knife to 

remove oxidized sediments from the surface. The high water content of the sediments (ca. AD 

1878 - AD 2005 average=95%) made it difficult to remove the oxidized surface without 

disturbing the lower sediment. The sediment surface was wrapped in polyethylene film to 

prevent further oxidation and to protect the Spectrolino sensor (Rein and Sirocko, 2002). Air 

bubbles were gently expelled with a soft-bristle brush.  

The raw reflectance data were divided by the reflectance of the polyethylene-covered 

BCA (Rein and Sirocko, 2002). The reflectance data were assigned years based on the depths 

of the age-depth model.  
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To interpret the reflectance spectroscopy results, the average reflectance spectrum was 

plotted and overlain with the second derivative (Stephens et al., 2003). This highlighted 

changes in the slope of the spectrum including two reflectance troughs (from R590 to R640 and 

from R640 to R720) (Figure 6.4).  

We used two published algorithms to describe the trough from R640 to R720 and the 

minimum (Relative Absorption Band Depth, RABD) around 665 nm (Table 6.1). 

 

Table 6.1 Published reflectance algorithms used for the sediments of Lake Seeberg  

 

However, no published algorithms could be found which describe the trough from 

R590 to R640. Therefore, we adapted the Trough650-700 equation from Wolfe et al. (2006) (Table 

6.2). In an effort to account for changes in the water content of the sediments, the algorithm 

was divided by the average reflectance (Rmean; Balsam et al., 1998). 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Average reflectance spectrum overlain by the second derivative (left) and 

calculation of the Trough590-620 (right). 
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Table 6.2 Custom reflectance algorithms used for the sediments of Lake Seeberg 

  

In addition, we transformed the reflectance spectra of Lake Seeberg sediments into the 

L*a*b* color space. First, raw reflectance spectra were transformed into an XYZ coordinate 

system where Y indicates luminance (i.e. greyscale), and X and Z represent colors. In an 

additional step, the XYZ coordinate system was transformed into L*a*b*. Details regarding 

the calculations can be found in Nederbragt et al. (2004) and Lindbloom (2011). 

The color of sediments can indicate changes in composition (e.g. mineralogy, pore 

water content) related to the provenance or depositional environment (Andrews and Freeman, 

1996).  In the L*a*b* color space, L* values range from 0 (black) to 100 (white), indicating 

the lightness of sediments. a* reflects changes from green (negative values) to red (positive 

values). b* indicates changes from blue (negative) to yellow (positive) (Nederbragt et al., 

2004).  

Although L*a*b* has typically been applied to studies of marine (rather than lake; e.g. 

Andrews and Freeman, 1996) sediments, we assume that L*a*b* is equally sensitive to 

changes in the composition of lake sediments.   

To verify our reflectance results, we applied spectrophotometry to twelve ca. 1 cm3 

sub-samples from the Lake Seeberg gravity core (0-15 cm depth with sub-samples at 2, 4 and 

14 cm excluded). The sediments were freeze-dried and approximately 200 mg of each sample 

was placed in a 22 ml tube. Acetone was used to extract organic pigments (Routh et al., 2009) 

in a 200 Dionex Accelerated Solvent Extractor (ASE). The sediment residue was flushed with 

60% of the initial solvent volume (ca. 14 ml) and the extracts were poured into 50 ml 

volumetric flasks to achieve equal concentrations.  

A Shimadzu Spectrophotometer UV-1800 measured absorption spectra (330 nm to 

800 nm; 1 nm resolution) for the extracts. The results were opened with UVProbe software. 

This revealed an absorption pattern consistent with the average reflectance spectrum of the 

Lake Seeberg freeze core (i.e. an absorption maximum at 610 nm and an absorption 

maximum at 665 nm).  

According to Louda et al. (2002), reflectance minima (or absorption maxima) around 

610 nm and 665 nm indicate chlorophyll degradation products. Thus, changes in these 

reflectance minima could reflect variable organic contents. 
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Sub-sampling  

The remaining sediments from Lake Seeberg (i.e. those not used for the chronology or 

reflectance spectroscopy; ca. 0-25 cm) were sub-sampled at up-to-annual resolution for mass 

accumulation rates (MAR), biogenic silica (bSi), median grain size (D50) and loss-on-ignition 

(LOI).  

The frozen sediments were placed in a metal core holder lined with blocks of dry ice 

to prevent thawing during sub-sampling. Thumb-tacks were inserted into the sediments at ca. 

10 year intervals according to the age-depth model. A hand-held band saw was used to 

remove near-annual layers of frozen sediment. Half of each sub-sample was put aside for 

measurements of MAR, bSi and D50. The other half of each sub-sample was reserved for LOI. 

In some instances, these sub-samples represented small amounts of sediment (i.e. freeze-

dried, ca. 50 mg). Therefore, adjacent pairs of samples were combined prior to measuring bSi, 

D50 and LOI. These results were regularized to obtain annual values.  

 

Mass Accumulation Rate  

Mass accumulation rates were determined from sedimentation rates and porosity using a 

modified (i.e. organic carbon was not included in the calculation) version of the methods of 

Berner (1971) and Niessen et al. (1992). Sedimentation rates were approximated through 

linear interpolation between age-depth model points. Because the age-depth model consisted 

of only 17 data points, sedimentation rates (and MAR) should be interpreted cautiously. 

