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Introduction

Human impact on sediment dynamics — quantification and timing
1. Approaches to track human impact on sediment dynamics

A gradual to rapid but yet continuous change of the rates of
sediment production, storage and transport typifies fluvial settings
over time and space. Within a Holocene timeframe, this variability is
mainly controlled by climate and human-induced land use change.
Various studies have illustrated the response of Holocene and/or
contemporary fluvial dynamics to land use change (e.g. Passmore and
Macklin, 1994; Marston et al., 2003; Piégay et al., 2004; Hudson and
Kesel, 2006), but also to climate impacts (e.g., Straffin and Blum,
2002). The relative importance of climate and land cover may be
variable, i.e. changes in land use increases the sensitivity of river
basins to climate disturbance (e.g. Macklin and Lewin, 2003).
Furthermore, on the Holocene timescale human technological and
economical power has been progressively replacing climate as key
factor in controlling sediment dynamics (e.g. Messerli et al., 2000;
Meybeck and Vörösmarty, 2005). The extent to which climatic events
and/or human actions have impacted sediment fluxes in the landscape
remains, however, often unclear.

Apart from the influences that are extrinsic to fluvial settings,
changing rates of sediment production, storage and transport may be
caused by intrinsic controls of sediment propagation. Many studies
have illustrated that land use changes in uplands have no direct
impact on downstream sediment fluxes for the last centuries, mainly
because of the role floodplains play as a regulator in sediment budgets
(e.g. Walling, 1999; Trimble, 1999). Also, on a longer time-scale,
Phillips (2003) has demonstrated the importance of alluvial storage to
control basin sediment yields under changing environmental condi-
tions. However, not only alluvial sinks are important to consider, also
variable colluvial storage on hillslopes regulates downstream parti-
culate fluxes to a large extent (e.g. Trimble, 1983). Indeed, present-day
river sediment and nutrient loads are not only the result of current
climate and land use settings, but often reflect past conditions due to
the buffering capacity of river basins (Richards, 2002). To better
understand the role of extrinsic and intrinsic controls for the observed
variability of sediment dynamics, system approaches are increasingly
utilized. The availability of quantitative information on sediment
production, storage and transport in fluvial settings across various
timescales is therefore crucial.

This special issue provides a selection of papers that were presented
at the European Geosciences Union (EGU) General Assembly in Vienna
(April 2007) in session GM19 on ‘Quantifying andmodelling human and
climate controlled sediment dynamics’. In total 24 papers on various
topics dealing with quantification of sediment storage and/or the
human and climatic impact on sediment dynamics were presented of
which seven were selected here for publication.

The scope of the papers cover issues of sediment production,
storage and transport for a range of fluvial environments in the UK,
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Belgium, Peru, Germany and China. The changing importance of base
level, climate, vegetation and human land-use as dominant controls of
the Holocene fluvial history of a medium-sized lowland river in
northwest England is discussed by Foster et al. Thereby, vegetation
itself is either controlled through climate or human impact. Five river
terraces were identified and time-frames of channel abandonment
and terrace incision were established based on basal radiocarbon
dates. Comparison with existing palaeo-ecological data suggests that
natural forcing is dominant until the mid-Holocene, but that during
the last 3000 years the combined impact of woodland clearance on a
substantial scale and wetter conditions became more important, and
even caused a remarkable change in fluvial style.

The subsequent sequence of papers is dedicated to the signifi-
cance of human activities for altered sediment dynamics. Hoffmann
et al. report on the long-term Holocene floodplain sedimentation
rates of the River Rhine watershed. They analysed a dataset of
115 radiocarbon ages, which are available from significant alluvial
sinks along the River Rhine and a couple of subcatchments. To
infer long-term overbank sedimentation rates, three different
approaches are compared: deriving rates of floodplain sedimenta-
tion for different time intervals from dated deltaic and alluvial
sequences, depth-age analysis of available 14C ages, and analysis of
cumulative frequency distribution functions of radiocarbon ages.
The latter targets overcoming the problem of unequally distributed
radiocarbon ages. Recently, a number of papers have been published
that tackle this problem statistically by analyzing cumulative
frequency distributions of a large number of radiocarbon ages
(Gregory et al., 2006; Macklin et al., 2006; Hoffmann et al., 2008).
The results of Hoffmann et al. point to an increase in fluvial activity
after 3000 cal BP, and indicate an important turn towards increased
floodplain aggradation since about 1500 years ago. A systematic
increase in sedimentation rates for more recent periods can be
linked to increasing human impact, which overrules climatic
variability on the timescales studied. The authors also point out
that evidence for short-term climatic impacts cannot be derived
from the data because of the low temporal resolution of the data
currently available.

The paper by Reiss et al. focuses on soil erosion and short-distance
colluvial deposition that relate to Prehistoric settlements in Northern
Germany. The study is based on detailed pedostratigraphical analyses
of soil pits and trenched colluvial profiles in three small catchments.
The authors distinguish several erosion phases in the Neolithic period,
of which the rates of erosion and deposition are the same order
of magnitude as those measured today in similar, yet agricultural
environments. Here, the records of Prehistoric erosionwere preserved
in an exemplary manner because the investigated sites were not
affected by major human impact later on. Similar observations of
elevated rates of erosion during historic and prehistoric periods were
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found in several nowadays forested (and thus stable) environments of
western and central Europe (e.g. Lang et al., 2003; Vanwalleghem
et al., 2006).

