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Abstract

Two lacustrine sediment cores from Lake Ledro in Northern Italy were studied to pro-
duce chronologies of flood events for the past 10 000 yr. For this purpose, we have
developed an automatic method that objectively identifies the sedimentary imprint of
river floods in the downstream lake basin. The automatic counting of flood deposits5

was based on colour data extracted from processed core photographs, and the count
data were processed to capture the flood signal. Automatic quantification was com-
pared with naked-eye counting. Counts were performed twice on the proximal and
distal cores to provide an objective and reproducible record of flood frequency. Geo-
physical and geochemical analyses made it possible to distinguish event deposits from10

background sedimentation. Flood frequency and reconstructed sedimentary dynamics
were compared with lake-level changes and pollen dynamics inferred from vegetation
data. The data suggest a record marked by low flood frequency during the early and
middle Holocene (10 000–4500 cal BP). Only modest increases during short intervals
are recorded at ca. 8000, 7500, and 7100 cal BP. The last third of the Holocene is char-15

acterised by a shift toward increased flood frequency at ca. 4500–4000 cal BP. With the
exception of two short intervals around 2900–2500 and 1800–1400 cal BP, which show
a slightly reduced number of floods, the trend of increasing flood frequency prevailed
until the 20th century, reaching a maximum between the 16th and the 19th centuries.
Brief-flood frequency increases recorded during the early and middle Holocene can be20

attributed to cold climatic oscillations. On a centennial time scale, major changes in
flood frequency, such as those observed at ca. 4500 and 500 cal BP, can be attributed
to large-scale climatic changes such as the Neo-glacial and Little Ice Age, which are
under orbital and possibly solar control. The role of climate as the main forcing factor in
flood activity is supported by the lake-level records: the major lake-level rises are syn-25

chronous with flood frequency increases. However, in the Bronze Age and during the
Middle Ages and modern times, forest clearing and land use are indicated by pollen
and archaeological data. These human activities have clearly affected the sediment
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record of flood activity, and they can partially explain the amplitude of the increases in
flood activity.

1 Introduction

Understanding the respective roles of climate and land-use change on long-term
ecosystem dynamics have become an important issue of palaeo-studies (Dearing5

et al., 2006; Hoffmann et al., 2010), particularly since the Ruddiman’s hypothesis about
the anthropogenic greenhouse era (2003, 2007). One of the main questions addresses
the tipping elements that indicate ecosystems dynamics (Lenton et al., 2008) over the
Holocene controlled by climatic or human forcing factors (Magny et al., 2009; Hoff-
mann et al., 2008). For instance, at the end of the Holocene Thermal Maximum ca.10

5000 yr ago (Renssen et al., 2009), Southern European ecosystems experienced great
changes, as observed in glacier dynamics (Matthew et al., 2008), lake-levels (Magny
et al., 2011), fire activity (Vannière et al., 2011) and flood records (Macklin and Lewin,
2003). In contrast to this period, the Bronze Age (4200–2800 cal BP) in Italy and across
Europe was a crucial period for societal development, involving important technological15

innovations and changes in land-use strategies (Valsecchi et al., 2006; Vannière et al.,
2010; Zolitschka et al., 2003).

River floods are among the most common and widespread natural disasters, and
there is a societal debate about whether the frequency of such flood events varies due
to changes in human land-use and/ or anthropogenic climate change (Coulthard and20

Macklin, 2001; Chapron et al., 2005; Moreno et al., 2008). Several climate scenarios
may trigger flood events. Flood chronologies from several regions suggest that times
of rapid climate changes are associated with a greater frequency of large and extreme
floods (Macklin et al., 2006; Vasskog et al., 2011). Records of palaeofloods show that
natural floods resulting from excessive rainfall, snowmelt, or both combined are highly25

sensitive to even modest changes of climate (Knox, 2000). Land use and human-driven
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land cover changes are also considered important forcing/controlling factors of flood
activity and global sediment flux (Macklin and Lewin, 2003; Dearing and Jones, 2003).

Lakes provide valuable records of environmental changes because they are such
sensitive ecosystems (Battarbee and Bennion, 2011), but also because their sedi-
ment accumulations offer exceptionally high-resolution, continuous terrestrial archives5

of past changes and a long-term perspective on ecosystem trajectories (Dearing et al.,
2006). Lake sedimentation is very good at preserving river-flood activity at the event
scale and offers continuous records of sedimentary flood deposits, which enables the
estimation of long-term event frequency (Gilli et al., 2012; Støren et al., 2010; Wilhelm
et al., 2012).10

This paper presents a lacustrine approach to establish a Holocene flood record in
Southern Europe. This flood dataset is based on the chronological occurrence of detri-
tital deposits in the sediment record of the perialpine Lake Ledro (Alps, Northern Italy).
Two sediment cores were studied, and an automatic method was developed that ob-
jectively identifies the sedimentary imprint of river floods in the downstream lake basin.15

The automatic quantification was made twice on the proximal and the distal cores to
produce a reproducible record of flood frequency. Geophysical and geochemical anal-
yses made it possible to distinguish event deposits (flood and mass-wasting events)
from background sedimentation. The reconstruction of flood frequency was compared
with (1) lake-level changes, which respond to longer-term variations in the hydrological20

regime, and (2) land-cover changes from pollen data, which also document land-use
history. The principal objective of this paper is to highlight the main shift of Holocene
ecosystem dynamics and to discuss the magnitude of such changes in the context of
climatic versus human forcing factors.

4704

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-print.pdf
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 4701–4744, 2012

Controls on the
Holocene flood

frequency in the Lake
Ledro area

B. Vannière et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2 Materials and methods

2.1 Study site

Lake Ledro (45◦ 52′ N, 10◦ 45′ E, 652 m a.s.l.), located on the southern slope of the Alps
in Italy, is a small lake (3.7 km2) with a maximum depth of 46 m (Fig. 1). The catchment
area covers 111 km2 and includes several mountains that culminate between 1500 and5

2250 m a.s.l. Two tributaries feed the lake: the Massangla and the Pur rivers. The lake
was dammed by a moraine (Beug, 1964) that was partially cut by the outflowing Ponale
River, which flows into nearby Lake Garda (65 m a.s.l.). Triassic, Liassic and Creta-
ceous limestone mainly constitutes the geological substratum. Some morainic tongues
and alluvial deposits of calcareous and siliceous composition fill the bottom of the val-10

leys. Lake sediments are dominated by autochthonous carbonate lake-marl that forms
a rim of white platform along the shore. The vegetation around the lake is dominated
by Fagus mixed with Abies. Higher in the Ledro Valley, between 650–1600 m a.s.l.,
the forest is dominated by Picea. Above 1600 m, grassland replaces forest. At Lake
Ledro, the modern climate conditions can be considered sub-continental. The coldest15

and the warmest months have average temperatures of 0 ◦C and 20 ◦C, respectively.
The annual precipitation ranges ∼ 750 to 1000 mm.

