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Agriculture in the Mediterranean basin is currently contributing to greenhouse gas emissions 

(GHG) and in the future is expected to be strongly affected by climate change. Increasing soil 

organic carbon (SOC) via soil organic matter (SOM) improvement is widely regarded as a way 

to both mitigate and adapt to climate change. Using as a case study the Mediterranean coastal 

area in Spain, which is regarded as one of the most intensively managed areas in Europe for 

orchards and horticultural cropping, we analyzed the potential for climate change mitigation of 

introducing different practices that are expected to increase SOC. We selected both as a single 
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measure and in combination, cover cropping and application to the soil of the available 

underutilized exogenous organic matter (EOM), treated (e.g. composted or digested) or non-

treated. These practices were compared against a baseline scenario that intended to reflect 

the current practices in the area (e.g. all livestock manure produced in the area is applied to 

the agricultural soil). We carried out a modelling exercise at the regional scale using the 

agricultural activity data and current climatic conditions as inputs. Modelling runs were 

performed coupling a widely used dynamic model of SOC turnover (RothC) with a model to 

simulate the GHG emissions from EOM processing or storage prior to soil application 

(SIMSWASTE).  

Results indicate that the most promising practice, considered as a single measure and with 

respect to the baseline, was introducing cover crops in woody cropping systems. This practice 

resulted in an increase of 0.44 Mg C ha-1 yr-1 during the first 20 years (range 0.41-0.52 Mg C ha-

1 yr-1) and led to a total SOC accumulation of about 30 Tg C after 100 years. Amendment of all 

agricultural land with available underutilized EOM resulted in an increase of up to 0.09 Mg C 

ha-1 yr-1 (range 0.07-0.16 Mg C ha-1 yr-1) as a single measure (urban waste) and 0.13 Mg C ha-1 

yr-1 (range 0.11-0.21 Mg C ha-1 yr-1) as a combined measure (urban waste and composted 

agroindustry by-products), leading to a total SOC accumulation of about 7 Tg C (urban waste)  

and 10 Tg C (urban waste and composted agroindustry by-products) after 100 years. Manure 

anaerobic digestion or composting as a single measure did not result in significant SOC changes 

but, if GHG emissions and savings from manure storage and processing management stages 

are considered, they could help to reduce about 4.3 (anaerobic digestion) or 1.1 Tg CO2eq yr-1 

(composting) in the study area, which represents a significant amount compared with total 

agricultural emissions in Spain.  
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1. Introduction 

Agriculture plays different roles in relation to climate change. On one hand, agriculture is 

particularly sensitive to the impact of climate change, and on the other hand, agriculture is 

responsible for about 10-12 % of total man-made greenhouse gases emissions (Smith et al., 

2014). Moreover, agriculture has also a climate change mitigating role as it can potentially act 

as a sink of atmospheric carbon (C) via, for example, soil organic carbon (SOC) sequestration. 

Anthropogenic activities, such as agricultural management, soil characteristics and climate are 

the main regulating factors affecting SOC changes (Farina et al., 2011).  

One of the most important areas for agriculture in the world is the Mediterranean basin, 

where agriculture covers around 21 M ha located in the south of Europe and north of Africa. In 

general, Mediterranean agriculture is largely affected by a long summer drought and rainfall is, 

in most areas, confined to the autumn, winter and spring seasons. Unless field crops are 

irrigated they must either be sown in the autumn and harvested by early summer, or be 

capable of resisting drought. There are also comparatively mild winters and hot, sunny 

summers. Temperatures are such that a variety of temperate crops can be grown in the rainy 

season, and – with irrigation – sub-tropical crops in the summer (Grigg, 1974). In Spain, 

although subsistence agriculture occurs side by side with commercial farming, Mediterranean 

farming is generally intensive, highly specialised and varied in the kinds of crops raised. Many 

horticultural crops and orchards such as citrus, fruits, olives, and grapes are mainly for export 

and are largely grown in the Spanish Mediterranean coastal areas. Intensive agriculture 

negatively affects soil fertility mainly because of a loss in soil organic matter (SOM). 

Furthermore, the abundant use of fertilizers and pesticides used also increases the risk that 

nutrients and pesticides run-off into surface and leach into groundwater (Eurostat, 2015). 

The specific conditions of this Spanish area (i.e. low water availability limiting crop growth, 

difficult land recovery after degradation, potentially high mineralization rates) make it 

especially sensitive to perturbations (e.g. those resulting from climate change). Although this 
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particular setting can be a barrier for soil  C sequestration, if measures to promote SOM are 

introduced, there are opportunities to largely increase soil C due to the high range of stocking 

capacity of these soils.  

Several management options and farming practices have been proposed to enhance SOC 

accumulation by either increasing inputs (manure, compost and other recycled organic 

materials) or decreasing losses, e.g. stubble retention. Agricultural conservation practices (e.g. 

no-tillage and mulching, cover cropping, the introductions of crop rotations with high diversity, 

integrated nutrient management) or irrigation are amongst the practices that have been 

identified in order to sequester SOC in agricultural systems (Lal, 2004). These practices are, in 

fact, a reliable and effective way to improve soil structure and both chemical and biological 

fertility of soils. 

In the Mediterranean area, in general, soil organic C stock is constrained by factors such as 

limited C input, long-term practices of intensive tillage combined with the use of long bare 

fallows and the removal of crop residues for animal feed (Álvaro-Fuentes and Paustian, 2011).  

However, there are still large amounts of exogenous organic matter (EOM), i.e. C inputs, which 

are underutilized as soil amendments.  

In Mediterranean conditions, even though SOM models have already been used to predict SOC 

changes in agroecosystems (e.g. Álvaro-Fuentes et al., 2012a; Francaviglia et al., 2012; Liu et 

al., 2009; Mondini et al., 2012; Nieto et al., 2010) to our knowledge there is not such study that 

evaluates the effect on SOC accumulation of applying different EOM that are currently not 

used for agriculture, treated (e.g. compost or digestate) or non-treated (e.g. sewage sludge) in 

combination with other measures (cover cropping). Accordingly, here we present a modelling 

study in which the effects on SOC accumulation are investigated in a case study covering the 

Mediterranean costal area in Spain, which is a representative area of large horticulture and 

woody crops agricultural production within the Mediterranean climatic conditions.    
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2. Contextualisation of study area 

2.1 Climate 

The studied area covers the provinces that are situated along the entire Spanish 

Mediterranean coast, comprising mainly Meso-Mediterranean and Thermo-Mediterranean 

bioclimatic zones (Figure 1) (Rivas-Martínez & Rivas-Saenz, 2016). The thermo-Mediterranean 

zone is characterized by hot summers and mild winters with almost absence of frosts. It covers 

lowlands and littoral areas, and concentrates most of the citrus and horticultural production in 

the Iberian Peninsula. The Meso-Mediterranean zone, which is associated to inland areas, also 

involves hot summers but cool winters and frosts are likely. 

 

Figure 1. Bioclimatic areas in Spain based on Rivas-Martínez & Rivas-Saenz (2016). Area of 

study comprises the Spanish Mediterranean coastal provinces. The names of the Autonomous 

Communities involved is indicated  
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Within the study area there is large variability in precipitation regimes, with annual rainfall 

ranges between 200 and 600 mm. Precipitation concentrates during the winter, autumn and 

spring seasons, often in the form of heavy storms. In contrast, droughts are frequent during 

hot summer months, involving water stress in plants and the need for irrigated agriculture 

(Mancinelli et al., 2013).In the coming decades, the Mediterranean basin is most likely to be 

strongly affected by the impacts of climate change (IPCC, 2013; Kushnir, 2015; Ludwig and 

Roson, 2016; Ozturk et al., 2015).  

