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Humans have greatly impacted the processes and intensities of erosion, sediment transport and storage since the
introduction of agriculture. Inmany regions around theworld, acceleratedfloodplain sedimentation can be relat-
ed to increases in human pressure on the environment. However, the relation between the intensity of anthro-
pogenic disturbance and the magnitude of change in fluvial sediment dynamics is not straightforward and
often non-linear. Here, we review a number of case studies from contrasting environmental settings in the Euro-
pean loess belt, the Eastern Mediterraneanmountain ranges and the eastern USA. Detailed field-based sediment
archive studies and sediment budgets covering time periods ranging from 200 to over 5000 year, as well as the
use of pollen and sediment provenance techniques, show that no overarching concept of changes in floodplain
sedimentation following anthropogenic disturbance can be established. Slope-channel (dis)connectivity controls
the existence of thresholds or tipping points that need to be crossed before significant changes in downstream
sediment dynamics are recorded following human impact. This coupling can be related to characteristics of
human pressure such as its duration, intensity and spatial patterns, but also to the geomorphic and tectonic set-
ting. Furthermore, internal feedbackmechanisms, such as those between erosion and soil thickness, further com-
plicate the story. All these factors controlling the propagation of sediment from eroding hillslopes to river
channels vary between regions. Hence, only unique patterns of fluvial geomorphic response can be identified.
As a result, unravelling the human impact from current-day sediment archives and predicting the impact of fu-
ture human disturbances on fluvial sediment dynamics remain a major challenge. This has important implica-
tions for interpreting contemporary sediment yields as well as downstream sediment records in large
floodplains, deltas and the marine environment, in terms of changes in the drivers of environmental change.

© 2017 Elsevier B.V. All rights reserved.
Keywords:
Sediment budget
Floodplain aggradation
Legacy sediment
Geomorphic response
Human impact
1. Introduction

The production, transportation and deposition of sediments are nat-
ural geomorphic processes controlled by external drivers such as cli-
mate, vegetation cover, as well as tectonics. When these processes are
in steady-state, a fluvial landscape in dynamic equilibriumwill develop.
Significant changes in one or more of the controlling factors will shift
the system away from equilibrium, and hence, the fluvial landscape
may experience important morphological changes (Schumm, 1977;
Blum and Törnqvist, 2000). Climatic transitions (e.g., from cold to
warm or dry towet) are typically considered to be responsible for rivers
to incise and aggrade, whilst periods of climatic stability typically corre-
spond to stable river systems (e.g. Knox, 1972; Vandenberghe, 1995;
Vandenberghe, 2008). Climate not only has a direct impact through
the amount and erosivity of rainfall, it also controls vegetation cover
and hence the susceptibility of the land for erosive rain events.
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However, during the last few thousand years, human pressure has be-
come the major factor controlling changes in vegetation cover (Ellis et
al., 2013). Clearing land for timber or for agricultural purposes results,
especially in temperate and tropical environments, in a reduced vegeta-
tion cover that is not in equilibrium with local climate. Hence, erosion
rates under cropland are on average 10 to 100 times higher compared
to long-termgeologic baseline values,whereas for individual sites accel-
erated erosion rates on cropland can be N1000-fold higher compared to
slopes under native vegetation (Montgomery, 2007b). Such dramatic
increases in sediment production also change the delivery of sediment
to the fluvial system shifting it away from the mid-Holocene dynamic
equilibrium state (Meybeck and Vörösmarty, 2005). Many rivers
around the world have responded to this increase in sediment delivery
through aggradation to an extent that the anthropogenic signal in river
systems can be identified as a unique sedimentary stratigraphic unit or
‘legacy sediment’ (James, 2013). Although establishing a relation be-
tween intensities of anthropogenic pressure, soil erosion, floodplain
sedimentation and fluvial sediment delivery is tempting, not only for
understanding how humans have changed the Earth's surface but also
rphic response to anthropogenic disturbance, Geomorphology (2017),
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to better implement control measures, this is far from straightforward.
Several studies have shown that the buffering capacity offluvial systems
increases with spatial scale, thus decreasing the human impact signal
with increasing catchment area (e.g. Dearing and Jones, 2003;
Vanmaercke et al., 2015). It is therefore not surprising that, at the global
scale, sediment delivery towards the ocean has not changed significant-
ly over the last few hundred years despite the growing human impact
due to land-cover changes and dam construction (Syvitski et al.,
2005). The buffering capacity of slopes and floodplains, however, may
vary from catchment to catchment, thus resulting in highly variable sed-
iment delivery ratios (SDR). Changes in anthropogenic land cover may
reduce the input of fresh sediment into the fluvial system, however,
levels of sediment yield may retain higher levels as older legacy sedi-
ment is being reworked. Rivers may therefore remain in disequilibrium
for a longer time period, even when the original disturbance factor has
disappeared (e.g. Trimble, 1975). Similar observations have been
made for formerly glaciated catchments where sediment yields are
not in equilibrium with contemporary erosion rates (Church and
Slaymaker, 1989). Such notions of the complex response of the fluvial
system to disturbance (see also Schumm, 1977) raise questions about
the use of a simple SDR and the need to unlock the black box of the sed-
iment delivery problem (Trimble, 1975; Walling, 1983; de Vente et al.,
2007; Burt and Allison, 2010).

Several models have been proposed that aim to explain the evolu-
tion of the geomorphic response to human impact in space and time,
and that go beyond the SDR model. A traditional representation is
the sediment cascade model whereby eroded sediment is cascading
Fig. 1. Overview of the
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downslope from sink to sink (Lang and Hönscheidt, 1999; Zolitschka
et al., 2003). Such a cascade model can be further conceptualised
using the reservoir theory whereby the various sediment storage com-
partments are considered as reservoirs that generate outflow to the
lower reservoir (Hoffmann, 2015). Within the cascade model, it is
often assumed that all voids in the landscape need to be filled first be-
fore transfer to the next downstream sink can take place. In areas with
a long history of human-induced soil erosion on agricultural land this
implies that colluvial sinks respond first to human impact and only in
a later stage floodplains will respond. Other conceptual models focus
on the (dis)connectivity between various sources and sinks of sediment
and how the coupling between slopes and channels may change
through time (e.g. Fryirs, 2013). Slope-channel coupling is often consid-
ered in conjunction with the sediment cascade model: sediment cas-
cades from one sink to another sink when the connectivity between
both sinks is established (Lang et al., 2003a; Hoffmann, 2015). Whilst
these models mainly focus on the spatial propagation of sediment gen-
erated by human impact, the ‘fast in, slow out’ principle first proposed
by Trimble (2010), focuses more on the timescales at which the geo-
morphic response to disturbance events operate. Trimble (2010) sug-
gests that sediment pulses may generate severe aggradation in fluvial
systems in only a few decades to centuries following the disturbance
event, whilst it may take millennia to remove the sediment again once
the disturbance has been erased. This concept is linked to the residence
time of sediment in general, and of legacy sediment in particular.
Hoffmann (2015) used the reservoir theory discussed above to calculate
cumulative SDR-values and the mean sediment residence time of
Dijle catchment.

rphic response to anthropogenic disturbance, Geomorphology (2017),
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Fig. 2. Time-differentiated sediment budget for the Dijle catchment (updated from
Notebaert et al., 2009; Verstraeten, 2012). Note that all values are displayed in absolute
amounts (Mt = megaton) and that the length of each period is significantly different.
Reprinted from Verstraeten (2012).
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anthropogenic alluvium for the Aufsess catchment in central Germany,
whilst Phillips et al. (2007) estimated the alluvial residence time from
the average age of alluvial deposits for the Waipoa catchment in New
Zealand. However, several assumptions have to be made and the resi-
dence time computation will depend strongly on the preservation po-
tential of the sediment, and thus on the relative importance of lateral
reworking (Lewin and Macklin, 2003). Several reviews of historic ero-
sion and sedimentation studies (e.g. Dotterweich, 2008; Notebaert
and Verstraeten, 2010; Dusar et al., 2011; Bellin et al., 2013) further-
more show that the timing, rate and spatial extent of the anthropogenic
impact on fluvial sedimentation is highly variable. A detailed under-
standing of the mechanisms controlling the propagation of anthropo-
genic signals in river systems is needed to better appreciate and
quantify the fate and residence time of anthropogenic legacy sediment.

