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In vineyards, soil erosion is controlled by complex interactions between geomorphological and anthropogenic
factors, leading to intra-plot spatial topsoil heterogeneities that are observed at a 1-m scale. This study explores
the relative impacts of slope, lithology, historical landscape structure and present-day management practices on
soil erosion on vineyard hillslopes. The selected plot is located in the Monthelie vineyard hillslopes (Cote de
Beaune, France), where intensive erosion occurs during high-intensity rainfall events. Soil erosion quantification
was performed at a square metre scale using dendrogeomorphology. For the same plot, planted in 1972, an initial
erosion map was drawn in 2004, with a second map being produced in 2012. These two maps, combined with
lithology and slope data, the evolution of landscape structure and the evolution of management practices
allow the driving factors of water erosion to be assessed. From the 2004 erosion map, we observed that the spatial
distribution of erosion, for the thirty-year period after planting, was mainly controlled by lithology and historical
landscape structure, whatever the slope. By subtracting 2004 data from the 2012 data, and thus evaluating ero-
sion over the last decade, we discovered that the erosion rate had increased significantly, that spatial distribution
of erosion had changed and is now basically controlled by slope steepness and present-day vineyard manage-
ment practices. Erosion patterns for the last decade show that the impact of historical landscape structure is grad-
ually declining. This study shows that it is crucial to take into account the pre-plantation history of vineyard plots
and management practices to further increase our understanding of the spatial distribution of erosion on

vineyard hillslopes.

©

1. Introduction

Cultivated hillslopes undergo substantial soil loss, specifically in
vineyards where erosion rates range from 10 to 1000 t ha~' year—!,
and where soil thickness decreases considerably (Cerdan et al., 2010;
Kosmas et al., 1997; Martinez-Casasnovas et al., 2002; Novara et al.,
2011). In this context, soil loss has a major economic impact for wine-
growers, since gullies must be filled, uprooted vine stocks must be
replanted, and soil deposited at the bottom of the plot must be moved
back up to the top (Brenot, 2007; Martinez-Casasnovas and Ramos,
2006; Martinez-Casasnovas et al., 2005).

On sloping surfaces, soil loss is associated to a net redistribution of
soil within the plot, controlled by the interaction of factors such as to-
pography, climate, land use and soil management practices (Chartin
et al,, 2011; Fox and Bryan, 2000; Garcia-Ruiz, 2010; Lagacherie et al.,
2006). Erosion preferentially affects the fine soil fraction, leaving behind
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rock fragments and thus proportionately increasing topsoil stoniness
(Poesen et al., 1994). Climate and relief (lithology, slope length and
slope steepness) are the main factors involved in soil erosion, which
plays an important role in topsoil redistribution down the hillslope
(Fox and Bryan, 2000). These factors influence both soil volume and
the morphology of water-erosive structures, such as linear rill and
gully networks (Quiquerez et al., 2008). As a result, the formation of
rill systems through which sediment is exported plays a decisive role
in conditioning sediment availability and the spatial distribution of
eroded soil at the slope scale.

Past and present-day anthropogenic factors (landscape structure
and management practices) may also affect topsoil variability and
erosion rates (Blavet et al., 2009; Garcia-Ruiz, 2010). In the vineyard
context, the influence of present-day weed management practices on
topsoil erosion is recognized. Among them, the effects of the most
usual practices i.e. no-tillage with chemical weeding (NT) and surface
tillage (ST) are still debated. These contradictory results may be ex-
plained by the differences existing between the erosion measurement
techniques, soil surface condition, climate or topography. Some studies
suggests that NT accelerates erosion rate (Raclot et al., 2009) while,
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others studies propose that ST management increases erosion rate
(Goémez et al., 2008; Le Bissonnais and Andrieux, 2006). The use of
mechanisation may locally influence the soil compaction, by decreasing
infiltrability which may lead to the formation of rills (Lagacherie et al.,
2006). Tillage erosion contributes to net topsoil redistribution across
the landscape, by eroding the upper slope and causing soil accumulation
downslope (Van Oost et al., 2000). Historical landscape structure may
also affect the spatial distribution and erosion rate (Chartin et al.,
2011). Soil redistribution is greatly affected by the presence of existing
but also historical landscape structure, where hotspot areas of erosion
(on undulations) and deposition (on lynchets) have been identified.
Therefore, it is important not only to estimate sediment budgets, but
also to perform detailed analyses of erosion patterns at a high spatial
resolution of a few metres to better constrain the factors controlling
soil degradation. In the short term, these factors modify soil characteris-
tics (stoniness and available water) which could influence vine vegeta-
tive growth, while in the long term, they may affect soil sustainability.
Intra-plot soil erosion at a high spatial resolution can be derived from
“surface elevation change-based” methods, but only for very specific tem-
poral scales, e.g. for a single rainstorm event within experimental plots
(Martinez-Casasnovas et al., 2005), or for an annual time scale over
hillslopes (Sirvent et al., 1997). Spatially distributed soil erosion can also
be estimated using geochemical methods, such as radio-nuclide measure-
ments 137Cs which are used to trace sediment movement along cross-
sections at a decennial time scale (Krause et al., 2003; Walling and
Quine, 1991). Temporally and spatially distributed data can be inferred
from the identification of bio-markers, using dendrogeomorphology
methods, which have proven very useful to estimate erosion rates
(Bodoque et al., 2005; Carrara and Carroll, 1979; Casali et al., 2009;
Vanwalleghem et al., 2010). Aggradation or degradation processes are di-
rectly inferred from the position of the root collar, considered as a fixed
spatial reference, relatively to the current ground surface. These methods
were adapted by Brenot et al. (2008) for vineyard contexts, and have
since been used to quantify erosion in a Spanish vineyard (Casali et al.,