 

2.2 Soils 

The soils in the studied area are mainly alkaline carbonated Aridisols (ranged from 40-70% 

depending region), Inceptisols and Entisols in accordance to USDA soil classification (Soil 

Survey Staff, 2014). These well-aerated soils, with light soil textures, produce high efficient 

conditions for OM oxidation, accelerated by tillage and irrigation in agricultural soils (Balesdent 

et al, 1990; Trost et al, 2013). The SOM content and natural humic pools for the studied area 

are very low, based on the study from Rodríguez Martín et al. (2016). In Figure 2, SOC stock for 

the study area is shown. Soils with large clay concentration are associated with increased SOC 

stabilization potential (Sollins et al., 1996). In the study area the average content of clay is 

about 22%, although wide differences are observed depending on regions (Catalonia 19.1%; 

Valencian community 21.9%; Murcia 25.7%; Andalusia: Almeria 15.6%, Cadiz-Malaga 31.6%), 

which lead to different opportunities for the stabilization of SOC. Additionally, other soil 

characteristics found in these soils, e.g. enhanced physical protection of organic C by soil 

aggregates (microaggregates inside macroaggregates), in combination with physical and 

chemical mechanisms  also increase the potential  to sequester SOC in the study area (Alvaro-

Fuentes et al., 2008; García-Franco et al., 2015) .  
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The Mediterranean agriculture in general and the study area in particular are very vulnerable 

to soil erosion, especially by water (Boix-Fayos et al., 2005; García-Ruiz, 2010), because of   

geo-ecological factors (lithology, topography, and climatology) and also the land use history 

and plant cover changes. Geographically, in the Andalusia region, about 20% of the surface is 

classified as “high erosion risk” with a mean annual soil loss of 23.2 Mg ha−1 (Rodríguez-Martín 

et al., 2016). In other regions in the study area erosion losses have been estimated at 23.7 Mg 

ha-1 yr-1 in Catalonia, 16.8 Mg ha-1 yr-1 in Valencia and 17.6 Mg ha-1 yr-1in Murcia (MAGRAMA, 

2015). This soil loss has been found to represent soil C losses at rates ranging from 0.008 to 0.3 

Mg C ha−1 yr−1 under orchard trees crops, for example, in the study area (Martínez-Mena et al. 

2008; Nieto et al., 2012).   

 

 

Figure 2. Soil Organic Carbon stock in the provinces comprising the study area. Map extracted 

and modified from Rodriguez-Martin et al. (2016)  
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2.3 Crop productivity and plant residues 

Woody crops and horticulture are the prevailing agricultural land uses in the Spanish 

Mediterranean coastal regions (MAGRAMA, 2013). Rainfed and low water-intensive systems 

are predominant in the inland areas (i.e. in Meso-Mediterranean zone), mainly for the 

production of some characteristic woody crops such as olive (Olea europea L.), vine (Vitis 

vinifera L.) and almond (Prunus dulcis Mill.). The large annual variability in precipitation and 

temperature together with high evapotranspiration rates leads to a low crop biomass 

productivity, and thus to a limited plant residue input into the soil (Álvaro-Fuentes et al., 

2008). These systems, characterized by low input use (i.e. fertilization), are mainly represented 

by olive groves, vineyards and nut trees orchards with annual crop yields about 1.6 Mg, 7.6 Mg 

and 1.1 Mg ha-1 respectively in fresh matter (FM) (MAGRAMA, 2013). Managed in a 

conventional way, the biomass output in these systems is usually greater than the input as 

pruning remains are traditionally burned and other debris are removed through the fruit 

harvest and not returned to the soil. As a result an overall loss of C is produced, which leads to 

low SOC contents. 

In littoral areas (i.e. in Thermo-Mediterranean areas) agriculture is more intensively managed 

and irrigated, producing fruit and vegetables for fresh consumption (Fernández-Zamudio, 

2006). Irrigated intensive orchard and horticultural systems are highly productive and hence, 

they can produce large C inputs as plant residues. Thus, citrus and other fruit trees, which 

involve seasonal irrigation and moderate fertilization, achieve annual crop yields of 20.8 and 

9.7 Mg FM ha-1 respectively, and values about 26.1 Mg FM ha-1 are obtained for horticultural 

crops through the use of intensive irrigation or fertigation, and high inputs of fertilizers and 

xenobiotics (MAGRAMA, 2013). 
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2.4 Exogenous organic matter  

Exogenous organic matter (EOM) is defined as the wide variety of organic waste generated 

from agricultural (e.g. manure), urban (e.g. sewage sludge), or industrial (Marmo et al., 2004) 

activities which is suitable for agricultural application. Table 1 summarizes the annual 

production and main sources of this EOM in Spain and in the studied area, together with a raw 

estimate of their agricultural availability and biodegradability. In the Spanish Mediterranean 

coastal area animal manure comprises a very large waste stream, with over 12.7 Tg FM yr-1 

(MARM, 2009). During the last two decades, the development and expansion capacity of 

recovery facilities for municipal solid waste (MSW) and urban wastewater have generated an 

increasing stream of EOM in the Spanish Mediterranean area (>600 Gg), mainly in the form of 

compost and sewage sludge (MAGRAMA, 2011). Currently, a major part of these urban waste 

streams (about 80%) are applied on agriculture, often on intensive horticulture and orchards 

(i.e. citrus trees) but its generation is concentrated around cities and high populated areas, 

which may represent a constraint for an optimized utilization (MAGRAMA, 2011).  

Remarkable production of fruits and vegetables in the Spanish Mediterranean coastal regions 

has enhanced the development of different industrial activities around the agri-food sector, 

which also represent a source of organic wastes with varied characteristics depending on the 

production process (e.g. olive oil industry, wine industry, vegetable-processing industry) 

(Alburquerque et al., 2004; Bustamante et al., 2008; Morales et al., 2016). These organic 

resources are only partially valorized at different value-added levels (animal feed, bioenergy, 

composting) resulting in large volumes of organic resources managed as waste ultimately 

(Federici et al., 2009). 
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Table 1. Estimation of organic matter resources from waste streams in Spain and in the studied area 

Sector Source of residues  Production  
Spain 

Production 
Study area  

Agricultural availability Biodegradability 

  Gg C yr-1 Gg C yr-1   

Agriculture Cereal crops1 9,173 1,334 Low Medium 

 Oil crops1     443 138 Low Medium 

 Industrial crops1        114 49 Low Medium 

 Woody crops1 2,959 1,109 Medium Low 

 Vegetables1        553 297 Medium Medium 

Livestock  Pig slurry2 1,239 406 High High 

 Cow manure2 2,669 345 High Medium 

 Poultry manure2 253 94 High High 

 Other species2 1,527 294 High Medium 

Urban waste Compost (MSW) 3 92 58 High Low 

 Compost (Source segregated MSW) 3 73 38 High Low 

 Sewage sludge3 375 174 High Medium 

Food industry Market withdrawals4 59 41 Low High 

 Rejected products4 22 14 Low High 

 Processing industries4 72 53 Medium High 

 Olive oil industry: olive mill waste4 737 171 High Medium 

 Brewery industry4 96 53 Low High 

 Winery-distillery industry4 48 8 High Medium 

 Sugar industry4 34 13 High High 

 Agri-food sludge4 9 4 High Medium 
1Own estimation based on crop production and surface area data from the Spanish Agricultural Yearbook (MARM (Ministerio de Medio Ambiente y medio Rural y Marino) 2009).2 Own estimation based on livestock 
data from the Agricultural Statistical Yearbook (MARM (Ministerio de Medio Ambiente y medio Rural y Marino) 2009); 3 (MAGRAMA (Ministerio de Agricultura, Alimentación y Medio Ambiente) 2011); 4 

www.probiogas.es; (A thorough description of the estimation methodology used can be found in the section Methods and in the Supplementary Material) 

http://www.probiogas.es/
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2.5 Soil organic matter mineralization 

In the study area mineralization rates are very high and soil respiration is one of the main 

processes of C loss. Values of CO2 emissions under orchard have been estimated around 5 Mg 

C ha-1 yr-1 (Almagro et al., 2010; Nieto et al., 2012).  