This paper discusses the variability in long-term geomorphic re-
sponse of the fluvial system to human impact. It will provide an in-
depth review of three case studies from different environments, and
will re-analyse these data in order to gain fundamental insights into
the various processes and factors controlling the human impact on sed-
iment dynamics. When discussing the specific history of the geomor-
phic response for each of the three case studies, we will see to what
extent the sediment cascade model, the connectivity model and the
‘fast-in, slow-out’model are valid, and how thesemodels can be related.
The first study site, the Dijle catchment in the central Belgian loess belt,
is representative of a temperate environment with thick fertile soil and
a long tradition of human impact through agriculture. Second, the
Sagalassos region in southwestern Turkey represents a typical Mediter-
ranean mountain environment with restricted soil depth, also with a
millennia-long tradition of human impact, in particular for the classical
period. Finally, the NewWorld (USA, Australia) only experiencedmajor
human disturbance during the last two to three centuries. Here data are
used on accelerated sedimentation for a few US catchments. When
discussing the variability in geomorphic response, we will refer to sev-
eral other studies on fluvial sediment dynamics worldwide to support
the conclusions drawn from the analysis of the three case studies. How-
ever, we do not envisage a thorough review of themany studies dealing
with human impact on fluvial systems throughout history as this is be-
yond the scope of this paper. Rather, we will propose several new con-
ceptualmodels of geomorphic response to human impact under various
conditions that can be further extended and validated when compared
to other case studies.

2. Presentation of case studies

2.1. Dijle catchment, Belgium

The Dijle catchment (758 km2) is situated in central Belgium and is
part of the western and central European Loess Belt (Fig. 1). The catch-
ment is characterized by an undulating plateau landscape with heights
varying between 168ma.s.l. in the south and 75ma.s.l. in the north. The
River Dijle and its tributaries have incised into the plateau and are
flowing in broadfloodplains situated 40–60mbelow the plateau. Flood-
plain width varies from a few tens of meters in the headwater catch-
ments to nearly 2 km in the downstream reaches. Slope gradients on
the plateau are generally lower than 5%, however, steeper slope gradi-
ents up to 50% can be found along the main valley slopes. Soils are
dominated by Luvisols (Alfisols in USA system) developed in late-
Pleistocene loess deposits. Loess thickness generally varies between
two and several meters. Locally, however, the loess cover is (nearly)
absent and here Palaeogene marine sand deposits outcrop.

At present, 37% of the catchment is under cropland, mainly on the
plateau, whereas 18% is covered by grassland, mainly as pasture in the
floodplain. Forests (13%) are situated on the steeper valley slopes, in
the floodplain itself, as well as on the sandy outcrops on the plateau.
Large parts of the catchment are now urbanised (30%). However, up
to the 19th century, cropland dominated the landscape for centuries.
Please cite this article as: Verstraeten, G., et al., Variability in fluvial geomo
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Based on six well-dated pollen records recovered from the floodplain,
the average proportion of cropland, forest and grassland could be esti-
mated through the application of a regional pollen dispersion model
(Broothaerts et al., 2014c; De Brue, 2016). Pollen data show that the
catchmentwas covered by a dense forest until the onset of theNeolithic
(Broothaerts et al., 2014c). Although the Linearbandkeramik culture ar-
rived in the Belgian loess belt around 5200 BC (Vanmontfort, 2007), the
oldest known Neolithic site in the catchment dates from ca 4200 BC
(Crombé et al., 2007; Vanmontfort, 2007). During the Neolithic Period
anthropogenic impact nevertheless remained limited to local deforesta-
tions not exceeding 20%. From the beginning of the Bronze Age (ca.
1900 BC), more intense anthropogenic impact is reflected in the pollen
records (forest cover estimated at ca. 70%), with peaks during the
Roman Period (1 AD–200 AD; forest cover estimated at ca. 35%) and es-
pecially from theMedieval Period onwards (post 1000 AD; forest cover
b20%) (Broothaerts et al., 2014c). The long history of human impact in a
hilly landscape dominated by loess soils mobilised large amounts of soil
through surface-water erosion processes. Over the last decade, the Dijle
catchment and its tributaries have been the focus of numerous studies
on long-term erosion and sediment fluxes (Rommens et al., 2005;
Rommens et al., 2006; Rommens et al., 2007; Notebaert et al., 2009;
Verstraeten et al., 2009; Notebaert et al., 2011a; Notebaert et al.,
2011b; Notebaert et al., 2011c). Historic rates of soil erosion and sedi-
ment deposition on slopes (colluvium) and in floodplains (alluvium)
have been estimated through intensive soil coring and sediment
budgeting. Intense soil erosion on the slopes resulted in soil profile trun-
cation that can be quantified by comparing contemporary soil profiles
with reference soil profiles on flat plateau morphologies (Rommens et
al., 2005; Notebaert et al., 2009; Vanwalleghem et al., 2010). Average
net erosion rates obtained for 800 soil corings at six locations vary be-
tween ±0.5 m on gentle slopes to on average 1.6 m on slopes steeper
than 8%. Extrapolation of these average values to the entire Dijle catch-
ment allowed an erosion and colluvial sediment budget to be construct-
ed for the Holocene period (Fig. 2; Notebaert et al., 2009). Alluvial
rphic response to anthropogenic disturbance, Geomorphology (2017),
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Fig. 3. Probability density function (PDF) of all radiocarbon ages of A) colluvial deposits (n = 29) and B) alluvial deposits (n = 18) for the Dijle catchment, central Belgium, whereas C)
shows colluvial deposits (n = 57), D) alluvial upper valley deposits (n= 23) and E) alluvial lower valley deposits (n= 30) in the territory of Sagalassos, southwestern Turkey. Summed
probabilities of all radiocarbon ages were divided by the probability of equally spaced ages to remove bias due towiggles in the radiocarbon calibration curve (updated from Notebaert et
al., 2011b; Dusar et al., 2012; Broothaerts et al., 2014a; Broothaerts et al., 2014c).
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sediment storage has been estimated through 350 soil corings distribut-
ed across 25 floodplain cross sections. Floodplain architecture shows
first of all the development of a 1- to 3-m thick peat layer on top of
braided sandy channel deposits. The peat corresponds to a wetland en-
vironment without a clear drainage channel in which organic matter
could accumulate. The peat is covered by 2–8 m of silt-loam levee and
in particular backswamp alluvial deposits that were deposited by
suspended sediment from soil eroded off the hillslopes. The transition
from a wetland environment to an alluvial floodplain began with the
development of a meandering river channel with cohesive fine-grained
banks. The alluvial sediment budget only incorporates the mineral sed-
iment mass, not the organic matter. Net sediment exported over the
Please cite this article as: Verstraeten, G., et al., Variability in fluvial geomo
http://dx.doi.org/10.1016/j.geomorph.2017.03.027
Holocenewas estimated as the residual sediment budget term (i.e., ero-
sionminus colluvial sediment storageminus alluvial sediment storage).

The chronology of sediment storage was established through
165 AMS radiocarbon ages and 11 OSL burial ages of floodplain deposits
and 21 AMS radiocarbon ages of colluvial deposits (Notebaert et al.,
2011b; Broothaerts et al., 2014a). Fig. 3 shows the probability density
function (PDF) for colluvial and alluvial mineral sediment deposits.
PDFs are made by the addition of the probability functions of individual
calibrated radiocarbon ages, and are frequently used to identify periods
with increased sediment dynamics (Thorndycraft and Benito, 2006b;
Thorndycraft and Benito, 2006a; Hoffmann et al., 2009; Macklin et al.,
2010). Although the use of such PDFs to analyse short-duration events
rphic response to anthropogenic disturbance, Geomorphology (2017),
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Fig. 4. Temporal evolution of the floodplain in the Dijle catchment, central Belgium. (A) shows catchment average values of human impact based on non-metric multidimensional scaling
of six pollen records in the Dijle catchment (low values refer to high forest cover and low human impact, high values refer to low forest cover and more intense human impact (full
explanation in Broothaerts et al. (2014c)); average relative accumulated sediment mass for the different dated corings in alluvial deposits in the Dijle catchment (based on Notebaert
et al., 2011b); and the proportion of floodplain area under active peat growth in the Dijle catchment (based on Broothaerts et al., 2014a). (B) Conceptual model of floodplain response
to increasing human impact for narrow floodplains, headwaters. (C) Conceptual model of floodplain response to increasing human impact for wide floodplains, main trunk valley.
Panel B and C are reprinted from Broothaerts et al. (2014b), with permission from Elsevier.
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Fig. 5. Overview of the territory of the ancient city of Sagalassos, southwestern Turkey, with indication of the Büğdüz and Gravgaz catchments.
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has been questioned by Chiverrell et al. (2011), it is still considered a ro-
bust methodology to investigate the general pattern of sediment dy-
namics at centennial timescales (e.g. Macklin et al., 2011; Dusar et al.,
2012; Broothaerts et al., 2014a). Whilst PDFs show the periods with
recorded sediment dynamics, Fig. 4A shows the relative accumulated
sediment mass for the Dijle catchment throughout the Holocene.
All sediment and radiocarbon ages were used to quantify the time-
differentiated Holocene sediment budget for the Dijle catchment
(Fig. 2). The data show a continuous increase in alluvial sedimentation
through time (Fig. 4A). However, it is clear from Figs. 2 and 3 that collu-
vial sediment deposition already reaches relatively high values in the
period 2000 BC to 1000 AD, whereas alluvial sediment deposition
peaks during the last 2000 year. The transition from a wetland environ-
ment to a floodplain with a meandering river channel has been dated at
12 locations showing variability between the upstream floodplains and
the main trunk valley downstream (Fig. 4).