On the River Ponale, between Lake Ledro and Lake Garda, the pumped-storage
plant “Centrale idroelettrica del Ponale” was built in 1928–1929. Water is pumped in
penstocks from Lake Garda to Lake Ledro, which is 532 m higher. This artificial water20

regulation strongly modifies the sedimentary dynamics. Consequently, the sedimen-
tary record since 1929 cannot be compared to the older parts of the record or used as
a reference. During construction of the pumped-storage plant, the remains of a Bronze
Age pile-dwelling village (over 10 000 piles) were discovered on the eastern shore of
the Lake. Lake settlements started around 4000–3800 cal BP and ended with aban-25

donment between 3200–2800 cal BP (Pinton and Carrara, 2007).
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2.2 Seismic survey and coring

A seismic reflection survey using a single-channel 3.5 kHz pinger source provided the
lake bathymetry and high-resolution sub-bottom profiles used to establish a seismic
stratigraphy of the well preserved part of the basin infilling (Fig. 1; Simonneau et al.,
2012). Cores LL08-1 and LL08-2 were located in the deep basin within a well stratified5

seismic facies highlighting continuous and high-frequency reflections, i.e. by avoid-
ing chaotic and larger mass-wasting deposits (MWD). Core LL08-1 is in a relatively
distal position from the two main deltas constructed by the lake tributaries, whereas
core LL08-2 is more proximal to the inflow of allochthonous particles. The sediment-
water interface was properly recovered by using a gravity corer equipped with ∅ 63 mm10

PVC liners. Sediment cores were retrieved using a piston corer with the same liners
(UWITEC system). Duplicate cores were taken from each site (LL08-1 and LL08-2).

2.3 Geophysics logging

Magnetic susceptibility (MS) and Gamma-ray attenuation bulk density (GD) were mea-
sured in the cores at 5 mm resolution with a Geotek multi-sensor core logger (Gunn15

and Best, 1998). GD was logged on whole cores and MS was measured on split cores
with the MS2E1 surface-scanning sensor from Bartington Instruments, which was
adapted for fine-resolution volume magnetic-susceptibility measurements (Vannière
et al., 2004). These analyses allow us to establish stratigraphic correlations useful
for constructing the master sequences (LL08-1 and LL08-2), guaranteeing complete20

records without any gaps or redundancies. Colour properties were analysed with a line
scan camera with 3 CCDs (2048 pixels each). Colour data are reported in the RGB
and Lab-colour systems at a resolution of 70 µm, providing a continuous record of the
master sequences at very high resolution.

4706

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-print.pdf
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 4701–4744, 2012

Controls on the
Holocene flood

frequency in the Lake
Ledro area

B. Vannière et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.4 Geochemical analysis

The chemical composition of sediment core LL08-1 was analysed using an Avaatech
XRF core scanner at a resolution of 0.2 mm (presented here: Si, Ca, K, Ti) and 2 mm
(Zr). The XRF measurements were carried out on split cores with a measurement du-
ration of 20 s. A 10 kV voltage and a 2000 µ A current were applied to detect lighter5

elements (Si, Ca, K, Ti), and 30 kV and 1000 µA settings were used for the heavier
elements (Zr). Because of the influences of variable water content and grain size on
the sediment matrix, the XRF scanner only provides a rough estimate of the geochem-
ical composition, and the acquired counts are semi-quantitative. The Ca, Si, K, Ti and
Zr results are presented for a short section to complete the lithological characterisa-10

tion (Fig. 2b). To calibrate the XRF measurements and to analyse selected layers,
49 samples from the laminated facies of LL08-1 were processed for inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES) measurements. Approximately
80 mg of sediment were fully dissolved under pressure at 100 ◦C using a mixture of
2 ml each of suprapure grade HCl, HNO3 and HF. After evaporation, the residues were15

mixed again with HNO3 and diluted with MilliQ water. Certified reference materials
(BCSS1, JSD1, PACS1 and BCR2), 5 “white samples” (i.e. lacking sediment), and 5
duplicates were added to the set of samples. Only Zr and Ca elemental concentrations
(ppm) are presented.

2.5 Organic matter characterisation20

Twelve samples were taken from unlaminated brown and light grey deposits of LL08-
1 for organic matter petrographic observations. Petrographic study (palynofacies) in-
volves microscopic examination of total OM in transmitted and reflected light after acid
hydrolysis of carbonates and silicates. Taking into account the chromatic and textu-
ral aspects of particles (Meyers and Lallier-Vergès, 1999), the analysis aims to identify25

and quantify the organic compounds (relative percentages of surface particle area) and
establish the ratio between allochthonous and autochthonous components. Terrestrial
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OM (TOM) includes particles weathered from the catchment and/or windblown grains,
while lacustrine OM (LOM) consists of particles derived from aquatic plants and phyto-
plankton (Millet et al., 2007).

2.6 Pollen analyses

For pollen analyses, the mean sampling resolution (1 cm3 and 1 cm thickness) on the5

whole LL08-1 sequence is 5 cm. Samples were taken from laminated parts of the
series. Samples were treated chemically (HCl, KOH, HF, acetolysis) and physically
(0.5 mm sieving and decanting) following standard procedures (Moore et al., 1991).
Lycopodium markers (Stockmaar, 1971) were added to estimate pollen concentrations
(grains cm−3 ). For the identification of pollen types, we used keys (Beug, 2004; Reille,10

1992–1998) as well as the reference collection at the University of Franche-Comté.
At least 300 terrestrial pollen grains were counted in total, excluding dominant terres-
trial taxa, water and wetland plants, as well as spores of pteridophytes. This paper
presents only arboreal and non-arboreal pollen (AP/NAP) curves and an “anthropic”
pollen-sum curve (Cerealia type, Secale type, Triticum type, Cannabis-humulus type,15

Plantago lanceolata, Rumex, Urticaceae). A related paper (Joannin et al., 2012) is
dedicated to the reconstruction of detailed vegetation dynamics around Lake Ledro.

2.7 14C and 137Cs measurements

The chronology is based on 19 AMS 14C ages measured on terrestrial plant macrofos-
sils and on 137Cs measurements taken from the topmost 32 cm of the sediment record20

with a well-type GeLi detector following procedures detailed in Fanetti et al. (2008; Ta-
ble 1 and Fig. 2a). For radiocarbon analyses, selected terrestrial macrofossils were
isolated from sediment samples (thickness of 1 cm) by sieving with a 100 µm mesh un-
der water. All radiocarbon ages were calibrated using the program Calib 6.06 (Reimer
et al., 2009). All ages are reported on each master core (LL08-1 and LL08-2) accord-25

ing to lithological correlation (Fig. 2a). The results from radiocarbon and short-lived
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radio-isotope analyses were combined to produce an age-depth model for each se-
quence using a smooth cubic spline model available within the “Clam” software by
Blaauw (2010).