Table 2 summarizes the results from different studies analyzing the percentage of organic C 

mineralized in soil of different EOM (organic wastes and composts) from different sources 

(details are available in the Supplementary Material (Table S2)). These studies were carried out 

mainly under Mediterranean soils with light soil textures, alkaline pH and high contents in 

carbonates (representative of the most widespread soils in the study area). The results of 

these studies show the high variability in the mineralization percentages depending on the 

type of organic waste and, especially, on the degree of stabilization. For example, raw wastes 

present on average, almost twice potential percentage of mineralized organic C as much as the 

composted organic wastes. Non-treated wastes also show larger variability in the 

mineralization percentage values than composted materials, due to the higher OC stabilization 

in the composted ones. In the raw wastes, the agricultural and livestock wastes have, in 

general, higher potential percentage of mineralized C (average mineralization percentage 

between 34 and 40%) than those from urban and agro-industrial origin (average values 

oscillating between 18 and 20%).  Within the composted materials, municipal solid wastes and 

anaerobic digestates present the lowest mineralization C percentage (mean values oscillating 

between 3 and 9%).  

 

2.6 Management practices 

In Mediterranean Spain, during the last two decades conservation agriculture has gained 

importance as a viable alternative to the traditional farming systems. In 2012, the orchard 

Spanish surface managed with minimum tillage was about 44% of the total surface. 
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Furthermore, cover cropping (either as natural vegetation or sown crop) was used in the 24% 

of the total agricultural surface (MAGRAMA, 2013).  When the previous data are disaggregated 

and analysed for the different tree crops important differences existed in the proportion of 

surface occupied with conservation agriculture practices. For instance, olive orchards 

represented the 50% and 40% of the total orchard surface with minimum tillage and cover 

crops, respectively. However, in citrus orchards the same proportions dropped to 2% and 5%, 

respectively (MAGRAMA, 2013). 
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Table 2. Percentage of organic C mineralized in soil of raw and composted organic wastes from different origin. 

 

Type of organic 
material 

Mean value of  
mineralisation 

(% added organic C) 

Range of mineralisation 

(% added organic C) 
Sources 

Raw organic wastes 

Agricultural and vegetal wastes Cereal crops 36.2 12 - 58 (1), (2), (3) 

 Other crops 40.2 5.2 - 65.0 (1), (4),(5), (6) 

 Other vegetal species 26.7 5 - 75 (7), (8), (9) 

Livestock wastes Manure 44.1 12 - 90 (1), (2), (6), (10), (11), (12) 

 Slurry 34.9 20.0 - 49.8 (3), (13) 

Urban wastes Municipal solid waste 15.2 8.9 - 25.8 (14) 

 Sewage sludge 20.0 8 - 26 (15), (16) 

Agro-industrial wastes Agri-food waste 15.3 9.4 - 21.8 (17) 

 Anaerobic digestate 38.1 16.1 - 63.0 (13), (18) 

 Biochar 6.1 1.9 - 10.0 (19), (20), (21) 

Composted organic wastes 

Livestock wastes Manure/slurry 13.1 2.9 – 24.3 (6), (22) 

Urban wastes Municipal solid waste 8.8 2.1 – 45.3 (10), (14), (22), (23) 

 Sewage sludge 19.2 3 – 37.9 (10), (15), (16), (22) 

Agro-industrial wastes Agri-food waste 11.1 1.7 – 21.4 (24), (25), (26) 

 Anaerobic digestate 2.9 2.9 (13) 
(1) Khalil et al. (2005); (2) Ajwa and Tabatabai (1994); (3) Angers et al. (2007); (4) Coppens et al. (2006); (5) Chocano et al. (2016); (6) Thùries et al. (2001); (7) Benito et al. (2005); (8) Al-Busaidi et al. (2014); 

(9) Tejada et al. (2008); (10) Noirot-Cosson et al. (2016); (11) Martín et al. (2012); (12) Sorensen et al. (1995); (13) de la Fuente et al. (2013); (14) Busby et al. (2007); (15) Hsie et al. (1981); (16) Fernández et al. 

(2007); (17) Bustamante et al. (2007); (18) Alburquerque et al. (2012); (19) Subedi et al. (2016); (20) Méndez et al. (2012); (21) Chen et al. (2014); (22) Bernal et al. (1998); (23) Mantovani et al. (2006); 

(24)Bustamante et al. (2010); (25) Serramiá et al. (2012); (26) Sánchez-Monedero et al. (2008).  
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3. Methods 

3.1. Models description 

3.1.1 RothC model 

The Rothamsted carbon (RothC) model (Coleman and Jenkinson, 1996) is one of the most 

widely used models to simulate SOC dynamics. RothC has been evaluated in a variety of 

ecosystems such as croplands, grasslands and forests (Coleman et al., 1997; Falloon and Smith, 

2002; Johnston et al., 2009; Powlson et al., 2011; Smith et al., 1997) and under different soil 

types and climatic conditions, including semi-arid environments (Álvaro-Fuentes et al., 2012b; 

Francaviglia et al., 2012; Jenkinson et al., 1999; Skjemstad et al., 2004). It has been used to 

make national and global scale SOC predictions in a variety of studies (Falloon and Smith, 2002; 

Falloon et al., 1998b; Post et al., 1982; Smith et al., 2005; Tate et al., 2000) and also to simulate 

the effect of organic amendment addition (e.g. manure application) on changes in SOC stocks 

(Coleman et al., 1997; Mondini et al., 2012; Yokozawa et al., 2010). 

A detailed description of the model is given by Coleman and Jenkinson (1996). RothC’s 

simulation runs are based on relatively few parameters and input data that are readily 

available (Smith et al., 1997): soil type, temperature, moisture content and plant cover. Soil 

organic carbon is split into four active fractions and one small inert organic matter (IOM) 

fraction. The active fractions are: decomposable plant material (DPM), resistant plant material 

(RPM), microbial biomass (BIO), and humified organic matter (HUM). Each fraction 

decomposes by a first-order process with its own characteristic rate, while the IOM fraction is 

considered to be resistant to decomposition  

 

3.1.2 SIMSWASTE model 

The SIMSWASTE model (Pardo et al., 2013; Pardo et al., 2017) is used to simulate the C and 

nutrient (N, P, K) transformations (emissions and flows to end-products) associated with 
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different processing technologies for organic waste, mainly anaerobic digestion and 

composting. The performance of the biological process is considered to be influenced by two 

main factors: substrate composition and operational conditions. As the main parameters for 

the model, flow of each organic source (on a yearly basis), the basic chemical composition (N, 

NH4
+-N, P, K) and the substrate organic compounds (i.e. carbohydrates, lignin, proteins and 

lipids) have to be detailed if available (reference values are used otherwise).  

Based on the substrate composition, biodegradable volatile solids (BVS) are divided in two 

major pools characterized by labile (BVSlabile) or resistant (BVSresistant) biodegradability. The 

potential influence of operational parameters is considered through reaction rate constants 

(Kf, Ks) as a measure of the overall efficiency of the biological process under specific conditions. 

They correspond to first-order reaction rate constants (kf, ks) observed in the bibliography for 

labile (BVSlabile) and resistant (BVSresistant) biodegradable substrates, multiplied by a set of 

factors related to operational and environmental conditions. N and P mineralization are 

estimated according to the decomposition rate of proteins. Gaseous losses of N forms are 

accounted on the basis of the ammonium-N (NH4
+-N) content, through different emission 

factors (EFs) established for NH3-N and N2O-N. Finally, amount and composition of the main 

outputs (i.e. biogas, digestate, compost) are provided, as well as emissions and energy 

(consumed or produced) associated with the processing technology analysed.  

