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1 Abstract
.
3 3 Changes in agricultural practices impact sediment transfer in catchments and rivers. Long term
g 4  archives of sediment deposits in agricultural plains of northwestern Europe are rarely available,
s 5  however, for reconstructing and quantifying erosion and sedimentation rates for the second half of the
g 6 20" century. In this context, a multi-parameter analysis was conducted on sedimentary deposits
10 7 accumulated in a pond created in the 11" century and draining a 24 km? cultivated catchment in
g 8 western France. This catchment is representative of cultivated and drained lowland environments
ii 9  where agriculture has intensified during the last 60 years.
15 10  High resolution seismic profiles and surface sediment samples (n=74) were used to guide the
16

17 11 collection of cores (n=3) representative of the sequence of sediment accumulated in the pond. The
18 12 cores were analysed to quantify and characterize the evolution of sediment dynamics in the pond.

20 13  The first land consolidation period (1954-1960) was characterized by a dominance of allochtonous
oo 14 material input to the pond. This input represents an erosion of 1900 to 2300 t.km2yr™ originating
23 15  from the catchment. Then, between 1970-1990, the terrigenous input decreased progressively and
25 16 tended to stabilize. Eutrophication and associated primary production increased in the pond. These
-7 17 processes generated the majority of material accumulated in the pond during this period. Further land
28 18  consolidation programs conducted in 1992 generated a new increase in soil erosion and sediment input
30 19 to the reservoir. For the last 10 years, terrigenous input to the pond corresponds to a catchment-wide
3o 20 erosion rate between 90 and 102 t.km2yr. While a strong decrease is observed, it still represents a
33 21 60-fold increase of the sediment flux compared to the pre-intensification period. These large temporal
35 22  variations of sedimentation rates over a few decades underline the dynamics of sediment transfer and

37 23 raise questions about the sustainability of soil resources in lowland temperate environments.
38 24

41 25 Keywords: land use change, agricultural catchment, lowland, sediment yields, pond sediments
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Introduction

Soil erosion has been identified by the European Commission as one of the most important factors of
environmental degradation (Jones et al., 2012). Human activities and the intensification of agricultural
practices in Western Europe have induced a significant acceleration of soil erosion during the second
half of the 20" century. Land management, as consolidation operations, hedge removals, stream re-
sizing and the implementation of drainage networks have increased runoff and sediment connectivity
between eroding hillslopes and the hydrosystems (Evrard et al., 2007). This higher connectivity
between sediment sources and the rivers has facilitated the transfer of fine particles to aquatic
environments. A continuous supply of fine particles to ponds and reservoirs contributes to their filling
and modification of ecological niches (Kiffney and Bull, 2000; Waters, 1995). Fine particles were also
shown to be very efficient in transporting organic, radioactive and metallic pollutants to and within
hydrosystems (Ayrault et al., 2014; Chartin et al., 2013; Desmet et al., 2012).

For Europe, Cerdan et al. (2010) compiled existing data at the plot scale and estimated the mean sheet
and rill erosion rates on arable land to be 360 t.kmZyr™. However, there is a lack of knowledge
regarding the fate and export of sediment towards lowland drained areas (Vanmaercke et al., 2011).
Very little research exists on transfers of sediment for water bodies in small catchments (<100km?)
exposed to Atlantic climate conditions in Western Europe. In these basins, the connectivity between
hillslopes and rivers is often high and they are therefore considered as privileged areas for the export
of eroded material. However, very few data are available to quantify the specific sediment production
of lowland drained areas. In the absence of long term measurement of water quality and suspended
sediment dynamics in drained environments, sediment deposits provide a promising tool to reconstruct
the effect of land use change on sediment yields and soil erosion over the last decades. Lake and
reservoir deposits have been widely used in contrasted topographic/climatic settings to investigate the
link between human activity, soil erosion and sediment production, generally over long timescales
(ranging between 10"? to 1073 yrs), (e.g Macaire et al., 1997; Macaire et al., 2010; Massa et al., 2012).
In agricultural regions, most investigations were realised on downstream floodplain deposits, and few
studies focused on sediment accumulation in upstream reservoirs/ponds. For instance, Foster et al.
(2003) and Foster and Walling (1994) analysed reservoir deposits to establish the link between land
use change and sediment production in a small catchment characterized by a rolling topography.
Dearing and Jones (2003) demonstrated an acceleration of sediment delivery during the 1950-1960
period in this small grazing catchment and attributed this increase to land use change. To our
knowledge, the temporal evolution of sediment dynamics has not been reconstructed for lowland
cultivated catchments. Existing studies are generally restricted to short time periods. Verstraeten and

Poesen (2002) proposed for instance a methodology to quantify the export of material from small
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agricultural catchments in Belgium, by using the sediment records of 21 flood retention ponds, but
their records are limited to a few years.