2009), in a southern French vineyard (Paroissien et al., 2010) and in a
Burgundian vineyard (Quiquerez et al,, 2014).

Our work investigates the impact of geomorphological (lithology
and slope) and anthropogenic (historical landscape structure and man-
agement practices) factors controlling topsoil erosion at metre-scale in
a vineyard plot. For this purpose, we studied a one-hectare hillslope
vineyard plot planted in 1972, and still cultivated by the same wine-
grower, for which historical land use data were available for the last
two centuries. Lithology, slope, and erosion were mapped at a metre-
scale to assess the influence of geomorphological factors on erosion.
Two erosion maps were measured in 2004 and in 2012, allowing spatial
quantification of erosion over two periods, i.e. respectively period. The
1972-2004 and 2004-2012 periods differ by their weed control man-
agement practices. These maps were compared to historical landscape
structure to analyse erosion patterns and rates over time. This study re-
veals the complex and changing interactions between geology, slope,
present-day vineyard management practices and the remaining effects
of historical landscape structure.

2. Material and methods
2.1. Study area

The study area is located on the hillslopes of Monthelie (Fig. 1A), in
the Cote de Beaune area (Burgundy, France). This 1.1 ha vineyard plot
lies on the western side of a north-oriented valley, cross-cutting the
Jurassic formations of the Burgundian plateau (Rémond, 1985) (Fig. 1B
and C). According to the WRB classification (IUSS Working Group WRB,
2006), the soil is a stony silty clay Calcaric Cambisol which developed
on Jurassic marls. Topsoil contents 35% calcareous gravel and stones,
7.1% mean organic matter, 48% calcium carbonate content, and pH is
8.1. Topsoil bulk density ranges from 1.25 to 1.5 g cm™> depending on
row or inter-row position (Brenot et al., 2008). Since the last plantation
in 1972, the plot has always been cultivated by the same wine-grower.
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Fig. 1. Location map (A) and geological map (B) of the study area. Ortho-photograph overlain on the 25-m DEM (IGN, 2006) highlighting the study area (C).
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Before plantation, the plot was ploughed to a depth of 40 cm. Soil man-
agement practices vary from no-tillage and chemical weeding (NT) till
the nineties and surface tillage (ST), without grass cover throughout
the year.

2.1.1. Mapping lithology and estimating topsoil stoniness

Lithology was mapped by processing the geophysical data acquired
on 29th March 2012 using the Automatic Resistivity Profiling method
(ARP®, Dabas, 2008). To measure apparent electrical resistivity, the
acquisition device was installed on a straddle tractor coupled with a
dGPS providing spatial position data (Panissod et al., 1998). All rows
were prospected to produce very high spatial resolution maps (37
points/m?). Raw data were filtered and then interpolated (2D bicubic
spline interpolation) to map of soil apparent resistivity at a resolution
of 1 m?. Apparent resistivity was measured for two investigation depths,
i.e. 0-50 cm (pseudo-depth 1) and 0-180 cm (pseudo-depth 2), to assess
changes in soil or lithology (Fig. 2).
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Topsoil stoniness was estimated by dry sieving on undispersed ma-
terial. Samples were collected in the 0-5 cm soil layer in the inter-row,
over a 0.25 m? surface, corresponding to a volume of 10 1. Ten samples
were collected from all over the plot: five in low erosion areas and
five in high erosion areas.