3 Results

3.1 Lithological classification: laminated facies and sedimentary events5

Because Lake Ledro is situated in a carbonate catchment, the autochthonous sedi-
mentation is dominated by calcite precipitation and biogenic lake productivity (Fig. 2a),
accompanied by the sedimentation of allochthonous material such as clay and organic
particles. This results in a laminated and continuously deposited facies, referred to
as “background” sedimentation. In detail, the background-laminated sedimentation is10

composed of two layers: one white carbonated and one grey clayed. The season of
the biochemical calcite layer deposit is summer, whereas for the grey layer it is un-
determined but could occur during winter. The solarisation (saturated and inversed
colour) of core images allows to easily identify the 2 different laminae that charac-
terise background lacustrine sedimentation in Lake Ledro, highlighting that this finely15

laminated facies is frequently intercalated by numerous event deposits of two different
types (Fig. 2a).

The first type of sedimentary event corresponds to graded dark-brown deposits of
various thicknesses (from 1 mm to 38 cm). The stratigraphic position of these intrusive
event layers within the background sedimentation attests to their seasonal deposition20

(Mangili et al., 2005). It is impossible to determine the season of the flood layer deposit
because of the relative conservation of the laminations and because the possibility of
sedimentation disturbance during the flood deposit (erosive deposit) cannot be com-
pletely ruled out. If the dark-brown layer is covered by the light carbonated summer
layer, we might hypothesise that the sedimentary event occurred during spring. If the25

dark-brown event layer is capped by the grey clayed layer, we hypothesise that it was
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deposited during autumn; the great majority of our observations have this character-
istic. Organic petrography observations show that organic matter included in these
deposits is mainly of terrestrial origin (red amorphous organic particles; Meyers and
Lallier-Vergès, 1999). Geochemical and geophysical measurements also allow us to
distinguish these dark-brown layers from the background sedimentation (Fig. 2b). They5

are characterised by higher magnetic susceptibility values that attest to their detritic ori-
gin and by lower Ca-content, which is also in accordance with this origin. Only the Zr
increase characterises the entire layer, while other detrital elements such as Si, K and
Ti show an asymmetric profile and mark only the upper part of each event layer. The
grading observed in these deposits is interpreted as the typical signature of hyperpy-10

cnal flood deposits in a sub-aquatic basin (Mulder and Alexander, 2001; Simonneau
et al., 2012). Based on the grain-size pattern and the high content of terrestrial organic
matter, these deposits are interpreted to be composed of allochthonous material, re-
sulting from flood events in the Lake Ledro tributaries. Visual correlations between
master cores LL08-1 and LL08-2 show that these layers are thicker in the proximal15

core LL08-2 than in the distal core LL08-1. Several hundred of these flood deposits are
recorded within core LL08-1 and LL08-2 (Table 2).

In addition to these flood deposits, a second sedimentary event type can be observed
as light grey-brown homogeneous deposits (Fig. 2a). The mean granulometry of these
event layers is finer, and petrographic observations show that this facies is mainly com-20

posed of organic matter of lacustrine origin (grey amorphous particles; Millet et al.,
2007). These are the same particles that also characterise the laminated facies, in-
dicating their origin in the lake’s biological productivity. Thus, these light grey-brown
homogeneous deposits are of lacustrine origin and may correspond to subaquatic
mass-movements or mass-wasting deposits (MWD) reworking and mixing lacustrine25

sediments from the slopes and the shores (Simonneau et al., 2012). This second type
of sedimentary event is indicated by thicker layers ranging from 0.1 mm to 13 cm. This
second type of event deposit is less common than the dark-brown one; 11 and 13
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deposits (up to 1.5) have been identified, respectively, in LL08-1 and LL08-2 records,
while several hundred flood events deposits have been observed.

3.2 Chronology and sediment accumulation rates

Measurements of 137Cs radioactivity in the upper 32 cm of core LL08-2P highlight the
occurrence of 3 well-defined peaks at 29 cm, 20 cm and 6 cm (Fig. 2a). The deeper5

peak at 29 cm reflect the peak level of atmospheric nuclear weapons tests in the North-
ern Hemisphere in 1963 (Appleby, 2001), whereas the first very strong peak at 19 cm
is related to the high contamination in Northern Italy induced by the Tchernobyl nu-
clear reactor meltdown in 1986 and previously documented within the Southern Alps
in lake Como recent sediments (Fanetti et al., 2008). The upper peak at 6 cm also indi-10

cates that high contamination is very unusual. Because this high peak in 137Cs reaches
similar values as the one associated with the 1986 Tchernobyl accident, and because
lacustrine laminae are tilted between 0.5 cm and 13 cm of the sediment core, this sec-
tion of core LL08-2P is interpreted as a slump deposit reworking recent sediments and
should therefore not be considered in the development of the age-depth model.15

The results from radiocarbon dating and from the analysis of the anthropogenic ra-
dionuclide 137Cs were combined to produce age-depth models for both cores using
a smooth cubic spline model available within the “Clam” software (Blaauw, 2010; Fig. 3;
Table 1). This model allows for the robust estimation of uncertainties and takes into ac-
count the entire probability distribution of the calibrated radiocarbon dates, avoiding20

any arbitrary choices. Taking into account the automatic and the naked-eye method for
sedimentary event identification and counting (see next section), two age-depth mod-
els were calculated for each sequence. The average confidence interval of the error
of the models is 200 yr. The mean Sediment Accumulation Rate (SAR) is higher for
LL08-2 than for LL08-1, but both sequences show similar variability. The automatic25

method does not identify the clay cap of the sedimentary events, and thus it may un-
derestimate the sedimentary event thickness, which explains the slight differences be-
tween the models. In general, however, the shape and slope of the curves are very
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similar. Considering the entire record at the scale of 10 000 yr, the sedimentary dy-
namics deduced from all these models appears to be relatively continuous and low
(SAR < 0.04mmyr−1 for sedimentation without sedimentary events) prior to 4000 cal
BP. After this date, a long trend of increasing SAR is recorded, as are abrupt and strong
increases that reach maxima at ca. 3600 1800, 1000 yr cal BP and since ca. 1850 cal5

AD.

3.3 Automatic and naked-eye counting of flood deposits, and frequency
analysis

Core-image treatment by solarisation shows that flood deposits appear in a brown
colour that is mainly characterised by the red colour in RGB scale, whereas the lami-10

nated facies is characterised by blue for the summer deposit and by the green for the
clayed layer (Fig. 2a). Thus, to separate the dark-brown deposits from the background,
we selected the 1/Red signal, which represents the highest amplitude over the series
in RGB values (Figs. 2b and 4a). Then, we normalised the signal by removing the low-
frequency trend, following the principle used for reconstruction of fire-event frequency15

(Long et al., 1998; Vannière et al., 2008). The low-frequency signal is estimated here
by the moving first quartile with a running window of 1000 values. The normalisation
corresponds to the reduced value (raw value minus the mobile quartile) divided by the
mobile standard deviation: (1/Red) normalised = (((1/Red)-mobile quartile1) / mobile
standard-deviation). The normalised signal contains two components: the background,20

which oscillates around zero, and the peak component, which is significantly different
from the background. Two populations of values usually represent them: the lowest
ones are interpreted as analytical noise, whereas the highest positive ones above the
threshold value (TV) are assumed to express intrusive events. A Gaussian mixture
model was used to decompose the peak component, i.e. to analyse the histogram25

plot of the peak-component frequency distribution and to choose the TV (MIXMOD
Software; Biernacki et al., 2006; Fig. 4b). This model helps to disentangle two over-
lapping sub-distributions and to identify the upper limit of the main distribution, which
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may potentially be the upper limit of the analytical noise-related variation. The distri-
bution of peaks along the sequence is evaluated by the smoothing sum of episodes
with a 50 or 100-yr moving time window. The reconstruction of flood-event frequency,
from cores LL08-1 and LL08-2, results from this time-series analysis of the peak com-
ponents (Fig. 5). According to the lithological classification presented Sect. 3.1, naked-5

eye counting of the dark-brown flood deposits has been performed three times by three
different persons. The results were averaged to produce a naked-eye counting value.
Flood event frequency and the sum of thickness per 100 yr are presented in Fig. 5.