The lack of information on the evolution of sediment/erosion dynamics for lowland drained
catchments is therefore mainly explained by the difficulty to find an old sedimentary reservoir
characterized by a high sedimentation rate as to reconstruct the link between land use change, soil
erosion and sediment production. In this context, the characteristics of sediment deposits accumulated
in a pond draining a 24 km? cultivated catchment of central France have been investigated. The study
area has been selected as it is representative of the agricultural drained plains of Western Europe. An
original multi-parameter approach was conducted in order to reconstruct the evolution of sediment

dynamics as a result of land use changes during the second half of the 20" century.

2. Materials and methods

2.1. Study site

The Louroux pond drains a small agricultural lowland catchment (24 km?2) located in the
south-western edge of the Parisian basin (France), in the Loire Valley (Fig. 1a). It is characterized by
smooth topography (mean slope of 0.44%) with an altitude ranging between 99 and 127 m. (Fig. 1c).
Six different lithologies are found in the catchment: Senonian flint clays (23%), Ludian lacustrine
limestone (6%), Eocene siliceous conglomerate (1.4%), Helvetian shelly sands (18%), post-Helvetian
continental sands and gravels (32%) and Quaternary loess (18%). Soils are mostly hydromorphic and
prone to crusting. They are classified as Epistagnic Luvic Cambisols (Froger et al., 1994; Rasplus et
al., 1982). The area is dominated by an Atlantic climate with a mean annual rainfall of 684 mm
(between 1971-2000).

For more than 50 years, the Louroux catchment - as the large majority of agricultural plains in
Western Europe - has been affected by intense modifications of land use and agricultural practices
(Antrop, 2005). Before World War 11, the Louroux catchment was a large wetland with hedgerows,
and it was mainly dedicated to crop-livestock farming. Cereal production was only possible in a small
part of the catchment because of unfit soil moisture conditions. After the war, agriculture
modernization sought to evacuate the water in excess from the soils to allow for intensive cereal
farming. The hedges have been progressively removed, and land has been reallocated on three
occasions (first in 1935 and then in 1955 and 1992). Woodlands and grasslands are now marginal in
the catchment (covering respectively 17 and 7% of the total catchment surface) (1&CLC2000, 2002).
Streams have been created or re-sized (Foucher et al., submitted) to facilitate the evacuation of water
from the hillslopes. Between 50 to 90% of the catchment surface has been drained. As much as 220

tile drain outlets have been identified across the entire catchment.
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The Louroux pond (52 ha) was created in the 10" or 11" century (Fig. 1b). Water and
sediment are supplied to the pond by five main tributaries that drain the catchment hillslopes.
Overflow of the pond only occurs during high water levels in winter. This situation leads to massive
deposition of fine particles in the pond during most of the year. A second pond (i.e., Beaulieu pond (3
ha)) was dug out in the 18" century to the west of the Louroux pond. Both reservoirs are directly
connected. Nowadays, the Beaulieu pond is almost entirely filled with sediment (Fig. 1b). The
Louroux pond has been drained on two occasions during the last 15 years (i.e., between 2001-2003
and in 2012-2013 for one year). An aerial LiDAR survey conducted in early spring of 2013 (i.e.
during the last drainage period of the pond), underlines the very shallow character of the Louroux

pond, with an average depth of 2 m, and a maximum depth of 4.8 m right in front of the dam (Fig. 2a).

2.2 Seismic survey

A high resolution seismic survey was conducted during summer of 2012 across the Louroux
pond. In total, 7.5 km-long high resolution seismic profiles were collected (Fig. 2¢) from an inflatable
boat (Limnoraft). These analyses provide a overall picture of the sediment deposits, and allows to
quantify the volume of sediment accumulated in the pond (Chapron et al., 2007; Twichell et al., 2005).
Seismic profiles were collected with a parametric echo-sounder INNOMAR SES-2000 Compact®. The
INNOMAR sonar is adapted to shallow water environments. The maximum theoretical resolution is 6
cm with a wavelength that can vary between 5 and 15 kHz. The wave speed in the water was defined
at 1500 m/s. Positions were recorded with a GPS device coupled with the seismic acquisition system.

Acoustic facies were correlated with observations made on the sediment cores.

2.3 Sediment sampling

Surface sediment

Surface sediment samples were collected during summer 2012. Based on the analyses made on
these samples, spatial variation of sediment characteristics derived from surface sediment samples,
was extrapolated to the entire pond. The samples were collected using a floating platform (quadriraft)
and a short gravitational corer UWITEC of 90 mm @. In total, 74 surface samples (top 0-5cm
corresponding to the most recent deposits) were collected following a random location sampling
technique (Fig. 2b).

Sediment cores
Three sediment cores, with respective lengths of 42, 71 and 112 cm, were collected during two
surveys conducted in 2012 using a floating platform and a corer UWITEC of 63 mm (cores Lrx12-01
and Lrx12-02) and in 2013 with an UWITEC corer of 90 mm @ (core Lrx13-01). The cores were

4
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collected in different parts of the pond to document the potential variations of sediment dynamics
across the reservoir (Fig. 2a).