Porosity was determined from water content (i.e. the loss in sediment weight following 

freeze-drying), dried sediment density (ca. 2.65 g/cm3 for quartz; Blass et al., 2007a) and pore 

water density.  

 

Biogenic silica   

Biogenic silica concentrations (%bSi) were measured on ca. 100 mg of sediment per sub-

sample following the method of Ohlendorf and Sturm (2008). Organic matter was removed 

with H2O2 (30%). The sediments were cleaned with distilled water, freeze-dried and placed in 

tubes. Each tube received 10 ml of 1 M NaOH and was placed in an ultrasonic bath. Upon 

removal, the tubes were capped, shook with a mini-shaker (>2500/minute), and placed for one 

hour in an oven heated to 90°C. These last three steps were repeated three times. The tubes 

were centrifuged and, in separate tubes, 700 µl of the supernatant was combined with 70 µl of 

65% HNO3 and Milli-Q-Water. %bSi was measured on an inductively coupled plasma optical 

emission spectrometer (ICP-OES) at the Paul Scherrer Institute (Switzerland). Results were 
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corrected for lithogenic silica (Al:Si ratio 2:1) and %bSi was converted to bSi flux by 

multiplying by MAR (Blass et al., 2007a; Ohlendorf and Sturm, 2008). Because of the 

influence of sedimentation rates and MAR on the structure of bSi flux, these values should be 

interpreted prudently. %bSi was also presented as %bSiO2 (for calculation of %AUTO) using 

the relative atomic mass of Si (28) and O2 (2*16). 

 

Grain size   

Laser particle size was measured on sediments following digestion of organic matter with 

H2O2 (30%) and bSi with NaOH (1 M). Each measurement was repeated three times on a 

Malvern Mastersizer Hydro 200S at the ETH Zurich (Switzerland). Values are presented as 

the median grain size (D50). 

 

Loss-on-ignition 

Sequential loss-on-ignition was measured according to the protocols of Dean (1974) and Heiri 

et al. (2001). First, sediments were oven-dried at 105°C, homogenized with a mortar and 

pestle and placed in pre-weighed crucibles. The weight of the dried sediments (=DW105) was 

recorded. The crucibles were transferred to a furnace for one hour at 550°C. The crucibles 

were removed from the furnace, placed in a desiccator containing blue silica crystals to 

prevent uptake of moisture during cooling and then reweighed (=DW550). The crucibles were 

returned to the furnace for one hour of heating at 950°C. Again, the crucibles were removed 

from the furnace and placed in the desiccator containing blue silica crystals to cool prior to 

reweighing (=DW950).  

The percent loss of weight between DW105 and DW550, %LOI550, is composed of 

CH2O. This was multiplied by the relative atomic mass of CH2O (30) divided by the relative 

atomic mass of C (12) to find organic carbon (%Corg). The percent loss of weight between 

DW550 and DW950, %LOI950, consists of carbon dioxide (CO2) and was multiplied by the 

relative atomic mass of CaCO3 (100.088) divided by the relative atomic mass of CO2 (44.009) 

for an estimate of calcium carbonate (%CaCO3) (adapted from Heiri et al., 2001). 

 

Percent Autochthonous Sediments and Percent Allochthonous Sediments 

For an estimate of the autochthonous proportion (%AUTO) of sediments, we found the sum 

of %bSiO2, %Corg and %CaCO3. The percent of allochthonous sediment (i.e. %ALLO; e.g. 

quartz, clays, plagioclase and K-feldspar, and limestone) was estimated from 100% - 

%AUTO, plus %CaCO3. Please note that %CaCO3 was included in both variables because it 
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is presently not known whether this fraction is composed of primarily marl or detrital 

carbonates. Consequently, both %AUTO and %ALLO should be interpreted conservatively. 

 

Statistical Methods 

Results were analysed with R Statistical Software (R Development Core Team, 2009). 

Correlation coefficients (rPearson) and p values were corrected for trends and autocorrelation 

(pcorr) using the method of Trenberth (1984). The sedimentary proxy and meteorological data 

with the most promising correlation was smoothed with three, five and seven year running 

averages to determine the amount of smoothing which maximizes the correlation coefficient 

without loosing statistical significance.  

The sedimentary proxy and meteorological data were smoothed accordingly, and 

checked for autocorrelation after one year lag. Then, the two time series were divided into a 

calibration (AD 1961 – AD 2004) and a verification period (AD 1902 – AD 1960) (i.e. cross-

validation split-periods; Cook et al., 1994) separated at the start of the increasing trend in both 

temperature and proxy (AD 1960). These periods were established to test the quality of the 

ordinary least squares (OLS) regression model and the influence of the increasing trend. The 

reduction of error (RE), coefficient of efficiency (CE) and the root mean squared error of 

prediction (RMSEP) were quantified (Cook et al., 1994).  

