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Abstract

Historical and documentary records from the Lac d’Annecy, indicate that human activities have
been the dominant ‘geomorphic process’ shaping the catchment during the late Holocene, with
deforestation, agriculture and artificial drainage profoundly affecting both the pace and spatial
distribution of soil erosion. The impact of past climatic change on the evolution of the catchment
is less certain due to the lack of long-term climate records for the site. Previous attempts to use
the sediment record from the lake to investigate the role past climate change may have played
was hampered by the difficulty in isolating and disentangling the climatic signal preserved within

the archive due to overprinting of human activity. This is a common problem in regions with a
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long history of human activity in the landscape. In this study we use a range of advanced
statistical techniques to assess the relative importance of climate in driving landscape dynamics.
The statistical analysis is carried out on an updated high-resolution palaeo-environmental data set
from the Petit Lac. The results of the statistical analysis indicate for the first time that regional
climate phenomena such as the Atlantic multi-decadal oscillation are partly responsible for
landscape dynamics at Lac d‘Annecy throughout the late Holocene. We find that the Lac
d‘Annecy landscape typically requires decades, or longer, to respond to changes in precipitation,
reflecting the stochastic nature of river sediment storage and transport. The use of a 4 year
integrated lake core records effectively attenuates the ‘signal shredding’ effect of shorter-term
internally generated sediment transport processes. Nonetheless, the lake record of climatically-
induced geormorphic process-responses is weak compared to the pervasive impact of human

activities.

Keywords

Lac d’Annecy, sedimentation rates, anthropocene, soil erosion, signal shredding, lake-catchment

http://mc.manuscriptcentral.com/holocene



©CoO~NOUTA,WNPE

HOLOCENE

Introduction

The post-glacial period is characterised by significant changes in climate, changes that are now
accelerating due to human activities. Until recently it was widely accepted that researchers could
observe the impact of these changes in the sediment record; indeed this is the basis of much
palaeo-environmental research (e.g. Dearing and Oldfield 2002; Dearing and Jones 2003; Dearing
et al., 2006). However, this simple relationship between climatic-cause and depositional-effect
has been challenged in various modelling studies (Dearing and Zolitschka 1999; Jerolmack and
Paola, 2010; Coulthard and Van de Wiel 2007; Van de Wiel and Coulthard, 2010; Ganti et al.,
2011). These studies argue that sediment transport through catchments is controlled by internally
generated critically self-organised (SOC) processes that act as non-linear filters that ‘shred’
externally generated signals such as climate change. Part of this filtering process is the ‘smearing’
effect of stochastic sediment transport. Rivers typically respond to periods of accelerated erosion
through increasing local deposition that can persist for decades or even centuries in the case of
large landslides. Depending on a host of climatic and tectonic factors these deposits are gradually
eroded and transported out of the system but this too can take centuries (Benda and Dunne, 1997).
Thus stochastic sediment transport may lead to a pattern of lake sedimentation that simply reflects
the internal dynamics of a catchment rather than environmental conditions (Coulthard and Van de
Wiel 2007; Van de Wiel and Coulthard, 2010). Also critical is the magnitude of the climate or
environmental signal. Signals of sufficient magnitude or sufficiently low frequency should be
preserved in the stratigraphic record (Jerolmack and Paola, 2010) though what constitutes ‘low’
frequency remains ambiguous as ‘signal shredding’ has only been explored in unscaled or short-
term (daily) numerical and physical models (Coulthard and Van de Wiel 2007; Van de Wiel and
Coulthard, 2010; Jeromack and Paola, 2010). In recent centuries (and perhaps millennia) a far

more pervasive and intensive unnatural ‘signal filtering” mechanism has arisen, namely human
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land-use. Activities such as agriculture and mining are now the dominant mechanisms of erosion
and sediment transport worldwide (Hooke, 2000; Wilkinson and McElroy, 20075 Reinhardt et a!.,
2010). It seems logical to assume that human activities will also ‘shred’ environmental signals but
exactly how and over what timescales is unknown.

Here we attempt to discern a climate signal from lake sediment proxies of geomorphic
processes in the Lac d’ Annecy catchment which has been subject to varying landuse over the late
Holocene in order to explore whether non-linear geomorphic processes are as pervasive a signal
shredding mechanism as recently claimed. The impact of land use change on geomorphic
processes is already well established for this catchment (Dearing, 1979, 2001; Higgitt e al., 1991,
Thorndycraft et al., 1998; Crook et al., 2002, 2004, 2011; Foster et al., 2003; Dearing et al.,
2001;Noel et al., 2001) but previous studies have been unable to discern the impact of climate
change in the lake sediment record. Here we analyze a new high-resolution dataset and apply a
novel statistical approach to identify the impact of precipitation change in driving catchment
dynamics during the late Holocene. We focus on precipitation as our climate proxy because data
is available for the late Holocene and it is the climatic forcing mechanism most closely associated

with the (non-linear) processes of sediment transport and deposition in a catchment.

The Petit Lac d’Annecy catchment

The Lac d'Annecy is located in the Haute Savoie region of Eastern France (Lat 45°48°N;
Long 6°8’E) within the foreland of the French Alps (Figure 1). The lake is oligotrophic and lies at
an altitude of 460 m, within a traverse tectonic valley that reaches a maximum altitude of ~2250
m. The lake consists of two basins the Grand Lac (20.25 km®) and Petit Lac (6.25 km®), which
have a combined surface area of ~26.5 km” and a catchment area of ~ 251 km”. The Petit lac is
fed by three main river systems that drain across an extensive floodplain; the Bornette, the Ire and
Eau Morte-St Ruph. The Eau Morte is the largest of the three draining ~ 54% of the Petit Lac

catchment, with an altitudinal drop of ~ 1800m (Foster et a/ 2003). Precipitation in the catchment,
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while highly variable is not seasonal, with mean monthly values (over the past 321 years) ranging
between 0 mm and 228 mm, alongside a few exceptional months beyond this range (Figure 2:
Casty et al, 2005). Mean (monthly) temperatures are seasonally variable ranging between a
summer high of 20°C and winter low of -7°C. Only January has a median monthly temperature
below zero. Thus there is a short winter period when precipitation falls primarily as snow, with a

strong dependency upon elevation.

