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AssTrRACT. Geomorphic processes that are responsible for the transfer of sediments and landform change are
highly dependent on climate and vegetation cover. It is anticipated that climate change will have a major im-
pact on the behaviour of Earth surface systems and that the most profound changes will occur in high-latitude
and high-altitude cold environments. Collection, comparison and evaluation of data from a range of different
high-latitude and high-altitude cold environments are required to permit greater understanding of sedimentary
fluxes in cold environments. The focus of the . A.G./A.LG. SEDIBUD (Sediment Budgets in Cold Environments)
Programme is the analysis of source-to-sink fluxes and sediment budgets in changing cold environments. Esta-
blishing contemporary sediment fluxes in a diversity of cold environments will form a baseline for modelling.
At a minimum, baseline information from defined SEDIBUD test sites must consist of measures of mean annual
precipitation, stream discharge, suspended load, conductivity/TDS and dominant catchment processes. Reports
from ongoing studies on sedimentary fluxes and budgets in three selected study sites in Arctic Canada, sub-
Arctic Iceland and sub-Arctic Norway are presented and discussed in the context of effects of climate change on
process rates and sediment budgets in sensitive cold environments. Comparable datasets and coordinated data
collection and data exchange will be of use for the individual studies at the different study sites. In addition,
comparable data sets and data exchange will help to improve our understanding of existing relationships betwe-
en contemporary climate and sedimentary fluxes and will enable larger-scale integrated investigations on effects
of climate change in changing cold environments.
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Introduction

Geomorphologic processes that are respon-
sible for the transfer of sediments and landform
change are highly dependent on climate and
vegetation cover. It is anticipated that climate
change will have a major impact on the behav-
iour of Earth surface systems and that the most
profound changes will occur in high-latitude and
high-altitude cold environments (ACIA 2005),
where temperature increases could lead to poten-
tially irreversible shifts in hydrologic regime and
geomorphologic processes (Beylich & Warburton
2007, Beylich et al. 2008b, 2009a). It is critical to
develop a better understanding of the mecha-
nisms of sedimentary transfer processes current-
ly operating in cold environments, their likely
controls and the expected nature of responses
to climate change. Quantitative analyses of sedi-
mentary transfers have largely been confined to
other climatic zones, and therefore integrated
studies of source-to-sink sedimentary fluxes in
cold environments are necessary to understand
the likely sedimentary responses in cold regions.
Collection, comparison and evaluation of data
from a range of different high-latitude and high-
altitude cold environments are required to per-
mit greater understanding of sedimentary fluxes
in cold environments. Given the diverse nature
of existing research in cold environments, it is
necessary to develop standardised methods and
approaches for future research on sedimentary
fluxes and relationships between climate and
sedimentary transfer processes (Beylich & War-
burton 2007, Beylich et al. 2008b; 2009a, Lam-
oureux et al. 2007).

The I.A.G./ A.I.G. SEDIBUD
Programme

The I.A.G./A.LG. Working Group SEDIBUD
(Sediment Budgets in Cold Environments) builds
on activities, which were started within the Euro-
pean Science Foundation (ESF) Network SEDIF-
LUX (Sedimentary Source-to-Sink Fluxes in Cold
Environments) (Beylich et al. 2006). The major
aim of I.LA.G./A.L.G. SEDIBUD is to provide an
integrated quantitative analysis of sedimentary
transfers, nutrient fluxes and sediment budgets

across a range of cold environments. Such a coor-
dinated analysis has so far been absent (Beylich
et al. 2009a).

At the Second SEDIBUD Workshop which took
place in Abisko (Sweden) in September 2007 the
SEDIBUD group, building on the progress and
the outcomes of ESF SEDIFLUX and . A.G./A.L.G.
SEDIBUD since 2004, defined the following main
focus of the SEDIBUD Programme:

“The focus of SEDIBUD is the analysis of source-
to-sink fluxes and sediment budgets in changing
high latitude and high altitude cold environments.
Explicit in this goal is the need to understand how
processes and environments will respond to cli-
mate change. Space-for-time substitution offers the
opportunity to predict future changes, but only if
the baseline used is sound. At present we lack full
understanding of contemporary sediment fluxes
in cold environments. Establishing contemporary
sediment fluxes in a diversity of cold environ-
ments can form a baseline from which modelling
can operate. At a minimum baseline information
must consist of measurements of mean annual
precipitation, stream discharge, suspended load,
conductivity/ TDS, and dominant catchment proc-
esses” (I.LA.G./A.ILG. SEDIBUD Working Group,
March 2010 http://www.geomorph.org/wg/
wgsb.html; see also Lamoureux et al. 2007, Beylich
et al. 2008b, 2009a).

