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Abstract

The rapidly collapsing glacial systems of the Alps produced a large number of melt-water lakes and mires after the
Last Glacial Maximum (LGM) in the Late Glacial period. The Rhone-Aare-glacier system gave rise to large moorlands
and lakes in the region of the Three Lakes Region of Western Switzerland. When moorlands are formed, they are effi-
cient sinks of atmospheric carbon, but when transformed to agricultural land they are significant C sources. In addi-
tion, mires can be used as archives for reconstructing landscape evolution. We explored in more detail the dynamics
of the landscape of the Three Lakes Region with a particular focus on the formation and degradation of mires. The
Bernese part of the Three Lakes Region developed to become—after the optimisation of the water-levels of the Swiss
Jura—the vegetable belt of Switzerland. The situation for agriculture, however, has now become critical due to an
overexploitation of the peatland. Until c. 13 ka BP the entire region was hydrologically connected. An additional lake
existed at the western end of the plain receiving sediments from the Aare river. Around 13 ka BP, this lake was isolated
from the Aare river and completely silted up until c. 10 ka BP when a mire started to form. In the valley floor (‘Grosses
Moos'), the meandering Aare and the varying level of the nearby lake of Neuchatel caused a spatio-temporally patchy
formation of mires (start of formation: 10-3 ka BP). Strong morphodynamics having high erosion and sedimentation
rates and a high variability of the chemical composition of the deposited material prevailed during the early Holocene
until c. 7.5 ka BP. The situation remained relatively quiet between 5 and 2 ka BP. However, during the last 2000 years
the hydrodynamic and geomorphic activities have increased again. The optimisation of the Swiss Jura water-levels
during the nineteenth and twentieth centuries enabled the transformation of moorland into arable land. As a conse-
quence, the moorland strongly degraded. Mean annual C-losses in agricultural land are c. 49 tha~'and c. 24 t ha™'
in forests. Because forests limit, but not stop, the degradation of mires, agroforestry might be tested and propagated
in future as alternative land-use systems for such sensitive areas.
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1 Introduction

It is commonly known that mires (having living peat-
forming plants) and peatlands (terrain dominated
by peat) that globally cover c. 3% of the land surface
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(Limpens et al. 2008) are efficient sinks of carbon as in
these environments, under mostly anaerobic conditions,
organic matter is accumulated (Leifeld et al. 2020). Deg-
radation of organic substances is very slow under these
environmental conditions. In intact peat bogs, peat
is transformed with age. This may be observed by the
decreasing C/N ratios with depth (Malmer and Holm
1984; Wang et al. 2015; Leifeld et al. 2020), but chang-
ing vegetation with time and developing environmen-
tal settings may overshadow this trend. This situation is
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fundamentally disturbed when the mires are drained and
used for agricultural purposes that ultimately lead to an
increased peat decomposition. Therefore, when mires are
drained and, thereafter, converted into agricultural land,
the former C-sink transforms into a strong C-source.
Over the last century, more than 50% of the peatland area
in Europe has been converted mainly into land used for
agriculture or forestry (Byrne et al. 2004). Particularly
in northern countries, former peatland was drained and
converted for sylviculture purposes (Hargreaves et al.
2003; Pitkdnen et al. 2012). For example, in Switzerland, a
large proportion of mires and peatland were transformed
for sylvicultural purposes, although the total area is small
compared to the land transformed for agricultural pur-
poses (Grinig 2007; Wiist-Galley et al. 2020).

Mires and peatland register environmental history and
changing ecological and climatic conditions. In effect,
the age of organic matter, pollen and macrofossils are
often-used parameters for palaeoenvironmental recon-
structions of the Late Pleistocene and Holocene (e.g.,
Burga and Perret 1998; Birks and Birks 2001; Tinner and
Theurillat 2003; Zanon et al. 2018), however, less atten-
tion has been given to the chemical signature of mires to
trace environmental changes (e.g., Mourier et al. 2010;
Bajard et al. 2017). As such, recent approaches have
examined the links between the chemical composition
of mires and surrounding soils or sediments to trace the
origin of lateral input (e.g., Brisset et al. 2013; Bajard et al.
2017).

In the late Pleistocene, deglaciation of the Alps began
by 21 ka BP (Ivy-Ochs et al. 2006). The rapidly collaps-
ing glaciers at the end of the Last Glacial Maximum
(Preusser 2004; Schliichter 2004; Ivy-Ochs et al. 2006)
produced a vast number of small melt-water lakes, kettles
and mires in the Swiss Alpine foreland. The accumulating
lacustrine clays, muds and peat layers trapped signals of
the on-going landscape development and preserved them
as environmental archives across peatlands and mires
(Jager et al. 2015).

The recent degradation of peatlands and mires is
caused by several factors; among them are (i) the drain-
ing of the area and the resulting desiccation of the peat,
(ii) the use of fertilisers accelerating decomposition, (iii)
agriculture (e.g. ploughing) and silvicultural use, and (iv)
atmospheric nitrogen deposition (Klaus 2007).

