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Abstract 16 

 17 

There have been strong calls globally to improve the sustainability of biodiesel production from 18 

oilseeds. Nevertheless, there is a lack of robust methodologies that are able to depict the local 19 

impacts of intensive feedstock production on soil properties and functions. The aim of this 20 

study is to quantify and map the potential biodiesel production from oilseed (e.g. soybean, 21 

sunflower and rapeseed), and understand possible trade-offs with other soil-related Ecosystem 22 

Services (ESs) such as  i) habitat for soil organisms (supporting service), ii) soil carbon storage 23 

(regulating service), iii) groundwater quality protection (regulating service) and iv) food crops 24 

(provisioning service). This method is tested on current intensive agricultural areas of the 25 

Veneto region plain of Northern Italy. The results suggest that the study area has a sustainable 26 

biodiesel production potential of 20.7 dam3 per year, which is only 52% of the regional target 27 

for the year 2020. The areas that are currently under other annual crops (primarily cereals and 28 

maize) can also have a significant further contribution that if exploited would greatly exceed 29 

the regional target. This finding indicates that achieving the regional target will be impossible 30 

without having significant trade-offs with other soil-related ES or causing land use change. The 31 

proposed methodology could provide a tool that could be integrated within (and potentially 32 

improve the effectiveness of) biofuel certification schemes, strategic environmental 33 

assessments of renewable energy pathways, and regional energy plans. 34 

 35 

 36 

Keywords: biofuels, oilseed, certification schemes, trade-off analysis, strategic environmental 37 

assessment 38 

 39 
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1. Introduction 40 

  41 

Soil contributes to the provision of several Ecosystem Services (ESs), such as food, erosion 42 

regulation, and carbon storage [1–5]. Soil biodiversity influences multiple ecosystem processes 43 

and functions that are necessary for the provision of many ESs [6-7]. As a result, increasing 44 

attention has been devoted to soil management practices such as tillage, fertilization and 45 

farming practices [7–9].  46 

 47 

In Europe, soil is considered as a non-renewable natural resource, and has become the subject 48 

of protection according to the Soil Thematic Strategy [10]. Moreover, the Seventh Environment 49 

Action Programme, which has been in force since January 17th, 2014, implies that Member 50 

States should increase efforts (i) to reduce soil erosion, (ii) to increase soil organic matter, and 51 

(iii) to remediate soil quality in contaminated sites. 52 

 53 

As a non-renewable resource, soil is increasingly under stress due to multiple drivers such as 54 

urbanization, agricultural intensification and climate change among others [4,5,7,11,12]. 55 

Biofuel supply chains may have severe negative impacts on soil as for example due to 56 

deforestation [15], competition with food production [19], increased greenhouse gas emissions 57 

and loss of soil carbon storage [18–20], land use change [13,15,21], soil degradation [22], and 58 

biodiversity loss [15,23,24]. Moreover, high water consumption [25] and air/water pollution 59 

[13,15] associated with biofuel value chains can have indirect effects on soil characteristics 60 

that can collectively affect “the capacity of a soil to function, within ecosystem and land use 61 

boundaries, to sustain productivity, maintain environmental quality, and promote plant and 62 

animal health” [4,26]. Furthermore, biomass for bioenergy is a provisioning ecosystem service 63 

that may compete with the provision of other ESs whose provision depends on soil such as 64 

food crops and carbon sequestration to mention just a few [13,14]. 65 

 66 

However, according to the EU Renewable Energy Directive (EU RED) 2009/28/EC [27] 67 

biofuels are a valuable fuel option that can support Member States in meeting the 10% 68 

renewable sources target for transport fuels by 2020. With respect to the sustainability of 69 

feedstock production, voluntary schemes and bilateral/multilateral agreements are valuable 70 

tools to support local feedstock supply and rural development as reported in COM 2010/C 71 

160/02 [28]. Such schemes can enhance biofuel sustainability [29–31], connect feedstock 72 

supply to local production, and support the innovation and development of the agro-food 73 

industry in Europe [32,33].  74 

 75 

Under the EU RED [27], the European Commission has established some minimum 76 

requirements with respect to the sustainability of biofuel feedstock production. These include 77 

(i) greenhouse gas emission savings from the entire biofuel lifecycle (i.e. from feedstock 78 

production to biofuel consumption); (ii) non-conversion of land with high carbon stocks; and 79 

