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RESUMEN 

La erosión es una de las principales formas de degradación del suelo que tiene lugar en ambientes 

Mediterráneos semiáridos. En este sentido, los viñedos son los cultivos que suelen alcanzar las 

tasas más elevadas de pérdida de suelo como consecuencia de permanecer desnudos o con una 

cubierta vegetal muy baja la mayor parte del año, un manejo convencional consistente en un 

laboreo continuo que degrada la estructura del suelo y favorece la mineralización de la materia 

orgánica, que ya de por sí suele registrar bajos niveles. Además, muchas zonas vitícolas están 

asentadas sobre laderas con fuertes pendientes. Como consecuencia, en numerosos 

emplazamientos las tasas de erosión llegan a ser muy superiores a la velocidad de formación del 

propio suelo, comprometiendo así la viabilidad de la producción y la calidad de los viñedos a 

medio y largo plazo.  

En la literatura científica, la erosión en viñedos ha tenido un papel destacado en los últimos años. 

La pérdida de nutrientes está asociada también con la erosión. Este problema genera déficits en la 

nutrición de la planta y el agricultor se ve obligado a reponer esos nutrientes de forma artificial. 

Además, los nutrientes disueltos en la escorrentía, tales como el nitrógeno y el fósforo, pueden 

provocar un deterioro en las masas de aguas a las que escurran provocando eutrofización.  

Aunque algunos autores han medido pérdidas de nitrógeno mineral muy importantes en una sola 

lluvia, la pérdida de nutrientes en cultivos leñosos en ambientes semiáridos ha sido poco 

estudiada hasta el momento.  

El incremento de la materia orgánica es un elemento imprescindible para la mejora de las 

propiedades físicas y químicas del suelo, mejorar la estructura y reducir las tasas de erosión y 

pérdida de nutrientes. Con el fin de revertir los procesos de degradación se propone el uso de 

cubiertas vegetales para potenciar la mejora en la calidad del suelo a través del incremento de 

materia orgánica y, por lo tanto, una disminución de la escorrentía y la pérdida de nutrientes. Sin 

embargo, este manejo alternativo supone un cambio en los paradigmas tradicionales de manejo 

del suelo y podrían afectar a la producción de uva y su calidad. Para evaluar esta problemática se 

realizaron dos estudios experimentales de campo.  

El primero localizado en dos subzonas de la Denominación de Origen Vinos de Madrid, en la 

Comunidad de Madrid, España. A lo largo de tres campañas agrícolas en cuatro viñedos situados 

en pendiente, se ensayó con dos cubiertas vegetales permanentes en comparación con el laboreo 

convencional aplicando entre 2 y 3 pases de chisel al año. Las cubiertas utilizadas fueron: 

vegetación espontánea y sembrada con Brachypodium distachyon. Se analizó la materia orgánica 
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del suelo, la estabilidad de agregados, la macro, meso y microporosidad, la capacidad de retención 

de agua, la resistencia a la penetración y la capacidad de infiltración. Además, se diseñó, construyó 

y calibró un simulador de escorrentía con el que se realizaron experimentos en cadena para la 

determinación de escorrentía y pérdida de nitrógeno mineral disuelto.  

En los cuatro viñedos del centro de España, el uso de cubiertas vegetales permanentes provocó 

una mejora de las propiedades y funcionalidad del suelo en cascada. El incremento en el input de 

materia orgánica dio lugar a un aumento en el stock de carbono del suelo, lo cual incrementó 

significativamente la estabilidad de los agregados del suelo. La falta de laboreo no alteró la 

porosidad del suelo; sin embargo, sí generó una redistribución de los poros y una mayor conexión 

que, junto con el efecto de los tallos y las raíces, provocó un aumento drástico de las tasas de 

infiltración en ambas cubiertas vegetales en comparación al laboreo. Estas mejoras se vieron 

reflejadas en las simulaciones de escorrentía en las que las cubiertas vegetales redujeron la 

escorrentía generada en el laboreo siendo la pérdida de nitrógeno mineral mayor. Debido a que la 

cubierta vegetal compuesta por vegetación espontánea fue la que mostró los mayores inputs de 

materia orgánica, mostró los incrementos más significativos. La cubierta vegetal sembrada obtuvo, 

por lo general, valores intermedios entre la vegetación espontánea y el laboreo.  

El segundo experimento, llevado a cabo en el sur de Sicilia, consistió en el análisis de 50 pares de 

muestras provenientes de viñedos manejados con cubierta vegetal temporal de leguminosas y 

laboreo convencional. Se calculó la concentración de materia orgánica y se valoraron sus 

incrementos cinco años después del inicio del experimento. Los incrementos de materia orgánica 

que tienen lugar mediante el uso de cubierta vegetal temporal fueron significativos, si bien 

inferiores a los que tuvieron lugar en las cubiertas permanentes. Se comprobó que estos 

incrementos pueden, en suelos muy erosionables, dar lugar a la exportación de sedimentos muy 

enriquecidos en materia orgánica dando lugar a pérdidas de carbono superiores en viñedos 

manejados con cubierta vegetal.  
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SUMMARY 

Erosion is one of the main forms of soil degradation in semiarid Mediterranean areas. The joint 

occurrence of several factors makes vineyards one of the land uses with highest erosion rates: 

bare soil the most of the year, continuous tillage promoting soil organic matter mineralization and 

soil structure degradation, low organic inputs and climate which promote organic matter 

mineralization, vine-producing regions are planted usually on hilly topography areas and high 

rainfall intensities. All together promotes erosion rates higher than soil formation rates. Thus, soil 

vineyards and grape quality sustainability at medium to long term is threatened.   

Erosion in vineyards has been highlighted in scientific literature in the last years. Although several 

researchers reported high mineral nitrogen losses in single events, nutrient loss in semiarid 

vineyards have not been properly addressed. Nutrient loss results in on-site effects, with the loss 

of fertility that will have to be replaced by the farmer. Besides, there are off-site effects due to 

runoff dissolved nutrients such as nitrogen or phosphorous pollute groundwater, rivers and 

reservoirs.  

Soil organic matter increase has a main role to improve physical and chemical soil properties and 

soil structure and to reduce erosion and nutrient loss. We propose the use of groundcovers to 

revert degradation processes and increase soil quality throughout the enhancement of soil organic 

matter. Nevertheless, alternative soil management strategies such as groundcovers are difficult to 

implement because are usually questioned by farmers and can have an impact on grape yields and 

quality.  

Two field trials were performed. The first one was located in the Denomination of Origin Wines of 

Madrid, in Madrid Region, central Spain. The trial was performed along three agronomic seasons 

in four vineyards located in sloping areas, in which two permanent groundcovers were compared 

with conventional tillage. Groundcovers were: spontaneous vegetation groundcover and seeded 

Brachypodium distachyon groundcover. Soil organic matter stocks, aggregate stability, macro, 

meso and microporosity, water holding capacity, penetration resistance and infiltration rates were 

measured. Moreover, a runoff simulator was designed, built and calibrated to simulate runoff in 

field conditions and analyze runoff and mineral nitrogen loss. The second trial was performed in 

Sicily. Fifty paired samples were taken from temporary leguminous groundcovers and conventional 

tillage. A SOC threshold was calculated to assess in which conditions higher carbon loss with 
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temporary groundcovers than with conventional tillage can be found. Additionally the increase in 

soil organic matter 5 years of groundcover establishment was also addressed. 

In central Spain, the use of groundcovers improved strongly soil properties. The increase in organic 

inputs promoted an increase in soil organic matter stocks, which enhanced significantly aggregate 

stability, and thus, soil structure. Tillage cessation did not affect soil porosity; however, soil pores 

had higher connection which increased infiltration rates. These improvements influenced 

decisively the reduction in runoff and mineral nitrogen loss. Runoff was reduced up to three times 

the runoff measured with tillage but the mineral nitrogen loss with groundcovers was up to six 

times lower than with tillage. Spontaneous vegetation groundcover resulted in the largest soil 

improvements as a consequence of higher organic inputs. Seeded groundcover showed generally 

intermediate values between spontaneous vegetation and conventional tillage.  

The increases of organic matter with temporary groundcovers significant regarding tillage 

although were lower than those measured in permanent groundcovers. Erodible soils such as silty 

soils or those with poor soil structure under temporary groundcovers could result in higher carbon 

loss than with conventional tillage. 
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GENERAL INTRODUCTION 

Soil is continually interacting with atmosphere, biosphere, hydrosphere and lithosphere (Porta et 

al., 2003; Tricart, 1969).  As a key component of the Earth System, soil can control hydrological 

cycle because: texture, soil structure and organic matter determine infiltration, water storage and 

depuration; runoff and infiltration determines particle and nutrient loss. Furthermore, soil 

organisms strongly influence biological and biochemical cycles such as carbon, nitrogen and 

phosphorous cycles, with an essential role in regulating the emission or sequestration of carbon 

(Brevik et al., 2015; Decock et al., 2015; Porta et al., 2003). Thus, the way that human societies 

manage the soil affects food, water security, climate change and biodiversity (Baldwin et al., 1938; 

Dent and Young, 1981; Duchafour, 1987; Elbersen, 1991; Fitzpatrick, 1984), all of them being 

considered as key sustainable development goals for United Nations (Keesstra et al., 2016a). 

Soil degradation is defined as a change in the soil health status resulting in the diminished capacity 

of an ecosystem to provide goods and services for its beneficiaries (FAO, 2017). In a global scale, 

agricultural practices are the main factor contributing to soil degradation. Agriculture can promote 

erosion, produce salinization or decrease soil fertility (Bruun et al., 2015; Colazo and Buschiazzo, 

2015), consequently, determining the rates of the processes involved in soil degradation and soil 

quality (Calleja-Cervantes et al., 2015; Khaledian et al., 2017). Soil degradation decreases soil 

fertility, which reduces crop yields (Bakker et al., 2004) and can eventually promote land use 

changes (Bakker et al., 2005). Sustainable agricultural practices are needed to reach a sustainable 

land use ensuring the capacity of future generations to satisfy their basic requirements.   

Vineyards, soil degradation and erosion 

Mediterranean woody crops have been cultivated from centuries (Loumou and Giourga, 2003). As 

a consequence, vineyards and olive orchards are under the consideration of cultural landscapes by 

the United Nations, Educational, Scientific and Cultural Organization (ICOMOS, 2005; UNESCO–

SCBD, 2014) because of its historical roots.  

In Mediterranean basin, vineyards were traditionally planted in terraces or across the main slope 

(Cots-Folch et al., 2006). Tillage was shallow, performed with animal power and organic inputs 

were yearly applied. However, with the inclusion of machinery, vineyards started to be tilled more 

intensively (more passes each year) and deeply (Arnaez et al., 2007; Ferrero et al., 2005). 

Moreover, organic amendments were hardly applied because of a lack of animal manure. In the 

last decades, European Union paid farmers to introduce mechanization in the vineyards and, 
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consequently, old terraces and plantations were substituted by long rows along slopes (Arnaez et 

al., 2007). Nowadays, vineyards are still one of the most important woody crops in terms of 

incomes and employments (Anderson and Nelgen, 2011; Martínez-Casasnovas et al., 2010; Van 

Leeuwen et al., 2009).  

Mediterranean vineyards have been relevant in scientific literature attending several problems 

related to soil erosion. Potential explanations can be: 

1) Soil cover (leaf of the vines, spontaneous vegetation, etc.) is very low along the year. The 

cover is only significant during summers, when there is almost no rain. Soil cover of a 

typical vineyard consists eventually in rock fragments and vine´s leafs (Fig. 0.1). Bare soil is 

widely recognized as prone to soil erosion in Mediterranean basin (Cerda, 1998; Novara et 

al., 2013). 

2) Conventional soil management strategy in Mediterranean vineyards is the systematic 

elimination of weeds to eliminate competition with the vine plant through continuous 

tillage (Novara et al., 2011; Rodrigo Comino et al., 2016b). Tillage is known for resulting in 

high erosion rates (García-Orenes et al., 2009; Cerda et al., 2009). Moreover, in some 

regions, tillage has a cultural component and even “tillage contests” could be found. 

Farmers like to till, the soil color and even the smell (Fig. 0.2).  

3) Low organic matter inputs and a climate which promotes high mineralization rates lead to 

low organic matter stocks in vineyard soils which otherwise could help reducing soil 

erodibility.  

4) Vine-producing regions are often in hilly topography areas (Rodrigo Comino et al., 2016c; 

Rodrigo Comino et al., 2017; Tarolli et al., 2015). 

5) Mediterranean region experience high rainfall intensities (Nadal-Romero et al., 2015; Ruiz 

Sinoga et al., 2010). 
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Figure 0.1. Image of a typical Mediterranean vineyard from November to April. 

As a result, higher erosion rates than in other land uses can be found in Mediterranean vineyards, 

reaching to 100 Mg ha-1 (García-Ruiz, 2010; Kosmas et al., 1997; Prosdocimi et al., 2016a; Rodrigo 

Comino et al., 2016c). These high erosion rates lead not only to soil detachment but also to soil 

organic matter (SOM) and nutrient loss (Bienes et al., 2010), resulting in a decrease in soil fertility 

and threatening the sustainability of vineyards. 

 

Figure 0.2. Farmer tilling the soil. 

Organic matter importance: soil structure 

SOM plays a central role in the soil fertility and quality because is related with biological, physical 

and chemical soil properties (Fernández-Ugalde et al., 2009; Ramos et al., 2010; Virto et al., 
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2012a). SOM is highly correlated to porosity, water holding capacity, biodiversity, water infiltration 

and chemical fertility (Balesdent et al., 2000; Kay, 1998; Reeves, 1997; Salomé et al., 2016; Tisdall 

and Oades, 1982). Moreover, it acts as binding agent to aggregate soil elementary particles and 

consolidates soil structure (Kleber et al., 2007).  

Soil structure concept indicates the way soil particles are related between them and aggregate 

stability is generally used as its indicator (Six et al., 2000a). Although SOM is the most important 

factor for aggregate stability (Six et al., 2004), there are other factors controlling soil aggregation 

such as microorganisms, clay particles, bivalent cations and ionic bridging. An improvement in soil 

structure is critical to reduce soil erosion because it means an increase in aggregate stability and a 

development in soil hydrological parameters (Barthès and Roose, 2002).  

Labile organic matter 

Physical fractioning of SOM can provide organic matter fractions correlated with SOM dynamics in 

natural and cultivated soils (Cambardella and Elliott, 1992). Particulate organic matter (POM) is 

generally defined as young organic matter fraction, composed by plant residues in which cell 

structure is still recognized. It can be considered as a transition between fresh plant residues and 

fully humified SOM (Gregorich and Janzen, 1996). Thus, POM reflects the organic matter labile 

pool, which responds relatively fast after soil management use changes. POM is related to 

microorganisms’ activity, nutrient availability (Wander and Bidart, 2000) and contributes to 

aggregates formation and stability (Six et al., 2002). Consequently, its multiple functions make 

POM an indicator of soil quality (Haynes, 2005).  

Soil tillage addiction 

Decreasing SOM makes soil aggregates more sensitive to rain drop impacts as previously 

mentioned. Aggregate breakdown results in individual soil particles (Le Bissonnais and Arrouays, 

1997) which are able to gradually fill soil surface pores sealing the soil (Issa et al., 2006). When a 

soil crust is formed, infiltration decreases and, thereby, runoff increases (Battany and Grismer, 

2000; Castillo-Monroy et al., 2010; Seeger and Ries, 2008; Singer and Shainberg, 2004). In this 

heavy rainfall situation, the soil particle detachment and nutrient loss can be severe 

-Casasnovas, 2004). To remove soil crusts, farmer till after each rainy 

period because of cultural reasons and because is recognized to increase in soil roughness (Wang 

et al., 2017). However, this increase is temporary and lasts until the next rain. With the tilling 

operations, aggregates are broken and soil temperature and aeration are most favorable for the 

microorganisms to mineralize SOM. Each time SOM is released as CO2, soil aggregate become 
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weaker than before tilling and, consequently, soil crust occur more easily (Fig. 0.3). Therefore, this 

isa negative feedback caused by non-suitable soil management that has been repeated from 

decades ago decreasing soil fertility year after year.  

 

Figure 0.3. Tillage and the negative feedback. Soil organic matter (SOM). Blue arrows reflect a feedback. 
Green arrow reflects positive outcomes. Red arrow reflects negative outcomes. 

Nutrient loss 

In Mediterranean vineyards, soil degradation processes have been a scientific concern in the last 

years (Prosdocimi et al., 2016a). For instance, several studies analyzed soil biodiversity and biology 

(Bruggisser et al., 2010; Burns et al., 2016; Steel et al., 2017; Carpio et al., 2017), soil quality 

(Salomé et al., 2016; Virto et al., 2015; Virto et al., 2012a), soil carbon sequestration (Eldon and 

Gershenson, 2015), water management (Brillante et al., 2015; Terrón et al., 2015), the use of 

alternative soil managements to revert soil degradation (Steenwerth and Belina, 2008a) and 

especially soil loss (Marques et al., 2010; Novara et al., 2011; Peregrina et al., 2014). However, 

there is a lack of knowledge regarding nutrient loss and how alternative soil management 

strategies can influences nitrate loss (Steenwerth and Belina, 2008a; Novara et al., 2013). 

The effects of nutrient loss can be classified in on-site and off-site effects. On one hand, on-site 

effects consist in a fertility loss and reduction in crop yields caused by decreasing soil nutrients 

(Mekonnen et al., 2015; Tsozué et al., 2015). On the other hand, off-site effects are produced by 

an abnormally high nutrient concentration in water bodies such as rivers reservoirs and 

groundwater, as well as reservoirs silting by eroded sediments (Hildebrandt et al., 2008). 

Nitrate leaching became a serious concern due to a general misuse of nitrogen fertilizers (Flower 

et al., 2012). This occurs mostly in arable crops from central and northern Europe because of high 

percolating soil regime (Valkama et al., 2015), but also in semiarid Mediterranean drylands 

(Gabriel et al., 2013; Quemada et al., 2013). Currently, it is well understood that changing 
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traditional management to the use of cover crops as catch crops reduces leached and nitrogen loss 

(Zupanc et al., 2011).  

In large areas of central Spain, vineyards are usually rainfed and not fertilized. However, European 

Union payments per mechanization and the willingness to reach higher yields promoted new 

intensive irrigated and fertilized vineyards. In Mediterranean vineyards, which can register high 

intensity rains, the loss of nitrogen could be up to 100 kg ha-1 in one single storm (Ramos and 

Mart -Casasnovas, 2004). Nevertheless, few researches have been devoted to measure 

nutrient export by runoff (Novara et al., 2013) because its measurement in field conditions is 

costly and onerous.  

Runoff simulations 

Rainfall simulators have been widely used in order to investigate hydrological and erosional 

processes at watershed and vineyard scales or to compare soil management strategies (Grismer, 

2016; Marques et al., 2007; Rodrigo Comino et al., 2016a).  On the other hand, runoff simulators 

contributes to the understating of erosion processes because the effect of runoff in particle 

detachment, transport and nutrient loss is analyzed separately from the raindrops impacts, which 

makes the difference with rainfall simulators. Runoff simulations do not simulate actual rains and 

cannot be referred to certain return period. Nevertheless, it is a suitable methodology to compare 

between soil treatments. Runoff simulations have been performed to model nutrient and 

sediment losses (Little et al., 2005) and to assess the efficiency of buffer strips (Van Dijk et al., 

1996). However, runoff simulators have never been used to assess runoff and nutrient loss in 

Mediterranean woody crops with different soil management strategies, which can provide 

valuable information about hydrological processes in vineyards and what is the effect of different 

soil management strategies because a significant part of the total nutrient loss is lost dissolved in 

runoff.  

Alternative soil management strategy: Groundcovers 

Due to the soil degradation condition in vineyards, there is a need to develop alternative soil 

management strategies to reduce soil erosion by water and increase SOM. The main technique is 

the use of groundcovers (GC). There are several types of GC that can be applied in woody crops. 

Firstly, GC can be permanent, when it is mowed but is never tilled. Secondly, GC can be temporary, 

when the GC is tilled once or several times or for a certain time period. However, GC can be living 

or inert. Living GC consist in the development of a growing plant cover that can be seeded of a 
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particular species or mixture, or, simply, spontaneous. Inert GC is defined as the mulching of the 

inter-rows with a non-living material such as plastic o straw (Giménez-Morera et al., 2010; Hueso-

Gonzalez et al., 2016). This doctoral dissertation is focused on the use of permanent (Fig. 0.4) and 

temporary living GC.  

 

Figure 0.4. Detail of a living GC recently mowed. 

Soil tillage influences in nutrient losses. Generally, nutrient concentrations in runoff are higher in 

soil conservation tillage, whereas the total nutrient losses are higher in conventional soil tillage 

(Guadagnin et al., 2005). GC have proved to be an effective soil management to reduce water 

erosion (Keesstra et al., 2016b; Marques et al., 2010; Novara et al., 2011) and increase SOC (Ruiz-

Colmenero et al., 2013; Steenwerth and Belina, 2008a). Plant cover itself intercepts raindrops, 

reducing their kinetic energy and increasing soil tortuosity and roughness to decrease water flow 

velocity (Visser and Sterk, 2007). Consequently, the ability of water to detach soil particles and 

nutrients decreased. In addition, GC produces an augment of SOC that increase aggregate stability 

and improves soil structure (Virto et al., 2012a) and infiltration (Biddoccu et al., 2016).  

Groundcovers: grape and wine 

GC promote higher infiltration rates (Ruiz-Colmenero et al., 2013) and reduce runoff, which 

increase soil water storage. However, GC consume water and can produce yield reductions by 

water competition when water is a limiting factor (Hartwig and Ammon, 2002). Nevertheless, GC 

influences on grape yield is controversial as is affected by many factors (Ripoche et al., 2011). For 

instance, Ruiz-Colmenero et al. (2011) did not find statistical differences in one semiarid vineyard 

located in central Spain with approximately 400 mm of rainfall per year. GC are widely used to 

control plant vigor. At this regard, relative reduction in plant vigor could reduce stomactal 
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conductance in summer thought a total decrease in leaf area (Pou et al., 2011). Additionally 

increasing wine quality is often related to GC (Lopes et al., 2011; Guerra and Steenwerth, 2012; 

Lee and Steenwerth, 2013). 

Most of the research based on the influence of GC on grape yield and quality has been performed 

on irrigated vineyards or with annual rainfall of 500 mm or more. Water scarcity is one of the most 

important limiting factors in agricultural semiarid regions. In central Spain, farmers relate the use 

of GC to water consumption and this, together with cultural reasons, generates a refuse to GC 

systematically (Marqués et al., 2015). Therefore, there is a need of research about the effects of 

GC on grape yield and must quality in representative vineyards of central Spain.  