Results from both counting methods appear very similar if we consider the number
of identified layers, the mean thicknesses or the standard deviations. Between cores10

LL08-1 and LL08-2, flood-event deposits are quasi-systematically thicker in core LL08-
2, i.e. at the more delta-proximal location. Thus, 20 % more flood event deposits have
been identified and counted in core LL08-2 compared to core LL08-1. However, the
mean results obtained from both cores and methods show only thin grey-bands of
uncertainty, which indicates the low amount of variability in the signals obtained from15

the two cores. This confirms that the reconstructed flood signal depends neither on the
core location in the lacustrine basin nor on the identification/counting methods used for
quantifying sedimentary event deposits.

Flood frequency appears low until 4500 cal BP, except for small increases at ca.
8000, 7500 and 7100 cal BP. Then, an abrupt increase is recorded between 4500 and20

2800 cal BP, followed by a slight decrease until 1300 cal BP (650 cal AD). A new strong
increase occurs after ca. 450 cal BP (1500 cal AD), reaching a maximum at ca. 150 cal
BP (1800 cal AD). The bottom-left diagram of Fig. 5 shows the detailed reconstruc-
tion of flood frequency for the last 1300 yr, a period that includes the Medieval Warm
Anomaly and the Little Ice Age. Seven periods of elevated flood frequency are recorded25

around 750, 900, 1150, 1300, 1550 and 1850 cal AD. The sum of flood thickness per
100 yr shows a similar record of flood activity except for four additional short and abrupt
increases, which correspond to punctual thick flood deposits in ca. 6600, 5600, 5100
and 2700 cal BP. Mass-wasting deposits are also plotted in Fig. 5: most of the events

4713

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-print.pdf
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 4701–4744, 2012

Controls on the
Holocene flood

frequency in the Lake
Ledro area

B. Vannière et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

are recorded during the last 4500 cal BP, only 3 events occur earlier, around 9200,
7200 and 5900 cal BP.

3.4 Background sedimentation changes

Figure 6 presents geophysical and geochemical descriptors of the whole LL08-1 se-
quence, including density of sediments, magnetic susceptibility and the Ca/K ratio cal-5

culated from core scanning. Calcium can be considered a proxy for autochthonous
sedimentation (mainly derived from authigenic precipitation in the water column), while
potassium is mainly linked to clays and may be considered a proxy for allochthonous
sedimentation. The low-frequency smoothing of the data highlights the main trend of
the sedimentary dynamics during the last ten millennia, i.e. the change in sediment10

composition associated with environmental changes, excluding sedimentary events.
The Ca/K ratio that allows us to partially correct for drifts is used to track allochthonous
inputs (represented by K) versus mineral autochthonous precipitation (Ca). Ca can also
be detritic, as the watershed is dominated by Dolomite. Complementary calcium and
zirconium elemental analyses from samples of discrete laminated facies characterise15

the background sedimentation.
All of these proxies show a significant change of background lacustrine sedimenta-

tion at ca. 4000. This means that, during the Bronze Age, there was an increase in
GD, MS and allochthonous components (K, Zr), which indicates higher erosion in the
watershed of Lake Ledro. GD, MS and Ca/K show that this high allochthonous contri-20

bution to sedimentation continues until ca. 3000–2800 cal BP. This is also indicated by
the increase in SAR (Fig. 3). After this period, autochthonous sedimentation becomes
dominant during the early and mid-Holocene. Around 1200–1000 cal BP (750–950 cal
AD), all proxies record a new increase in detrital input into the lake (SAR, MS, Zr and
Ca/K proxies), and a new period of soil erosion and land cover change begins in the25

catchment, lasting until the 20th century. Just a short interruption is observed in the
period of ca. 1200–1400 cal BP (500–700 cal AD).
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3.5 Tree cover and pollen inferred land-use dynamics

Vegetation dynamics around the lake are documented by simplified pollen data shown
in Fig. 6. Land-cover changes are in agreement and confirm the interpretation of the
sedimentological analyses (Fig. 6). A first phase of landscape opening and land-use
occurs between ca. 4100 and 2700 cal BP, during the Bronze Age, following by lower5

human pressure in the watershed until ca. 2300 cal BP. Between 2300 and 1700 cal
BP, during the Roman period, human impact is perceptible but remains relatively low.
Then, a new phase of decline in human activities is recorded until ca. 1200 cal BP
(750 cal AD). The third phase of forest clearing and expansion of agro-pastoralism
activities around the lake corresponds to the medieval period. The human impact on10

land crosses a new threshold and intensifies from 1000 cal AD (950 cal BP) until the
20th century, with only a short decrease around the 13th century (600 cal BP).

4 Discussion

4.1 Sedimentary event deposits and palaeoflood regime analysis

Changes in the amount, frequency and intensity of precipitation have an effect on the15

magnitude and timing of runoff, and thereby on the flood occurrence. Hence, long-term
flood records can be used as valuable proxies of Holocene climatic variability through
the analysis of variations in the temporal distribution of floods (Moreno et al., 2008). In
the case of Lake Ledro, the Massangla and Pur rivers are occasionally torrential trib-
utaries draining steep slopes. The dark-coloured flood events in the sediments record20

these intense hyperpycnal flood events (Mulder and Chapron, 2011).
The sedimentation of Lake Ledro offers one of the best systems to clearly detect and

quantify flood deposits: the background sedimentation is dominated by autochthonous
sedimentation (carbonate and lacustrine organic matter), and the flood deposits are
marked by a high content of soil organic matter and appear as dark-brown layers that25
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can be easily differentiated from the background in digital pictures. Thus, the colour
data represent a more valuable proxy than geochemistry measurements, which are
affected by long-term changes in the background sedimentation with the increase in
terrestrial inputs since ca. 4000 cal BP (Fig. 6). Using a seismic survey to find the
best undisturbed sequences and analysing two cores in a proximal and distal position5

in the lake guarantees the quality of our record, even though there could be some
heterogeneity of deposits in the lacustrine basin (Schiefer et al., 2011).