In a next step, we used the entire calibration period to develop an OLS regression 

model which includes the complete range of calibration period climate variability. The 

reconstruction error was determined with a ten-fold cross-validation (RMSEP; Venables and 

Ripley, 2002; Peters and Hothorn, 2009; R Development Core Team, 2009; Therneau and 

Lumley, 2009; Leisch and Dimitriadou, 2010; Therneau et al., 2010). 

 

e.   Results  

Chronology 
210Pb dates from the unconstrained CRS model had large uncertainties, were inconsistent with 

the SCP peak, and were barely consistent with the 137Cs peak. Alternatively, the 

unconstrained SIT model had an almost identical shape to the constrained SIT model. 

Therefore, constraining the SIT model by the peak of 137Cs at ca. AD 1963 only reduced 

dating uncertainties. Because the constrained SIT model was consistent with two of three 

independent chronological markers (i.e. the SCP Peak and the start of 137Cs), it was elected to 

be the calibration period chronology. The chronology extended back to ca. AD 1878 with an 

average uncertainty of +/-3 years (maximum +/-6 years) (Figures 6.5a, b).  
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Figure 6.5 (a.) 210Pbtotal, 226Ra, 210Pbunsupported, 137Cs and Spheroidal Carbonaceous Particles 

(SCPs) per gram of dry sediment, (b.) two potential age-depth models for the calibration 

period with references for the chronological markers denoted with white diamonds. 
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This chronology was consistently several centimeters offset from the age-depth model in 

Hausmann et al. (2002; and personal communication). Considering that nine years have 

lapsed since the coring of Hausmann et al. (2002), this would suggest a sedimentation rate of 

0.2 cm/year (=ca. 2 cm/9 years). 

 

Scanning Reflectance Spectroscopy and Spectrophotometry 

The average reflectance spectrum of the Lake Seeberg freeze core included a trough spanning 

R590 to R640 and a trough from R640 to R720. However, these features only existed prior to AD 

1955 (Figure 6.6b). Between AD 1955 and AD 2005, the reflectance spectra had an overall 

decreasing reflectance and increasing variability for wavelengths exceeding 630 nm (Figure 

6.6a).  

Consequently, the two trough areas (and the relative absorption band depth, RABD) 

resulted in different values for sediment younger and older than AD 1955 (Figures 6.6c, d, e 

and f). Specifically, trough areas and RABD were more variable after AD 1955.  

A similar change in sediments was evident in L*a*b* results (Figures 6.6g, h and i). 

L* indicated dark sediments from ca. AD 1878 to AD 2005 with higher variability after AD 

1955. a* indicated a larger proportion of green (relative to red) from AD 1955 to AD 2005 

and higher variability than prior to AD 1955. Furthermore, b* showed a transition from a 

higher proportion of blue (relative to yellow) from AD 1955 to AD 2005, to a higher 

proportion of yellow (relative to blue) before AD 1955.  

Spectrophotometry absorption of sediments from the gravity core was used to validate 

the reflectance spectra of the freeze core. In contrast to the spectrolino data, this revealed the 

constant presence of the two reflectance troughs (as absorption maxima) at 610 nm and 665 

nm from AD 1955 to AD 2005 (Figure 6.7). 

 

Sedimentation Rate and Mass Accumulation Rate 

Sedimentation rates and MAR were calculated at uneven temporal resolution and regularized 

to acquire annual values. Therefore, as stated in the methods, changes in these two variables 

may be related to sampling resolution and should be interpreted prudently.   

Sedimentation rates averaged ca. 0.2 cm/yr with the lowest values around AD 1965 

(Figure 6.8a). From moderate-to-low values around AD 1878, sedimentation rates increased 

(also in terms of variability) until the record maximum at ca. AD 1925. After ca. AD 1925, 

sedimentation rates decreased until ca. AD 1965 and then increased towards AD 2005. 
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Figure 6.6 (a.) examples of reflectance spectra from ca. AD 1955 - AD 2005, (b.) examples of 

reflectance spectra from ca. AD 1878 to AD 1955, (c.) Trough590-640 (d.) Trough590-640dRmean, 

(e.) Trough650-700, (f.) RABD660;670, (g.) L*, (h.) a*, and (i.) b*. 
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Figure 6.7 Spectrophotometer absorption results 

 

MAR averaged 8.4E-03 mg/cm2/yr (Figure 6.8b). At the start of the record (ca. AD 1878), 

values were moderate-to-high. MAR (and variability) increased to the record maximum 

around AD 1925. After AD 1925, MAR decreased steadily until ca. AD 1965. MAR 

temporarily increased around AD 1980 and then resumed its decline. Minimum MAR values 

were reached in AD 2003. 

Differences between sedimentation rates and MAR are likely related to increasing 

water content in younger sediments which is accounted for in MAR.  Water contents reached 

99% at the top of the sediment core and gradually decreased to 92% by ca. AD 1878. 

 

Biogenic silica 

Concentrations of bSi averaged 5.6% (average %bSiO2=11.9%) (Figure 6.8c). Between ca. 

AD 1878 and AD 1960, %bSi was reduced. Values of %bSi (and variability) began to 

increase after AD 1960, temporarily reached a plateau around AD 1980 and then continued to 

increase until AD 2005. The maximum %bSi (and variability) was achieved around AD 2002. 