Relevance of this study 

In vineyards, traditional management includes continuous tillage with bare soil that reduces SOC 

and produces higher erosion rates, runoff and nutrient loss. Alternative soil management 

strategies are necessary to break the “tillage negative feedback” (Fig. 0.5) and improve soil quality, 

meanwhile reducing runoff and nutrient loss. Although there are several studies showing the 

benefits of using GC in vineyards (Marques et al., 2010; Morvan et al., 2014; Ruiz-Colmenero et al., 

2013; Virto et al., 2012a), GC are barely used mainly because of farmers cultural reasons.  

However, current soil degradation problems encourage developing further research to increase 

the knowledge on the advantages and disadvantages of using GC in semiarid Mediterranean 

vineyards and, thus, developing new policy according to sustainable land uses.  

The present study is located in central Spain, in Madrid region, and was performed through a field 

trial in four vineyards of the Denomination of Origin “Wines of Madrid”. The GC use in Madrid 

region is reduced to 3.1 % of the vineyards (MAGRAMA, 2015b). Traditional vineyards 

management is becoming more intensive with irrigation, fertilization and training methods.  Since 

in this region there is not legislation or policy to encourage sustainable soil management such as 

GC, this Thesis investigates in depth GC impacts on soil parameters, especially, SOC, mineral 

nitrogen losses by runoff and its influence on grape yield and quality (Fig. 0.5).  
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Figure 0.5. Tillage and the negative feedback and proposed alternative management strategy, hypothesis 
and objectives. Soil organic matter (SOM). Blue arrows reflect a feedback. Green arrow reflects positive 
outcomes. Red arrow reflects negative outcomes. 

Thesis's structure 

After introduction section, where the main researching topics will be addressed, this thesis will be 

structured in four chapters with the results of the field trial. A general discussion will be presented 

to assess a joint view of the findings and its interpretations. After that, conclusions and the 

attainment of the established objectives will be added. Finally, future lines for a new research 

proposal will be carried out.  
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Chapters: 

Chapter 1. Nitrogen losses in vineyards under different types of soil groundcover. A field runoff 

simulator approach in central Spain. Published in 2017 in Agriculture, Ecosystems and 

Environment (García-Díaz et al., 2017) assessing runoff and nitrates loss with different soil 

management strategies throughout the use of a runoff simulator that was designed by the 

research team.  

Citation: 

García-Díaz A, Bienes R, Sastre B, Novara A, Gristina L, Cerdà A. 2017. Nitrogen losses in 

vineyards under different types of soil groundcover. A field runoff simulator approach in 

central Spain. Agric., Ecosyst. Environ. 236:256-267. doi: 

http://dx.doi.org/10.1016/j.agee.2016.12.013. 

Chapter 2 Labile and stable soil organic carbon and physical improvements using GC in vineyards 

in central Spain. Submitted to Agriculture for Sustainable Development. The chapter evaluates the 

GC influence on labile and stable organic matter as well as physical parameters three years after 

the GC establishment.   

Chapter 3. Carbon input threshold for soil carbon budget optimization in eroding vineyards. 

Published in 2016 in Geoderma (García-Díaz et al., 2016). Exploring if the SOC increases when GC 

are performed could suppose environmental problem through higher carbon loss than with 

conventional tillage.  

Citation: 

García-Díaz A, Bienes R, Gristina L, Cerdà A, Pereira P, Novara A. 2016. Carbon input 

threshold for soil carbon budget optimization in eroding vineyards. Geoderma 271:144-

149. doi: http://dx.doi.org/10.1016/j.geoderma.2016.02.020. 

Chapter 4. Grape yield and quality and soil organic carbon sequestration value in Mediterranean 

semiarid vineyards using groundcovers. Submitted to Agricultural Systems. This chapter assesses 

the influence of GC in grape yield and quality in three vineyards during three agronomy seasons 

and it was related to the carbon sequestration rates to explore the economic value of the 

sequestered carbon.  

http://dx.doi.org/10.1016/j.agee.2016.12.013
http://dx.doi.org/10.1016/j.geoderma.2016.02.020
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GENERAL OBJECTIVES 

The general aim of this doctoral dissertation was to assess the influence of GC in semiarid 

vineyards on soil physical and chemical properties, runoff and mineral nitrogen loss.  

Specific objectives were: 

i. To quantify runoff and mineral nitrogen loss with the use of GC and traditional tillage, 

to determine the main factors that affect them throughout runoff simulations. 

ii. To assess the influence of GC on labile and stable organic carbon, on a set of physical 

properties and the relationships between variables three years after the GC 

establishment.  

iii. To answer the following questions: With the use of GC, It is possible to increase SOC 

without resulting in higher carbon loss due to erosion? Is there any SOC threshold 

where carbon loss was higher than with traditional tillage? It is possible to measure 

SOC threshold?  

iv. To evaluate grape yield and quality with the use of GC. To assess the economic impact 

of GC on grape yield and quality and relate economic income/loss to carbon 

sequestration rates.  
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ABSTRACT 

The soils of Mediterranean vineyards are usually managed with continuous tillage, resulting in 

bare soil, low infiltration and high soil erosion rates. Soil nutrients, such as nitrogen, could be lost 

dissolved in the runoff, causing a decrease in soil fertility on such degraded soils and producing 

eutrophication downstream. The influences of groundcover on the soil erosion processes and 

sediment yields in Mediterranean vineyards have been widely addressed. However, the runoff 

process itself, excluding the effect of raindrop impacts, has barely been studied. Thus, a field 

runoff simulator was built to assess runoff and nutrient losses under different soil management 

strategies in Central Spain. In the winter of the 2012-2013, four vineyards were selected, and two 

types of groundcover were established to compare with conventional tillage (T): spontaneous 

vegetation (CS) and seeded Brachypodium distachyon (CB). In 2014 and 2015, 72 runoff 

simulations were performed to assess the influence of the two different types of groundcover on 

the dissolved mineral nitrogen losses in runoff. The results showed that spontaneous vegetation 

cover was the most effective management choice to reduce runoff and nitrogen loss by producing 

3 times less runoff than conventional tillage and 6 times less nitrate loss. Conventional tillage 

resulted in higher mineral nitrogen loss because it produced more runoff and higher runoff nitrate 

concentrations. The vegetation cover had a strong influence on runoff and nitrogen losses, while 

the slope angle and rock fragment cover showed a negligible impact.  
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1.1. INTRODUCTION 

The Soil System is a key component of the Earth System because it controls the hydrological cycle 

via infiltration, evaporation and transpiration, the biological cycle due to photosynthesis, the 

erosional cycle, which determines the portioning of the rainfall and sediment delivery, and the 

geochemical cycles, such as the carbon cycle, which regulates the emission and sequestration of 

carbon via the decomposition of the organic matter (Brevik et al., 2015; Decock et al., 2015; Smith 

et al., 2015). The soil system is also relevant to achieve the sustainability of human societies and to 

supply goods, services and resources for the humankind (Keesstra et al., 2016a). Agriculture 

management can determine the fate of soils and thus the sustainability of human society as well 

as the Earth System because agriculture determines the rates of the processes involved in soil 

degradation (Bruun et al., 2015; Cerdà, 2000; Colazo and Buschiazzo, 2015; Novara et al., 2015b; 

de Oliveira et al., 2015).  

The joint occurrence of hilly topography (Tarolli et al., 2015), low organic matter inputs, high 

rainfall intensities (Panagos et al., 2015) and continuous tillage on bare soils (Arnaez et al., 2007; 

Cerdà et al., 2009) enhances the soil water erosion processes. All of the processes take place in 

most Mediterranean vineyards, which is the reason why this has been an important topic in the 

scientific literature (Prosdocimi et al., 2016a). 

The typical soil management in Mediterranean vineyards includes several tillage operations per 

year to maintain the soil bare and avoid the competition between weeds and the crop for 

nutrients and water. Alternative forms of management, such as reduced tillage and the use of 

groundcover (GC), have been developed to reduce soil water erosion and increase soil organic 

carbon (Ruiz-Colmenero et al., 2013). Controlling water erosion with plant covers is widely 

accepted (Cerdà et al., 2016; Keesstra et al., 2016b). The plant cover intercepts raindrops, reducing 

their energy and acting as physical barriers to the overland flow of water and sediment, which 

reduces the runoff discharge and the sediment delivery (Buendia et al., 2016; Marchamalo et al., 

2016; Masselink et al., 2016). GC enhances soil organic carbon (Castro et al., 2008; Steenwerth and 

Belina, 2008b), increasing aggregate stability and improving soil structure (Cerdà, 2000; Virto et al., 

2012b), which causes higher infiltration rates (Biddoccu et al., 2016; Ruiz-Colmenero et al., 2013). 

Most of the soil erosion research carried out in vineyards focuses on soil erosion processes: the 

detachment and the transport of sediments (Novara et al., 2011; Lieskovský and Kenderessy, 2014; 

Rodrigo Comino et al., 2015; Martínez-Casasnovas et al., 2016; Prosdocimi et al., 2016a; 
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Prosdocimi et al., 2016c; Rodrigo Comino et al., 2016b; Rodrigo Comino et al., 2016c). Another 

growing topic in vineyard research is the impact of management on the carbon cycle and the 

potential of the degraded soils in the vineyards to act as a net carbon sink (Galati et al., 2015; 

Galati et al., 2016; García-Díaz et al., 2016). Other studies performed recently are related to water 

management in vineyards (Brillante et al., 2015; Terrón et al., 2015), pollution (Marín et al., 2016) 

and soil biology (Costantini et al., 2015; Gagnarli et al., 2015). However, there is much less 

research devoted to nutrient losses in vineyards with different soil management strategies for 

nitrates (Steenwerth and Belina, 2008a; Steenwerth and Belina, 2010; Novara et al., 2013).  

Soil erosion processes and the loss of nutrients cause on-site and off-site effects. On-site impacts 

are the decrease in available soil nutrients. Thus, a loss of soil fertility occurs and as a 

consequence, a reduction in crop yields (Mekonnen, M., Keesstra, S., Baartman, J., Ritsema, C., 

Melesse,A., 2015; Tsozué et al., 2015). Off-site effects result in polluted rivers, reservoirs and 

groundwater (Hildebrandt et al., 2008; Kalkhoff et al., 2016). Nitrate leaching is a source of water 

pollution and has been a concern within the scientific community, but it is also a management 

concern. As a result, there has been a reduction in nitrate leaching in arable crops through cover 

crops used as catch crops (Valkama et al., 2015; Quemada et al., 2013). However, orchards and 

vineyards avoid the use of cover crops, and the bare surfaces results in high erosion rates (Atucha 

et al., 2013; Sang-Arun et al., 2006; Cerdà et al., 2009; Bravo-Espinosa et al., 2014; Li et al., 2014; 

Taguas et al., 2015). 

It is understood that under extreme Mediterranean meteorological events, fertilized vineyards can 

register high nutrient losses. In fact, Ramos and Martínez-Casasnovas, (2006) measured a loss of 

100 kg of nitrogen per hectare in one single storm. Although the problem is relevant due to the 

on-site and off-site impacts of the soil and nutrients losses, there is no information available about 

the transport of dissolved nutrients, such as nitrogen from Mediterranean vineyards. This is 

because measuring nutrient losses in runoff is more difficult and costly than measuring the 

sediment yield (Ramos and M -Casasnovas, 2004). Few studies have surveyed the nutrient 

export by runoff (Wang et al., 2016; Novara et al., 2013), and only few of them researched the 

nutrient discharge by the runoff (Molina-Navarro et al., 2014). 

Water erosion is a function of both the detachment and transport of particles (Defersha and 

Melesse, 2012). As the slope increases, the surface wash becomes the dominant factor, and the 

sediment transport is very efficient (Battany and Grismer, 2000). In agricultural land under 

semiarid conditions, due to the compaction of the soils and the lack of organic material, the 

rainfall intensity exceeds the infiltration rate, and then surface runoff takes place (Esteves and 
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Lapetite, 2003). Rainfall simulation is a useful methodology to measure the loss of water, 

sediments and nutrients because it allows repetitions of the experiments and the accurate control 

of the rainfall intensity and distribution (Iserloh et al., 2013; Lassu et al., 2015; Grismer, 2016). 

Some of the research developed by means of rainfall simulation focuses on the effects of soil 

management and tillage systems (Franklin et al., 2007). However, runoff simulators have scarcely 

been used to measure and model nutrient and sediment losses (Little et al., 2005), and buffer 

strips efficiency (Van Dijk et al., 1996). Since some authors, such as Gómez et al. (2009), found that 

a significant fraction of the nutrient loss is dissolved in runoff, runoff simulations can be a useful 

apparatus to compare nitrogen losses under different soil management strategies.  

In Central Spain, the vineyard management is changing from rainfed, low plant density vineyards 

to irrigated and chemically fertilized vineyards with a higher plant density (MAGRAMA 2009, 2010, 

2011, 2012, 2013, 2015, 2015a). In addition, nearly 50 % of the Denomination of Origin “Wines of 

Madrid” area was declared a Nitrate Vulnerable Zone (NVZ) according to the Nitrates Directive 

(BOCM, 2009). Directive defined NVZs as the areas that drain into waters affected by nitrate 

pollution (Council of the European Communities, 1991). Moreover, in the study area, nitrogen 

pollution problems have been addressed (Arauzo and Jose Martinez-Bastida, 2015). Consequently, 

the reduction of nitrogen loss should be a central issue to develop sustainable management 

strategies.  

Despite the advantages of GC for reducing erosion and improving soil quality, the use of GC in 

Spanish vineyards is found only in 5.0 % of vineyards (MAGRAMA, 2015a). In the Madrid region, it 

is even lower: 3.1 % (MAGRAMA, 2015c). This is mostly due to cultural reasons and the reduction 

in grape yields (Marqués et al., 2015). Ruiz-Colmenero et al. (2011) found that in two out of three 

trials, GC in rainfed vineyards reduced grape yields significantly. Nevertheless, this type of 

economic analysis tends to ignore the cost of erosion and nutrient loss. We hypothesized lower 

runoff rates and nitrogen losses with the adoption of GC, which can strengthen these practices 

from the farmers’ point of view. There is a gap between scientific and farmer knowledge, and the 

exchange of information with policy makers is poor (Marqués et al., 2015). Then, agro-

environmental payments and agricultural managements were mainly encouraged in the context of 

the Common Agricultural Policy, without any adaptation to local conditions. In the Madrid region, 

there are no agro-payments designed to promote the use of GC in vineyards (BOCM, 2009) to 

reduce erosion or to avoid the economic impact of yield reduction.  
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The main objectives of this research are: i) to quantify the runoff and nitrogen losses under 

different management soil treatments; ii) to determine the main factors affecting runoff and 

nitrogen losses; and iii) to measure the trends of nitrogen losses throughout the simulations. 

 

1.2. MATERIALS AND METHODS 

1.2.1. Study area 

The study was carried out on four sites located in the Denomination of Origin “Wines of Madrid”, 

Central Spain. The average annual temperature is 14.8 ºC, and the average annual rainfall is 

approximately 400 mm. The selected municipalities were Belmonte de Tajo, Campo Real and 

Navalcarnero (Fig.1.1).  

 

Figure 1.1. Location of the studied vineyards, Madrid region, Nitrate Vulnerable Zones and Denomination of 
Origin “Wines of Madrid” area.  

All of the studied vineyards are located on sloping terrain, making them prone to water erosion. 

They represent the main soil types of the study area. The two Belmonte de Tajo vineyards (BEL-1 

and BEL-2) are planted on a plateau composed of Miocene limestone parent material. The Campo 

Real vineyard (CR) is on alluvial deposits made of quartzite in a clayey matrix. Navalcarnero (NAV) 

is on arkoses deposits resulting from the erosion of the Central Spanish Mountain Range. One pit 

was excavated in each vineyard in the winter of the 2012-2013 to study the soils and their profiles. 

Soil samples from every horizon were collected to analyze the soil properties. The soil type, 

altitude, location and selected soil properties of the Ap horizon are shown in Table 1.1. The 
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variables were obtained as follows: altitude and location using a GPS device; slope using a manual 

inclinometer; pH using the potentiometric method, texture using the Robinson pipette method; 

and organic matter (OM) using the Walkley and I.A.Black (1934) method.  

Table 1.1. Soil Classification (Soil Survey Staff, 2015), altitude, location, slope (%) of the experimental 

vineyards: Belmonte de Tajo (BEL-1 and BEL-2), Campo Real (CR) and Navalcarnero (NAV). The pH, texture 

class and soil organic matter % (SOM) correspond to the Ap horizon.  

Site 
Soil 

Classification 
Altitude 

(m) 
Slope (%) 

pH 
(1:2.5) 

Texture class 
(USDA) 

SOM (%) 

BEL-1 
Calcic 

Haploxeralf 
754 7.2 8.5 Loam 1.38 

BEL-2 Typic Haploxeralf 743 7.0 8.6 Clay-Loam 0.90 

CR 
Calcic 

Haploxeralf 
783 13.4 8.6 Sandy Clay Loam 1.24 

NAV Typic Haploxeralf 586 13.5 7.7 Sandy Loam 1.21 

 

1.2.2. Experimental design  

The study was composed of 3 treatments that were performed in all 4 sites in 3 repetitions over 

two years (3 x 4 x 3 x 2 = 72 tests) (Figure 1.2). 

 

Figure 1.2. Runoff simulations layout. T: conventional tillage; CB: Brachypodium distachyon; CS: spontaneous 
vegetation. 

The treatments were: i) conventional tillage (T), which consisted of 2-3 tillage operations per year, 

with the chisel at a depth of 20 cm, following the conventional soil management of farmers in the 

area; ii) Brachypodium distachyon (CB) cover, which was seeded in the central 2 m of the inter-
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rows in December 2012; and (iii) spontaneous vegetation (CS). To keep the rows with bare soil for 

the easier management of the vines and to limit the competition effect of the cover, a row chisel 

pass was carried out every year. The vegetation cover treatments (CB and CS) were mowed at the 

height of 10 cm one or two times every spring depending on the cover development. This height 

allowed to CB cover to auto-seed year after year. The litter was left on the soil surface. One 

Gerlach type plot (Gerlach, 1967) was installed on each row: 3 per treatment and 3 repetitions per 

site. The plots were metal sheet-bounded and were 2 m long and 0.5 m wide (Fig. 1.3). To collect 

the simulated runoff, each plot had a trough. 

 
Figure 1.3. View of the runoff simulation plots in the field. a) Lower view of a Brachypodium distachyon 
microplot with a trough to collect the runoff. b) Upper view of a spontaneous vegetation microplot with the 
drilled pipe to generate homogenous sheet flow.  

1.2.3. Runoff simulator and experimental design 

A runoff simulator was designed and built with the following objectives: (i) to produce sheet flow; 

(ii) to simulate runoff at different controlled discharge flows; (iii) to be portable and easy to move 

and manage; and (iv) to have a high water storage capacity to be independent of water sources. 

The runoff flow was controlled by a previously calibrated pressure gauge. Water runs off through 

49 holes, which were drilled in a 16 mm pipe. Each hole was 1 mm in diameter, and the distance 

between holes was 1 cm. The water of the runoff simulations was taken from a 120 L deposit, 

which was fed from a 1000 L tank to be transported with a trailer. Therefore, the 120 L tank could 

be filled both by gravity or pumped. The 120 L tank was on a wheelbarrow, where the flow was 

controlled by a 12 v pump and a pressure gauge, and it was connected to the drilled pipe by a hose 

(Fig. 1.2).  

The runoff simulations were carried out during the summer to avoid changes in soil moisture, and 

the plots were wetted before the experiments to reach similar soil moisture in all the plots prior to 
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the application of runoff sheet flow. The runoff simulations lasted 24 minutes. The goal of the 

runoff simulations was to create sheet flow in the plots to compare the hydrological behavior and 

nutrient losses between different soil management strategies. Thus, the applied flow was 192 L h-1 

to ensure sheet flow in the four different studied locations and allow the comparison between 

them and with the findings of other researchers. Although we can simulate runoff at different flow 

discharges, in this set of experiments, we only used 192 L h-1 to make these plots comparable with 

the high magnitude low frequency rainfall events in the study area, which are the ones that 

generate overland flow (Gonzalez-Hidalgo et al., 2012). Every 2 minutes the total runoff was 

measured, and a sample was filtered, collected and stored in a portable refrigerator. Runoff 

simulations were performed in every plot in the summers of 2014 and 2015 for a total of 72 

experiments.  

1.2.4. Soil and runoff measurements 

The soil cover of each plot (1 m2) was determined every year immediately before the runoff 

simulations using 25 x 25 cm2 quadrats. Measurements of the percentages of vegetation and rock 

fragments were taken by 6 trained observers, and the average of the 6 observations was used. 

Each plot was divided in 3 sections (upper, middle and lower sections) and the average value of 

the three sections was taken. The results of this methodology are similar to those from that 

employ digital image analysis (García-Estríngana et al., 2005). Simultaneously to the simulations, 

soil samples were taken to analyze the nitrogen content as nitrates and as ammonium in the soil. 

Both were analyzed by extracting the soil with KCl 2 M in a 1:10 relationship (soil: solution) and 

shaken for 30 min. The extracts were analyzed with a FIAstarTM 5000 (Foss Tecator) analyzer. The 

same method was performed for the runoff samples. The runoff percentage was calculated as the 

relationship between the applied volume of water and the collected runoff.  

1.2.5. Data analysis 

The data were analyzed using a variance analysis (Factorial ANOVA) in the STATISTICA 10 software 

(StatSoft Inc., 2011). In the case of lack of normality, the variables were transformed. Treatment 

(T, CB and CS), Site (BEL1, BEL2, NAV and CR) and Year (2014 and 2015) were considered the 

factors, while runoff, nitrogen as nitrates lost in runoff (NO3), nitrogen as ammonium lost in runoff 

(NH4), nitrogen as nitrates concentration in runoff (NO3c), nitrogen as ammonium concentration in 

runoff (NH4c), nitrogen as nitrates in the soil (NO3soil), nitrogen as ammonium in the soil (NH4soil); 

vegetation cover percentage (%Cov), rock fragment cover (%Rf), and slope angle (%Sl) were 

dependent variables. The differences between means were evaluated with the post hoc 
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Bonferroni Test. Canonical analyses were used to assess relationships between Treatments, Sites, 

and Years with mineral nitrogen loss, runoff and soil variables. Three analyses were performed. 

The first analysis including T and CB as treatments. The second analysis including CB and CS as 

treatments, while the third analysis was performed grouping treatments as GC (CB and CS) and T. 

 

1.3. RESULTS 

1.3.1. Analysis of variance 

Analyses of variance of the obtained data from 72 runoff simulations were performed. Runoff, 

NO3, NO3soil, NH4soil and %Cov were affected significantly by the soil treatment (Table 2). All the 

variables presented a significant effect with the Site. The interaction Treatment x Site was highly 

significant on Runoff, NO3, NH4c, NO3soil, NH4soil, %Cov and %Sl, while Site x Year showed a strong 

influence on all variables, with the exception of %Cov, %Rf and %Sl. The Year had a significant 

effect on almost all variables, but as expected, %Rf and %Sl were not affected. %Rf and %Sl were 

determined exclusively by the Site. Table 1.2 shows that even with the variance included in 

different sites and field campaigns (Year), the use of GC significantly affects the runoff discharge 

and the loss of nitrogen as nitrates. 

