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ARTICLE INFO ABSTRACT

Keywords: Although soil erosion in vineyards is key to understanding the sustainability of agricultural management, there is
Soil erosion not a worldwide definitive state-of-the-art review. It is accepted that soil erosion in vineyards has been more a
Vineyards scientific issue than an agronomic and environmental concern, and this review will point out key issues that will

Bibliographic review
Natural factors
Anthropogenic factors

allow the designing of new and advanced research projects. It is demonstrated that soil erosion in vineyards is
well assessed in the scientific literature with a diverse array of studies in Europe, but there is a lack of similar
studies on other continents such as America and Oceania and no research in Africa or Asia. Chile and Germany
were the pioneer research countries with professors Gerold Richter and Riquelme Chaparro leading early erosion
work in vineyards, but the most surveyed countries are France, Italy and Spain, with Greece and Germany also
having a large number of studies. Most of the research has been based on modelling, rainfall simulation and
erosion plots. The survey concludes that soil erosion rates in vineyards are higher than those in other land uses
and represents a worldwide threat to sustainability in vineyards. This is due to intense tillage, planting of vi-
neyards on steep slopes and in poor soils. There is a need to find management practices that are socially and
economically acceptable to farmers and that will achieve sustainability through reduction of soil losses via

nature-based solutions.

1. Introduction

Soil is a key sphere of Earth's ecosystems (Duchaufour 1970;
Fitzpatrick 1980; Jenny 1961). They regulate Earth's biogeochemical
cycles and influence hydrological and erosional processes (Aradottir
and Hagen 2013; Mol and Keesstra 2012; Rodrigo-Comino et al. 2018a).
Soils supply goods, services and resources to humankind that are key to
achieving sustainable civilizations (Mase et al. 2015; Riding et al.
2015). Soils also play a central part in the United Nations Sustainable
Development Goals (Keesstra et al. 2016a), and a sustainable society
needs healthy soils to keep humans healthy (Steffan et al. 2018).

Soil erosion is a major threat to achieving sustainability in agroe-
cosystems. High erosion rates disturb natural cycles and crop produc-
tion (Alewell et al. 2015; Muluneh et al. 2017a), making soil erosion
one of the most important issues that needs to be solved by humankind
to achieve sustainability (Garcia-Ruiz et al. 2015; Panagos et al. 2017).

Intensive land management practices in agricultural fields such as
maintaining bare soils through the use of herbicides and heavy ma-
chinery induces high erosion rates (Jie et al. 2002). Another key factor
is high rainfall erosivity (Nearing et al. 2017; Feng et al., in press) that
triggers splash and surface wash erosion (Fernandez-Raga et al. 2017).
This in turn results in sheet and rill erosion that leads to a decrease in
soil quality and crop productivity (Keshavarzi et al. 2018; Khaledian
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et al. 2017). Soil erosion rates in vineyards have high values in com-
parison to other types of orchards such as olives (Ibanez et al. 2014;
Kairis et al. 2013; Taguas et al. 2015), almonds (Martinez-Hernandez
et al. 2017), apricots (Keesstra et al. 2016b), citrus (Jianjun et al. 2017;
Cerda et al. 2018) and avocados (Atucha et al. 2013) as well as cereal
crops (Munodawafa 2011; Schweizer et al. 2017).

Studies of soil erosion in vineyards have primarily focused on three
specific countries: France, Italy and Spain, which are known as
“Mediterranean vineyards” in the scientific literature. The International
Organization of Vine and Wine (0O.1.V.) estimated a total worldwide
surface area for vineyards at about 7516 kha, of which Spain (975 kha),
France (785kha) and Italy (690 kha) represent 13.0, 10.4 and 9.2%,
respectively (Table 1) (O.1.V., 2017). These same three countries also
represented the highest wine production (50%) and wine exportation in
terms of volume (18%) and monetary value (57%). However, there are
several other countries that also have large areas of vineyards such as
China, Turkey, USA, Argentina, and Iran (Table 1) and that represent a
high percentage of world grape production (39.1%). This shows that
grape production is not just a Mediterranean issue; although the per-
ception of much of the population is that wine is synonymous with
Mediterranean areas. On the contrary, vineyards are widespread
worldwide and the environmental problems they cause are also wide-
spread. Vineyards also show a clear trend of growing area due to
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Table 1
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Statistics from relevant vitivinicultural countries in 2015-2016. *Data were reported fort the countries with > 100 kha, > 1 Mg 10-6, > 1 hl * 10-6 and > 0.5 billion €. Numbers in

brackets mean the total variation from 2015.
Source: O.I.V., (2017).