In Switzerland, the remaining intact or semi-intact
moorlands in general have been protected since 1987
whereas this is not the case for the managed peat soils.
As the Rhone-Aare-glacier retreated at the end of the
last glaciation, vast moorlands started to develop in the
Bernese Swiss Plateau (Three Lakes Region). During the
nineteenth and twentieth centuries, the optimisation of
the water-levels of the Swiss Jura allowed to transform
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the peatlands and mires of this area into arable land.
These measures enabled a productive agriculture and the
Three Lakes Region became the main vegetable producer
in Switzerland (Nast 2006). Due to the intensive land use
of mires, the peat soils have shrunk drastically over the
last 100 to 150 years, with the effect that in several parts
of the area only a thin ‘soil’ layer (10-20 cm), mainly con-
sisting of degraded organic material, exists on top of lake
marls or clays (Zihlmann et al. 2019). In order to estab-
lish a more sustainable use of this area while maintaining
its productivity, basic data about the formation of these
mires and their degradation are needed. As a conse-
quence, this study proposed the following research ques-
tions: (i) when and how did the mires start to form?, (ii)
which climatic-environmental signals can be deciphered
since then and (iii) at which rate did and do the mires
degrade?

2 Study area

The Three Lakes Region in Western Switzerland includes
the area having the lakes of Murten, Biel and Neuchatel
in the lowlands in front of the Jura mountains (Fig. 1).
The main plain between the lake of Neuchétel, lake of Biel
and Aarberg is the ‘Grosses Moos’ (the great marsh). The
Tree Lakes Region is part of the Swiss plateau that is one
of the major landscapes of Switzerland situated between
the Jura mountains to the West and the Swiss Alps to
the East. The climate today is temperate (having a mean
annual temperature of 8.5-10 °C and mean annual pre-
cipitation of c. 1000—1200 mm; https://www.meteoschwe
iz.admin.ch/home/klima/klima-der-schweiz/jahresverl
auf-temperatur-sonne-niederschlag.html). In its basal
part, the Swiss Plateau is built up of sand- and siltstones,
marls and conglomerates (Nagelfluh) of the Molasse.
These geological units are widely covered by Pleistocene
sediments of different origin, mainly till and glacioflu-
vial outwash deposits (gravel and sand), reworked with
loess (Veit et al. 2017). The topography of this area has
been repeatedly modified by glacier advances during
the Pleistocene. The Rhone-Aare glacier system (coming
from the Alps) reached its maximum during early Marine
Isotope Stage (MIS) 2, probably at c. 24—27 ka (Preusser
et al. 2007; Ivy-Ochs et al. 2008) near Aarwangen (to the
north-east of Wangen a. A., Fig. 2). Readvances of this
glacial system occurred at c. 20.7 and 19 ka (Wiithrich
et al. 2018). During these readvances, the Aare glacier
reached the position of Bern and the Rhone-glacier of
Solothurn (Veit et al. 2017). Due to the repeated glacier
advances, the bedrock was eroded to great depths and
later refilled with sediments (Fig. 2). These quaternary
sediment deposits down to the polished bedrock have
a thickness of up to 300 m. At the top, mires have been
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Fig. 1 Part of the Three Lakes Region of Western Switzerland. The area of interest lies between the Lake of Neuchatel and Aarberg (Source: LK 25
swisstopo). The main plain between Ins, Kerzers and Aarberg is the ‘Grosses Moos’
.
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with investigated profiles (for details, see Fig. 4)

Fig. 2 a Extension of the Rhone-Aare-glacier system during the Last Glacial Maximum (LGM) in the study area. b Detail of the map (a) with
topographic hillshade of the bedrock (bedrock elevation model) showing the former melt-water channels (blue arrows; Source: swisstopo) together
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covering a large part of the Three Lakes Region and usu-
ally reached a thickness of a few metres.

The Aare river influenced the hydrology and mor-
phology of the landscape distinctly. It drained often-
times in direction to the Lake of Neuchatel from
11 to 5 kyr BP and since then mostly to the north

(Wohlfarth-Meyer 1987). Until c. 160 years ago, floods,
diseases (malaria) and poverty determined the life of
the local population. The first intervention to regulate
the water-levels of the Swiss Jura (1868-1897) included
a number of technical hydrological measures to con-
trol the river Aare, the water table of the lakes and in
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general to regulate the hydrological conditions of the
region (Vischer and Feldmann 2005). These measures
markedly improved the situation for the local popula-
tion and as a result a productive agriculture could be
established. In the twentieth century, however, various
problems and new floods occurred again due to sur-
face subsidence across large areas caused by minerali-
sation of organic matter in soils. As a consequence, a
second optimisation of the water-levels of the Swiss
Jura (1962-1973) was necessary (Moser 1991), which
improved the general situation. However, the degrada-
tion of the mires proceeded. Today, different types of

Table 1 Characteristics of the sampling sites

M. Egli et al.

Histosols and Fluvisols are found in the investigation
area (Table 1). Generally, these peat dominated soils
are degraded, but under forest vegetation, the former
peat bogs are partially still recognisable (Fig. 3). On
agricultural land, ploughing and in part deep plough-
ing is practiced to improve soil quality (e.g., mixing of
organic with inorganic layers; Fig. 3) and thus prepare
the fields for vegetable cultivation or for improving
soil quality (e.g. mixing of organic with inorganic lay-
ers; Fig. 3). Due to the degradation via mineralisation of
organic matter of the soils, alternative types of agricul-
ture are now being explored (e.g. rice cultivation).