Reports from three ongoing sediment
budget studies in Arctic Canada, sub-
Arctic Iceland and sub-Arctic Norway

Sediment budgets studies carried out in differ-
ent high latitude and high altitude environments
are diverse with respect to focus, research ques-
tions addressed and methods used. With respect
to the main focus of the SEDIBUD Programme, in-
dividual research projects carried out at selected
study sites contribute to the overall programme
by providing baseline data as mentioned above.
In return, each individual project will have the
opportunity to benefit from increased used of
shared methods and the coordinated data ex-
change performed within SEDIBUD, which will
enable inter-site comparisons.

Reports from ongoing studies on sediment
fluxes and budgets in selected study sites in Arc-
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tic Canada, sub-Arctic Iceland and sub-Arctic
Norway (Fig. 1) are presented and discussed in
the context of effects of climate change on process
frequencies, intensities, process rates and sedi-
ment budgets in sensitive cold environments. The
three projects have different foci but they all pro-
vide baseline data of use for the overall SEDIBUD
Programme. Additionally, these studies provide
an indication of the range of SEDIBUD-related

research currently underway in a wide variety of
cold regions. The study in Arctic Canada provides
an investigation on fluvial processes and can de-
liver required baseline data on mean annual pre-
cipitation, stream discharge, suspended sediment
load and electric conductivity/TDS whereas the
study in sub-Arctic Iceland has a focus on slope
processes as dominant catchment processes. The
investigation in sub-Arctic Norway includes both
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the fluvial and slope systems and can deliver the
required baseline data described above (Fig. 1).
Collection and compilation of comparable data
sets from different cold environment catchment
geosystems requires clear guidelines on instru-
mentation, sampling frequencies, etc. as well as
carefully developed protocols to be filled in with
the described baseline data by the responsible
project leaders and made available for the SED-
IBUD Programme (Beylich & Warburton 2007).

The need for coordinated guidance on devel-
oping quantitative frameworks for characterising
field-based studies on sedimentary fluxes and
budgets in changing cold environments is indi-
cated.

Cape Bounty, Arctic Canada

Goals

The Cape Bounty Arctic Watershed Observa-
tory (CBAWO) is the longest comprehensive hy-
drological monitoring site in the Canadian Arc-
tic Archipelago (Fig. 1). Established in 2003 on
the south-central coast of Melville Island, near
the Nunavut-Northwest Territories boundary
(74°55'N, 109°30°W), and operational on a sea-
sonal basis, CBAWO comprises a series of paired
watersheds at different scales (approximate 0.1,
1.0 and 10.0 km?). The region has been, and re-
mains, uninhabited. Early geological work was
carried out in the 1950s and 1960s (Hodgson et
al. 1984), and petroleum exploration intensified
during the 1970s. Since that time, the area has
only been subject to rare scientific visits. Access is
limited to April to September via charter aircraft
from Resolute, Nunavut (450 km east).

The main research goal of CBAWO can be
summarized as: what are the impacts of climate vari-
ability on High Arctic watershed processes and fluxes?
The absence of substantial knowledge and long
term monitoring of sediment, solute and related
fluxes in this region remains acute and is similar
to other global cold regions. Hence, this larger
objective is approached through several major
research strategies. First, contemporary proc-
esses and fluxes are systematically measured and
supported by detailed manual samples of related
sediment and hydrochemical parameters in two

c. 10 km? watersheds. As of 2007, sediment fluxes
have been monitored for five years, and hydro-
chemical fluxes for three years. This program
was expanded to evaluate the fluxes from differ-
ent terrain and vegetation types within smaller
watersheds (1 km?). One of these watersheds was
disturbed by an active layer detachment approxi-
mately 50+ years ago and provides an indication
of the impact of permafrost disturbance on flux-
es. Finally, to evaluate the impact of projected in-
creases in snowfall (ACIA 2005) on fluxes, paired
experimental watersheds have been established
(approximately 0.1 km? each) and two were
equipped with snow fences to augment snow
cover for the 2008 season and beyond.