2.2. Southwestern Turkey

Sagalassos is a classical city perched on a mountain slope in the
Taurus mountain range, southwestern Turkey (Waelkens et al., 1999)
(Fig. 6). The territory of Sagalassos (~1430 km2 in Roman Period) com-
prises a patchwork of (semi-)closed basins bounded by steep limestone
slopes, rolling landscapes with moderate slopes developed on marls,
ophiolitic mélange, conglomerates, flysch or mudstone, but also wider,
flat valley bottoms alternating with steep, incised, narrow river chan-
nels (Fig. 6). Although the plains surrounding Lake Burdur had already
been occupied early in the Neolithic (de Cupere et al., 2015), the
major occupation phase of the mountain regions was later during the
so-called Beyşehir Occupation Phase (BOP) roughly coinciding with
the Iron Age, Hellenistic Period and Roman Imperial Period (i.e., approx-
imately 750 BC –450 AD). Pollen records from various sites in the terri-
tory indeed reveal that human pressure was highest in the Roman
Period (Bakker et al., 2012). Several catchments within the region
have been the focus of archaeologic, geomorphic and pollen studies, in
order to unravel the anthropogenic and climatic impact on the environ-
ment (e.g.Waelkens et al., 1999; Vermoere et al., 2002; Kaniewski et al.,
2007; Bakker et al., 2011; Dusar et al., 2012; D'Haen et al., 2013). This
study focusesmainly on the Büğdüz and Gravgaz catchments. The latter
is a small (11.4 km2) endorheic catchment situated at an altitude of
Fig. 6. Panel A shows the lithological and neotectonic map of the Büğdüz and Gravgaz catchm
geological cross-section through the Büğdüz catchment indicated on panel A; panel C the
geochemical provenance signal of river bed sediments in the Büğdüz catchment. The Roman n
panel C and D. All figures are reprinted from D'Haen et al., 2013, with permission from Elsevie
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1215–1550 m a.s.l. Although there is a small karstic outlet, the central
marsh serves as a nearly perfect sediment trap for the soil eroded off
the steep limestone slopes and the gullied slopes developed on
ophiolitic mélange and flysch formations. Neo-tectonics play an impor-
tant role in the development of the landscape of the Büğdüz catchment
(260 km2) in thewestern part of the territory. Plio- and Pleistocene nor-
mal faulting created the Burdur graben to the northwest of the catch-
ment and relative uplift of the catchment is on the order of several
hundreds of meters (Fig. 6). Former lacustrine marls are now exposed
in thewestern part of the catchment, whereas the limestone dominated
Beşparmak mountain range dominates the eastern part. Neo-tectonic
faulting along the mountain range triggered erosion of the mountain
range and the deposition of thick coarse-grained deposits at the flanks.
The limestone mountain range and underlying ophiolitic mélange are
remnants of the Lycian Nappe (Miocene) which also dominates the
Gravgaz catchment immediately east of the Büğdüz catchment. Rivers
in the Büğdüz catchment are incised into the uplifted area. The length
profile of the Büğdüz and its main tributary is characterized by several
convexities that are related to the normal faults, showing that the
river is not yet in equilibrium with tectonic processes (Fig. 6). In be-
tween the over steepened river reaches, relatively broad valley bottoms
have developed such as near Bereket, Beşkavak and between Büğdüz
and Bayinder villages. In the latter region (geomorphic zone 5 and 6
on Fig. 6A and C), several phases of cut-and-fill could be identified for
the last 2000–3000 year (Fig. 7). At the outlet of the catchment, a
large Quaternary alluvial fan has developed before the river enters
Lake Burdur.

The chronology of sediment storage in the Sagalassos territory was
established through 178 AMS radiocarbon ages, of which 110 are from
the Büğdüz catchment and 33 from the Gravgaz catchment (Dusar et
al., 2012). Fig. 3 shows the PDFs for colluvial sites, floodplains in the
headwaters of the catchments and floodplains in the lower parts. All
curves show a major peak in geomorphic activity in the Iron Age (750
BC –333 BC), which is only surpassed in extent in the lower valleys dur-
ing the last few centuries. Fig. 8 gives an overview of the sediment chro-
nologies for the Gravgaz catchment and for three sites in the Büğdüz
catchment. Here as well, a sharp increase in sedimentation rate can be
seen during the Iron Age. Based on 10 corings in the Gravgaz marsh,
total sedimentation volumes could be reconstructed at a high temporal
resolution using 33 AMS radiocarbon ages. These dates were used to
ents within the territory of the ancient city of Sagalassos, southwestern Turkey; panel B a
river length profiles of the two main rivers in the Büğdüz catchment and panel D the
umerals in panel A refer to the various geomorphic subunits and river reaches shown on
r.
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Fig. 7.Valley cross-section in the Büğdüz catchment between Bayındır and Büğdüz village in geomorphic zone 5 (for location see Figs. 5 and 6). The landscape evolutionmodel is based on
sediment stratigraphy and 11 AMS radiocarbon ages (based on Dusar, 2011; D'Haen, 2012a). Exact timing of aggradation and incision phases is uncertain up to 100–200 year.
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calibrate the spatially distributed soil erosion and sediment
delivery model WaTEM/SEDEM for the last 4000 year using a pollen-
based C-factor as a proxy for human pressure (Van Loo et al., 2017)
(Fig. 9). Since the catchment is endorheic, total sediment volumes
equal total erosion volumes, and hence, the original soil thickness
cover could be reconstructed. We should note that we only considered
erosion and deposition of clastic soil material, i.e., bed and suspended
load, and not the dissolved load. The latter may be equally important
Please cite this article as: Verstraeten, G., et al., Variability in fluvial geomo
http://dx.doi.org/10.1016/j.geomorph.2017.03.027
given the karstic nature of the limestone in the catchment. However,
we believe that limestone dissolution is especially important in
the subsurface and that it does not impact changes in soil
thickness, soil erosion or sediment deposition at the timescales
under consideration. Average soil carbonate concentrations for
hillslopes and depositional environments are also similar (D'Haen,
2012), suggesting no net loss of carbonates between hillslopes and
valleys.
rphic response to anthropogenic disturbance, Geomorphology (2017),
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Fig. 8. Sediment chronologies for four sites in the Taurusmountain range, southwestern Turkey. All sites are indicated on Fig. 5. Radiocarbon ages taken fromDusar et al. (2012) andD'Haen
et al. (2013).
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A geochemical sedimentfingerprinting approachwas used to identi-
fy the sediment sources in the Büğdüz catchment (D'Haen et al., 2012;
D'Haen et al., 2013). Fig. 6 shows the provenance of fine sediment
sampled from the contemporary channel with regular intervals of
200–300 m. Comparison with the lithological map (Fig. 6) shows a
close correspondence between local lithology and sediment provenance
suggesting that local sediment sources are important.

2.3. USA

The impact of humans on fluvial sedimentation is probably nowhere
as clear and well documented as in the United States. The impact of
Euro-American agricultural land use on fluvial sedimentation has been
demonstrated in many river catchments throughout the eastern and
midwestern US. The seminal work of Happ et al. (1940) on accelerated
stream and valley sedimentation in the loess areas of northern Missis-
sippi was later followed by detailed studies in, amongst others, the
Driftless Area and Upper Mississippi Valley in Wisconsin, Iowa, Illinois
and Minnesota (Happ, 1944; Knox, 1972; Knox, 1977; Trimble, 1981;
Trimble, 1983; Magilligan, 1985; Knox, 1987; Beach, 1994; Trimble,
1999), the southern Piedmont (Happ, 1945; Trimble, 1974) and in the
Appalachian Blue Ridge Mountains (Leigh and Webb, 2006; Royall and
Kennedy, 2016). Early accounts of accelerated erosion following the ar-
rival of European settlers in the 18th and particularly the 19th century
are numerous (for an overview see Dotterweich, 2013). For instance,
early farmers in the eastern states including US Presidents Washington
and Jefferson, were aware of the devastating impact of soil erosion on
farmland (Bennett, 1944; Montgomery, 2007a). Thomas Jefferson
commented in 1817 that “fields were no sooner cleared than washed”
(Hall, 1937; p.5). With the expansion of agriculture towards the west
in the 19th century, local reports on intense erosion processes start to
appear also in the southern Piedmont (see Trimble, 1974), inMississippi
(e.g. De Bow, 1853; Lowe, 1910) as well as in the Driftless Area (see
Trimble, 2013). Historical information on land-cover changes for the
southern Piedmont (Trimble, 1974) and Coon Creek, Wisconsin
(Trimble and Lund, 1982; Trimble, 1983; Trimble, 1999; Trimble,
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2013) showed that erosive land use peaks from the second half of the
19th century to the early 20th century (Fig. 10). A decline in erosive
land use can be observed inmany regions from the 1920s and 1930s on-
wards, which is to some extent related to the increasing awareness of
the soil erosion problem and the implementation of soil conservation
measures (Bennett, 1928; Bennett, 1939), but also to the fact that
many highly degraded soils were left and became reforested. Peak
rates in stream valley sedimentation were observed mainly in the
early 20th century, often several decades after the first peaks in erosive
land use (Coon Creek, Trimble and Lund, 1982) (Fig. 10). For Coon Creek
(360 km2), Trimble (2010, 2013) showed that tributary valleys experi-
encedmajor sedimentation around the turn of the 19th to 20th century,
whilst sedimentation in downstream valleys peaked in the 1920–1930s
(Fig. 11). The downstream valley of the Grant River (approximately
600–700 km2) in Wisconsin even showed a peak in sedimentation as
late as the 1940–1950s (Fig. 12A andKnox, 2006), whilst sedimentation
rates in a floodplain lake (Lake Pepin)within the Upper Mississippi Val-
ley only started to peak in the 1940s anddid not decrease until after that
(Fig. 12B and Belmont et al., 2011). Geochemical fingerprinting of the
sediments in Lake Pepin and in the tributary La Sueur catchment
(2880 km2) in Minnesota showed that upland topsoils were the peak
contributor offloodplain aggradation until the 1940–50s but inmore re-
cent decades river banks became the main sediment source (Fig. 12B).