SIMSWASTE has been applied to simulate carbon (C) and nitrogen (N) flows from manure and 

food by-products management processes according to different treatments (e.g. composting, 

anaerobic digestion), operational conditions and specific substrate compositions (del Prado et 

al., 2013; Pardo et al. 2017).  
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3.2. Study area 

The studied area covers the entire Spanish Mediterranean coast, related to Thermo-

Mediterranean and Meso-Mediterranean climates (Figure 1). It includes 14 coastal provinces 

of Catalonia, Valencian community, Murcia, Andalusia, and Balearic Islands. With a total of 2.6 

Mha, the cropping structure could be divided in three main classes in terms of intensification 

considering irrigation, fertilizer-amendments, other crop inputs and tillage: 

a) Low intensification: mainly rainfed, one tillage per year, 1-2 organic amendments to soil per 

year, low to no inorganic fertilization. Mainly olive groves and vineyards 

b) Medium intensification: seasonal irrigation, seasonal tillage, 2-3  organic amendments to 

soil per year. Mainly citrus and fruit trees. 

c) High intensification: intensive irrigation or fertirrigation, 4-6 tillage operations per year. High 

input of inorganic fertilizers and xenobiotics, use of fresh OM for sanitization every 3 

years. Mainly horticulture. 

Based on this structure, five land use classes were selected for the analysis of scenarios: 

horticulture, citrus trees, fruit trees, olive groves and vineyards.  

 

3.3 Data sets  

Information on regional crop production and surface area was obtained from the Spanish 

Agricultural Yearbook (MARM, 2009).  

Mean SOC stocks in Mg ha-1 to 30 cm depth and the percentage clay content in that layer were 

estimated for each province, derived from Rodríguez Martín et al. (2016).  

Monthly average temperature and precipitation data for the selected Spanish provinces were 

extracted from the AEMET (2012) for the range 1961-2010. Monthly potential 
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evapotranspiration (PET) was calculated from the air temperature precipitation and diurnal 

temperature range data according to Hargreaves method (Allen et al., 1998).  

Carbon inputs from animal manure application were calculated as follows. First, the livestock 

population of each animal category (pigs, dairy cattle, non-dairy cattle, sheep, goats and 

poultry) for 2008 was obtained from the data set of the Spanish Ministry (MARM, 2009) for 

each province. Dry matter excretion rates (kg place−1 yr−1) for animal housing were derived for 

the base year from the National Inventory Report (MAGRAMA, 2011) and converted to C by 

assuming 80% content of volatile solids (VS) and 55% of C content in VS (Adams et al., 1951). 

The C excreted by outdoor grazing animals, which in this study represents a small fraction, was 

deducted from the total by applying the factor proposed by the National Inventories (UNFCCC, 

2014), as that manure was assumed to reach mainly grasslands which are not included in the 

present study. Finally we distributed the manure applied to available crops proportionally 

according to their share of surface area in each province. 

Agricultural application of urban waste involved two waste streams: compost from municipal 

solid waste and sewage sludge. For each province, production data (on a dry matter basis) at 

biological treatment plants was obtained (MAGRAMA, 2011) and transformed into C inputs by 

assuming 55% of C content (Adams et al., 1951)  

Regional availability of organic by-products from agri-food industries was obtained from 

biomass inventories of PROBIOGAS project (http://www.probiogas.es/), including total amount 

and composition.  

 

3.4 Simulation procedure  

For each province and land use combinations considered in the study, the initial SOC content 

was set to the 2010 values (Rodríguez Martín et al., 2016) and then the changes in SOC with 

http://www.probiogas.es/
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time were simulated for different management scenarios, which will be described in detail 

later. 

Specific RothC input files involving soil characteristics (SOC, %clay) and meteorological data 

were created for every province and land use combination. Additionally, monthly irrigation 

water was considered where applicable, according to the common practices in the area of the 

study.  It was accounted as an additional water input in the monthly precipitation data. Plant 

cover was assumed to occur all year round in horticulture croplands, as successive crop cycles 

are produced along the year. For woody crops, the entire surface was considered to be 

covered year round too, as C is continually supplied by the roots (Nieto et al., 2012). 

In the baseline scenario, SOC was assumed to have reached equilibrium (>30 years with the 

same management). As described by Coleman and Jenkinson (1996), the RothC model was run 

to equilibrium under constant environmental conditions (average climate data for 1961-2010) 

in order to obtain the annual C inputs to the soil to maintain the measured amount of SOC. In 

this calculation process, the initial C content of the different SOC pools (DPM, RPM, BIO, HUM 

and IOM) is determined. 

The monthly distribution of C inputs was estimated following the procedure described by in 

previous works (Mondini et al., 2012; Smith et al., 2005). First, the total annual plant input and 

the proportions of plant material added monthly to the soil were set to describe the typical 

pattern of inputs for each land use class considered (Table S3). For woody crops, we assumed 

70% of the plant inputs occurring in the pruning period and the remaining 30% during the four 

previous months. For horticulture, 50% of plant inputs were assigned to the summer period, 

and the rest were distributed along the remaining months, as successive harvest cycles usually 

occur along the year. Additionally, a C input of animal manure was assumed according to the 

regional availability (range 0.1-2.0 Mg C ha-1 yr-1) as periodical manure addition has been 

traditionally a common practice in the area of study. DPM: RPM ratios of 1.44 and 0.25 were 
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used for plant residues of horticulture and woody crops respectively, as suggested in literature 

for agricultural crops and deciduous woodland (Coleman and Jenkinson, 1996). The 

recommended values for manure (DPM=49%, RPM=49%, HUM=2%) were also applied 

(Coleman and Jenkinson, 1996). 

Once RothC was run to equilibrium, the annual C input was adjusted to give the measured soil 

C content provided in the soils database using the following equation: 

 

𝑃𝑟𝑒𝑞 = 𝑃𝑖× [
(𝐶𝑚𝑒𝑎𝑠 − 𝐼𝑂𝑀)

(𝐶𝑠𝑖𝑚 − 𝐼𝑂𝑀)
] 

 

where Preq is the required annual C input, Pi is the initial annual C addition, Cmeas is the 

measured SOC given in the soils database, Csim is the simulated soil C after the equilibrium run, 

and the IOM is the C content of the inert organic matter fraction in the soil (all in Mg C ha-1).  

The size of the IOM fraction was set according to the equation given by Falloon et al. (1998a): 

 

𝐼𝑂𝑀 = 0.049×𝐶𝑚𝑒𝑎𝑠
1.139  

 

Following this procedure, the adjusted annual plant addition was determined and 

redistributed monthly according to typical pattern, as well as the initial C content of the 

different SOC pools (DPM, RPM, BIO, HUM and IOM) for each province and land use classes 

combinations. Then, simulations were run for 100 years in order to explore the long-term 

dynamics of SOC with time for different management scenarios involving changes in the C 

inputs to the soils. As SOC dynamics are not linear, simulation runs were also stopped at 20 

years for comparison purposes. This reference period has been applied in other studies for 
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estimating SOC stock changes (IPCC, 2006; Ogle et al, 2005) and field trials usually capture 

short term SOC dynamics (<20 years) (Aguilera et al., 2013). 

 

3.5 Description of scenarios 

Once the baseline SOC content had been established for each province and land uses 

considered, five main management scenarios were modelled for a 100-year-period using 

average climatic data (AEMET, 2012) and exploring different strategies for increasing C inputs 

in the agricultural soils of the study area. 

 

3.5.1 Baseline scenario (equilibrium) 

For comparison purposes this scenario was used as a baseline in order to assess the effects of 

the other scenarios on SOC sequestration. Soil organic C is assumed to have reached 

equilibrium (>30 years with the same management). Animal manure application rates are 

considered for each province according to regional manure production and available cropland 

area.  