Second, determinations of long-term sediment
fluxes are underway through the reconstruction
of sedimentation in both the West and East lakes
(unofficial names). Both lakes contain annually-
laminated (varved) sediments that allow meas-
urement of annual sediment deposition. The sed-
iment accumulation, calibrated by detailed lake
sedimentation process research (e.g., Cockburn
& Lamoureux 2008), will be evaluated to deter-
mine long term sediment flux rates, variability,
and the role of climate changes on sediment flux-
es. The availability of long sedimentary records
from two lakes will generate replicate records to
evaluate localized variance in sediment fluxes
between watersheds. Additional paleoenviron-
mental studies (of diatoms and pollen) and bio-
geochemical analyses will be generated from the
sedimentary records as well.

Study site and methods

The landscape is composed of incised plateaux
and hills with local relief up to 125 m (Figs 2a-c).
Steeply dipping Upper Devonian sandstone and
siltstone of the Franklinian Geosyncline under-
lie the study area and frost shattered bedrock
is a common surficial material (Hodgson et al.
1984). Late Wisconsinan glaciation, along with
early Holocene marine transgression over the
glacio-isostatically depressed land, resulted in an
extensive drape of glacial and marine sediments.
Vegetation is highly heterogeneous, and ranges
from near continuous wet sedge meadows to
sparse polar desert communities (Atkinson &
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Treitz 2007). The two main watersheds (unoffi-
cial names West and East) flow into freshwater
lakes (maximum depth 30-34 m) that contain an-
nually-laminated sediments (Fig. 2c) (Cockburn
& Lamoureux 2008).

The climate is cold and dry and typical of the
High Arctic region. Mean January temperature
is -33.1°C and mean July temperature is 4.0°C
at the closest long term meteorological station,
Mould Bay, NWT (1971-2000, Environment
Canada 2008). Total precipitation is < 150 mm
at Mould Bay, and most falls as snow during the
autumn and to a lesser extent, during the spring.
Wind extensively redistributes snow into incised
stream channels and other concavities, resulting
in up to 4 m of channel snow and thin cover on
exposed surfaces at the start of the melt season.
Summer rainfall is typically of low intensity and
large events (>10 mm day™) are rare (Environ-
ment Canada 2008). A comprehensive meteoro-
logical tower (MainMet) and two satellite stations
record melt season conditions, and after 2005,
year-round conditions (Figs 2a-d). Comprehen-
sive snow surveys have been completed at the
end of winter each year, and include forty 100-m
long depth and density transects.

The melt season begins in early June and con-
tinues until mid-August. Stream flow commenc-
es in mid-June and maximum discharge typically
occurs in late June or early July, and recedes to
low flow by mid-July (Cockburn & Lamoureux
2007). The presence of sedimentary bedrock and
fine-grained surficial sediments results in rela-
tively high suspended sediment concentrations
during the nival freshet (500-10,000 mg 1') and
lower concentrations during the baseflow period
(50-200 mg 1I'") (McDonald & Lamoureux 2009).
A number of hydrometric stations collect melt
season flow, turbidity, electrical conductivity
and temperature data, and are supplemented by
manual and pump samples for suspended sedi-
ment concentration, grain size, hydrochemistry,
nutrients, and some contaminants (Figs 2a-c).
Additionally, eight stations record soil tempera-
ture profiles and moisture throughout the year.

A host of related terrestrial measurements
have been undertaken at CBAWO, and include:
Vegetative biomass, soil and stream biogeochemi-
cal characterization, soil CO, flux, soil carbon and
nitrogen, and remotely sensed measurements of

Fig. 2a. Landscape at Cape Bounty: West river channel dur-
ing summer baseflow

Fig. 2b. Landscape at Cape Bounty: Dam on West river
channel caused by large active layer detachment during
July 2007

Fig. 2c. Landscape at Cape Bounty: Landscape with small
active layer detachment

biomass and soil moisture with IKONOS and
SAR imagery. Similarly, an extensive network
of lake process monitoring is carried out and in-
cludes: sediment traps, water chemistry, instru-
ment moorings (temperature, turbidity, electrical
conductivity) and ecosystem sampling (diatoms).
Long sediment cores (5-8 m) have been recovered
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from both lakes to analyse sediment delivery and
related paleoenvironmental records during the
late Holocene.