 BSi fluxes appear to be strongly influenced by the interpolated sedimentation rates. 

The fluxes had a mean of 3.6E-02 mg/cm2/yr with maximum values (and variability) around 

AD 1925 (Figure 6.8d). Minimum values (albeit high variability) were found just after AD 

1960. From the start of the record (ca. AD 1878) to AD 1900, bSi fluxes increased slightly. 

There was a temporary decrease in bSi fluxes from AD 1900 to AD 1920 followed by a peak 

at AD 1925. Between AD 1925 and AD 1960, bSi fluxes decreased steadily. After reaching 

the record minimum around AD 1960, bSi fluxes increased rapidly, reaching 5E-02 

mg/cm2/yr by AD 1975. Values were moderate-to-high for the remainder of the record. 
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Figure 6.8 Results of (a.) sedimentation rates, (b.) mass accumulation rates (MAR), (c.) 

biogenic silica concentrations (as %bSi or %bSiO2), (d.) biogenic silica fluxes, (e.) median 

grain sizes (D50), (f.) loss-on-ignition at 550°C (as %LOI550 or %Corg), (g.) loss-on-ignition at 

950°C (as %LOI950 or %CaCO3), (h.) percent autochthonous sedimentation (%AUTO; 

estimated from %bSiO2, %Corg and %CaCO3), (i.) percent allochthonous sedimentation 

(%ALLO; estimated from 100% - %AUTO, plus %CaCO3).  
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Grain size 

Median grain sizes averaged 5.8 µm with minimum values at ca. AD 1900 and ca. AD 1960 

(Figure 6.8e). Maximum median grain sizes (and variability) occurred around AD 1927. From 

ca. AD 1880, values decreased. After reaching a minimum around AD 1900, grain sizes 

increased slowly until AD 1920 and then rapidly reached the maximum value around AD 

1927. From AD 1927 to AD 1960, median grain sizes decreased. After AD 1960, median 

grain sizes increased steadily. Around AD 2001, median grain sizes reached 7.4 µm. 

 

Loss-on-ignition 

%LOI550 averaged 40.7% (average %Corg=16.3) (Figure 6.8f). Highest values were found 

around AD 1960 and AD 1997. From ca. AD 1878 to AD 1940, %LOI550 was moderate-to-

low with a gentle increasing (long-term) trend. Values peaked briefly around AD 1950 and 

then increased rapidly to the record maximum (and highest variability) by AD 1960. After 

AD 1960, %LOI550 decreased to pre-AD 1940 levels. After ca. AD 1980, %LOI550 began to 

increase again reaching 50.8% by ca. AD 1997. 

Alternatively, %LOI950 averaged 4.8% (average %CaCO3=10.9%) (Figure 6.8g). The 

lowest %LOI950 was found at the start of the record (ca. AD 1878) whereas maximum values 

(and variability) were found near AD 2005. After the minimum at ca. AD 1878, %LOI950 had 

low variability and increased slowly towards ca. AD 1948. Higher variability was found after 

ca. AD 1948. Low %LOI950 values were identified around AD 1965 and AD 1982. After ca. 

AD 1997, %LOI950 increased rapidly, reaching the record maximum around AD 2005. 

 

Percent Autochthonous Sediments and Percent Allochthonous Sediments 

%AUTO (our estimate of authochthonous sediments assuming that most %CaCO3 is 

produced in lake) averaged 39% with maximum values around AD 2005 and minimum values 

at ca. AD 1927 (Figure 6.8h). From ca. AD 1878 to ca. AD 1960, values were minimal with 

no apparent increasing or decreasing (long-term) trend. Around AD 1960, values temporarily 

peaked at 41%. From ca. AD 1965 to AD 2005, %AUTO increased rapidly. Highest 

variability was found around AD 1997. 

 %ALLO (our estimate of allochthonous sediments assuming that most %CaCO3 is 

produced out of the lake) averaged 71.8% with maximum values around AD 1927 and 

minimum values around AD 2001 (Figure 6.8i). From ca. AD 1878 to ca. AD 1960, values 

were high without an increasing or decreasing (long-term) trend. Elevated values around AD 
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1927 were brief. From AD 1960, %ALLO began to decline. By AD 2001, values were as low 

as 38%.  

 

Calibration Model 

Correlation matrices presenting the relationship between sedimentary variables and 

meteorological (i.e. temperature and precipitation) data from Château-d’Oex show strong, 

significant (pcorr<0.01) correlations between unsmoothed sedimentary indicators of in-lake 

productivity and warm season temperatures (e.g. May-June-July-August-September; MJJAS; 

Appendix B). However, no high and significant correlations could be found with 

precipitation. Reflectance-based variables were not included in the correlation matrices due to 

the anomalous results after AD 1955. 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 6.9 The impact of three, five and seven years of smoothing on rPearson, pcorr and 

Degrees of Freedom (DF) for %AUTO and MJJAS temperatures from Château-d’Oex.  