2.4 Sediment analyses

The cores have been cut in length with a bank equipped with a circular Dremel® saw. The
cores and the surface samples were submitted to the same set of analyses in order to correlate the cores
and to determine the overall physical and chemical properties of sediment deposits in the pond.

Scanner imagery

Computer Tomography (CT) images of the three cores were obtained by using the facilities
(Siemens Somatom 128 Definition AS® scanner) of the CIRE platform (Surgery and Imaging for
Research and Teaching; INRA Val de Loire). Images of the relative density of sediment were
generated, with the lighter shades corresponding to denser sediment (Sufian and Russell, 2013). The
dry bulk density (g.cm™) was also measured at a centimetric scale on each of the three cores.

Spectrocolorimetry

The spectrocolorimetric properties of the core and surface sediment samples were recorded
with a Minolta 2600D®spectrocolorimeter. These values provided an overview of the sediment content
by measuring wavelengths ranging between 400 and 700 nm (Debret et al., 2011; Rein and Sirocko,
2002).

Grain size

Destructive analyses were performed with a laser Malvern Mastersizer® grain sizer, to define
the particle size distribution (between 0.01 — 3500 pum). Grain size analyses were conducted on the
surface sediment samples and in the three cores, with a centimetric resolution.

Palynofacies

Analyses of quantitative organic petrography were carried out on eight samples selected along
the Lrx-1301
Core, according to the lithological units identified. These analyses consist of an optical identification
of the non-pollen organic components present in a constant volume of sediment (1 cm?), after removal
of the silicate and carbonated phases by hydrochloric and hydrofluoric treatments, respectively. The
non-pollen palynomorphs are characterized by their optical properties (colour and reflectance), their
forms (amorphous or figurative) and their origins (algal, phytoclastic or fossil, Tyson, (1995)). This
approach is frequently used to discriminate the proportions of autochtonous and allochtonous organic
material in lacustrine sediments (Jacob et al., 2004; Patience et al., 1996), and to characterize the
trophic level of the lake through the identification of algae populations (Simonneau et al., 2013b), or

to document the type of vegetation cover found in the drainage basin (Simonneau et al., 2013a). This
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method has recently been adapted to quantify the proportions of each family of organic material (for
more details, see Graz et al. (2010), Simonneau et al. (2014; 2013b)) demonstrated that it is possible to
quantify the contributions of allochtonous sediment fluxes originating from catchment erosion and the
autochtonous fluxes produced in the lake itself based on these analyses.

Organic matter

Total organic carbon (TOC) and total carbonate (TC) contents were measured in surface
sediment samples at the Laboratoire d’ Analyses des Sols (INRA, Arras, France). TOC was measured
by loss on ignition at 550°C.

Fallout radionuclides

The Lrx13-01 core was cut into 3 cm increments for the uppermost 68 cm, and then into 6 cm
intervals to a depth of 110 cm. Fallout radionuclide activities (caesium-137 (**Cs) and lead-210
(**°Pb)) were measured in all samples by gamma spectrometry at 661.6 keV and 46.5 keV using the
very low-background HPGe detectors available at LSCE (Gif-sur-Yvette, France). *°Ph, activities
were calculated by subtracting the supported activity from the total ?°Pb activity (measured at 46.5
keV) using two ?*Ra daughters, i.e. ?*Pb (average count at 295.2 and 351.9 keV) and ?**Bi (609.3
keV). Fallout radionuclides are commonly used to date sediment that deposited during the last century
in lacustrine environments (Benoit and Rozan, 2001). Peaks in **’Cs activities may be attributed to
two events: the maximal emissions are associated with atmospheric bomb testing (1963) and the
Chernobyl accident (1986). In France, fallout of cesium due to Fukushima accident may be considered
negligible (~2 Bg/m?) (Evrard et al., 2012). The *°Ph,, decay allows dating sediment deposits over a
time scale of 100-150 years.

2.5 Core dating and estimation of catchment-wide erosion rates

Dating of the sequence of sediment deposits is based on fallout radionuclide measurements.
To specify the age of the lower part of the Lrx13-01 core, **C measurements were conducted on 3
samples (root debris collected at 50 and 82 cm, and in a layer containing leaves at 108 cm depth) at the
Beta Analytic Laboratory, Miami (USA) with an accelerator mass spectrometer (AMS). Radiocarbon
data were calibrated on calendar date with the ‘clam’ R program (Blaauw, 2010; Reimer et al., 2013).
The age depth model was constructed by combining all chronological information available along the
core. These data points were compared to the continuous sedimentation curve obtained with the CIC
model (Libby, 1967) based on Lead 210 excess activities. To reduce the effect of compaction on the
estimates, the sedimentation rate was evaluated by converting the core depths (in cm) into mass depths
using the procedure described in Van Metre et al. (2004).

Erosion rates for the upstream catchment were calculated by dividing the mass of sediment
accumulated in the pond (t.yr™) by the catchment surface (km2). The evolution of the sedimentation

rate through time was evaluated by coupling seismic data with core dating. The total mass of sediment
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contained in each unit identified by the seismic survey was calculated using the average dry bulk
density measured in the cores. Sedimentation rates were corrected for autochtonous material input, so

that the catchment-wide erosion rates are based on the terrigenous material input only.