For the hydrologist, a flood is a river-flow height or volume that exceeds some mean
or average water flow state over a period of time. In contrast, the sedimentologist con-
siders floods to be flows of sediment that exceed some threshold value, such that they10

induce significant solid particle input into the lake. Because there are numerous ge-
omorphologic characteristics and sedimentological parameters, the thickness of flood
deposits cannot be directly associated with the intensity of floods (Giguet-Covex et al.,
2012). However, records of flood frequency are dependent on deposit thickness as
a minumum thickness that defines the detectable layers, i.e. on floods that have led15

to the sedimentation of a minimum of allochthonous material. The methods and tech-
niques used in this study were selected to detect the greatest portion of flood episodes
that have occurred in the Ledro Lake catchment area and to provide the most exhaus-
tive flood frequency reconstruction possible. The results show that, except for small
punctuate differences, both frequency and thickness records offer the same pattern:20

deposit thickness increases when frequency increases, and vice-versa (Fig. 5). Only
the rarest, thickest events (> 5cm) seem to occur during periods of low or moderate
flood frequency, such as those at ca. 6500, 5500, 5000, 3500, 3200, 2500 cal BP, which
may reflect strong remobilisation and discharge of material stocked in the watershed
during a low flooding period.25

4.2 Four successive periods of palaeoenvironmental changes

Figure 6 shows that, independent of the event deposits, the background sedimentation
of Lake Ledro records four main periods:

4716

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-print.pdf
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 4701–4744, 2012

Controls on the
Holocene flood

frequency in the Lake
Ledro area

B. Vannière et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

– Before 4100 cal BP, detrital flux into the lake is very low, and the vegetation around
the lake is a closed forest. Pollen-inferred anthropogenic activities indicate low
human impact (Joannin et al., 2012).

– After 4100 cal BP (2150 cal BC) and until 2700 cal BP (750 cal BC), environmen-
tal dynamics are marked by an increase in detrital inputs into the lake (SAR,5

MS, K and Zr increases) and increased pollen, indicating human activities. Mean-
while, the number of arboreal taxa decreases. This clearly indicates an increase
in soil erosion, which fits with human forest clearing and the development of agro-
pastoral activities. This is in agreement with the Bronze Age settlement found on
the lake shores by an archaeological survey (Pinton and Carrara, 2007).10

– The third period, from 2700 to 1200 cal BP (750 cal BC and 750 cal AD), encom-
passes the Iron Ages and the Roman and Early Medieval periods. During these
periods, human activities seem relatively limited: the forest recovers and erosion
strongly diminishes. Only a small increase in anthropogenic pollen (from 2300
to 1700 cal BP) indicates a human presence in the watershed that is most likely15

less marked by pastoralism than by crop cultivation, which in turn has a reduced
effect on the forested area (Joannin et al., 2012). From 1700 to 1200 cal BP, the
reduction of agro-pastoral activities may be associated with the massive migration
period (Tinner et al., 2003; Büntgen et al., 2011).

– The last period of environmental change is from 1200 cal BP (750 cal AD) to the20

19th century, i.e. the Middle and Modern Ages. A new increase in allochthonous
input into the lake follows the opening of the forest and the expansion of human
activities around the lake. This fourth period is abruptly and briefly interrupted
around 700 cal BP (1350 cal AD), at the time of the European Black Death and
Great Famine (Büntgen et al., 2011).25

In the 19th century, the sedimentation appears strongly modified by the human control
of lake-level for hydroelectricity production; consequently, the record cannot be used
for palaeoenvironmental reconstruction.
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4.3 Variability in flood frequency in the early to mid-Holocene and possible
orbital control

Over the last 10 000 yr, Lake Ledro’s flood record shows two distinct periods, with clus-
tering of flood events at 8000–7000 BP and after 4500–4000 cal BP (Fig. 8). In detail,
the high frequency variability, i.e. above the millennial trend, notes a secular variability5

that appears under climatic control during the last millennium and that perfectly cor-
relates with the Ledro lake-level reconstruction (Magny et al., 2012). Figure 8 shows
similar increases in flood activity in the nearby Lake Iseo (50 km south-west of Lake
Ledro; Lauterbach et al., 2012), in Southern Italy (Piccarreta et al., 2011), in the Alps
(Debret et al., 2010) and in Germany (Hoffmann et al., 2008). All of these authors pos-10

tulate that flooding periods are climatically driven and mainly associated with colder
and moister periods, at least until 4000 to 2000 cal BP.

The three successive increases in flood frequency and lake level 8000, 7500, and
7000 cal BP appear to be the most prominent events in the early to mid Holocene at
Lake Ledro. They seem synchronous with a major change in reconstructed summer15

temperature deviation in South-Western Europe (Fig. 8; Renssen et al., 2009). Also at
this time, the Holocene SST record from marine core MD90-917 in the Adriatic Sea
highlights major negative anomalies (Siani et al., 2010). This period, 8000–7000 cal
BP, corresponds to the highest rate of change in annual insolation for the Holocene
(Zhao et al., 2010) and a prolonged period of decrease in the residual atmospheric20

radiocarbon (Stuiver et al., 1998). The higher flood activity may have been driven by
a combination of orbital forcing and change in solar activity. In a broad sense, these
increases in flood frequency occur during periods of global cooling marked by major
glacier advances in the Alps (Matthews et al., 2008). Between ca. 7000 and 4500 cal
BP, Ledro’s flood frequency is relatively low, except for a few very thick deposits that25

are synchronous with a lake-level rise around 5800–5300 cal BP. This coincides with
a major worldwide cooling event (Magny et al., 2006).
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Around 4300–4000 cal BP, the ecosystems of the Alps and the Northern Mediter-
ranean experienced a major change (the Neoglacial; Zanchetta et al., 2012), including
reduced fire activity (Vannière et al., 2011), rising lake levels (Magny et al., 2009) and
glacier advances (Matthews et al., 2008). Superimposed on this multicentury climate
variability, the multimillennial trend of summer temperature shows a decline (Fig. 8;5

Renssen et al., 2009). Such a trend is in line with the precessional signal found in inso-
lation at 60◦ N (Berger and Loutre, 1991): the decreased seasonal contrast of insolation
reached its halfway point at this time. Synchronously, the period of flood frequency in-
crease around 4500–4000 cal BP at Lake Ledro suggests a change in the long-term
palaeohydrological regime, with a long-term repetition of period of high flood frequen-10

cies, which is also at the European scale (Fig. 8). This rupture may reflect a non-linear
climate response to the orbitally driven gradual decrease in summer insolation, which
controls the millennial trend toward wet conditions during the late Holocene (Mayewski
et al., 2004; Zhao et al., 2010).

4.4 Variability of flood frequency during the mid- to late-Holocene and imprint15

of human activities

The millennial trend of Lake Ledro’s flood frequency shows two marked steps changes
in the rate of increase around 4500–4000 cal BP and 500 cal BP, coinciding with known
global climate changes. These changes in flood dynamics are also synchronous with
forest openings, soil erosion and an increase in land use in the Lake Ledro water-20

shed; the earlier one is contemporaneous with protohistoric lake-dwelling settlements
(Fig. 8; Pinton and Carrara, 2007). This suggests that at least part of the flood activ-
ity and/or the repetition of intense events, as shown by the increase of mean thick-
ness increase of flood deposits, is linked with human activities. At the regional scale,
pollen data provide strong evidence for regional anthropogenic influence, such as for-25

est clearings and agricultural activity (Mercuri et al., 2006; Valsecchi et al., 2006). In the
Western Swiss Alps, changes in Holocene vegetation are characterised by continuous
landscape denudation that begins at ca. 4300 cal yr BP, with several distinct pulses of
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increasing deforestation. Each pulse can be attributed to an increase in pollen-inferred
human impact and corresponds to increased landslide activity in the Lake Schwarzsee
catchment area, as recorded by higher sedimentary event frequencies in the sediment
record (Dapples et al., 2002).