3. Factors controlling the geomorphic response to anthropogenic
disturbance

The three different case studies all have experienced, or still experi-
ence, intense human pressure on the environment through deforesta-
tion and consequent crop cultivation and/or grazing practices.
However, the response of the hillslope-fluvial system is quite different
in several aspects. Fig. 13 illustrates the temporal evolution in relative
sedimentation rates for the three case studies.Where the sedimentation
rate for the Dijle catchment shows a continuous increase, both the
Büğdüz and the upper Midwest US catchment show a sediment wave,
albeit in different periods. The next paragraphs discuss several factors
rphic response to anthropogenic disturbance, Geomorphology (2017),
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Fig. 9.Modelling sedimentation dynamics in the Gravgaz catchment (southwestern Turkey) for the last 4000 year. Top panels show the initial (left) and contemporary (right) modelled
soil thickness for the Gravgaz endorheic catchment. Lower panel shows the temporal evolution in observed sedimentation in the central marsh (dotted line), which was used to calibrate
and validate the output of an erosion model (gray line). The average C-factor (green) is based on locally-derived pollen records and represents the human pressure on land cover in the
catchment. Climate erosivity expressed as theR-factor is based on a palaeo-climatemodel (Renssen et al., 2009). Changes in soil thickness through erosion have an impact on soil stoniness
and thus also on soil erodibility expressed by the K-factor (red line). Both figures are reprinted from Van Loo et al. (2017), with permission from Elsevier. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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controlling the geomorphic response to human impact. The variability
in geomorphic response is illustrated by the conceptual diagram
shown in Fig. 14.

3.1. Timing and duration of human pressure

Global reviews of anthropogenic land use show that the timing of
the first significant human land use goes back 8000 year BP or more in
centers of agricultural origin such as the Near East, but only 100–
200 year in large parts of the Americas, Africa, Australasia and central
Asia (Kaplan et al., 2011; Ellis et al., 2013). However, land-use history
does not follow a linear trajectory, and indeedmany regions have expe-
rienced several phases of population growth and decline, and in return
also waves of human pressure on the environment. This ultimately also
has its implications on sediment delivery to the fluvial system.

Between the three case studiesmajor differences exist in timing and
duration of significant human pressure. The Dijle catchment has experi-
enced human pressure for N5000 year and it gradually increased
throughout time (Fig. 4A). Nearly complete deforestation typified the
catchment since the High Middle Ages (1000–1200 AD) and only in
the last century a decrease in cropland cultivation took place. As a result
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of the nearly continuous increase in human pressure, there has been a
continuous and increasing input of sediment into the fluvial system
(Figs. 4A and 13). The sediment chronology indeed shows that erosion
and sediment deposition increased through time following the increase
in human pressure. Similar observations have beenmade for other loess
catchments in central and northwestern Europe (Macaire et al., 2002;
de Moor et al., 2008; Dotterweich, 2008; Fuchs et al., 2010; Notebaert
and Verstraeten, 2010; Houben et al., 2013).

For the mountainous Mediterranean catchments in southwestern
Turkey, however, human pressure fluctuated through time with the
highest intensities recorded during the Beyşehir Occupation Phase
(BOP), roughly coinciding with Hellenistic and Roman Imperial Period.
Several cycles of agricultural expansion and contraction followed this
phase but only during the last two centuries human pressure through
deforestation, crop cultivation and grazing practices reached values as
high as during the BOP (Bakker et al., 2012). Sediment input into the
fluvial system therefore has changed as well with several pulses of ag-
gradation and incision. For the Büğdüz River catchment, fluvial sedi-
mentation indeed peaked during the onset of the BOP but also during
the last two centuries more fluvial activity and higher sedimentation
rates could be observed (Figs. 3, 8, and 13). Few sediment ages are
rphic response to anthropogenic disturbance, Geomorphology (2017),
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Fig. 10. The land use, erosion and valley sedimentation history of Coon Creek, Wisconsin
since 1853 (Dearing et al., 2006 based on Trimble and Lund, 1982). Reprinted from
Dearing et al., 2006 with permission of Springer.

Fig. 12. (A) Floodplain sedimentation rate for Grant River, Wisconsin (Knox, 2006);
(B) Sedimentation history of Lake Pepin in the Upper Mississippi Valley (Belmont et al.,
2011). High concentrations of radionuclides 210Pb and 10Be point to a high
contribution of topsoil material, whilst lower concentrations suggest a higher input from
the subsoil such as river banks.
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obtained for the intermediate periods suggesting that in these periods
of lower human pressure and sediment delivery, riversmainly removed
sediments through lateral activity and incision as is shown for the
floodplain cross section between Büğdüz and Bayındır (Fig. 7). Similar
observations were made not only in other regions in the Eastern Medi-
terranean (for a review see Dusar et al., 2011) such as in the Southern
Argolid, Greece (van Andel et al., 1986) or the Drama plain in northeast-
ern Greece (Lespez, 2003), but also in theWestern Mediterranean such
as in southeastern Spain (for a review see Bellin et al., 2013), Northern
Africa (e.g. Faust et al., 2004) or Southern France (e.g. Notebaert et al.,
2014). For most Mediterranean catchments we observe, indeed, several
phases of human impact and consequent geomorphic activity with the
highest intensities often during the Roman Period and again increased
rates in the last few centuries.
Fig. 11. Variability in floodplain sediment storage within Coon Creek, Wisconsin
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The most prominent examples of short-lived sediment waves are
the many catchments in the New World such as the USA or Australia.
Despite the fact that there is growing evidence that also native cultures
in North America impacted their environment through deforestation
and consequent soil erosion in some areas (Delcourt and Delcourt,
2004; Stinchcomb et al., 2011; Dotterweich et al., 2014), major human
pressure is still largely confined to the first century following
1853–1993. Reprinted from Trimble (2009) with permission from Elsevier.
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Fig. 13.Relative sedimentation rate for three contrasting environments. The rates areweightedmean sedimentation rates normalized for themaximumobserved rate in every region. The
curve for the Dijle is based on 22 alluvial records (Notebaert et al., 2011b; Broothaerts et al., 2014a), for the southwestern Taurus average values were calculated from seven sites (Six,
2004; Dusar et al., 2012), and for the USA, average values were calculated for two upper Midwest streams; i.e., Coon Creek (Trimble, 1983) and Grant River (Knox, 2006). Note the
non-linear (logarithmic) time scale.
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colonization by European settlers (James, 2011). Both in the USA and in
Australia, the massive deforestation and expansion of crop cultivation
soon led to severe soil degradation that either triggered land abandon-
ment, reforestation and/or the implementation of soil conservation
techniques. Sediment delivery from hillslopes therefore declined
Fig. 14. Conceptual diagram showing the variability in geomorphic response following h
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rapidly (Figs. 10, 13, and 14) and rivers responded by removing the leg-
acy sediment through incision and increased lateral activity, which has
become one of the main sediment sources in many river systems (e.g.
Trimble, 1974; Meade, 1982; Simon and Rinaldi, 2000; Walter and
Merritts, 2008) (Fig. 12).
uman disturbance. Note that the three time axes are not necessarily synchronous.
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Fig. 15. Non-linear relation between fraction of cropland in the Dijle catchment and
sediment delivery from hillslopes to the fluvial system (updated from De Brue and
Verstraeten, 2014).
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3.2. Existence of feedback mechanisms

The evolution in erosion and sediment delivery in southwestern Tur-
key does not correspond aswell to human pressure aswas observed for
the temperateDijle catchment. Peaks in hillslope sediment delivery take
place mainly during the Iron Age (approximately 1000–500 BC), well
before the heydays of the classical city of Sagalassos during theHellenis-
tic and Roman Imperial Periods (333 BC–300 AD) (Fig. 8). The peak cor-
responds only to the onset of the BOP, not to its complete duration (see
also Fig. 14). The temporal sediment budget and geomorphic modelling
results for the endorheic Gravgaz catchment show that the first major
clearings of the forest on the steep slopes triggered such intense erosion
that soil thickness was drastically reduced in a short time span (Fig. 9).
Hence, stoniness of the topsoil increased and as a result the erodibility of
the remaining soil cover declined, i.e., a negative feedback. Soil erosion
levels therefore dropped by approximately 30% within b300 year
whereas human pressure did not change significantly. In addition,
crop yields from the hillslopes dropped due to the reduced soil thick-
ness (Van Loo et al., 2017). We argue that major human pressure
through intense crop cultivation since then was mostly restricted to
the relatively gentle sloping to nearly flat valley bottoms and
intramontane basins where crop productivity was still sufficiently
high. During the Mid-Byzantine (11th century AD) and Ottoman Pe-
riods (15th century AD), short periods of increasing human pressure
in the mountain regions did not result in a significant increase in sedi-
ment delivery as the slopes were already deprived of their readily erod-
ible soil cover (Fig. 14). The loss of soil cover through anthropogenic
erosion in the Mediterranean has been described by Greek and Roman
writers (Montgomery, 2007a), 19th and 20th century scholars (e.g.
Lowdermilk, 1953), and documented through a growing number of
geoarchaeological studies such as the classical work of van Andel in
the southern Argolid (van Andel et al., 1986).