An Environmental History of the Lac d'Annecy catchment

The Lac d'Annecy catchment has been permanently occupied since the Neolithic with
only sporadic occupation prior to this (Crook et al., 2004; Della Casa, 2005). A progressive
increase in human activity resulted in significant changes to the hydro-geomorphic system
through a combination of land cover change and river channel/floodplain modifications (e.g.
Crook et al., 2004; Dearing et al., 2001). The initial phase of agricultural development spans the
Bronze, Iron and Roman periods and is characterised by lowland crop production and forest
clearance at both low and high altitude (Crook et al., 2004, 2011). The onset of upland forest
clearance is linked to the development of high altitude alpages for grazing starting in the Bronze /
Iron Age (Crook et al., 2011). A similar pattern of upland clearance is recorded at upland sites
across the European Alps at this time (e.g. Carrier 1932; Wick and Tinner 1997; Tinner et al.,
1999; Rosch et al., 1998; Gobet et al., 2003; Wick et al., 2003), where it is often coincident with
enhanced soil erosion as a result of the fragile nature of the soils at this altitude (e.g. Crook et al.,
2004 ; Jacob et al., 2009).

Upland destablisation is seen to intensify with the onset of the Roman period (~120 BC
and 260 AD) and the development of upland villa complexes that would later form into
communes, such as the Sextinacus Villa, that is now the commune of Seythenex (Crook et al.,
2004). In the lowlands the intensification of agricultural production necessitated the large-scale

drainage of marshland for farming, with the Romans focusing initially on the Eau Morte flood
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plain (e.g. Boisonnade 1937; Crook et al., 2004). The intensity of agricultural activity increases
significantly during the Carolingian Dynastic period (~ 500 — ~1000 AD) with the building of a
Benedictine Monastery at Talloires in AD 879. The Cistercians followed in AD 1132,
establishinga monastery at Tame. A key feature of both monastic orders was the exploitation of
land for agricultural use (Grande and Delatouche 1950; Crook et al., 2004). The Benedictines
were the first group to actively clear and develop the uplands for summer grazing across what is
now the Parish of Montmin. The Cistercians followed a similar pattern opening up the upland
areas across the west of the catchment for agro-pastoral activities and settlement (Crook et al.,
2004). Despite the loss of a significant area of upland forest, the environmental impact is thought
to have been minimal as a result of the approach that the monasteries took to farming; particularly
their attempts to retain soil fertility and reduce erosion rates (Crook et al., 2004).

With the transition into the Middle Ages (~1000 - 1450 AD), the monastic approach to
farming proved untenable. A rapidly expanding catchment population led to the development of
marginal land across the catchment, kick-starting a long term trend of accelerating environmental
degradation (Crook et al., 2002; 2004). Soil erosion became a widespread issue across the
uplands, whilst on the valley floor a rapid decline in soil fertility was noted (Crook et al., 2004).
A combination of plagues, wars and deteriorating climatic conditions led to several phases of
reduced population pressure throughout the 15" Century. The net effect was a contraction in
agricultural lands, reduced agricultural output and the abandonment of marginal land in the
catchment. In many areas erosion rates declined and soil fertility increased (Crook et al., 2004).
The Catchment population continued to fluctuate throughout the Savoy Period (~AD 1450 —
1860), with similar consequences.

Environmental pressures peaked again in the 18" Century, when arable farming fell into
decline, with reduced soil fertility, increased flood damage and further land abandonment.
Historical records point to widespread evidence for increased flooding and soil degradation across

the catchment over the next 200 years (Crook et al., 2002, 2004, 2011; Mougin, 1914). The
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impact of flooding across the catchment was exacerbated by continued clear-felling across the
catchment, a practice that peaked in 1840 AD when forest cover declined to < 3500 ha from a
high of 6157 ha in 1730 (Crook et al., 2002, 2004).

By the start of the 20" Century, successive flood remediation schemes had modified all
three river systems and many of the upland torrent systems, which had either been straightened,
deepened and where necessary dyked (e.g. Crook et al., 2002, 2011). The main river systems are
now confined in their lower reaches; with reduced storage capacity across the floodplain and
overbank deposition minimal. As a result the majority of the river sediment load is deposited
directly into the lake (e.g. Dearing et al., 2001; Stanley and Jorstad 2004; Welsh et al., 2009;
Crook et al., 2011). Over this same time period, forest cover has increased dramatically from
1850 AD onwards with the area of modern forest cover equal to the levels recorded in the AD
1730 survey (Crook et al., 2002); an example of a modern forest transition in a high-income
country (Lambin and Meyfroidt, 2010).

Today, the modern environment is under increasing pressure from farmers, foresters,
tourism and the leisure industry that frequently have mutually incompatible aims for
development. The environmental stress points have shifted away from geomorphic processes and
flood control to maintaining water quality as the result of nutrient enrichment from agricultural
intensification and domestic and industrial effluent. Despite the size of the lake, the increase in
nutrient enrichment after AD 1900 was significant enough to impact the structure of planktonic
food webs in the lake (e.g. Pergaet al., 2012). Although compared to a number of other large
alpine lakes, Annecy is still one of the cleanest lakes in the region due to careful water

management (Kaiblingeret al., 2009).