Similarly, Macklin and Lewin (2003) reconstruct the flood frequency in Britain through5

the Holocene. A significant increase around 4500–4000 cal BP in their data suggests
that land use has increased the sensitivity of both lowland and upland British envi-
ronments. They conclude that land use plays a key role in moderating or amplifying
the sensitivity to climate. A database of 506 fluvial 14C ages from Germany (Fig. 8;
Hoffmann et al., 2008) and comparison with palaeoclimatic and proxy data of human10

activities confirm that because 4500–4000 cal BP, the increased soil erosion is at least
partially due to the growing population and intensive agricultural activities during the
Bronze Age and cannot be unequivocally attributed to climate. Across Central and
Southern Europe, studies reveal a striking synchronism in soil impacted by land use.
This suggests similar land-use practices over wide areas, marked by the fire and graz-15

ing development that characterises the Bronze Age (Rius et al., 2009; Vannière et al.,
2008). During this period, around the Mediterranean basin, the fire regime switches
from being predominantly climate-forced to being human-driven (Vannière et al., 2010,
2011).

These observations raise the question, how were the Bronze Age populations able to20

transform large areas so rapidly? Although the relative contributions of climate and land
use are difficult to quantify, the results obtained from Lake Ledro help to answer ques-
tions about the magnitude of ecosystem changes and about the timescales. During the
period 4500–4000 yr ago, the Bronze Age population was most likely large enough to
contribute to a widespread and strong increase in land erosion, but the major changes25

in the hydrological regime, recorded in particular by lake-level variability (Magny et al.,
2012) at lake Ledro, primarily suggest orbitally driven climate change, and we postulate
that the Neoglacial initiation leads to the flooding increase.
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4.5 Variability in flood frequency during the last millennium and possible solar
control

To assess the main drivers of flood frequency during the last centuries and to interpret
long-term changes in flood frequency, chronologies of high- and low-frequency vari-
ability were compared with independent and regional flood records and climate recon-5

structions (Fig. 7). The first comparison concerns the debris-flow calendar from Lago
di Braies (150 km north-east of Lake Ledro; Irmler et al., 2006). Taking into account
the uncertainty in the radiocarbon chronologies, both records show strong similarities
in their time series. Prior to 700 cal BP (1250 cal AD), flood and debris-flow frequency
is relatively low, with three slight increases at ca. 1200, 1050 and 900 cal BP (750,10

900 and 1150 cal AD). A stronger increase is recorded in both records around 650 cal
BP (1300 cal AD), followed by a break of a few centuries, then followed by a major
increase that reaches its first maximum at ca. 400 cal BP (1550 cal AD) and a second
maximum at ca. 100 cal BP (1850 cal AD). These periods of maximum flood frequency
since 1500 cal AD have also been reported by Schmocker-Fackel and Naef (2010)15

from Northern Switzerland, and they appear to be synchronous with multiple records
of Spanish flood activity (Barriendo and Rodrigo, 2006; Benito et al., 2003), suggest-
ing that these flood patterns result from large-scale climate changes at the European
scale or larger. The long-term trend of increased flood frequency during the last mil-
lennium also contains two successive periods of low and high flood frequency, which20

coincide with the Medieval Warm Period (MWP) followed by the cooler Little Ice Age
(LIA) from ca. 1500 to 1850 cal AD. This is also in agreement with the increase in
flood activity during the LIA in many Mediterranean river basins (Benito et al., 2008;
Moreno et al., 2008; Wilhelm et al., 2012). The comparison with Alpine summer tem-
perature series reconstructed from tree-ring data (Büntgen et al., 2011; Corona et al.,25

2011) highlights a general synchronicity between summer-temperature decreases and
flood-frequency increases, such that climate appears to be the main driving factor of
flood frequency variability. Finally, the comparison with the total solar irradiance record,
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from Beryllium-10 ice-core records (Delaygue and Bard, 2011), suggests that during
the last 1300 yr, flood frequency increases occurred during all minima of solar irradi-
ance. This timing of flood frequency increases implies that, superimposed on the local
flood-producing mechanism, solar variability during the last millennium has induced
a response in the hydrological regime through indirect and complex atmospheric circu-5

lation patterns (Hu et al., 2003; Mayewski et al., 2004).
The recent synthesis of seasonal characteristics of flood regimes across the Alpine–

Carpathian range by Parajka et al. (2010) indicates that, in the region of Lake Ledro,
the annual maximum daily precipitation is distributed between late August and Novem-
ber. The annual maximum flooding occurs during autumn from flood-producing storms10

due to southern air flows driven by the meridional southern circulation patterns. How-
ever, spring and summer floods occur before the extreme precipitation season due
to increasing soil moisture from the late spring snow melt, whereas extreme events
are more likely to occur as late as November. Gaume et al. (2009) also documented
a marked seasonality of flash floods and in many parts of the Alpine range suggesting15

a mechanism involving extreme storms and southerly circulation patterns that cause
warm and moist air to be advected from the Mediterranean Sea. All of these may ex-
plain the good correlation observed in Fig. 7 between Alpine summer temperature re-
construction and Lake Ledro’s flood frequency variability. From the MWP into the LIA,
the trend toward higher flood frequency could have resulted from the steepening of20

the meridional temperature gradient as the Alps cooled more rapidly than the Mediter-
ranean. The spring flood deposits at Lake Ledro are absent during the MWP but not
the LIA period (Wirth et al., 2012). These spring signals could be in agreement with
the persistent positive North Atlantic Oscillation (NAO) mode that Predominated dur-
ing the MWP and with the transition to more negative NAO conditions during the LIA25

(Trouet et al., 2009) which would have increased winter and spring precipitation on the
southern slopes of the Alps and in the Northern Mediterranean regions causing flood
frequency to increase during this season.
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5 Conclusions