Table 1.2. Analysis of variance for nitrogen as nitrates lost in the runoff (NO3), nitrogen as ammonium lost in 

the runoff (NH4), nitrogen as nitrates concentration in the runoff NO3c, nitrogen as ammonium 

concentration in the runoff NH4c, nitrogen as nitrates in the soil (NO3soil), nitrogen as ammonium in the soil 

(NH4soil), vegetation cover percentage (%Cov), rock fragments cover (%Rf) and slope percentage (%Sl). 

Treatments (Treat) were CB (Brachypodium distachyon), CS (Spontaneous Vegetation) and T (Conventional 

Tillage). Sites were vineyards in Belmonte de Tajo, Campo Real and Navalcarnero. Years were 2014 and 

2015. Terms with p value >0.1 were not reported (NR). N=24. 

Factor Runoff NO3 NH4 N03c NH4c 
NO3 
soil NH4 soil %Cov %Rf %Sl 

Treat 0.0019 0.0041 NR NR NR 0.0001 0.0022 <0.0001 NR NR 

Site 0.0001 0.0265 0.0003 0.0161 0.0009 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Year <0.0001 <0.0001 0.0012 <0.0001 NR 0.0001 0.0020 0.02701 NR NR 

Treat x Site 0.0814 0.0009 NR NR 0.0011 0.0011 0.0080 <0.0001 NR 0.0030 

Treat x Year NR 0.0044 NR NR NR 0.0061 0.0177 <0.0001 NR NR 
Site x Year 0.0401 0.0212 0.0004 0.0061 <0.0001 <0.0001 0.0013 NR NR NR 

Treat x Site x 
Year NR 0.0009 NR NR 0.0031 0.0185 0.0015 NR NR NR 
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1.3.2. Groundcover influence 

The first aim of this work was to study the effect of soil management on runoff and nitrogen loss, 

and hence, differences between treatments were analyzed. Because of different cover 

development and site characteristics, runoff was highly variable, ranging between 0 % and 69 %. 

Both GC showed lower runoff rates than the T plots, but only CS was statistically significant (Table 

1.3). After analyzing the total nitrogen losses in runoff, we observe that CS generated 6 times less 

nitrates and 5 times less total mineral nitrogen in the runoff than T. CB showed a tendency to 

differ from T in these variables, but was not statistically significant. The NO3 loss represents the 

main form of mineral nitrogen in the runoff. CS was the most effective treatment to reduce runoff 

and nitrogen losses. However, the nitrate concentration on the soil was higher in the T treatment 

than in the GC treatments. However, relative to NH4soil, CS did not show differences with T, and 

only CB was significantly lower.  

Table 1.3. Mean and standard deviation of the statistically significant results of the analysis of variance 

(factorial ANOVA) for the treatment factor. Runoff; nitrogen as nitrates lost in the runoff (NO3); nitrogen as 

nitrates in the soil (NO3soil); and nitrogen as ammonium in the soil (NH4soil) and vegetation cover 

percentage. Values followed by different letters show significant differences (p<0.05). N=24. 

Treat Runoff (%) NO3 (mg) 
NO3soil  (mg·kg

-

1
) 

NH4soil  (mg·kg
-

1
) 

 Vegetation 
cover (%) 

T 22.73 ± 25.32 a 36.27 ± 74.74 a 0.76 ± 0.67 a 0.79 ± 0.44 a 6,95 ± 5,91 b 

CB 13.65 ± 19.45 ab 16.05 ± 28.53 ab 0.50 ± 0.68 b 0.39 ± 0.36 b 38,39 ± 33,09 a 

CS 7.09 ± 12.39 b 6.11 ± 12.78 b 0.44 ± 0.35 b 0.67 ± 0.84 a 35,81 ± 25.44 a 

T: Conventional Tillage. CB: Vegetation cover of Brachypodium distachyon. CS: Vegetation cover of 

spontaneous vegetation. 

1.3.3. Temporal runoff trends 

The runoff discharge increased with time in all the experiments. The steady-state runoff discharge 

was not reached in any case (Fig. 1.4). The temporal increase of the runoff rates in GC was not as 

pronounced as in T. In all treatments, runoff was adjusted to a logarithmic model with high R2 

values, particularly in T and CB. In the last time interval (22-24 minutes after runoff initiation) the 

average runoff rates were 28.0 %, 15.8 % and 9.2 % of the applied discharge for T, CB and CS, 

respectively.  
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Figure 1.4. Evolution of runoff along the simulations for the three treatments (T: conventional tillage; CB: 
Brachypodium distachyon; CS: spontaneous vegetation) in time intervals of 2 minutes. 

The concentration of nitrogen in the runoff has been analyzed to determine trends and different 

patterns between treatments (Figures 5 and 6). NO3c was one order of magnitude higher than 

NH4c, and both forms had differences in runoff loss. Thus, both forms were analyzed separately. As 

shown in Table 1.2, the influence of the Treatment was more remarkable for nitrates (Fig. 1.5) 

than for ammonium (Fig. 6). The concentration of nitrates in T decreased and followed logarithmic 

behavior, while CB and CS did not show any trends. In T, the concentration of nitrates in the first 

time interval was up to 4 times the concentration at the end of the experiment. An analysis of 

variance (Table 1.2) did not find differences in the NO3c between treatments, but Figure 5 

demonstrated that in the first time interval, the difference was considerable. In the first time 

interval, the NO3c in T was up to two times higher than in CB and 18 times higher than in CS. The 

concentration of nitrates in CB followed a similar trend to that of T but with a low R2 (0.34). CS 

showed no trends. The average values of NH4c were always below 1 mg L-1 (Fig. 1.6). NH4c showed 

an erratic evolution for all treatments, with no certain patterns and low values of R2. Figure 1.7 

shows the accumulated runoff and mineral nitrogen loss simultaneously throughout the 

simulations. It was clear that from the beginning of the experiment, but especially from the 6th (10-

12 minutes) to the 8th time intervals (12-14 minutes), that T had much higher values of runoff and 

mineral nitrogen loss than CB and CS. CS was revealed as the more effective treatment when the 

goal is reducing runoff and mineral nitrogen loss.   
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Figure 1.5. Evolution of the mean concentration of nitrogen as nitrates NO3c (bars) in time intervals of 2 
minutes with best fit equations (lines) for the three treatments (T: conventional tillage; CB: Brachypodium 
distachyon; CS: spontaneous vegetation). 

 

 
Figure 1.6. Evolution of the mean concentration of nitrogen as ammonium NH4c (bars) in time intervals of 2 
minutes with best fit equations (lines) for the three treatments (T: conventional tillage; CB: Brachypodium 
distachyon; CS: spontaneous vegetation). 
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Figure 1.7. Evolution of the mean accumulated mineral nitrogen loss (the sum of nitrogen as nitrates and 
nitrogen as ammonium) in time intervals of 2 minutes on the Y-left axis (bars) and accumulated runoff on 
the Y-right axis (lines) for the three treatments (T: conventional tillage; CB: Brachypodium distachyon; CS: 
spontaneous vegetation). 

1.3.4. Relationships between variables 

The relationships between factors with dependent variables and their interactions have been 

analyzed with a canonical analysis (Fig. 1.8). First, we performed a canonical analysis with CB and 

CS as treatments. The scores of CB were -0.40 and 0.30 (Roots 1 and 2, respectively), and the CS 

scores were -0.52 and 0.36. Since these scores were similar and to facilitate interpretations, we 

performed a canonical analysis with CB and CS grouped as GC. As expected, the rock fragments 

and the slope were strongly influenced by the Site (Table 1.2). Consequently, Site was not included 

in the canonical analysis to avoid statistical problems with dependence. The canonical analysis 

extracted 27 and 19 % of the variability of the independent variables (Roots 1 and 2, respectively) 

and 15 and 11 % of the variability of the dependent variables. The ordination of variables (Figure 

8) showed two main groups of variables (Group 1 and Group 2). Group 1 one included NO3, NH4, 

NO3soil, NO3c and Runoff and had a relatively high influence on the model. Group 1 was positively 

correlated, in Root 1, with T and negatively correlated with GC and the vegetation cover 

percentage. The analysis of variance did not show differences in nitrates or ammonium 

concentrations in the runoff (Table 1.2), but the canonical analysis found that more runoff meant a 

higher concentration of nitrates. As a consequence, T produces a higher loss of nitrates not only 

through higher runoff discharge, but because of a higher concentration of nitrates in the runoff. 

Group 2 included %Rf, %Sl and NH4c, and had very low impact on the results. Thus, rock fragments 

cover and slope had a much lower influence on runoff and nitrates and ammonium loss than the 

vegetation cover. The Year had an effect on the results, correlating negatively in both roots with 
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the first group. As shown previously, the Year had a strong influence on most of the studied 

variables (Table 1.2). Ammonium measurements were less influenced by the Year. The relatively 

low extracted variability was attributed to the large number of variables included in the analysis. 

The canonical analysis showed that the GC generated less runoff and had lower mineral nitrogen 

concentration than T. 

 

Figure 1.8. Ordination resulting from canonical analysis. Runoff, Years, GC: groundcover; T: conventional 
tillage; NO3: total nitrogen as nitrates lost in the runoff; NH4: total nitrogen as ammonium lost in the runoff; 
%Cov: vegetation cover; % Rf: rock fragment cover; NO3soil: nitrogen as nitrates in the soil; NH4soil: nitrogen 
as ammonium in the soil; NO3c: nitrogen as the nitrates concentration in runoff; NH4c: nitrogen as the 
ammonium concentration in runoff. 

 

1.4. DISCUSSION 

The typical soil management in Mediterranean vineyards consists of several tillage operations per 

year to maintain bare soil, which promotes erosion and soil degradation. Soil erosion and the loss 

of soil organic carbon and nutrients should be reduced because it can result in environmental 

problems, such of eutrophication (Quilbe et al., 2005; Bienes et al., 2010), the loss of soil fertility 

(García-Díaz et al., 2016) and economic concerns for the farmer (Martínez-Casasnovas and Ramos, 

2006; Galati et al., 2015; Galati et al., 2016). This study was conducted to simulate sheet erosion 

and to measure runoff and dissolved inorganic nitrogen under different soil management 

strategies. The present experiment is the first to analyze nutrient losses caused by sheet flow in 

Mediterranean vineyards using a runoff simulator. In our experiments, the soil cover was low in 

comparison to vineyards in other regions of Europe (Novara et al., 2011; Rodrigo Comino et al., 



Tesis doctoral de Andrés GARCÍA DÍAZ  

30 

2015; 2016b; 2016c) because the farmers of the region near Madrid avoid any cover that can 

reduce the water available for their crops. Despite this difference, our results demonstrate that 

the use of GC in vineyards is not only a method to reduce water runoff, which has already been 

found by other researchers in orchards and vineyards (Cerdà et al., 2016; Keesstra et al., 2016b), 

but it is also an instrument to reduce mineral nitrogen losses via runoff, which has positive 

consequences for environmental pollution, soil fertility and the farmer´s income. 

This paper demonstrates that the impacts of raindrops are not the only key factor to control the 

runoff discharges. The low runoff rates in the covered plots in comparison to T demonstrate that 

the plants reduce the velocity and erosivity of overland flow. The litter layer mainly causes a delay 

and ponding of the runoff, which increased the infiltration rates, as has been described under 

rainfall simulation experiments (Cerda, 1998; Wang et al., 2016), and the vegetation stems reduce 

the sheet flow velocity and prevents the development of rills (Ghahramani and Ishikawa, 2013; 

Sun et al., 2016; Zhao et al., 2016). On the other hand, the plants of the GC contribute root 

macropores, which improve water infiltration and produce more vertical connections than in the 

soils under tillage. The use of plant cover increases the biological macropores that increase the 

infiltration rates but also increases the amount of soil organic matter (Léonard et al., 2004; 

Cammeraat et al., 2010; Mekonnen et al., 2015). There is also an increase in fauna when GC are 

present. This increase in burrowing animals can increase the sediment available and the soil 

erosion at a patchy scale (Cerda et al., 2009). However, the fauna activity results in an increase in 

infiltration and a reduction in soil losses, as organic farming has shown in comparison to the bare, 

chemically managed soils (Cerdà and Jurgensen, 2011).  

The use of GC increases the spatial variability of the runoff responses as shown by the data that 

range from 0 to 69% in the vineyards studied in Madrid. This variability is reasonable and was due 

to the different covers between treatments and plots. The increase of vegetation cover results in a 

higher diversity and then in higher variability, such as that which occurs in the patchy distribution 

of vegetation in soils that are stressed by the lack of water or/and nutrients (Cerdà, 1997; Bochet, 

2015; Certini et al., 2015). 

The results of our experiments in the vineyards of Central Spain showed that CS reduced the 

nitrate loss produced in the T plots. Jiao et al. (2012) produced a similar finding, but our results 

disagree with Zhang et al. (2010), who did not found significant differences in mineral nitrogen 

losses between bare soil and two levels of covered soil. As expected, T was the treatment with the 

higher nitrate loss, since it was the soil management with significantly higher NO3soil. The nitrate 

was caught by the GC in the organic biomass (Gabriel et al., 2013; Gabriel and Quemada, 2011) 
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reducing the nitrate loss by runoff. The analysis of variance did not find differences in NO3c and 

NH4c between GC and T, which agrees with Guadagnin et al. (2005) and was in contrast with Zhang 

et al. (2010). CS produced 3 times less runoff and 6 times less nitrate loss. However, in the first 

time intervals of the simulations, T produced higher concentration of nitrates than both GC, but 

the concentrations were especially higher than CS. Consequently, in the studied vineyards, CS 

reduced mineral nitrogen losses by reducing the runoff rates but also because the concentration 

of nitrates in the runoff was lower during the first minutes of the simulations. Our results showed 

that cover correlates negatively with NO3c and runoff rates, which are strongly correlated with 

each other and are linked to tillage (Figure 1.8).  

The CB cover reduced the ammonium content of the soil compared with T and CS. In contrast to 

nitrate, the differences in ammonium concentration in the soil did not have influence on its loss 

through the runoff. The most of the ammonium ion is adsorbed in the clay-humic complex and, 

thus, when erosion take place it is lost attached to clay and organic matter particles. In this study, 

we focused on dissolved nitrogen forms in runoff. As a consequence, the amount of ammonium in 

the runoff is much lower than the amount of nitrates, and significant differences were not found. 

Furthermore, because of the low recorded values, the ammonium concentrations in the runoff 

followed no trends at any treatment. Regarding runoff and nitrate loss, CB tends to differ from T, 

but the differences were not statistically significant. This could be due to problems in the CB cover 

because of herbivory by rabbits, which are a plague in three out of the four vineyards. Soil 

macrofauna can disturb the soil runoff and erosion due to burrowing (de Araújo et al., 2015; 

Arnold and Williams, 2016). CS was barely affected. However, the cover % of CB and CS were 

almost the same (Table 1.3). Therefore, the larger size of stems and root systems of the different 

species of spontaneous vegetation had a decisive effect on reducing the runoff and nitrate loss, as 

found by other authors recently (Ni et al., 2015; Ola et al., 2015; Shaw et al., 2016). 

The use of GC increase aggregate stability, which affects the infiltration rates and hence, the 

runoff (Holifield Collins et al., 2015). Moreover, GC blocked the sheet movement of water, making 

it remain longer at the same point and reducing the runoff. The runoff increased quickly in the first 

minutes, tended to stabilize, but did not reach a steady state after 24 minutes of the simulations. 

Our results agree with those of Little et al. (2005), who did not find a steady-state discharge after 

30 minutes of runoff simulations. The evolution of nitrates and ammonium loss in the runoff 

showed that only the nitrates followed a good fit with a decreasing logarithmic equation, in 

contrast to the findings of Zhang et al. (2010). Nitrates were lost in greater amounts in the first 6-8 

minutes of the simulated runoff. This trend is mainly caused by the high solubility of the nitrate ion 
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and because it is dissolved in the soil solution (Barger et al., 2006; Baptista et al., 2015). After 10 

minutes, the differences between treatments were small.   

The Year had the strongest influence on the measured parameters. We performed runoff 

simulations in equal conditions both years: during the summer and after more than two weeks 

without any rain and with strong evapotranspiration. Nevertheless, the rainfall and the 

temperatures were different every season, affecting the antecedent soil moisture, soil sealing and 

cover development. This could indicate that one year of field experiments are not enough to verify 

trends and findings when the goal is analyzing the influence of GC on runoff and mineral nitrogen 

loss. Moreover, we must highlight the high seasonal and temporal variability of the soils in the 

Mediterranean due to the effect of the droughts and the high interannual variability of the 

climate, which results in contrasting results (Keesstra et al., 2016b; Novara et al., 2016; Nunes et 

al., 2016; Van Eck et al., 2016).  

Arnaez et al. (2007) found that slope had an influence on soil loss and runoff. However, our data 

showed little influence from the slope on runoff and mineral nitrogen loss. This could be due to 

the low range of slopes of the studied vineyards, which range from 6 to 15 %. On the other hand, 

many researchers have addressed the importance of rock fragments to reduce runoff and soil 

erosion processes (Nachtergaele et al., 1998; Poesen and Lavee, 1994; Ruiz Sinoga and Martinez 

Murillo, 2009). In this case, the rock fragment percentage ranged from 1.9 to 78.9 %, and its 

impact on runoff or nutrient loss was minor. Based on our research, we attributed this to two 

factors: i) the lack of raindrop impacts in our experiment could indicate that the main effect of 

rock fragments on reducing runoff and nutrient loss is the protection of the soil against raindrops; 

and ii) vegetation cover is more effective at reducing runoff and mineral nitrogen loss than rock 

fragments in Mediterranean vineyards under sheet flow. 

 

1.5 CONCLUSION 

The use of GC in vineyards is not only a method to reduce sediment and water losses, as shown by 

the scientific literature, but it is also an instrument to reduce nitrogen loss via runoff, which has 

positive consequences, such as reducing environmental pollution, increasing soil fertility and 

improving farmer income. In this regard, spontaneous plant cover (weeds) is more efficient than a 

GC such as Brachypodium dystachyon. Tillage is the form of management that results in the 

highest losses of nitrogen and water. The vegetation cover is the key factor in the runoff and 

nitrogen yield, while the slope and rock fragment cover have less impact. Tillage is the form of 
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management that yields more nitrogen because more runoff is generated in ploughed soils and 

because the concentration of nitrates in the runoff is higher.  
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ABSTRACT 

Mediterranean vineyards are usually managed with continuous tillage to maintain bare soils 

leading to low organic matter stocks and soil degradation processes. The vineyards are part of the 

Mediterranean culture and in order to make vineyards a sustainable land use we propose the use 

of two types of groundcover (GC). Therefore, a field trial was performed to compare the effects of 

a seeded (Brachypodium distachyon) and spontaneous GC on a set of soil parameters in 

comparison with the traditional tillage in four vineyards located in the center of Spain. Three years 

after the groundcovers establishment the soil organic carbon stocks increased in 1.62 and 3.18 Mg 

ha-1 for the seeded and the spontaneous GC, respectively, regarding to conventional tillage. Both 

labile and stable soil organic carbon increased with the use of GC, but the labile fraction increase 

was higher. Moreover, the soil structure and functional soil properties improved through an 

increase in the aggregate stability, the pore connectivity and infiltration rates. The higher root 

biomass input of the spontaneous groundcover derived in higher soil organic carbon increases and 

soil quality improvement. 
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2.1. INTRODUCTION 

Soil conservation is essential to supply goods, services and resources for the humankind (Keesstra 

et al., 2016a). Agriculture causes several environmental impacts and particularly soil degradation 

processes (Bruun et al., 2015; Colazo and Buschiazzo, 2015). The severity and intensity of soil 

degradation is determined by the methods and techniques of managing soil systems (Lorenz and 

Lal, 2016; Kabiri et al., 2016; Zhang and Ni, 2017). In the context of agricultural land uses, 

Mediterranean vineyards undergo a sort of soil degradation processes: soil erosion, organic matter 

loss; nutrient loss and, thus, a decreasing fertility. Soil erosion rates are especially high in 

Mediterranean vineyards reaching figures up to 100 Mg ha-1 (Prosdocimi et al., 2016a; Rodrigo 

Comino et al., 2016b; García-Ruiz, 2010). This can be explained by the scarcity of soil cover 

throughout the year (Lasanta and Sobrón, 1988). In addition, other circumstances are triggering 

high erosion rates:  (1) vineyards are frequently planted on slopes (Arnaez et al., 2007), (2) rainfall 

intensities in this region can be high (Panagos et al., 2015), 3) soils used for growing vineyards 

have low organic matter content and therefore weak structure and (4) soil management usually 

consists in continuous tillage (Novara et al., 2011). Soil degradation results in particle detachment 

and organic matter loss (Bienes et al., 2010), which makes the aggregates progressively more 

sensitive to the impact of rain drops and causes soil crusts (Issa et al., 2006). The crust creates an 

impermeable layer that slows down water infiltration (Bu et al., 2014). When infiltration rate is 

slower than rain intensity, the water runs off over the soil surface causing nutrient loss and soil 

particle detachment -Casasnovas, 2004). Farmers usually 

remove these crusts by tilling after rains. As a consequence, each time that the farmer ploughs, 

fraction of soil organic matter is mineralized, soil aggregates became more easily destroyed and 

the crust formation will happen earlier during the forthcoming rainfalls. This way, Mediterranean 

vineyards experience continuous negative feedbacks caused by soil management practices.  

The importance of soil degradation and erosion processes is usually underestimated. Not only 

because it causes on site and off site effects, but because decreases soil fertility, reducing crop 

yields (Bakker et al., 2004), and promoting land use changes (Bakker et al., 2005). In the beginning, 

soil damages mean costs for the farmers but in the end they turn on limitations and concerns for 

the socio-economic maintenance of the regions. Thus, it is critical to explore and encourage 

alternative soil managements to reduce soil degradation processes. 

Soil organic matter (SOM) is one of the most important soil parameters because it enhances the 

global soil quality by improving physical, chemical and biological soil characteristics (Virto et al., 

2012a; Ramos et al., 2010; Fernández-Ugalde et al., 2009). SOM is related to aggregate stability, 
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soil structure, water infiltration and chemical fertility (Balesdent et al., 2000; Reeves, 1997). At this 

regard, climate change models agree that in the next decade the temperatures will increase in 

Mediterranean Basin, and this will increase organic matter mineralization rates (Pachauri et al., 

2014). Taking into account that soils in Mediterranean vineyards have low organic matter contents 

(Panagos et al., 2013), changing the conventional soil management practices to other more 

sustainable alternatives will counterbalance mineralization and increase or maintain SOM. When a 

fresh plant residue falls in the soil, it becomes a particulate organic matter (POM) for a while, 

before humification processes (Gregorich and Janzen, 1996). Because of that, soil is enriched in 

SOM and nutrients and POM is considered as a good indicator of soil quality (Haynes, 2005). 