2.1.2. Slope and water flow directions

A digital elevation model (DEM) was constructed using dGPS with
decimetric altitudinal precision at a 10 m spatial resolution. This DEM
was used to map the slope and the direction of water flow (Fig. 3).
Elevation decreases from 369 m at the edge of the plateau, to 340 m
downslope. From the plateau border at the north-western part of the
plot slopes range from 2° to 15°, while steep slopes occupy the south-
eastern part of the plot and may reach up to 21° (Fig. 3A). Water flow
directions, determined from the DEM, are oriented respectively towards
the SE in the northern part of the plot and towards ESE in the southern
part of the plot (Fig. 3B). Everywhere in the plot, the directions of water
flow differ from those of the vine rows (e.g. WE direction). Since the

L Pseudo-depth 1
0-50cm

Pseudo-depth 2
0-180 cm

m

Fig. 2. Soil apparent resistivity maps for pseudo-depth 1 (0-50 cm) and pseudo-depth 2 (0-180 cm). Areas I to III, in shades of grey quantify erosion in relation to variations in lithology.
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Fig. 3. Slope map (A) and water flow direction (B) maps. The length of black arrows indicates slope steepness. Green bands observed on the ortho-photograph indicate grass cover in 2006
on treatment rows. Seven brown points located in the northern part of the plot correspond to piles of vine stocks coming from 5 uprooted rows. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

last plantation in 1972, the plot has been cultivated by the same
wine-grower since this date (Fig. 3B). Before the plantation, the wine-
grower has performed a deep ploughing (40 cm deep) all over the plot.

2.2. Mapping erosion

The principle of soil loss measurement is similar to that used in
dendrogeomorphology methods, and is based on the unearthing of
the stock located on the vine plants (Stock Unearthing Measurement,
or SUM), considered as a passive marker of soil surface vertical displace-
ment since the year of plantation (Brenot et al., 2008). Grafting vines has
been compulsory since the Phylloxera crisis at the end of the 19th
century. Vine anatomy divided in two components: the “American”
rootstock and the aerial scion. Removing the germination from the root-
stocks prevents any vertical stock growth, while the scion will grow in
all directions (Brenot et al., 2008). At plantation, the graft-union is
planted at 1 cm above the soil level, in order to prevent contact between
the scion and the soil. Brenot et al. (2008) verified that the vertical
growth of the graft after plantation is minimal and therefore that the
distance between the soil and the graft-union is representative of soil
loss. The plantation legislation in Burgundian vineyards imposes a den-
sity of 10,000 vine stocks per hectare which allows the quantification of
erosion at a 1-m scale over pluri-decennial periods with an error margin
of 1 cm related to the plantation method (Brenot et al., 2008). Erosion

Soil infilling in 2008

Vine stocks uprooted in 2006
[T Vine stocks absent/young in 2004

Il Vine stocks absent/young in 2012 9 20 0.,

Fig. 4. Map locating data not available for SUM quantification: absent or young vine stocks,
uprooted area and anthropogenic soil infilling area.

rate can be calculated at a 1-m scale by dividing the SUM by the age of
the vines.

Two SUM campaigns were conducted in winter 2004 and in spring
2012. Each vine stock was measured twice, allowing erosion rate and
spatial distribution variation to be detected. Only the SUMs of vine
stocks initially planted in 1972 were taken into account to ensure data
reliability; stocks absent or replaced after 1972 were simply located
on the plot (Fig. 4). In winter 2004, 9384 SUMs were performed by
Brenot (2007) and 1925 vine stocks were absent or too young to
be measured (Table 1). In spring 2012, only 7336 vine SUMs were per-
formed, since 421 vine stocks on five rows were uprooted in 2006 and
the others were young or absent; as soil infilling was performed on
135 vine stocks in the eastern part of the plot in 2008, these vine stocks
were also excluded. Most of the vine stocks with SUMs higher than
15 cm in 2004 were either absent or replaced by young vines in 2012,
corresponding to the loss of 1324 vine stocks in 8 years, caused by
erosion or disease. The loss of vine stocks with high SUMs leads to an
underestimation of erosion.

2.3. Historical land use datasets

The landscape structure is characterised by a vine monoculture
where plot limits, i.e. walls and paths, have formed the discontinuities
along the hillslopes for the last two centuries. These plot limits have
been partly deleted with the advent of mechanisation in the 20th centu-
ry. Therefore, we used two cadastral maps to characterise landscape
structure evolution over the last two centuries (Fig. 5): the 1825 “Napo-
leonic cadastre”, “Section A1 1st sheet” (AD21, 2006) (Fig. 5A) and the
1932 “BD Parcellaire”, “Sheet 000 A1” (IGN, 2008a) (Fig. 5B), both
drawn at a 1/2500 scale. Cadastral matrices were consulted to the
Monthelie town hall archives. The archive documents contain all the
information relative to the owners, the type of land use and the

Table 1
Number of stock unearthing measurements (SUMs) collected during the 2004 and 2012
campaigns.