Country Surface area (kha) Grape production Wine production Wine consumption Wine exportation Export (billion €)
(Mg 107°) (hl1%107) (h1%10~%) (hl1%10~%)

Spain 975 (+1) 6 (0) 39.3 (1.6) 9.9 (-0.1) 229 (-1.8) 2.6 (0)

China 847 (+17) 14.5 (+0.8) 11.4 (-0.1) 17.3 (+1.1) - -

France 785 (0) 6.4 (0) 43.5 (—2.5) 27 (-0.2) 14.1 (+0.2) 8.2(-0.1)

Italy 690 (+8) 7.9 (-0.3) 50.9 (+0.9) 22,5 (+1.1) 20.6 (+0.5) 5.6 (+0.2)

Turkey 480 (—17) 4 (+0.4) - - - -

USA 443 (+13) 7.1 (-0.2) 23.9 (+2.2) 31.8 (+0.8) 3.8(-0.4) 1.4 (0)

Argentina 224 (-1) 1.8 (—-0.6) 9.4 (-4 9.4 (-0.9) 2.7 (-0.1) 0.7 (0)

Iran 223 (0) 2.2 (0) - - - -

Chile 214 (0) 2.2 (-0.9) 10.1 (-2.8) 2.2 (+0.1) 9.1 (+0.3) 1.7 (+0.1)

Romania 191 (0) - 3.3(-0.2) 3.8 (-0.1) - -

Portugal 190 (-9) - 6(—-1) 4.6 (—-0.2) 2.8 (0) 0.7 (0)

Australia 148 (-1) 1.8 (+0.1) 13 (+1.1) 5.4 (+0.1) 7.5 (7.9 1.5 (0)

Moldova 140 (0) - 1.7 (0) - 1.2 (0) -

South Africa 130 (0) 1.9 (-0.1) 10.5 (-0.7) 4.4 (+0.2) 4.3 (+0.1) 0.6 (0)

Uzbekistan 127 (0) 1.3(-0.1) - - - -

India 120 (0) 2.6 (0) - - - -

Greece 105 (—2) - 2.6 (+0.1) 2.3(-0.1) - -

Germany 102 (-1) 1.2 (0) 9(+0.1) 19.5 (-0.1) 3.6 (-0.1) 0.9 (-0.1)

World 7516 (+1) 75.8 (—1.5) 267 (—-9) 241 (+1) 104 (-0.1) 29 (+0.1)

increasing wine consumption, which was estimated to be > 1hl 10° in
2016 (O.1L.V., 2017).

Soil erosion is a problem that affects vineyards worldwide. This is
well documented in the scientific literature, but there is not a current
review that shows the state-of-the-art. In general, it is accepted that soil
erosion is high in vineyard fields and catchments (e.g. Raclot et al.
2009) and historically this has mainly been a Mediterranean issue
(Prosdocimi et al., 2017b). It is well-known that there is an increasing
expansion of vineyards in other regions and it is necessary to assess
what the scientific community knows so we will be able to better plan
future research. In addition, information about soil erosion in vineyards
has often failed to reach farmers, and we can affirm that soil erosion in
vineyards has been more a scientific issue than an agronomic or en-
vironmental concern. Two possible reasons can be hypothesized for
this: i) there is no soil erosion and it is a pure scientific issue that the
stakeholders avoid, or ii) there is an important lack of information, and
thus, lack of interest by farmers, policy makers and wineries concerning
its consequences. Therefore, a review has been carried out to assess: i)
where and how soil erosion studies have been conducted; ii) which
methods have been applied to measure soil erosion rates; iii) an esti-
mation of soil erosion in vineyards around the world; iv) which factors
are enhancing soil and water losses; v) who did the research and where
it is published; and, vi) which solutions were found to reduce soil losses
and achieve sustainable crop management.

2. Bibliographic review

Ninety-one publications on soil erosion in conventional vineyards
were assessed. These references were compiled from ISI-Web of
Knowledge, Google Scholar, PubMed, ResearchGate and Scopus.
Pioneers in researching soil erosion in vineyards were also contacted
personally. The search was performed in English using the terms “vi-
neyards” and “soil erosion”. The reference lists of every study on the
topic were also reviewed for possible eligible studies about soil erosion
research in vineyards. Several researchers cited local studies in lan-
guages such as French, Spanish, Italian and German, therefore, a new
search was done using the terms érosion du sol and vignobles, erosién del
suelo and vifiedo, erosione del suolo and vigneto, and Bodenerosion,
Weinberg or Weinbau, respectively. Books (4), proceedings (4) and PhD
Theses (6) and several papers in other languages related to the topic
were found, but were not used because they sometimes duplicated the
data in papers and most of them are difficult to find; only some of them

are available to the public.

A data base compiling authors, title, year of publication, journal,
region, method, soil loss rates (gm~!, gm~2h~!, m>® Mgha ',
Mgha *h~! and Mgha 'yr~1!), runoff coefficient (%), sediment
concentration (g1~ ") and main conclusions was developed. Depending
on how data were obtained, adjustments had to be performed: i) when
monthly or yearly data were presented in tables, mean values were
calculated; and ii) if more than one study area was surveyed in the same
article, all of them were treated as different study cases. However, for
our soil erosion survey only data in Mg ha™" yr ~! was used because this
is the most comparative and representative unit. The other data with
different units were disregarded, assuming that generalization was
problematic.