Site Coordinates Altitude Land use Soil type (IUSS

Working Group WRB
°N °E ma.s.l 2014)

1 47°02' 06" 7°10" 22" 438 Agriculture land (vegetables) Folic Histosol

2 47°017 32" 7°1219" 439 Agriculture land (vegetables) Histic Fluvisol

3 47°01" 49" 7°12 09" 439 Agriculture land (vegetables) Skeletic Fluvisol Humic

4 47°017 45" 7°12" 03" 439 Agriculture land (vegetables) Folic Fluvisol

S1 46° 58/ 57" 7°05' 33" 432 Forest (pine, spruce) Fibric Histosol

S2 46° 59’ 06" 7°05" 34" 432 Forest (beech, larch) Fibric Histosol

S 46° 59’ 06" 7°05" 23" 431 Agriculture land (vegetables) Folic Histosol

P33 46°59' 13" 7°05' 05" 431 Agriculture land (vegetables) Folic Histosol

interlayers (forest; site S1; Fig. 4; aerial photo: Google Earth)

Fig. 3 Impressions of the investigation area (Grosses Moos'): (1-5) actual agricultural land use [rice (newly introduced; (1), organic fertilising (2),
carrots (3), ploughed arable land (4), potatoes (5)] and some typical soils with a deep-ploughed soil (right part of the picture) using a rotation
system, b remaining peat bog in a forest, ¢ deep-ploughed soil and layer (0-20 cm) with normal ploughing system, d peat bog having lake marl
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3 Material and methods

3.1 Sampling strategy

Attempting to cover the variability of bogs in the study
area, a total of 8 mire profiles were investigated; four of
them were located close to the lake of Neuchétel and the
other 4 were located in the northern part of the former
moorlands (Fig. 4). To better understand the processes
and rates of surface subsidence, profiles in agricultural
land and forests were chosen. Some areas were reforested
towards the end of the nineteenth century (1876; "Staat-
swald" to the south of Ins, Fig. 4; Lienert 2013). Large pits
having a depth of c. 2 m were dug using an excavator at
the sites close to the Lake of Neuchétel (Lienert 2013).
Here the possibility was given to directly compare mires
under agricultural and silvicultural use (Table 1). Sam-
pling was done in 5 to 20 cm intervals with four repli-
cates in each pit. Undisturbed samples were taken from
the profile faces to determine bulk density. In addition,
disturbed samples for physical and chemical analyses
were taken.

At the other four sites, mires in agricultural land were
sampled. In addition, these sites were in an ancient mean-
dering area (2, 3, 4) of the Aare river, where the forma-
tion of the mires probably started at different times and
was sporadically interrupted. One profile was sampled
outside of this zone (profile 1) in an area where a former
lake was assumed. We expected to find here a long and
continuing chronology. The cores were sampled using a
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Humax rotating drill and a Russian side-opening sam-
pler (Macaulay). The cores reached a depth of up to 5 m.
These samples were taken in 10 cm intervals and used to
determine bulk density and chemical properties. Profile 3
was previously classified as a ‘stony’ bog.

3.2 Chemical and physical analyses

Oven-dried samples (70 °C) were sieved to<2 mm (fine
earth) and homogenised. The bulk density (fine earth
and soil skeleton) was measured on undisturbed samples
(volumetric sampling using the corers and cylinders).
Soil, sediment and peat pH (0.01 M CaCl,) was deter-
mined using a soil:solution ratio of 1:2.5. Loss on ignition
(LOI) was measured on 2.0 g oven-dried fine earth sam-
ples and combusted at 550 °C for 7 h.

The total elemental content (only for the profiles 1, 2
and 4) was determined by using energy dispersive X-ray
fluorescence (ED-XRF). Approximately 5 g of material
was milled to <63 pm in a Tungsten carbide mill (Retsch®
MM400, Germany) and analysed using an energy dis-
persive He-flushed X-ray fluorescence spectrometer
(SPECTRO X-LAB 2000, SPECTRO Analytical Instru-
ments, Germany). The total carbon (C) and nitrogen
(N) contents were determined using elemental analysis
isotope ratio mass spectrometry (EA-IRMS). The meas-
urements were performed using a Thermo Fisher Sci-
entific Flash HT Plus elemental analyser with SmartEA
option equipped with a thermal conductivity detector

Fig. 4 Location of the investigated profiles. ST and S2 are in a forest (Staatswald), P33 and S are in the adjacent agricultural land (Lienert 2013).
These sites lie within the former extension of Lake Neuchatel. Site 1 is western of the main plain (Grosses Moos) in the area of a former lake. Sites
2-4 are in the main plain (Grosses Moos) that has been affected by the Aare river (Source: LK 25 swisstopo)
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and coupled to a ConFlo IV to Delta V Plus isotope ratio
mass spectrometer. In order to distinguish between inor-
ganic and organic C, the samples were measured before
and after addition of HCI (to remove the carbonates). The
measurements were carried out in duplicates.

3.3 Weathering and geoforensics

To characterise mineral alteration and chemical weath-
ering in soils and sediments, several indices were used.
These indices should also help in tracing the origin of the
deposited material. Among them were the weathering
index CIA (Chemical Index of Alteration), given as the
molar ratio of [Al,O4/(Al,05+ CaO+Na,O+K,0)] x1
00 (Nesbitt and Young 1982), the molar ratio of (K+ Ca)/
Ti with Ti being the immobile element (Stiles et al. 2003),
K and Ca the weatherable elements and (K+ Na)/Ti in
order to overcome potential difficulties when using Ca
and attributing it to carbonates or silicates.