Besides, POM acts as binding agents stabilizing macroaggregates (Six et al., 2002) which makes it 

an important variable to be considered to study soil management strategies in Mediterranean 

soils. 

The soil structure concept reflects how soil particles are aggregated. As a physical soil 

characteristic, the soil structure is a key factor to explain soil functioning (Bronick and Lal, 2005) 

and aggregate stability is commonly used as its indicator (Six et al., 2000a). SOM, microorganisms, 

clay, bivalent cations and ionic bridging are the main factors controlling soil aggregation.  SOM has 

a main role as a binding agent between soil particles and its importance in aggregate stability is 

critical (Six et al., 2004). Soil aggregation is affected by the different organic matter inputs, 

amendments, soil management and tillage methods (Wei et al., 2006; García-Orenes et al., 2005). 

Consequently, different soil management strategies will affect the aggregate stability differently.  

Pore volume and pore size distribution are important factors in the soil-water relationships and 

soil aeration. Moreover, the biochemical processes take place in the soil pores (Jigău, 2012). 

Different soil management strategies can have an influence on the pore volume (Mulumba and 

Lal, 2008; Pituello et al., 2016) and distribution (Ruiz-Colmenero et al., 2013). Tillage breaks 

natural porosity and destroys the biological macropores made by the macro and mesofauna 

(Léonard et al., 2004) and by roots (Gao et al., 2017). On the other hand, the roots of the 

vegetation cover create continuous pores enhancing infiltration (Glinski and Lipiec, 1990).  

In this study, we use the term groundcover (GC) for perennial crops instead of cover crops as is 

recommended by Gonzalez-Sanchez et al. (2015). The use of GC in Mediterranean vineyards is well 

known for reducing erosion rates (Prosdocimi et al., 2016a; Duran Zuazo and Rodriguez 

Pleguezuelo, 2009), increasing SOM (Virto et al., 2012b) or infiltration rates (Ruiz-Colmenero et al., 

2013; Six et al., 2004). Temporal GC has been probed as very effective tool to erosion control 

(Novara et al., 2011), but the tillage, even if it is minimum, reduces the SOC increase threshold 
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(García-Díaz et al., 2016). Consequently, the use of permanent GC is advisable in order to get 

significant and long term SOM increases.  

Although vineyards in central Spain suffer all previously described degradation processes, the 

majority of farmers decline using GC in vineyards because of social stigmatization, culture 

(Marqués et al., 2015) and grape harvest reduction (Ruiz-Colmenero et al., 2011). Only the 3.1 % of 

the Madrid Region farmers use GC in vineyards (MAGRAMA, 2015a) which is one of the lowest 

percentages in Spain (MAGRAMA, 2015c). Moreover, in the study area, the Common Agricultural 

Policy´s agri-payments do not consider the use of GC in vineyards in any case (BOCM, 2009). In 

Europe, each country and region have the autonomy to develop their own agri-payments in the 

context of the Common Agricultural Policy to encourage sustainable soil management and, in this 

context, seeded and spontaneous GC use to have different considerations. Some Mediterranean 

regions have developed successful policies to promote the use of GC in vineyards. In Sicily, where 

the most of the rainfall is recorded in autumn and winter, the farmers are paid for using winter 

cover crops. This management consists in seeded GC with leguminous species from October to 

April. In April, the GC are mowed and tilled. This soil management is very effective controlling soil 

erosion and decreasing N loss (Novara et al., 2011; Novara et al., 2013). In Rioja Protected 

Denomination of Origin the farmers receive different payments by using seeded or spontaneous 

GC (BOR, 2015). Thus, we argue that more knowledge of the advantages and disadvantages of 

different GC and their effect on soil properties is needed to develop an efficient soil protection 

policy in European viticulture areas. 

Soils enriched in SOM are also carbon sinks to fight against global warming (Poeplau and Don, 

2015; Yagioka et al., 2015). In this regard, the soil carbon content (SOC) in 0.1 m depth in the 

vineyards of this study is going to be addressed as well considering the composition of SOM as 58 

per cent carbon. The 4 per mille initiative is a new strategy for climate change mitigation through a 

good soil management promotion. The goal is to increase global soil organic matter stocks by 0.4% 

per year in order to compensate anthropogenic sources of global emissions of greenhouse gases 

(Minasny et al., 2017). Sequestration rates may be high during initial years following sustainable 

management practices but they can decline as time progresses due to the achievement of soil 

equilibrium in C stock. 

Frequently C sequestration rates are based on soil legacy data (Minasny et al., 2011; Akpa et al., 

2016), therefore a global effort on monitoring soil carbon “in situ” would be beneficial in obtaining 

the local soil conditions and SOC sequestration potential for particular environments as there is a 
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critical limit to C sequestration which depends on soil texture and climatic condition (Stockmann et 

al., 2015). 

With the main goal of studying the effect of two permanent GC (seeded and spontaneous) on soil 

properties and C sequestration in comparison with conventional tillage, we performed a trial 

including 4 different vineyards in the south of Madrid, with different soil characteristics which are 

representative of a large area of central Spain. We studied a set of soil parameters three years 

after the GC establishment: SOC and the carbon of two fractions of the organic matter (particulate 

organic matter and organic matter associated to the mineral fraction); the aggregate stability with 

two different methods; the root content, the pore volume and pore size distribution; bulk density; 

intrapedal porosity; penetration resistance and infiltration rates. By including four different 

vineyards with different soils, slopes, orientations, vine varieties, prune systems, cultivation 

methods and microclimates we want to assess the effects of soil management strategy. Finally, the 

set of parameters was analyzed by multivariate analysis to improve the understanding of the 

relationships between soil variables.  

 

2.2. MATERIALS AND METHODS 

2.2.1. Study area 

The trial was performed on four vineyards located in the Denomination of Origin “Wines of 

Madrid”, in the center of Spain. The annual rainfall is approximately 400 mm and the average 

temperature is 14.8 ºC. We selected four vineyards located on sloping terrain in the municipalities 

of Campo Real, Belmonte de Tajo (two vineyards) and Navalcarnero. With the selection of these 

vineyards, we tried to represent the main soil types of the study area. The vineyards and the rows 

of the trials were also selected for having at least 9 consecutives inter-rows with the same soil and 

terrain characteristics. The Belmonte de Tajo vineyards are planted on a plateau on Miocene 

limestone parent material. Campo Real vineyard is located on ancient alluvial deposits with 

quartzite stones and clayey matrix. Navalcarnero vines are growing on soils over arkoses deposits 

resulted from the Central Spanish Mountain Range erosion. Pits for soil classification and analyses 

were performed before the GC establishment. All soils were classified as Haploxeralfs (Soil Survey 

Staff, 2015) with an altitude ranging from 586 and 783 meters above the sea level (Table 2.1). 

Slopes were moderate (7 to 13.5 %) and the SOC contents and electric conductivity values were 

low (less than 200 µS/cm). On the one hand, the soils of Belmonte de Tajo and Campo Real 

vineyards are carbonated, which pH ranges from 8.5 to 8.6 and have active lime presence. On the 
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other hand, Navalcarnero vineyard does not have carbonates nor active lime and its pH is 7.7. The 

cation exchange capacity is medium to low and textures were similar with the exception of the 

high sand percentage in Navalcarnero vineyard. 

Table 2.1. Soil Classification (Soil Survey Staff, 2015) and main soil characteristics of the vineyards. The trial 

had vineyards located in Belmonte de Tajo municipality (Bel-1 and Bel-2), Campo Real (CR) and Navalcarnero 

(Naval). The soil organic carbon (SOC), pH, electrical conductivity (EC), carbonates, active lime, texture class 

and cation exchange capacity (CEC) correspond to the Ap horizon. 

Site 

Soil 
Classification 

Altitude Slope SOC pH EC 
 

Carbonates 
Active 
lime 

Clay Silt Sand CEC 

(USDA) (m) (%) 
(gr 

kg
-1

) 
(1:2.5) 

(µS 
cm

-1
) 

(%) (%) (%) (%)  (%) 
(meq 100 g

-

1
) 

Bel-1 
Calcic 

Haploxeralf 
754 7.2 8.1 8.5 162 27.8 8.7 24.0 31.5 44.5 14.9 

Bel-2 
Typic 

Haploxeralf 
743 7.0 5.2 8.6 144 20.0 4.4 27.5 38.5 34.0 18.8 

CR 
Calcic 

Haploxeralf 
783 13.4 7.2 8.6 160 16.1 6.2 31.5 18 50.5 12.2 

Naval 
Typic 

Haploxeralf 
586 13.5 7.0 7.7 145 0.1 <0.1 24.5 8.5 67.0 14.0 

 

2.2.2. Experimental design 

The trial started in the winter of 2012/2013 with the selection of the four studied vineyards. The 

treatments were: i) conventional tillage (T) consisted in 2-3 tillage operations with chisel (20 cm 

depth) per year following the typical soil management practice of the farmers of this area; ii) 

Brachypodium distachyon groundcover (hereafter CB), seeded in the central 2 m of the inter-rows 

in December 2012 being the seeding rate 20 kg ha-1; and, iii) spontaneous vegetation cover 

(hereafter CS). A row chisel pass was carried out every year to maintain bare soil for easing the 

vines operations (prune and harvesting). Both vegetation cover treatments (CB and CS) were 

mowed every spring once or twice a year, depending on the rainfall regime, at the height of 10 cm. 

The resulted straw residue or litter was left on the soil surface. This height allowed the CB 

treatment to auto-seed. We performed the 3 treatments in all 4 sites with 3 repetitions according 

to (García-Díaz et al., 2017). 

2.2.3. Soil sampling and laboratory methods 

In the summer of 2015, 9 soil samples per treatment were collected from the 4 vineyards at 0 to 5 

cm and 5 to 10 cm depth. Soil samples were air-dried and sieved to obtain various sized fractions 

to carry out soil tests as described below. Texture was determined with Robinson pipette method.  

Soil organic carbon can be found in different forms and potentials to be stable or recycled, thus 

the need to identify stable and labile fractions. 
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The organic matter content associated to the soil mineral fraction is considered as the stable 

fraction of organic carbon as it can be found at water stable aggregates. The mineral fraction was 

separated from the total organic matter by dispersing 10 g of the 2 mm sieved fraction in 30 mL of 

sodium hexamethaphosfate (5 g L-1) and further shaking for 15 h. Then, the dispersed soils were 

wet sieved at 50 µm and the different fractions were oven-dried at 50ºC (Cambardella and Elliott, 

1992). SOC and mineral-associated organic carbon (MOC) were determined by Walkley and 

I.A.Black (1934) method. Soil organic carbon of the particulate organic matter (POC) was obtained 

as the difference between SOC and MOC. POC fraction is considered as the labile organic matter 

mainly composed of litter, roots and animal remains, i.e. readily available material for 

decomposition by microbial attack. 

SOC, MOC and POC stocks were obtained based in Equation 2.1.  

C Stock (Mg ha-1) = [SOC, MOC or POC] x BD x D x 10        (Eq.2.1) 

where: SOC is soil organic carbon (fraction < 2 mm) (g kg-1); MOC is the mineral-associated organic 

carbon (g kg-1); POC is particulate organic carbon (g kg-1); BD is the bulk density (Mg m-3); and D is 

the sampling depth (m).  

The plant roots percentage was determined in undisturbed soil samples obtained by drill sampling 

(Ø=2.18 cm) at 0-5 and 5-10 cm depth taking 9 samples per treatment. The samples were air dried, 

weighed and wet sieved at 0.2 mm. Then, water and roots were vacuum filtered with a Büchner 

funnel and Kitasato flask over a tared paper filter. The obtained filters with roots were oven-dried 

at 105ºC for 24 h and weighed. The root stock was calculated with Eq. 1 but C was substituted by 

the root content.  

There are several methodologies to assess aggregate stability (Hernanz et al., 2002; Imeson and 

Vis, 1984) and a number of researches have addressed the increase in the aggregate stability with 

organic amendments (Hontoria et al., 2016; Peng et al., 2016; Rahman et al., 2017) or the use of 

cover crops (Ruiz-Colmenero et al., 2011; Salomé et al., 2016). But most of them include only one 

aggregate stability test. Knowing that the results can be different by using different 

methodologies, we propose including two aggregate stability tests to assess the effects of 

different soil management strategies on aggregate stability and, thus, soil structure.  

The first method was performed by counting the number of drops (CND) needed to break 

aggregates. An aliquot of soil samples was dry sieved to obtain macro-aggregates with diameter 

size between 4 to 4.75 cm (Boix-Fayos et al., 2001) to perform the CND test. Thirty macro-

aggregates of each soil sample (9 samples per treatment) were used to perform resistance to drop 
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impact test (Imeson and Vis, 1984) by the CND method. The second method was the water stable 

aggregates WSA method, that was expressed as the percentage of the <2 mm aggregates resistant 

to wet sieving (Kemper and Rosenau, 1986). Aggregate samples were submerged and emerged 

over a 0.25 mm sieve at 30 oscillations per minute during 3 minutes. These calculations were 

corrected for sand content. Three subsamples of 5 g were evaluated (9 samples per treatment). 

2.2.4. Soil cores: macro, meso, microporosity, water holding capacity and 
bulk density 

To obtain the macro, meso and microporosity, total porosity, water holding capacity (WHC) and 

bulk density, 9 undisturbed soil cores per treatment were taken in the 4 vineyards. The cores have 

5 cm of diameter and 5.1 cm of height (100 cm3). The cores were taken with the objective of 

sampling the first 5 cm of depth, however, to ensure that 100 cm3 were exactly sampled, the first 2 

to 3 cm of the surface soil were removed to avoid irregularities mainly caused by the vegetation. 

Consequently, the final sampled depth was between 2-3 and 7-8 cm deep. 

The cores were water saturated by capillarity in a sandbox. Then, increasing suctions from pF 0 to 

pF 4.2 were applied. In the sandbox pF ranged from 0 to 2, and in the pressure plates system 

(Richards, 1941; Richards, 1965) pF ranged from 2.54 to 4.2. As the last step, the samples were 

completely oven dried (24 h at 105ºC) to calculate the bulk density. We define the different pore 

size groups following the classification suggested by (Taboada et al., 2004) which separates 

macropores (those pores > 60 µm; pF from 0 to 1.8), mesopores (those pores between 60 and 10 

µm; pF from 1.8 to 2.54) and micropores (those pores ≤ 10 µm; pF>2.54). Water holding capacity 

(WHC) was calculated as the difference between the moisture held in soil microporosity and that 

of the permanent witting point (pF = 4.2). Not available water (NAW) was calculated as water 

content below the permanent witting point. pF data were also used to determine water retention 

curves. We used RETC software (van Genuchten et al., 1991) to calculate the parameters of the 

empirical equation Eq.2.2 modified by van Genuchten and Nielsen (1985).  

θh=θr+(θs-θr)[1+(αh)n]-m                                       (Eq 2.2) 

Where θh is the water content at tension h (m3 water m-3 soil); θr is the residual water content (m3 

water m-3 soil); θs is the saturated water content (m3 water m-3 soil); α is the inverse of the air 

entry suction (m-3); n is a dimensionless value related with the pore size distribution; m is 1-(1/n) 

and h is the suction pressure.  
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Intrapedal porosity was assessed using the petroleum method (Mursec, 2011). Aggregates were 

weighed, submerged in petroleum oil during 24 h to allow pores to infill. The mass difference was 

used to calculate the intrapedal porosity.  

2.2.5. Field tests and determinations 

Infiltration rates were obtained with a simple-ring infiltrometer of 12.5 cm of diameter (USDA, 

1998) by recording the time necessary to infiltrate 25 mm of water and repeating it for 10 times. 

Nine infiltration tests were performed on each treatment of each vineyard (3 treatments x 4 

vineyards x 9 infiltration test).  

Penetration resistance was assessed using an Eijkelkmamp® penetrometer. It was carried out 27 

times per treatment for the four vineyards at the depths of 2.5, 5, 10, 15, 20, 25, 30, 35, 40 and 45 

cm.  

The vegetation cover percentage was determined in three random spots along each row of each 

treatment (3 spots x 3 rows x 3 treatments x 4 vineyards) at the beginning of the summer using 25 

x 25 cm2 quadrats. At each spot, the average of 6 observations from 6 trained observers was used 

to determine the percentage of vegetation cover. This methodology results in similar values than 

those obtained employing digital image analysis (García-Estríngana et al., 2005). 

2.2.6. Data analysis 

Before the data analyses, the variables were checked and transformed to ensure normal 

distribution of data if needed. The analyses were developed in different stages using Statistica 10 

software (StatSoft Inc., 2011). First, we conducted a variance analysis (Factorial ANOVA). Factors 

were the soil treatment (CB, CS and T), site (the four studied vineyards) and depth (0-5 cm and 5-

10 cm). The dependent variables were SOC, MOC, POC, CND, WSA, roots, BD, intrapedal porosity 

and vegetation cover. After that, the variables were analyzed by separating depths, except BD and 

intrapedal porosity as they have been studied for the same depth. Considering that penetration 

resistance was measured for many depths we performed simple ANOVA at each depth with soil 

treatment as the only factor. Further, macro, meso, microporosity, WHC, NAW and infiltrations 

were analyzed with simple ANOVA with soil treatment as a factor. Canonical analyses were used to 

assess the relationships between soil treatments (CB, CS and T) and dependent variables. Soil 

treatments were previously codified as dummy variables to include them in canonical analysis.  
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2.3. RESULTS 

2.3.1. Soil organic carbon and fractions 

The factorial ANOVA showed that SOC, MOC and POC were strongly affected by the soil treatment 

and the site (Table 2.2). The depth had influence in SOC and MOC but not in POC. The interaction 

[Treat x Site] was strongly significant on SOC and lower on MOC. [Treat x Depth] and [Site x Depth] 

had overall low signification and only [Site x Depth] for POC had a big influence. Again, POC was 

the only organic carbon fraction with a big influence of the interaction [Treat x Site x Depth]. 

Table 2.2.  Results from the analysis of variance for soil organic carbon (SOC), mineral-associated organic 

carbon (MOC), soil carbon of the particulate organic matter fraction (POC). The treatments were CB 

(Brachypodium distachyon), CS (Spontaneous Vegetation) and T (Conventional Tillage). Sites were vineyards 

in Belmonte de Tajo (two vineyards), Campo Real and Navalcarnero. Depth were 0-5 and 5-10 cm. Different 

letters mean differences between treatments for the 0-10 depth at p<0.05. Terms with p value >0.1 were 

not reported (NR). 

  
Treat Site Depth 

Treat* 
Site 

Treat* 
Depth 

Site* 
Depth 

Treat* 
Site*Depth 

SOC  <0.001 <0.001 <0.001 0.001 0.091 0.014 0.051 

MOC  <0.001 <0.001 <0.001 0.011 NR NR 0.040 

POC 0.004 <0.001 0.083 NR 0.047 0.003 0.001 

 

For both studied depths the differences between treatments were the same for SOC, MOC and 

POC: with CS showing significantly higher carbon values than T, while CB did not differ from CS and 

T (Fig. 2.1). The MOC stocks for the different treatments were 8.85, 9.72 and 8.03 Mg ha-1 for CB, 

CS and T, respectively, which mean a relative increase of 10 % for CB and 21 % for CS compared to 

T. POC contents were 4.06, 4.75 and 3.75 Mg ha-1 for CB, CS and T, respectively. The relative 

increase caused by GC was 25 % for CB and 46 % for CS. Three years after introducing 

groundcovers CB increased SOC in 1.62 Mg ha-1 year-1 and CS did it in 3.18 Mg ha-1 year-1 regarding 

T. 
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Figure 2.1. Mean of soil organic carbon (SOC), mineral-associated organic carbon (MOC) and soil organic 
carbon of the particulate organic matter fraction (POC) for the different treatments for the 0-10 cm depth. 
CB (Brachypodium distachyon), CS (spontaneous vegetation) and T (conventional tillage). Different letters 
mean significant differences between treatments at p<0.05. Surrounded letters refer just to SOC statistical 
differences. N=36. 

2.3.2. Soil parameters and its relations to management strategies 

After three years of GC establishment all variables were significantly affected by the soil treatment 

at p<0.05 and strongly affected by the site at p<0.001 (Table 2.3). The depth had influence in WSA 

and roots. The interaction [Treat x Site] was strongly significant on CND and vegetation cover but 

had lower signification on WSA and roots. [Site x Depth] was significant for the roots while [Treat x 

Site x Depth] did not influence any variable. CS increased strongly the CND doubling the average of 

T while CB scored similar values than T. However, both GC treatments increased the WSA 

significantly. The roots content was increased in CS by more than 3 Mg ha-1 while CB also showed 

higher values than T but not statistically significant. CB showed the higher values of bulk density 

and CS did not differ from T. CB increased significantly intrapedal porosity in soil while CS did not.  
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Table 2.3.  Mean and standard deviation for the different treatments and results from the analysis of 

variance for counting number drops aggregate stability test (CND), water stable aggregates test (WSA), roots 

stock and bulk density for the different treatments. The treatments were CB (Brachypodium distachyon), CS 

(Spontaneous Vegetation) and T (Conventional Tillage). Sites were vineyards in Belmonte de Tajo, Campo 

Real and Navalcarnero. Depths were 0-5 and 5-10 cm. Different letters mean differences between 

treatments for the 0-10 cm depth at p<0.05. Terms with p value >0.1 were not reported (NR). 

 
Treatment 

 
Effect 

 
CB CS T 

 
Treat Site Depth 

Treat* 
Site 

Treat* 
Depth 

Site* 
Depth 

Treat* 
Site*Depth 

CND 10.41 ± 0.76 a 20.14 ± 2.67 b 9.14 ± 0.85 a 
 

<0.001 <0.001 NR 0.001 NR NR NR 

WSA (%) 41.63 ± 1.56 b 43.01 ± 1.81 b 37.11 ± 1.46 a 
 

<0.001 <0.001 <0.001 0.023 NR NR NR 

Roots  
(Mg ha

-1
) 

7.39 ± 8.04 ab 9.55 ± 11.58 b 6.04 ± 6.02 a 
 

<0.001 <0.001 <0.001 0.019 NR <0.001 0.036 

Bulk density  
(Mg m

-3
) 

1.42 ± 0.02 b 1.37 ± 0.03 ab 1.34 ± 0.02 a 
 

0.049 <0.001 - NR - - - 

Intrapedal 
porosity (%) 

36.61 ± 0.76 b 34.61 ± 0.90 a 34.14 ± 0.84 a 
 

0.011 <0.001 - 0.096 - - - 

 

2.3.3. Depth and soil management 

Both GC showed higher SOC values at 0-5 cm depth than at 5-10 cm (Fig. 2.2) meaning that a 

stratification of SOC is taking place. Regarding MOC only CS showed statistically different values 

between depths. POC values did not differ between depths. SOC, MOC and POC showed the same 

trend of differences between treatments at the studied depths: CS had significantly higher values 

than T with CB showing no differences with any treatment at 0-5 cm depth. The aggregate stability 

tests did not show differences between depths for any treatments with the exception of WSA in T. 