Such feedback mechanisms do not play a significant role within the
Dijle catchment. Here, loess soils are much deeper and although soil
erosion can be quite intense (i.e., up to 2 m on some steeper slopes),
the remaining loess cover is still thick enough to sustain crop cultivation
in a high-intensity agricultural system (i.e., with application of manure
and chemical fertilizers). Only on some steeper slope segments and con-
vexities have the underlying sands outcrop and land use been converted
in historical times from cropland to forest. In some central European
loess catchments, however, loess soils are relatively thin and underlain
by less fertile and less erodible bedrock. Bronze age human impact at
the Frauenberg site in southeastern Germany, for instance, was already
sufficiently high such that the thin loess cover eroded off the slopes
which resulted in a return to forested conditions lasting up until present
(Lang et al., 2003b).

Formany regions in theNewWorld that experience intense soil deg-
radation following the arrival of European colonizers, a return to forest
cover and hence a reduction in soil erosion and sediment delivery can
be observed within a few decades (Williams, 2003) (Fig. 10). In most
cases this decline in erosion is not related to a sudden decrease in soil
erodibility, but rather to a strong decrease in soil chemical productivity
and/or the physical ruination of the land through intense gullyingmak-
ing the land unsuitable for further crop cultivation (e.g. Lowe, 1910;
Trimble, 1974; Montgomery, 2007a).

Thus, a direct negative feedback between soil thickness and soil ero-
sion can be observed for theMediterraneanmountain catchments, ren-
dering the landscape less susceptible to human pressure. For areas with
thicker soil profiles such as the loess regions in Europe or the USA, this
direct feedback is not relevant but rather an indirect feedback can be ob-
served: human pressure increases soil erosion to a level that the land no
longer becomes attractive for farming leading to a decrease in human
pressure, and hence soil erosion declines (typical for many regions in
the USA or for some central European landscapes). However, a renewed
increase in human pressure through deforestation would again lead to
high erosion rates as an erodible soil cover remains. Or, as is the case
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for central Belgium, sustained agriculture results in sustained high
levels of erosion and sediment delivery (Fig. 14).

3.3. Thresholds and tipping points

All case studies illustrate the existence of threshold levels of human
impact and in some cases even real tipping points. For the Dijle catch-
ment, the sudden increase in floodplain sediment storage during the
last 1000 year is much more pronounced than the increase in human
pressure may suggest. Whereas the average erosion rate increased
seven-fold during the last 1000 year compared to the period
2000 BC–1000 AD, colluvial deposition increased five-fold but flood-
plain aggradation nearly twelve-fold (Fig. 2). Furthermore, the PDFs
(Fig. 3) show that floodplains respond later than hillslopes. Hypotheti-
cally, a threshold level in human pressure needs to be crossed before
floodplains receive significant amounts of sediment, whereas slopes
trap sediment at lower intensities of human pressure. Similar to Lang
et al. (2003a) this is attributed to changes in slope-channel coupling,
but also to changes in settlement location. Up until the Roman Period,
settlements and cultivated land were either fragmented or located on
the higher plateau slopes (Verstraeten et al., 2009). Sediment eroded
off the tilled land was trapped in the many forest patches that still
exist, especially along the steeper slopes in between the plateau and
the channel-floodplain system (Fig. 4, early periods). However, from
the earlyMedieval Period onwards, settlementsmoved to thefloodplain
edges and especially with the widespread deforestation in the High
Middle Ages, forest patches on the slopes were cleared and cultivated
slopes were now better connected with the fluvial system (Fig. 4, later
periods). Fig. 15 shows results of a spatially distributed soil erosion
and sediment transport model applied to the Dijle catchment whereby
the sediment delivery from hillslopes to river channels increases non-
linearly with increasing area under cropland, thus illustrating the
slope-channel threshold concept (De Brue and Verstraeten, 2014). We
see that especially hillslope sediment delivery to the fluvial system in-
creases sharply when at least 60% of the catchment is under cultivation,
which became the case during the last 1000 year.

The evolution of the Dijle floodplain also shows the existence of a
tipping point. Throughout the catchment a transition is observed from
a wetland environment dominated by alder carr forest, no major river
channel and net peat accumulation, to a single-thread meandering
channel with cohesive banks, levees and an aggrading floodplain
(Fig. 4; Broothaerts et al., 2014b). This transition took placewithin a rel-
atively short time span for the smaller tributary river floodplains
(b300 year) but rather gradually in the downstream trunk valleys
(N2000 year). The timing of the transition, which was determined by
rphic response to anthropogenic disturbance, Geomorphology (2017),
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dating the top of the peat layer, also differs between valley segments
(Fig. 4). Fig. 4B shows that some valleys were already transformed
well before the major sediment input of the Middle Ages. Only a mini-
mum amount of mineral sediment input resulting from anthropogenic
soil erosion appears to have been enough to stop peat growth and to de-
velop a permanent river channel with fine-grained cohesive banks. Ex-
perimental studies indeed show that sedimentation of cohesive
sediment is needed to initiate and maintain meandering river channels
(Dijk et al., 2013). The spatial variability in floodplain response thus cor-
responds to the first important local signs of human pressure whereby
slopes and channels got connected, not necessarily to its maximum
pressure. For the downstream trunk valley, cumulative sediment input
from upstream tributaries already triggered this major geomorphic
change approximately 3000 year ago, well before local slopes got con-
nected (Fig. 4C).

Another major tipping point can be observed in the southwestern
Taurus. As discussed above, soil stripping following the first important
forest clearance resulted in a strong decrease in soil erodibility, and
hence lower subsequent erosion rates. Such a reduction in hillslope sed-
iment production is irreversible, which is not the case for the Dijle and
US catchments.

3.4. Landscape sensitivity

The geomorphic response is defined by both human impact in the
landscape and the sensitivity of the landscape to disturbance. Conse-
quently, the variability in geomorphic response is to a large extent
related to the landscape sensitivity. Scale definitely plays a role and sev-
eral studies have shown that the response of the fluvial system to
anthropogenic pressure decreases with increasing catchment size (e.g.
Vanmaercke et al., 2015). For larger catchments, the buffering capacity
increases and any disturbance signal of relatively short duration is
damped within the system itself (Dearing et al., 2006; Wittmann et al.,
2010). However, when considering smaller to medium-sized catch-
ments (100–1000 km2), differences in environmental setting become
more important. The role of soil characteristics (erodibility and thick-
ness) has been discussed before (see section 3.2): catchments with
thick erodible soils will be much more sensitive to human impact com-
pared to catchments with less erodible or thin soil covers.

The geomorphic setting of the catchment also plays an important
role. The Dijle catchment is a typical example of a relatively mature
Fig. 16. Slope-channel coupling in the Büğdüz catchment based on field observation and geoche
permission from Elsevier.
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catchmentwith graded river longitudinal profiles. Nomajor knickpoints
can be observed along the River Dijle or its tributaries and within-
channel connectivity is relatively high. Furthermore, there are no
major breaks in slope and slope-channel coupling is only influenced
by land-cover patterns and intensities of anthropogenic land use (see
section 3.1) but not to intrinsic geomorphic conditions. Total sediment
accumulation in the floodplain therefore increases in the downstream
direction as upstream catchment area increases (Notebaert et al.,
2010) and the sediment archive in the downstream floodplain therefore
in general is relatively well representative of the average human pres-
sure in the catchment (Fig. 4).