Results

Initial results of sediment flux studies and
nutrient studies have been recently reported
(Lamoureux 2006, Cockburn & Lamoureux 2007,
Cockburn & Lamoureux 2008, Lafreniére & Lam-
oureux 2009, McDonald & Lamoureux 2009). The
main results to date are summarized below.

Early research in the Canadian High Arctic
suggested that melt season air temperature was
the primary control over runoff and sediment
transport intensity (Hardy 1996). Subsequent
work reported similar thermal controls on a diur-
nal basis, but noted that exhaustion of snow lim-
ited substantial sediment transport to the brief
period of maximum discharge intensity (Forbes
& Lamoureux 2005). Results from Cape Bounty
further demonstrate the crucial role of snow
water equivalence (SWE) as a primary control
over seasonal sediment yield (Cockburn & Lam-
oureux 2007). Detailed analysis of the sediment
transport hysteresis patterns suggest that clock-
wise hysteresis dominates in high SWE years and
indicates some degree of sediment supply limita-
tion (McDonald & Lamoureux 2009). By contrast,
low SWE years like 2005 were characterized by
low sediment delivery intensity and seasonal
yield, and counter-clockwise hysteresis suggest-
ed transport rather than supply limitations. Un-
fortunately, quantitative relationships between
SWE and seasonal sediment yield will require
long sediment monitoring records, as the avail-
able data has been insufficient to provide statisti-
cal constraint (Cockburn & Lamoureux 2007).

Multi-year monitoring has also refocused at-
tention towards sediment storage and release
in the channel system, as well as the role of the
thick channel snowpack in isolating the stream
flow from the channel bed and bank (Lamoureux
et al. 2006, McDonald & Lamoureux 2009). Ad-
ditionally, meltwater ponds that form behind
snowdrift dams were demonstrated to result in
substantial sediment storage on multi-year chan-
nel snowpacks. Lamoureux et al. (2006) noted
that a large deposit of sediment formed during

the spring of 2003, and part remained for two or
more subsequent seasons. Hence, in this example,
thick snowpack in the channel contributes an ad-
ditional multi-year sediment storage mechanism
with the potential to affect subsequent seasonal
yields.

Future directions

The CBAWO has benefited from five years
of detailed sediment and related monitoring re-
search and represents the longest comprehensive
record from the North American Arctic. Ad-
ditional research activities have been added to
extend terrestrial studies in the watersheds and
contaminant fluxes in the rivers. International
Tundra Experiment (ITEX, Molau et al. 2001)
plots and open topped chambers (OTC) were es-
tablished at Cape Bounty in 2008 to link plant re-
sponses to climate variability to hydrological and
geomorphic fluxes.

Exceptionally warm summer temperatures
in 2007 resulted in extensive ground ice melt
and widespread active layer detachments in the
West watershed (Lamoureux & Lafreniéere 2009).
Hence, an important research focus will be to
evaluate the watershed response to permafrost
disturbances in the West and compare these re-
sults to the relatively undisturbed East water-
shed. Additionally, several large active layer de-
tachments will be added to the stream gauging
network to provide quantitative sediment and
solute flux determinations. Additional work to
investigate bedload transport, ground ice condi-
tions and sediment stores and sinks will be un-
dertaken.

Fnjoéskadalur, Iceland

Study area

The Fnjéskadalur valley is a representative
U-shaped valley in sub-Arctic Northern Iceland
(Figs 1 and 3a-d), characterised by a wide range
of denudative surface processes. The western
side of the valley is dominated by large post-
glacial landslides, while snow avalanches and
debris flows are particularly active on the east-
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ern side. This recurrent post-glacial activity has
built large colluvial cones below a high rockwall
(Fig. 3a). Field evidence indicates the occurrence
of snow avalanches during recent decades, such
as scattered transported boulder at a long dis-
tance of the slope toes and boulder accumu-
lation at the end of the avalanche path (Figs.
3b-d). Moreover, the tree cover on slopes, talus
and cones permits an innovative dendrogeo-
morphological approach to the snow avalanche
activity in Northern Iceland, leading to interest-
ing dating of recent events. Several well-defined
catchments ranging from 200 to 900 m asl can
be studied. The study currently focuses on three
colluvial cones.