A combination of non-destructive core-scanning techniques, detailed analysis of sed-
iment facies and AMS 14C dating of terrestrial macro-remains was used to detect
and characterise the Lake Ledro sediment record. Very high-resolution and continu-
ous colour data appear to be the most relevant proxy to identify flood event deposits5

and to separate them from the continuous background sediments. During the early-
to mid-Holocene, flood activity appears limited to short episodes of weak increases
in flood frequency during periods of high lake levels, which indicate cooler and wet-
ter climate conditions between 8000 and 7000 cal BP. After ca. 4500–4000 cal BP,
flood frequency and layer thickness strongly increase synchronously with an abrupt10

and long-term lake-level rise at Lake Ledro. This period of flood frequency increase
corresponds to a major change in hydrological regime around Lake Ledro and is in ac-
cordance with other European records of river activity, glacier extent and other proxies
of climate change under global forcing factors such as insolation. The role of climate
as the main forcing factor in flood activity is documented, but, since the Bronze Age15

and later during the Middle-Ages and modern times, forest clearing and land use, as
shown with pollen and archaeological data, have strongly increased soil erosion and
flood intensities, and these factors could explain the increases in the amplitude of flood
activity. In lakes, allochthonous sedimentation, and in particular extreme inputs such
as flood deposits, are controlled by the physiographic setting of a catchment and are20

moderated by climate and land-cover/land-use change.
Based on these approaches and results, our data emphasise: (1) variability of flood

activity during the past 10 000 yr in the catchment area of Lake Ledro has been marked
by two major changes ca. 4500–4000 cal BP and 650–450 cal BP (1300–1500 cal
AD); (2) coherence between Lake Ledro’s flood record and a large number of flood25

records available from western and Southern Europe, which document the influence
of North-Atlantic climate variability on flood frequency at the southern edge of the
Alps; (3) strong human impacts resulting in an increase in allochthonous inputs into
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the lake since the Bronze Age, which is also most likely a general phenomenon in Eu-
rope during this period of cultural change and demographic increase. Independently
of the forcing factors that cause this major shift in sedimentary flux, the period ca.
4500–4000 cal BP appears to have been crucial in determining the trajectory of West-
ern European ecosystems. Disentangling human and climate impacts on ecosystems5

dynamics is quite difficult because the influence of climate on societal development is
not well understood, and past societal impacts on palaeoclimate change are most likely
underestimated.
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Lauterbach, S., Chapron, E., Brauer, A., Hüls, M., Gilli, A., Arnaud, F., Piccin, A., Nomade, J.,5

Desmet, M., and von Grafenstein, U.: A sedimentary record of Holocene surface runoff
events and earthquake activity from Lake Iseo (Southern Alps, Italy), The Holocene, 22,
749–760, 2012.

Lenton, T. M., Held, H., Kriegler, E., Hall, J. W., Lucht, W., Rahmstorf, S., and Schellnhu-
ber, H. J.: Tipping elements in the Earth’s climate system, Proc. Natl. Acad. Sci., 105, 1786–10

1793, 2008
Long, C. J., Whitlock, C., Bartlein, P. J., and Millspaugh, S. H.: A 9000-year fire history from the

Oregon Coast Range, based on a high-resolution charcoal study, Can. J. Forest Res., 28,
774–787, 1998.

Macklin, M. G. and Lewin, J.: River sediments, great floods and centennial-scale Holocene15

climate change, J. Quaternary Sci., 18, 101–105, 2003.
Macklin, M. G., Benito, G., Gregory, K. J., Johnstone, E., Lewin, J., Michczynska, D. J., Soja, R.,

Starkel, L., and Thorndycraft, V. R.: Past hydrological events reflected in the Holocene fluvial
record of Europe, Catena, 66, 145–154, 2006.

Magny, M., Leuzinger, U., Bortenschlager, S., and Haas, J. N.: Tripartite climate reversal in20

Central Europe 5600–5300 years ago, Quaternary Res., 65, 3–19, 2006.
Magny, M., Vannière, B., Zanchetta, G., Fouache, E., Touchais, G., Petrika, L., Coussot, C.,

Walter-Simonnet, A. V., and Arnaud, F.: Possible complexity of the climatic event around
4300–3800 cal. BP in the central and Western Mediterranean, The Holocene, 19, 1–11,
2009.25

Magny, M., Vannière, B., Calo, C., Millet, L., Leroux, A., Peyron, O., Zanchetta, G., La Man-
tia, T., and Tinner, W.: Holocene hydrological changes in South-Western Mediterranean as
recorded by lake-level fluctuations at Lago Preola, a coastal lake in Southern Sicily, Italy,
Quaternary Sci. Rev., 30, 2459–2475, 2011.

Magny, M., Joannin, S., Galop, D., Vannière, B., Haas, J. N., Basseti, M., Bellintani, P., Scan-30

dolari, R., and Desmet, M.: Holocene paleohydrological changes in the Northern Mediter-
ranean borderlands as reflected by the lake-level record of Lake Ledro, North-Eastern Italy,
Quaternary Res., 77, 382–396, 2012.

4727

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-print.pdf
http://www.clim-past-discuss.net/8/4701/2012/cpd-8-4701-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 4701–4744, 2012

Controls on the
Holocene flood

frequency in the Lake
Ledro area

B. Vannière et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Mangili, C., Brauer, A., Moscariello, A., and Naumann, R.: Microfacies of detrital event layers
deposited in Quaternary varved lake sediments of the Piànico-Sèllere Basin (Northern Italy),
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Table 1. Radiocarbon and 137Cs ages of cores LL08-1 and LL08-2, with the correlations be-
tween them.

Radiocarbon age core LL080-1 (1 cm thick sample) Correlation with core LL08-2 14C Age Calibrated age∗ Material

Lab. code Sect◦ Sect◦ MC Sect◦ Sect◦ MC BP 2s cal BP
Name Depth Depth Name Depth Depth

POZ-27888∗∗ P1a (P2) 21 (30) 16.5 LL082-P 38.5 21.7 255±30 −4–430 Wood-Peat-Charcoal
POZ-30216 P1b 17 82.2 LL082-P 113.5 96.7 290±30 288–458 Wood-Peat-Charcoal
POZ-30218 P1b 77 142.2 LL082-A1a 53.5 190.7 1020±30 802–1048 Wood-Peat-Charcoal
POZ-30219 A2a 68 193.8 LL082-A1a 148 285.2 1445±30 1297–1386 Wood-Peat-Charcoal
POZ-30220 A2a 113 238.8 LL082-A1 b 40.5 335.1 1945±30 1823–1970 Wood-Peat-Charcoal
POZ-30221 A3a 36 298.8 LL082-B1a 17.5 443.1 2520±35 2487–2743 Wood-Peat-Charcoal
POZ-27890 A3a 88 350.8 LL082-B1a 112 537.6 3095±30 3244–3383 Wood-Peat-Charcoal
POZ-30222 B2a 21 402.6 LL082-B1b 46.5 626 3030±35 3082–3354 Wood-Peat-Charcoal
POZ-27891 B2a 80 461.6 LL082-A2a 40 713.3 4080±35 4441–4810 Wood-Peat-Charcoal
POZ-30223 A3b 91 499.2 LL082-A2a 91 764.3 4550±35 5051–5319 Wood-Peat-Charcoal
POZ-27892 B2b 20 562.4 LL082-A2b 73 896.9 5720±40 6412–6634 Wood-Peat-Charcoal
POZ-30224 A4a 46 616 LL082-B2a 54 1011.3 7270±50 7981–8180 Wood-Peat-Charcoal
POZ-27894 A4a (B2b) 71.5 (109) 641.5 LL082-B2a 104.5 1061.8 8385±35 9303–9486 Wood-Peat-Charcoal