Methodology
The proxy sediment record

This study is based in part on the existing proxy record for LA13, a 8.15m Kullenberg sediment
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core recovered from the centre of the Petit Lac (Dearing et al 2001; Noel et al 2001). The upper
most sediment record was not recovered in LA13 and the last few centuries of the record were
lost. To extend the record through to the present day, the LA13 record was combined with a short
overlapping sequence (SCLA13, 0.7m), recovered at the same time as the long core but was not
used in the previously published study. The two cores were cross-correlated on the basis of their
mineral magnetic records to produce a composite core record (LA13C) of 8.55 m.

The range of analyses carried out on LA13 by Dearing et al., (2001) and Noel et
al.,(2001) were replicated for SCLA13. All sub-samples were weighed prior to freeze-drying to
calculate down core variation in water loss and bulk density. A full suite of magnetic
measurements was then undertaken following Walden et al., (1999). Magnetisation and
remanence measurements were carried out on a Molspin vibrating magnetometer (VSM) using
the LOOP 2 routine at low (ImT and 5mT) and high (800mT and 1000mT) AC field strengths,
using a suite of reverse fields. The relative contribution of Fe-bearing paramagnetic minerals was
determined by the high field (800 mT and 1000 mT) susceptibility as a proportion of the low field
(1mT and 5mT) susceptibility (PARA%). The presence of haematite and goethite rich samples
was determined using isothermal remanences at backfields of 1000mT (HIRMy) and 300mT
(HITM) supported by low temperature remanence measurements (e.g. France, 1997). This suite
of magnetic parameters has previously been used to discriminate different sediment sources
within the Annecy catchment (Dearing et al., 2001): PARAY% (unweathered marls / limestones),
HIRM (high altitude valley soils), HIRMy (medium altitude soils) and Soft % (low — mid altitude
surface soils). Discrimination of the various sources contributing to the organic carbon content of
the sediment record (soil, geological and aquatic) was undertaken following Noel et al. (2001)
and included both chemical (Total Organic Carbon (TOC), pyrolisis, hydrogen index, LOI) and
petrographic analyses. Pollen analysis was undertaken on 1 — 2 cm contiguous samples, and
prepared following standard laboratory procedures (e.g. Faegri and Iversen, 1989).

Geochronological control for the LA13C was secured through a combination of absolute
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dating techniques (*'°Pb and '*C) and the correlation between magnetic and palynological proxy
data. Nine radiocarbon age determinations were obtained using terrestrial plant macrofossils
(wood and leaves). These macrofossils were processed at the Beta Analytic and French
laboratories, with all age determinations measured by accelerator mass spectrometry.
Conventional "“C ages were calibrated using the calibration curve of Reimer et al (2009) and the
computer program OxCal (v4.10, Bronk Ramsey (2008). Radiocarbon results are quoted in
accordance with the Trondheim international standard (Stuiver and Kra 1986); age ranges are
quoted at 95% (2 o) confidence interval (Table 1). The uppermost 1m was analyzed for *'°Pb,
B7Cs and **'Am using direct gamma assay. >'°Pb radiometric dates were calculated using CRS
and CIC dating models where appropriate (Appleby and Oldfield 1978); results were validated
against *’Cs/**' Am stratigraphical records to provide ages for the upper 23 cm back to AD 1954
(Table 1).

Further chronological control was achieved by correlation of magnetic proxy data
between LA13C and the GLA profile sampled from the Grand lac d’Annecy (Nomade, 2005). A
robust chronology has been produced from the Grand Lac sequence from annual laminations.
Comparison of the SIRM stratigraphy between LA13 and GLA reveals a strong correspondence
(Table 1) with a striking similarity to other Annecy sediment cores (Higgitt et al., 1991). Events
observed in the pollen sequence are well represented in other pollen records from the region
including the decline in Abies (~ 4000 - 4400 BP), and the first appearance (2000-1800 BP) and
rise to prominence (1200-800 BP) of Juglans.

To assess the robustness of the chronology, all the age control and errors have been
incorporated in a sequence model and tested for conformability using OxCal (v4.10, Bronk
Ramsey, 2008). The sequence model (Figure 3) shows good overall agreement between
geochronological results and stratigraphy (A = 109.4%). To achieve this level of agreement, only
one outlier (2310 + 70 BP at 840 cm depth) had to be excluded from the analysis (Figure 3). The

conformability of pollen and magnetic marker horizons with radiocarbon dates suggests that some
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of the problems often associated with carbonate catchments (e.g. artificially old ages owing to
hard-water and residual carbon) have been circumvented through the use of plant macrofossils.
The accepted age information was used to construct an age—depth model for the lake sediment
sequence (Figure 3). Pollen markers were excluded from this process owing to the imprecise
nature of the age control, although they are in line with the age-depth relationship.

Mean sediment accumulation rates (SAR) per year (cm.yr') and sediment loadings were
calculated over the length of the core in 100 to 1000 year time-slices. Total sediment mass
deposited each year was calculated as measured mass multiplied by the area of the lake (6.25
km?). Sediment loadings were then converted to total sediment production per year per km’ by
dividing by the catchment area (170.4 km?). For this calculation the Petit lac was treated as a
separate basin with negligible sediment exchange with the Grand lac. The lake sediments are
principally detrital in origin (Dearing et al.,2001; Foster et al., 2003) allowing the use of SAR as

a proxy for allocthonous sediment load.