Date Number of vine stocks
Measured Not measured
Young or absent Uprooted Anthropogenic
soil infilling

2004 9384 1925

2006 421

2008 135

2012 7336 2108
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Fig. 5. Cadastral maps of study area, dating from 1825 (A) (Napoleonic cadastre, AD21) and 1932 (B) (BD Parcellaire, IGN). Red line represents present-day cadastral limits. According to
cadastral matrix, plot A 0045 was divided into three plots in 1834 and 1863; the southern plot was merged with plot A 0044 to form plot A 0051 in 1932. Plots A 0047 and A 0048 were
merged to form plot A 0055 in 1932. In 1869, plot A 0049 was divided into two plots: A 0056 and A 0057. In the northern part, plots A 0146 and A 0147 were merged to form plot A 110.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

evolution of plot areas. In addition, we used historical and recent aerial
photographs, to define the types of plot limits and their spatio-temporal
evolution (Fig. 6). We used historical aerial photographs for 1940, 1953
and 1968 (IGN, 2006); and the 2006 ortho-photograph (IGN, 2008b).

The “BD Parcellaire” was georeferenced by the IGN, and the
“Napoleonic cadastre” was georeferenced according to common
limits with the “BD Parcellaire” map. Historical photographs were
georeferenced using anchor points recognisable in the 2006 ortho-
photograph (IGN, 2008b).

3. Results
3.1. Lithology

On the apparent resistivity map of pseudo-depth 1, two areas o and
[ were characterised by high values (Fig. 2). Area «, extending over the
north-western edge of the plot, presented the highest apparent resistiv-
ity values, 125 Q m for pseudo-depth 1 and 92 ) m for pseudo-depth 2.
Area 3, a band 9 m wide, located in the south-eastern part of the plot,
was characterised by a linear pattern of high apparent resistivity values,
from 70 Q m for pseudo-depth 1 to 55 Q m for pseudo-depth 2. In
pseudo-depth 1, scattered points of high apparent resistivity indicate
the presence of dense gravel and stone cover on the topsoil. In

pseudo-depth 2, another linear pattern 'y was observed, which presented
higher apparent resistivity values (mean of 35 ) m) than the surround-
ing area. Auger holes in these areas highlighted a change in lithology: a
marly-limestone band was present at 20/30 cm depth, while outside
these areas the plot was characterised by lower values, most of them
ranging from 28 to 42 Q) m, which were interpreted as a marly formation.

3.2. Historical evolution of landscape structure

The cadastral maps show the spatial evolution of plot limits (Fig. 5).
On the 1825 “Napoleonic cadastre”, the study area was divided into
fourteen plots (Fig. 5A). The 1825 limits were underlined, to differenti-
ate them from those of 1932. The southern part was composed of six
plots, with an east-west orientation, referenced A 0044 to A 0049. The
northern part included eight plots with a north-south orientation, ref-
erenced A 0140 to A 0147. On the 1932 “BD Parcellaire”, the study
area was also composed of fourteen plots, which differed from those
of 1825 (Fig. 5B). Most limits have not changed during this period in
the northern part of the study area, even though some changes can be
observed in the southern part. Plot division was generally due to an
inheritance concerning several heirs (e.g. plots A 0045 and A 0049).
The merging of several plots occurred when neighbouring plots were
acquired by the same owner (e.g. plots A 0051 and A 0055).
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Fig. 6. Aerial photographs of the study area, from 1940, 1953, 1968 and 2006. On the older photographs, the red line represents present-day cadastral limits. On the western border,
the cadastral limits are different from the vineyard plot planted in 1972. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Historical photographs reveal the use of several types of plot limits
over time (Fig. 6). Interpretations of aerial photographs were confirmed
by the testimony of the wine-grower. The limit between plots A 0053
and A 0054 matched an agricultural path from 2 to 3 m wide (Fig. 6,
1968). In plot A 0110, the plot limit appears in the form of an alignment
of dry stones on the east, west and north boundaries of the plot (Fig. 6,
1968). These alignments, called “murgers” in Burgundy, were dry-stone
walls built as the wine-growers removed stones from the plot. The up-
slope part of plots A 0051 and A 0052 were not cultivated from 1940 to
1953. The limit between uncultivated and cultivated land is marked by
an embankment of 1 m high, which interrupted the slope (Fig. 6, 1953).
Before replanting in 1972, this break-in-slope was filled in, with soil
brought from further down the slope. The north-eastern plot limits,
which cannot be observed on aerial photographs, were formed by
small furrows dug out by wine-growers when they pickaxed their
vines, before mechanisation in the middle of the 20th century. To keep
the maximum amount of soil in their plots, they pulled soil in their
plot direction, thus creating small depressions between two plots.
Others limits were just administrative limits; they indicated a change
of ownership or a change in land use.

