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Impacts of vineyard area dynamics on soil erosion in a Mediterranean
catchment (1950-2011)

Hari G. Roy, Dennis M. Fox and Karine Emsellem

UMR 7300 ESPACE CNRS, University Cote d'Azur (UCA), Nice, France

ABSTRACT ARTICLE HISTORY
The Mediterranean basin has undergone widespread land cover change. Received 29 May 2017
Urbanization of coastal areas, land abandonment of steeper slopes, and Accepted 21 September 2017
agricultural intensification in alluvial plains are recurrent themes. The KEYWORDS
objective of this study was to examine how vineyard land cover changes Land cover change;
have affected agricultural soil erosion in a 50 year period (1950-2011). Mediterranean; vineyard;
The study area covers a 235 km? catchment located near the Gulf of St soil erosion
Tropez. Aerial photographs were used to map land cover in 1950, 1982,
2003 and 2011, and the RUSLE soil erosion model was run to estimate
soil erosion.

Between 1950 and 2011, vineyard went from about 2,426 ha to
1,561 ha. Mean soil erosion increased as vineyard slopes became steeper
(11.8Tha™',13.2Tha™', 144 Tha 1 and 13.5 T ha™' for 1950, 1982, 2003
and 2011). Total erosion decreased after 1982: 28,621 T y™' in 1950,
29,030 Ty~ in 1982, 22,848 T y ™' in 2003, and 21,074 T y™' in 2011.
Total soil loss in 2011 is about 75% of values in 1950-1982, so impacts on
water pollution and channel dredging have evolved positively over time.

1. Introduction

Soil is a vital non-renewable resource formed through various physical, chemical, and biological
processes in the natural environment, and soil degradation due to erosion has become a serious
environmental problem throughout the world (Zika & Erb, 2009). Soils are under pressure as urban
expansion spreads onto fertile land, thereby pushing agricultural activities up onto more marginal
and vulnerable soils (Olarieta, Rodriguez-Valle, & Tello, 2008). Soil erosion risk depends on different
topographic, geographic, and climatic conditions, among which land cover, slope, area, soil
characteristics, local climatic conditions, and land use management play important roles (Al
Kharabsheh, Alexandridis, Bilas, Misopolinos, & Silleos, 2013). Literature on soil erosion in
Mediterranean vineyards has been reviewed extensively by Prosdocimi, Cerda, and Tarolli (2016),
and only a few aspects of this problem are described here.

Vineyard is reported to be one of the land covers most vulnerable to soil loss in the Euro-
Mediterranean region (Cerdan et al. 2010; Kosmas et al., 1997). Mediterranean areas are particularly
vulnerable to soil erosion due to high rainfall intensities, agricultural activities on steep slopes, low
organic matter, low nutrient contents, and rapid land-use changes (Garcia-Ruiz, 2010; Novara,
Gristina, Saladino, & Cerda, 2011). Garcia-Ruiz (2010) indicated several reasons for accelerated soil
erosion in vineyards: soil is bare during most of the cultivation period and vineyards are relatively
common on steeper slopes. Kosmas et al. (1997) also note that many Mediterranean vineyards
remain bare and vulnerable to soil loss in spring and summer. Rodrigo Comino et al. (2016) found
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that generally drier conditions and low vegetation cover in Mediterranean vineyards increase
erosion. Vineyards in the Mediterranean area have the highest soil erosion rates - greater than
rain fed cereals, olives, grassland, and forest cover (Kosmas et al., 1997).

In addition to the direct effects of slope on soil loss, topography is closely related to land cover
and soil properties. Slope gradient is a key factor for soil erosion which increases on steeper slopes
(El Kateb, Zhang, Zhang, & Mosandl, 2013; Fox & Bryan, 2000; Koulouri & Giourga, 2007; Liu, Dong,
Li, & Zhang, 2013). Therefore, terracing can decrease soil erosion since both gradient and length are
reduced (Liu et al., 2013). Van Rompaey, Govers, Van Hecke, and Jacobs (2001) showed that slope
played a significant role in arable land and forest conversion during the past 250 years in the Dijle
catchment (central Belgium). Arable lands were converted into forest mainly on steeper slopes in
1774-1990, but the reverse occurred on lower slopes. Forest increased on steep slopes and badly
drained soils while deforestation took place in relatively flat and favorable loamy soils with well
drained areas. Garcia-Ruiz et al. (2010) reviewed the main environmental and human factors
affecting soil erosion in the Mediterranean area. According to their study, hydrologic and geomor-
phologic changes occurred near the Mediterranean coasts of Spain, France, and Italy due to urban
sprawl. Urban and suburban pressure near the Mediterranean coast are important and provoke
rapid land cover change.