Statistical Analysis

Previous work in the Lac d’Annecy has clearly shown that human activity has had an
observed quantified impact upon catchment dynamics. What we have hitherto not been able to
discern is a signal of precipitation change upon catchment dynamics. To address this issue we
focused on the primary landscape proxies (Soft, HIRMg, HIRMy, PARA% and TOC) on the
assumption that these proxies for erosion and deposition would normally vary synchronously with
multi-annual (cyclical) changes in precipitation (allowing for some lagged time interval between
climate forcing and landscape response(s)). Such a spatially synchronous signature will contrast
with one created by human activities, which should have a more variable signature as disruption
occurs sporadically in time and space.

In comparing our proxy records against precipitation data we focus on two aspects of the

data, a) the cyclical nature of climate data and thus on a hypothesised cyclical impact upon the

http://mc.manuscriptcentral.com/holocene



©CoO~NOUTA,WNPE

HOLOCENE

proxies; and b) the likelihood that our landscape proxies would take some unknown number of
years to respond to changing precipitation regimes. Lagged proxy response times were estimated
using cross-correlation, which quantifies the similarity between two waveforms (signals) as a
function of a time-lag applied to one of the signals. It is not a classic correlation technique such as
Pearsons or Spearmans but when normalised to range between -1 and 1 can be interpreted in
much the same way. Next the frequency domain of the data was explored using cross-spectral
analysis. The cross-spectral density can be thought of as a Fourier transform of the cross-
covariance function (Chatfield, 2004). It enables one to ‘correlate’ between frequency peaks in
the autospectrum of each time-series.

Significance levels in our spectral and cross-correlation data were calculated using a
Monte Carlo approach. This involved randomising each dataset set, calculating the cross-
correlation or cross-spectra and then iterating 5000 times. In doing so we ‘respected’ the structure
of our data whilst exploring the full range of permutations that might arrive by random chance.
For the cross correlated data we used the 2 sigma standard deviation of these 5000 results as the
significance level at each lagged interval. The iterated randomised data returned from cross-
spectral analysis is non-parametric so is this instance we used the 99" percentile of the 5000
results as our significance level. We choose the 99" percentile as a conservative interpretation of
significance in a non-parametric dataset.

Our aim was to test the null hypothesis that there is no significant correlation between the
pattern of precipitation change (direction and magnitude) and the pattern of change in our
landscape proxies. In rejecting this hypothesis we could reasonably infer that precipitation is a
significant driver of catchment dynamics. However, seasonal temperature variability is a
complicating factor in this assumption. In Annecy (non-seasonal) precipitation falls as snow
during winter months (Figure 2a). This must impart some seasonality to the landscape response to
changes in long-term precipitation, for example, due to spring floods driven by snowmelt. Whilst

the seasonality of a landscape response is largely irrelevant to our analysis, which focuses on
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proxy landscape records that are integrated over multi-annual timescales, it is logical for us to
demonstrate (where possible) that our proxies are sensitive to monthly precipitation if we are to
conclude that there is a precipitation signal in the stratigraphic record. Therefore in the following
analysis we use the modelled 321 year (monthly) precipitation record of Casty et al., (2005) as
well as a 3850 yr multi-annual proxy-precipitation created by Charman et al. (2006; 2009).

The Casty et al data are compiled from instrumental and documentary evidence and are
available at monthly resolution in 0.5° x 0.5° grid squares covering central Europe from 1659 —
2000 AD. We extracted the 45.75N/6.25E grid square over Annecy from this dataset.We then
down-sampled each column of monthly data to a 4 year resolution to match the maximum
resolution of our (lake core) proxy data, after first applying a 4 year moving window to smooth
the data. This down-sampling also necessitated us deleting the oldest 20 years of precipitation
data because our proxy landscape data changes to a resolution >4 years beyond this point. All
data were linearly detrended and expressed in standard deviation units.

To investigate our hypothesis over longer (millennial) timescales we use the bog surface
wetness (BSW) record of Charman et al., (2006); we focus on this UK because no suitable long
termclimate record is currently available for the Annecy region. This is a single UK-wide
integrated record compiled from multiple UK bogs covering the period 4000 BC to 1995 AD. We
focus on the last 3850 years of this record as it offered the best resolution. These data are already
detrended and expressed in units of standard deviation so we simply resampled at 25year
resolution to create constant intervals.

Charman et al., (2009) discussed the interpretation of BSW data concluding that it is
most sensitive to precipitation, with summer temperature having an important secondary effect.
BSW records throughout NW Europe change at similar times and seem to be controlled by a
common climatic forcing, namely the North Atlantic Multidecadal Oscillation (NAQO) (Barber
and Charman, 2003; Barber, 2006; Hughes et al., 2006; Sutton and Hodson, 2005; Charman et

al., 2010). The regional nature of this climate forcing means that it is reasonable for us to use it as
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a proxy for a fluctuating precipitation in the French Alps, i.e. both locations are sensitive to the
same regional fluctuations in climate that have occurred through the late Holocene. We tested this
assertion by comparing average monthly precipitation patterns between the UK as a whole
(downloaded from the UK Met office website;
http://www.metoffice.gov.uk/climate/uk/datasets/Rainfall/date/UK.txt) and Geneva (40km North
of Annecy) between 1910 and 2011 AD (ECA&D; http://eca.knmi.nl). We could not directly
compare the Charman precipitation record with the 20" C Geneva record because of its low
resolution. Somewhat surprisingly annual precipitation in the UK and at Geneva is significantly
(Spearman) correlated (0.36). More importantly the cyclicity of annual precipitation in the UK
and Geneva evidences significant cross-spectra (at 95% sig.) (Figure 2c). Breaking precipitation
down into monthly time-series shows that the dominant correlating periodicities lie in February,
September and December (Figure 2c¢). Interestingly these 4-10 year periodicities match the NAO,
offering good support for common climate forcing in the UK and Annecy. It is important to stress
here that this comparison is confined to the last century; at the lower (>1/100 yr) frequencies most
relevant to this study other months might also share common climate frequencies. Indeed this is
what we find in the results sections. Nevertheless, it is clear the UK and Annecy precipitation
records are sensitive to the same multi-annual periodicities thereby justifying our use of the

Charman et al., (2006) BSW dataset.