(iii) non-conversion of land with high biodiversity [27]. Biofuels and bioliquids used in the EU 80 

must conform to these sustainability criteria if they are to count towards the national renewable 81 

energy targets established by EU RED [27], and to access supporting policies (and related 82 

funds) [31,33].  83 

 84 

However, soil quality receives variable recognition among the 19 certification schemes 85 

approved by the European Commission (see Table A1, in the Supplementary Electronic 86 
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Material). While not all certification schemes have strong regulations for soil, all account for 87 

the contribution of soil to GHG emissions, explicitly through compliance with the methodology 88 

for GHG emissions that is included in Annex V.C of the EU RED [27], and its follow-ups 89 

[28,34]. Similarly, cross-compliance with good agricultural practices is considered in every 90 

certification scheme. 91 

  92 

However, only two certification schemes requite the detailed monitoring, and the related audit 93 

of soil protection and erosion control, soil organic matter, and soil biological, chemical and 94 

physical conditions, i.e. the International Sustainability and Carbon Certification (ISCC) and 95 

the Roundtable on Sustainable Biomaterials (RSB). In these schemes, a soil management plan 96 

is considered as valuable but it is not compulsory. RED CERT and the Round Table on 97 

Responsible Soy (RTSR) consider soil quality indicators. Solomon and Bailis [35] 98 

acknowledge that, when it comes to soil, the standards of certification schemes vary in scope, 99 

ranging from general principles to specifications in land management and tillage practices. 100 

They suggest that cross-compliance and certification (as a formal procedure) are the primary 101 

approaches to assess the sustainability of feedstock production [35]. 102 

 103 

In general, certification schemes have to apply common and harmonized standards as a 104 

response to local environmental conditions [31,36], while at the same time reconize that it is 105 

necessary to consider the effects of these local characteristics [37,38]. For example, the RSB 106 

certification scheme foresees a possible adaptation to specific “political, legal, customary 107 

and/or technical social, environmental, cultural, ethical and/or economic conditions in a 108 

particular geographic region” [33]. As a result by accepting that sustainable bioenergy systems 109 

are embedded in unique social, economic, and environmental contexts [39], the effectiveness 110 

of certification schemes often depends on local conditions [37,38]. Moreover, cross-111 

compliance with environmental sustainability criteria (exclusively applied to biomass 112 

produced in the EU) is accounted for only through the formal verification of meeting pre-113 

established regulations. There is no on-site impact verification for feedstock production 114 

[36,40], especially in relation to the preservation, maintenance and enhancement of soil 115 

properties and quality. Moreover, certification schemes appoint feedstock producers 116 

individually, at farm level [41,42]. In this respects they cannot account for the possible 117 

cumulative effects of feedstock production, or even exclude “considerations of indirect land 118 

use change and social and environmental impacts above farm or plantation level” [31,36]. 119 

 120 

Considering the importance of soils for biofuel sustainability, our study applies concepts from 121 

the ecosystem services literature to quantify the potential biofuel production in the Veneto 122 

Region of Italy, and its expected trade-offs with other soil-related ES. It views feedstock for 123 

biodiesel (oilseeds in this case) as a provisioning ecosystem service (as stated by the Common 124 

International Classification of Ecosystem Services [43]) that depends on soil and primary 125 

productivity. In particular, the main objectives of the study are to: 126 

i) quantify the fraction of current oilseed production that can be considered as environmentally 127 

sustainable for biodiesel production, with respect to soil-related ESs;  128 

ii) identify potential areas that might be converted for biofuel feedstock production (oilseeds), 129 

while avoiding significant trade-offs with soil-related ES. 130 

 131 

Section 2 outlines the methodology used to elicit biofuel potential and ES trade-offs. Section 3 132 

quantifies biodiesel potential and trade-offs with other soil-related ESs namely i) habitat for 133 
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soil organisms (supporting service), ii) soil carbon storage (regulating service), iii) groundwater 134 

quality protection (regulating service) and iv) food crops (provisioning service). Subsequently 135 

these results are discussed with respect to existing gaps in biofuel sustainability certification 136 

practices and the energy plan for the Veneto region (Section 4). 137 

 138 

 139 

2. Methodology 140 

 141 

2.1 Study site 142 

 143 

Italy produced approximately 1.2 x 103 dam3 of biofuels in 2014, of which 99% was biodiesel, 144 

and 99.8% was certified as sustainable. This was primarily for domestic consumption, with 145 

aproximately 20.7% of the Italian production capacity being located in the Veneto region [50]. 146 