3. Data dissemination

Several studies applying a wide range of methods have been carried
out to assess and quantify soil erosion in vineyards over the last
50 years. Ninety-one articles were assessed, of which 86.7% were
published since 2000 and only 13.3% between 1977 and 2000 (Fig. 1).
The earliest measurements of soil erosion in vineyards took place in
South America, in the Nuble Province of Chile from 1971 to 1974, after
high soil losses were observed in a tilled vineyard. The data was pub-
lished in Merino et al., (1979) in Spanish by the Chilean Journal of
Agricultural Research. It resulted from research at the Department of
Agronomy of the Universidad de Concepcién that formed the PhD
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Fig. 1. Number of published papers from 1977 through September 2017.
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European Journal of Soil Science
Agronomy journal

Zeitschrift fiir Geomorphologie

Applied Engineering in Agriculture

Water Resources Management
Transactions of the ASABE

The Journal of Agricultural Science

Solid Earth

Soil science and plant nutrition

Regional Environmental Change

Progress in Physical Geography
Proceedings of the National Academy of Sciences
Plant Soil and Environment

Natural Hazards

Journal of Soil and Water Conservation
Journal of Hydrology and Hydromechanics

Journal of Mountain Science
25%

Journal of Environmental Biology
International Journal of Remote Sensing
Int. J.of Applied Earth Observation and Geoinformation
Geoderma

Environmental Sciences Pollution Research
Earth Science Information

Cuadernos de Investigacion Geografica
Ecological indicators

Chilean Journal of Agricultural Research
Cahiers ORSTOM .Série Pédologie
Agriculture and Agricultural Science Procedia
Agriculture & Food

Agricultural Water Managemet

Acta Geographica Slovenica

Journal of Environmental Management
Gepgraphical Research

Hydrological Processes

Soil Use and management

Bollettino della societa geological italiana
Earth Surface Land & Processes
Carpathian journal

Agriculture Ecosystems & Environment |
Land Degradation & Development

Science of the Total Environment
Soil&Tillage Research

Catena
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Fig. 2. Journals that have published papers related to soil erosion in vineyards.

Thesis of Prof. Riquelme Chaparro, which focused on soil water prop-
erties (Riquelme Chaparro 1970) and some other studies conducted
from an agronomic point of view (Riquelme Chaparro et al. 1972).

The first paper published in an international (English language)
peer-reviewed journal was by Richter and Negendank in 1977 in-
vestigating soil erosion in old and young vineyards in Germany using 13
erosion plots. This research was conducted in the sloping vineyards
(> 20°) of the Ruwer-Mosel Valley from 1974 to 1975. After this
publication, several research papers (Richter 1980, 1983) and books
(Richter 1975, 1979, 1989, 1991), most of them in German, were
published at the experimental research station designed by Trier Uni-
versity.

The German group from Trier University started to highlight the
importance of two driving factors of soil erosion that have been highly
assessed during the 21th century: i) activation of geomorphic processes
due to extreme rainfall events (Biddoccu et al. 2016; Martinez-
Casasnovas et al. 2002; Rodrigo-Comino et al. 2017a); and ii) the in-
fluence of the age of vineyards on soil erosion (Cerda et al. 2017a;
Rodrigo-Comino et al. 2017b). On the other hand, the Chilean research
group established the first research into the use of cover crops in vi-
neyards in 1971, which is the main topic of research groups such as
IMIDRA (Instituto Madrilefio de Investigacién y Desarrollo Rural,
Agrario y Alimentario) (Marques et al. 2010; Ruiz-Colmenero et al.
2011, 2013), SEDER (Soil Erosion and Degradation Research Group)
(Prosdocimi et al., 2016a, 2017a; Cerda et al., 2017a, b), the Italian
National Research Council (Biddoccu et al. 2016, 2017a) and the Uni-
versity of Palermo (Novara et al. 2011, 2013, 2018). The two ap-
proaches (geomorphological and agronomical) are due to the fact that
the two groups come from different disciplines. The German research
group is based on a physical geography foundation (Gebhardt et al.
2012) and the Chilean group on an agronomy foundation. Both teams
worked in isolation and their findings never reached the other team.
Only now, with this review, have Trier researchers found the

contributions of the Chilean team and interviewed the authors of the
Chilean research. The Trier group agrees that the Chileans were the
pioneers of soil erosion research in vineyards, but that both teams de-
veloped vineyard erosion research programs on their own.

During the 1980s, research teams from Italy, France and Spain
published the first studies about soil erosion in vineyards related to the
influence of bare soils and parent material (Tropeano 1984), manage-
ment practices (Augustinus and Nieuwenhuyse 1986) and inherent soil
properties such as soil texture and soil water retention capacity
(Lasanta 1985; Ortigosa and Lasanta, 1984). During the end of the
1980s and early 1990s, the first modelling techniques based on Landsat
remote sensing (Jiirgens and Fander 1993a, 1993b) were conducted in
Trier and Champagne (France) (Gourbesville 1997). The datation
techniques with Caesium-137 (Loughran et al., 1988, 1992; Loughran
and Elliot 1996) were introduced to study soil erosion in the Hunter
Valley viticulture region in New South Wales, Australia.

Soil erosion in vineyards has been a relevant topic that is bringing
new ideas to the scientific community during the 21st century.
Concerns are being addressed from different perspectives and points of
views than those used by the Chilean and German pioneer research
teams. Different groups have published several articles combining soil
erosion monitoring, modelling and experimental techniques in the vi-
ticulture regions of Pénedes by Lleida University (Martinez-Casasnovas
et al. 2005; Ramos, 2006, 2016; Ramos et al. 2000) and Malaga
(Martinez Murillo and Ruiz Sinoga 2003; Rodrigo-Comino et al. 2016a,
2017c; Ruiz Sinoga 1987) in Spain. Other research groups are located in
the Chianti (Napoli et al. 2013, 2016, 2017) and Sambuca-Sicily
(Novara et al. 2011, 2013, 2015, 2016, 2018) regions in Italy and
Burgundy (Brenot et al. 2006, 2008; Quiquerez et al. 2008, 2014) and
Montpellier-Nancy (Blavet et al. 2009; Le Bissonnais et al. 2002; Raclot
et al. 2009) in France.