Results and Interpretation

The sediment record

The key elements of the proxy environmental record for LA13C are summarised in Figures 4a
and b. The proxy record is curtailed to match the timespan covered by the Charman ef al., (2006;
2009) precipitation data set. The proxy record broadly conforms to the existing historical record

for the catchment, reinforcing the role anthropogenic activity has had driving catchment processes
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over the Late Holocene. The record is dominated by a pronounced increase in sediment
accumulation rates (SAR) /sediment yields (SY) from the Bronze Age (SAR ~0.5 g cm’ yr'' : SY
30 t km® yr'") through into the modern Era (SAR ~4.5 g cm® yr' : SY 160 t km” yr™"), reflecting a
long-termtrend of increasing erosion rates in the catchment (Figure 4a and h). The changing
pattern of sedimentation in the lake occurs against a backdrop of changing land cover
characterised by periods of forest clearance (AP curve) coincident with the start and expansion of
agricultural activity across the catchment (e.g. Juglans and Crop plants).

The first cereal grains are noted in the Iron Age preceded by a steady decline in AP
through the Bronze Age. Low AP values point to, major woodland clearance phases in the
Roman/Carolingian period (Figure 4b) and the Savoy/Modern Era (Figure 4i). Agricultural taxa
are a permanent feature of the pollen record from the Roman period onwards. The Early land
cover changesin the Iron Age are coincident with a sharp rise in soil derived organic matter
entering the lake (Figure 4c). There is also a gradual rise in the contribution of soil derived from
the high altitude valleys (HIRMg) at a time when the high altitude alpage were being developed
for the first time (Figure 4d). Significant spikes in Soil OM and TOC are also noted for the other
two major clearance phases.

The observed changes in SAR/sediment yield and the observed episodes of land cover
change are paralleled by significant changes in sediment source over the Late Holocene. After the
increase in the Iron Age, High Altitude Valley soils (HIRMg) again increase in significance from
the Middle Ages onwards, reflecting the clearance of land for pasture (Figure 4d and k). In the
Modern Era, the rise in HIRMg after 1890AD is coincident with low AP value suggesting these
peak sediment yields are likely have resulted from the last major phase of forest clearance in the
catchment. The contribution of soil from Medium-High valleys (HIRMy) remain significant
throughout the record (Figure 4e and 1) although there is a marked shift at the start of the
Carolingian Dynasty and a pronounced spike centered on 1910AD that is coincident with an

equally sharp rise in TOC and Soil OM (Figure 4j). The most pronounced sediment source
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changes are noted for the Low-Mid Altitude Valley Soils (Soft%) the contribution of which
increases significantly in the Coralingian Dyansty. The timing of this rise is coincident with the
development of the lower lying areas of the catchment by the monasteries. The sharp rise in
SOFT% in the last 50 years, suggests the low — mid altitude valleys are again increasing in
significance as a sediment source to the lake. The rise in SOFT% is mirrored by rising soil OM
values and also aquatic OM (Figure 4b) indicative of cultural eutrophication.

The final sediment source tracer, PARA% is thought to reflect the in-wash of
unweathered limestones and marls presumably transported during high energy flood events in the
bedrock river channels in the Eau Morte and Ire catchments (e.g. Dearing et al 2001). The pattern
of change is not as pronounced as other markers, but there appear to have been a significant
decline in the contribution of unweathered limestone’s and marls with the transition into the
Carolingian Dynasty. Comparable values are also recorded over the last 300 years and may
impact reflect the increased flood control measured in place across the catchment by this time,
although clearly high-energy floods remain a feature of the hydro-geomorphic system over the

entire Late Holocene period.

Statistical analysis of proxy records

In analysing the proxies (HIRMg, HIRMy, SOFT and TOC, PARA%) we choose to work at two
different temporal resolutions covering two different time spans. This enabled us to test whether
the landscape proxies correlate with precipitation over both centaury and millennial timescales;
ideally we would have used a single high-resolution millennial long precipitation dataset but none
exist. The maximum resolution of our landscape proxy data is 4-years and this is the resolution
we use when drawing comparisons with the Casty et al., (2005) 321 year precipitation data. To
perform a similar comparison over longer timescales we used the Charman et al., (2006) 3850 yr
long precipitation data; for this purpose we down-sampled/ interpolated our geomorphic-proxy

data and Charman et al’s data to a 25 yr resolution. Thus in the following paragraphs each
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analysis is performed twice with the added complication that we also analyze monthly
precipitation over the shorter 321 year period: see methods.