In Southeast France, Roy, Fox, and Emsellem (2014) showed that between 1950 and 2011, vineyard
lost more than a third of its initial cover. Urban and suburban encroachment explain much of the loss,
but conversion to green space was also important. Vineyard losses in the plain were compensated in
part by new fields on steeper slopes. The Giscle river flows into a tourist port located in the Gulf of St
Tropez and port authorities have had to dredge the channels to permit navigation.

The objective of this study was to determine the impacts of land cover changes in the Giscle
catchment over the 1950-2011 time interval. The study is based on Revised Universal Soil Loss
Equation (RUSLE) model predictions for each period. RUSLE evolved from the USLE and is a factor-
based model which estimates overall soil erosion rate where each factor quantifies one or more
processes and interactions (Millward & Mersey, 1999; Wischmeier & Smith, 1978). It estimates soil
erosion by considering rainfall, topography, soil, vegetation, land use, and land management
(Renard, Foster, Weesies, McCool, & Yoder, 1997; Zhou, Luukkanen, Tokola, & Nieminen, 2008).
RUSLE has been used extensively throughout the world to predict soil erosion, including in the
Mediterranean basin (Guerra, Maes, Geijzendorffer, & Metzger, 2016). Although more deterministic
models are available (eg. WEPP), sufficient data to run these models in the study catchment were
not available and RUSLE appears to perform as well or better than WEPP for long term averages
(Kinnell, 2017). Land cover trends cited here are comparable to many other Mediterranean loca-
tions where near-coastal zones are under intense development pressure (Parras-Alcantara, Martin-
Carrillo, & Lozano-Garcia, 2013; Mufoz-Rojas et al., 2015).

2. Methods
2.1. Site description

The Giscle flows into the Gulf of St Tropez in SE France (Figure 1a) and is described in Fox et al.
(2012). It covers about 235 km? and has a sub-humid Mediterranean climate with a long dry season.
Mean annual temperature reaches 27°C in summer and 11°C in winter, and mean annual rainfall
over 1975-2005 was about 895 mm. Peak rainy season is October-December with a second smaller
rainy season in April-May. Soils are slightly acidic, stony, and of sandy texture (Fox, Martin, Grosso,
& Morschel, 2006; Roy et al., 2014). Based on 24 wine cooperative soil analyses, soil texture in most
of the vineyards is the following: 60-80% sand, 10-30% silt and 5-15% clay.

Grape production is the only farming activity in the catchment. Most of the vineyards in the
study area are planted in the slope direction on steeper slopes (except when terraced) and
perpendicular to slope at gentler inclinations. Roy et al. (2014) mapped land cover from
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Figure 1. (a)Map showing location of study catchment in SE France. (b) Land cover map of catchment in 1950. (c) Land cover
map of catchment in 2001.

orthorectified aerial photographs, and vineyard cover went from about 2,426 ha in 1950 (Figure 1b)
to 1,561 ha in 2011 (Figure 1c). Loss rates were 7.1 ha y™' in 1950-1982, 29.2 ha y™' in 1982-2003,
and 3.2 ha y~' in 2003-2011. Vineyard fields are located mainly in the sandy floodplain and have
spread under urban pressure onto steeper slopes in recent years. Many of the vineyards in the
catchment are affected by soil erosion (Figure 2).

2.2, Erosion estimation using RUSLE

The RUSLE module in IDRISI estimates average annual soil erosion rates and determines spatial
patterns of soil loss (Eastman, 2012; Wischmeier & Smith, 1978). The model was run using a 25 m
DEM for 1950, 1982, 2003, and 2011 to estimate soil erosion based on land cover maps produced
by Roy et al. (2014). RUSLE patch threshold values (described below) were held constant for all
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(b)

Figure 2. (a)Soil erosion at end of vineyard rows. (b) Soil erosion in newly planted vineyard.

simulations. RUSLE parameters for erosion estimation are described below and the equation is the
following (Renard et al., 1997):

A=R*xKx*xLSxCxP

A = average annual soil loss (T acre™ yr™') (converted to T ha™" yr™")
R = rainfall-runoff erosivity factor
K = soil erodibility factor
LS = slope length and gradient factor
C = cover management factor
P = support practice factor
All input units for the IDRISI RUSLE module are imperial and the soil loss output (T acre™ yr™') is
converted to T ha™' yr™' automatically by IDRISI. Methods for calculating each of the parameters
are described in detail in Renard et al. (1997) and summarized below.