It is also important to stress the potential unpublished studies that
have been performed. For example, scientists interviewed indicated
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that many research projects on vineyards were started few decades ago
in Portugal, Italy, France and Spain, but the data are not available to the
general public or is published in their respective native languages,
making it less assessable to the international scientific community as a
whole. Therefore, it is important to investigate the distribution of re-
sults from different countries over the last 20 years, when the number of
publications in vineyard erosion research increased considerably. Fig. 2
shows the number of published papers per journal and the primary
areas they reported on. Thirty-two and 25% of the total papers re-
porting on soil erosion in vineyards were published in soil science and
miscellaneous journals, respectively. Agricultural (13%), geomorpho-
logical-geological (11%), and geographical (9%) journals have also
published papers related to soil erosion in vineyards. Erosion is a topic
that has also drawn interest in hydrological, biological and cartographic
journals. In total, the papers for this review were compiled from 45
different journals. This shows a healthy and diverse distribution of the
science. Catena was the journal with the highest number of papers
published on soil erosion in vineyards (15), followed by Soil & Tillage
Research (7), Science of the Total Environment (6) and Land De-
gradation & Development (5).

4. Methods to assess and quantify soil erosion in vineyards

At least seventeen different methods have been applied to assess and
quantify soil erosion in vineyards. Fig. 3 shows that the largest category
of research projects was based on soil monitoring methods with direct
measurements, followed by modelling. Smaller numbers of projects
used field and laboratory experiments.

Fig. 4 shows the different methodological approaches that have
been used to investigate soil erosion in vineyards. The most utilized
technique to assess and quantify soil erosion has been soil erosion plots,
used in twenty papers (Fig. 4a). Erosion plots are characterized by ei-
ther an open and uncertain area (Rodrigo-Comino et al. 2017a, 2017b)
or closed and well-known area (Komac and Zorn 2005; Ramos et al.
2015; Vrsic et al. 2011) with a sediment collector or Gerlach trough
(Gerlach 1967). The main advantage of both methods is that the soil
erosion units used are usually common and easy to compare to other
studies. In open plots, gm ™~ or Im ™ are typically used while in closed
plots the units are usually gm~2yr~' or Mgha™!yr ™. The plot sizes
ranged from 0.5 m? to 10 m>.

A total of nine papers were published using soil erosion pins to
measure the lowering of the soil surface. Erosion pins (Fig. 4.b) function
as passive indicators of soil erosion/deposition (Bazzoffi et al. 2006;
Novara et al. 2011, 2018; VrSi¢ 2011). Other researchers used

Sedimentological analysis
Modelling (WEEP)

Modelling (WATEM/SEDEM) |

Modelling (STREAM)
Modelling (MOUSE)

Modelling (Metadata analysis) I

m Soil monitoring
Modelling
| ®Experiments

Laboratory analysis
Modelling (Remote Sensing)
Runoff simulator
Modelling (LandSoil model)
Modelling (ABAG)
Modelling (SWAT)
Datation
Modelling (RUSLE, USLE)
Erosion pins
Rainfall simulation
SUM and ISUM

Erosion plots
01234567 891011121314151617 181920

Number of published papers

Fig. 3. Methodological approaches per published paper on soil erosion research in vi-
neyards.
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techniques based on modelling the terrain (Fig. 4c). Ten studies were
published based on the USLE (Universal Soil Loss Equation), its various
improvements (e.g., MUSLE, RUSLE, RUSLE2) (Napoli et al. 2016;
Panagos et al. 2014; Zdruli et al. 2016; Brevik et al. 2017) and regional
adaptions such as the German version (ABAG, Allgemeine Bodenab-
tragsgleichung) (Hacisalihoglu 2007; Tetzlaff and Wendland 2012).
Other studies focused on including other soil-water parameters such as
LandSoil (Ciampalini et al. 2012; David et al. 2014), MOUSE
(Gourbesville 1997), STREAM (Paroissien et al. 2015), SWAT
(Martinez-Casasnovas et al. 2016; Napoli et al. 2013), WATEM/SEDEM
(Lieskovsky and Kenderessy 2014) or WEEP (Ramos 2016). The authors
typically confirmed the difficulties in obtaining predictions for soil
erosion processes due to the high variability of rainfall, the contribution
of extreme events to annual soil losses, and human impacts that make it
difficult to predict soil dynamics. However, the biggest advantage is
that these methods allow the prediction and assessment of erosion at
large scales and over long-time periods.

Another method is chronological dating, which has been used in
eight publications (Fig. 4d). The use of isotopes in vineyards started at
the end of the 1980s in Australia (Loughran et al. 1988, 1992). These
methods have also led to one publication in Germany for Bavarian
plantations (Schmitt et al. 2003) and Italy for Sicilian ones (Novara
et al. 2015). The main drawback to this method is its cost and the high
number of samples that are necessary (Loughran and Elliot 1996).