Despite substantial domestic production most of the feedstock consumed in 2014 was imported 147 

from other European countries (47%), with the rest coming from developing countries outsite 148 

of the EU (of which 46% from Indonesia) [51]. Palm oil, largely from Indonesia and Malaysia, 149 

is the primary raw material for biodiesel production in Italy (47%), followed by rapeseed oil 150 

(27%) and soybean oil (6%) [51]. 151 

 152 

Considering its importance for the domestic Italian biodiesel production, we chose the Veneto 153 

plains region as the study site for this analysis (Fig. 1). It has a surface area of 10,311.91 km2 154 

(56% of the regional total surface) and is part of the soil region of the “Po plain and moraine 155 

hills” [44]. It is characterized by quaternary alluvial and glaciofluvial deposits, with an average 156 

slope of 1% and altitude that ranges between sea level at the coast of the Adriatic Sea to 70 m 157 

above mean sea level.  158 

 159 

Soil degradation in the Veneto plain region is mostly related to urbanization and intensive 160 

agriculture (Fig. A1, Supplementrary Electronic Material). The main oilseeds produced are 161 

soybean (Glycine max L.), sunflower (Helianthus annuus L.) and rapeseed (Brassica napus 162 

L.). For our study, yield conversion parameters are calculated for areas that overlap with the 163 

administrative boundaries of the Provinces as delineated by ISTAT [45]. These provinces 164 

represent areas with the same climatic conditions, which is consistent with the bioenergy 165 

potential study of Motola et al. [46]. 166 

 167 

 
Fig. 1: Location of study area within the Veneto Region. Province boundaries are highlighted: BL 

= Belluno, TV = Treviso, VI = Vicenza, VR = Verona, VE = Venezia, PD = Padova, RO = Rovigo. 



 

5 
 

 

For our study, we consider 76% of the entire Veneto region (i.e. 7,847.35 km2) (Table 1). 168 

Artificial surfaces, natural areas, wetlands and water bodies (i.e., land classes 1, 3, 4, and 5 in 169 

the first level of the CORINE Land Cover Classification) are not considered. Thus, the potential 170 

trade-offs due to indirect land use change [47–49], are excluded from this study. The areas 171 

under oilseeds (i.e. soybeans, sunflowers and rapeseed) and other arable uses are derived from 172 

the Land Cover Map provided by Veneto Region. The map outlines the land cover on five 173 

levels, adopting the CORINE Land Cover nomenclature, at a scale of 1:10.000.  174 

 175 

Table 1: Land use classes and their extent. 176 

Land use Crop types Surface (km2) 

Soybean Soybean 910.15 

Sunflower Sunflower 37.86 

Rapeseed Rapeseed 254.81 

Other arable land Cereals, maize, beetroot, tobacco and other arable land in 

general 

5052.78 

Not available Greenhouses, horticulture, orchards, nurseries, complex 

cultural systems established by law, perennial crops in 

general, rice, vegetable gardens 

1591.74 

Total   7847.35 

 177 

 178 

2.2 Research Approach  179 

   180 

This study assesses the impact of biofuel feedstock production from rapeseed, soybeans and 181 

sunflowers, on soil-related ESs considering ecological variables such as soil characteristics and 182 

soil hydrological conditions. It expands the framework proposed by Gissi et al. [40], that 183 

defines the sustainable biodiesel potential as “the fraction of energy potential whose 184 

exploitation causes no harms to other ES delivered by the sources of renewable energy” (p. 2). 185 

Following the recent acknowledgement of Biomass-Based Energy Sources (BBES) as a 186 

provisioning ecosystem service by The Common International Classification of Ecosystem 187 

Services (CICES) [43], we interpret oilseed production as part of the BBES and hence a 188 

provisioning ecosystem service. 189 

 190 

Our analysis starts from the assumption that trade-offs may occur between ecosystem services 191 

when the provision of one (or more) service inhibits the provision of others [52,53]. Agro-192 

ecosystems are often multi-functional landscapes that can provide ESs that are synergistic or 193 

complementary [54,55]. For example, some agricultural products are essentially raw materials 194 

that can be used for food (e.g. food crops) or feedstock for biofuel production (i.e. BBES), that 195 

are both derived from primary production in agro-ecosystems [56]. In such systems trade-offs 196 

with other ecosystem services can occur through different mechanisms:  197 

i) compete for land, e.g., land diversion from food production and/or other uses to 198 