 

 The sedimentary variable with the highest correlation to temperature was %AUTO 

(%AUTO and MJJAS temperature rPearson=0.60, pcorr<0.01). High, significant correlations to 

warm-season temperatures were also found for %bSi (or %bSiO2), %LOI550 (or %Corg), D50 

and %LOI950 (or %CaCO3). Although %AUTO was chosen to develop a calibration-in-time, 

other sedimentary variables indicative of autochthonous productivity would likely give 

similar results. 

 Figure 6.9 demonstrates that smoothing of %AUTO and MJJAS temperatures by 

three, five and seven years caused negligible changes to pcorr (<0.01) but considerably 
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increased rPearson. The largest increase in rPearson was found after three years of smoothing. 

Therefore, both %AUTO and MJJAS temperatures were smoothed by only three years to 

conserve degrees of freedom in the calibration and verification periods. 

 In Figure 6.10, three year smoothed %AUTO and MJJAS temperatures are presented. 

Both time series have a similar increasing (long-term) trend after AD 1960. However, MJJAS 

temperatures have greater high-frequency variability than %AUTO. This may be related to 

sample pooling. This is confirmed by an autocorrelation of 0.86 (MJJAS temperatures) and of 

0.94 (%AUTO) after a lag of one year. 

Split-period calibration (AD 1961 to AD 2004) and verification (AD 1902 to AD 

1960) of the OLS model resulted in an RMSEP of 0.51°C, a high RE (0.62) and a positive CE 

(0.03). The RMSEP was probably inflated and the CE was probably weakened by the 

different structure of proxy and temperature during the calibration (i.e. steep increasing trend, 

higher average) and verification periods.  

 

 

 

  

 

 

 

 

 

 

 

Figure 6.10 Three year smoothed %AUTO and three year smoothed MJJAS temperatures 

from Château-d’Oex.  

 

To address this issue, the entire calibration period was used to develop an OLS 

regression model which represents the gamut of MJJAS temperature variability. This had a 

three year smoothed rPearson=0.76, pcorr<0.01, and a ten-fold cross-validated RMSEP of 0.45°C. 

This RMSEP is better than the value found through split-period calibration. Considering the 

amplitude of temperatures found during the calibration period (ca. 3.5°C), this RMSEP is 

promising.  
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f.    Discussion 

(1.)  How have recent sediments in Lake Seeberg changed?  

The most striking change in recent sediments is the reflectance of the freeze core after AD 

1955. However, spectrophotometry on sediments from the gravity core did not indicate any 

change in absorption after AD 1955. Furthermore, Lake Seeberg became anoxic after ca. AD 

1960 (Larocque-Tobler et al., accepted). As shown by Bianchi et al. (2000), anoxia at the 

sediment-water interface should favor pigment preservation.  

We suggest that these conflicting results are related to the water content of the 

sediment which may be an artefact of the coring method because both the freeze core and 

gravity core were recovered during the same field excursion (winter, 2005) and from the same 

basin in Lake Seeberg.  

The freeze core had a higher water content (AD 1878 to AD 2005, average=95%) than 

the gravity core (estimated average=40%). According to Stephenson et al. (1996), freeze 

cores can have considerably higher water contents than other core types because of an 

increase of sediment pore water during ice crystal formation. Balsam et al. (1998) found that 

high water contents can cause a darkening of sediments. This is consistent with the extremely 

low L* values for the Lake Seeberg sediment core. During reflectance spectroscopy, excess 

water may interfere with light reaching the sedimentary target. Balsam et al. (1998) found that 

dividing reflectance values by the average reflectance (Rmean) can account for variable water 

contents in deep-sea sediment cores. However, this was only tested on sediments with water 

contents of 35% (Balsam et al., 1998). Therefore, it may not apply to sediments with 

considerably higher saturation.  

In addition to enhancing the pore water of sediments, freeze coring can impact 

pigments directly. The average reflectance spectrum of the Lake Seeberg freeze core included 

a trough spanning R590 to R640 and a trough from R640 to R720. According to the 

spectrophotometry results, there were absorption maxima at 610 nm and at 665 nm. Louda et 

al. (2002) showed that absorption maxima (i.e. reflectance minima) around 610 nm and 665 

nm are associated with chlorophyll degradation products. During freezing and thawing of the 

sediment core, damage to the structure of cells may have accelerated diagenesis of these 

pigments (B. Rein, personal communication). 

Alternatively, all of the (non-reflectance) variables except for MAR and %ALLO had 

moderate-to-low values until ca. AD 1965. After AD 1965, an increasing (long-term) trend 

was observed among productivity-indicating sedimentary variables including %bSi, bSi 
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fluxes, D50, %LOI550, %LOI950, and %AUTO. Several of these variables reached their 

maximum values around AD 2005.  

Grain size had a similar increasing trend. This may be related to an increase in 

carbonate precipitation by warmer lake waters and enhanced bacterial and algal metabolism 

(Wetzel, 2001). This might explain the similar increase in %LOI950. 

 Meanwhile, %ALLO and MAR decreased from AD 1965 to AD 2005. The decrease in 

%ALLO is consistent with the C/N results of Hausmann et al. (2002). 

 

 (2.) Can changes in sediments coinciding with the instrumental period (AD 1901 - AD 2005) 

be attributed to climate (temperature or precipitation) and be used to develop a calibration-

in-time in order to reconstruct past climate? 