Goals

The study of the Fnjoskadalur colluvial cones
aims to increase our knowledge about contem-
porary slope processes (mainly snow avalanches
and debris flows), magnitude and frequency re-
lationships and quantifying the sediment budget.
This research also highlights the temporal vari-
ability of slope dynamics during the Holocene
through analyses of sedimentary units such as
colluvial cones.

Two time scales are therefore investigated in
this area. At the present-time scale, the goals are
(i) to obtain data regarding slope dynamics, the re-
sulting sediment fluxes and the landscape impacts,

Fig. 3a. Landscape in Fnjoskadalur: One of the colluvial
cones investigated

Fig. 3c. Landscape in Fnj6skadalur: The distal part of the
cones covered with debris originating from recent snow-
avalanche activity

Fig. 3b. Landscape in Fnj6skadaur: Snow-avalanche trans-
ported boulders scattered in the distal part of one of the
colluvial cones; note the car and person for scale

—

Fig. 3d. Landscape in Fnjéskadaur: A view of the large val-
ley bottom and the steep valley walls
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and (ii) to enhance hazard assessment regarding
the behaviour of potentially destructive events
outside residential areas where reliable geomor-
phic evidence is lacking, and then to transfer the
results to inhabited sectors. There is a special sur-
vey of snow-avalanche-transported (Decaulne &
Seemundsson 2007, Decaulne et al. 2008, Decaulne
& Seemundsson 2010). At the Holocene time scale,
the colluvial cones record long-term activity occur-
ring on slopes: the knowledge of past slope activ-
ity provides evidence on the changes that can be
expected given the present climate modifications,
by highlighting the previous time spans favour-
able for cone development (Decaulne et al. 2009).

Methods

Currently applied methods cover both topo-
graphical and geomorphologic approaches. Lon-
gitudinal profiles of the cones in the main axis of
the flows were carried out, with a succession of 10
m sections, to underline erosion and accumulation
areas. Geomorphological maps were also drawn,
recognising the different geomorphological units
and related slope dynamics. The extreme reach
and lateral spreading of slope dynamics were also
mapped (Decaulne & Seemundsson 2005).

Several techniques are used to obtain differ-
ent kinds of dating relevant to the way the cones
were built. To date, research efforts were mainly
focused on dendrogeomorphological and teph-
rochronological approaches.

Phytogeographical techniques (vegetation
cover, lichenometry, dendrogeomorphology and
dendrochronology) are of specific use for the
recognition of recent activity on the slopes. The
absolute and relative dates obtained range from
a few years to over 150 years, covering the post
Little Ice Age period particularly well. Phytoge-
ography precisely locates the present-day most
active paths.

Weathering analyses are used for relative dat-
ing of rocky deposits on the slope, especially on
debris flow levees. These help to locate the suc-
cession of debris-flow migrations on the colluvial
cones. Schmidt hammer tests extend the dating
over 100 years.

Tephrochronology permits dating of sedi-
ment fluxes on the colluvial cones up to ca. 7000

BP, covering a large part of the Holocene peri-
od. It benefits from the recurrent ash falls in the
area during the Holocene period. The historical
period is particularly rich, with up to five dated
sequences (Decaulne et al. 2009).

Results

Dendrogeomorphology

The morphology of trees on the colluvial
cones investigated shows the strong influence of
slope processes on the trunks. By recording the
orientation of trunk tilting, and the location of
scars on the trunks, one can determine the origin
and direction of sediment fluxes on the colluvial
cones. Most of the injuries are attributed to snow
avalanche occurrence when observed above 50
cm from the slope surface: there, the debris that
caused the scars is not visible any longer. Nu-
merous trunk deformations are also due to de-
bris flows, inflecting damages to the lower part
of trunks.

The size of the trunks, especially their diam-
eters, permits recognition of the main paths fol-
lowed by slope processes (Decaulne & Seemunds-
son 2008, Decaulne 2010).

In addition to their relevance to a geomor-
phologic fluxes perspective at the present-time,
these results also have an indirect implication for
natural hazards assessment. They highlight the
potential spatial extent of geomorphic events on
the cones (lateral component) as well as the posi-
tion of potentially destructive boulders (vertical
component: in the distal part of the cones some
trees exhibit damage up to a height of 2 m).