Rainfall simulators were used in eleven papers (Fig. 4e). These de-
vices allow quantification of initial soil erosion processes at the pedon
scale (Cerda, 1999a, b), and the soil erosion units that are typically used
(g, gm~ % gm 2h~!, Mgha~'h™!) make it difficult to compare re-
sults from different places. The use of different simulators or the same
one to compare soil erosion across different viticultural regions (France,
Spain and Germany) has also been tested (Rodrigo-Comino et al. 2016b,
2016¢). Plots from 0.1m? to 1m? and rainfall intensities from
40mmh~! to 120 mmh ™! were the most frequently used in soil ero-
sion studies in vineyards. Other research groups have used rainfall si-
mulators to conduct experiments in soil erosion under different soil
managements (Arnaez et al. 2007; Blavet et al. 2009; Morvan et al.
2014), ages of plantation (Cerda et al. 2017a) or slope positions
(Rodrigo-Comino et al. 2016a).

The use of runoff simulations is not so common in studies of soil
erosion in vineyards. Actually, only two papers have been published,
both of them in Spain, and with two very different goals. Garcia-Diaz
et al. (2017a, 2017b) applied runoff experiments (=1201) to measure
losses of nutrients and the runoff generation in Campo Real (Madrid,
Spain) under different vegetation covers (Fig. 4f.1). Rodrigo-Comino
et al. (2017c) assessed the capacity of two anthropogenic rills
(=10001), called agri-spillways, to canalize soil and water losses after
extreme rainfall events (> 130 mm h 1) in the sloping vineyards of the
Axarquia region (Mélaga, Spain) (Fig. 4f.2).

Finally, eight papers have been published related to the Stock
Unearthing Method (SUM) (Fig. 4g). This method is a dendro-geo-
morphological tool that is based on measurement of the distance from
the topsoil to the grafted vine stock union (Brenot et al., 2006, 2008;
Casali et al. 2009). SUM has been confirmed as a passive indicator of
topsoil movement since the initial planting of vine stock and used to
estimate soil erosion with GIS and models (Biddoccu et al. 2017c;
Chevigny et al. 2014; Paroissien et al. 2010) or Gerlach collectors
(Rodrigo-Comino et al. 2016d). Recently, new improvements (ISUM)
related to increased measurements in the inter-row areas are being
developed taking into account several factors such as the age of plan-
tation or the time since tillage (Rodrigo-Comino et al., 2018b, 2018c;
Rodrigo-Comino and Cerda 2018).

5. Studied areas

Fig. 5 shows the locations of European sites where soil erosion in
vineyards has been studied. The country with the most studies is
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Soil profile

Modelling

Fig. 4. Representations of the different methods applied to study soil erosion in vineyards. a: plot erosion; b: pins; c: remote sensing; d: datation; e: rainfall simulations; f.1: runoff
simulation with close plots; f.2: runoff simulation with open plots; g: SUM (stock unearthing method) and ISUM (improved stock unearthing method).

France, with a total of 18 different studies in areas such as Bourgogne,
Ardeche, Vaucluse, Champagne, Languedoc-Roussillon, Alsace, Bur-
gundy and Aude. The country with the second most studies is Italy with
14 different groups in the Piedmont, Tuscany, Emilia Romagna, Pi-
cardy, Agrigento and Venice regions. The third country is Spain, with
seven places distributed in Penedés, Axarquia-Malaga, Campo Real,
Navarre, Terres dels Alforins (Valencia) and La Rioja. In Germany, five
different locations have been studied in the Ruwer-Mosel Valley, Hesse
and Bamberg. Four different places have been studied in Hungary
(Tokaj, Horny Oha; Fejér, and Nagy-Eger regions) and Greece (Crete,
Santorini, Spata and Rhodes regions). Two regions have been studied in
Portugal (Evora and Alto Douro) and Slovenia (Besnica Valley and
Maribor) as well as one location in Albania (Korcé region).

Fig. 6 shows six sites where soil erosion studies took place outside of
Europe. Four different places in the USA, in California and the Lower
Yakima River Basin of Washington, have been studied. The Maxwell's
Maluna Vineyards in New South Wales (Australia) and the Nuble pro-
vince of Chile have also been investigated. It must be emphasized that
no research has been conducted (at least published) in Africa, where
South Africa is a large producer along with the countries of the Magreb.

In addition, Iran and China, which both have growing raisin and wine
production, have not contributed any publications to the vineyard soil
erosion literature.

6. Soil erosion rates according to methods and study areas

The soil erosion rates found by different investigation methods are
shown as box plots in Fig. 7. They show the wide variability in results
obtained. Pins showed the highest soil erosion rates in vineyards fol-
lowed by chronological dating and SUM. Soil erosion plots and RUSLE/
USLE recorded similar mean rates, although soil erosion plots had
higher maximum values. Similar rates were also found by the remote
sensing and metadata analyses. The lowest values of mean soil erosion
were estimated by the modelling analysis techniques. Only LandSoil
registered values as high as 10Mgha~'yr~' (10.6 Mgha 'yr™1),
while SWAT, WATEM-SEDEM and ABAG mean values were lower.

Fig. 8 shows the results of vineyard erosion studies by country or
region. The country with the highest erosion rates is Italy. Erosion rates
in Australia, Albania, Slovakia, USA, and the Mediterranean were si-
milar, as were erosion rates in Hungary, France, and the rest of Europe.