 

3.5.1 Scenario CCR (Cover crops for woody croplands) 

We explored the influence on SOC of a change in the soil management, involving the 

cultivation of cover crops in woody croplands (i.e. citrus trees, fruit trees, olive groves, 

vineyards). This measure was selected as it has been reported to protect vulnerable soils from 

degradation and erosion risks and to provide several benefits for soil structure and fertility 

(Castro et al., 2008; Gómez et al., 2009; Ramos et al., 2010). Common cover crops suitable in 

the area of the study are Gramineae or Leguminosae, cultivated in the zone between trees and 

maintained from autumn until spring to avoid the competition for water with the woody crop. 
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Based on Peregrina et al., (2014), barley was selected as suitable cover crop for semi-arid 

environments. An annual C input of 1.7 Mg C ha-1 yr-1 was estimated to be supplied through 

cover crop residues which were distributed mainly in the months of February to May.  

 

3.5.2 Scenario M (Manure management: Anaerobic digestion (M-AD) or Composting (M-CO)) 

Different management alternatives for animal manure are explored as they are regarded as 

promising options for climate change mitigation in the agricultural sector. 

While in the baseline scenario raw manure is applied to the soil, in this case two strategies for 

manure treatment are evaluated: anaerobic digestion (M-AD) and composting (M-CO). From 

the initial amount of available raw manure, the C and N flows were simulated through 

SIMSWASTE according to the selected treatment and manure composition. For both 

management strategies, the best available technology was assumed. This involves two-stage 

process and covered storage tank for anaerobic digestion; and weekly turned pile for 

composting with adjusted moisture and C:N ratio. In addition to compost and digestate 

production and composition (e.g. Mg C yr-1), other outputs were obtained from the model such 

as: gaseous emissions (CO2, CH4, NH3, N2O) from composting process, and biogas and 

electricity generated from anaerobic digestion.  

The application rates added to the soil range 0.12-1.22 Mg C ha-1 yr-1 for digestate and 0.09-

1.04 Mg C ha-1 yr-1 for compost. They were estimated according to the annual amounts of 

digestate (M-AD) or compost (M-CO) obtained from our simulation and the available cropland 

area for each province (in Mg C ha-1 yr-1). Different labile (DPM), resistant (RPM) and humified 

(HUM) C inputs from different pools were applied for compost (DPM=0%, RPM=80%, 

HUM=20%) derived from (Peltre et al., 2012) and for digestate (DPM=20%, RPM=78%, 

HUM=2%) based on own estimations and digestate composition. 
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3.5.3 Scenario UWA (Urban waste) 

The application of urban waste to agricultural cropland is evaluated considering two different 

flows: compost from municipal solid waste and sewage sludge. Application rates range 0.10-

1.44 Mg C ha-1 yr-1. They were estimated for each province according to urban waste 

production and available cropland area. Specific C inputs from different pools were applied for 

compost (DPM=0%, RPM=80%, HUM=20%) and sewage sludge (DPM=0%, RPM=85%, 

HUM=15%) based on Peltre et al (2012).    

 

3.5.4 Scenario FW (Agri-food by-products: Anaerobic digestion (FW-AD) or Composting (FW-

CO)) 

In combination with the measure considering the urban waste application of scenario UWA, 

available local by-products from agri-food industries are also considered for biological 

treatment through anaerobic digestion (FW-AD) or composting (FW-CO). Carbon and N flows 

were simulated through SIMSWASTE according to the selected treatment and specific food by-

products composition. As a result, compost and digestate production (Mg C yr-1), were 

obtained from the model as well as other outputs such as: gaseous emissions (CO2, CH4, NH3, 

N2O) from composting process, and biogas and electricity generated from anaerobic digestion.  

The application rates range 0.02-0.22 and 0.05-0.28 Mg C ha-1 yr-1 for food by-products 

digestate (FW-AD) and compost (FW-CO) respectively. They were estimated according to the 

annual amounts obtained from simulation and the available cropland area for each province. 

Different labile (DPM), resistant (RPM) and humified (HUM) C inputs from different pools were 

applied for compost (DPM=0%, RPM=80%, HUM=20%) derived from Peltre et al (2012) and for 

digestate (DPM=20%, RPM=78%, HUM=2%) based on own estimations and digestate 

composition. 
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3.5.5 Scenario MAX (Maximum SOC increase potential (CCR +FW-CO)) 

In this scenario, the most promising scenarios increasing C inputs to the soil are selected. In an 

attempt to evaluate the maximum potential for SOC increase in the study area, the combined 

effects of cover crops cultivation (CCR), and urban waste and food by-products compost 

addition to the soil (FW-CO) are explored. 

 

3.6 Uncertainty analysis 

As the aim of the study was to explore the potential of different strategies to increase SOC 

stocks, specific attention was paid to evaluate the influence of parameter uncertainty in 

relation with the additional C inputs to the soil involved in the study. A MonteCarlo analysis 

(number of simulations: 1000; normal distribution assumed) was applied to the Scenario MAX 

which explores the maximum potential for SOC increase by combining cover crops and EOM 

addition to the soil. A set of uncertainties and probability density functions (PDFs) were 

adopted for parameters describing the amount (Mg C y-1) and stability (DPM, RPM, HUM) of 

the additional C inputs in the model. A thorough description of the methodology used for 

uncertainty analysis can be found in the Supplementary Material (Table S4).  

 

4. Results 

The largest effect for a measure introduced in isolation was cover cropping (CCR), which 

resulted in large SOC increase (0.41-0.52 Mg C ha-1 yr-1 for the first 20 years) for woody crops 

(Table 3). Adding urban waste (UWA) to the baseline, which already includes non-treated 

manure amendment, increased SOC between 0.08-0.16 Mg C ha-1 yr-1 for the first 20 years. 

Scenarios FW-AD and FW-CO, which involved additional C inputs (digested or composted agri-

food by-products) to the urban waste resulted in further increase of the SOC stock compared 

to the baseline ranging 0.10-0.20 and 0.11-0.21 Mg ha-1 yr-1, respectively (Table 3). Processing 
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the available manure from baseline scenarios not seem to significantly change SOC through 

composting (M-CO), but it resulted in a slight loss of SOC (up to -0.04 Mg ha-1 yr-1) in the first 

20 years for the scenarios where manure went through anaerobic digestion (M-AD).  

 

Table 3. Carbon sequestration rates per hectare (in Mg ha-1 yr-1) for the first 20 years for the 

different management scenarios and land uses 

Land use Area  SOC increase  

 103 ha Mg C ha-1 yr-1 

  CCR M-AD M-CO UWA FW-AD FW-CO MAX 

Horticulture 92 0.00 -0.04 -0.01 0.09 0.12 0.13 0.13 

Citrus trees 275 0.41 -0.03 -0.01 0.08 0.10 0.11 0.53 

Fruit trees 429 0.41 -0.04 -0.01 0.09 0.11 0.12 0.54 

Olive groves 705 0.52 -0.03 -0.02 0.07 0.12 0.12 0.64 

Vineyards 171 0.52 -0.06 -0.02 0.16 0.20 0.21 0.74 

 TOTAL  1,672 0.44 -0.04 -0.01 0.09 0.12 0.13 0.58 

 

 

The scenario MAX integrating cover cropping (CCR) with addition of urban waste and 

composted agri-food by-products (FW-CO) resulted in a range of increased SOC from 0.53 

(citrus trees) to  0.74 (vineyards) Mg C ha-1 yr-1 (for the first 20 years). Amongst woody crops, 

vineyards consistently showed the largest potential for SOC accumulation in all scenarios 

(Table 3). 

For horticultural cropping systems, where no cover cropping was used as a measure, adding 

urban waste amendment (UWA) resulted in a SOC increase of 0.09 Mg ha-1 yr-1 for the first 20 

years. Further addition and processing of agri-food by-products increased SOC, for the first 20 

years, about 0.12 Mg ha-1 yr-1 and 0.13 Mg ha-1 yr-1 for anaerobic digestion (FW-AD) and 

composting (FW-CO), respectively (Table 3).  