Dendrochronology

The trees cover in the valley shows an interest-
ing synchronisation with the climate fluctuations
during the past decades (Levanic & Eggertsson
2008). The recent investigations tend also to link
snow avalanche activity to a growth distur-
bance signal for the trees on the colluvial cones
(Decaulne & Seemundsson 2008); especially, the
numerous 1995 snow avalanche effects on trees
are visible (Decaulne 2010). Sediment fluxes can
therefore be dated on the colluvial cones at the
tree life span, i.e. ca. 100 years. However, further
investigations have to be carried out to corrobo-
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rate these preliminary results, and the work is in
progress.

Tephrochronology

Dating of the different sequences observed on
one of the colluvial cones in Fnjéskadalur val-
ley reveals its rapid development (Decaulne et
al. 2009). Sediments originating from slope proc-
esses appear to have been very important dur-
ing historical time, as shown by the observed
sequence in the distal part of the cone. Espe-
cially, a significant contribution from post-1262
AD debris flows is observed in this distal part.
In the median part of the cone, the upper section
records post-2900 BP debris flow deposits, while
the previous period was not prone to significant
slope activity: only scattered large boulders are
observed, revealing chiefly a snow avalanche
contribution. The thick sequences of aeolian soils
are evidence of a cold climate.

These first results need to be compared with
other profiles to get a more accurate idea of the
sediment budget in the area.

Erdalen, Norway

Study area

Erdalen is a very steep U-shaped valley in the
fjord landscape of western Norway (Nordfjord)
(Figs 1 and 4a-d). The sub-Arctic Erdalen catch-
ment, located at 61°50°N, 07°10°E, is connected
to the Jostedalsbreen ice cap and its uppermost
parts still contain glacier ice. Detailed studies on
Holocene, sub-recent and present-day sedimen-
tary fluxes and sediment budgets were started in
2004 (Beylich et al. 2008a, 2009b, 2010, Hansen et
al. 2009).

The Nordfjord area has been repeatedly oc-
cupied by glaciers during the Pleistocene. The
mouth of Nordfjord was deglaciated at about 12.3
ka BP (Larsen & Mangerud 1981). A pronounced
Pre-Boreal moraine ridge formed during the so-
called Erdalen-Event in Erdalen (Nesje 1984).
During the thermal climatic optimum from 7000
to 4000 yrs BP the Jostedalsbreen ice cap disap-
peared for about 800 years (e.g. Nesje & Kvamme
1991, Nesje et al. 1991, 2000, 2001). It reformed in
the Neoglacial, coming to a maximum during the

Little Ice Age (LIA) around 1750 AD (Bickerton
& Matthews 1993). The LIA-moraine is situated
only 1 km up-valley from the Erdalen moraine.

The present-day landscape in the Nordfjord
area provides the impression of a young, mainly
glacial valley topography cut into an old, "ma-
ture" land surface represented by plateau like
mountain forms (Fareth 1987). The Erdalen val-
ley is typical for this region and is deeply incised
into bedrock (mainly gneisses); adjacent summits
are up to 1200-1500 metres above the valley floor
(Figs 4a-d). The width of the latter varies along
the valley but rarely exceeds 700 m. Bedrock
exposed across the valley bottom forms natural
thresholds or sills controlling the incision of the
main stream and creates natural boundaries be-
tween interconnected valley basins. Along the
valley walls, bedrock alternates with talus cones,
alluvial and colluvial fans (Figs 4a-d). A small
glacial lake occupies the innermost valley basin
at the margin of the present glacier. This lake is
situated at 880 m a.s.l. and drains across a bed-
rock sill. The Erdalen glacier margin was located
at this threshold in 1943; the glacier margin has
been generally retreating since then and the lake
developed (Nesje 1984). Between 460 m a.s.l. and
480 m a.s.l. a gravelly braid plain or sandur is de-
veloped, 1600 m long and up to 700 m wide (Fig.
4¢).

Ongoing studies on contemporary sediment
fluxes are focussed on the upper Erdalen valley,
covering an area of ca. 50 km? from the outlet of
the braided sandur system at 460 m a.s.l. to the
highest parts of Erdalen at 1888 m a.s.l. Down-
valley Erdalen terminates at lake Strynevatnet.
(Fig. 4a).