We first calculated the Spearman rank correlation coefficient (at a 4-year resolution)
between each geomorphic proxy and the 321 year precipitation record of Casty et al., (2005).
Only one of the proxies significantly correlated with precipitation (TOC = -0.28), while generally
correlating more strongly with each other (Table 2). Given the obvious inter-dependence between
each of these proxies we choose to combine them into a reduced dimension dataset using
principal component analysis (PCA). At both resolutions each PCA axis accounted for similar
variability: respectively at 4/25 years PCA 1= 36%/33%, PCA2 = 27%/27%, PCA3= 20%/21%.In
order to determine which, if any, of the PCAs correspond to the long-term precipitation record we
performed a cross spectrum analysis between the proxies and precipitation: see methods. We
found a significant (99%) correspondence between the precipitation and PCA2 spectra over both
3850 and 321 year time spans (Figure 5). PCAs 1 and 3 also display significance but to a far
lesser degree. The common periodicities in these datasets are > 291 years in the long 3850 record
and >32 years in the shorter term 320 year record (Figure 5). The use of a maximum 4-year
resolution precludes identification of shorter annual periodicities that might be related to the
NAO. However, the high-resolution data (Casty et al. 2005) data did allow us to compare
monthly precipitation against each PCA to determine which months might best explain variability
in the landscape proxies. The strongest monthly relationships are found between January-March
but all 4 seasons evidence statistically significant months (Figure 5b). This is good evidence that
variability in precipitation is driving the landscape-dynamics proxies.

We used cross-correlation to determine if the proxies for landscape dynamics lag in their
response to precipitation change. Given that PCA2 shows the strongest cross-spectra (Figure 5)
we focused on this axis. There are many weak but statistically significant cross-correlations with
precipitation over the past 3850 year (e.g. 350, 850 and 1175 years: Figure 6a). Similar but

slightly stronger correlations are observed over the past 321 years, where both decadal and
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centennial lags are observed (Figure 6b). When the monthly precipitation data are summed to
give total annual precipitation, significant cross-correlation remains at a 36 year lag with a cross-
correlation of 0.28 (Figure 6b). The closeness of this lagged annual relationship to April (at a 28
year lag) suggests that April dominates the annual signal. This observation is consistent with the

recognised importance of spring floods to Annecy landscape dynamics (Foster et a/ 2003).

Discussion

We have shown that the five proxies for landscape dynamics (HIRMg, HIRMy, SOFT, TOC and
PARA%) relate, albeit weakly, to long-medium term precipitation patterns. The strongest
monthly relationships between precipitation and landscape dynamics are found between January-
March but all four seasons have statistically significant months (Figure 5). It is beyond the scope
of this paper to resolve the detailed causal relationships between each month, concerned as we are
with annual-millennial timescales, but the correlating cross-spectra during winter months is
confounding given that precipitation would fall as snow during these months (Figure 2b). We
here speculate that this relationship is due to the depth of snowpack created and the corresponding
size of spring floods in April, the month that dominates the annual cross-correlation signal.
Regional climate phenomena such as the Atlantic multi-decadal oscillation appear to be
at least partly responsible for landscape dynamics at Lac d‘Annecy during the late Holocene.
Comparison between 20" century precipitation in the UK and Geneva clearly show significant
correlating periodicities in the 2-10 year range (Figure 2¢) consistent with a regional NAO signal.
These periodic changes in precipitation are also reflected in the long term sediment record. The
landscape proxies (PCA2) share significant correlating periodicities with UK and local
precipitation (Figure 5). The effect of periodic changes in precipitation on landscape dynamics is
also observed in the cross-correlation analysis, which shows numerous (lagged) cross-correlations

between precipitation and PCA 2 (Figure 6). These wide ranging cross-correlations, ranging from
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zero years to centuries and beyond, are likely a reflection of sediment ‘smearing’. River sediment
typically moves downstream in waves characterized by relatively long periods of sediment
storage (e.g. in alluvial terraces) followed by brief bursts of bedload transport. This transport
mechanism can stretch the sedimentary response to precipitation across decades and centuries.
Moreover, Benda and Dunne (1997) have shown that in a catchment similar to Annecy a single
pulse of accelerated hillslope erosion can produce multiple solitary pulses of sediment that
migrate downstream over centuries. This type of multi-phase response is a likely reason why we
see such a wide range of lagged responses to precipitation change, i.e. no single lag interval
represents a single erosion event. It is important to stress that despite evidence to support
‘smearing of environmental signals’ the effect of precipitation variability is still recognizable in
the sedimentary record, albeit stretched over multiple timescales.

The presence of a weak but significant precipitation signal in the lac d’Annecy sediments
implies that the processes of sediment transport and deposition are of insufficient magnitude
and/or frequency to effectively ‘shred’ the precipitation signal. Recent modelling work had
suggested that environmental signals cannot survive ‘filtering’ by non-linear transport processes
(Van de Wiel and Coulthard, 2007, 2010; Jeromack and Paola, 2010). However, our results are
not necessarily in conflict given that Jeromack and Paola (2010) also argued that signals of
sufficiently low frequency would survive non-linear filtering. Thus we interpret our results to
indicate that 4 year integrated records are of sufficiently coarse resolution to effectively average
out the effects of shorter-term SOC transport processes, while also allowing us to identify the
effect of environmental ‘smearing’ across decades to centuries. This is encouraging as it supports
the widespread application of palaeo-environmental techniques that typically operate at multi-

annual resolutions.

Conclusions
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The assessment of Holocene sedimentary records is often hampered by an antagonistic interplay
between climate change and anthropogenic activity, which operate over similar spatial and
temporal scales. In this study we have for the first time to used a combination of principal
component and spectral analysis and cross-correlation to clearly discern a climate signal in a
catchment heavily impacted by human activities throughout the late Holocene. These activities
first began impacting geomorphic processes during the Late-Bronze/Early Iron Age, probably
linked to the development of upland Alpage. This initial phase was then followed by a long term
increase in sedimentation accumulation rates and sediment yields, that rise from ~0.5 g cm® yr’
'(30 t km® yr'") at the start of the Bronze Age to over ~ 4.5cm’ yr'' in the Modern Era equivalent
to 160 t km® yr"'. This pronounced rise in sedimentation is driven by the long-term modification
of the hydro-geomorphic system through a combination of land cover change and river
channel/floodplain modifications.