As described by Hausmann et al. (2002) and Thompson et al. (2005), Alpine lakes such as 

Lake Seeberg are sensitive to changes in climate. In particular, warmer temperatures dictate 

the duration of ice-cover which influences water-column (and nutrient) circulation and 

radiation balances (Battarbee, 2000; Lotter and Bigler, 2000).  

 However, intensified land-use and influxes of nutrients can distort the climate 

signature in lake sediments (e.g. Heiri and Lotter, 2005). For instance, in Lake Silvaplana, 

Switzerland, eutrophication from land-use masked any influence of warming temperatures on 

productivity (Blass et al., 2007b). 

 Alternatively, changes to in-lake productivity in Lake Seeberg between ca. AD 1878 

and AD 2005 may be related to climate (e.g. warming summer temperatures, shorter ice-cover 

period). A similar finding has been described in high-altitude (and/or high-latitude) lakes such 

as Hallet Lake, Alaska (i.e. parallel increases in %bSi and June-July-August temperatures; 

McKay et al., 2008) and six lakes on Baffin Island, Canada (i.e. matching increasing trends in 

reflectance-inferred chlorophyll-a and temperature; Michelutti et al., 2005).  

 In Lake Seeberg, immutable evidence of eutrophication during the 20th century could 

not be found. In van der Knaap et al. (2000), enhanced grazing was inferred from pollen. 

However, diatom-inferred total phosphorus (TP) and eutrophication-indicating diatoms (e.g. 

Stephanodiscus parvus) were relatively low during the 20th century (Hausmann et al., 2002). 

Furthermore, Larocque-Tobler et al. (accepted) suggested an increase in anoxia (chironomid-

inferred) after AD 1960 was due to an increase in organic matter which may be temperature 

driven. Consequently, we suggest that %AUTO in Lake Seeberg is a reflection of MJJAS 

temperatures rather than eutrophication and the use of %AUTO to reconstruct MJJAS 

temperatures back in time would be appropriate for changes exceeding 0.45°C. Unfortunately, 
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long-term applications of the OLS model are limited by hypertrophy of the lake beyond AD 

1680 (Hausmann et al., 2002). However, the findings of this study, including the impact of 

water content in sediments on spectral reflectance and the development of an algorithm to 

quantify the reflectance Trough590-620/Rmean may have applications for other studies. 

 

g.   Summary and Conclusions 

Warming in Central Europe and the Alps during the 20th century has raised concerns about 

anthropogenic contributions to climate variability. Since instrumental meteorological data 

preceding the 20th century are sparse, quantitative, up-to-annually resolved and long-duration 

climate reconstructions derived from archives (e.g. lake sediments) are needed.    

 Here, sediments from Lake Seeberg (Bernese Oberland, Switzerland) were evaluated 

for their potential as a climate archive. A focus was placed on recent sediments (ca. AD 1878 

- AD 2005) and the Château-d’Oex instrumental period (AD 1901 - AD 2005).  

Up-to-annual measurements of sedimentation rates, mass accumulation rates (MAR), 

biogenic silica (bSi), median grain size (D50) and loss-on-ignition (LOI) were supplemented 

with non-destructive measurements of scanning reflectance spectroscopy and 

spectrophotometry. BSi and LOI were used to estimate total autochthonous productivity 

(%AUTO) and total detrital sediments (%ALLO). In combination, these results provided a 

record of changes in sedimentation and sediment composition.  

Anomalous results of scanning reflectance spectroscopy were attributed to high water 

contents of the sediment possibly related to the coring method. Consequently, reflectance 

values were not explored as a climate proxy. 

Alternatively, we found a close relationship between sedimentary variables indicative 

of autochthonous productivity and warm-season temperatures at Château-d’Oex (i.e. %AUTO 

and MJJAS). Statistics from a split-period (i.e. calibration and verification) Ordinary Least 

Squares (OLS) regression between three year smoothed %AUTO and MJJAS appear to be 

influenced by difference proxy and temperature characteristics (e.g. trends; means) during the 

two periods. However, an OLS model of %AUTO and MJJAS temperatures for the entire 

calibration period resulted in a low error.  

These statistics suggest that %AUTO can be used to reconstruct MJJAS temperatures. 

However, uncertainties regarding the trophic status of the lake should be further explored. 

Furthermore, applications of this OLS model in the past are limited by hypertrophy of the lake 

beyond AD 1680 (Hausmann et al., 2002). 
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8.   Conclusions and outlook 

a. Conclusions 

Regional climate models suggest that Central Europe and the Alps are highly sensitive to 

climate change. As warming continues, the region is expected to become a ‘hotspot’ of inter-

annual summer temperature variability (Schär et al., 2004; Scherrer et al., 2006; Seneviratne 

et al., 2006; Parey et al., 2010) with an elevated risk of drought (IPCC, 2007) and a higher 

occurrence of extreme precipitation events (Arnell and Liu, 2001; Christensen and 

Christensen, 2003; Kundzewicz et al., 2005).  

 Since instrumental records in Central Europe and the Alps are limited to the past ca. 