Hesse and Baade provide an example of the intentional utilisation
of floodplain accretion processes as a strategy allowing farming in
dryland settings. The authors recognise the resulting irrigation-
sediment bodies as a type of alluvial sink that can be distinguished
from similar overbank facies that relate to flood activity. Detailed
stratigraphic analysis of soil pits and exposures in irrigated surfaces
alongside the Palpa River in southern Peru serve to develop criteria of
distinctive features of irrigation and overbank facies. Accordingly, the
authors show that a significant quantitative proportion of terrace
landforms of the Palpa River valley consist of meters thick irragric
anthrosols formed over the last 3500 years. Retrospect sedimentation
rates established by numerous radiocarbon ages are in agreement
with the present-day measurements of sediment concentration in
irrigation channels and sedimentation rates on irrigation fields. The
results are of particular importance for the geoarchaeological
interpretation of human-impacted floodplain change because quite a
number of Prehistoric and Historic cultivation activities took place
along allogenic rivers flowing through arid landscapes (e.g. Waters,
2008).

To analyse the relative role of human activities and climate impacts
on quantitative changes of water and sediment discharge, Zhang and
Lu make use of gauge data of the mountainous Luodingjiang River
catchment in SE China. They perform various time-series analyses of
discharge and sediment load records at various temporal scales
(monthly, seasonal and annual) and compare the results to con-
temporaneous records of precipitation and human-induced changes
to the fluvial setting. They come to the conclusion that during the
period from 1959 to 2002 human activities (deforestation before 1985,
reforestation after 1985, construction of reservoirs) have had a much
more profound impact onwater and sediment discharge than changes
in precipitation. The detailed set of data employed here nicely illus-
trate the data needs when the relative role of human activities and
climate impacts are to be reconstructed on much longer timescales
using proxy-data analysis.

Förster and Wunderlich calculate the Holocene human-induced
sediment delivery from hillslopes to the fluvial system by evaluating
digital soil survey data of a 300-km2 upland catchment in SW
Germany. Available soil data has been used in several approaches
that target Holocene sediment budgets for larger-scale catchments
(e.g. Houben et al., 2006). The concept of using soil profile
information has been implemented successfully in the loess areas
of central Europe with well-developed luvisols (e.g. Rommens et al.,
2005; Houben et al., 2006). Förster andWunderlich utilize structured
raw data from the soil survey and a derived dataset of aggregated
information published with the soil map scaled 1:50,000. Statistical
analyses are used to define the initial condition from which human-
induced soil loss can be subtracted. In a second step, the datasets are
used to infer quantitative figures of human-induced soil loss and
colluvial burial on the catchment's hillsides. Förster and Wunderlich
conclude that 60–80% of the material eroded was delivered to
streams.

Notebaert et al. refer to the sediment budget concept to address
Holocene sediment dynamics at the catchment scale in a loess
watershed of Belgium. The sediment budget is an established
approach for quantitative studies and has been used for decades
(e.g. Jäckli, 1957; Rapp, 1960; Leopold et al., 1966; Dietrich and Dunne,
1978). In many cases, however, sediment budgets were constructed
only for contemporary fluxes of sediment in a catchment. The
application of this concept to longer timescales (e.g. the entire
Holocene) is much more recent (e.g. Macaire et al., 2002, Rommens
et al., 2005, 2006; Houben et al., 2006; de Moor and Verstraeten,
2008; Houben, 2008). Notebaert et al. have constructed a compre-
hensive sediment budget for the entire Holocene including hillslope
erosion and colluviation as well as alluvial sediment storage. The
authors present spatially distributed quantitative estimates of sedi-
ment production and storage for the budget components, listed for a
number of subcatchments and the 758-km2 Dijle catchment as a
whole. Notebaert et al. conclude that colluvial sediment stores are as
important as alluvial sediment sinks, but the relative role of both
sediment sinks has changed throughout the Holocene as reflected by
the temporal variability of storage formation. Notebaert et al. argue
that alluvial sediment records alone cannot be used to reconstruct soil
erosion histories. Rates of alluvial sediment storage in the Dijle flood-
plain increased markedly frommedieval times onwards and sediment
export rates for the last 1000–1200 years are of similar magnitude as
contemporary annual suspended sediment yields.