The situation is, however, much different for the Büğdüz catchment
in southwestern Turkey. Here, several smaller intramontane basins
around Bereket and Beşkavak are major depositional centers (Fig. 6).
River long profiles are not graded but instead several convexities and
knickpoints can be identified (Fig. 6C). Within-channel coupling is
high for the steep river reaches but very low to non-existent for the
gently sloping river gradients draining the intramontane basins
(Fig. 16). The geochemical provenance of sediments shows that most
of the bed sediment is of local origin (Fig. 6D). Major sediment sources
are the intensively-gullied marl badlands in the western part of the
catchment and the ravines on the east flank of the Beşparmakmountain
range dominated by poorly to non-consolidated gravel deposits and
conglomerates (Fig. 6). These gully systems show a much better
connectivity with the fluvial system than the cultivated slopes in
the upstream parts of the catchment dominated by limestone and
olistostrome (Fig. 16), hence the large variability in sediment prove-
nance in geomorphic zones 2, 3 and 4 (Fig. 6D). The geomorphic setting
of the western part of the Büğdüz is largely controlled by Neogene tec-
tonics (Price and Scott, 1991; Sintubin et al., 2003). Ongoing uplift of the
semi-grabennear the outlet and subsidence of theBurdur basin resulted
in a convex river long profile (Fig. 6). Here, geomorphic fluvial activity
and sedimentation rates have been relatively high for the last two cen-
turies (Fig. 3E). During periods of lowered human pressure, rivers again
incised into the aggraded floodplain, followed by lateral activity that re-
moved part of the anthropogenic sediments. Every new sediment pulse,
related or not related to a new wave of human impact, will result in a
rapid aggradation of the incised channel, hence the high rates for the
most recent period (Fig. 3). In the mid-section of the catchment, the al-
ternation of incision, lateral activity and aggradation is more or less bal-
anced resulting in a relatively broad floodplain seemingly of the same
mical provenance of river bed sediments (Fig. 6). Reprinted fromD'Haen et al. (2013)with
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age (Fig. 7). Here, punctuated input of sediment can keep pace with
the incision driven by tectonic uplift. Further downstream, however,
the incision rate is higher and the delivery of sediment more efficient
thus generating several river terraces. In contrast, in the smaller
intramontane basins in the headwaters of the catchment, sedimenta-
tion was mainly concentrated in the first major human impact 1000–
500 BC and reworking of previously deposited sediment was not possi-
ble due to low stream gradients (Figs. 3C and 8). Neotectonics play an
important role for many Mediterranean catchments. For instance, in
the tectonically active setting of southeastern Spain, many studies
have highlighted how active tectonics have influenced the pattern of
anthropogenic sedimentation (e.g. Schulte, 2002; Bellin et al., 2013).
For the Aguas River system in southeastern Spain, up to five Holocene
river terraces can be found whereby cut-and-fill cycles are controlled
by a large extent to the interaction between ongoing uplift (driving
cut processes) and anthropogenic sedimentation (leading to a fill)
(Schulte, 2002). Similar findings were reported for the Valdaine region
in southern France (Notebaert et al., 2014).

For Mediterranean environments climate sensitivity also plays an
important role. The pioneering work of Claudio Vita Finzi stressed the
importance of climate in explaining the historical alluviation record
for Mediterranean valleys (Vita-Finzi, 1969). This hypothesis has been
debated by subsequent studies in Greece pointing to the importance
of human pressure on the landscape (van Andel et al., 1986). Although
many local studies indeed point out that sedimentation phases in the
Late Holocene are poorly correlated to climate signals, the role of cli-
mate cannot be neglected for several periods of increased geomorphic
activity, especially when regional scales are considered (Faust et al.,
2004; Bellin et al., 2013). For arid to semi-arid regions like southeastern
Spain or Tunisia, geomorphic instability is often correlated to drier pe-
riods that further degrade the vegetation cover making the landscape
more vulnerable to the increasing frequency of torrential rain events
that often accompany a dry period. Such landscapes are also less resil-
ient to human pressure and thus human activity may intensify the cli-
matic signal. In other regions, the return to moist conditions triggers
more intense erosion,which againmay be amplified through humanac-
tivity. As Bellin et al. (2013; p. 124) pointed out: “improved hydrological
conditions are associated with both reduced geomorphic stability and
accelerated geomorphic instability dependent on the human impact
on the environment. Periods of human occupation are not all directly as-
sociatedwith human accelerated sediment dynamics”. Also for the East-
ern Mediterranean, it has become clear that increased alluviation
cannot be univoqually related to human impact or climate, but often
to an interplay between both controlling factors (Bintliff, 2002; Fuchs,
2007; Casana, 2008).

For the Dijle catchment, and most likely also for other northwestern
and central European regions, climate plays a much less important role.
Model simulations show that anthropogenic land-cover change in
the Dijle catchment since 5000 BP is responsible for a 35-fold increase
in hillslope sediment delivery, whereas climate change only resulted
in a 9% increase (Notebaert et al., 2011c). The lower climate sensitivity
for the Dijle catchment is also due to the modest rainfall erosivities in
this temperate climate. The mean RUSLE R-factor rainfall erosivity
for central Belgium equals 871 MJ mm ha−1 h−1 a−1, but values for
individual years in the 20th century varied between 232 and
1540 MJ mm ha−1 h−1 a−1 (Verstraeten et al., 2006). Rainfall erosivity
in the eastern half of the USA, however, ismuchhigherwith average an-
nual values ranging from approximately 1700 MJ mm ha−1 h−1 a−1 in
northern Wisconsin up to 10,000 MJ mm ha−1 h−1 a−1 in the Gulf
Coastal Plains (Renard et al., 1997). Clearing the land in such an erosive
climate thus results in much higher erosion rates compared to north-
western Europe. The combination of this erosive climate with a more
rapid agricultural expansion in the USA compared to northwestern
European catchments characterized by amore gradual agricultural tran-
sition and a less erosive climate, explains the dramatic erosion rates and
landscape ruination typical for many areas in the southern Piedmont
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(Trimble, 1974), Mississippi (Happ et al., 1940) or the Upper Midwest
(Trimble, 2013).

Landscape sensitivity does not only depend on the geomorphic set-
ting, or changes in climate and soil systems, but it also depends strongly
on the nature of the human impact itself. For the Dijle catchment, a
threshold level in human pressure had to be crossed in the Medieval
Period before delivery to the floodplain increased significantly. The in-
creased levels of sedimentation in the last 1000 year, however, cannot
be explained by the total area under cultivation alone, but also by
changes in land andwatermanagement. Changes in hydro-sedimentary
connectivity have been discussed in detail by Houben et al. (2013) for
the Wetterau loess basin in Germany, and many of their findings are
equally valid for the Dijle catchment. First of all, a major change in agri-
cultural systems took place in theHighMiddle Ageswith the implemen-
tation of the three-crop rotation system that minimised fallow periods.
Second, this period also saw the development of large-scale hydraulic
engineering practices such as water mills with either ponds or
feeder channels as well as canalisation and stabilisation of river chan-
nels. Many wetland environments, including floodplains, were also
reclaimed for agricultural practices. Large hydraulic works and intensi-
fication of land use in marginal areas were to a large extent initiated
and managed by abbeys (Joris, 2006). Within the Dijle catchment,
N150 watermills have been in operation (or still are), 44 of which
were active before 1500 AD (unpublished data). Many of the known
watermills in the Dijle catchment were located directly on the river
channel or on a parallel canal, and no milldams damming the entire
floodplain are observed, except for the smaller tributaries. This is in
contrast to the many milldams in the eastern USA that have controlled
valley sedimentation to a large extent (Walter and Merritts, 2008).
Through the technological developments in the Dijle catchment, it can
be argued, therefore, that the fluvial system became more sensitive
to higher rates of hillslope sediment delivery, but that floodplain
geoecology changed as the indirect result of an intensification of agricul-
tural activities. A thorough investigation on the medieval mills should
unravel their specific role on changing floodplain morphology.

4. Comparison to other conceptual models

The discussion on the geomorphic response within each of the three
case studies considered, also sheds light on the validity of the different
conceptual models referred to in the introduction. Data from the Dijle
and Büğdüz catchments suggests that (dis)connectivity, as eloquently
and extensively defined by Fryirs (2013), plays an important role in
explaining the delivery of sediment mobilised through human impact.
For the Dijle catchment, lateral (dis)connectivity such as slope-channel
coupling (Fig. 15) is critical to explain floodplain sedimentation rates
and time lags between colluvial and alluvial sediment dynamics
(Fig. 3A and B). However, the crossing of a threshold level in agricultural
intensity does not simply represent switching on or off the connectivity
between slopes and channels. The multi-temporal sediment budget
(Fig. 2) indeed shows that the hillslope sediment delivery ratio
(HSDR), equal to (sediment yield + floodplain storage) / production,
before significant human impact (9000–2000 BC) was in fact higher
(HSDR = 95%) than during the periods of moderate impact (2000 BC–
1000AD) (HSDR=45%) and intense human impact (1000AD–present)
(HSDR = 62%). Thus, although potential lateral connectivity between
slopes and channels was reduced by natural forest cover in the Early
to Mid-Holocene compared to Medieval and contemporary agricultural
landscapes, more of the mobilised sediment reached the river channel
in relative terms. We attribute this to the lower absolute amounts of
mobilised sediment under forested conditions resulting in sediment
transport rates on hillslopes well below the transport capacity of over-
land flow. When the land is cleared, erosion rates are much higher
and sediment transport capacity is exceeded, resulting in colluviation
and hence lower HSDR-values (see also Verstraeten et al., 2009;
Notebaert et al., 2011c). Furthermore, the time-transgressive nature of
rphic response to anthropogenic disturbance, Geomorphology (2017),
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the changes in floodplain geoecology between tributaries and the main
trunk valley (Fig. 4B and C) cannot be explained only by temporal differ-
ences in (dis)connectivity but rather by differences in response time in
relation to the size of the floodplain. Thus, the (dis)connectivity model
is very useful to explain part of the human-impacted sediment dynam-
ics in the Dijle catchment, but definitely not all the observed geomor-
phic changes. For the Büğdüz catchment, longitudinal
(dis)connectivity controlled by the tectonic setting (Figs. 6 and 16) is
more important. However, the (dis)connectivity model fails to explain
the lower rates of sedimentation in the Büğdüz catchment during the
periods of most intense human impact. Indeed, during the BOP, connec-
tivity between slopes and channels, as well as within channel systems,
did not significantly change compared to the preceding Iron Age. The
soil erosion-soil thickness feedback system (Fig. 9) overrode the impor-
tance of connectivity.