4. Results and discussion

4.1 Seismic facies

The compilation of seismic data clearly indicates the occurrence of a relatively homogenous
sedimentation in the pond with a succession of sedimentary units across the entire pond surface (Fig.
3).

Seismic profiles P1, P2 and P3 (Fig. 3) are selected to illustrate the geometry of the sedimentary body
in the pond. The total thickness of the sediment accumulation could not be evaluated with the seismic
data as the seismic waves were rapidly absorbed due to the high sediment density. Below 50 to 95 cm
depth, the penetration seismic signal was progressively attenuated. However, two high amplitude
reflection zones were clearly identified in the upper part of the deposits. The first zone covers a mean
depth of 38+7 cm across the pond. The distribution of this reflector was very homogeneous although
some local fluctuations in sediment thickness were recorded. The second zone characterized by a
mean thickness of 17+7 cm is found at 60 cm depth. The first sediment unit (hereafter referred to as
seismic unit 1) characterized by a transparent acoustic facies and a draping geometry was mapped

between both reflection zones.

4.2 Characterization of surface sediment

A map of the main depositional facies of the Louroux pond was drawn using a fuzzy k-means
classification (Fig. 4). This classification was performed based on total organic carbon (TOC) and total
carbonate (TC) data and the grain size composition of the sediment. This classification aimed to
regroup similar samples in a predefined number of classes (i.e., 4 groups).

Class 1 (C1) is only found in the southeastern part of the pond (Fig. 4). Sediment of this unit is
characterized by high TOC values (mean of 234 g.kg™) and the highest TC values measured in the
pond surface sediments (mean of 208 g.kg™). Regarding particle size, C1-type sediment is dominated
by a silty matrix (57%) although it contains a significant sand proportion (39%).

Class 2 (C2) is located in the northern part of the pond (Fig. 4). C2 sediment is characterized
by the lowest TOC and TC contents (means of 120g.kg™ and 1.04g.kg™, respectively). Particle size is

dominated by sands with coarse sands representing more than 30% of the grain size fraction.

7
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Class 3 (C3) is characteristic of sediment mainly originating from the left-bank tributaries. C3
material is associated with similar TOC contents as C1 sediment (mean of 220g.kg™), but has lower
TC contents (mean of 25g.kg™). This class is dominated by a mix of silt (50%) and sand (46%).

Finally, C4 material is found in the central depression of the pond. Compared to the others
classes, C4 sediment is characterized by intermediate TOC and TC contents (means of 200g.kg™ and
122g.kg™, respectively) and is dominated by the fine-silt fraction (58%).

C1 and C3 material is found close to the inlet of the main pond tributaries (Fig. 4), and
displays similar characteristics but has different carbonate content. This likely reflects the different
lithologies of the subcatchments, with a dominance of lacustrine limestones and shell sands in the C1
area (Rasplus et al., 1982) and the outcrop of a flint clay formation in the C3 zone (Froger et al.,
1994). C4 material found in the central depression of the pond is supplied by a mix of sources derived

from several tributaries.

4.3 Core facies

Sediment composition

Among the three cores, core Lrx13-01 likely provides the longest temporal records. The core
was collected in the central pond depression unaffected by the dredging area, where C4 sediment
accumulates (Fig. 4). The core structure was correlated with the acoustic facies derived from by
seismic data.

Spectrocolorimetric parameters, particle size and material density are used to identify four

different sedimentary units (U1 to U4, Fig. 5) along the entire sediment sequence.
On the top of the core, the first unit (U1, 0 tol0 cm, Fig. 5) is characterized by a very low density
compared to the scanner image obtained for the rest of the core. Quantitative organic petrographic
analyses show that U1 sediment is essentially composed by autochthonous material. The algal fraction
dominated by Pediastrum Sp fluctuates between 50 and 56%. This first unit corresponds to seismic
unit 1 described previously (i.e. 4.1). The thickness of this first unit does not exceed 10 cm in core
Lrx13-01, whereas seismic data show a unit with thicknesses ranging from 2 to 79 cm across the core.
This result illustrates the strong compaction that occurred during coring (Fig. 6).

As shown by the seismic survey, unit Ul is found across the entire surface of the pond. It
corresponds to fine-grained sediment rich in water and characterized by a very low density. This
sediment accumulated in the pond during the last 10 years (average density of 0.29 g.cm™). The
draping geometry of unit U1 is characterized by homogenous depths. On acoustic profiles, this upper
unit has an average thickness of 38+7 cm.

A sediment thickness map of seismic unit 1 was generated by ordinary kriging based on the

thicknesses derived from seismic profiles (Fig. 7). The corresponding volume of sediment —

8
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accumulated between 2003 and 2013 — was calculated. Sediment thickness estimations derived from
the interpolation ranged between 2 and 74 cm (average value of 38 £7 cm). (fig-7).