Annual precipitation at the closest meteoro-
logical station with a long-term record (Opp-
stryn) is about 1100 mm, with most precipitation
occurring in fall and winter. The mean annual
temperature at Oppstryn (61°54'N, 07°03°E; 50
m a.s.l.) is 5.7°C, with January being the coldest
month with -0.9°C and July being the warmest
month with 14.2°C (Norwegian Meteorological
Institute)

Present-day denudative processes include
rock and boulder falls, avalanches, slush flows,
debris flows, creep processes, wash denudation,
chemical denudation and fluvial transport. The
runoff regime is complex with runoff peaks oc-
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Fig. 4a. Landscape in Erdalen: The U-shaped Erdalen valley
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Fig. 4b. Landscape in Erdalen: Slope and fluvial systems
in Erdalen

Fig. 4c. Landscape in Erdalen: The braided sandur system in
upper Erdalen

curring during spring snowmelt, summer glacier
melt and heavy rainfall events. Significant bed-
load transport occurs only during high runoff
events. (Beylich et al. 2009, 2010)

Goals and methods

Research in Erdalen is focussed on a typical
fjord-valley system. The aims are:

- To analyse how the inheritance of the land-
scape due to the influence of the Last Glacial
Maximum (LGM) has affected process rates
over time (paraglacial system)

- To document changes in process rates over
different timescales by combining quantita-
tive knowledge on Holocene process rates

Fig. 4d. Landscape in Erdalen: Coupling between slope and
fluvial system in uppermost Erdalen

with data on sub-recent and present-day proc-

ess rates.

Investigations since 2004 include the analy-
sis of storage elements (both architecture and
volumes) by using geophysical techniques and
by the year-round monitoring of meteorological
parameters, ground temperature, runoff, flu-
vial solute and suspended sediment transport
using stationary stations, as well as the analy-
sis of fluvial bedload transport and slope proc-
esses like rock falls, avalanches and debris flows
by combining different monitoring and dating
techniques.

Investigations on volumes and architectures
of storage elements (valley fillings, talus cones)
are performed using different geophysical meth-
ods like georadar and seismic refraction sur-
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veys to improve the quantitative knowledge on
Holocene process rates (Hansen et al. 2009).

Geomorphologic mapping of source, trans-
fer and deposition areas as well as vegetation
mapping were carried out and the maps were
interpreted in combination with digital elevation
models and data (Beylich et al. 2009b, Laute &
Beylich 2010).

Present-day sediment flux data are estab-
lished by a monitoring programme in Erdalen
including five automatic stations for continu-
ous and year-round monitoring of water level,
turbidity and electric conductivity. In addition
an automatic weather station is in operation pro-
viding continuous data on wind speed and di-
rection, air temperature, radiation, precipitation,
snow cover thickness and ground temperatures
at different depths. The monitoring programme,
in combination with repeated analyses of surface
water chemistry, atmospheric solute inputs and
granulometry of suspended sediments, provides
high-resolution data to analyse and quantify
present-day sedimentary and solute fluxes (Bey-
lich et al. 2009b, 2010). Also informationon the
spatio-temporal variability of sediment sources,
denudation rates and meteorological and topo-
graphic/landscape morphometric controls of
denudative processes within the catchment. is
delivered (Liermann et al. 2010) In addition to
standard methods for monitoring bedload trans-
port (marked stone tracers, magnet tracers) ad-
ditional techniques like shock sensors (Vatne et
al. 2008) and biofilm analysis (Gintz et al. 2008,
e.g. Stevenson 2007) are applied to analyse chan-
nel stability/mobility and the range of bed-
load transport in Erdalen (Beylich et al. 2008a,
2009b).