The analysis of the geomorphic response in all three case studies also
shows that the sediment cascade and reservoir system in its simplest
form (Lang and Hönscheidt, 1999; Zolitschka et al., 2003; Hoffmann,
2015), i.e., sediment moves or cascades from one sediment sink to the
next one, cannot be confirmed by the data. For the Dijle catchment,
floodplain sedimentation and fluvial sediment export is already impor-
tant before colluvial sediment sinks are full. In fact, colluvial sedimenta-
tion is still continuing under present-day agricultural conditions and
has remained a net sediment trap during periods with high floodplain
aggradation rates. Detailed analysis of major colluvial sinks does show
that these sinks occasionally turned into sediment sources through gul-
lying but their net effect has been rather limited (Rommens et al., 2007).
Furthermore, hillslope SDR-values calculated using the sediment bud-
get approach (62% since 1000 AD; see above) are in correspondence
to hillslope SDR-values for various individual rain and runoff events
(Steegen et al., 2000; van Oost et al., 2005) suggesting that the longer
timescale at which colluvial storage is considered does not introduce a
bias. The central part of the Büğdüz floodplain between Büğdüz and
Bayinder switches between a sediment source and sink several times
(Fig. 7), whilst various sinks farther upstream in the basin near Bereket
and Beşkavak continued to act as a sink, albeit at lower rates (Fig. 8).
Only for the USA, can a downstream shift in loci of maximum alluvial
sediment deposition be observed, which is interpreted as the down-
stream movement of a sediment pulse. However, floodplains in the
upper valley of Coon Creek, for instance, did not shift to a sediment
source because this sink was near its maximum storage capacity, but
rather because much less new material was delivered from the adjoin-
ing hillslopes. The fact that the USA catchments most closely represent
the sediment cascade model is thus rather due to the relative short
duration of the disturbance event that released large quantities of sedi-
ment in the late 19th-early 20th century. Under conditions of sustained,
and even continuously increasing human impact like in the Belgian
Loess landscapes, a true cascading effect is not discernable.

Trimble (2010) introduced the ‘fast-in, slow-out’model from his ob-
servations in Coon Creek, and also noticed synergies with the response
of alluvial systems in other regions, including catchments in northwest-
ern Europe. Themodel assumes that the rate offloodplain aggradation is
higher than the rate at which this material is being reworked by lateral
processes. This assumption is seemingly valid for Coon Creek and other
catchments in the New World that were confronted with relatively
short but intense events. Unfortunately, whilst rates of aggradation
are available for many depositional sites in both the Dijle and Büğdüz
catchments, very little is known about rates of lateral fluvial activity at
longer timescales. Nevertheless, some observations indeed point to
the validity of the model. The sedimentation curves for the Büğdüz
catchment (Fig. 8), for instance, do show that 20–50% of the total sedi-
ment storage in the upstream valley systems was deposited within a
few centuries, whilst the median sediment age varies between 1500
and 3000 year. The fact that themajor sediment crisis took place during
the Iron Age and that since then, many sediment sinks remained intact,
indeed shows that ‘fast-in, slow-out’ is definitely valid. On the other
Please cite this article as: Verstraeten, G., et al., Variability in fluvial geomo
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hand, for the lower valleys (Fig. 7), the various cut-and-fill cycles
show that both periods as well as volumes of aggradation and incision
may balance each other, suggesting that at least for these floodplain lo-
cations, ‘fast-in, fast-out’ would be a more appropriate description. For
the Dijle catchment, the median age of anthropogenic floodplain sedi-
ment equals approximately 1000 year (van Oost et al., 2012), but this
value is not higher than the duration of human impact or the time need-
ed to aggrade the floodplain. Furthermore, sediment input into the flu-
vial system took several thousand years, whichmay be considered ‘fast’
at geologic timescales but not at the scale at which human impact on
geomorphic systems is considered. As long as human impact continues
to be important in the Dijle catchment, additional sediment may be
brought into the fluvial system. It remains unresolved so far how rates
of reworking would evolve when sediment delivery would be strongly
diminished. It can be hypothesised that a reduced sediment input in
the Dijle catchment would result in the development of an inset flood-
plain, similar to what has been observed in Coon Creek (Trimble,
2010). In that case, the removal rate will be much lower. If, however,
the Dijle floodplain would follow the same trajectory as the lower allu-
vial valleys in the Büğdüz, the mean residence time may becomemuch
shorter. The ‘fast-in, slow-out’ model thus also seems to be largely de-
pendent on the specific geomorphic conditions and the duration of
human disturbance. More data on sediment residence time for a wider
range of settings is needed to further test the validity of the ‘fast-in,
slow-out’ model.

Thus, no single model can explain the observed complexity and var-
iability in geomorphic response following anthropogenic disturbance
for the three case studies considered. Although these three case studies
are unique, the similarity in geomorphic evolution and responses to
many other catchments in their respective environmental settings
(see discussion in sections 3.1 to 3.4), suggests that the validity of
all generalised models of sediment transfers can be questioned. In fact,
all these conceptual models, i.e., the sediment cascade model, the
(dis)connectivity model, and the ‘fast-in, slow-out’ model, are defined
very broadly with the aim to be applicable to a wide range of systems.
The fact that even such broadly defined concepts are not always appli-
cable, although they can be valid for particular periods or regions as
we have illustrated above, suggests that it may be useful instead to de-
velop a new array of conceptual models such as those presented in
Fig. 14 for the contrasting three case studies. Such models emphasize
the trajectory of geomorphic response to anthropogenic disturbance.
These models showcase under which conditions of geomorphic setting
and characteristics of anthropogenic activities, differences in fluvial sys-
tem response can be expected. Such trajectory models can be further
developed, extended to other settings, and validated with many more
case studies.

5. Legacy landforms

Over the last decade, floodplain sediments resulting from accelerat-
ed anthropogenic erosion have often been described as legacy sediment
(e.g. James, 2013). However, legacy sediment is only one aspect of the
historic legacy of anthropogenic disturbance. The variability in geomor-
phic response to anthropogenic disturbance has indeed resulted in a va-
riety of specific landforms that equally can be considered as legacy
landscapes.

The above discussion for the Dijle catchment shows that the fluvial
system transformed from a natural status with wetlands and absence
of major channels towards a floodplain with a single-thread meander-
ing channel and thickmineral sediment deposits. The present-day land-
scape is thus an anthropogenic fluvial or legacy landscape. Similar
findings have been made for meandering rivers in the eastern US
where increased sedimentation behind mill dams led to the formation
of single-threadmeandering channels frommarshymulti-channelmor-
phologies (Walter andMerritts, 2008), raising questions of how natural
contemporary rivers really are (Montgomery, 2008). Although the
rphic response to anthropogenic disturbance, Geomorphology (2017),
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increase in cohesive sediment input into the fluvial system is similar for
both settings, both intensity and typology of human disturbance is dif-
ferent. Indeed, whereas mill dams were needed to retain the anthropo-
genic sediment in the fluvial system in the eastern US over a period of
two centuries, the large cumulative addition of fine sediment over a
time period of several centuries to millennia created similar landforms
in the European loess regions. Lewin (2010, 2013) discusses the trans-
formation of many floodplains in the UK and points to the combination
of changes in sediment delivery and local technological interventions
(embankments, bridges, straightening of channels, etc.) when
explaining the disappearance of anastomosing rivers and wetland
environments.