A second unit, i.e. U2, is observed between 10 and 32 cm depth (Fig. 5). U2 is characterized by the
presence of desiccation cracks observed during visual description of the core and on the scanner
imagery (Fig. 5). These cracks may correspond to dense sediment embedded in a softer matrix of
particles with properties comparable to those described in unit Ul. During the last drainage of the
pond in 2013, field observations showed that the fine sediments dried up and formed large desiccation
cracks similar to the ones observed in the core, which confirms the relevance of this hypothesis. Unit
U2 can be subdivided into two parts: a first sub-unit, located between 10 and 22 cm depth, containing
macro-cracks characterized by a decrease in the organic matter content (wavelengths ranging between
605-695 nm), and a second sub-unit, located between 22 and 32 c¢cm, which does not display any
desiccation feature. During the subsequent pond refill, cracks probably disappeared as they were filled
with lower density sediments displaying U1 material characteristics.

Acoustic waves were quickly absorbed in seismic unit U2 and provided only information on the upper
17 cm layer of this unit. Interestingly, in core Lrx13-01, this layer corresponded to the zone where
cracks were observed. This might have occurred during the period of pond water refilling after the
drainage period (2001-2003).

The seismic survey therefore allows distinguishing a succession of two seismic units. A first unit
corresponding to the post- 2003 sedimentation and a second unit, partially penetrated by the seismic
waves corresponding to a pre-2003 sedimentation. This layer is more compacted and heterogeneous
and it likely deposited during the last drainage period of the pond. U1 would therefore have
accumulated after 2003.

Within the two upper core units (U1 and U2, Fig. 5), the fraction of autochthonous material
becomes increasingly important. This increase in primary production might be due to an increase of
fertilizer use and/or to the implementation of soil conservation measures on hillslopes. This increase of
autochthonous production might alternatively have been triggered by a release of nutrients in the pond
that would have triggered a fish mortality event.

Below 32 cm depth, a third unit is observed, characterized by a dramatic change in particle
size properties and spectrocolorimetric parameters. It corresponds to a sharp decrease in organic
material and dominance of allochtonous organic fraction in sediment (Fig. 8). Organic petrography
data also showed the presence of a low and almost constant contribution of autochthonous production
comprised between 9 and 13%. In parallel, an important qualitative change in the algae content was
observed. Spirogyra algae — reflecting good ecological conditions - dominate in the lower part of this
unit (67-110 cm), while Pediastrum algae prevail between 32 and 45 cm. The latter are typical of
eutrophic environments, and this result shows therefore a progressive shift towards an eutrophication

of the ecosystem (47 cm). Then, sediment of unit U3 remains very homogeneous down to 80 cm

9
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depth. The dry bulk density fluctuates locally, which may correspond to the occurrence of previous
pond drainage periods of short duration that led to limited compaction of the sediment and not to the
formation of sedimentary cracks. From 80 cm depth to the basis of the core, a fourth unit composed of
an alternance of organic and clay layers of 2-5 cm thickness is observed. The organic layers containing
vegetal and root debris might have deposited during drainage periods of the pond, but no historical
archive is available to support this assumption. Organic petrography analyses of terrigenous layers
show that they contained the highest proportion of allochthonous inputs, with 77 to 91% of the
deposits originating from the catchment hillslopes. This last unit could therefore correspond to a

period of major changes in the catchment.

Correlation between sediment cores

Correlation between cores Lrx12-01, Lrx12-02 and Lrx13-01 was done based on scanner
imagery and spectrocolorimetric data. Location of unit U1 could be identified in the three cores (Fig.
5). This unit has a variable thickness (616 cm), but similar low densities and high organic contents.
The difference of thickness in the three cores may be explained by local variations in sediment
deposition rates and by a variable compaction from using different core sampling methods.
The lower limit of this unit (U1) corresponds to a sharp increase in density. This transition was
previously described in core Lrx13-01, and it is also recorded in core Lrx12-01. In the latter core, large
sedimentary cracks are also found in the denser sediment located between 16 and 26 cm depth. As for
core Lrx13-01, they are filled with dense material that probably migrated from unit U1. In core Lrx12-
02, these cracks are not visible. Nevertheless, the upper limit of this second unit (U2) associated with a
decrease in the organic matter content can be identified in the three cores. The lower limit of this unit
corresponds to a global increase in the density. The lower limits of unit 3 are hardly visible in cores
Lrx12-01 and Lrx12-02.

4.4 Core chronology

The construction of the age depth model for the core Lrx13-01 is mainly based on the
identification of the last drainage period of the pond at 10 cm depth (2001 to 2003), on the record of
the **’Cs Chernobyl peak (1986) at 30 cm depth and on the record of the peak associated with
maximum thermonuclear bomb fallout (1963) at 56 cm (Fig. 8). This age depth model is confirmed by
the one deduced from #°Pb,, data (Fig. 8). The age depth model is therefore consistent in the first half
of the core where both dating methods provide similar results.