No statistical differences were found for WSA when separating between depths. The CND test had 

significantly higher values for CS than CB and T in the two selected depths. At 5-10 cm depth, no 

statistical differences between treatments were recorded for any variables. Regarding roots 

content, only CB showed statistically significant higher values at 0-5 cm depth than at 5-10 cm 

depth. Again, at 0-5 cm depth only CS differs from T.  
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Figure 2.2. Mean and standard error of soil organic carbon (SOC), mineral-associated organic carbon (MOC), 
soil organic carbon of the particulate organic matter fraction (POC), counting number drops aggregate 
stability test (CND), water stable aggregates test (WSA) and roots stock for the different treatments and 
depths after three agronomy seasons. CB (Brachypodium distachyon), CS (Spontaneous Vegetation) and T 
(Conventional Tillage). Different uppercase letters mean differences between treatments at the same depth 
at p<0.05. Different lowercase letters mean differences between depths at the same treatment at p<0.05. 
N=36. 

2.3.4. Penetration resistance 

The results after analyzing the penetration resistance data were separated in two sections (Fig. 

2.3): from 0 to 20 cm depth, with significant differences, and from 25 to 45 cm depth where no 

statistical differences were observed. Section 1 showed that T scored the lower penetration 

resistance than both GC treatments. From 0 to 15 cm depth, the penetration resistance of 

groundcovers doubled the values of the tilled soils. At the depth of 20 cm T and CS had no 
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differences. CB scored the highest values along the most of the profile. In section 2, the values 

were erratic along different depths and had very high variability which resulted in a lack of 

statistical differences.   

 

Figure 2.3. Mean and standard error of penetration resistance for the different treatments after 

three agronomy seasons at different depths. CB (Brachypodium distachyon), CS (spontaneous 

vegetation) and T (conventional tillage). Different letters mean differences between treatments at 

p<0.05. Section 1: with statistically significant differences. Section 2: without statistically 

significant differences.  

2.3.5. Porosity and infiltration 

Total porosity of sampled cores after three years of soil treatments did not change significantly 

(Fig. 2.4). CS scored the highest average with 47.3 % followed by CB (46.2%) and T (45.8%). CS and 

T had significantly higher macroporosity than CB. However, CB had higher micro-porosity than CS 

and T, which was reflected in a higher WHC. The analysis of Fig. 4 shows that three years of GC 

development have been enough to reorganize the soil pore structure , although total porosity 

does not change.  
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Figure 2.4. Upper part: water retention curve for the three treatments three years after the start of the trial. 
θ= volumetric water content. Lower part: mean values volumetric water content for the tree treatments. 
Total porosity is divided in macroporosity, mesoporosity and microporosity. Micro porosity was divided in 
water holding capacity (WHC) and not available water (NAW). CB (Brachypodium distachyon), CS 
(spontaneous vegetation) and T (conventional tillage). Different letters mean significant differences between 
treatments at p<0.05. Letters surrounded by a square refer to micro-porosity differences. Letters 
surrounded by a circle refer to total porosity differences. N=36. 

With regard to infiltration rates, during the first minutes of the experiments all the treatments 

showed similar rates starting with 80 cm h-1. However, CS and CB maintained higher values by 0.15 

hours after the beginning (Fig. 2.5). The steady state values of CS and CB were 28.1 and 23.3 cm h-

1, respectively, which were statistically higher than T, with 13.1 cm h-1. Thus, in three years, 

groundcovers improved infiltration rates by increasing them ca. 2 times.  
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Figure 2.5. Infiltration curves for the three treatments three years after the start of the trial fitted to 
potential equations. CB (Brachypodium distachyon), CS (spontaneous vegetation) and T (conventional 
tillage).  Different letters mean significant differences between treatments at p<0.05. N=36. 

2.3.6. Relationships between parameters 

The relationship between SOC and aggregate stability is especially important in Mediterranean 

vineyards as explained in the Introduction section and deserves further analysis. A first exploration 

of the variables correlation matrix (Table A1.1, Appendix 1) showed that the aggregate stability 

tests scored the highest correlation indexes with SOC instead of POC and MOC. Thus, correlation 

analyses were performed with SOC and aggregate stability tests.  

CND and WSA showed a positive and significant correlation with SOC (p<0.05) (Fig. 2.6) with and 

adjusted R2 of 19.5 and 38.6 %, respectively. These figures indicated that with low SOC values, a 

small increase strongly improves the aggregate stability. On the contrary, with higher SOC, a bigger 

increase is needed to promote aggregate stability. This is particularly marked in the correlation 

between WSA and SOC (Fig. 2.6b), in which an asymptotic equation could be observed. On the 

contrary CND showed an almost lineal relationship with SOC.  
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Figure 2.6. Relationships between soil organic carbon (SOC) at 0-10 cm depth and (a) counting number drops 
CND; and (b) water stable aggregates (WSA) with the best fitting equations, which are statistically significant 
at p<0.05. 

Due to the multiple correlations found between variables a multivariate canonical analysis was 

performed with selected variables that minimize co-variation, site-dependence relationship and 

redundancy. The model included: the treatments CB, CS and T, and the variables; POC, MOC, CND, 

WSA, roots, PR, Infil, P-Intra,P-total, P-Macro, P-Meso, WHC, BD and Cover. The canonical analysis 

extracted 61 and 38 % (roots 1 and 2, respectively) of the variability of the independent variables 

and 14 and 10 % (roots 1 and 2, respectively) of the dependent variables. This relatively low 

explained variability is due to the large number of variables that were included in the canonical 

analysis. To facilitate interpretations, two graphs were made with the ordination resulting from 

canonical analysis (Fig. 2.7a and b). The first one was focused on organic matter and aggregate 

stability and the second one on variables related to the water in the soil. Roots and vegetation 

cover were included in both graphs because they had big influence in the two sets of variables.  

Vegetation cover scored positive in Root 1 as well as both GC treatments. Fig. 7a showed similar 

scores for the organic matter fractions, aggregate stability and roots in Root 1, which explain the 

most of the variability and is linked to the GC. All dependent variables but particularly CND scored 

positives values in Root 2, which positioned them closer to CS than to CB. Figure 7b showed that 

soil treatments had very low influence on mesoporosity. The macroporosity was negatively 

correlated with CB. Total porosity was slightly affected by soil treatments but scored more similar 
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to groundcovers than to T. WHC and intrapedal porosity were highly related and scored close to 

BD. These variables scored positive in Root 1 as well as groundcovers but negative in Root 2. 

Vegetation cover was related to penetration resistance, infiltration rates and roots content in the 

soil. Higher vegetation cover meant higher penetration resistance or compaction. However, 

contrary to expectations, this did not lead to infiltration problems, instead, the infiltration rates 

were higher as the vegetation cover and penetration resistance values went higher. Taking into 

account that groundcover did not increase the pore volume (Figs 2.4 and 2.7b) we can conclude 

that the pores connection is more important than the pore volume to explain infiltration rates and 

that soil compaction is not directly related to water infiltration in this study. GC, and especially CS, 

increase the vegetation cover percentage, which increases the soil roots content. This higher root 

biomass input increases the organic carbon (both fractions) and improves the aggregate stability.  

 

Figure 2.7. Ordination resulted from canonical analysis. Brachypodium distachyon groundcover (CB), 
spontaneous vegetation groundcover (CS), conventional tillage (T), soil organic carbon of the particulate 
organic matter fraction (POC), mineral-associated organic carbon (MOC), counting number drops aggregate 
stability test (CND), water stable aggregates test (WSA), roots, penetration resistance (PR), infiltration (Infil), 
intrapedal porosity (P-Intra), total porosity (P-total), macroporosity (P-Macro), mesoporosity (P-Meso), 
water holding capacity (WHC), bulk density (BD) and vegetation cover (Cover). 
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2.4. DISCUSSION 

As it was expected, the site had the strongest influence on the studied variables. However, this 

study aimed to include soil and location variability to contrast it with the soil management practice 

and to prove whether a soil management strategy can improve soil quality, no matter the type of 

soil. Three years after the beginning of the GC establishment the studied soil properties 

experienced some changes. Soils with CS had significantly more SOC, MOC and POC than T, with 

CB scoring intermediate values. The most important increase corresponds to the 0 to 5 cm depth. 

At 5 to 10 cm depth there were just tendencies but not statistically significant changes. Usually, at 

deeper layers there are no significant differences between conventional tillage and other 

sustainable soil management practices (Piccoli et al., 2016; Powlson et al., 2011).  

Our results showed that CS increased soil carbon in both the stable and the labile fractions. The 

importance of this result is that the performing GC promotes atmospheric CO2 sequestration in the 

soil via increasing MOC stocks (Stockmann et al., 2013). At the same time its quality and fertility 

are improved (Gregorich et al., 1997) and erodibility is reduced (Parras-Alcántara et al., 2016) via 

increasing POC stocks. 

CS and CB had 1.06 and 0.54 Mg SOC ha-1 year-1 sequestration rates, respectively. These results 

agree with those from Vicente-Vicente et al. (2016) who performed a meta-analysis including 16 

publications on vineyards and found an average of 0.78 Mg SOC ha-1 year-1 while for olive orchards 

the rates were 1.1 Mg SOC ha-1 year-1. Peregrina et al. (2010; 2014) observed SOC sequestration 

rates of 0.47 and 1.19, and 1.34, 1.52, Mg SOC ha-1 year-1 in different trials for different types of 

permanent GC. More importantly, these stocks demonstrate that the 4 per mille objective can be 

accomplished. The relatively low values from CB could be attributed to the lower biomass input 

that we have proved in the case of the root biomass. Moreover, it is difficult to compare the SOC 

sequestration rates because sometimes the soil management strategy is called cover crops or 

groundcovers but these strategies include an annual tillage for seeding operations or to limit water 

competition obviating that tillage is one of the major driving forces of carbon mineralization (Kabiri 

et al., 2016). Additionally, there is not a standard of soil sampling depth to calculate SOC stocks or 

sequestration rates. CB increased POC stocks in 0.8 Mg ha-1 and CS did in 1.5 Mg ha-1 in relation to 

T. The increase in POC was been widely addressed in the literature as an improvement in soil 

quality (Duval et al., 2013). Moreover, though most of the soil organic carbon belongs to the stable 

fraction (MOC) GC increased relatively more POC stocks than MOC with a maximum of 46 % for CS. 

The aggregate stability tests showed different results. Regarding the CND only CS averaged 

significantly higher than T while both GC had higher values of WSA. T showed the lower values of 
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any soil treatment in both test. As tillage destroys the natural structure of the soil, it produces 

more unstable macroaggregates because of lower SOC contents (Six et al., 2000b). Therefore, the 

increase in aggregate stability is related to higher SOC contents (Blavet et al., 2009) and especially 

to the POC content (Imaz et al., 2010). This labile organic matter content is more sensitive to 

management changes than SOC (Bayer et al., 2004). In this study, the WSA was similarly influenced 

by MOC and POC in the canonical analyses, while the CND was closer to MOC. Higher POC is 

related with a continuous replacement of fresh organic matter that inputs in the soil (Sá and Lal, 

2009). Besides, POC acts as a binding agent to stabilize macroaggregates (Denef et al., 2004; Six et 

al., 2002). This could suggest that, in Mediterranean conditions, stable organic carbon increases 

the resistance of aggregates against the raindrops and thus, decrease soil erodibility. 

Both aggregate stability tests were positively correlated with SOC, which was observed by several 

researchers (Bronick and Lal, 2005; Six et al., 2004), but the correlations were different. CND 

followed a nearly linear distribution while the one of WSA was asymptotic. This could be explained 

by the fact that the WSA had higher sensitivity to a SOC increase when the initial SOC content was 

low. In fact, Minasny et al. (2017) have established in more than 20 countries that there is a 

tendency of a higher C sequestration potential on croplands with low initial SOC stock. In this 

study with soils having low SOC, WSA is more suitable to assess soil quality changes, hence it is 

recommended in the majority of Mediterranean vineyards.   

The cessation of the tillage and the mowing operations are often related with soil compaction 

(Lagacherie et al., 2006). Accordingly, our data showed that GC had significantly higher 

penetration resistance than T in the tilling depth. Nevertheless, this compaction had no 

consequences on the soil-water and soil-air relationships. As the soil water retention curves and 

multivariate analysis showed, GC did not have a strong impact on soil porosity. Total porosity was 

statistically the same for all treatments, in fact CS tended to be even higher. GC developed a new 

pore distribution with similar pore volume but a higher connectivity. BD was higher in the GC than 

in T showing an increasing soil compaction that was also proved by the penetration resistance field 

tests. Nevertheless, even with higher soil compaction and similar porosity, GC doubled the 

infiltration rates of T. The vegetation cover, penetration resistance and infiltration scored similarly 

in the canonical analysis indicated that the soil compaction itself is no enough to explain the water 

movement in the soil. Our results agree with those from Pires et al. (2017) and Gao et al. (2017) 

which observed small differences in macroporosity, but a better pore connectivity under no tillage 

treatment. Thus, despite soil compaction, GC improves the water movement while not threatening 

the soil aeration.  
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In this regard, CB had behaved slightly different than CS: macroporosity was lower and 

microporosity and WHC were higher in CB. The intrapedal porosity was also higher in CB which 

explained the higher proportion of small pores and the enhancement of WHC. It is well known that 

different patterns in soil roots result in different soil structure and pore size distribution (Krebs et 

al., 1993) and that traditionally tilled plots usually show less intrapedal porosity (Aguilar et al., 

1990). 

The most of the studied variables were not affected by soil treatments at 5 to 10 cm depth, which 

is mainly due to the slow evolution of soil parameters in semiarid Mediterranean soils (Bienes et 

al., 2016). Nevertheless, changes in the 0 to 5 cm depth have been enough for an improvement in 

hydrologic characteristics as infiltration and runoff (García-Díaz et al., 2017). The use of GC is a 

useful management strategy to increase soil quality in Mediterranean climate (Salomé et al., 

2016). Our results showed that the GC promotes an increase in soil quality and, as a result, in the 

soil functioning (Salomé et al., 2014). Permanent covers have increased the organic inputs in the 

soil system, increasing the SOC stock which has improved the aggregate stability and soil structure. 

The two GC had a different development. The spontaneous vegetation GC produced higher carbon 

input through the roots than CB (González-Sánchez et al., 2012), and this produced larger 

increases of SOC and, as a consequence, bigger improvements in aggregate stability and 

infiltration rates. 

A seeded GC requires an investment in seeds and the use of machinery for soil conditioning. The 

spontaneous GC does not require this kind of costs as it can be established directly by stop tilling 

operations. Moreover, along the trial we noticed herbivore problems with rabbits that showed 

much higher predilection for the Brachypodium distachyon GC. There are researches who have 

addressed water competition between the plants of GC and the vines in rainfed Mediterranean 

vineyards producing grape production decreases (Ruiz-Colmenero et al., 2011; Guerra and 

Steenwerth, 2012; Muscas et al., 2017). Nevertheless, these types of studies tend to ignore the 

costs of increasing SOC and erosion reductions on degraded soils.  

 

2.5. CONCLUSIONS 

Alternative soil management strategies such as the use of GC on degraded soils of Mediterranean 

vineyards improve the soil quality in comparison with the conventional tillage. GC reduce the 

mineralization rates and increase organic carbon input in the soil. The increase in organic carbon 

stocks take place in both stable and labile fractions, but these increases are relatively higher in the 

labile fraction which immediately improves soil fertility. Besides, this indicates that a pool of fresh 
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organic matter will be further humified, increasing the stable fractions and contributing to 

atmospheric CO2 fixation. SOC stocks increase promotes an improvement of aggregate stability 

and soil structure making soil more resilient to water erosion. The pore volume and pore size 

distribution remains similar while the pore connectivity increases dramatically. Spontaneous GC is 

the most effective soil management strategy to improve the global soil functioning.   

The most effective soil management strategy to improve soil quality is the use of spontaneous 

vegetation GC. However, in the context of Mediterranean vineyards, the competition between the 

vine plants and the GC could affect the performance of the vines. Thus, further research is needed 

to assess at the same time the influence of alternative soil managements to improve soil quality 

and its influence on grape harvest and wine quality.  

WSA reveals as the best choice to assess soil quality changes in Mediterranean vineyards. 
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ABSTRACT 

Previous studies have documented that, relative to conventional tillage (CT), alternative 

soil management (reduced tillage, mulching, or cover crops) decreases soil erosion and increases 

soil organic matter (SOM) in vineyards. These previous studies, however, failed to consider the loss 

of soil organic carbon (SOC) with erosion that could occur with the adoption of agro-

environmental measures (AEM) in a semiarid environment. Accordingly, the aims of this study 

were to determine whether changes in SOC content under AEM management are always positive 

and to develop a conceptual model for estimating the “SOC threshold”. The SOC threshold was 

defined as that level of SOC in an AEM-managed vineyard above which erosion will result in 

greater loss of C than occur in a comparable vineyard with CT management. SOC was analyzed at a 

100 paired sites (vineyards with AEM management vs. CT). The results showed that in some cases 

the loss of C was higher with AEM than with CT. Overall, the results indicate that the SOC 

threshold may be a key parameter in determining the best AEM measures for vineyards that are 

on slopes and therefore vulnerable to erosion. 
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3.1. INTRODUCTION 

Soil erosion is a problem in vineyards because it reduces soil fertility, damages nearby roads, and 

causes floods, (Costantini et al., 2015; Lieskovský and Kenderessy, 2014; Martínez-Casasnovas et 

al., 2016; Vaudour et al., 2015). Higher erosion rates have been recorded in vineyards than in 

other land use areas (Cerdan et al., 2010) in the Mediterranean region (Vanmaercke et al., 2011) 

because of several characteristics of the soil, climate, topography, soil management and the vines 

are planted and cultivated along the slope (Novara et al., 2011; Tarolli et al., 2015). First, the soil in 

traditional Mediterranean vineyards is bare for most of the year; the cover is only significant 

during the summer, when there is almost no rain other than sparse and irregular storms. Bare soils 

result in high erosion rates, and a recovery of the vegetation contributes to an important 

reduction of soil and nutrient losses in the Mediterranean region (Cerda, 1998; Novara et al., 2013; 

Novara et al., 2015a) and Africa (Mekonnen et al., 2015). Second, traditional soil management in 

Mediterranean vineyards includes continuous tillage with the goal of eliminating competition 

between vines and other plants for water and nutrients. Although tillage also reduces evaporation 

in the Mediterranean region, it results in high erosion rates (García-Orenes et al., 2009). Third, a 

high soil organic matter content can help reduce erosion, but soils of the Mediterranean vineyards 

have low organic matter content because of the low inputs of organic matter and because the 

climate promotes high mineralization rates. The organic matter content is further reduced by the 

tillage. Fourth, vineyard soils in many regions are shallow and with low infiltration rate, which 

increases their vulnerability to soil erosion. Finally, the large vine-producing regions in the 

Mediterranean region are hilly and experience high intensity rainfall events, both of which will 

obviously increase the potential for erosion (Cerdà et al., 2016). Within this context, alternative 

management, such as reduced tillage, the application of mulch, or the planting of cover crops, has 

been developed to protect soil from erosion. These alternative management methods generally 

increase the input of soil organic matter (SOM) (Prosdocimi et al., 2016b; Brevik, 2013). The 

importance of SOM in reducing soil erosion is well known, i.e., SOM reduces erosion by improving 

soil structure, hydrological characteristics, aggregate stability and resistance (Balesdent et al., 

2000; Barthès and Roose, 2002; Six et al., 2004). Erosion rates are lower and SOM contents are 

higher in vineyards that are planted with cover crops and are not tilled than in vineyards that are 

managed with bare soil and traditional tillage (Biddoccu et al., 2015; Ruiz-Colmenero et al., 2013; 

Virto et al., 2012b). Hence, the adoption of soil-conservation practices is encouraged both to 

prevent erosion and to sequester atmospheric carbon dioxide (CO2) in the soils. As a consequence 

of the 1992 reforms of the Common Agricultural Policy in Europe, agro-environmental policies 
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have been developed through payments to farmers in order to improve environmental protection. 

In Mediterranean countries, the payments are especially desirable because some agro-

environmental measures (AEM) could reduce agricultural production and therefore farmer profit 

(Ruiz-Colmenero et al., 2011). 

A main objective of the second axis of the Rural Development Program of the European Union 

(Council Regulation EC No 1698/2005) is the improvement of the environment and the 

countryside, and the program encourages soil management with cover crops to reduce erosion 

(Article 4, EC No 1698/2005). This can be done through the previously mentioned AEM payments, 

which will be provided to growers whose management results in positive environmental 

outcomes. Although agricultural conservation practices, including the planting of cover crops, are 

included in the AEM, few studies have analyzed the carbon (C) cycle under erosion processes with 

alternative soil management. The apparently positive effect of higher soil C content on soil 

properties and climate change mitigation could lead to C loss in the system in terms of higher CO2 

emissions or higher amounts of C in soil sediments that are transported from the field by erosion. 

Gao et al. (2013) introduced the C health threshold theory, which indicates that increases in soil C 

levels could lead to ecosystem degradation. Gao et al. also determined that if C storage exceeds 

nutrient and water supply limits, an ecosystem will fall into a sub-health state of fitness; after that, 

C will be lost through soil erosion or other pathways. In the current study, the SOC threshold is 

defined as that level of SOC in an AEM managed vineyard above which erosion will result in a 

greater loss of C than occur in a comparable vineyard that is managed with conventional tillage 

(CT). Several authors have studied the C health threshold theory with respect to afforested and 

natural soils (Gao et al., 2012; Wang and Cao, 2011), but the theory has not been investigated in a 

semiarid cultivated soil.  

This paper attempts to answer three questions with respect to vineyards located on hillsides in the 

semi-arid environment of the Mediterranean region: i) given that substantial C may be lost via 

erosion, is it always desirable to increase the SOC content of the soil?; ii) can the SOC stock be 

increased under AEM without resulting in high C loss due to erosion? and iii) is the SOC threshold 

measurable? 

3.1.2. The SOC threshold concept 

Erosion results in C loss via three major pathways: (i) C contained in soil that is transported and 

deposited elsewhere as sediment; (ii) dissolved organic carbon (DOC) contained in runoff; and (iii) 

CO2 emission (Jacinthe and Lal, 2001). Among these pathways, the first is most important, because 
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the most C is lost as SOC in sediment. The other two pathways, although relevant for the global C 

budget and for ecological properties, are dependent on sediment transport and C content. Using 

data for SOC stocks and dynamics from long-term experiments (more than 7 years) in different 

regions(Jacinthe and Lal, 2001) found that erosion-induced CO2 emission rates ranged from 6 to 

52 g C m− 2 yr− 1. Similarly, in a short-term experiment (98 days), (Van Hemelryck et al. 