Table 2
Mean SUM and erosion rates calculated for the two periods studied.

Periods Mean SUM Erosion rate
cm mm year ™!

1972-2004 3.5 + 0.08 1.1 £ 0.03

2004-2012 2.3 £ 0.06 2.8 £ 0.08

SUM and erosion values are given with their confidence interval.

3.3. Erosion quantification

For the period from 1972 to 2004, the mean SUM was 3.5cm 4 1 cm
(Table 2). The mean erosion rate at the plot scale was estimated to be
1.1 + 0.3 mm year™'. For the 2004-2012 period, obtained by
subtracting the 2004 SUM to the 2012 SUM, the mean SUM was 2.3 +
1 cm and the erosion rate was estimated to be 2.8 + 1.3 mm year™ .
Our measurements showed that erosion increased significantly for the
2004-2012 period compared the 1972-2004 period (Mann-Whitney
U-test, p-value <0.0001). Erosion rates calculated for the two periods
are consistent with estimations in similar vineyard contexts (Casali
et al., 2009; Cerdan et al., 2010; Paroissien et al., 2010).

The datasets for 2004 and 2012 showed that SUM values varied from
0 cm to 26 cm (Fig. 7). For the 2004 data, 33% of SUM values showed no
erosion. The SUM distribution was centred on the SUM value of 5 cm.
For the 2012 data, only 14% of SUMs showed no erosion and the SUM
distribution showed greater dispersion. The evolution of SUM distribu-
tions between these two dates shows: (i) an increase of erosion in areas
without erosion in 2004 and (ii) a greater number of high erosion
values.

Fig. 8 shows the two erosion maps 2004 and 2012. Both maps dis-
play similar erosion patterns. They differ essentially in erosion intensity.
For both maps, it is possible to identify three areas by their erosion
patterns (A, B and C). We shall therefore only discuss the results for
the 2004 erosion maps.

Area A, located in the southern part of the plot, is characterised by
low erosion values downslope and by high erosion values upslope.
The limits between low and high erosion values were well defined
and were oriented along a SSW-NNE and a WNW-ESE directions
(reported as limits a1 and a2 in Fig. 8C). Upslope from limits al and
a2, the mean SUMs were respectively 4.7 and 5.7 cm + 1 cm (see
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SUMs were respectively 0.8 and 1.1 4= 1 cm (see areas lal and la2 in
Fig. 8C; Table 3). A third limit, less well defined, with a NW-SE orienta-
tion, separated two areas of low/high erosion (limit a3 in Fig. 8C). Mean
SUM was 1.8 cm + 1 cm south of the limit (area la3 in Fig. 8C) and
7.0 cm £ 1 cm north of the limit (area ha3 in Fig. 8C; Table 3).

Area B, in the central part of the plot, displayed linear patterns of
erosion with a WE orientation (areas Ib and hb in Fig. 8C). By “linear pat-
terns”, we mean an alignment of high or low SUM data on the erosion
map. Alternating low and high SUM values generated linear patterns
observed from south to north. Low value patterns were narrower than
high value patterns. From the north-eastern part, the SUM increased
downslope and reached 24 cm + 1 cm. In this area, it was possible to
identity the spatial continuity of the pronounced SSW-NNE limit ob-
served in Area A (limit a2 in Fig. 8C). Mean SUM was 3.4 + 1 cm for
low erosion values (areas Ib in Fig. 8C) and 6.2 4+ 1 cm for high erosion
values (areas hb in Fig. 8C; Table 3).

Area C, situated in the northern part of the plot, was defined by the
alternation of low and high erosion values, which formed linear pat-
terns with NNW-SSE orientation (areas Ic and hc in Fig. 8C). Mean
SUM was 2.4 cm + 1 cm for low erosion values (areas Ic in Fig. 8C)
and 5.9 cm + 1 cm for high erosion values (areas hc in Fig. 8C; Table 3).

None of the linear erosion patterns observed in these three areas
corresponded to water flow directions determined from the DEM
(Fig. 3B).