Below 56 cm depth, the °Ph,, profile has not been used for dating because of variations in
21pp, . activities that likely reflect changes in sediment sources across the catchment. However, the

presence of *¥’Cs at the base of the core suggests that the entire sequence of deposits is recent and
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deposited after 1954 (Fig. 8). All dates derived from AMS *C data on the lower part of the core were
rejected.

Organic petrography analyses indicate that the dominant terrigenous fraction at the basis of the
core is essentially composed of mineral particles. The dominance of this fraction in U4 could be linked
to the major anthropogenic changes that took place between 1945 and 1960. During this period,
streams were created or modified, and land consolidation schemes were implemented on hillslopes
between 1952 and 1956. These changes might have strongly accelerated erosion in the catchment and
sediment supply to the pond. This section of the core can therefore correspond to sediment deposition
between 1954 and the early 1960s.

Organic petrography analyses show a sharp change in the trophic state of the lake during the
deposition of unit U3 located between 45 and 65 cm depth, with a change in the dominant algal type
switching from Spirogyra to Pediastrum (Fig. 8). This transition corresponds to a strong
eutrophication of the pond. Its occurrence was also documented in botanical surveys conducted in the
Louroux pond between 1970-1980. During this period, land management changed in the catchment,
with the extension of the drainage network and the creation of ditches although theses changes were

probably of minor importance compared to land consolidation works implemented in the 1950s.

4.5 Reconstruction of historical sediment yields

Recent export of sediment

Between 2003-2013, 163,000 m® of allochthonous and autochthonous material is estimated to
have accumulated in the Louroux pond. This volume corresponds to an annual input of 4890 t.yr™ (dry
bulk density =0.3 g.cm™) across the 39ha surface area of the pond. As we estimated that the proportion
of autochthonous material ranged between 44 and 50% in Unit 1 (see section 4.3 for details), the
quantity of material originating from the catchment hillslopes can be estimated between 2152 and
2445 tyr* for the entire Louroux pond during the 2003-2013 period. This value is probably
underestimated, as a fraction of sediment (estimated to < 10 % of the total catchment erosion)
probably deposited in the upstream Beaulieu pond. The quantity of sediment accumulated can also be
underestimated due to the overflow of the pond during part of the year. The trapping efficiency of this
pond could not be calculated as detailed in previous studies (e.g Kummu et al., 2010; Verstraeten and
Poesen, 2000) because data of suspended sediment inputs or outputs were not available for this site.
Nevertheless, field observations suggest that the proportion of sediment exported downstream is very

low (< 10%) and that the associated underestimation of sediment deposition is therefore negligible.
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Based on sedimentary accumulation in the Louroux pond, total erosion rates in the catchment
combining soil surface, subsurface and channel bank erosion processes are estimated between 90 and
102 tkm™yr™. These results suggest that despite a flat topography, sediment exports to the pond are
rather high although not exceptional. These values are similar to the median value of sediment yields
measured in Europe (median = 92 t.km™.yr™ based on a dataset of ~1800 catchments (Vanmaercke et
al., 2011)).

Anthropogenic impact on the Louroux catchment and long term evolution of flux

Erosion and sedimentation dynamics in the Louroux catchment since the end of the 1950s
were reconstructed based on the analyses on core Lrx13-01 (Fig. 9). A sedimentary flux model was
built based on the calculation of a mean sedimentary flux over time (SR), which allowed to estimate
the quantity of sediment deposited (t.yr™) between successively dated layers in the core (Fig. 9). This
average flux was corrected for primary production in the pond. It reflects therefore the allochthonous
input of material from the catchment in units U1 to U4.

No data were available to document the flux that prevailed before 1950. Nevertheless, if the current
sediment rate is applied to the period between 1000 AD and 1950 AD, thickness of the corresponding
sediment accumulation would exceed 36 m, which is impossible as the elevation difference between
the base of the dam (substratum) and the coring site (Lrx13-01) reaches 5.1 m only. To our
knowledge, dredging of the pond that could have modified the sediment thickness was not conducted
during the 1000-1950 AD period. By subtracting the thickness of core Lrx13-01 to this amount, we
can therefore hypothesize that a maximum average input of 40 t.yr™* of material was supplied to the
pond between 1000-1950 AD (by supposing a constant dry bulk density during this period like
observed for the last 60 years). This suggests that the current sediment flux is at least 60-fold higher
than the flux observed during the previous millennium. A first increase in the flux, which could
unfortunately not be recorded in core Lrx13-01, might have occurred in 1935 when the first land

consolidation scheme was implemented in the catchment.