The results of the statistical analysis indicate for the first time that regional climate
phenomena such as the Atlantic multi-decadal oscillation are partly responsible for landscape
dynamics at Lac d‘Annecy, during the late Holocene. The Lac d‘Annecy landscape typically
requires decades, or longer, to respond to changes in precipitation, reflecting the stochastic nature
of river sediment storage and transport. The use of a 4 year integrated lake core records appears to
effectively attenuate the ‘signal shredding’ effect of shorter-term internally generated sediment
transport processes. However, the lake record of climatically-induced geormorphic process-
responses is weak compared to the impact of human activities, which clearly dominate the

sedimentary record.
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FIGURE CAPTIONS
Figure 1: Topographic map of the Petit Lac d’Annecy catchment. The major commune

boundaries and population centres are marked on the map along with the major river tributaries

and the location of the sediment core LA13C (LA13 and LA13SC).

Figure 2: Monthly (A) precipitation and (B) temperature in the Annecy region over the past 321
years (from Casty et al., 2005) plus (C) a comparison between spectral patterns of precipitation in
the UK and Geneva between 1910 and 2011 AD. Significant precipitation cross spectra between
the UK and Geneva are shown over both monthly and annual intervals; both 95% and 99 %
significance levels are also shown. All data was detrended, centred and expressed in terms of

standard deviation units prior to Fourier transformation.

Figure 3: Integrated geochronological ‘Sequence’ (Bronk Ramsay, 2008) and age-depth models
for the LA13C core profile. The model integrates age information gathered by:-*'’Pb (grey bars)
and '*C (black shade) absolute dating techniques; correlation of magnetic stratigraphy (grey
shade) with the annually laminated Grande Lac d’Annecy (Nomade, 2005) and correlation of
pollen marker horizons with the regional vegetation history (white hatch). The radiocarbon ages
are the probability distribution of the calibration relationship, with the other chronological
markers given a Gaussian distribution based on the likely or measurement error (Table 1). The
structure of the model is with the ages in stratigraphical order inside the Sequence, which is
defined as a group of events (ages) or phases that are known to follow one after another with no
possibility of overlap. The model results show good overall agreement index (A) between the
geochronological results and stratigraphy, A = 109.7%, which exceeds the 60% acceptance
threshold (Bronk Ramsay, 2008). The percentages show the agreement index for each individual
age horizon. Any dates that were excluded from the ‘Sequence’ model are prefixed with ‘*’, and
typically have a low (<60%) agreement index for that individual date. The age-depth model
(black line) is a cubic polynomial fit to the '*C, *'°Pb and magnetic chronological markers (with
individual Agreement indices greater than 60%), also showing the 90-95 prediction error (red

lines).

Figure 4: Palacoenvironmental reconstruction of the Petit Lac d’ Annecy catchment based on the

core analysis of LA13C. Data from two periods 1700 BC to 2000 AD (panels A - G) and the last
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3 centuries, AD1700 — 2000 (Panels H - N) are presented, sub-divided into 7 historical periods
following Crook et al., 2002; 2004 and 2010. Selected pollen profiles are used to reconstruct past
land cover change including forest cover (Total Arboreal pollen excluding Alnus (AP%)) and
agricultural activity (e.g. Juglans and Crops (including Cereals, Cannabis, Castanea) (Panels A, B
and H) that is compared to forest inventory records (H). The pollen record is compared to records
of Total Organic Carbon (TOC) (b, i) and the presence of Soil OM (c) and aquatic Organic Matter
(i). Selected magnetic profiles are also presented reflecting the varying sources of sediment to the
lake from distinctive soils around the catchment following Dearing et al, (2001) (c — h and j — m).

Calculated mass accumulation rates and sediment yields for the catchment are presented (g, n).

Figure S: Cross-spectra between precipitation and (PCA axes of) the landscape dynamics proxies
HIRMg, HIRMy, SOFT, TOC and PARA%. Significance is denoted by 99% confidence lines
beyond which correlations are unlikely to arise purely by chance (see methods). (A) Shows
significant cross-spectra between average UK precipitation and landscape-PCAs in 25 year
intervals over the past 3850 years; based on data from Charman et al. (2006). PCA2 shows the
strongest cross-spectra but PCA3 is also significant. (B) Shows significant cross-spectra between
monthly precipitation in the Annecy region and landscape-proxies in 4-year intervals over the
past 321 years; based on data from Casty et al. (2005). Most of the significant monthly
precipitation cross-spectra are with PCA2. The gray shaded 99% significance area encompasses
all of the unique significance lines associated with each month. All cross-spectra above the
shaded area are statistically significant. All data was detrended, centred and expressed in terms of

standard deviation units. Only those cross-spectra that proved significant are shown here.

Figure 6: Cross-correlations showing the lagged response of landscape-proxies to changes in
precipitation at Annecy. Significance is denoted by 95% confidence lines beyond which
correlations are unlikely to arise purely by chance. (A) Cross correlations between Charman et al.,
(2006) UK precipitation and PCA2 in 25 year intervals over the past 3850 years. Weak but
significant lagged landscape responses to precipitation change are seen over both centaury and
millennial scales. (B) Cross-correlations between Casty et al. (2005) Annecy-region precipitation
in 4 year intervals over the past 321 years. Weak but significant lagged landscape responses to
precipitation change are observed over decadal (0, 28 & 36 years) to centaury timescales. Only
those months that show both; a) a significant cross-spectra between precipitation and PCA 2 in
Figure 5; and b) significant cross-correlations with PCA2 are shown here, i.e. Feb, March, April

and August.
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Table 1: The composite core chronology for LA13C a combination of '*C AMS radiocarbon
dates in terrestrial macrofossils (A); *'°Pb age determinations for the upper sediments (B); Cross-
correlated dates transferred from Nomade (2005) core taken in the Grand Lac, based on the
mineral magnetic record (C, D) and regional vegetation markers recorded in pollen diagrams

across the Pre-Alps.