In addition, the trace compound composition of the
samples was compared to the primitive mantle (Sun
and McDonough 1989). As demonstrated by Raab et al.
(2017) or Derakhshan-Babaei et al. (2020), this procedure
helps to identify the source of the deposited material or
the connection between different sites.
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3.4 Radiocarbon dating

By hand-picking, organic remains were depicted from
the samples. The samples were then cleaned by an acid—
alkali-acid (AAA) treatment. The treated material was
combusted at 900 °C to produce CO, which was then
reduced to graphite. The ratios of the carbon isotopes
were measured by Accelerator Mass Spectrometry
(AMS) using the 0.2 MV MICADAS facility at the Insti-
tute of Ion Beam Physics at the Swiss Federal Institute of
Technology, Switzerland. The radiocarbon age calibration
was done online using the OxCal4.3 tool using IntCall3
for calibration (Reimer et al. 2013). The calibrated ages
are reported as calBP within the 20 range (minimum and
maximum value for each, Table 2).

3.5 Calculation of organic C losses

The degradation of peat and lowering of the surface is a
twofold process. A first shrinking phase of the peat layer
primarily includes only a compaction and no C loss.
This shrinking is due to a lowering of the groundwater
table and thus a water loss in the upper parts of the peat
body. In a second step, peat or accumulated organic mat-
ter starts to decay. The whole process can be modelled
using the approach presented by Leifeld et al. (2011). The
method uses the ash, organic carbon content and bulk

Table 2 Characteristics and radiocarbon data of the investigated samples

ETHnr UZnr Site Depth(cm)  Material MC.age +10 F"C® 10 8"3C(%o) x10 Calibrated age
aBP cal BP (20)°
103108 6821 1 60-70 Peat 5765 25 0488  0.00151 —276 1.0 6493-6639
103109 6822 1 130-135 Peat 6665 26 0.436 0.00139 —29.1 1.0 7491-7584
103110 6823 1 300-310 Shell 9759 28 0297  0.00102 3.1 1.0 11,170-11,235
103111 6824 1 430-440 Organic residues 11,624 31 0.235 0.00090 — 304 1.0 13,393-13,561
103112 6825 2 60-70 Organic residues 4405 24 0578 0.00171 — 300 1.0 4873-5044
103113 6826 2 170-180 Wood 5692 25 0492 000152 — 281 1.0 6408-6536
103114 6827 3 30-40 Organic residues 3008 23 0.688 0.00196 — 259 1.0 3298-3093
103115 6828 3 60-65 Organic residues —-91 21 1.011 0.00270 —315 1.0 Modern
103116 6829 4 40-50 Organic residues 1836 22 0.796 0.00221 —29.7 1.0 1710-1825
103117 6830 4 120-130 Snail shell 8504 27 0.347 0.00116 — 9.1 1.0 9479-9535
103118 6831 4 350-360 Organic residues 8707 27 0338 000113 —86 1.0 9553-9736
103119 6832 4 440-450 Organic residues 9073 28 0.323 0.00111 —27.1 1.0 10,198-10,251
49291 6129 S1 80-95 Peat 6716 78 0433 0.00419 —235 1.1 7686-7440
49292 6130 St 130-150 Peat 8958 101 0.328 0.00410 — 248 1.1 10,277-9697
49293 6131 S2 70-87 Peat 6555 78 0442 0.00427 — 281 1.1 7580-7317
49294 6132 S2 120-145 Peat 9143 103 0320  0.00408 —249 1.1 10,647-9959
49295 6133 P33 75-85 Peat 8453 95 0.349 0.00410 — 242 1.1 9603-9141
49296 6134 P33 130-140 Peat 9479 108 0307  0.00410 —252 1.1 11,167-10,498
49289 6127 S 35-45 Peat 7168 83 0410 0.00421 — 241 1.1 8173-7841
49290 6128 S 55-60 Peat 8464 96 0349 000414 —259 1.1 9659-9145

? Fraction modern carbon
b OxCal4.3, IntCal13 (Reimer et al. 2013)
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density of the individual depth increments. The mass
loss calculations are based on the simplified assumption
of a constant ratio between organic matter and carbon
to ash over the course of peat accumulation. A change in
that ratio indicates respiratory losses of carbon as CO,
induced by drainage and agricultural use (Leifeld et al.
2011). The first shrinking step can be calculated from:

pi,os = piF (1 — AS)) (1)

where AS;=proportion of the ash content of layer i,
p;=bulk density (g cm™3), p, os=density of organic mat-
ter (g cm~>) and F=fine earth fraction. The former layer
thickness d, ; is given by:

di1 = <pi,os> d @

00,08

where p,; s=density of organic matter (g cm ),
Po,0s=density of organic matter in the reference depth
where no decay has occurred (g cm™3)—usually the
lowermost peat layer. The sum of the first and second
shrinking and sagging steps d,, (due to the degradation
of organic matter) is calculated by using the ash con-
tent of the layer of interest (AS;) and the reference layer
(undisturbed situation; AS,):

AS;
difo=\—1|"4d;
2 <ASO > 3)

The loss of organic carbon can be estimated for each
layer by using:

C
9= o0 ad, @)

AC(o

where AC(org);=C-loss in the layer i (t ha™'), d, = thick-
ness of the reference layer and Ad,=volume loss of layer
i