4. Discussion
4.1. Lithology and erosion patterns

The comparison of apparent resistivity maps (Fig. 2) and erosion
maps (Fig. 8) highlighted the impact of lithology on erosion. The change
in soil apparent resistivity from 30 to 70 0 m (Area 3 in pseudo-depth 2,
Fig. 2B) showed a change in lithology that matched a limestone bed in
the Oxfordian marl formation (Fig. 1B). This limestone bed was also cor-
related to a change from high to low erosion values, with a SW-NE ori-
ented limit on the erosion map, observed in Area A (limit a2 in Fig. 8C).
In the limestone bed area (area Il in Fig. 2, Table 3), the mean SUM for
2004 was 4.8 cm + 1 cm and the topsoil stoniness was 62%. Upslope
from the limestone bed area (area I in Fig. 2, Table 3), mean SUM for
2004 was 6.3 cm 4 1 cm, and topsoil stoniness was lower (30%). Down-
slope from the limestone bed (area IIl in Fig. 2, Table 4), the mean SUM
for 2004 was only 1.0 cm + 1 cm and topsoil stoniness was equal to 42%.
Since slope angle values remained more or less constant throughout
Area A (from 15° to 20°; Fig. 3A), we suggest that changes in erosion
intensity are mainly controlled by changes in lithology. High topsoil
stoniness above the limestone bed may locally increase water infiltra-
tion, leading to a lower runoff volume, and therefore reducing topsoil
erodability (Martinez-Zavala and Jordan, 2008; Poesen et al., 1994;
Quiquerez et al., 2014).
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Table 3
Mean SUM calculated from the 2004 and 2012 datasets for each erosion pattern.

Area Area (m?) Number of vine stocks measured Mean SUM (cm)
Periods

2004 2012 1972-2004 1972-2012
la1 890 865 695 0.8 + 0.19 14 + 0.20
hat 489 409 263 4.7 £ 037 6.7 + 0.60
la2 667 623 499 1.1 £ 017 24 + 030
ha2 879 810 539 57 £ 025 9.3 4 0.40
la3 458 454 363 18 £ 0.17 2.8 +£0.21
ha3 470 439 288 7.0 + 0.28 12 + 054
Lb 507 561 364 34 +0.26 6.5 + 0.36
Hb 1566 1307 877 6.2 + 0.24 9.3 4+ 0.30
Lc 1080 1071 752 244+ 022 39+ 023
Hc 4199 3738 3347 59 £ 0.13 8.6 + 0.16
Area A 2970 2735 2225 6.3 + 0.16 103 + 0.24
Area B 2173 1802 1361 48 + 0.22 83 £+ 0.26
Area C 5223 4847 3750 1.0 £ 0.10 21+ 0.14

SUM values are given with their confidence interval.
For area denomination, “I” represents low erosion and “h” represents high erosion.

Areas with high and low SUM are significantly different (Mann-Whitney test, p-value <0.05).

4.2. Historical landscape structure and linear erosion patterns

The plot limits identified on cadastral plans were overlain on the
2004 erosion map to evaluate their impact on erosion patterns. Fig. 9
shows that most of the cadastral limits were correlated to linear pat-
terns of low or high erosion values.

Low erosion patterns were characterised by 1 to 3 m wide bands. For
example, the limit between Area A and Area B in Fig. 9 matched both the
administrative limit between A 0045 and A 0046 in the “Napoleonic ca-
dastre” (Fig. 5A), the limit between A 0053 and A 0054 in the 1932 map
(Fig. 5B), and an agricultural path in 1968 (Fig. 6). The limit between A
0048 and A 0056 (Fig. 9) was superimposed on a linear band of low ero-
sion and a natural ditch which acted as a gully in 1953 (Fig. 6). On the
north-western part of the study area, a low erosion linear pattern
(white line in Fig. 9) was correlated to the presence of a “murger”
(dry-stone wall) identified on the 1968 aerial photograph (Fig. 6). On
plots A 0051 and A 0052, SUM evolved sharply from 4.7 to 0.8 cm +
1 cm on the 2004 map (Limit al in Fig. 8C and red line in Fig. 9,

Table 4

Table 3). This limit between the two areas coincided with the position
of a break-in-slope observed in the 1953 aerial photograph (Fig. 6).

Some alternations between bands of low and high erosion can also
be observed. On the north-eastern part of Area C, Fig. 9 shows a WNW
cyclic erosion pattern (plots A 104 to A 108). The transition from one
plot to another matched a change from high to low SUM values. We sug-
gest that this pattern could be explained by the presence of historical
shallow furrows (about 10 cm in depth). The furrows, located at the
plot limits, concentrate water from upslope. Erosion is thus highest at
the furrow position. Water collected by furrows does not flow in plots
surrounding the furrow, so those plots present low erosion values.
Although furrows were blurred by deep ploughing before plantation
in 1972, erosion is controlled by these historical anthropogenic struc-
tures. Historical land-use patterns seem to be important in soil erosion
and degradation processes and for landscape development (Szilassi
et al., 2006).