150 years, there are considerable uncertainties about natural climate variability (e.g. forcings, 

feedbacks and thresholds) in this region which make it difficult to interpret warming of the 

20th century and to evaluate regional climate model projections for the 21st century.  

 In this thesis, multiple proxies in the sediments of Lake Silvaplana (e.g. biogenic silica 

(bSi) fluxes, chironomids, mass accumulation rates (MAR) and turbidite thicknesses) were 

used to reconstruct the late Holocene climate of Central Europe and the Alps (i.e. air 

temperature, palaeofloods, glacier activity and cool/wet or warm/dry climate phases). 

Sediments from this lake were used because they consist of annual laminations (varves) 

which provide an accurate chronology and facilitate high-resolution sampling. Furthermore, 

previous studies of Lake Silvaplana have shown a close relationship between sediment 

composition and climate (e.g. Blass et al., 2007; Trachsel et al., 2010a, b; Larocque-Tobler et 

al., 2010; de Jong and Kamenik, accepted). Emphasis was placed on ca. 570 BC - AD 120 

because published (lower resolution) climate records illustrate that it was warmer than the last 

millennium, including a warmer (Early Iron Age; in Central Europe ‘Hallstatt’), a cooler 

(Late Iron Age; in Central Europe ‘La Tène’), and a moderate-to-warm Roman Period (Tinner 

et al., 2003).  

Specifically, in Chapter 4, bSi fluxes and chironomids were used to reconstruct 

annually resolved June-July-August (JJA) temperatures (ca. 570 BC - AD 120). In Chapter 5, 

turbidite thicknesses provided a record of palaeoflood frequencies and magnitudes during 

cool/wet and warm/dry climate phases as inferred from MAR (ca. 1450 BC - AD 420).  

These records were compared to instrumental (JJA temperatures at Sils Maria from ca. 

AD 1950 - AD 2005; MeteoSchweiz, 2010), reconstructed (JJA temperatures between ca. AD 

1177 - AD 1950, Trachsel et al., 2010a; palaeofloods from ca. AD 1580 - AD 1950, Blass, 

2006) and historical (flood records; Caviezel, 2007) climate data to address the first three 

research questions of this thesis. 
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1. What was the extent of natural climate variability in Central Europe and the Alps 

during the late Holocene?  

Inter-annual and decadal JJA temperature variability from ca. 570 BC - AD 120 surpassed 

values from the last millennium. However, multi-decadal and lower frequency variability 

were comparable. Warm and variable JJA temperatures were noted at the Late Iron Age - 

Roman Period transition (approximately 50 BC to AD 100 in this region) and a cold anomaly 

was recognized around 470 BC (Early - Late Iron Age). The warmest JJA temperatures 

occurred from ca. 570 BC - 351 BC (11.2°C) and the coolest were found from AD 1351 - AD 

1700 (8.8°C). 

 

2. How did the climate from AD 1950 - AD 2000 in Central Europe and the Alps 

compare to ‘naturally’ warm climates such as the Roman Climate Optimum?  

Relative to ‘naturally’ warm climates from ca. 570 BC to AD 120, the JJA temperature mean 

and rate of increase from AD 1950 - AD 2000 was not unprecedented. Specifically, we found 

130 windows of 50 year JJA temperatures with an increasing trend and mean JJA temperature 

exceeding the Sils Maria AD 1950 - AD 2000 reference period (Sils Maria AD 1950 - AD 

2000 JJA temperature trend=0.02°C/yr, p=0.02; average=9.8°C; MeteoSchweiz, 2010).  

We used the thickness and frequency of turbidites during these windows to 

approximate the magnitude and frequency of palaeofloods (or extreme precipitation). We 

found that only 31 (24%) of the windows had a turbidite thickness and 35 (27%) had a 

turbidite frequency exceeding the average 50 year values from ca. 1450 BC - AD 420 (0.38 

mm and 0.05 per year, respectively).  

 

3. How realistic are the projections of global and regional climate models in the 

context of past climate in Central Europe and the Alps? 

A Mean-Variability Change plot of reconstructed JJA temperatures from ca. 570 BC - AD 

120 and AD 1177 - AD 1950 (Trachsel et al., 2010a), and instrumental JJA temperatures from 

AD 1950 - AD 2000 (Sils Maria; MeteoSchweiz, 2010), was consistent with projections of 

regional climate models for the 21st century (Schär et al., 2004; Scherrer et al., 2006; 

Seneviratne et al., 2006; Parey et al., 2010). Specifically, heteroscedasticity was recognized 

above a mean temperature threshold (ca. 9.8-10.7°C). Above a second threshold (ca. 12-13°C; 

not included in our data), we propose that the relationship between mean and inter-annual 

temperature variability should weaken.  
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 Contrary to regional climate models (e.g. HIRHAM4 of E.U. PRUDENCE; 

Christensen and Christensen, 2003) which project that future climate warming in Central 

Europe will bring more intense precipitation events (e.g. summer-autumn floods) (Arnell and 

Liu, 2001; Kundzewicz et al., 2005), we could not find evidence that summer-autumn floods 

would increase in magnitude or frequency in the eastern Swiss Alps in a warmer climate of 

the 21st century. 