BBES feedstock production;  199 

ii) compete for the end-product, e.g. use of raw materials that are initially devoted for 200 

human or livestock consumption;  201 

iii) interfere in ecological processes that provide other ESs, e.g., degradation of soil that 202 

acts as habitat to micro-organisms, due to the intensive use of agro-chemicals to 203 

support intensive feedstock production or the uptake of residues that are important 204 

for the biological cycle of soils [57–59]; 205 
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iv) indirect effects from the production of biofuel crops, e.g., emission of 206 

agrochemicals that degrades groundwater quality in areas with soil that are 207 

vulnerable to nitrates. 208 

 209 

Finally, we consider that ES trade-offs can have different severities depending on: 210 

i) the previous land use (when there is a land transition to biofuel crops); 211 

ii) the level of crop productivity in the previous land use (when there is a different final 212 

use of the end product); 213 

iii) the level of ES provision of the ES negatively affected by conversion (the higher 214 

the ES provisioning level of the original land use, the more severe is the trade-off). 215 

 216 

2.3 Methodological steps  217 

  218 

To assess the amount of biofuel that can be produced from BBES feedstock in the Veneto 219 

region that does not affect other soil-related ESs, we follow seven methodological steps (Fig. 220 

2): 221 

Step 1) - identify crop types and areas within the study site to perform the analysis; 222 

Step 2) - calculate the potential biodiesel production from oilseeds (i.e. BBES feedstock) as if 223 

it was all used for biodiesel production; 224 

Step 3) - identify and map other soil-related ESs, which can potentially compete with oilseed 225 

production; 226 

Step 4) - identify and map pair-wise trade-offs between oilseed production and other soil-227 

related ESs (according to the types of relationship explained in Section 2.2); 228 

Step 5) - analyze tradeoff combinations between oilseeds and the other soil-related ESs 229 

according to the combined severity of pair-wise relationships; 230 

Step 6) - calculate the sustainable biodiesel potential from current oilseed production that does 231 

not compete, interfere or interact negatively with other soil-related ESs; 232 

Step 7) - identify areas for potential oilseed production (among areas currently devoted to the 233 

intensive production of annual crops such as cereals and maize). 234 

  235 

 
Fig. 2: Conceptual framework of the step-by-step analysis  
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In this study we consider that the change in the use of the final product (oilseeds) implies a 236 

change in agricultural practices to produce oilseed feedstock for biodiesel. “Land cover” is 237 

defined as “the observed (bio)physical cover on the earth's surface”, while “land use” is defined 238 

“by the arrangements, activities and inputs people undertake in a certain land cover type to 239 

produce, change or maintain it”, in line with the definitions given by United Nations Food and 240 

Agriculture Organization (FAO) [60]. 241 

 242 

Based on the above definitions, for Steps 1-6, we consider that no land cover change occurs. 243 

In other words, we assume that there is no change from natural land cover to agriculture, nor 244 

any change in crop type. Instead, we consider that only land use change occurrs. This is because 245 

we assume that oilseed feedstock production for bioenergy entails an intensification of 246 

agricultural practices, when compared to oilseed production for food/feed. This is demonstrated 247 

by the fact that oilseed feedstock production for bioenergy implies i) shifting from traditional 248 

crop rotations to a continuous oilseed production [61,62] and ii) increasing fertilizer application 249 

to boost oilseed yields [63]. Even though farmers attempt to boost yields when growing 250 

oilseeds for food, oilseed production for bioenergy requires their continuous and stable 251 

production to supply feedstock-processing facilities. This makes crop rotation and organic 252 

farming practically impossible, as the intensification of agricultural practices for the production 253 

of biofuel feedstock can alter the provision of ESs as studies in several food production systems 254 

around the world have shown [64–66]. To calculate the potential oilseed production for 255 

biodiesel we only consider areas that are currently devoted to oilseed production for food. 256 

However, we assume that agricultural practices in these areas will change in order to allow for 257 

the change in the final use of the oilseed (i.e. from food to bioenergy).  258 

  259 

Step 1 extracts from the CORINE land cover map (an arable land class at the first level of the 260 