4 Results
4.1 Stratigraphy, organic carbon content and physical
parameters of the mires

The 8 mires have considerably different thicknesses
(Fig. 5) with a maximum depth of up to 2.5 m and some-
times inorganic sediments are intercalated. The profiles
S1, S2, P33 and S have peat and some lake marl inter-
layers. In profile 1, when listing the layers starting at
the bottom, lacustrine clays were observed at a depth
of 4.5 m and deeper. A layer of lake marls follows from
4.5 to 2 m depth. Between 2.5 and 2 m depth this layer
becomes more organic giving rise to the formation of
gyttja. The uppermost layer (2 m depth to the surface)
consists of peat. The topmost 50 cm exhibit a slightly
higher bulk density and are characterised by strongly
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degraded organic material due to agricultural activities.
Bulk density generally increases with depth at profile 2.
Several layers can be discerned here as well. The lower-
most layers consist of lacustrine clays that are interca-
lated by coarser material at a depth of 185 and 235 cm.
An organic-rich layer is found from 75 cm depth to the
surface. The upper 50 cm are strongly influenced by agri-
culture (higher density). At the site of profile 3 a ‘stone-
rich bog’ (now a Skeletic Fluvisol) was found. This is the
only site where a considerable amount of rock fragments
(up to 87 weight-%) was captured. Although the soil
material has a dark colour, the amount of c. 5% organic
carbon was considerably low for a bog (Fig. 5). Due to its
stoniness, it was not possible to drill deeper than 70 cm.
Profile 4 has a relatively high amount of organic matter
down to a depth of 65 cm. Between 65 and 335 cm fol-
lows a clay-rich layer and again a more organic rich layer
below that is intercalated with coarser inorganic material.

4.2 Age—depth trends

A total of 20 samples from the eight mire cores were
dated (Table 2). The age-depth trend for the uppermost
50 cm is quite similar at the sites 1-3 and S1 and S2. At
a depth of c. 1.5 m, the profiles S, P33, S1, S2 and profile
4 reach an age of 9.5-11 ka cal BP (Fig. 6). These profiles
show the strongest age-depth trend in the top 150 cm.
After 150 cm, the ages increase only slightly with depth at
profile 4. A maximum age of 13.5 ka cal BP was measured
in the lake marl at profile 1 at a depth of c. 4.5 m. The
shape of the age-depth trend however varies considerably
showing that the mires developed differently (Fig. 6). This
is due to the varying environmental settings at the differ-
ent sites and also due to human impact.

4.3 Carbon losses and sedimentation/accretion rates

Due to the inhomogeneity of some profiles or the fact that
they do not really represent a bog (e.g. profile 3), C-losses
could only be determined for S, P33, S1, S2 and profile 1
(Fig. 7). The C-losses at the sites 1, S and P33 are quite
similar, having average values of 4.58—5.04 t ha™! year™*
(Fig. 8). The C-losses in the managed forest—having
236 t ha™! year!'—are distinctly lower (about half of
those of the agricultural land). Consequently, forests do
not fully maintain mires, but they reduce their degrada-
tion substantially. How the carbon losses distribute over
a whole profile is given in Fig. 7 (for profile 1) where the
carbon stocks prior to the optimisation of the water-
levels of the Swiss Jura are plotted and compared to the
present-day situation. The relating calculation procedure
and results are given in Table 3. As shown in Fig. 7, the
relation between subsidence and carbon loss is highly
significant but not linear. Surface lowering of all investi-
gated peat bogs ranged between 76 and 249 cm.
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Fig. 5 Organic carbon content as a function of depth for a profiles 1-4, b S1,S2, P33, S and bulk density distribution at c profiles 1-4,d S1, S2, P33,
S

Based on the depth-age trends, sedimentation or accre-
tion rates at the investigated sites over time could be
calculated. These rates are given in cm year ' or, when
considering the bulk density of the sedimented material,
in t ha™! year™!. Profile 4 clearly indicates high deposition

rates at the transition from the Pleistocene to the Holo-
cene. Furthermore, higher rates are recorded for the last
c. 2 kyr. When considering Fig. 9, it can be recognised
that this site was dominated by sediment inputs from the
meandering Aare in the river plain (cf. Wohlfarth-Meyer
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1987) and only the top 30 cm and some interlayers have
a slightly higher organic matter content. Profile 2 records
approximately the 8 ka. Also, this profile is predomi-
nantly influenced by the former meandering Aare river.
Higher sedimentation rates are recognised from c. 8-5 ka
BP and then again for approximately last 2 ka. The entire
profile 1 represents the sedimentation in a former lake.
Again, highest sedimentation rates were measured at the

Pleistocene/Holocene transition. Then, from c. 10 ka BP a
mire started to form.

4.4 Weathering and geoforensics

The chemical weathering and spidergrams reveal some
interesting aspects (Fig. 10c, d). Profile 1 represents the
geochemical situation of a lake and its close surround-
ings. The CIA and (Ca+K)/Ti or (Na+ K)/Ti ratios show
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Fig. 8 Calculated total C losses from selected mires at agricultural
sites and in the forest. The error bars indicate the measurements
errors and variability of replicates

almost identical trends. A high CIA and low (Ca+ K)/Ti
or (Na+ K)/Ti values indicate stronger weathering condi-
tions. From 15 to ¢. 13—12 ka BP, the indices indicate the

M. Egli et al.

deposition of more strongly weathered material. Since
then, the (Ca+ K)/Ti or (Na+ K)/Ti values are higher and
the CIA is lower, respectively. Fluctuations of the weath-
ering indices are particularly discernible between 10 and
12 ka BP and later c. 8 ka BP. For approximately the last
6 ka, the indices remain in a similar range. Profile 4 rep-
resents more the situation of the valley floor having the
former meandering Aare river. Similar to the sedimen-
tation rates, a major disturbance is noted around 10 ka
BP (Fig. 10). Additional minor changes seem to have
occurred around 8 ka BP and c. 3.5 ka BP. It is interest-
ing to note that the CIA and (Ca+K)/Ti or (Na+K)/Ti
values are identical to those at profile 1 prior to 13 ka BP.
Profile 1 showed strongly varying levels of incompatible
trace element enrichment or depletion compared to the
primitive mantle material. These values vary between
0.009 (lowest value of Zr) to 410 (highest value of U).
This variability is much less pronounced at profile 4
where all samples exhibited a more or less similar trend
over time. Until c. 13 ka BDP, profile 1 exhibits exactly the
same spidergram pattern as profile 4 (although a pattern
could be calculated for this site only since 10 ka BP). This
indicates that the origin of the deposited material is the
same. Thus, the incompatible elements and weathering
indices indicate a common source. This means that the