(2010) estimated that soil redistribution processes resulted in an additional loss of 2 to 12% of C 

from eroded sediment via CO2 emission. Both studies showed that erosion induced-CO2 emission 

depends on the C content of the soil and sediment. Similarly, the DOC in runoff represents a low 

percentage of the total C loss (Mchunu and Chaplot, 2012). It follows that the quantity of C lost 

during erosion can be reasonably estimated from the quantity of SOC that is transported with 

eroded soil and that is deposited elsewhere as sediment. 

 

The loss of C in soil sediments (OClosssediment) can be described by the following linear relationship 

(Starr et al., 2000): 

    (3.1) 

where SOC is the content of organic C in soil (%), Er is the enrichment ratio of eroded sediment 

relative to the original soil (dimensionless), and SE is soil erosion rate (Mg ha− 1y− 1). According to 

Eq. (3.1), C loss increases with the erosion rate and SOC content. SOC and SE are both functions of 

organic matter input into the soil, i.e., increases in soil organic matter increase SOC and reduce SE 

because organic matter increases soil aggregate stability (Loveland and Webb, 2003). 

In sloping vineyards, alternative soil management (AEM management, i.e., management without 

tillage and with a cover crop) reduces erosion relative to conventional tillage (CT) because the 

cover crop reduces the impact of rain drops on the soil, increase infiltration and dissipation of flow 

energy, produces biomass that contributes to increases in SOC (Novara et al., 2011) and therefore 

to aggregate stability (Blavet et al., 2009). The higher SOC level resulting from continuous AEM 

management, however, produces C-enriched sediments and consequently could lead to higher C 

losses than with CT, despite the lower SE (Fig. 3.1). Considering that possibility and as noted 

earlier, we define the SOC threshold as the level of SOC under AEM management that results in a C 

loss with AEM management that is equal to the C loss under CT management (OClossCT) (Fig. 3.1). 

http://www.sciencedirect.com/science/article/pii/S0016706116300805#fo0005
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Figure 3.1. Conceptual diagram of dynamic changes in OC loss in a sloping area with different soil 
management systems. The soil erosion is lower under AEM management (green line) than CT management 
(red line). The increase of SOC in AEM management (green circle) can entail an higher OC loss in AEM than 
CT. The cross point between the dotted red line (OC loss under CT) and dotted green line (OC loss under 
AEM) is described as the SOC threshold in the sloping area 

If the soil C saturation level (the maximum, steady state level of C that can accumulate in a specific 

soil) is higher than the SOC threshold, the SOC threshold will correspond to a CAEM value; if the soil 

C saturation level is lower than the SOC threshold, the SOC threshold will be equivalent to the C 

saturation value. We indicated C saturation level (or C steady state) as the maximum level of C 

accumulated in a certain soil, despite the C input increasing. 

Considering constant environmental conditions for both soil managements, the SOC threshold is 

calculated with the following Eqs. (3.2) and (3.3): 

     (3.2) 

and according to Eq. (1), it follows that: 

   (3.3) 

Based on Eq. (3.3), the C losses relative to SOC content with AEM and CT management are 

presented in Fig. 3.2. (green and red lines). Considering the same value of SOC (C1) for CT and 

AEM, OCloss will be higher for CT (OClossCT) than AEM (OClossAEM), given that the erosion rate SE 

will be higher in CT than in AEM because of differences in soil cover. 
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Figure 3.2. C loss under two different soil managements. The black circle indicates the SOC threshold 

If no change in soil management occurs, the SOC content in CT can be considered constant over 

many years. Given a value of SOC under CT (SOC1) with OClossCT, the OClossAEM will be reached 

with a SOC content equal to SOC2. Values higher to SOC2 will result in a higher OCloss in AEM than 

in CT. The SOC2 value can, therefore, be considered the SOC threshold for a given soil that, if 

managed under CT, will contain a steady state level of SOC equal to SOC1 (Fig. 3.2). 

3.2. MATERIALS AND METHODS 

3.2.1. Study area and soil sampling 

The study area is located in southern Sicily and is one of the 18 vineyard Controlled Denomination 

of Origin areas on the island (Fig. 3.3). In the “utilized agricultural area” (UAA) of 11,588 ha, 35.5% 

is devoted to vineyard cultivation, 32.2% is arable land, and 11.1% is planted with olive trees. The 

mean annual precipitation is 516 mm. Rainfall is highest in October (monthly mean rainfall of 

81 mm) and lowest in July (monthly mean rainfall of 2 mm). On average, 3% of the mean annual 

rainfall occurs during summer (June, July, and August) while 42% occurs during November, 

December, and January. The mean annual temperature is 18 °C; the hottest months are July and 

August (monthly means of 25 °C), and the coldest months are January and February (monthly 

means of 11 °C). Vineyards in Sicily are commonly managed with CT (at least five shallow tillages 

per year) to control weeds and reduce water competition. Recently, alternative soil management 

in vineyards is spreading thanks to AEM. In particular, AEM management in Sicilian vineyards 

involves annual cover cropping using legumes like faba bean (Vicia faba) and vetch (Vicia sativa). 

The cover crop is seeded in autumn and disked into the soil in spring. In summer the vineyard is 

subjected to two shallow tillages. 
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Figure 3.3. The studied Santa Margherita Controlled Denomination of Origin area (controlled denomination 
of origin) in Sicily, the selected paired sites (red bullets), in green vineyards of the studied area, and an 
example of paired site. 

In the study area, 100 paired sites were chosen (Fig. 3.3). The paired-site approach was used to 

compare SOC stocks after 5 years of management with AEM vs. CT (Novara et al., 2012). The plots 

at each pair of sites (one plot per site) were similar with respect to soil type, slope, elevation, 

exposure, and drainage. V. faba was used as a cover crop in the AEM plots. Three soil samples 

were collected from the 0–15 cm depth in each plot. The soil was dried and passed through a 2-

mm sieve before SOC was quantified according to Walkley and I.A.Black, (1934). Data for soil 
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texture were obtained from the regional government of Sicily (Banca dati geografica dei suoli della 

Sicilia del Dipartimento Agricoltura dell'Assessorato Agricoltura, Sviluppo rurale e Pesca 

mediterranea — Regione Siciliana). 

3.2.2. SOC threshold calculation 

The SOC threshold for each pair of sites was calculated according to Eq. (3.3). SEAEM and SECT were 

estimated using the USLE equation (Wischmeier and Smith, 1978): 

      (3.4) 

where K is the soil erodibility, C is Cfactor, R is the rainfall erosivity, LS is a topographic factor, and P 

is support practice. 

Because R, LS, and P factors were the same for the two plots of each pair of sites, the calculation 

of SE was simplified by their exclusion. 

Soil erodibility (K) for each plot of paired sites was calculated based on texture, organic matter 

content, and permeability according to equations presented by (Wischmeier et al., 

1971) and (Renard et al., 1997); these equations are recommended when the organic matter 

content is known and when the silt content is < 70%. Values for the Cfactor were 0.65 in CT plots and 

0.22 in AEM plots (Novara et al., 2011). The same value was used for ErAEM and ErCT. (Ruiz-

Colmenero et al., 2013) found different values of SOC in sediment and soil but similar ratios for 

vineyards managed with conventional tillage (Er = 1.4) and with a Secale cereale cover crop 

(Er = 1.5). 

Eq. (3.3) was arranged as follows: 

     (3.5) 

as: 

      (3.6) 

It follows: 

     (3.7) 

The mean and standard deviation of the SOC values were calculated for each plot 
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3.3. RESULTS AND DISCUSSION 

3.3.1. SOC as affected by CT and AEM soil management 

Five years after AEM management was initiated, the SOC did not greatly increase (Fig. 3.4). The C 

increase after AEM adoption was moderate relative to that reported in other studies (Batjes, 2014; 

Debasish-Saha et al., 2014; Jaiarree et al., 2014; Li et al., 2014; Lozano-García and Parras-

Alcántara, 2014). 

 
Figure 3.4.  Soil organic carbon (SOC%) in each paired site for the two soil managements. The dotted blue 
line represents SOC under Conventional tillage (CT). The crossing point between the logarithmic curve (black 
line) and linear equation (dotted line) describes the C saturation level. The distance between linear line and 
logarithmic curve represents the SOC change after AEM adoption. 

Among the 100 AEM plots, the highest SOC gain was 0.24%, and the average was 0.046%. The 

higher C sequestration rates in AEM plots occurred in those pairs with low SOC values in CT plots; 

the sequestration rate dropped as the SOC in CT plots approached 0.66%. With this high SOC value 

in CT plots, the C sequestration rate was 0, and 0.66% SOC content was therefore assumed to be 

the C saturation level for vineyard soils given the environmental conditions of the study area and 

the soil management performed. However, others have reported no increase in SOC following a 

conversion from CT to management that reduced tillage and increased surface cover in semi-arid 

environments (Carr et al., 2015). 
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3.3.2. SOC threshold 

The SOC threshold, which was calculated for each paired site according to Eq. (3.7), showed an 

exponential trend both for soil with high silt content and low silt content (Fig. 3.5a and b). In the 

absence of limiting factors, which reduce the capacity of soil to sequester C, the increase in 

organic C exponentially improves soil structure and soil chemical properties, leading to a lower 

erosion rate and soil C sink ability. Soil erodibility and consequently OCloss increased with the silt 

content of soil (Pérez-Rodríguez et al., 2007). Soils with high silt are more susceptible to erosion 

and have a reduced ability to retain C, leading to lower SOC threshold values (Fig. 3.5). After 

5 years of AEM adoption, SOCAEM exceeded the SOC threshold in soils in which the CT plots had a 

high silt content and low SOC content. For values of SOC under CT ranging from 0.2% to 0.45%, the 

SOCAEM reached the SOC threshold, and in these cases the values for OCloss were higher with AEM 

than with CT. Similar results were found by Ruiz-Colmenero et al. (2013), who compared SOC in a 

vineyard managed with a cover crop vs. CT. The latter researchers reported that less sediment was 

generated with a cover crop than with CT but that the sediment from the cover crop soil contained 

about 1.4-times more SOC than the sediment from the CT soil. For values of SOC ranging from 

0.45% to 0.66% (the saturation level) with CT management in the current study, the SOC threshold 

was higher than SOCAEM. In these cases, the adoption of AEM should be encouraged up to the SOC 

threshold. Further studies should be carried out to evaluate the potential annual carbon 

sequestration and the relative C input through cover crop soil management in order to maintain 

the reached C steady state. 
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Figure 3.5.  SOC threshold and measured SOC after 5 years of AEM adoption in soil with high silt (a) and low 
silt (b) content. 

Although the difference between the SOC threshold and SOCAEM increases exponentially with 

SOCCT content, the maximum value that can be reached is the saturation level, and it is considered 

therefore the maximum level of the SOC threshold in the vineyards of the study area. Unlike the 

soils with high silt content, the soils with low silt content that were managed with AEM did not 

reach the SOC threshold (Fig. 3.5b). In all of these cases, the SOC threshold corresponded to the 

saturation level. 

Like organic matter content, soil texture greatly affects a soil's erodibility and also affects a soil's 

capacity to serve as a sink for C. Information on a soil's potential to retain C is therefore essential 

for the efficient adoption of AEM and for preserving agrosystem health. This paper presents a 

method to evaluate the effects of AEM management on both the increase in SOC and the risk of C 

loss. As a consequence, this paper suggests a tool for payment diversification in relation to agro-

ecosystem services provided by AEM management. 
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3.4. CONCLUSION 

AEM management using cover crops in vineyards increases SOC. In sloping areas, however, 

selecting the best AEM depends on an understanding of C loss resulting from erosion. Our results 

showed that in some cases the loss of C is greater with AEM management than with CT 

management. In these cases, the difference between SOCAEM and the SOC threshold indicates the 

increase in C loss resulting from AEM adoption (green area, Fig. 3.6); the difference between the 

SOC threshold and SOCCT, on the other hand, indicates the potential of the soil to increase its SOC 

stock while maintaining the same C losses with AEM management. In other cases, the SOC 

threshold was higher than AEM; in these cases, the difference between the SOC threshold and 

SOCAEM represents the potential quantity of C that could be sequestered by soil (Fig. 3.6). Although 

the SOC stock can reach the saturation level after several years of AEM management (Pachauri et 

al., 2014), our results showed that the risk of C loss can increase after only 5 years. Consequently, 

to maximize the effectiveness of AEM management both for the environment and for the 

optimization of SOC input, European policies should consider many factors such as the 

pedoclimate, cover crop management, plant species, and the quality and quantity of cover crop 

biomass. 

 

Figure 3.6. Scenarios of OC loss and potential C sequestration in relation to different AEMs (AEM1 and 
AEM2). 
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ABSTRACT 

In the last decades, unsustainable management practices such as continuous tillage are promoting 

severe soil degradation. In Mediterranean basin, woody crops are particularly degraded mostly 

because soil is bare the most of the year producing high erosion rates. The use of alternatives soil 

management strategies such as groundcovers (GC) are well known to reduce erosion and increase 

soil organic carbon (SOC) but few research have been devoted to analyze its effects on grape yields 

and quality in Mediterranean semiarid vineyards. Over three agronomy seasons, grape yield and 

quality in three different vineyards were analyzed to assess the influence of a seeded 

Brachypodium distachyon groundcover (CB) and spontaneous vegetation groundcover (CS) 

compared to conventional tillage (T). Additionally, SOC was measured to calculate the SOC value in 

terms of euros per megagram of sequestered SOC. Results showed a general decrease of grape 

yield while grape quality had high dependence on grape variety. The loss of income caused by GC 

were between 690 and 1048 € ha-1 year-1 for CB and CS and SOC sequestration values were 375 

and 758 € Mg-1 for CB and CS, respectively.  
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4.1. INTRODUCTION 

Mediterranean woody crops landscapes and particularly olive orchards and vineyards are 

considered cultural landscapes with deep historical roots (ICOMOS, 2005; UNESCO–SCBD, 2014). 

These soils have been cultivated from many centuries ago (Loumou and Giourga, 2003). In Spain, 

woody crops were traditionally planted and tilled contrary to slopes or in terraces (Cots-Folch et 

al., 2006), with animal power, were tilled with animal power and organic amendments were 

applied every year. From the half of the XX Century, Spanish woody crops started to be tilled with 

machinery, the organic matter amendments started decrease because of a lack of animals manure 

and many vineyards were planted along high (Arnaez et al., 2007). Consequently, vineyard soils are 

tilled continuously with bare the most of the year (Lasanta and Sobrón, 1988) and had low organic 

matter inputs. The previous, together with high rainfall intensities (Panagos et al., 2015) make soil 

vineyards prone to soil erosion processes (Prosdocimi et al., 2016a) leading to soil and nutrient 

loss but also to decreasing soil fertility and the sustainability of Mediterranean vineyards in 

medium to long term. Climate change threats the sustainability of these agro-ecosystems. First, 

along the XXI Century the average temperatures will increase (Pachauri et al., 2014) promoting 

higher soil organic matter (SOM) mineralization rates (Conant et al., 2011) and making soils more 

prone to erosion (Bronick and Lal, 2005). Besides, climate projections agree with a reduction in the 

number but an increase in the magnitude of extreme rainfall events (Rodriguez-Lloveras et al., 

2016; Christensen et al., 2007; Gibelin and Deque, 2003), which are responsible of the most of soil 

erosion in Mediterranean basin -Casasnovas et al., 2002). 

SOM plays a central role in soil quality and resilience (Six et al., 2004). The main soil management 

strategy to reduce erosion and increase SOM in vineyards is the use of groundcovers (GC) 

(Prosdocimi et al., 2016a; Virto et al., 2012b). GC could be performed as temporary or permanent 

GC. Temporary GC increased SOM limitedly (García-Díaz et al., 2016) because tillage is one of the 

major driving forces of SOM mineralization. Nevertheless, temporary GC increase SOM in 

degraded vineyards and reduces erosion and nutrient loss (Novara et al., 2012; Novara et al., 2011; 

Novara et al., 2013) especially when the main erosive rains take place from October to April. On 

the other hand, permanent GC allow higher increase in SOM (Ruiz-Colmenero et al., 2013; Vicente-

Vicente et al., 2016) and protect soils throughout all year. Thus, vineyards can be used as carbon 

sinks (Brunori et al., 2016) while improving its soil sustainability. 

Though, in Mediterranean climate, soil water resources are limited and water stress in the vine 

plants is one of farmer´s main concerns (Marqués et al., 2015) and it is becoming critical in the 
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new context of climate change. The effect of GC in grape yields is controversial since it is affected 

by many factors (Ripoche et al., 2011). Generally, GC are related with a decrease in yield because 

of water competition in areas with scarce rainfall (Hartwig and Ammon, 2002). Excessive water 

competition during spring and summer could severely affect plant vigor promoting early 

defoliations which influences grape yield and quality (Medrano et al., 2015). On the other hand, an 

early and limited competition between the plant vines and the GC could reduce vegetative vigor, 

which reduces the leaf area and thus, reducing stomactal conductance during the summer (Pou et 

al., 2011). Besides, vine plants are probed to change its root system distribution and size with GC 

to explore water resources otherwise misused, which counterbalance water uptake (Celette et al., 

2008). Moreover, there are several researches relating increasing wine quality with GC (Lopes et 

al., 2011; Guerra and Steenwerth, 2012; Lee and Steenwerth, 2013)  

Through agri-payments, European Union legislated promoting the use of sustainable agronomic 

practices, but every region has autonomy to develop its own legislation. Because of that, certain 

soil protection regulation inequalities can be found along Mediterranean Basin. Sicilian farmers 

(Italy) are paid 450 € ha-1 year-1 to perform temporary Vicia faba GC from October to April 

(Regione Siciliana, 2016). On the other hand, farmers from Madrid Region (Spain) are not paid for 

any soil protection management strategy (BOCM, 2009). At this regard, the efficiency of incentives 

for agri-environmental payments is being researched in the last years (Galati et al., 2015) showing 

that many variables such as the loss of farmers income and C sequestration rates are involved. 

Consequently, more knowledge of the loss of income and the influence of sustainable agronomic 

practices such as GC is needed to develop suitable legislation, favoring soil protection and C 

sequestration while guaranteeing farmers’ incomes.   

The goals of this study were: (1) to assess the influence of two different permanent GC in grape 

yield and quality in rainfed vineyards, (2) to analyze the economic impact of grape yield and 

quality variations and (3) to link economic impact with carbon sequestration rates. For those 

purposes we established seeded, spontaneous and conventional tillage in three different vineyards 

in South Madrid (central Spain) and data from grape yield and quality were analyzed along three 

agronomy seasons.  
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4.2. MATERIALS AND METHODS 

4.2.1. Study area 

The trial was set up in three commercial vineyards sited in South Madrid belonging to 

Denomination of Origin “Wines of Madrid”, in the center of Spain. Annual rainfall is approximately 

400 mm and average temperature 14.8 ºC. The three vineyards are representatives of different 

viticulture types. Belmonte de Tajo vineyard is an old low density vineyard of cv. Airén (Table 4.1). 

It represents the traditional viticulture model, with low inputs and goblet training method. Campo 

Real is an organic farmed 18 years old vineyard of cv. Tempranillo with 2222 plants ha-1. 

Navalcarnero vineyard represents a more intensive viticulture, managed conventionally with 3570 

plants ha-1 of cv. Merlot. The vineyards and the rows of the trials were also selected for having at 

least 9 consecutives inter-rows with the same soil and terrain characteristics. Pits for soil 

classification and analyses were performed before the beginning of the trial. Soils were classified 

as Haploxeralfs (Soil Survey Staff, 2015) with an altitude ranging from 586 and 783 meters above 

the sea level (Table 4.1). Slopes were moderate (7 to 13.5 %) and the SOC contents were low. Root 

depths were low, ranging between 0.2 and 0.6 m with strong physical limitations underneath.  

Table 4.1. Soil Classification (Soil Survey Staff, 2015) and main characteristics of the vineyards. Altitude 

(meters above the sea level) slope, soil organic carbon (SOC), pH, USDA texture, rooting depth, cultivar, 

plant density and training method. SOC, pH and texture correspond to the Ap horizon. 

Site 
Soil 

Classification 
(USDA) 

Altitude 
(m) 

Slope 
(%) 

SOC 
(gr 

kg
-1

) 

pH 
(1:2.5) 

Texture 
Root 

Depth* 
(m) 

Cultivar Age 

Plan 
density 
(Plants 

ha
-1

) 

Training 
method 

Belmonte de 
Tajo 

Calcic 
Haploxeralf 

754 7.2 8.1 8.5 Loam 0.2 Airén >90 1200 
Ancient goblet 
transformed to 
vertical trellis 

Campo Real 
Calcic 

Haploxeralf 
783 13.4 7.2 8.6 

Sandy 
Clay 

Loam 
0.4 Tempranillo 18 2222 

Vertical trellis 
(double cordon) 

Navalcarnero 
Typic 

Haploxeralf 
586 13.5 7.0 7.7 

Sandy 
Clay 

Loam 
0.4 Merlot 16 3570 

Vertical trellis 
(single Cordon) 

* Root depth does not include horizons with very few or no roots 

4.2.2. Experimental design 

The trial started in the winter of 2012/2013 with the GC establishment in the selected vineyards. 

Treatments were: i) conventional tillage (T) consisted in 2-3 tillage operations with chisel (20 cm 

depth) per year following the typical soil management practice of the farmers of this area; ii) 

Brachypodium distachyon groundcover (CB), seeded in the central 2 m of the inter-rows in 

December 2012 being the seeding rate 20 kg ha-1; and, iii) spontaneous vegetation cover 

(hereafter CS). GC were mowed every spring one or two times depending of the vegetation 
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growth, at the height of 10 cm. Litter was left on the soil surface as mulch and it was never 

incorporated into the soil. The three treatments were performed in the three vineyards with 3 

repetitions as was explained in García-Díaz et al. (2017). 

4.2.3. Grape sampling and laboratory measurements 

Samples were taken in the grape harvests of 2013, 2014 and 2015. Grape samples were taken the 

day before farmer´s harvest in each vineyard. For grape yield, the harvest from 12 vines per 

treatment was measured individually with a dynamometer. Four clusters from 12 vines per 

treatment were weighted to get the average cluster weight. The number of grapes per cluster was 

also noted. Average grape size (g) was calculated as the relation between the number of grapes 

per cluster and the average cluster weight. The grapes from 6 out of the 12 sampled vines were 

randomly sampled from the central and lower part of the clusters according to Jordan and Crosser, 

(1983). These samples were crushed and analyses of the juice were performed immediately. Total 

soluble solids were measured by refractometry with Atago refractometer PR-100 and expressed in 

potential alcohol (PA). Total acidity was measured by titration with NaOH 0.1 N. Every winter, the 

pruning wood from 18 vines per treatment at each vineyard was weighted with a dynamometer. 