The legacy of century- to millennia-long anthropogenic accelerated
erosion also led to soil profile truncation and infilling of dry valleys. As
a result, hillslope topography has smoothened (Rommens et al., 2005;
Rommens et al., 2007). Although gully erosion can be held responsible
for up to 40–50% of total erosion in the Belgian Loess Belt (e.g. Poesen
et al., 2003), the often meter-deep gullies that temporarily form on
agricultural land following low frequency-high intensity rain events
(e.g. Vanwalleghem et al., 2003) normally have a lifespan of only 10–
25 year. Consequent soil erosion during high to medium frequency
events on nearby cultivated slopes delivers sediment to the gullies
that fill up again (e.g. Vanwalleghem et al., 2005a). Only at a few
locations where forest has regrown on intensely gullied landscapes,
are these erosional features still preserved in the landscape
(Vanwalleghem et al., 2003; Vanwalleghem et al., 2005b). Gullies
under forest are a typical legacy landform not only in the central Belgian
Loess Belt but similar examples can be found throughout central Europe
(Stankoviansky, 2003; Dotterweich, 2005; Larsen et al., 2013) and also
in many formerly cultivated areas in the US (e.g. James et al., 2007;
Sutter, 2010; Sutter, 2015).

The present-day Mediterranean mountain landscape in southwest-
ern Turkey is dominated by steep slopes with minimal soil thickness
and mostly rocky outcrops whereas intramontane basins and flood-
plains are characterized by thick soils being the result of the deposition
of eroded material. This patchy landscape can thus partly be seen as a
legacy of (pre)historic erosion and aggradation. It is typical for many
Mediterranean regions such as the Argolid in Greece (van Andel et al.,
1986) or the Drama plains in Macedonia (Lespez, 2003).

6. Implications for unravelling the human impact on fluvial systems

Human impacts on fluvial systems are often quantified through the
analysis of sediment yield data for catchments with contrasting intensi-
ties of anthropogenic land use (Syvitski and Milliman, 2007;
Vanmaercke et al., 2015). Changes in sediment yield for a given catch-
ment are likewise often considered as an indication of changes in
human (or climate) impact (Walling and Fang, 2003; Wang et al.,
2007). Other studies quantify human impact by comparingmodern sed-
iment yield data with long-term geologic rates or erosion using cosmo-
genic nuclides (e.g. Gellis et al., 2004; Vanacker et al., 2007). The use of
sediment archives has become one of themainmethods to unravel past
human impact on the environment, especially in the absence of long-
term sediment yield records (e.g. Lang et al., 2003a; Macklin et al.,
2005; Foulds and Macklin, 2006; James and Marcus, 2006; Hoffmann
et al., 2009; Notebaert and Verstraeten, 2010; Dusar et al., 2011; Bellin
et al., 2013; Dotterweich, 2013; James, 2013; Jones et al., 2015).

However, the various factors controlling the delivery of sediment to-
wards and within the fluvial system complicate the reconstruction of
the driving factors including human pressure. As discussed above,
slope-channel coupling, feedbacks in the soil system, the geomorphic
setting and the interaction with changing climatemay all vary between
catchmentsmaking every catchment uniquewith respect to its sensitiv-
ity to human pressure (Figs. 13 and 14). Furthermore, this sensitivity
not only varies spatially between catchments, it also varies through
time. When considering the Dijle, Büğdüz and Coon Creek catchments,
Please cite this article as: Verstraeten, G., et al., Variability in fluvial geomo
http://dx.doi.org/10.1016/j.geomorph.2017.03.027
which sediment archive should be studied to unravel the human histo-
ry? Forwhich sediment archive does the rate of aggradation correspond
to the intensity of human pressure on the landscape in general, and the
fluvial system in particular? It is clear from all these cases that there is
no straightforward answer. When focusing on the main trunk of the
Dijle floodplain, one misses the early human impact that is only seen
in colluvial deposits (Figs. 3 and 14). Furthermore, spatial patterns of
human pressuremay bemissed as some tributary systems respond ear-
lier than others (Fig. 4). Likewise for the Büğdüz catchment, focusing
only on the downstream depositional centers will largely underesti-
mate the early human impact that ismainly to be found in the upstream
depositional basins (Fig. 3C-E). For Coon Creek, rates of sediment export
do not vary significantly over the period 1853–1993 although human
pressure and erosion does (Trimble, 1999). Upstream tributaries in
Coon Creek show their highest sedimentation rate early in the 20th cen-
tury, whilst the peak sedimentation rate in the lowermain valley arrives
20–30 year later (Fig. 11; Trimble, 2008; Trimble, 2013) and the Upper
Mississippi Valley to which Coon Creek drains is still experiencing ele-
vated sedimentation rates (Fig. 12; Belmont et al., 2011).

The various factors controlling the propagation or damping of
human signals in fluvial systems discussed above for the three contrast-
ing environments have been illustrated for many other systems as well.
Changing levels of (dis)connectivity through time and the impact on
sediment delivery have been illustrated before for a wide range of envi-
ronments (e.g. Harvey, 2002; Fryirs et al., 2007; Fuchs et al., 2010;
Houben et al., 2013). There is a growing consensus that most biophysi-
cal systems are complex in nature and are characterized by non-linear
impact-response relations, tipping points and internal feedbackmecha-
nisms (e.g. Phillips, 2006; Murray et al., 2009). This certainly holds for
coupled socio-ecological systems (e.g. Widlok et al., 2012) and it has
even been argued that the non-linearity becomes even more important
when the system is under significant anthropogenic pressure (Knight
and Harrison, 2014).

Resolving the complexity problem requires a deeper understanding
of the various mechanisms operating in the (dis)connected hillslope-
fluvial system (Fryirs, 2013). This requires not only the identification
of the various sources and sinks within a hillslope-fluvial system, as
well as the pathways connecting sources and sinks. Equally important
is that all these storage components and fluxes are quantified
(Verstraeten, 2014), for instance through the construction of sediment
budgets. Sediment budgets also allow calculation of sediment delivery
ratios, and thus assess how much of the anthropogenic sediment is
still buffered within the slope and fluvial systems (Slaymaker, 2003).
Many historic sediment budgets show that more than half and even
up to 90% of the anthropogenic erosion material is still situated within
the catchment, either as colluvium or alluvium (Beach, 1994; Trimble,
1999; Fryirs and Brierley, 2001; Verstraeten et al., 2009; Notebaert et
al., 2011b; Houben, 2012). The construction of sufficiently detailed sed-
iment budgets requires a catchment-wide approach whereby much
data is required on variability in sediment thickness (Notebaert et al.,
2010). Separate quantification of floodplain storage in tributary sys-
tems, and the up- and downstream main valley in Coon Creek enables
a look at spatial variability in catchment response, which is not possible
at a lower spatial resolution (Trimble, 1999). In many cases, total sedi-
ment budgets are constructed for a single time period (e.g. Dietrich
and Dunne, 1978; Beach, 1994). Time-differentiated sediment budgets
are still limited to a few catchments (including the Dijle and Coon
Creek catchments), yet do offer much more potential as it is possible
to look at changes in the relative importance of the various budget com-
ponents (see Fig. 2 and discussion in section 3.3). Changes in sediment
delivery ratios between historic time periods can be derived from
time-differentiated sediment budgets pointing to changes in, for in-
stance, slope-channel coupling (Verstraeten et al., 2009). However,
this requires not only a high spatial resolution but also a sufficiently
high temporal resolution of the sedimentary record,which is often lack-
ing. Sedimentfingerprintingmay complement quantitative estimates of
rphic response to anthropogenic disturbance, Geomorphology (2017),
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sinks and sources (Collins et al., 1997; D'Haen et al., 2012), as is shown
here for the Büğdüz catchment (Fig. 6) or for the US (Fig. 12B), as it pro-
vides additional information on how sinks and sources are spatially con-
nected. Fingerprinting can be considered a means to enlighten the gray
box that a sediment budget represents. As discussed above (section 4),
legacy landforms may hold another key when unravelling the human
impact on soil andfluvial landscapes, and in fact, should be used as com-
plementary information to quantitative estimates of sediment sinks and
sources. More than quantitative sediment budgets, legacy landforms
may point to important tipping points in the relation between human
pressure and geomorphic response.

What is often forgotten, or badly represented, in many geomorphic
human impact studies, is an accurate reconstruction of the intensity
and typology of human disturbance. For historic periods, such as the
Euro-American agricultural expansion in 19th century USA, a wealth
of historic documents is available (Trimble, 1974; Trimble, 2013). How-
ever, for understanding the human-environment interactions in the
more distant past, e.g., in Europe and theMediterranean, such informa-
tion ismuchmore limited. Local archaeological data is often fragmented
and potentially biased as well, often leading only to qualitative state-
ments about correlations with the sedimentary record. Global historic
land-cover reconstructions (e.g. Kaplan et al., 2011) do reveal broad-
scale patterns and evolutions in anthropogenic land cover, yet their
resolution and accuracy for specific catchments is often too low
to make direct comparisons with the fluvial record (De Brue and
Verstraeten, 2014). Pollen-based quantitative estimates of human im-
pact (e.g., Fig. 4A) that are analyzed for the same region as for which
the fluvial record is being studied may provide an alternative
(Broothaerts et al., 2014c; Broothaerts et al., 2014b).
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