Table 3 Calculation of organic matter (LOI) and C-losses of profile 1

Depth (cm) LOI (%) Bulk Thickness Skeleton Density Former Former LOl loss (kg C-loss (kg
density (g (cm)(1)  proportion  of organic thickness, thickness, m~2) m~2)
cm™3) (weight-%) matter (g primary primary

cm™3) subsidence  and secondary
(cm) (2) subsidence
(ecm) (3)

0-10 72.6 0.31 10 13 0.20 228 30.2 1749 9.13

10-20 723 037 10 13 0.23 268 308 17.99 9.39

20-30 72.1 0.39 10 1 0.28 320 354 2193 11.45

30-40 68.6 0.35 10 27 0.18 206 292 16.56 8.64

40-50 76.6 0.24 10 32 0.12 14.5 204 8.95 467

50-60 83.0 0.15 10 0 0.13 14.6 216 10.02 523

60-70 884 0.13 10 0 0.11 13.1 147 4.09 2.14

70-80 90.0 0.13 10 5 0.11 133 12.1 1.78 093

80-90 826 0.13 10 21 0.08 9.8 17.5 6.50 339

90-100 833 0.18 10 0 0.15 17.5 213 9.78 5.10

100-110 84.0 0.13 10 5 0.11 124 19.5 8.20 4.28

110-120 88.1 0.11 10 3 0.09 10.7 14.8 413 2.16

120-130 92.1 0.09 10 0 0.09 100 10.0 0 0

130-135 76.6 0.20 5 0 0.15 8.8 14.9 422 2.20

Sum of dif- Sum of dif- Sum (kg m~?)  Sum (kg
ference ference m™?)
mM=Q—  (m=B)—()

Q)
91.8 1574 1316 68.7

The average, annual C loss is calculated form the sum of C losses divided by 150 years (result=0.458 kg m 2 year—' =4.58 t ha~' year™")



Formation and decay of peat bogs Page 11 of 16 2

a 10.00 Profile 1 100 .
T
T >
5 o
£ 1.00- =
~ 0]
2 IS
©
— c
5 $
3 0.104 i g
S —
< <
IS S
2 ®
S 0.01 c
c [0
[0
£ £
3 &
0.00 , : : : x : - 0.1 . ‘ ‘ . .
0 4000 8000 12000 0 4000 8000 12000
b Age (cal BP) Age (cal BP)
10.00 - ) 100
—~ Profile 2 —~ ]
T 5
£ m
L <
o 1.00 | =
® L
= ©
c g
Ke] c
S 0.10 e
g I
< g
il c
é 0.01 | =
S E
] o
n @
n
0.00 ; - - - : : . 0.1 T T T T T T )
0 4000 8000 12000 0 4000 8000 12000
Age (cal BP) Age (cal BP)
(o]
10.00\ profile 4 1000
~ T
e >
> o
§ 100 <
g £ 100
c c
K] — kel
® 0.101 ©
Q Q
Q Q
< <
S S 10
£ 001! 2
[0 (0]
£ E
el el
] O]
n n
0.00 ; ; : ; : : . 1 : ; ; ; ,
0 4000 8000 12000 0 4000 8000 12000
Age (cal BP) Age (cal BP)

Fig. 9 Sedimentation or accretion rates as a function of time at the sites a 1, b 2 and ¢ 4. The rates are plotted as cm year” (including, thus, a
length unit) and as t ha~' year~! (including a weight unit; the depth- and thus time-dependent bulk density of the deposited/accreted material
was taken into account). The dotted lines indicate the sedimentation or accretion rates if no degradation of mires had taken place




2 Page 12 of 16 M. Egli et al.
a Index value b Index value
0 1 10 100 1000 1 10 100
0 X ey ' X A 0 - o
|| ‘/
2000 o 2000 - ®
e
4000 | 4000
— ) - /i’;-'
o J /
o 6000 o (Ca+K)/Ti & 6000 - o«
© =20 5 \ \
< 8000 | - *CﬂA o < 8000 -
+
g’ .':0/ (Na+K)/Ti g)
10000 - _ 10000 A
12000 - 12000 -
14000 - 14000
age (cal BP)
— 0
(o age (cal BP) d — 888
- B — 1777
1000 0 1000 — 3495
2189 — 5214
5473 — 6074
100 1\ 6567 100 1 — 7793
6844 — 8652
6982 — 9517
] — 7259 | — 9522
10 — 7536 10 — 9533
9046 — 9538
9477 — 9554
1 9908 1 A — 9570
10339 .
10771 T oo
0.1 1 11202 01 1 — 9507
— 11549 9602
12936 — 9618
—13283 — 9629
0.01 ~ —13456 0.01 A 9762
—13803 9829
—14150 9983
0.001 T T T T T T T T T T T T T 1 —14496 0.001 T T T T T T T T T T T T T T 1 — 10030
RbBaTh U NbTalLaCePr SrNd ZrSmTi Y RbBaTh U NbTalLaCePr SrNd ZrSmTi Y —10231
Fig. 10 Chemical weathering indices a at site 1 (former lake) and b at site 4 (plain; Grosses Moos). Primitive mantle (Sun and McDonough 1989)
normalised data of trace elements as a function of time (interpolated data from the measured “C data; see Fig. 6) c at site 1 (former lake) and d at
site 4 (plain). The ages are interpolated

Aare river was the main source of material supply. With
respect to the trace elements, the variability of the depos-
ited material at profile 1 seems relatively large. Several
phases having a moderately comparable composition can
be distinguished: 13—-11 ka BP, 11-9 ka BP, 9-7 ka PB and
7 ka BP to today.