Linear bands of high erosion, a few metres wide, are also observed in
Fig. 9. For example, plots A 0056 and A 0109 displayed the highest

Mean SUM and erosion rates calculated for each historical plot from the 2004 and 2012 datasets.

Plot reference Area (m?) Number of vine Mean SUM Erosion rate
stocks measured Period 1 Period 2 Relative increase from periods 1 to 2
cm (mm year~ 1) %
2004 2012 2004 2012 72/04 04/12

A 0051 520 490 404 0.8 4+ 0.26 14 4+ 033 0.2 + 0.08 0.7 £ 0.37 250
A 0052 950 814 679 1.5+ 023 3.0 £ 037 0.5 + 0.07 1.8 £ 032 260
A 0053 1970 1637 1304 32+ 020 7.0 £ 0.32 1.0 & 0.06 4.8 4+ 0.25 380
A 0054 500 392 349 48 + 0.36 93 + 047 1.5 4+ 0.11 56 + 039 273
A 0047 490 351 311 28 £ 035 6.7 £ 035 09 + 0.11 49 4 048 444
A 0048 610 461 327 4.0 4+ 036 7.7 + 045 13 £ 0.11 4.3 4+ 041 231
A 0056 470 305 185 7.6 + 0.67 10.1 4+ 0.75 24 + 021 5.5+ 0.57 129
A 0057 470 376 221 324052 54 + 067 1.0 £ 0.16 254 0.72 150
A 0104 450 214 167 2.0 £ 045 1.6 + 041 0.6 + 0.14 —0.5+ 036 —183
A 0105 330 226 152 44 4+ 0.52 52 + 0.57 14 + 0.16 1.0 £+ 0.54 -29
A 0106 480 426 329 34 + 039 45 4+ 046 1.1 + 0.12 14+ 032 27
A 0107 520 405 291 4.0 4 047 5.1 £ 0.52 12 +£ 015 14 +£ 036 17
A 0108 860 770 599 45 4+ 033 6.3 £ 037 14 4+ 0.10 21 +£0.25 50
A 0109 410 370 283 6.5 + 040 84 4 049 2.0 £ 0.12 24 + 036 20
A 0146 1460 1440 1138 4.1 £ 0.18 6.1 £0.25 1.3 &+ 0.05 24 £ 0.19 85
A 0147 720 707 597 1.7 £ 024 39 £ 032 0.5 + 0.07 2.7 £ 0.26 440
Area 1 3790 3347 2816 36+ 0.13 6.5 4+ 0.22 1.1 + 0.04 3.7 £0.13 236
Area 2 2880 2712 1882 6.1 +£0.18 8.0 + 0.22 19 + 0.06 4.2 + 0.06 121
Area 3 3660 3325 2638 42 4+ 0.12 54 £ 0.15 1.3 + 0.04 1.5 + 0.07 15

Sum and erosion values are given with their confidence interval.
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Fig. 9. Cadastral limits overlain on the 2004 erosion map. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

erosion values of the study area, with a mean SUM for 2012 greater than
8.4 cm + 1 cm (Table 4). These two plots overlaid two gullies observed
on the 1953 aerial photograph (Fig. 6). Once formed, gullies can contin-
ue to generate sediment long after the triggering causes have ceased
(Valentin et al., 2005). They are interpreted as preferential paths for
runoff and erosion.

The confrontation of historical data and erosion maps shows the
resilience of historical landscape structure in the erosion patterns
identified. Historical landscape structure still influences the distribution
and intensity of erosion, although deep ploughing was performed
throughout the area before plantation. Soil redistribution is greatly af-
fected by the presence of present-day and also historical landscape
structure (Chartin et al., 2011). Among the factors controlling erosion
patterns and intensity of erosion, we show that: (i) rock fragments
contained in topsoil play a crucial role (Quiquerez et al., 2014), the
low erosion observed where historical “murgers” and historical paths
were situated can be explained by topsoil stoniness which increased
water infiltrability, and reduced splash effect (Martinez-Zavala et al.,

SUM differential (cm)

--12

-10

Area 1

2010; Poesen et al., 1994); and (ii) preferential paths of erosion influ-
ence the distribution and intensity of erosion, historical paths are still
active even today, highlighting the resilience of erosion over time. In
the studied plot, this work shows that erosion depends not only on
slope values but also on historical landscape structures and lithology.

4.3. Evolution of erosion patterns and intensity over the last decade

In the Monthelie vineyard, historical landscape structure more than
two centuries old influences the spatial distribution and intensity of
erosion. In this anthropogenic context, where soils are continually
perturbed by vineyard management practices, we evaluate the evolution
of erosion patterns and intensity over the last decade (2004 to 2012).