2.2.1. Rainfall-runoff erosivity (R)

In the absence of rainfall intensity data, R was estimated from mean annual rainfall based on daily
rainfall recorded in Cogolin (main city in catchment) from 1975 to 2005 (31 years). Torri et al. (2006)
calculated R for a nearby region in Tuscany and his equation (R = —944 + 3.08P, where P = mean
annual precipitation) was used to compute R in International units (MJ mm yr ha~' h™"), and this value
was converted to imperial units (hundreds of foot-ton inches acre™' h™") based on the method of
Cooper (2011). The final R value of 107 was estimated from the average annual rainfall of 895 mm.

2.2.2. Soil erodibility (K)

A soil map of the watershed was generated from soil data obtained from the local wine-making
cooperative. In all, 24 soil samples were obtained, and soil texture was used to estimate K from the
soil erodibility nomograph in Renard et al. (1997: Figure 3-1, p. 92); based on the method of
Wischmeier and Smith (1978). A vector point layer was created showing estimated K values and
surface interpolation was applied to create a raster layer for the catchment. K was expressed in
imperial units (tons acre . per erosion index unit). Greater values of K indicated lower resistance to
soil erosion.

2.2.3. Topographic factor (LS)

RUSLE in IDRISI calculates the LS factor automatically from the 25 m DEM. Slope and aspect
thresholds used were 5% and 180°. Maximum slope length selected was 80 m. The slope and
aspect thresholds were used to divide the vineyard surface into homogeneous topographic
patches. The smallest patch size selected was 5000 m?.
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Figure 3. Changes in vineyard area.

2.2.4. Cover management (C)

Locally, all interrow vegetation cover is destroyed either mechanically or chemically in the spring to
avoid competition for water during the hot dry summer season. In the autumn, grass cover slowly
grows back but rates are highly variable from one field to another depending on cultivation
technique history. A wide range of C values are therefore possible depending on interrow vegeta-
tion characteristics. Since it is impossible to determine these conditions for previous years, C was
estimated at 0.3 for all dates and fields based on observations by Kouli, Soupios, and Vallianatos
(2009) and a literature review by Panagos et al. (2015). Although this estimate introduces uncer-
tainties in modeled erosion values (greater erosion for greater C values), it has no implications for
the temporal trends of interest here.

2.2.5. Conservation practice (P)

The alignment of vineyard rows on lower slopes is generally perpendicular to maximum inclination
in most of the vineyard fields. This alignment contributes to slow flow velocity, trap sediments, and
reduce erosion compared to a bare surface. Therefore, the P value was set at 0.7 for all vineyard
surfaces except terraces. From field observations and analysis of aerial photographs, it was noted
that terraces are found on most slopes above 10%. Therefore, vineyards at all slopes = 10% were
considered terraced and attributed a P value of 0.2.

Soil erosion maps were predicted for 1950, 1982, 2003, and 2011, and erosion values were
subsequently simplified into three categories: <10, 10-25, and >25 T ha™'y™'as Low, Medium, and
High erosion, respectively. These thresholds were selected to compare the 2003 erosion map to
measured and extrapolated erosion values by Fox et al. (2006) around the same time. Changes in
farming techniques were impossible to account for historically and were ignored.

3. Results and discussion

The results are described in the following order: the overall trends in vineyard changes over the
study period, soil erosion factors, description of soil erosion in the catchment, and impact of land
cover change on soil erosion.
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3.1. Changes in vineyard area