5 Discussion
5.1 Mire development, geomorphic activity and landscape
evolution

The investigated sites exhibit a distinct variability in
terms of profile composition and ages. Profile 1 can be
ascribed to a former lake that started to increasingly silt
around 13.5 ka BP. With increasing sedimentation of this
former lake, a bog started to form around 10 ka BP. The
sites 2—4 are all near the former stream courses of the
Aare river. As a consequence, the profile compositions

reflect the meandering behaviour and the sediment loads
of the former Aare river (Wohlfarth-Meyer 1987). The
formation of some rather shallow mires started in the
period from 10 to 3 ka BP. Due to the meandering of the
Aare river, the formation of mires was spatio-temporally
patchy (Fig. 6). The sites S, P33, S1 and S2 are closer to
the lake of Neuchatel and represent the formation of peat
close to a lake that over time lost part of its volume.
Based on the age-depth trends, sedimentation/accre-
tion rates could be calculated for some of the sites. Simi-
lar to other investigations (Raab et al. 2019), the transition
from Late Pleistocene environmental conditions to those
of the Holocene was characterised by distinct phases of
both erosion and sedimentation. A moderately similar
situation seems to have occurred also in the Swiss Pla-
teau (Swiss canton of Berne), where sedimentation rates
were distinctly increased during the Late Pleistocene and
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Early Holocene compared to the Middle or Late Holo-
cene (Fig. 9). The transition from the Pleistocene to the
Holocene was characterised by abrupt climate changes,
increased precipitation and partially still-scarce veg-
etation causing increased erosion and sedimentation. At
the end of the Pleistocene, probably during the Younger
Dryas period, periglacial processes, solifluction and mix-
ing with loess loam prevailed on slopes (Maildnder and
Veit 2001). The results of Veit et al. (2017) indicate strong
morphodynamic activities during the early Holocene
up to c. 7.5 ka BP, suggesting an open landscape in the
investigation area. During the Early Holocene, prior to
7.5 ka, slope wash with linear erosion occurred. Later, the
erosion rills were filled up with the removed Pleistocene
loess loam available on the slopes (Veit et al. 2017).

In addition, in the early Holocene, several rapid cli-
matic changes were reported around 11.1, 10.3 and
9.4 ka BP (Florescu et al. 2019) contributing to high sedi-
ment loads of rivers. This also agrees with the findings
of Wohlfarth and Schneider (1991). During the Allered,
Younger Dryas and beginning of the Preboreal, rela-
tively-quiet hydrodynamic conditions seemed to prevail
in the lake of Biel. Between the Preboreal and Atlantic,
a higher fluctuation of the lake level and, thus, a higher
hydrodynamic environment is reported (Wohlfarth and
Schneider 1991). From the Younger Atlantic to the Sub-
boreal, again relatively-quiet hydrodynamic conditions
were measured in the lake of Biel. According to Veit et al.
(2017), the landscape stabilised and soils developed after
7.5 ka together with the spread of woodland and reduced
seasonal contrasts. This corresponds with the lower sedi-
mentation rates found at c. 5 to 2 ka BP (profile 2) and c.
8 to 2 ka BP (profile 4) (Fig. 9).

The geoforensic approach indicates that major distur-
bances occurred from 12 to c. 7 ka BP. It also suggests that
larger regions than today were hydrologically connected
until c. 13 ka BP. The hydrological connection between
profile 1 and 3 must have been interrupted c. 13 ka BP.
Since then, the pattern of profile 1 seems to reflect pre-
dominantly local characteristics; i.e. material that was
deposited in the lake such as lake marl or lake clays. Part
of this material derives from erosion of the local soils and
sediments. Additional small and/or larger lakes existed in
Three Lakes Region at that time (Wohlfarth-Meyer 1990;
Ledermann 1991).

Archaeologically, the Neolithic period in Switzerland is
dominated by lakeshore and bog settlement sites having
organic preservation, the occupation of inner Alpine sites
of the Rhone valley and high mountain pass sites (Siebke
et al. 2019). Archaeological finds are particularly numer-
ous in the region of Lake Zurich in Eastern Switzerland
and the Three Lakes Region in Western Switzerland
(Furtwéngler et al. 2020). During the Early Bronze Age,
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the landscape was more and more influenced by human
impact due to clearing of forests and increasing use of
agricultural land. Until the Roman period, fewer inunda-
tions occurred in the region of interest. This was also due
to a change of the stream course of the Aare river (for the
last 3—5 kyr the draining has occurred mostly in northern
direction; Fig. 11). In part, a productive agriculture was
possible during this period (Haas et al. 2019).