Ongoing studies include the quantification of
subrecent erosion and sedimentation rates (fol-
lowing the Little Ice Age) within the braided san-
dur system in upper Erdalen by using a combi-
nation of granulometric/channel morphometric
analyses (Wache & Beylich 2006, Beylich et al.
2009b), *C dating and granulometric analyses of
flood deposits, dendrochronology and detailed
geomorphic and vegetation mapping (Laute &
Beylich 2010). Current analyses of slope proc-
esses include stratigraphic analyses and "*C dat-
ing of colluvium as well as detailed geomorphic
and vegetation mapping, dating of rock fall de-

bris using lichenometry, photo documentation,
photogrammetry, Lidar and direct monitoring of
denudative processes (e.g. collecting avalanche
deposits onartificial planes, measuring creep rates
using painted stone lines, etc.). (Laute & Beylich
2010, Laute et al. 2010, Beylich et al. 2009b)

Preliminary results and further studies

The geophysical surveys permit determina-
tion of the depth of bedrock beneath the lake- and
valley-fill deposits, as well as the extent and vol-
ume of the main valley-fill components (Hansen
et al. 2006, Hansen et al. 2009).

The braided sandur system at Sandane is
characterised by coarse deposits built up in a pe-
riod of increased sediment delivery - including
both newly produced and recycled old material
- during the Little Ice Age (LIA) advance. In the
down-valley part of this braided sandur system
younger fine-grained flood sediments cover the
Holocene valley infill.

The upper part of Sandane is characterised by
anegative sub-recent sediment balance, with ero-
sion of the coarse sediments from the Little Ice
Age advance and downcutting of channels (Fig.
4¢). In comparison, the lower part of Sandane has
a balanced to slightly positive sub-recent sedi-
ment budget with formation of the younger flood
sediments and more stable channels. Altogether,
the sub-recent sediment budget of Sandane, fol-
lowing the Little Ice Age advance, appears to be
slightly negative.

Contemporary coupling of slope and fluvial
systems in Erdalen is limited and only a rather
small amount of material is directly transported
from the slopes into the main channels. Sedi-
ments from upstream tributaries are transported
through the upper part of Sandane without stor-
age. Apart from flood deposits, material is only
temporarilly stored in channels in the lower part
of Sandane before export during peak-runoff. Al-
together, fluvial sediment transport appears to be
supply-limited (Beylich et al. 2008a, 2009b, 2010,
Laute & Beylich 2010).

Further studies in Erdalen will continue the
ongoing monitoring activities with the long-term
and high-resolution analysis of present-day sedi-
ment fluxes and their controls, both meteorologi-
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cal and topographic / landscape morphometric
(Beylich et al. 2010).

Discussion and conclusion

The field-based investigations at the three
different study sites in Arctic Canada (Cape
Bounty), sub-Arctic Iceland (Fnjéskadalur) and
sub-Arctic Norway (Erdalen) are analysing rates
and controls of sedimentary fluxes and budgets
at different timescales (Holocene, sub-recent and
contemporary) and assessing the effects of cli-
mate change on process rates and budgets.

Given the diversity of research questions
addressed and methods used within the indi-
vidual studies, there is an obvious need for co-
ordinated guidance on developing quantitative
frameworks for characterisation of catchment
(field-based) sediment budget studies, so that:
(1) baseline measurements at defined SEDIBUD
test sites are standardised thus enabling inter-site
comparisons, and (2) long-term changes in catch-
ment geosystems related to climate change are
well documented.

The SEDIFLUX Manual (Beylich & Warburton
2007) in combination with SEDIBUD Protocols
have been developed to serve as a framework to
permit the collection and compilation of compa-
rable data sets on baseline meteorological param-
eters and contemporary sedimentary fluxes from
a wide range of cold environment catchment
geosystems (Lamoureux et al. 2007, Beylich et al.
2008b, 2009a).

The comparable datasets and coordinated
data exchange will be of use for the detailed
individual studies at the different study sites.
In addition, comparable data sets and data ex-
change will help to improve our understanding
of existing relationships between contemporary
climate and sedimentary fluxes and will enable
larger-scale integrated investigations on effects
of climate change on contemporary sediment
fluxes in changing high latitude and high altitude
cold environments. Comparable datasets from
defined SEDIBUD test sites (.A.G./A.L.G. SED-
IBUD Working Group, March 2010 http:/ /www.
geomorph.org/wg/wgsb.html, Lamoureux et
al. 2007, Beylich et al. 2008b, 2009a) will be com-
piled in the SEDIBUD Metadata Database. This

is being developed to model effects of projected
climate change on solute and sedimentary fluxes
in changing high-latitude and high-altitude cold
environments.
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