As an example and in order to illustrate the evolution in time of SOC accumulation for the 

different land uses, we utilised results from 3 land uses in Murcia province as an example of 
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SOC accumulation (Mg ha-1 yr-1) effects in the different scenarios for a 100 years’ timeline (Fig 

3). Figure 3 shows that the evolution in SOC accumulation is similar in shape but not in 

magnitude for the 3 land uses analysed. Although the rate of SOC accumulation becomes 

lower with time for the 3 land uses (about half of the total C sequestration is produced during 

the first 20 years), this trend is more apparent for the cropping systems that have larger 

potential for SOC accumulation, i. e. olive groves.    

 

 

Figure 3. Soil organic carbon (SOC) accumulation (Mg ha-1 yr-1) in a 100 years timeline in the 

CCR, M-AD, M-CO, UWA, FW-AD, FW-CO, MAX scenarios in the Murcia province and for three 

different land uses: (i) horticulture, (ii) citrus trees and (iii) olive groves. 

 

Table 4 shows total potential SOC changes in 2100 when simulating the different alternative 

scenarios taking into account the total surface in the study area of each land use type. As 

expected, the largest increase in SOC accumulation was observed for the scenario where we 

integrated cover cropping (not applicable for horticultural systems) and composting of urban 

waste and agri-food industry by-products (MAX), resulting in an accumulation of 40.4 Tg C of 

SOC after 100 years, which represents an increase of 60% in comparison with the baseline 

scenario.    

Land use-wise, the largest potential for SOC increase after 100 years was observed for woody 

crops; in particular for olive groves (19.2 Tg C) and fruit trees (9.3 Tg C), which had both a large 
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potential of SOC increase per hectare and a large area coverage in the region (Table 4). For 

horticultural systems, the scope to increase SOC was lower than 1 Mt (16%), which is mainly 

due to a limited potential per ha of SOC accumulation and the smaller coverage compared 

with woody crops (Table 4). 

Cover cropping (implemented only in woody crops) as a single measure, resulted in almost 30 

Tg C of total SOC accumulation after 100 years (Table 4). Adding urban waste (UWA) to the 

baseline led to SOC accumulation of a total of about 7 Tg C after 100 years. The largest 

increase in SOC for the UWA scenario was estimated in vineyards (19%) and horticultural (11%) 

systems (Table 4). Scenarios FW-AD and FW-CO, which involved additional C inputs (digested 

or composted agri-food by-products) to the urban waste and manure, resulted in further 

increase of the total SOC stock in the study area of about 9.6 and 10.3 Tg C after 100 years, 

respectively (Table 4).    

Processing the available manure through anaerobic digestion (M-AD) or composting (M-CO) 

resulted in a small change of SOC compared with the baseline non-treated manured scenario 

(Table 4). Net GHG emissions, however, if we consider the balance for both the soil stage (i.e. 

SOC accumulation) and the net GHG emissions from the manure storage and processing 

together, show a different climate change mitigation potential (Table 5). In table 5, for each 

province and overall the study area we calculated the relative net GHG emissions gains/loss 

from composting and anaerobic digestion scenarios compared with the baseline scenario (non-

processed manure). In order to calculate this balance we considered emissions, avoided 

emissions and C sinks coming from: (i) GHG emissions from manure storage in the baseline 

scenario, (ii) GHG emissions avoided through anaerobic digestion process (i.e. generation of 

alternative energy), (iii) GHG emissions from the composting process and (iv) SOC change from 

AD and composting scenarios compared with the baseline scenario. In this sense, even though 

AD is a practice that leads to small SOC losses, if we account for the GHG avoided by the 

generation of alternative energy through CH4 generation and much lower GHG emissions 
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compared with conventional manure storage, the potential is very large (>100 Tg C after 100 

years). For manure composting, compared with the baseline scenario without manure 

treatment, estimated GHG emissions (mainly CH4, data not shown) are smaller and if 

integrated with potential SOC gains/losses would lead to large GHG emissions savings (about 

29 Tg C after 100 years).         

Monte Carlo simulation was used to assess the sensitivity of the results to uncertainties in the 

estimation of C inputs of cover crops and EOMs. Figure 4 shows the range in the change in SOC 

for the MAX scenario, from 33 to 48 Tg C after 100 years. On average, soils in the study area 

would had a net gain of 40.0 Tg C (100 years) with a 95% confidence interval ranging from 35.6 

to 45.2 Tg C (Table 6). Most of this gain would be attributed to woody crops, and especially to 

olive groves and fruit trees which constitutes a large part of the agricultural surface in the 

study area. 

 

Figure 4. Frequency distribution of Montecarlo simulation of MAX scenario, which combines cover crops 

and addition of compost to the soil. Data represents changes in soil organic carbon (SOC) in 2100 with 

respect to the baseline scenario. The figure represents the results of 1000 runs of the RothC model 

with parameters related to amount and composition (DPM:RPM:HUM) of exogenous organic matter 

(EOM) randomly drawn from their expected distribution. Data are in groups of of 1Tg, and labels 

indicate the upper bound of each group (e.g. 48 = 47.01 - 48.00)  
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5. Discussion 

This study is intended to provide an estimation of the potential scope for Mediterranean 

horticulture and intensive orchard to increase SOC through management changes that 

promote increasing the amount of C applied to the soil (i.e. via urban waste and agro-industry 

by-products and cover crop residues). Indirectly some of these practices can also affect 

agricultural productivity and resilience to climate change and future resource shortage, thus 

allowing us to assess the potential of these practices to fulfil the objectives of climate-smart 

agriculture (Lipper et al., 2014; Scherr et al., 2012). 

The Mediterranean basin is inherently poor in SOM and is prone to loose SOC via different 

mechanisms (e.g. erosion) (Hinsinger et al., 2015). Existing literature and modelling carried out 

in this study provide some basis to say that there are both ample opportunities but also 

challenges to achieve large realistic SOC accumulation, and indirectly SOM, thus becoming 

closer to the attributes that climate-smart agriculture requires.  

In Mediterranean conditions, modelling studies have concluded that the impact of climate 

change on SOC changes will depend on the existing cropping systems and management 

practices (Lugato and Berti, 2008; Álvaro-Fuentes and Paustian, 2011). For example, at the 

regional level and for the same climate scenario, in NE Spain the Century model predicted SOC 

gains in arable systems but C losses in orchard systems (Álvaro-Fuentes et al., 2012a). 

 

5.1. SOC sequestration potential in Spanish Mediterranean horticulture and intensive 

orchard 

The potential of European agricultural management practices to mitigate climate change in 

terms of SOC sequestration has been reviewed in different papers (e.g. Freibauer et al., 2004; 

Smith, 2004) indicating SOC sequestration rates up to 0.70 Mg C ha-1 yr-1. Our results (for 20-
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year average) show that the largest SOC sequestration would be expected with the use of 

cover crops with sequestration rates between 0.41-0.52 Mg C ha-1 yr-1 during the first 20 years.  

The potential for SOC accumulation by cover crops has been widely recognised but rates differ 

from one study to another. Recently, Poeplau and Don (2015) reviewing the impact of cover 

crops on SOC sequestration indicated mean sequestration rates of 0.32 Mg C ha-1 yr-1, and 

similar values (0.27 Mg C ha-1 yr-1) were reported by Aguilera et al (2013) in a meta-analysis for 

the Mediterranean area. These results are lower than the values predicted in our study. The 

potential for SOC sequestration after the inclusion of cover crops is determined by several 

factors such as the C: N ratio, the lignin content, the amount and quality of root exudates and 

the root structure and production, together with soil characteristics (Plaza-Bonilla et al., 2015). 

Other studies have indicated higher SOC sequestration rates than our estimates. For example, 

González-Sánchez et al. (2012) observed SOC accumulation of 1.54 Mg C ha-1 yr-1 for cover 

crops sowed in-between perennial tree rows, which is in accordance with values observed in 

field experiments in olive groves by Nieto et al. (2012) for the first years after cover cropping 

implementation.  