During the last 2000 years however, higher sedimen-
tation rates—caused again by an increasing number of
inundations—were recorded. The climatic conditions
became harsher, particularly during the Little Ice Age
(LIA). Moreover, the pre-existence of forest clearing con-
tributed to the again increased erosion and sedimenta-
tion dynamics (Makri et al. 2020).

5.2 Carbon losses since the first Jura Swiss water-level
optimisations

Owing to the water-level optimisations carried out in
the nineteenth and twentieth centuries, intense draining
and land use, surface lowering of the former mires was
distinct with the result that larger areas today have only
a thin organic soil layer (degraded peat). For the period
of approximately the last 150 years, we were able to con-
clude there was an annual C loss in agricultural land in
the range of c. 5 t ha™* and about half of that occurring
in forested areas. These values match well with reported
C losses in agricultural land where maximum rates were
even up to 11.2 t ha™! year™! (Byrne et al. 2004; Hoper
2007; Grenlund et al. 2008; Kirk et al. 2015). In the litera-
ture, there seems to be a disagreement about the effects
of a change of mires into forests. Some investigations
show that additional organic matter (e.g. Hargreaves
et al. 2003) is sequestered while others demonstrate that
C-losses may occur (Byrne et al. 2004; Byrne und Farrell
2005; Hoper 2007). Depending on the climate (particu-
larly tropical regions) and environmental conditions,
particularly drainage depth, very high C-losses were
reported (Vaidyanathan 2011; Matysek et al. 2018). Due
to the cool climate and a shallow drainage system that is
often only 20-30 cm deep, some boreal forest peatlands
may gain C after drainage—the improved plant growth
and hence higher net primary production outweighs
the C loss from peat oxidation (Hargreaves et al. 2003).
Afforested peatlands in Scotland accumulated more car-
bon in trees, litter and soil than was lost from the peat.

In temperate to boreal climate zones, C-losses seem
in general lower when mires are transformed into a for-
est instead of agricultural land. For example, Minkkinen
et al. (2008) measured a lower subsidence rate under
forest than in agricultural land. However, it cannot be
denied that even with forestry, mire will degrade in the
mid-term (cf. Ojanen et al. 2013), though the rate of
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Fig. 11 Former stream courses of the Aare river in direction to the lake of Neuchatel (1) until about 5 ka BP (Wohlfarth-Meyer 1987), (2) hydrological
connection of the Aare river with the former lake in western part of the main plain (Grosses Moos) until about 13 ka BP and (3) main drain of the
Aare river for about the last 3-5 kyr. Note also the former extension of the lake of Neuchatel (dunes) ( Source: SwissALTI3D swisstopo)

degradation is slower. Our results on C-losses from the
Three Lakes Region concur with estimates on losses from
forests on drained bogs in the pre-Alps of Switzerland
(Wiist-Galley et al. 2016).

To reduce the ongoing peat degradation process,
related CO, emissions and surface subsidence, new land
use strategies are currently discussed or were suggested.
Among them are the cultivation of rice (paludiculture;
Gramlich et al. 2020) or agroforestry. Paludiculture
should reduce peat decomposition or may even con-
tribute to its formation (Wichtmann et al. 2010). Agro-
forestry would not completely stop peat decay but may
contribute to a much slower degradation and contribute
to humus stabilisation (Wiesmeier et al. 2017).

6 Conclusions

The mires of the Three Lakes Region (Swiss canton of
Berne) started to form earliest c¢. 10 ka BP. In the val-
ley floor of the ‘Grosses Moos, the meandering Aare
river gave rise to a spatio-temporally patchy formation
of mires. Some of these mires developed after the silt-
ing up of lakes, or in vicinity to lakes that flooded from
time to time. Consequently, the thickness of the mire and
organic matter content varies as a function of the envi-
ronmental settings. Until c. 13 ka BP larger regions were

hydrologically connected to each other. An additional
lake must have existed to the western end of the plain
which most likely also received sediments from the Aare
river. At c. 13 ka BD, this lake was cut off from a hydro-
logical connection to the Aare river. The lake was finally
silted up at c. 10 ka BP.

The transition period from the Pleistocene to the Holo-
cene is characterised by high sedimentation rates in the
plain. Due to strong morphodynamic activities during
the Late Pleistocene/Early Holocene, high erosion and
sedimentation rates and a high variability in the chemical
composition of the material were recorded until up to c.
7.5 ka BP. The situation remained in part quiet between
c. 5 and 2 ka BP (also due to a change of the drain of the
Aare river). During the last about 2 kyr, the hydrody-
namic and geomorphic activities were increased again.

With the optimisation of the water-levels of the Three
Lakes Region (Swiss Jura water-level optimisation), peat
bogs and swamps were transformed into arable land dur-
ing the nineteenth and twentieth century. Since then,
the mires have been degraded strongly. Average annual
C-losses in agricultural land are c. 4.9 t ha™! and in for-
ests c. 2.4 t ha~!. Surface lowering at the sites where
C-budget calculations were possible lie in the range of 76
to 249 cm within about 150 years.
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The aggradation of the mires and bogs was a process
occurring over several millennia—their partially complete
degradation has now occurred during the last 150 years.
Although the interventions to regulate the water-levels
undoubtedly brought an improvement of the livelihood of
the local population and extirpated malaria, new land use
concepts are needed to prevent landscape and soil destruc-
tion and to reduce unwanted CO, emissions caused by the
mineralisation of soil organic matter. In addition to ongo-
ing experiments with rice cultivation (paludiculture), dif-
ferent types of agroforestry might be tested as alternative
land use systems, although forests only limit, but do not
stop the degradation of mires.
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