CORINE Land Cover classification) the crop types and related production areas within the case 261 

study site. This analysis is performed for current land uses related to annual oilseed crops (i.e. 262 

rapeseed, sunflowers, soybeans) and other annual crops (e.g. maize, cereals), but excludes 263 

perennial crops and other types of cultivation. These agricultural areas are classified into five 264 

land use groups (Table 1). Artificial surfaces, natural areas, wetlands and water bodies (i.e., 265 

land classes 1 and 3-5 at the first level of the CORINE Land Cover Classification) are not 266 

considered. This excludes potential land cover transitions from this study due to the 267 

competition between land uses. 268 

 269 

Step 2 quantifies the potential biodiesel production in the study site. This potential feedstock 270 

production is defined as the fraction of the gross energy that can be harvested by the energy 271 

conversion system, assuming that all suitable crops are destined for oilseed production in 272 

accordance with legal and technological limitations [40,67]. Thus, the potential biodiesel 273 

production is calculated only from the current land use destined to oilseeds. The algorithm for 274 

calculating the potential biodiesel production (Eq. 1) is modified from [68] as follows: 275 

 276 

𝐵𝑃𝑖𝑗 = 𝑌𝑖𝑗 ∙ 𝐴𝑖𝑗 ∙ 𝐸𝑖  (Eq.1) 277 

 278 

where, BPij is the average energy production per hectare that can be achieved for each oilseed 279 

crop type (i) (i.e. rapeseed, soybeans, sunflowers) within province j, Yij is the average yield of 280 

each crop type in each province (see Table A2 in Supplmentary Electronic Material), Aij is the 281 

area of each crop type in each province as obtained by the Land Cover map (Veneto Region 282 
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2013) and Ei is the specific energy provision capacity, which is considered as the biodiesel 283 

yield, with specific values for each crop type (see Table A3 in Supplementary Electronic 284 

Material). Average yields for each crop type have been calculated using the ISTAT database 285 

for the time period between 2006 and 2015 [69]. Unlike Gissi et al. [40], this paper maintains 286 

the administrative domains of provinces to calculate the yields, and as a result crop yields vary 287 

between provinces (Table A2 in Supplementary Electronic Material). 288 

 289 

Step 3 maps the main soil-related ESs in the study area. Initially, we identify through a literature 290 

review those soil-related ESs that are most affected by the cultivation of biofuel feedstock 291 

(Table 2). In total four ESs are selected and mapped individually for the case study area, namely 292 

carbon storage (a regulating service), habitat for soil organisms (a supporting service), 293 

groundwater quality protection (a regulating service), and food production (a provisioning 294 

service). 295 

 296 

Table 2: Relationship between oilseed production for biofuel (BBES) and other soil-related ESs.  297 

 298 

ES class 

Ecosystem 

functions and 
processes 

Ecosystem 

services 

Trade-off 

type 
Mechanism 

Map 

resolution 

Map  

sources 
References 

Supporting 
Habitat 

provision 

Habitat for 
soil 

organisms 

Interference 
Cropping systems affect soil 

biota communities 
500m 

[79] for Organic 
Carbon fraction, [80] 

for Bulk Density 

[57-59] 

Regulating 
Soil 

buffering 

Groundwater 

quality 

protection  

Indirect 
impact  

Increased tillage and agro-

chemical application affect the 
quality of water bodies by 

increasing nitrogen leaching 

1:250,000 
(scale) 

[94] [89,90] 

Regulating 

Organic 

matter 
accumulation 

Soil carbon 

storage 
Interference 

Annual crop production 

decrease the accumulation of 

soil organic carbon, particularly 
when crop residues are not 

retained in fields 

1 km [71] [87,88] 

Provisioning 
Primary 

production 
Food crop 

production 

Competition 

in end-

product use 

Trade-offs between biofuel 
and food provision occur both 

through land conversion and 

competition for the use of final 
products  

1:250,000 
(scale) 

[105] 
[99] [102-

104] 

 299 

 300 

The indicators selected for mapping the soil-related ESs reflect the context of the study site and 301 

the geographical scale of policy questions. In more detail biofuel production (and its related 302 

targets) are managed at the regional scale (through the Regional Energy Plan of Veneto Region 303 

[70]), and operationally implemented at the provincial administrative level. Soil-related ESs 304 

are mapped in the case study area by considering the climatic and environmental characteristics 305 

of each province. The selected indicators for each soil-related ES are explained in Section 2.4. 306 

 307 

Step 4 analyzes the potential conflicts between ESs and BBES across three trade-off levels (i.e. 308 

low, medium and high) for each area. To rank trade-offs across these three levels, appropriate 309 

thresholds are defined (Table 3). These thresholds distinguish among a positive (low), medium 310 

(medium) or negative (high) trade-off relationship between the oilseed production and each 311 

soil-related ES.  312 

 313 

Table 3: Thresholds for trade-off levels for each soil-related ES. 314 

  Trade-off levels   
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Ecosystem Services High Medium Low References 