Radiocarbon age core LL080-2 (1 cm thick sample) Correlation with core LL08-1 14C Age Calibrated age∗ Material

ETH-39232 A1b 8.5 303.1 A2a 84.5 210.5 1765±35 1569–1812 leaf remains
ETH-40410 B1a 68 493.6 A3a 65 328.1 2890±50 2876–3208 leaf remains
ETH-40411 B1b 86.5 666 B2a 43 424.9 3575±35 3728–3978 leaf remains
ETH-39233 A2b 16 839.9 A3b 127 535.8 5200±35 5902–6170 leaf remains and needles
ETH-39234 A2b 136.5 960.4 A4a 19 589 6530±40 7330–7558 needles
ETH-39235 B2a 108 1065.3 A4a 73 643 8405±40 9306–9521 needles

137Cs age core LL080-2 (0.5 cm thick sample) Correlation with core LL08-1 137Cs Age

137Cs86d P 10.25 1986 doubling sediment bulk
137Cs86 P 23.25 6.45 P1a 8.75 4.55 1986 real −37–−35 sediment bulk
137Cs63 P 31.25 14.45 P1a 15.5 11.3 1963 −14–−12 sediment bulk

∗ Calibrated with Calib 6.0 (Reimer et al., 2009).
∗∗ Age rejected.
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Table 2. Descriptive statistics of flood deposits from both cores and methods.

Core 08-1 Core 08-2
Counting method Automatic Naked-eye Automatic Naked-eye

Number of deposits 387 408 507 482
Sum of thickness (cm) 206.1 219.8 378.1 419.8
Minimum of thickness (mm) 0.3 1 0.3 1
Maximum of thickness 15.8 16.0 37.5 38.0
Mean of thickness 0.53 0.54 0.75 0.87
Median of thickness 0.13 0.20 0.15 0.20
First quartile of thickness 0.06 0.10 0.06 0.10
Third quartile of thickness 0.41 0.40 0.42 0.50
Standard deviation 1.32 1.33 2.45 2.60
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Fig. 1. Location of Lake Ledro (Trentino, Italy) and its catchment (top-left panel); the bathymetry
of the lake and positions of the coring sites, inlets, outlet and archaeological site (top-right
panel); a NW-SE seismic profile, with positions of cores LL08-2 and LL08-1 (bottom panel).
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Fig. 2a. Scans, 137Cs measurements and radiocarbon dates from gravity cores (1P and 2P)
sampled at sites of cores LL08-1 and LL08-2. Visual inspection of the cores from Lake Ledro
shows a laminated yellow-grey sediment (background sediment) interspersed with fine-grained
brown units that are usually rich in terrestrial organic matter corresponding to allochthonous
event layers or flood deposits (FD; bottom zoom-box). Unlaminated mass-wasting deposits
(MWD) were also identified and could be easily distinguished from FD by their light colour and
their lacustrine organic component (top zoom-box). All of these deposits are considered to be
instantaneous and were removed from the age-depth models (Fig. 4). Solarisation is an effect
used in photography that causes an image recorded on a negative to be reversed in tone.
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Fig. 2b. Scans, Magnetic Susceptibility (MS) and Gamma Density (GD) measurements, CIE L*
and RGB colour data, and main elements from XRF measurements of a 50 cm long section
from core LL08-1. Flood deposits are characterised by higher MS and Zr values and by lower
L*, RGB and Ca values than the background sedimentation. There is no clear variation in GD.
Si, K and Ti values increase from the base to the top of the layers within the brown flood
deposits. These reflect the fining-up of the majority of these layers by coarse silt material at the
base and silty clay on the top. Their dark colour is due to a high content of organic matter that
is reworked from soils.
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Fig. 3. Age/depth models and respective Sediment Accumulation Rate (SAR) from cores LL08-
1 and LL08-2. MC: master core; auto: without automatic count of flood deposits and naked-
eye mass-wasting deposits; naked-eye: without naked-eye count of sedimentary events (flood
deposits and mass-wasting deposits).
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Fig. 4a. Raw and normalised red colour data from core LL08-1, and the threshold value
detected with the Gaussian mixture model (Fig. 3b). (1/Red) normalised = (((1/red)-mobile
quartile1)/Mobile standard-deviation); the running window is 1000 values.
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Fig. 4b. Gaussian mixture model of the normalised red colour data (Fig. 3a) used to disen-
tangle two overlapping sub-distributions and to identify the upper limit of the main distribution
(threshold value).
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Fig. 5. Flood frequency and thickness sum per 100 yr for both cores (LL08-1 and LL08-2) and
from both naked-eye and automatic counting methods; thickness of mass-wasting deposits
from both cores; average curves from the four inferred records and their descriptive statistics
are presented in the bottom-left diagram and in Table 2, respectively. A magnified view of de-
tailed flood frequency (events per 50 yr) covering the last 1300 yr is plotted at the bottom-left of
the figure.
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Fig. 6. Geophysical and geochemical proxies from the entire master core LL08-1, with cali-
brated radiocarbon ages. *Pollen analyses: Zr and Ca ICP-AES concentration measurements
have been made on background sedimentation only. The Ca/K ratio is calculated from XRF
measurements from the entire master core, as well as Gamma Density (GD) and Magnetic
Susceptibility (MS) data.
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Fig. 7. Lake Ledro’s flood frequency for the last 1300 yr, compared with debris flow records from
Lago di Braies (Dolomite Alps), 150 km NE from Lake Ledro (Irmler et al., 2006), with Alpine
temperatures reconstructed from tree-ring studies (Büntgen et al., 2006; Corona et al., 2011)
and with total solar insolation reconstructed from 10Be records (Delaygue and Bard, 2012).
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Fig. 8. Lake Ledro’s results compared with other regional and continental records of climate and
environmental changes. 1 – flood-deposit frequency, with the millennial trend; 2 – submillennial
flood deposit frequency, i.e. above the millennial trend (dashed: 2 times greater); 3 – flood
events and thicknesses (1 to 3: Lake Ledro deep cores LL08-1 and 2; this study); 4 – Lake
Ledro lake levels (littoral cores; Magny et al., 2012); 5 – anthropogenic pollen (see text for the
list of taxa); 6 – arboreal pollen (5 and 6: Ledro deep core LL08-1; Joannin et al., 2012); 7 –
Zr ICP-AES concentration (Ledro deep core LL08-1); 8 – chronology of the Bronze Age lake
dwellings (see location on Fig. 1; Pinton and Carrara, 2007); 9 – June and December insolation
at 60◦ N (Berger and Loutre, 1991); 10 – reconstructed deviation of summer temperatures from
pollen data for SW Europe (Renssen et al., 2009); 11 – cumulative probability density functions
of 14C dates associated with major floods in Germany (Hoffmann et al., 2008); 12 – flood
events and thicknesses from Lake Iseo (50 km SW from Lake Ledro; Lauterbach et al., 2012);
13 – cumulative probability density functions of 14C dates associated with major flooding in
Basilicata, Southern Italy (Piccarreta et al., 2011).
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