The anthropogenic pressure then strongly increased between 1945 and 1960 when the largest
consolidation scheme took place. This period is partly recorded in unit U4 of core Lrx13-01. The
palynofacies analyses showed that the largest terrigenous input recorded in the core occurred during
this period, with a flux ranging between 12000 and 14000 t. yr* (Fig. 8). By extrapolating this flux to
the material exported from the entire catchment and by assuming that the geometry of sediment
deposits was similar to the one observed during the last 10 years, it is possible to estimate a material
export rate from the hillslopes reaching 2100 t.km™2yr™. This very high value comprises sediment

supplied by soil surface erosion but also material eroded from the channel banks. This 15-yr period is
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characterized by a general destabilization of the catchment, as the wetland has been transformed into
an intensively cultivated catchment within a few years’ time. Landscape destabilization similar to what
is observed for the Louroux catchment was also documented for other parts of the world during the
1950-1960s. In the English Lake District, the rise in sedimentation rates was correlated to the increase
in sheep grazing densities that accelerated soil erosion (van der Post et al., 1997). Similar trends were
recorded in the Canadian Prairies (de Boer, 1997), in Japanese floodplains (Ahn et al., 2010) or in
cropland areas of the American Midwest (Heathcote et al., 2013). In most of these studies, the input of
material to the river network was shown to decrease slowly after this destabilization phase. This trend
was also recorded in the Louroux Pond in response to a progressive slowdown of the extension of the
tile drain and river networks in the catchment. Then, between the 1960s and 1980s, the allochthonous
sedimentary input continued to decrease from 9000 t.yr™ to 6700 t.yr™. It is likely that after a period of
large-scale changes in the catchment, the system progressively tend to stabilization. Soil erosion on
hillslopes was estimated at 1100 tkm?2yr® during this period (1960-1980). Simultaneously, the
progressive eutrophication of the pond was observed. This phenomenon might be due to an increase of
fertilizer use in the catchment and/or to an increase of sediment connectivity between the hillslopes
and the pond. Between 1980 and 1990, the system was characterized by a major decrease of material
input to the pond. The average deposition flux ranged between 2300 and 2800 t.yr™ during this period,
which corresponds to a loss of material from the slopes of about 400 t.km?yr. A third land
consolidation scheme was implemented during the second half of the 1990s. It led to a slow increase
of the sediment deposition flux ranging between 2400 and 2900 t.yr™. Exports from the hillslopes are
estimated to 425 t.km?.yr? during this period. Finally, during the last decade, a new decrease of the

material flux to the pond was recorded, with a material input ranging between 1300 and 2100 t.yr™.

Nowadays, erosion rates remain high and correspond to the lower limit of tolerable erosion
rates according to Verheijen et al (2009). Moreover, although the terrigenous inputs to the pond have
progressively decreased since the end of the 1980s, a massive increase of algal production is observed
in the reservoir (Fig. 8) reflecting a general degradation of the water quality. The Louroux pond might
be completely filled with sediment in 2100 (assuming that the reservoir traps all sediment and that the

current sedimentation rates are maintained).

Erosion rates recorded at the outlet of the Louroux catchment (90 - 102 t.km?2yr™) are of the same
order of magnitude as sediment yields measured in agricultural catchments of similar size in Europe
(60-260 t.km™Z.yr™), (Cerdan et al., 2010; Vanmaercke et al., 2011), (Table 1). Climate and topography
were widely described as driving the sediment yields and the latter were shown to vary strongly
depending on the region (e.g Boreal climatic region (6 t.km?2.yr') vs. Mediterranean climatic region
(218 tkm™ yrY), lowland areas (35 t.km?2yr* vs. mountainous areas (204 t.km?2.yr™) according to

Vanmaercke et al., 2011). The Louroux catchment and the sites listed in Table 1 are all characterized
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by similar climatic and topographic conditions, and they should correspond to low sedimentary
production areas with median sediment yields for lowlands of 35 tkm?Zyr* and Atlantic climate
conditions of 28 tkm™2.yr" according to Vanmaercke et al (2011). However, the values measured at
the outlet of these sites are much higher than expected (60-260 t.km?.yr?; Table 1). Our results
therefore suggest that climate and topography parameters are not the main factors controlling sediment
yields in these environments.

Rather, land use and management may strongly modify landscape connectivity and are probably
important factors controlling sediment yields in these flat agricultural catchments. The relative surface
areas covered with cropland and grassland are shown to be an important parameter, with a much
greater sediment export from catchments dominated by arable land (Bakker et al., 2008; Vanacker et
al., 2005). Most of the study sites listed in Table 1 are dominated by livestock farming and their soils
are therefore less exposed to erosion than catchments with a majority of arable land such as the
Louroux catchment and several Belgian sites. Nevertheless, land use parameters can not fully explain
the variability in sediment yields observed between the study sites listed in Table 1 (r2=0.52).

Other parameters related to scale effects should be taken into account to further explain this
variability. The studied catchments are rather small (<26 km?) and available data suggest that an
increase in sediment yields with the percentage of arable land in the catchment is mainly observed in
the small catchments, especially in the temperate climatic zone. At larger scales, the increase in
sediment yields is compensated by the presence of buffer zones that store sediment within the
catchment (e.g Cerdan et al., 2012; de Vente and Poesen, 2005; Dearing and Jones, 2003). This trend
was verified for the catchments listed in Table 1. Correlation between the percentage of arable land
and sediment yields is lower for catchments > 20 km?2 (r2=0.32) compared to smaller catchments.