In our study, we assumed as the current practice (baseline scenario) for the last decades the 

regular application of available livestock manures, largely pig slurry and a smaller proportion as 

farmyard manure (FYM), to agricultural soils. According to this general practice we could 

assume that SOC stocks are in equilibrium at the beginning of implementing new management 

scenarios (Powlson et al., 2011). Slurry application, low in C concentration, has not a significant 

potential to increase SOC directly (Aguilera et al., 2013). In Mediterranean conditions, despite 

it is generally assumed that the application of slurry does not result in an increase in SOC 

stocks (Aguilera et al., 2013), under certain dryland conditions, the application of pig slurry 

could result in an increase in crop yield and, in turn, to the SOC accumulation compared to the 

application of mineral fertilizers (Plaza-Bonilla et al., 2014). Furthermore, the application of pig 

slurry may be an effective way to improve soil structure (Plaza-Bonilla et al., 2013), increase 
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soil P and K levels (Domingo-Olive et al., 2016) and reduce soil nitrous oxide (Vallejo et al., 

2006) and ammonia emissions if slurry replaces urea for example (Sanz-Cobeña et al., 2014).  

Manure can be processed in order to improve its added value. For example, manure 

composting is considered as an effective and inexpensive method for reducing the volume of 

animal manure while producing a stabilized soil fertilizer, free of pathogens and weed seeds 

(Rynk, 1992). As simulated in this study, composting animal manure did not show much 

potential to increase SOC stocks when compared to the baseline scenario, which uses non-

treated manure. Despite more stabilized forms of C are assumed to be present in compost 

than in manure (Peltre et al., 2012), the lower C amount added compared with raw manure, 

due to large CO2 emissions during composting process, offsets the overall SOC accumulation 

effect. Another example of processing animal manure is the anaerobic digestion (AD). Through 

the AD process, the most labile C forms are degraded into biogas (CH4 and CO2) resulting in the 

reduction of the potential of digestate to increase SOC levels. According to SIMSwaste (Pardo et 

al., 2013; Pardo et al., 2017) the AD process would involve among 32% to 42% of C in manure 

converted to biogas. In contrast to composting process, the remaining C in digestate does not 

involve higher proportions of stabilized organic matter forms. Therefore, the decrease on the 

amount of C input to the soil due to biogas production is reflected on SOC losses with time.  

For both scenarios, although the estimated annual SOC accumulation in response to the 

application of composted or digested manure is negligible or slightly negative, large GHG 

offsets are expected by reducing GHG emissions from baseline manure storage (Pardo et al., 

2015) or through the generation of green energy (AD scenario). Consequently, AD and 

composting would have a potential for total GHG emissions reductions of 4.3 and 1.1 Tg CO2eq 

yr-1 in the study area, which is equivalent to SOC accumulation of about 1.2 Tg C yr-1 and 0.3 Tg 

C yr-1 respectively, averaged during 100-year simulation for all the area considered in the 

study. The relative importance of this GHG reduction is significant considering that these 
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values would represent about 11% and 3% of total agricultural emissions in Spain in 2014 

(UNFCCC, 2014)  for anaerobic digestion and composting, respectively.   

Application of urban waste (UWA) through municipal compost and sewage sludge addition 

across the study area would lead to 7.2 Tg C (0.04 Mg C ha-1 yr-1) accumulated after 100 years. 

For the first 20 years, the average annual SOC accumulation estimated is 0.09 Mg C ha-1 yr-1 

(range 0.04-0.61 Mg C ha-1 yr-1). Although our average results are lower than the values 

estimated for compost amendment by Mondini et al. (2012) in Italy (0.29 Mg C ha-1 yr-1) and by 

Freibauer et al. (2004) in European agricultural soils (0.40 Mg C ha-1 yr-1), value ranges are 

within the range of these studies. The disparity of values among studies could be attributed to 

the difference in methodological approaches. Also, the lower values obtained in our simulation 

can be attributed to the annual application rates assumed, with an average value of 0.26 Mg C 

ha-1 yr-1, which contrasts with the addition rates considered in other studies, about 1-2 Mg C 

ha-1 yr-1. In our study, the availability and applicable rate of urban waste varies significantly 

among regions (range 0.1- 1.4 Mg C ha-1 yr-1) as it is influenced by population density and 

availability of cropland area. Thus, in highly populated areas where more urban waste is 

available, estimated application rates were higher (>1 Mg C ha-1 yr-1), and the annual SOC 

accumulation simulated ranged from 0.3 to 0.6 Mg C ha-1 yr-1, very similar to the values 

reported in the above mentioned studies.  

Using the available agroindustry by-products for SOC stocks accumulation provides 

opportunities for GHG mitigation as it has been shown in our modelling exercise. Estimated 

annual SOC accumulation in response to the application of composted or digested 

agroindustry by-products was around 80-90 Gg C yr-1. 

The model simulation indicated that SOC accumulation was significantly enhanced (>50% in 

100 years) when different management practices were combined although the overall effect 

would be smaller than the addition of their single effects, which is in agreement with the 
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findings of Del Prado et al. (2010). Woody crops, in particular, could have a very high potential 

for SOC accumulation as cover crops can be combined with the application of agroindustry by-

products, such as olive mill wastes and urban waste. Moreover, although not simulated in this 

study mulching of pruning residues and non-tillage practices could further increase SOC 

accumulation (e.g. 0.5-0.6 Mg C ha-1yr-1: Nieto et al., 2010) and help increase crop yield (e.g. 

Montanaro et al., 2010).  

Among land uses, the greatest SOC sequestration rate was found in woody crops with the use 

of cover crops (either as a single practice or in combination with other practices). In 

Mediterranean areas, woody crops are within the most important cropping systems occupying 

a large proportion of the territory. For example, in the Mediterranean basin, only olive groves 

occupy around 9.5 M ha (Nieto et al., 2012). In Spain, natural vegetation covers are extensively 

used in olive production systems in Andalusia where olive groves are frequently cultivated in 

steep slopes, but in most of the cases this practice involves a poor soil covering of weeds which 

are left to grow each year (Nieto et al., 2010; MAGRAMA, 2013). The increase in SOC levels 

after the adoption of cover crops in woody crops have also been observed by other studies 

performed in Mediterranean areas (Castro et al., 2008; Nieto et al., 2012; García-Franco et al., 

2015). Furthermore, in woody systems, cover crops contribute to other ecosystems services 

such as erosion control (Gomez et al., 2009; Almagro et al., 2016), soil fertility (Hernández et 

al., 2005) and soil physical properties (Peregrina et al., 2010).  

Management of local carbon through the implementation of smart-agriculture practices (e.g., 

intercropping with groundcover species, mulching) is expected to reduce erosion as compared 

to conventional tillage or soil kept bare through herbicides. In fact, a reduction in C lost by 

erosion of about 30 - 55% when conservation practices are applied have been reported by 

several authors under perennial woody crops such as olive groves, vineyards or almond 

orchards (Castro et al., 2008; Almagro et al 2014). Despite these benefits, sowing cover crops 
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still accounts for a minimal share (>1%) of the national total surface of woody crops in Spain 

(MAGRAMA, 2013).  

 

5.2. Barriers and opportunities 

Despite the remarkable potential for SOC sequestration of the agricultural soils in 

Mediterranean areas, mainly due to their low SOC content, several limitations also exist. After 

the adoption of a determined management practice, the increase in SOC content is a finite 

process (Powlson et al., 2011). The duration of the C accrual process depends on several 

factors, such as the practice in question, climate, soil properties and the previous management 

history. For example, in semiarid areas of Spain, soils under no-tillage (NT) stop sequestering 

organic C after 12 years (Hernanz et al., 2009; Álvaro-Fuentes et al., 2014). Likewise, it was 

observed that, during the time in which soils under NT sequestered C, the rate at which they 

sequestered varied over years. In particular, the maximum sequestration rates occur 5 years 

after the change in soil management (Álvaro-Fuentes et al., 2014).  