 Finally, we used sediments from Lake Seeberg (Bernese Oberland) to explore the 

fourth research question in Chapter 7. 

 

4. Can the calibration-in-time method which was effective in Lake Silvaplana be applied 

to other lakes? 

We chose to use sediments from Lake Seeberg to test the calibration-in-time method because 

the setting of Lake Seeberg (e.g. geological, glacial cover, land-use) is different from Lake 

Silvaplana. Therefore, the composition of sediments in both lakes is distinct. Lake Seeberg 

has varved sediments below ca. 15 cm which is useful for sampling at high temporal 

resolution. Furthermore, the composition of sediments from Lake Seeberg is known to contain 

a climate signature (e.g. Hausmann et al., 2002; Larocque-Tobler et al., accepted). 

It was possible to develop a calibration-in-time using the proxy %AUTO (an estimate 

of autochthonous productivity) in the sediments of Lake Seeberg and May-June-July-August-

September (MJJAS) temperatures from Château-d’Oex. However, this calibration-in-time was 

weakened by several factors. The upper ca. 15 cm of sediments were not varved therefore, 

establishing a highly accurate chronology (and sampling at high resolution) for this section of 

sediment was difficult. Furthermore, the low sedimentation rates required sample pooling. 

The correlation between %AUTO and May-June-July-August-September (MJJAS) 

temperature was likely due to the similar increasing trend after AD 1960 in both the proxy 

and the temperature data. We could not find irrefutable evidence that this trend was related to 

eutrophication. However, this should be further investigated. Finally, applications of the 

calibration-in-time to reconstruct past temperatures are limited because hypertrophy in Lake 

Seeberg prior to AD 1680. 
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b. Outlook 

The findings of this thesis offer insight into natural climate variability of the past. However, 

they also highlight challenges in palaeoclimate reconstructions and the need for future studies. 

These challenges range from: selecting an appropriate site and coring method, establishing an 

accurate chronology for the sediment core, selecting the types of measurements to make on 

the sediment core, developing a statistical calibration method which captures the range of 

variability in the calibration period, and using the resulting reconstruction to address 

important questions about past and future climate. 

 Site selection depends on the objectives of the palaeoclimate study. For this thesis, a 

focus was placed on JJA temperatures in Central Europe and the Alps. Because JJA 

temperatures in the Engadine are highly spatially correlated to most of Central Europe 

(Trachsel et al., 2010a), sediments from Lake Silvaplana were an ideal choice.  

Currently, most palaeoclimate reconstructions are concentrated in Europe and North 

America. However, lakes in other regions of the world should be explored for their potential 

to reconstruct past climate.  

 In Chapter 6, a highly significant relationship was found between %AUTO (an 

estimate of autochthonous productivity) in Lake Seeberg and warm-season temperatures. 

However, scanning reflectance spectroscopy revealed no reflectance minima (indicative of 

chlorins) around 660-670 nm. We propose applying scanning reflectance spectroscopy to the 

Lake Seeberg gravity core to verify whether anomalous reflectance results from the freeze 

core are related to the water content (possibly due to the coring method). If so, we suggest 

testing the potential of reflectance (including Trough590-620dRmean) as a climate proxy.  

 Developing an accurate chronology for the sediments of Lake Silvaplana and Lake 

Seeberg was challenging. In Mauchle (2010), XRF elemental mapping was used to identify 

changes in mineralogy and the start of varves. In Trachsel (2010), it was suggested that 

chronological uncertainties be presented on the x-axis of climate reconstructions.   

 An additional challenge was finding a nearby meteo-station with homogenized 

temperature and precipitation data for developing a calibration-in-time. As evident on the 

MeteoSchweiz website, only twelve meteo-stations across Switzerland have homogenized 

monthly temperature and/or precipitation data. Errors introduced by (e.g.) station relocations 

or changes in equipment can introduce errors in the climate data. This can impact the 

correlation between sedimentary proxies and climate data and the resulting calibration model. 

Consequently, a project is underway to homogenize monthly to sub-daily temperature series 

of more than 50 stations in Switzerland (personal communication, F.G. Kuglitsch).  
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For Lake Seeberg, we chose an ordinary least squares (split-period and whole period) 

model to develop a calibration-in-time with homogenized instrumental temperature data. 

However, many other calibration methods (and measures) could be explored to optimize 

temperature amplitudes (Esper et al., 2005; Trachsel et al., 2010a).  

 Finally, in this study we considered regional climate model projections for an increase 

in inter-annual temperature variability and extreme precipitation (flooding) with continued 

climate warming. However, regional climate models also project more frequent droughts, 

heatwaves, and reduced winter temperature variability with continued warming. Climate 

reconstructions derived from lake sediments can provide insight into the relationship between 

mean temperatures, winter temperature variability, and extremes such as droughts, heatwaves, 

in the past (IPCC, 2007). 
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Annual grain size results from Lake Silvaplana ca. 600 BC – AD 120 
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Annual Spectrolino results from Lake Silvaplana ca. 1450 BC – AD 420 
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Sediment trap data from Lake Seeberg (Z1 depth: 12.5 m - 10.5 m; Z2 depth: 6.5 m - 4.5 m) 
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