The map of differential SUM, presented in Fig. 10, was calculated by
subtracting for each vine stocks the 2004 SUM to the 2012 SUM. Differ-
ential SUM ranges from O to 10 cm and the map highlights three areas
with specific patterns of erosion, Areas 1, 2 and 3.
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Fig. 10. SUM differential values from 2004 to 2012. For each vine stock, the 2004 SUM data were subtracted from the 2012 data to produce a differential erosion map.
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In Area 1, a relative increase in erosion rate of 236% can be observed
(Table 4). The limits controlled by geology and topsoil stoniness
(hatched area in Fig. 9) or by the historical embankment (red line in
Fig. 9) are preserved. Conversely, linear patterns of low erosion values
have been deleted. This area has the steepest slopes in the study area,
ranging from 15 to 21° (Fig. 3A). Erosion patterns that were controlled
by historical anthropogenic factors are declining, as the impact of topog-
raphy and lithology increases.

In Area 2, a relative increase in erosion rate of 121% can be observed.
An alternation of linear erosion patterns parallel to rows appears (see
black arrows in Fig. 10; and ellipses in Fig. 11). These linear erosion
patterns are present every 6 rows (rows 49, 55, 61, 67, 73 and 79) and
were grassed in 2006 (Fig. 6). These treatment rows undergo 5 to 10 ad-
ditional passages per year, leading to an increase in topsoil compaction
and an increase in rill erosion processes (Ferrero et al., 2005; Lagacherie
et al., 2006). In this area, linear erosion patterns correlated to historical
landscape structure have completely disappeared. As in Area 1, erosion
is no longer controlled by historical landscape structure and now seems
to be governed by present-day vineyard management practices.

In Area 3, the increase in erosion rate was +0.2 mm year—
(Table 4) and the relative increase in erosion rate is slight (only 15%)
highlighting erosional stability. In this area, two patterns can be
observed: linear patterns parallel to rows every six rows (rows 109,
115 and 121 in Fig. 10; and ellipses in Fig. 11) and linear patterns with
a NS orientation (Figs. 8 and 9). These patterns highlight a combination
of two factors of erosion control, i.e. historical landscape structure (NS
orientation) and present-day vineyard management practices (WNW
orientation). In this area, characterised by gentle slopes, the impact of
historical anthropogenic factors has not completely disappeared.

The comparison between the 2004 and 2012 erosion maps shows
that the impacts of historical landscape structure on present-day ero-
sion patterns are not erased at the same rate all over the study area. It
seems that the lessening impact of historical structures is controlled
by slope intensity. For gentle slopes, erosion patterns controlled by his-
torical landscape structure are partially preserved. For moderate to
steep slopes, erosion is controlled by present-day vineyard manage-
ment practices, and historical structures have disappeared. For the
steepest slopes, present-day and historical anthropogenic factors have
no impact; erosion seems to be controlled only by topography and
lithology.

We propose that the increase of erosion rate between the two pe-
riods could be related to the change in weed management practices
from chemical weeding and no tillage (NT) to surface tillage (ST) in
1992. This hypothesis is consistent with the study performed by Le
Bissonnais and Andrieux (2006) who demonstrated that erosion rate
increased with the change from NT to ST. We assume that erosion
increase can be explained by a change of the wheel compaction occur-
ring on inter-rows in vineyard context (Curmi et al., 2006). In NT plots
the superficial layer remains compact, which reduces the soil particle
detachability and limits erosion. Conversely, in ST plots, the soil tillage
modifies the superficial soil structure, composed of a loosened soil

1

surface overlying a low permeability compact layer, which favours soil
erosion during intense rainfall events (Curmi et al., 2010).

5. Conclusion

This study shows that erosion in a vineyard context is controlled by
complex interactions between geomorphological processes and histori-
cal and present-day anthropogenic factors. More specifically, this work
highlights the role of historical anthropogenic structures, such as land-
scape structure, with regard to erosion in a vineyard context. Historical
landscape structure has an impact on erosion intensity and spatial
distribution. Some historical structures, such as dry-stone walls, de-
crease erosion, whereas historical gullies increase erosion. Our study
also shows that the impact of historical landscape structure generally
declines over time. However, in a steep slope context, erosion deletes
the effects of both historical and present-day anthropogenic factors.
Conversely, the effects of historical landscape structure are partially pre-
served when the slope is moderate.

This study demonstrates that it is crucial to take into account the
pre-plantation history of plots in order to assess the spatial distribution
of erosion, especially on vineyard hillslopes where soil losses have
major economic and environmental consequences. The SUM appears
to be a useful method to quantify the effects of management practice
changes on soil erosion on the long term.
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