A detailed analysis of land cover transitions is available in Roy et al. (2014) and only vineyard
changes will be summarized here. Figure 3 shows that total vineyard area declined by about 35% in
1950-2011 due mainly to urbanization in the plain (Roy et al., 2014). Urban expansion on
agricultural farmland is a common trend throughout much of the Mediterranean (Marraccini
et al., 2015; Russo, Tomaselli, & Pappalardo, 2014), and it can be traced back to the 19" century
in some areas (Olarieta et al., 2008). Vineyard dropped most in 1982-2003 (by around 30% of its
initial cover), and then it continued to decrease in 2003-2011 but at a much slower rate. Not all the
vineyard loss became impervious surfaces as substantial areas were converted to various types of
grass or bush land with a high level of swapping between agricultural and natural land covers
(conversions in both directions) (Roy et al., 2014). This trend is consistent with the findings of
Marraccini et al. (2015) who found that agriculture to natural vegetation swapping increased with
proximity to urban centers for 6 Mediterranean cities (4 in the north - France (2), Italy, and Spain;
and 2 in the south — Algeria and Morocco), but specific trends with respect to distance from urban
center varies from one city to another. Overall, they found that trends are similar for both northern
and southern shores for the cities considered, and the major difference was that close to cities,
agriculture to natural land dominates in the north while natural to agriculture dominates in the
south. This finding is consistent with trends observed here where the dominate transition close to
urban centers is vineyard to grassland (Roy et al., 2014).

In addition to urban pressure, the French state undertook several programs of vineyard
uprooting premiums (‘primes d’arrachage’) in order to better control wine production and limit
oversupply. In the Var department, where the catchment is located, 1,108 ha, 3,001 ha, and
2,521 ha were uprooted in 1954-1957, 1976-1979, and 1980-1985, respectively, in the context of
this national land use policy (Bartoli, 1986).

3.2. Soil erosion factors

R and C might have varied over time with climate change and agricultural practices, but values were
held constant for all dates due to a lack of detailed analyses on these issues. The K and P factors for
2011 are presented in Figures 4a and 4b. Most of the soils of the catchment were similar: 22 of 24 soil
samples were sandy or very sandy, and K factor ranged from 0.028 to 0.52. Mean K remained
constant at 0.33 for all dates. As described by Roy et al. (2014) pressure on the vineyards in the
plain led to terracing on steeper slopes as vineyard area in the alluvial plain diminished. P values of
0.2 (terraces) occupied 21.1%, 25.3%, 28.9% and 26.1% of vineyard area in 1950, 1982, 2003, and
2011, respectively. Valle Junior, Varandas, Sanches Fernandes, and Pacheco (2014) noted that terra-
cing was also the dominant form of soil erosion control in the Sordo river basin vineyards, Portugal.

The shift in P values reflects changes in slope distributions of vineyards over time.
Topographic factors will be presented in the form of histograms in original slope length and
inclination units to facilitate the comprehension of slope dynamics (Figure 5). Slope inclinations
increased from 1950 to 2003 and then decreased slightly in 2011 (Figure 5a). As vineyards
occupied steeper slopes, overall slope length (ignoring field boundaries) decreased from close
to 200 m in 1950 to about 120 m in 2011 (Figure 5b). The range in values remains small for
both topographic variables.

3.3. Soil erosion rates and total erosion

Mean and median soil erosion rates are presented in Figure 6. Median erosion changes little and
mean erosion rates tend to follow slope trends shown in Figure 5a. As steeper slopes were
cultivated, mean erosion rate increased (Figure 6) from 11.8 T ha™' in 1950 to a maximum of
14.7 T ha™' in 2003. Erosion rate values cited are greater than values cited by Cerdan et al. (2010)
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Figure 4. (a)Map of K-Factor values in vineyards. (b) Map of P-Factor values in vineyards.
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Figure 5. (a)Changes in mean and median slope inclination over time. b Changes in mean and median slope length over time.

who analyzed soil erosion rates for Mediterranean vineyards and other European crops, and they
found mean erosion rates of about 8.6 T ha™" yr". Raclot et al. (2009) measured erosion rates at the
field and catchment scales for tilled and untilled vineyard fields and found erosion rates of ranging
from about 0.1 T ha™' to 10 T ha™' per rainfall event depending on rainfall characteristics and
tillage treatment. Quiquerez, Brenot, Garcia, and Petit (2008) summarize mean annual erosion rates
for European vineyards from about 17 studies: rates vary widely from 0.32 T ha™' to 35 T ha™' with
a mean of about 11.1 T ha™". Since the RUSLE model does not account for sediment deposition,
actual erosion rates in this study are probably slightly overestimated.