2. Conclusions and recommendations for future research

The papers compiled in this special issue provide a representative
sample of the current-day research on the human impact on sediment
dynamics, themethodologies used and the spatial and temporal scales
considered. Information on historic sedimentation rates and volumes
are retrieved through sediment coring and/or exposures, whereas
for more recent periods sediment load measurements are used. Most
papers are dedicated to specific components of the wider fluvial sys-
tem framework. Thus, the papers highlight quantitative changes in
time for a variety of components of fluvial environments: hillslope
erosion and colluvial sediment sinks (Förster and Wunderlich; Reiss
et al.), natural and artificial floodplain sediments (Hoffmann et al.;
Foster et al.; Hesse and Baade), and river-borne sediment transport
(Zhang and Lu). One study attempts a more comprehensive view on
long-term sediment dynamics by using the sediment budget concept
(Notebaert et al.). Methodological and time-constraints hamper the
construction of more complete sediment budgets, certainly for longer
time-scales and larger spatial units. Nevertheless, a full accounting of
all components of a sediment budget is necessary in order to fully
understand the response of hillslope and fluvial systems to catchment
disturbances: depending on the 1) intensity, 2) the spatial extent, 3)
the duration, and 4) the type of perturbation, the various sinks and
sources of a catchment's sediment budget will react differently
(e.g. Trimble, 1983; Slaymaker, 2003). New developments in spatial
distributed modelling of erosion and sediment transport now for the
first time enable simulating historic sediment fluxes in response to
spatially varying patterns of human impact or changes in climate
(e.g. Coulthard et al., 2005; Verstraeten and Prosser, 2008; Ward et al.,
2009). Quantitative data on sediment fluxes will now be essential to
validate such model approaches.

Some of the papers assembled here also provide information about
a changing balance between either climatic and/or human impacts on
sediment dynamics. Several of the papers in this issue compare
calculated long-term sedimentation rates with contemporary rates
and conclude that these are often of the same order of magnitude
(central Belgium and the Rhine catchment during the last millennia;
irrigation terraces in Peru even over the last 3500 years). Only when
even longer timescales are considered, average sedimentation rates
drop and are much lower for earlier periods. Such observations (as
presented by Notebaert et al. or Hoffmann et al.) corroborate the
conceptual notion of an Anthropocene with dominating human
influences as presented for instance by Meybeck and Vörösmarty
(2005). Due to the ever-increasing human impact in the course of the
last few millennia, and in particular during the last few centuries,
fluxes of sediment are thought to have increased steadily to such
elevated levels that are outside the natural variability (see also
Messerli et al., 2000).

Nevertheless, some fundamental methodological and time-con-
straints inhibit the retrospect analysis of more complex interactions
between fluvial components and the underlying rules of whole-
catchment sediment dynamics. Despite recent developments in
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establishing sediment chronologies through optical dating and the
application of terrestrial cosmogenic nuclides (for a review see: Lang
2008) radiocarbon dating still remains the main source of age-
information. Many minerogenic sediments resulting from severe
human impact, for instance the meters-thick colluvial and alluvial
deposits in the early-farmed European loess areas, are characterized
by low concentrations of C14-datable organic materials. Furthermore,
radiocarbon dating does not necessarily provide age-information on
the sedimentation process itself, as reworking of organic material is
commonplace (e.g. Lang and Hönscheidt, 1999). These circumstances
too often lead to a rather limited temporal resolution of the
chronologies of formation and degradation of sedimentary sequences.
Hence, no straightforward information on the severity of human
impact on the sediment dynamics can be retrieved. This needs further
attention in future studies and will require more detailed and precise
chronologies of sedimentation. More rigorous dating approaches have
recently been advocated (Chiverrell et al., 2009) that include not just a
much larger number of age estimates but also replicate samples
for accuracy testing and Bayesian modeling of resulting probability
distributions.

Based on recent advances in the research on sediment dynamics,
including those that were presented in session GM 19 at the EGU
General Assembly of 2007, we propose the following research topics
that need more attention:

1) Quantifying catchment-wide sediment budgets by incorporating a
large number of components at different spatial scales, and for
longer timescales (ideally covering thewhole period of agriculture).

2) Differentiating such a sediment budget for various time periods in
the past, that are at best characterised by major differences in land
cover or that correspond to changes in fluvial style (e.g. Trimble,
1999; Verstraeten et al., in press).

3) Establishing more precise chronologies at several locations and for
different types of sediment archives (colluvial, alluvial, lacustrine)
within a single catchment.

4) Increase the use of dating techniques that directly provide
age-information on the sedimentation process.

Research objectives 1) to 4) are entirely focussed on sediment
dynamics. To understand the role humans have played in changing the
fluxes of sediment within a landscape, this information is not
sufficient. In fact, the major challenge will be:

5) To collect high-quality data on humanpressurewithin a catchment
that offers the same time-resolution, the same spatial resolution
and the same coverage as the data on sediment dynamics itself.

These kinds of data are very limited and can be derived through a
variety of methodologies including a detailed analysis of (pre)historic
settlements (e.g. Houben et al., 2006), high-resolution palynological
information (e.g. Kaniewski et al., 2007) and a statistical analysis of
pollen-information to extract indices of human impact on vegetation
(e.g. Kerig and Lechterbeck, 2003). A multi-disciplinary geoarchaeo-
logical approach to study human interferences with the fluvial system
is therefore needed (see also Brown, 2008 and Butzer, 2008), albeit not
in its classic qualitative form, but rather following the quantitative
approach discussed above.
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