Although the use of agri-food by-products shows to have potential to increase SOC when 

applied as soil amendment, questions may arise on the net transfer of C between the soil and 

the atmosphere as it depends on the alternative fate of the by-product (Powlson et al., 2011). 

For example, avoiding food-competing feedstuff in livestock diet, i.e. feeding livestock with by-

products from food production and grass have been suggested as a strategy that could provide 

sufficient food in the future (Schader et al., 2015). Organic by-products could have alternative 

uses (e.g. animal feed, bioenergy, soil amendment), with different implications for SOC stocks 

and GHG emissions, which may strongly rely on by-product composition. Holistic approaches 

combining farm models and life-cycle assessment have been recommended for a more 

complete overview of such complex scenarios (Styles et al., 2014; Pardo et al., 2017). Besides, 

local context and potential trade-offs from non-GHG issues may play an important role in the 

decision-making process towards a circular economy (Greyson, 2007).  
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The utilisation of urban waste as a soil amendment, mainly after adequate composting 

treatment, is one of the most adequate valorisation alternatives, but it can also result in 

several constraints that may limit its agronomic applicability. The potential presence of 

chemical (heavy metals, PAHs, PCBs, etc.) and biological pollutants (pathogens) can reduce 

their applicability due to the environmental and health risks (Cesaro et al., 2015), aspects 

considered in the current European legislations and guidelines related to waste management 

and soil protection (EC, 2008). In addition, the tendency to develop collective treatment plants 

could involve additional costs related to the transport to cropland areas.  

Future-wise improvement of current mechanical-biological treatments together with the 

implementation of source separation and separate collection of the organic fraction of 

municipal waste could play a crucial role in the stability and agronomic quality of these urban 

waste streams, thus promoting their application. Furthermore, although not explored in this 

study, there is also great future potential to use as soil amendments other organic materials 

that are currently and frequently burned in the field (pruning residues and straw) or that poses 

an environmental risk (e.g. olive mill and other agro-industrial wastes) unless careful 

separation or pre-treatment at source is carried out.  

 

5.3. Sources of uncertainty 

Results from SOC simulations involve some uncertainties which can be associated with 

different sources such as the methodology applied, the reliability of the input data or the 

model of SOC turnover (RothC) applied. In our study, an important limitation could be the 

hypothetical assumptions taken on the approach used to initialize and run the model. Initial 

SOC pool distributions are assumed to be at equilibrium/steady state with the current land-use 

and climatic conditions. Although this approach has been commonly applied the actual soils 
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may not be at equilibrium due to changes in land-use and management practices, resulting in 

biases in the SOC estimations (Wutzler & Reichstein, 2007).  

Simulation of management practices for the different land-use classes may also result in 

another source of uncertainty. As it was not feasible to model the different combinations of 

agricultural practices with regards to irrigation, manure application or plant residues 

management, the most common practices for each cropping system in each province were 

assumed according to MAGRAMA (2013). Furthermore, in order to simplify simulations 

average data were used to describe soil characteristics (SOC, %Clay) and climatic conditions 

(temperature, precipitation, evapotranspiration) for each province. Although this could 

represent most of the area studied, local variations may exist. 

Uncertainty on the estimations related to the amount and stability of additional C inputs, such 

as EOMs and cover crops, could be of particular importance, determining the potential of the 

analysed measures for C storage in the study area. In order to quantify this uncertainty, a 

Montecarlo approach was applied for the estimated change in SOC (100 years) in the MAX 

scenario, which explores the maximum potential for SOC increase by combining cover crops 

and EOMs addition to the soil. The mean obtained was 40.0 Tg C, very similar to the value 

using the default parameters (40.4 Tg C), with a 95% confidence interval ranging from 35.6 to 

45.2 Tg C. 

While they must be taken with caution, results from Montecarlo analysis seem to confirm that 

Mediterranean SOC stocks could be increased if certain strategies are followed. It is 

undeniable that there are large uncertainties associated to both the activity data used and the 

parameterization of the model. Despite that, the results from this study could be interpreted 

as a valuable indicator of the potential value of certain agricultural practices to restore and/or 

increase the SOC lost due to years of conventional management in these Mediterranean 

agroecosystems.  
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5.4. Limitations of the SOC estimations 

The dynamic model of SOC turnover used in this study (RothC) involves some limitations. For 

example, it does not take into account the effects of soil erosion, which is an important 

process influencing SOC dynamics and with major implications for GHG mitigation and 

adaptation strategies (Chappell et al., 2015). Erosion would be especially relevant in these 

Mediterranean environments where high intensity-low frequency rainfall events are 

responsible for the main part of soil erosion. For example, in orchard trees under conventional 

management (mainly olives and almonds) a wide range of erosion rates, some very high, have 

been reported (range 0.05- 19.4 Mg C ha-1 yr-1) (Francia Martínez et al., 2006; Martínez-Mena 

et al., 2008; Gómez et al., 2009). Currently, just a few SOC models account for C fluxes through 

erosion and run off, and the need to include these processes on most widely used SOC models 

(e.g. RothC) have been identified (Senapati et al., 2014; Sanderman et al., 2013). Nevertheless, 

unless these type of models are simplified, the complexity associated to their structure and 

input data requirements may in fact be a limitation for regional studies.   

RothC does not consider the effect of different tillage management systems. Tillage may in fact 

have an important effect on SOC and soil microbial dynamics (Álvaro-Fuentes et al., 2013). The 

use of specific agricultural practices for the local management of soil C, such as the reduction 

in the tillage intensity, seeding an incorporation of cover crops, mulching with crop residues, 

etc., improves immediately soil conditions, reflected in a rapid stimulation of the soil 

microbiota, accompanied by a significant increase in the macroaggregates formation. Inside 

these macroaggregates, the strong chemical bonding between organic matter and mineral soil 

particles led to stable microaggregates formation leading to an increase in the C sequestration 

potential (due to the less susceptibility of the OC to mineralization).  

Other limitations have been identified in relation with direct estimations derived from soil 

sampling measurements after a change in soil management, especially if the soil depth is not 

considered. Shallow soil sampling may result in wrong conclusions (Vandenbygaart et al., 2011) 
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since a small percentage of the total C stock accumulates at the soil surface. In a study in the 

Murcia province, it was calculated that 65% of the total C accumulated in forest and cropland 

soils was below 20 cm (Albaladejo et al., 2013). Furthermore, C stored in deeper layers has 

been observed to be more stable (Jobbagy and Jackson, 2000). Thus, the minimum soil depth 

will depend on the management practice adopted and in the root depth and distribution of the 

crop (Baker et al., 2007). The soil sampling should be able to capture the most part of the 

rooting depth due to the contribution of the root system to SOC sequestration and turnover 

(Gale et al., 2000; Rasse et al., 2005). Therefore, to determine the potential of a certain 

management practice to sequester SOC some precaution should be taken in order to avoid the 

misinterpretation of the results found. 

 

6. Conclusions 

Soil organic C levels are low in the Mediterranean agricultural systems. In this study we found 

that there is large scope to enhance SOC stocks in orchards and horticultural intensive systems 

(>50%) through management practices increasing C inputs. Sowing cover crops in orchards 

systems showed the largest SOC accumulation potential. Whilst this practice is currently not 

widely used in the area, it could also provide other additional benefits such as soil erosion 

protection and water holding capacity, which are of paramount importance to the 

Mediterranean conditions. 

Application to the soil of EOM such as compost from urban waste or agri-food by-products is 

another effective way to enhance SOC stocks, but its overall potential is hindered by its 

regional availability and the potential presence of chemical and biological pollutants.    

Organic waste streams may have alternative uses with different implications for SOC stocks 

but also for GHG emissions. For example, anaerobic digestion, which does not result in SOC 

accumulation after digestate is applied to the soil, can provide additional benefits for net 
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climate change mitigation via bioenergy production. Coupling models and life-cycle 

assessment methodologies can provide a more complete picture of each particular issue.  
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