Prune was performed according owners guidelines. In 2013, data to calculate grape size was not 

recorded. Juice parameters of Navalcarnero vineyard in 2013 were discarded because of logistic 

concerns. In 2014, Navalcarnero vineyard harvest was not sampled because of owner personal 

reasons.  

4.2.4. Soil organic carbon and vegetation cover 

In the summer of 2015, 9 soil samples per treatment were collected at 0-10 cm depth. Soil organic 

carbon (SOC) was determined by wet oxidation (Walkley and I.A.Black, 1934). Additionally 9 

undisturbed soil cores per treatment were taken at 2.5-7.5 cm dept. To calculate the bulk density 

cores were completely oven dried (24 h at 105ºC). SOC stocks were calculated by multiplying SOC 

(gr kg-1) by bulk density (kg m-3) and soil depth (m). 

Vegetation cover percentage was determined selecting randomly three spots in each row of each 

treatment using 25 x 25 cm2 quadrats. For each quadrat, the average of 6 observations from 6 

trained observers was used to determine vegetation cover percentage. This methodology was 

chosen for being time efficient and resulting in similar values than those obtained by digital image 

analysis (García-Estríngana et al., 2005). 
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4.2.5 Meteorological data 

Rainfall and reference evapotranspiration calculated with FAO Penman-Monteith method (ET0) 

data were taken from Spanish Agroclimatic Service for Irrigation (SIAR, 2017). For Belmonte de 

Tajo and Campo Real vineyards Arganda del Rey meteorological station was chosen. The distance 

between the station and vineyards is 9 and 16 km for Campo Real and Belmonte de Tajo 

respectively. The closest station from Navalcarnero vineyard was Villa del Prado (22 km). Bulk data 

is shown in Tables A2.1 and A2.2 in Appendix 2. 

4.2.6 Data analysis 

Variables were checked before data analysis to ensure normal distribution and were transformed 

if needed. For each vineyard and year, simple variance analysis (ANOVA) was performed with soil 

treatment (CB, CS and T) as factor with Statistica 10 software (StatSoft Inc., 2011). Dependent 

variables were grape harvest, grape weight, PA, total acidity, wood pruning weight and vegetation 

cover. Canonical analysis were used to assess relationships between independent (Rainfall, ET0 and 

vegetation cover) and dependent (grape harvest, grape weight, PA, total acidity, wood pruning 

weight and vegetation cover) variables. Resulting canonical scores were represented in a 2D graph. 

Independent variables were marked with arrows to facilitate interpretations.  

4.3. RESULTS AND DISCUSSION 

4.3.1. Rainfall and ET0 

In Belmonte de Tajo and Campo Real vineyards, the total rainfall decreased slightly year after year 

(Fig. 4.1).  In contrast, in 2014, Navalcarnero showed higher values than 2013 and 2015. Regarding 

the period from bud break to the harvest, the rainfall decreased from 2013 in all vineyards. ET0 

increased along the years in all vineyards and similarly in the whole season and from bud break to 

harvest. The joint occurrence of lower rainfall and much higher ET0 values strongly decreased the 

water availability from 2013 to 2015. Although Mediterranean climate is recognized by its 

variability, both models (Anaya-Romero et al., 2015) and measurements (Laget et al., 2008) agree 

with increasing temperatures and decreasing rainfall in Mediterranean basin, which will increase 

water scarcity threating crops.  
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Figure 4.1. Total rainfall (mm) and ET0 (mm) (a) and rainfall (mm) and ET0 (mm) from the bud break to the 
harvest (b) in the three agronomy seasons in the closest weather stations from Belmonte (Bel) and Campo 
Real (CR) vineyards and for Navalcarnero (Nav).  

4.3.2. Harvest and quality variables 

Soil treatments had low influence on Belmonte de Tajo vineyard. Vegetation cover percentages 

were lower than in the other vineyards because rabbit herbivory and by the degraded previous 

condition of the soil. The highest values were scored by CS in the last two years of the experiment.  

Nevertheless, the averages of CS vegetation cover percentage were always below 20 % (Fig. 4.2b). 

Moreover, the low plant density and the root system of the old vine plant resulted in similar yield 

values with GC (Miller, 1986). These results agree with (Ruiz-Colmenero et al., 2011) who did not 

find grape yield differences in an old low density vineyard in the same area and similar soil and 

climate conditions. In 2013, CS had significantly lower PA than CB and T while the grape harvest 

was similar. Total acidity was slightly higher in CS but without statistical differences.  

In Campo Real vineyard, grape harvest of T was higher than GC in all years being statistically 

significant in 2013 and 2015 (Fig. 4.2a), the driest years of the study period. In 2013, CB did not 

differ from T and the harvest was nearly 7500 kg ha-1. Grape weight showed neither trends nor 

statistical differences. PA of the GC was higher than T in all years and statistically significant in 

2014 for CS and in 2015 for both GC which can be explained by moderate water competition 
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between vine plants and GC (Muscas et al., 2017; Spayd et al., 2002). Total acidity was similar 

between soil treatments with slightly lower values of CS in 2015 but not statistically significant. No 

statistical differences or trends were observed regarding the pruning wood weight.  

 

Figure 4.2a. Mean and confidence interval (95%) of grape yield, grape weight and potential alcohol for the 
three studied vineyards in during the three agronomy seasons. Soil treatments were: conventional tillage 
(T), Brachypodium distachyon groundcover (CB) and spontaneous vegetation groundcover (CS). All values 
correspond to an average year. Different letters mean difference between treatments at p<0.05.  

The biggest influence of soil treatments was observed in the Navalcarnero vineyard. In 2013, 

Navalcarnero vineyard was irrigated 4 times during July and August at 100 m3 ha-1. Grape yields 

were extremely high with 14131, 11602 and 8181 kg ha-1 for T, CB and CS, respectively, which are 

above the Denomination of Origin limit (7500 kg ha-1) (BOCM, 2014).  No statistical differences 

were observed at this regard. In 2015, without irrigation, the harvest was much lower for all 

treatments and significantly lower for both GC. CS had significantly lower grape weight than T 

while CB did not differ statistically. PA was similar in 2013, but in 2015 the CS scored much lower 

values than CB and T with an average of 8.5 %. Total acidity was higher for both GC but only CS 

was statistically higher than T. CB had statistically lower pruning wood than T in all years while CS 

did it in 2014 and 2015. Pruning wood in CS had a decreased trend along the studied years. 

Vegetation cover percentage of both GC was significantly higher than T in all years scoring the 
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highest percentages of the studied vineyards. In 2015, soil vegetation cover of the CS inter-rows 

was nearly 100 %. Thus, the high vegetation cover development and particularly CS, promoted 

strong water competition and ripening problems were noticed during 2015. An early defoliation 

took place promoting sugar synthesis limitations (Lopes et al., 2011), thus, PA of CS was 

abnormally low. Nevertheless, in this vineyard, we noticed lower PA values than the usual for this 

region for all treatments and years.  

 

Figure 4.2b. Mean and confidence interval (95%) of total acidity, pruning weight and vegetation cover, for 
the three studied vineyards in during the three agronomy seasons. Soil treatments were: conventional 
tillage (T), Brachypodium distachyon groundcover (CB) and spontaneous vegetation groundcover (CS). All 
values correspond to an average year. Different letters mean difference between treatments at p<0.05.  

4.3.3. General trends 

Along the three studied years for the three vineyards, GC grape yields decreased gradually and 

particularly with CS (Fig. 4.3). Celette et al. (2008) found that GC plant vines can develop new root 

systems to adapt and explore the soil to find water resources, but this is only applicable to deep 

soils, which are not common in Mediterranean vineyards. Our results suggest an accumulated 

water stress effect of the GC as other researchers found (Ruiz-Colmenero et al., 2011). 

Nevertheless, this could not be attained exclusively to an accumulated water competition caused 
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by GC as it was explained in 4.3.1 section. Pruning wood was similar for all treatments showing low 

water competition in the first stages of vine development. The joint occurrence of similar pruning 

wood and lower grape yields with GC suggest late water competition. This could be caused 

because before mowing a strong water competition has already happened. 

 
Figure 4.3. Average grape yields for all vineyards and treatments in 2013, 2014 and 2015. Conventional 
tillage (T), Brachypodium distachyon groundcover (CB) and spontaneous vegetation groundcover (CS). All 
values correspond to an average year. 

In the case of CB and T in 2013 and T in 2015 in Campo Real vineyard and all treatments in 2013 in 

Navalcarnero we noticed grape yields above the maximum allowed in “Wines of Madrid” 

denomination of origin, which is 7000 kg ha-1 for Merlot and Tempranillo varieties (BOCM, 2014). 

This high yields compromises the quality of the wines (Chapman et al., 2005) and suggest that 

farmers focused their vineyards to quantity and not quality, and that makes difficult the use of 

alternatives soil management strategies that reduces grape yields and direct grape incomes as 

proposed in this study. This is mainly because farmers do not recognize soil degradation as an 

actual threat (Marqués et al., 2015). 

4.3.4. Relationships between variables 

Using the data from all soil treatments, vineyards and years, a canonical analysis was performed to 

assess the relationships between the two sets of variables (independents and dependents). The 

canonical analyses extracted 45 and 34 % (roots 1 and 2, respectively) of the variability of the 

independent variables (total rainfall, cumulative ET0 and vegetation cover percentage) and 21 and 
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20 % (roots 1 and 2, respectively) of the dependent variables (grape yield, grape weight, PA, 

pruning wood weight and total acidity). Vegetation cover correlated strongly negatively with grape 

weight and slightly with grape harvest, PA and pruning wood. The vegetation cover had similar 

relative influence than rainfall and ET0 regarding the magnitude of scores (Fig. 4.4). The low effect 

by independent variables on grape yield could be explained because grape yield is not only 

affected by vegetation cover and climate conditions of the current agronomy season but also by 

the previous. Furthermore, this result strengthens our hypothesis that decreasing yields were 

caused by both vegetation cover and climate cumulative effect. Vegetation cover scored similar 

than total acidity which is in contrast with Monteiro and Lopes (2007), but their vineyard location 

had the double average annual rainfall than central Spain. Generally, GC have low influence on 

acidity (Medrano et al., 2015). Contrary to expectations, while slightly, PA was negatively 

correlated with vegetation cover. This could be explained by two extraordinary low PA occurred in 

2013 with Belmonte de Tajo and in 2015 in Navalcarnero, both cases with CS. In the first case, we 

attribute this to a very early harvest and in the second case to a lack of grape maturity caused by 

an early defoliation. 

 
Figure 4.4. Ordination resulting from canonical analysis. Vegetation cover percentage (V. Cover), ET0, total 
rainfall (R), grape weight, pruning wood (Wood), potential alcohol (PA), grape yield (GY) and total acidity 
(Acidity). 

4.3.5. Yield and GC costs 

The average value of grapes between 2013 and 2015 were 0.0217 € kg-1 alcohol-1 for Airén, 0.0266 

for Tempranillo and 0.0267 for Merlot (Table 4.2). These prices are very similar than those 

perceived for the local farmers of the study area (personal communications), while they refused to 

say the prices publically.  
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Table 4.2. Grape prizes in the biggest wineries from Castilla La Mancha region from 2013, 2014, 2015 and 

the average for Airén, Tempranillo and Merlot varieties.  

Variety 
2013 (€ kg-1 % 

alcohol-1) 
 2014 (€ kg-1 
% alcohol-1) 

2015 (€ kg-1 
% alcohol-1) 

Average  (€ kg-1 % 
alcohol-1) 

Vitis vinífera, L. Airén 0.0241 0.0204 0.0207 0.0217 

Vitis vinífera, L. Tempranillo 0.0266 0.0249 0.0284 0.0266 

Vitis vinífera, L. Merlot 0.0278 0.0228 0.0296 0.0267 

 

CB on Campo Real was not included in the calculations because its carbon sequestration rate was 

nearly zero. The biggest loss of income was CS in the three vineyards and was between 210 in 

Belmonte de Tajo vineyard (cv. Airén) and 1809 € ha-1 in Navalcarnero vineyard (cv. Merlot). The 

loss of income in Belmonte de Tajo was always smaller because of the lower grape prices and low 

relative grape yields for all treatments as is usual in old vineyards in the region. The higher PA with 

GC in Campo Real vineyard buffered the loss of income even when the grape harvest was much 

lower for the GC (Table 4.3). 

Table 4.3. Sequestered soil organic carbon (SOC), grape yield (yield), probable alcohol, income, loss of 

income and SOC value from the different vineyards and soil management strategies. Conventional tillage (T), 

Brachypodium distachyon groundcover (CB) and spontaneous vegetation groundcover (CS). All values 

correspond to an average year.  

  

Sequestered SOC 
(Mg ha

-1
) 

Yield 
(Kg ha

-1
) 

Probable 
Alcohol (%) 

Income 
(€ ha

-1
) 

Loss of 
income 
(€ ha

-1
) 

SOC value 
(€ Mg

-1
) 

Belmonte       
T  

3310.8 10.6 759.5 
  

CB 0.8 3055.3 9.6 635.0 124.4 156.2 

CS 0.5 2566.4 9.8 549.2 210.3 420.9 

Campo Real       
T  

8332.5 14.4 3191.9 
  

CB 0.1 5088.4 15.6 2108.5 1083.4 
 

CS 1.2 4910.6 15.8 2066.8 1125.1 953.1 

Navalcarnero       
T  

8282.4 12.5 2774.1 
  

CB 1.5 5997.6 11.9 1909.1 864.9 594.5 

CS 2.0 3391.5 10.6 964.7 1809.4 901.4 

 

Average income loss was 690.9 and 1048.3 € ha-1 for CB and CS, respectively. Regarding the SOC 

value in relative term to the loss of income the CS showed the highest value with an average of 

758.5 € Mg-1 as a consequence of recording the highest SOC sequestration rates. Using CB, the 

cost of the sequestered SOC was 375.4 € Mg-1. These values are slightly lower than the obtained by 

Galati et al. (2016), but they relate the SOC value to the actual payment that Sicilian farmers are 

perceiving already. In their research, they assumed same income by grape sales by using 
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temporary GC. In the study area, with permanent GC, the agri-payment that Sicilian farmers 

perceived, 450 € ha-1 year-1, (Regione Siciliana, 2016) would not cover the loss of income. That 

said, we have not analyzed ecosystem benefits of using GC instead of T or the replacement costs 

of nutrients and soil erosion. The average income loss of using GC is similar than the ecosystem 

benefits calculated by Galati et al. (2015). Consequently, for permanent GC in rainfed central 

Spanish vineyards, the agri-payments needed to counterbalance the loss of income could be 

between 690 and 1048 € ha-1 year-1 for CB and CS, respectively, which correspond to SOC 

sequestration values of 375 and 758 € Mg-1 (Table 4.4). These values are far above the actual 

payments in the European Union to encourage sustainable soil management strategies. Since 

these agri-payments are far from actual viability in the context of European Union, we propose 

further field trials performing different GC species, early mowing dates and alternatives GC 

strategies as alternating inter-rows with GC and moderate T.  

Table 4.4. Average income loss and SOC value averages for the performed groundcovers. Conventional 

tillage (T), Brachypodium distachyon groundcover (CB) and spontaneous vegetation groundcover (CS). 

Values correspond to an average year.  

Groundcover 
Average income loss 

(€ ha-1) 
SOC value (€ Mg-1) 

CB 690.9 375.4 

CS 1048.3 758.5 

 

 

4.4. CONCLUSIONS AND FURTHER RESEARCH 

In semiarid Mediterranean agricultural soils, tillage cessation or seeding GC does not ensure GC 

success in terms of high cover percentage or increasing biomass input significantly (Bienes et al., 

2016). With three commercial vineyards located in different degraded soils the most typical 

vineyards in central Spain are represented. This study provides an evaluation of GC in semiarid 

degraded Mediterranean soils showing GC performance, its effects on grape yield and quality and 

an assessment of economic loss in terms of SOC sequestration for different types of viticulture 

practices in Central Spain. To our knowledge, this is the GC field trial in vineyards performed with 

the lower average rainfall.  

Although GC are recognized to promote soil benefits, control vine vigor and increase wine quality, 

the results of this study suggest a general decease in grape yields and variety-dependent influence 

in grape quality. 

According to its different variety, plant density and vegetation cover development, the three 

vineyards behaved differently. Belmonte de Tajo, with low cover percentage, low plant density 
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and strong all root system, had non to slight water competition and it was slightly influenced by 

the soil treatment in grape yield and quality. Campo Real vineyard, with 2222 plant ha-1 and 

relevant cover development experienced moderate influence. GC reduced grape yield while 

increased grape quality. On the other hand, Navalcarnero vineyard, with high plant density and 

high vegetation cover was strongly influenced in 2015, when an early defoliation caused ripening 

problems 

The loss of income caused by the use of GC makes unadvisable the development of new policy to 

promote permanent GC in rainfed vineyards in central Spain as a unique agri-payment to all types 

of vineyards. However, the use of permanent GC in old low density vineyards of Airén could be 

encouraged with agri-payments of 200 € ha-1 year-1, that counterbalance the loss of income.  An 

accurate selection of GC species is critical to avoid competition in mid-spring. In the study area, 

the low temperatures during the winter and early spring complicate the GC mowed before May. 

Thus, in this trial, strong competition between the plant vines and the GC took place. Before its 

recommendation to farmers and policy development in central Spain more research is needed 

addressing the following matters: suitable GC species, alternative and rotating tillage in 

consecutive inter-rows, temporary GC and GC suitability depending of the plant density and 

irrigation status.  
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GENERAL DISCUSSION 

Conventional soil management in Mediterranean vineyards has led to high erosion rates and 

nutrient, SOC and fertility losses.  These processes are becoming not just environmental concerns 

(Quilbe et al., 2005; Pimentel, 2006), but also producing economical losses for farmers (Martínez-

Casasnovas and Ramos, 2006; Galati et al., 2015). This doctoral dissertation addressed the 

influence of GC to revert soil degradation processes paying special attention to SOC.  

GC influence on soil parameters 

In central Spain, conventional soil management generally ignores the need of organic amendments 

and, thus, organic matter inputs are scarce and limited to vine leafs and few weeds that grow 

between tillage operations. With continuous tillage, it resulted in very low organic matter contents 

(Panagos et al., 2013), poor soil structure and soils prone to erosion (Pérez-Rodríguez et al., 2007).  

Degraded soils of this area can hardly improve its properties (Bienes et al., 2016). However, three 

years after the GC establishment, significant improvements in global soil quality have been 

observed. GC increased the main deficiency of soil in traditionally managed vineyards of this area 

which is organic matter inputs. In the present research, the total biomass data of each soil 

treatment are not available, but increasing root biomass and plant cover development showed 

increasing organic matter input in GC. As a consequence, a cascade of soil improvements was 

happened. In three years, SOC stocks increased in 3.18 and 1.62 Mg ha-1 for CS and CB, 

respectively, regarding T. These increases correspond to 1.06 and 0.54 Mg SOC ha-1 year-1 for CS 

and CB, which are in the same range than those recorded by Peregrina et al. (2010; 2014). The fact 

that positive carbon sequestration rates were recorded even with very low vegetation cover and 

root biomass inputs strengthen the notion that tillage is one of the major driving forces of SOC 

mineralization (Kabiri et al., 2016) and that tillage cessation could be as decisive as plant cover 

development to increase SOC and reduce soil degradation.    

As it was explained in Chapter 2, POC is often related to soil quality and particle aggregation (Duval 

et al., 2013; Six et al., 2002) and to a higher sensitivity to management changes than SOC (Blavet 

et al., 2009). Nevertheless, in this study, POC responded similarly to MOC and SOC which could be 

explained because the measurements included in Chapter 2 were taken 3 years after the GC 

establishment and a fraction of POC was naturally humified becoming more stable organic carbon 

(MOC). However, after three years, POC stocks increased 1.5 Mg ha-1 in CS regarding T and 0.8 Mg 

ha-1 in the case of CB.  
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The increase in both organic carbon fractions promoted increasing aggregate stability as it was 

expected and have been widely addressed in the literature (Blavet et al., 2009; Bronick and Lal, 

2005; Hernanz et al., 2002; Peng et al., 2016; Six et al., 2000b; Wander and Bidart, 2000). 

Significant improvements were recorded for both performed aggregate stability test (CND and 

WSA), but WSA showed higher suitability for Mediterranean vineyards for its quick response to 

SOC and soil management changes.    

Although GC promoted soil compaction, soil-water relationships of GC were also positively 

affected. GC showed low impact on soil porosity. Slight differences were observed for WHC, 

macro, meso, micro and total porosity and only WHC and microporosity had significant differences 

between CB and T. Nevertheless, GC infiltration rates doubled T. Therefore, the improvement in 

soil structure of GC created a new pore system with a better connectivity as other researchers 

found (Gao et al., 2017; Pires et al., 2017). This improvement represents a greater use of rainwater 

and, therefore, of water economy. Additionally, canonical analyses supported the understanding 

that soil compaction are not the main factors explaining soil-water relationships.  

GC influence on runoff and mineral nitrogen loss 

A runoff simulator was designed, built, calibrated and used to simulate sheet flow in field trials. 

Additional images of the runoff simulator and how the measurements were done can be found in 

Appendix 3. The performed experiments were the first to analyze runoff and mineral nitrogen 

losses caused by sheet flow and separating this effect from raindrop impacts in Mediterranean 

vineyards.  

GC reduced runoff in two forms. First, the increase of aggregate stability and, thus, soil structure 

improvement affected infiltration rates (Holifield Collins et al., 2015). Moreover, plant stems and 

litter reduced sheet flow speed, making water remain more time in the same point to infiltrate 

(Cerda, 1998; Wang et al., 2016).  

The most effective soil treatment reducing runoff and mineral nitrogen loss was CS. Runoff 

produced with CS was 3 times less than with T and the nitrate loss was 6 times lower. GC acted as 

catch crops in arable cover crops and caught the soil nitrate creating organic biomass (Gabriel and 

Quemada, 2011; Gabriel et al., 2013; Gabriel et al., 2012). Consequently, T induced higher runoff 

rates, and runoff mineral nitrogen concentration was higher (Jiao et al., 2012). These 

concentrations were especially higher during the first minutes of the experiments, which 

encourage the need of increase infiltration rates and avoid runoff events.  
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Yield and grape quality and soil sequestration economic value 

To our knowledge, only Ruiz-Colmenero et al. (2011) performed a comparative trial with GC with 

similar annual rainfall and study area. This is the first field trial analyzing grape yield and quality in 

three different vineyards in central Spain including three agronomy seasons and two permanent 

GC.  