Total erosion reflects changes in mean erosion rate (Figure 6) and vineyard area (Figure 3); in
this study, vineyard area dominates total erosion trends (Figure 7). The small loss in vineyard area
between 1950 and 1982 is compensated by an increase in mean erosion rate so the net result is a
negligible increase in total erosion (Figure 7). Despite a further increase in mean erosion between
1982 and 2003, total erosion drops by about 21%. Total erosion decreases again slightly in
2003-2011 as both vineyard area and mean erosion decrease. The changes in total erosion rate
correspond to about —291 Ty~ and —224 T y~' for the 1982-2003 and 2003-2011 time intervals,
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Figure 6. Changes in mean and median soil erosion rates over time.
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Figure 7. Changes in total soil loss over time.

respectively. Total soil loss corresponds to the mass of sediment that can potentially be injected
into the stream network, potentially causing problems for aquatic biodiversity (pesticides and
nutrients adsorbed to sediments) and channel navigation in the ports downstream.

Soil erosion categories are mapped in Figure 8. The eastern part remains dominated by Low
erosion rates between 1950 and 2011 and is characterized by low slope inclinations and high
rates of conversion from vineyard to developed area. Hence, the eroded area shrinks over time
(Figure 8a-d). Moderate and High erosion areas also decrease in 1950-2011 but to a lesser
extent than the Low erosion category. The Moderate and High erosion areas tend to be
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Figure 8. (a)Soil erosion map for 1950. b Soil erosion map for 1982. (c) Soil erosion map for 2003. (d) Soil erosion map for 2011.

concentrated on the periphery of the alluvial plain. Comparing the 2003 map to values
estimated from rill erosion measurements (Fox et al., 2006) indicates that the spatial distribution
is good with a small tendency for some fields to be moved from Low to Moderate and
Moderate to High erosion categories in the RUSLE simulation, confirming that rates are probably
slightly overestimated here.

Traditional vineyard production is a major source of revenue for Mediterranean farmers. However, it
contributes to water pollution from pesticides and sediment inputs, so a decrease in vineyard soil
erosion is beneficial for both aquatic habitats and groundwater quality. In this case, vineyard area
evolved mostly under urban pressure as developed areas encroached onto agricultural land, but part of
the loss was the result of deliberate political choices in the state’s effort to reduce marginal producers
and improve wine quality through uprooting premiums. It is likely that the changes described here led
to better vineyard production profit margins (greater value per unit ha) and reduced agricultural water
pollution in the 50-year interval (independently of the evolution in pesticides used).

Soil erosion rates increased marginally as fields shifted to steeper slopes, but the overall trend in soil
loss was dominated by changes in area. Vineyard lost about 2/3 of its area to Urban and Suburban land
covers and about 1/3 to various forms of grass and shrub lands (Roy et al., 2014). The conversion from
agricultural to vegetated surfaces helped mitigate the impact of land cover changes on runoff (Fox
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et al., 2012). Most of the vineyard lost was located in the alluvial fan where soils are deeper and more
fertile than on bedrock upslope, where new vineyards were implanted. The overall result is a substantial
permanent loss in good agricultural land to impervious surfaces and a small, potentially ephemeral,
gain in vegetated area (grass and shrub lands). We consider the loss of good farmland a much greater
cost than the profit and water quality benefits described above, particularly as these could have been
brought about using other strategies (organic farming...). Sustainable land management would
require local authorities to develop surrounding hills for urban and suburban land covers and preserve
the alluvial plain for agriculture activities rather than the contrary, as was done over the 50-year interval
studied here.

4. Conclusions

The study quantified the impact of land cover change on soil erosion in vineyards in the Giscle
catchment in south-east France where RUSLE was used in the IDRISI GIS environment to create and
compare soil erosion rates and maps of 1950, 1982, 2003, and 2011. Public subsidies and urban/
suburban pressure decreased vineyard area by about 30%. Although mean erosion rates increased
slightly, the net effect is a decrease in the total sediment loss in the catchment due to the change in
vineyard area. The shift of vineyards to steeper slopes is unusual, as most studies observe the
abandonment of steeper slopes in favor of more intensive agriculture in alluvial plains. This contra-
diction is probably only true for vineyards (and not cereal crops). Total erosion in 2011 represents about
75% of erosion in 1950-1982, and this is probably good news for water quality and port authorities in
charge of maintaining navigation channels in the Gulf of St Tropez ports. However, the permanent
transformation of fertile soil to impervious surfaces represents a major loss for the catchment.
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