It appears therefore crucial to implement measures to reduce sediment connectivity between
hillslopes and rivers in these flat agricultural areas located in upper parts of large river basins. Soil and
water conservation measures implemented at the beginning of 2000s in similar upstream catchments
of the Belgian loess belt were showed to reduce sediment delivery from 350 t km-2 yr™ to 50 t km?yr™
(Evrard et al., 2008). Their installation in other upstream catchments located in the European
temperate zone should therefore be considered in order to limit the sediment supply to large river

basins.

Conclusions

To our knowledge, this study provides one of the first quantitative reconstructions of sediment
rates associated with land use and management changes during the last decades in an upstream
agricultural catchment representative of similar lowland environments in Northwestern Europe.

Within a few years, the sedimentary production increased dramatically, from 40 t.yr™ before 1950 AD
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to maximum values comprised between 12000 and 14000 t.yr™” in the 1950s and 1960s. Since then,
erosion and transfers tend to decrease regularly. However, they still reached 90 to 102 tkm2.yr?
between 2003 and 2013, which remains 60-fold higher than before 1950.

This shows that soil erosion and subsequent sediment transfer to rivers may be important, even in
lowland environments. If our observations were confirmed in other catchments located in similar
environments, this would question the sustainability of the current farming practices and their
contribution to the degradation of the water quality. These results highlight the necessity to implement
soil and water conservations measures to reduce connectivity and sediment yields in lowland

agricultural catchments that are often wrongly considered to be low sediment production areas.
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Figure captions

Fig. 1: a) Location of the Louroux pond catchment in France and Europe, b) Detailed map of the
Louroux pond catchment (IGN - BD TOPO & Orthophoto), ¢) Longitudinal topographic profile of the
catchment with vertical exaggeration (x25).

Fig. 2: a) Bathymetric map of the Louroux pond derived from an aerial LiDAR survey conducted
during the last drainage period (2012-2013) and location of the three sediment core, b) Delineation of
sedimentation areas across the pond and location of the 74 surface sediment samples collected and the

dredged area, c) Location of the 7.5 km-long high resolution seismic profiles.

Fig. 3: Longitudinal (P1) and lateral (P2 and P3) seismic profiles evidencing the occurrence of
homogenous sedimentation processes in the pond.

Fig. 4: Mapping of recent sediment deposition areas in the Louroux pond and results of the fuzzy k-

means classification.

Fig. 5: Description of core Lrx13-01. (A). Definition of the sedimentary units along the Lrx1301 core
as derived from CT scanner images, dry bulk density, spectrocolorimetric indices plotted on a 3D
diagram where the Z is the derivate value for the corresponding wavelength (in mm) expressed by a
code of color and particle size measurements (D10, D50, D90). (B). Comparison with cores Lrx12-01

and Lrx12-02 using the 570/630 spectrocolorimetric index and CT scanner images.

Fig. 6: Interpretation of the seismic wave’s penetration in the units of the core Lrx13-01

Fig. 7: Sediment thickness map in Unit 1 and associated standard errors.

Fig. 8: Age depth model of core Lrx13-01 based on fallout radionuclide activities and the

identification of stratigraphic markers.
Fig. 9: Evolution of pond sedimentation extrapolated from the age model derived for the last 60 years

based on analysis of core Lrx13-01. The dashed line corresponds to the sediment export from the

catchment hillslopes derived from the seismic data.
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Table caption

Table 1: Comparison of sediment yields in small (< 100 km?) agricultural catchments of Western

Europe.
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Fig. 3
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Fig. 8
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Table

Gauging SY Min/Max
- Area X % of arable
Catchment/country station (t.km2yr-  elevation - Source
. (km?3) land
(GS)/reservoir 1) slope
Rosemaud catchment 80.2 -
(UK) Gs 15 g 76 -115m 62 Walling et al., 2002
Old m'('g}f)ser"o" R 1,6 90 53-194m 20 Foster et al., 1994
Kyre po(ol'J fg"hme“t R 3 90 90 - 262 m 18 Foster et al., 2003
Le Moulinet (Fr) Gs 5 63 55-134m 50 Vongvixay et al., 2012
Kemmelbeek (Bel) R 11 260 24-135m 01 Vers"aﬂezrz)grl‘d Poesen,
Rooigembeek (Bel) R 14 230 21-73m 90 Verstraetezrz)grid Poesen,
Zwedebeek (Bel) R 14 150 31-64m 83 Vers"aemzrz)ggd Poesen,
Steenbeek (Bel) R 19 160 5-41m 79 Vers"aemz%ggd Poesen,
Le Louroux (Fr) R 24 90-102  99-127m 76 This study
Broenbeek (Bel) Gs 25 60 8-49m 89 Vers”aetezrggrl‘d Poesen,
Douvebeek (Bel) Gs 26 210 28 - 152 m 95 Verstraeten and Poesen,

2001
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