16 Roujan, Languedoc-Roussillon

Albania Italy
N 0 250 500 1.000 1 Korge region 32 Albugnano, Piedmont
France 33 Alto Monferrato, Piedmont
Kilometers 2 Aloxe-Corton, Bourgogne 34  Aosta valley, Piedmont
3 Cévennes-Vivarais, Ardéche 35  Carpeneto, Piedmont
4 Cotes-de-Beaune area, Burgundy 36  Castelfiorentino, Tuscany
5 Entrechaux, Vaucluse 37  Cesena, Emilia Romagna
6 Fort-Chabrol a Epernay, Champagne 38  Chianti, Tuscany
7 LaRomane, Auvergne-Rhdne-Alpes 39  Cinzano, Piedmont
8  Lake Saint André, High Provence 40  Florence, Tuscany
9  Languedoc-Roussillon 41  Greve area, Tuscany
10 Le Pradel, Ardéche 42 Laonnois, Picardy
11 Limoux, Aude 43 Mongardino, Piedmont
12 Montagne de Reims, Champagne 44  Sambuca di Sicilia, Agrigento
13 Monthelie, Burgundy 45 Vittorio Veneto, Venice
14 Peyne, Languedoc Portugal
15 Rouffach, Alsace 46  Evora

47 _ Vila Real, Alto Douro

17 Villarzel-Cabardés,
Languedoc-Roussillon

Slovenia

18 Vosne-Romanée, Burgundy
Germany

48  Besnica Valley
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Fig. 5. Location of the areas where soil erosion research has been conducted in Europe.
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Fig. 6. Location of the areas where soil erosion research has been conducted in North America, South America and Australia.
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Fig. 7. Soil erosion rates in vineyards per methodological approach.

Spain, Germany, and the European continental average showed similar
soil erosion rates. Overall, the Mediterranean is more threatened by soil
erosion than the rest of Europe.

7. Discussion
7.1. Driving factors of soil erosion processes and associated problems
Review of soil erosion research in vineyards shows that there are

some factors that accelerate soil erosion rates and there are several
driving factors that determine the sustainability of grape and wine
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Fig. 8. Soil erosion rates in vineyards by country or regions.
production. These factors are either man-driven or nature-driven.

7.1.1. Nature-driven factors

Vineyards are usually found on steep slopes as they are located on
less productive soils (Fig. 9a and b). The influence of the inclination on
gravitational transport has been widely studied under natural and la-
boratory conditions (Fox et al. 1997; Nadal-Romero et al. 2014). In
vineyards, there seems to be a general consensus that inclinations > 10
to 15% can be considered a factor driving erosion (Battany and Grismer
2000; Ruiz-Colmenero, 2012; Vrsic et al. 2011). Nonetheless, wine- and
vine-growers keep planting vineyards on extreme hillslopes, some
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Fig. 9. Examples of different European conventional vineyards collected thanks to diverse research groups. a: Vosne Romanée, France (Jérome Brenot); b: Champagne, France (Xavier
Morvan); c: Saar valley, Germany (Jests Rodrigo-Comino); d: Axarquia, Spain (Jests Rodrigo-Comino); e: Valencia, Spain (Artemi Cerda); f: Navarre, Spain (Javier Casali); g: Valencia,
Spain (Saskia Keesstra); h: Luxembourg (Jestis Rodrigo-Comino); i: La Rioja, Spain (Teodoro Lasanta); j: Pénedes, Spain (Maria Concepcién Ramos); k: NE Italy, Prosecco vineyards on
terraces (Paolo Tarolli); l: Huesca, Spain (Manuel Lopez-Vicente); m: Zagreb, Croatia (Igor Bogunovic); n: Sicily, Italy (Agata Novara); o: Trier, Germany (Jestis Rodrigo-Comino); and, p:

Maribor, Slovenia (Stanislav Vr$i¢).

reaching > 50% such as in the Saar and Mosel valley (Fig. 9¢) or in the
Montes de Malaga (Fig. 9d).

On the other hand, the importance of inclination can be reduced by
other factors such as soil properties, which are mainly affected by the
parent material (Cerda, 1999a, b; Mohammadkhan et al. 2011; Orgill
et al. 2017). It is common that vine plantations occupy fragile soils
(Fig. 9e and f) characterized by extreme basic or acidic pH, clay or
loamy textures, low soil water retention capacity and total organic
carbon values lower than 3%; these soils are often formed in marls or
limestones (Blavet et al. 2009; Fernandez-Calvino et al. 2016). The
fragile soils often found in vineyards can contribute to high soil loss
rates and overland flow discharge even when they have negligible slope
angles.

Rock fragment cover has been identified as a key factor influencing
erosion in vineyard soils. Rock fragments are often embebbed in the soil
and act as a crust as described by Follain et al., (2012) and Poesen et al.,
(1990). These rock fragments are able to act as an armour from the
point of view of sediment detachment and reduce soil losses and splash
effect (Jomaa et al. 2012) when the rock fragment cover is > 30%.
Using 96 rainfall simulations in vineyards, Rodrigo-Comino et al.
(2017d) demonstrated that farmers should not remove rock fragments
from their soils as they contributed to reduced soil losses, although the
runoff rates were increased (Fig. 9 g). The rock fragment mulch can act
as a cover that increases sustainable management as it reduces soil
losses. This is a modern approach to improve environmental conditions
through the use of nature-based solutions (Keesstra et al. 2018).