Table 2: Spearmans correlation coefficients for each of the landscape proxies (HIRMg, HIRMy,
SOFT, TOC and PARA%) and the 321 year Casty et al (2005) precipitation record. Statistically
significant correlations are highlighted in bold italics. All data was smoothed and either down-
sampled or interpolated to create a complete record at 4 year sample intervals. These data were

detrended, centered and expressed in terms of standard deviation units.
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47 Topographic map of the Petit Lac d’Annecy catchment. The major commune boundaries and population
centres are marked on the map along with the major river tributaries and the location of the sediment core
LA13C.
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absolute dating techniques; correlation of magnetic stratigraphy (grey shade) with the annually laminated
Grande Lac d’Annecy (Nomade, 2005) and correlation of pollen marker horizons with the regional vegetation
history (white hatch). The radiocarbon ages are the probability distribution of the calibration relationship,
with the other chronological markers given a Gaussian distribution based on the likely or measurement error
(Table 1). The structure of the model is with the ages in stratigraphical order inside the Sequence, which is
defined as a group of events (ages) or phases that are known to follow one after another with no possibility
of overlap. The model results show good overall agreement index (A) between the geochronological results
and stratigraphy, A = 109.7%, which exceeds the 60% acceptance threshold (Bronk Ramsay, 2008). The
percentages show the agreement index for each individual age horizon. Any dates that were excluded from
the ‘Sequence’ model are prefixed with **’, and typically have a low (<60%) agreement index for that
individual date. The age-depth model (black line) is a cubic polynomial fit to the 14C, 210Pb and magnetic
chronological markers (with individual Agreement indices greater than 60%), also showing the 90-95

prediction error (red lines).
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Palaeoenvironmental reconstruction of the Petit Lac d’Annecy catchment based on the core analysis of
LA13C. Data from two periods 1700 BC to 2000 AD (panels A - G) and the last 3 centuries, AD1700 - 2000
(Panels H - N) are presented, sub-divided into 7 historical periods following Crook et al., 2002; 2004 and
2010. Selected pollen profiles are used to reconstruct past land cover change including forest cover (Total
Arboreal pollen excluding Alnus (AP%)) and agricultural activity (e.g. Juglans and Crops (including Cereals,
Cannabis, Castanea) (Panels A, B and H) that is compared to forest inventory records (H). The pollen record
is compared to records of Total Organic Carbon (TOC) (b, i) and the presence of Soil OM (c) and aquatic
Organic Matter (i). Selected magnetic profiles are also presented reflecting the varying sources of sediment
to the lake from distinctive soils around the catchment following Dearing et al, (2001) (c - h and j - m).
Calculated mass accumulation rates and sediment yields for the catchment are presented (g, n).
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47 Cross-spectra between precipitation and (PCA axes of) the landscape dynamics proxies HIRMG, HIRMH,

48 SOFT, TOC and PARA%. Significance is denoted by 99% confidence lines beyond which correlations are
unlikely to arise purely by chance (see methods). (A) Shows significant cross-spectra between average UK

49 precipitation and landscape-PCAs in 25 year intervals over the past 3850 years; based on data from

50 Charman et al. (2006). PCA2 shows the strongest cross-spectra but PCA3 is also significant. (B) Shows

51 significant cross-spectra between monthly precipitation in the Annecy region and landscape-proxies in 4-

52 year intervals over the past 321 years; based on data from Casty et al. (2005). Most of the significant

53 monthly precipitation cross-spectra are with PCA2. The gray shaded 99% significance area encompasses all

54 of the unique significance lines associated with each month. All cross-spectra above the shaded area are

55 statistically significant. All data was detrended, centred and expressed in terms of standard deviation units.

56 Only those cross-spectra that proved significant are shown here.
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intervals over the past 3850 years. Weak but significant lagged landscape responses to precipitation change
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Annecy-region precipitation in 4 year intervals over the past 321 years. Weak but significant lagged
landscape responses to precipitation change are observed over decadal (0, 28 & 36 years) to centaury
timescales. Only those months that show both; a) a significant cross-spectra between precipitation and PCA
2 in Figure 5; and b) significant cross-correlations with PCA2 are shown here, i.e. Feb, March, April and
August.
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Casty Precip| SOFT HIRMg HIRMy PARA% TOC
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Casty Precip 1 0.06 0.08 -0.03 0.1 -0.28

11 SOFT 0.06 1 .0.08 | -0.33 -0.01 0.33

13 HIRMg 0.08 -0.08 1 -0.11 0.09 -0.40

15 HIRM, -0.03 -0.33 [ -0.1 1 0.12 -0.04

PARA% 0.11 -0.01 0.09 0.12 1 -0.13

TOC -0.28 0.33 -0.40 -0.04 -0.13 1

Spearmans correlation coefficients for each of the landscape proxies (HIRMG, HIRMH, SOFT, TOC and

23 PARA%) and the 321 year Casty et al (2005) precipitation record. Statistically significant correlations are
24 highlighted in bold italics. All data was smoothed and either down-sampled or interpolated to create a

25 complete record at 4 year sample intervals. These data were detrended, centered and expressed in terms of
26 standard deviation units.
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