GC encouraged water deficit and generally reduced yields. Grape yield reductions and quality 

influence were higher as vine plant density and vegetation cover were higher. Thus, Belmonte de 

Tajo vineyard, with low plant density and vegetation cover, was not statistically influenced by GC, 

while Navalcarnero, an intensive 3500 plant ha-1 vineyard with more than 90 % of vegetation cover 

was strongly influenced the last year of the trial. However, data from rainfall, ET0 and canonical 

analysis showed that the increase in water deficit and yield reductions cannot be fully attributed 

to GC. In Campo Real vineyard, moderate water deficit allowed an increase in PA with GC as other 

researchers found (Muscas et al., 2017; Spayd et al., 2002). 

On the other hand, strong decreases in PA caused by high water deficit produced that globally, 

independent variables such as rainfall or vegetation cover showed low influence on PA. Regarding 

all vineyards and years, GC reduced grape average weight and increased juice acidity, which is 

related to grape quality (Hidalgo, 2003) and is interesting for enological point of view because local 

vine varieties lack acidity and aromas (Cabello et al., 2012; Crespo et. al., 2014).   

The loss of income caused by using GC was similar than the economic value of ecosystem benefits 

calculated by Galati et al. (2015). However, a question arises. Is European society willing to pay for 

this ecosystem benefits to counterbalance the loss of farmers income? In Madrid region, there is 

not any payment for this matter currently. Moreover, the average income loss (690.9 and 1048.3 € 

ha-1 for CB and CS, respectively) is significantly higher than actual agri-payments in Spain or 

Europe. For instance, farmers from La Rioja obtain a maximum of 250 € ha-1 year-1 to establish 

permanent GC (BOR, 2015) in vineyards or in Sicily, where farmers perceive 450 € ha-1 year-1 for 

temporary leguminous GC (Regione Siciliana, 2016). In this sense, each ton of sequestered SOC 

had en economic value of 375 and 758 € for CB and CS, respectively, in terms of the loss of income 

produced by decreasing grape yield and PA changes. However, production costs were not included 

in this study and could reduce the loss of income by decreasing machinery costs and reducing soil 

and nutrient loss.  
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GC performance  

Vegetation cover percentages were low compared with similar works about GC in Mediterranean 

woody crops (Novara et al., 2011; Ruiz-Colmenero et al., 2011). Only Navalcarnero vineyard was 

composed by vegetation covers above 80 % during the last two years. The low covers could be 

attributed to several factors: 

- Soils had low organic matter content, were shallow and were under the consideration of 

degraded soils. 

- Rainfall was scarce along the entire trial. 

- Strong herbivory caused mainly by rabbits.  

One of the reasons of Brachypodium distachyon selection for a seeded GC was its well adaptation 

resulting in high vegetation cover in degraded soils that could be found in other trials (Sastre et al., 

2017). Nevertheless, rabbit herbivory affected especially CB in Belmonte de Tajo and Campo Real 

vineyards were rabbits are a plague. This concern reached its maximum in Belmonte de Tajo. The 

reader will noticed that the experiments were performed in four vineyards and Chapter 4 is 

referred to just 3 vineyards. The second vineyard in Belmonte de Tajo (Bel II) was removed from 

grape yield and quality measurements because rabbits ate nearly the whole yield of that vineyard 

and, besides, stems and buds were damaged. Images are shown in Appendix 4.  

Despite the fact that vegetation cover percentages were similar in both permanent GC, CS had 

larger impact in the most of studied variables than CB: in runoff, nitrate loss, POC, MOC and SOC 

sequestration, aggregate stability, infiltration rates and grape yield and quality. CB generally 

showed intermediate values between CS and T and statistically significant differences were few. 

This could be caused by a higher biomass input provided by the spontaneous vegetation at same 

vegetation cover. CS had more than 2 Mg ha-1 root biomass stock, at 0 to 10 cm depth, than CB. 

The most important soil improvements occurred with CS because its bigger organic matter inputs 

promoted higher soil structure improvements and, consequently, increased infiltration and 

reduced runoff and mineral nitrogen loss.  

The 4 per mille initiative proposes climate change mitigation through appropriate soil 

management (Minasny et al., 2017), which has been widely discussed in literature (Chambers et 

al., 2016; Li et al., 2017; Stockmann et al., 2013). SOC sequestration rates detailed in this 

document show that initiatives such as The 4 per mille should be carrying out diversely in the 

different world regions. The increase of 0.4 % in SOM stocks is achievable even in woody crops in 

semiarid climate as was shown in the trial with permanent GC. However, its effects on agronomic 
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productivity and farmers´ incomes make it unfeasible from farmers’ point of view.  Sustainable soil 

management strategies must be encouraged in order to increase soil fertility, reduce erodiblity 

and total erosion, ensure sustainability and guarantee soil fertility for future generations.  

Generally, GC increased SOC, improved soil quality and reduced runoff and mineral nitrogen loss, 

which has positives outcomes from many points of view: climate change mitigation, environmental 

pollution, soil fertility, land use long term sustainability and farmer´s income. However, water 

competition took place. Grape yield reductions were significant and produced remarkable losses 

of economic incomes. In certain circumstances, water competition promoted early defoliations 

and ripening problems. Thus, permanent GC are unadvisable in young and high plant density 

rainfed vineyards. However, it can be considered a very efficient soil management strategy in old 

low plant density vineyards of cultivars with high resistance to drought as Airén cultivar.   

Furthermore, pruning wood was similar in all years for the most of the vineyards, showing that 

water competition occurred from middle spring (Medrano et al., 2015). This suggests that mowing 

date was too late and water competition already happened. Other researches addressed mowing 

dates starting in February (Lopes et al., 2011) but in regions with relatively warm winters. In our 

study area, average temperatures remain under 10 ºC from November to April and average 

minimums temperatures are often under 0 ºC.  These circumstances make difficult GC 

development, especially for CB. Thus, mowing date was in the first week of May, when GC reached 

a reasonable growth and CB was ripened. It is necessary performing new trials with well adapted 

species to cold winters. 

It was probed that permanent GC reduce grape yield and compromises its quality when strong 

water competition happen in central Spain rainfed vineyards. Consequently, new scientific and 

agronomic management concerns arise about: 

 Mow timing 

 Temporary or permanent GC? 

 Species selection for a seeded GC 

 Economical compensation for farmers using GC 
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Temporary GC and SOC threshold 

Temporary GC are effective soil management to reduce erosion and reducing nitrate loss (Novara 

et al., 2011; Novara et al., 2013) in Mediterranean areas where the most of the rain falls in winter 

(Nadal-Romero et al., 2015; Rodrigo Comino et al., 2017). In April, inter rows are tilled to eliminate 

water competition with vine plants.  

The 50 paired sites from southern Sicily showed an increase in SOC with the adoption of AEM but 

relatively lower than the reported by other researchers (Batjes, 2014; Debasish-Saha et al., 2014). 

This was caused by the tillage operations from April that mineralizes SOC (Kabiri et al., 2016) and 

because the GC species was leguminous, which has a low C/N relationship and increases 

mineralization rates (Plaza-Bonilla et al., 2015). 

This chapter questioned the possibility of increase SOC loss via erosion as a consequence of SOC 

enriched sediments under AEM. The SOC content that produces the same SOC loss than T under 

temporary GC was named SOC threshold. As calculations were based on USLE equation, results 

were separated in high silt content soils and low silt content soils. Results showed that SOC 

threshold can be reached in 5 years of AEM in high silt soils due to its high erodibiltiy. In the case 

of low content silt soils, SOC threshold is higher than SOC saturation level and will never be 

reached. As a consequence, European policies that encourage the use of sustainable management 

practices effectiveness should be maximized through the consideration of factors such as 

particular GC species and management, initial SOC stocks and SOC and soil loss.   

Further research 

In semiarid environments, long-term field trials are scarce and are usually arable crops field trials 

(Hernanz et al., 2002; Moreno et al., 2011). For our knowledge, there is not any long-term 

vineyard trial devoted to assess the comparative influence of GC in soil, erosion, nutrient loss, SOC 

sequestration or grape yield and quality with semiarid climate. Moreover, the fertility loss that 

takes place with continuous tillage and which have consequences on grape yield and quality need 

to be monitored in long term trials, because continuous degradation caused by tillage is 

systematically ignored due to the short term of field trials. 

Runoff simulations generated valuable information about runoff and dissolved mineral nitrogen 

loss. Nevertheless, phosphorous, potassium and dissolved organic carbon data will be also 

interesting to complete the full picture of runoff impact on nutrient and fertility loss. Additionally, 
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the simulation of rainfall and runoff in the same plots could complete the information about the 

relative importance of splash and runoff in soil particle detachment and nutrient losses.  

The trial was composed by four vineyards with three repeated treatments. Our knowledge about 

GC impact on soil properties and GC influence on yield and grape quality increased. However, 

more vineyards with different plant densities and varieties are needed to increase our scientific 

knowledge about the GC use possibilities in semiarid vineyards, where water competition is a 

critical issue. At this regard, the inclusion of a mixed treatment such as alternant inter-rows with 

GC and tillage could reduce soil degradation while maintaining grape yields. In our trial, that was 

impossible because the number of farmers willing to provide vineyards for trials was a limiting 

factor. Additionally, the influence of the rootstock on yields regarding GC competition with water 

should provide valuable information. In the present work, that was not possible giving that in two 

out of four vineyards rootstocks were unknown.  

In this thesis, grape yield and quality results showed high dependence on each vineyard, which 

had different vine variety, training method, plant density and even rootstock. Consequently, more 

research is needed to adapt these factors to GC in steep semiarid vineyards, where alternative soil 

management strategies are mandatory to ensure long-term sustainability.  

More field trials in semiarid vineyards are needed to increase the knowledge about the influence 

of the mowing timing and the water competition threshold for permanent GC and areas with 

different annual rainfalls.  

GC species selection seems critical for a well water competition management and ensures correct 

mowing dates.  

The importance of soil degradation processes obligates human societies to develop new 

agronomic paradigms and sustainable land uses. For that purpose, Inter-disciplinary studies 

including soil science, economics and social points of view are urgently demanded.  
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GENERAL CONCLUSIONS 

The use of permanent groundcovers increases soil organic carbon stocks with higher efficiency 

than temporary groundcovers. Three years after the establishment of permanent groundcovers in 

Mediterranean vineyards soil organic carbon of the particulate organic matter, mineral-associated 

organic carbon and soil organic carbon stocks increased throughout higher organic inputs. This 

increase influenced strongly aggregate stability by improving soil structure.  

Although soil compaction was higher with groundcovers than with conventional tillage, porosity 

volume was not affected. A new pore connection system was created allowing a high increase of 

infiltration rates and thus, reducing runoff.  

Runoff simulations are an efficient methodology to compare runoff and nutrient loss with different 

soil management strategies. Runoff simulations helped with the understanding of the fact that 

raindrops impacts are not the unique factor to explain runoff and mineral nitrogen loss. Even with 

low vegetation cover percentages, vegetation cover is the key factor for reducing runoff and 

mineral nitrogen loss. Groundcovers in vineyards reduced mineral nitrogen loss by means of lower 

runoff and much lower mineral nitrogen concentration dissolved in runoff.  

Although average vegetation cover percentages were similar, spontaneous vegetation 

groundcover promoted the biggest soil improvements and, consequently, the most important 

reductions in runoff and mineral nitrogen loss.  

Soil organic carbon threshold can be reached in high erodibility soil with temporary groundcovers. 

This management protects the soil from the most erosive rainfalls but remains bare from April to 

November. When temporary groundcovers are performed in erodible soils such as silty soils or 

those with poor structure the increase in soil organic carbon could result in higher carbon loss 

through highly carbon enriched sediments.  

Groundcovers promoted important improvements in soil quality but generally resulted in lower 

grape yields. Lower yields and quality changes caused significant decreases in economic incomes 

which were much higher than other agri-payments that farmers from other European regions 

perceive currently. An old Airén variety vineyard was barely affected by groundcovers.  
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APPENDIX 1 

Table A1.1. Correlation matrix of soil organic carbon (SOC), soil carbon of the particulate organic matter 

fraction (POC), soil carbon of the mineral-associated organic matter fraction (FM), counting number drops 

aggregate stability test (CND), water stable aggregates test (WSA), roots, penetration resistance (PR), 

infiltration (Infil), intrapedal porosity (P-Intra), total porosity (P-total), macro porosity (P-Macro), meso 

porosity (P-Meso), micro porosity (Micro), water holding capacity (WHC) and bulk density (BD). 

  COV SOC POC FM CND WSA Roots PR Infil Pintr Ptotal Macro Meso Micro WHC BD 

COV 
 

0.46* 0.50* 0.18 0.09 0.38* 0.65* 0.57* 0.73* -0.33* -0.17 0.33* -0.36* -0.24* -0.45* 0.28* 

SOC 0.46* 
 

0.90* 0.70* 0.28* 0.67* 0.53* 0.51* 0.47* -0.25* -0.01 0.35* -0.45* -0.05 -0.27* 0.17 

POC 0.50* 0.90* 
 

0.31* 0.25* 0.53* 0.49* 0.50* 0.48* -0.27* -0.07 0.40* -0.41* -0.17 -0.37* 0.12 

FM 0.18 0.70* 0.31* 
 

0.21* 0.59* 0.36* 0.28* 0.23* -0.10 0.07 0.11 -0.31* 0.17 0.03 0.16 

CND 0.09 0.28* 0.25* 0.21* 
 

0.12 0.10 0.01 0.08 0.03 0.15 0.14 -0.17 0.14 0.08 -0.22* 

WSA 0.38* 0.67* 0.53* 0.59* 0.12 
 

0.58* 0.50* 0.42* -0.43* -0.20* 0.40* -0.53* -0.23* -0.49* 0.39* 

Roots 0.65* 0.53* 0.49* 0.36* 0.10 0.58* 
 

0.43* 0.64* -0.47* -0.20* 0.53* -0.64* -0.28* -0.49* 0.33* 

PR 0.57* 0.51* 0.50* 0.28* 0.01 0.50* 0.43* 
 

0.56* -0.33* -0.28* 0.25* -0.41* -0.24* -0.36* 0.28* 

Inf 0.73* 0.47* 0.48* 0.23* 0.08 0.42* 0.64* 0.56* 
 

-0.46* -0.35* 0.43* -0.47* -0.44* -0.53* 0.31* 

Pintr -0.33* -0.25* -0.27* -0.10 0.03 -0.43* -0.47* -0.33* -0.46* 
 

0.41* -0.52* 0.49* 0.57* 0.70* -0.44* 

Ptotal -0.17 -0.01 -0.07 0.07 0.15 -0.20* -0.20* -0.28* -0.35* 0.41* 
 

0.01 0.48* 0.70* 0.51* -0.60* 

Macro 0.33* 0.35* 0.40* 0.11 0.14 0.40* 0.53* 0.25* 0.43* -0.52* 0.01 
 

-0.55* -0.56* -0.65* 0.02 

Meso -0.36* -0.45* -0.41* -0.31* -0.17 -0.53* -0.64* -0.41* -0.47* 0.49* 0.48* -0.55* 
 

0.35* 0.43* -0.29* 

Micro -0.24* -0.05 -0.17 0.17 0.14 -0.23* -0.28* -0.24* -0.44* 0.57* 0.70* -0.56* 0.35* 
 

0.85* -0.45* 

WHC -0.45* -0.27* -0.37* 0.03 0.08 -0.49* -0.49* -0.36* -0.53* 0.70* 0.51* -0.65* 0.43* 0.85* 
 

-0.49* 

BD 0.28* 0.17 0.12 0.16 -0.22* 0.39* 0.33* 0.28* 0.31* -0.44* -0.60* 0.02 -0.29* -0.45* -0.49* 
 

p-values <0.05 marked with * 
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APPENDIX 2 

Table A2.1. Arganda del Rey meteorological data. Avegare temperatura (AT), average of the maximum 

temperature (AMT), average of the minimum temperature (AmT) and reference evapotranspiration 

calculated with FAO Penman-Monteith method (ET0). 

Year Month 
AT 

(ºC) 
AMT 
(ºC) 

AmT 
(ºC) 

Rainfall 
(mm) 

ETo 
(mm) 

Total Rainfall 
(mm) 

Total ET0 
(mm) 

2012 Oct 14.6 29.2 -0.1 39.4 63.6 
  

2012 Nov 9.9 20.8 -2.7 62.5 30.2 
  

2012 Dec 4.9 16.3 -4.6 8.6 17.6 
  

2013 Jan 5.8 18.3 -3.8 20.1 26.6 
  

2013 Feb 6.2 17.1 -3.4 20.9 43.5 
  

2013 Mar 9.3 17.2 -2.4 88.7 60.2 
  

2013 Apr 12.1 28.5 -1.2 64.3 99.7 
  

2013 May 14.4 28.0 2.5 45.4 128.1 
  

2013 Jun 21.3 35.9 4.5 1.8 186.4 
  

2013 Jul 26.9 38.8 11.2 18.5 219.0 
  

2013 Aug 26.1 38.9 12.7 15.9 190.4 
  

2013 Sep 21.6 34.0 10.5 18.1 121.8 404.2 1187.1 

2013 Oct 15.7 27.8 0.4 46.4 67.2 
  

2013 Nov 8.2 23.1 -6.2 106.7 40.1 
  

2013 Dec 4.4 17.0 -6.7 43.0 24.2 
  

2014 Jan 7.7 17.2 -1.5 64.3 31.5 
  

2014 Feb 7.2 17.4 -3.0 34.0 41.4 
  

2014 Mar 10.8 25.0 -2.0 21.7 89.0 
  

2014 Apr 15.7 29.6 5.3 34.6 120.4 
  

2014 May 18.2 33.0 2.7 13.7 167.9 
  

2014 Jun 22.7 35.2 9.6 10.9 192.4 
  

2014 Jul 24.8 38.6 10.6 6.2 202.3 
  

2014 Aug 25.4 36.1 12.4 0.0 187.0 
  

2014 Sep 21.3 38.3 9.2 20.5 118.9 402.0 1282.2 

2014 Oct 17.0 29.1 4.3 55.1 66.7 
  

2014 Nov 11.0 23.6 -0.7 75.4 37.5 
  

2014 Dec 5.4 16.0 -6.1 24.7 23.8 
  

2015 Jan 4.2 16.7 -6.4 21.3 29.3 
  

2015 Feb 6.4 17.6 -4.4 32.2 47.5 
  

2015 Mar 10.4 27.8 -3.2 42.6 76.2 
  

2015 Apr 14.4 25.7 2.5 37.6 112.1 
  

2015 May 20.0 37.8 5.4 0.4 179.0 
  

2015 Jun 24.6 40.9 9.0 18.5 192.0 
  

2015 Jul 29.2 41.7 15.3 1.6 223.0 
  

2015 Aug 25.8 39.6 10.3 3.0 187.0 
  

2015 Sep 20.0 32.2 6.9 10.8 121.7 323.1 1295.8 
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Table A2.2. Villa del Prado meteorological data. Avegare temperatura (AT), average of the maximum 

temperature (AMT), average of the minimum temperature (AmT) and reference evapotranspiration 

calculated with FAO Penman-Monteith method (ET0). 

Year Month 
AT 

(ºC) 
AMT 
(ºC) 

AmT 
(ºC) 

Rainfall 
(mm) 

ET0 

(mm) 
Total Rainfall 

(mm) 
Total ET0 

(mm) 

2012 Oct 14.5 29.0 -1.0 34.1 61.9 
  

2012 Nov 10.0 20.4 1.3 58.6 31.2 
  

2012 Dec 6.1 15.6 -3.8 9.2 19.4 
  

2013 Jan 5.7 18.5 -4.7 18.7 26.3 
  

2013 Feb 6.6 16.8 -4.1 13.4 40.6 
  

2013 Mar 9.3 18.8 -1.4 57.7 55.7 
  

2013 Apr 12.4 29.4 0.1 57.8 96.4 
  

2013 May 15.1 28.8 2.7 27.6 130.1 
  

2013 Jun 21.5 35.4 6.1 0.0 177.4 
  

2013 Jul 26.5 39.4 8.7 0.0 197.0 
  

2013 Aug 26.2 39.1 11.6 0.0 178.1 
  

2013 Sep 21.6 34.7 10.0 47.2 116.7 324.2 1130.8 

2013 Oct 15.7 27.0 0.9 62.9 63.7 
  

2013 Nov 9.2 24.2 -6.4 10.2 44.1 
  

2013 Dec 4.7 17.5 -7.3 71.3 22.5 
  

2014 Jan 7.7 17.4 -3.0 77.3 27.5 
  

2014 Feb 7.0 18.4 -4.0 80.4 35.7 
  

2014 Mar 10.5 24.6 -1.6 44.7 76.3 
  

2014 Apr 15.5 31.2 2.4 28.6 114.8 
  

2014 May 18.2 32.2 4.9 29.4 158.1 
  

2014 Jun 21.8 35.6 8.2 13.1 178.1 
  

2014 Jul 24.6 39.1 10.3 10.4 194.6 
  

2014 Aug 25.3 36.2 10.9 0.0 184.9 
  

2014 Sep 20.6 38.6 8.8 27.0 111.6 455.2 1211.9 

2014 Oct 16.9 28.2 5.1 70.1 66.1 
  

2014 Nov 10.8 22.9 -1.0 33.7 31.4 
  

2014 Dec 6.2 17.0 -7.1 25.7 28.0 
  

2015 Jan 4.9 16.6 -6.2 23.4 33.2 
  

2015 Feb 6.8 17.3 -4.2 12.1 45.6 
  

2015 Mar 11.2 28.0 -3.5 45.4 84.3 
  

2015 Apr 14.4 25.6 2.0 44.2 111.2 
  

2015 May 19.8 37.5 4.2 18.0 173.6 
  

2015 Jun 24.5 41.4 9.6 14.0 193.5 
  

2015 Jul 29.4 41.5 14.1 0.3 226.1 
  

2015 Aug 25.6 38.7 11.6 5.1 183.0 
  

2015 Sep 19.9 32.0 7.6 24.2 117.4 316.2 1293.3 
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APPENDIX 3 

Following, several images about runoff setup, simulation and plots are shown.  

 

Figure A3.1. The 1000 l tank with the car is located at the top of the vineyard. 

 

Figure A3.2. The intermediate 100 l tank has a 12v pump and a pressure meter to control water flow. 
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Figure A3.3. Sheet flow created by the drilled pipe. There are 49 perforations of 1 mm Ø. 
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Figure. A3.4. Spontaneous vegetation microplot (2 m long and 0.5 m long) during a runoff simulation. Sheet 
water movement can be noted. 

 

Figure A3.5. One person ensure that pipe holes are free and that an homogeneous sheet flow is created 
while other is sampling the runoff water.  

 

Figure A3.6. The runoff samples were filtered and storage in a fridge. 
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APPENDIX 4 

Following, several images of rabbit damages on grape clusters, vine shoots and buds are reported.  

 

Figure A4.1. Vine plant with dramatic rabbit damages. 

 

Figure A4.2. Vine plant with rabbit damages in its lower part. 
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Figure A4.3. Vine plant with herbivory damages in its lower part and eaten clusters. 

 

 

Figure A4.4. Detailed view of rabbit dama 