Other natural factors include the concentration of rainfall events
and their intensity. It is well-known that these parameters have a high
impact on the kinetic energy, drop size distribution and velocity of

rainfall that affects the erosivity of the rainfall and with that the po-
tential soil erosion (Feng et al., in press; Herwitz 1987) by breaking
aggregates (Marzen et al. 2015) and transporting sediments downslope
(Shi et al. 2012). Several authors have indicated the possibility that
climate change could increase soil erosion rates and productivity losses
in vineyards (Ramos 2016; Ramos and Mulligan 2005) as well as the
transport of pollutants (Garcia-Diaz et al. 2017a; Serpa et al. 2017).
Finally, vegetation cover, animals and microorganisms also act as im-
portant environmental factors. Sporadic natural vegetation cover
(Fig. 9h) is able to hold soil in place against sediment transport and
overland flow episodes through the roots and intercept the splash effect
(Belmonte Serrato and Romero Diaz 1998; Kozak et al. 2007) during
heavy rains in the inter-row areas. However, vegetation is commonly
eliminated due to water scarcity and the negative view of vegetated
fields by farmers (Marques et al. 2015). Animals and microorganisms
are recognized as the most important factor that increases organic
matter, which increases aggregate stability; the processing of fresh
plant material into humus can reduce soil erodibility and conserve
biodiversity in vineyards (Bruggisser et al. 2010). However, farmers try
to eliminate the macro-fauna such as rabbits, birds and wild boars be-
cause they damage grape production (Assandri et al. 2017; Barrio et al.
2012). Therefore, more research should focus on assessing the most
effective strategies to conserve an equilibrium between biodiversity and
vineyard conservation.

7.1.2. Anthropogenic factors

The most important anthropogenic factor that enhances soil erosion,
as reported by almost all scientific literature related to vineyards, is the
practice of keeping the soils bare (Fig. 9i and j). Conventional farming
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in vineyards is traditionally characterized by the application of herbi-
cides and the use of machinery and hand tillage to eliminate weeds
(Biddoccu et al. 2017b; De Santisteban et al. 2006; Vrsi¢ 2011). This
land use management enhances local soil erosion, but also forms pro-
blems at the catchment scale such as landslides, floods and pollutant
transport (Raclot et al. 2009; Sofia and Tarolli 2017). Due to high
rainfall runoff ratios and intense tillage practices high volumes of water
and associated sediments and pollutants are transported downslope,
which can be dangerous for villages and forestry areas close to the
outlets as was the case for several French and Spanish catchments
(Martinez-Casasnovas et al. 2009; Meyer and Martinez-Casasnovas
1999; Raclot et al. 2009). Moreover, badly designed structures such as
roads or terraces (Jordan-Lopez et al. 2009; Tarolli et al. 2015) can act
as efficient ways to artificially canalize water, sediments, nutrients and
pollutants (Fig. 9k and 1).

It is well-known that the use of machinery (Fig. 9m and n) causes
soil compaction (Arnaez et al. 2007; Brevik and Fenton 2004), the
generation of ephemeral gullies and rills when tillage is conducted in
the downslope direction (Ferrero et al. 2005; Lieskovsky and
Kenderessy 2014), increased soil roughness (Prosdocimi et al., 2017a)
and the retention of CO, fluxes (Bogunovic et al. 2017). However, in
areas where pruning the vintage and tillage due to the steep slopes
makes it difficult to conserve high productivity, the use of tractors is
considered mandatory. The use of machinery is compulsory today due
to the cost of labour but we must work to find machinery that causes
less damage to the soil. Therefore, more research is needed to look for
mechanization that is less invasive and dangerous for soil conservation.

One important issue that has largely been overlooked in terms of
soil erosion is the age of the plantations. Although it was mentioned by
the pioneer research of Richter and Negendank, (1977) in the Ruwer-
Mosel valley, it has only recently been shown to be one of the main
factors controlling soil erosion rates in vineyards (Fig. 90). This is be-
cause large amounts of sediments are mobilized and the soil structure
changes dramatically when the surface of the hillslope is levelled
(Biddoccu et al. 2013; Pellegrini and Vanino 2006; Ramos and
Martinez-Casasnovas 2006). Therefore, during the first and second year
after planting the vines, the soil is not well consolidated and the impact
of rain drops is larger by up to an order of magnitude (Fig. 9p) than
after 5, 10 and 25years (Cerda et al. 2017b; Rodrigo-Comino et al.
2017a).

Finally, another important factor that needs study is the effect of
trampling. This has only been mentioned in some studies by Brevik and
Tibor (2014) and Quinn et al. (1980). During the vine plantation,
pruning, vintage and tillage, vine-growers walk on the soil surface and
compact the topsoil layer; this soil compaction causes less infiltration
capacity and therefore more runoff. This higher runoff can transport
more sediment and create new linear micro-features and ponds
(Rodrigo-Comino et al. 2016b, 2017a).

7.2. Looking for sustainable wine production to achieve low erosion rates

The main objective of sustainable food production is to maintain
production levels and quality for long periods of time without dama-
ging the ecosystem. In vineyards, a key challenge to sustainable pro-
duction is high erosion rates, which is the result of human and nature-
driven factors (Vaudour 2002; Vaudour et al. 2017).

To achieve sustainable production soil erosion rates need to
be < 1Mgha~'yr~! (Verheijen et al. 2009). This review demonstrates
that soil erosion rates in vineyards are currently at least one order of
magnitude higher. Therefore, there is a lot to be done by scientists,
enterprises, farmers and policy makers to contribute to sustainable
management in vineyards. A common strategy to control the high
erosion rates in vineyards is the use of mulches such as barely straw
(Prosdocimi et al. 2016c¢) or vegetation cover such as grass (Biddoccu
et al. 2016; Marques et al. 2010; Morvan et al. 2014), which results in
an immediate reduction in sediment and water losses. The use of
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geotextiles in vineyards (Kertész et al. 2007) has also demonstrated that
control of soil erosion is possible. However, the main environmental
challenge when straw, geotextiles, vegetation cover or seeds for catch
crops are used are the potential change in species composition and
invasion of plants that can modify the environmental conditions. There
are also cultural challenges, as farmers view a tidy cultivated area as
being indicative of good management (Cerda et al. 2017a; Keesstra
et al. 2016b). In addition, farmers often perceive soil erosion problems
differently than scientists, and often don't see erosion as a problem in
and of itself (Brevik et al. 2017). The strategies commonly used to avoid
soil and water losses are expensive due to the treatment and origin of
the materials, which often need to be transported (i.e., straw) or pro-
duced (i.e., geotextiles). It is also necessary for farmers to handle these
materials, spreading, sowing, or laying them over their vineyards.
Moreover, there is a need for more information regarding the efficiency
of these practices (Marques et al. 2015; Martinez-Casasnovas et al.
2010). The use of soil erosion control measures can increase water
competence and reduce grape production and quality, changing the
taste of the wine (Ruiz-Colmenero et al. 2011). Therefore, vine and
wine growers have an unsolved internal conflict: not applying soil
erosion control measures may increase productivity and efficiency but
lead to high soil erosion rates, reducing soil fertility over medium and
long-term periods, or follow new conservationist methods and have less
productive vines (Garcia-Diaz et al. 2017b; Novara et al. 2018). Future
research into this issue should not only address the biophysical ap-
proach but also social and economic constraints farmers need to face
when they apply new management strategies and how to increase ef-
ficiency. Within this issue, the perception of the farmers and possible
subsides to support the management strategies that are promoted will
be essential to finally achieve sustainable agriculture (Galati et al.
2016).

7.3. Research challenges

In this section, several research topics related to vineyard studies
that need to be addressed by scientific groups are discussed. Firstly,
research should focus on developing methods that will be available to
carry out soil erosion measurements and allow different study areas to
be compared and contrasted, for example by applying or combining old
(i.e., Gerlach collectors) and recent methods (i.e., ISUM). It is necessary
to apply methods that are able to assess hydrological processes and
sediment detachment, transport and sedimentation over both short- and
long-term periods. Secondly, more research is needed to survey the
spatial variability of soil erosion, and this should be developed at dif-
ferent scales such as the pedon and catchment scales, where the con-
nection of the processes between them is not clear. This is needed to
fully understand and use the concept of connectivity (Borselli et al.
2008; Poeppl et al. 2017) and dis-connectivity (Fryirs 2013; Fryirs et al.
2007) in the investigation of vineyard flow and sediments (Marchamalo
et al. 2016) and to model (Masselink et al. 2016) and understand how
sediment is transported along a watershed (Buendia et al. 2016).
Thirdly, vineyard researchers should increase the connection between
models and reality, making the results more accurate. Unfortunately,
Ramos (2016) and Serpa et al. (2017) highlighted that the new climate
change scenarios will not make this methodological awareness in
modelling hydrological processes and land use changes easier.

Moreover, to be able to complete the global database of soil erosion
in vineyards, standardization of the units and methods should be de-
veloped. The results and comparisons of this study have been limited to
rates reported in Mg ha™' yr !, undoubtedly missing other interesting
values that would have given useful information about the high spa-
tiotemporal variation of soil erosion in vineyards and its world-wide
magnitude.

A very important aspect of future research needs to focus on finding
suitable solutions based on inexpensive and accessible materials, and
management practices that are useful and do not generate a bad
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perception among the wine- and vine-growers that are implementing
these strategies. These solutions should be added to develop suitable
land management plans that can easily be transmitted to stakeholders
and policy makers. Solutions should be sought that follow the concept
of nature based solutions. Management strategies based on this idea are
by principle more sustainable as they are designed to improve them-
selves over time and create less connectivity of water and sediment,
which is beneficial to the farm through conserving and improving soil
and water availability. Downstream areas will also benefit from nature
based solutions through reduced flooding and sediment or pollutant
fluxes. In addition, these kinds of measures enhance the ecosystem
services of the landscape such as improved biodiversity, a more beau-
tiful landscape, cleaner water and of course sustainable food produc-
tion.

8. Conclusions

Soil erosion rates in vineyards show very high values. Soil erosion is
a problem that affects vineyards worldwide, but particularly in the
Mediterranean. This paper demonstrates that research on soil erosion in
vineyards: i) is widely assessed in the scientific literature; ii) has been
published in many different scientific journals; iii) is a problem in dif-
ferent regions of the world; and, iv) is studied using a diverse set of
methodologies, which makes it difficult to form a general consensus on
erosion rates and possible conservation and restoration options due to
different soil erosion units and variable spatial and temporal scales.
Therefore, new research must be done in order to standardize soil
erosion measurements for different environments and under different
natural and anthropogenic factors. Moreover, this research has to go
beyond the biophysical approach to include social and economic con-
straints, because farmers need to be comfortable when they apply new
management strategies and be convinced they will increase efficiency.
Within this issue, the perception of the farmers and possible subsides to
support the management strategies that are promoted will be essential
to finally achieve sustainable agriculture in vineyards.
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