Habitat for soil organisms >0.235 0.188-0.235 <0.188 [4] 

Carbon storage > 70 t ha-1 40-70 t ha-1 < 40 t ha-1 [71] 

Groundwater quality 

protection  

“Low” “Moderatly low” 

“Moderatly high” 

“High” [94,97] 

Food crop production “Intensive”, 

“Intensive/Moderate” 

“Moderate” “Limited” and 

“Moderate/Limited” 

[4,40,105,107] 

 315 

 316 

Table 3 summarises the thresholds for the levels of ES provision. In a nutshell, we relate ES 317 

provision to the current state of the soil in each area, according to current land use (obtained 318 

from Step 1) and other characteristics such as soil texture and organic matter content. Then, 319 

according to the capacity of each area to provide soil-related ESs (i.e. high, medium and low 320 

capacity), we identify the actual trade-off levels with oilseed production. For example, 321 

according to the Regional Agency for Environmental Protection of the Veneto Region 322 

(ARPAV) [71], areas that have soil carbon contents of >70 t ha-1 have a high capacity to deliver 323 

carbon storage ES. If such areas are used to produce biodiesel feedstock, then the loss of 324 

regulating ESs related to carbon storage will be more severe when compared to areas with 325 

lower soil carbon content (e.g. 40 t ha-1). 326 

 327 

The underlying hypothesis here is that soils can either deliver directly or contribute to the 328 

delivery of some ES such as habitat for soil organisms, carbon storage, and food production. 329 

They should be conserved or utilized sustainably, because once this capacity is lost, it is 330 

difficult and costly to be restored artificially [72]. On the other hand, the trade-off mechanism 331 

for groundwater quality protection is a bit different. Trade-offs between feedstock production 332 

and water regulating ES are expected to be low in areas with soils that have a high capacity to 333 

buffer nitrate. This is because the increased fertilizer application for the production of oilseeds 334 

for bioenergy at an industrial scale is expected to be mitigated by the natural filtering capacity 335 

of the soil. Conversely, trade-offs with potential feedstock production are expected to be high 336 

in areas of low groundwater quality regulation potential.  337 

 338 

Table 3 summarises the thresholds related to the current capacity of soil to provide ES under 339 

prevailing environmental and agricultural management conditions (e.g. fertilizer use, tillage). 340 

These tresholds were identified according to a literature review of peer-reviewed papers and 341 

policy documents that define acceptable trade-off levels for maintaining ES provision. 342 

Thresholds for indicators that were not already ranked in classes in the background literature 343 

were determined by ranking values into three quantiles, with the higher quantile associated 344 

with a high trade-off level with feedstock production. 345 

 346 

Step 5 obtains various combinations of trade-off levels by overlapping ES maps with ArcGis 347 

10.3 (ESRI). These combinations were classified into eleven groups (Table 4) according to the 348 

severity of pair-wise trade-offs. In essence this ranking represents a progressively more severe 349 

scale of trade-offs between potential BBES feedstock production and other soil-related ES. The 350 

correlation between BBES feedstock production and other soil-related ESs was statistically 351 

tested with a Spearman's Rank Coefficient test, both at the regional and the provincial level. 352 

The ranking scores were used as input values, as the different soil-related ESs are originally 353 

measured through different variables. 354 

 355 
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Table 4: Trade-off groups ranked from the most severe (Group 1) to the least severe (Group 8). 356 

Trade-off group description No. 

High trade-off levels for all 4 ESs Group 1 

High trade-off levels for 3 ESs Group 2 

High trade-off levels for 2 ESs Group 3 

High trade-off levels for 1 ES plus at least one ES at medium trade-off level  Group 4 

High trade-off level for Habitat for soil organisms, and low trade-off level for the other ESs Group 5a 

High trade-off level for Soil Carbon Storage, low trade-off levels for other ESs Group 5b 

High trade-off level for Groundwater Quality Protection, low trade-off level for other ESs Group 5c 

High trade-off level for Food Crop Production, low trade-off level for other ESs Group 5d 

Medium trade-off level for at least 3 ESs, no High trade-off level for other ESs Group 6 

Medium trade-off level for at least 1 ES, no High trade-off levels for others ESs Group 7 

Low trade-off levels for all ESs Group 8 

 357 

 358 

Step 6 calculates the distribution of potential oilseed production from BBES feedstock within 359 

different trade-off combination groups. The aim here is to assess both the amount of oilseed 360 

production that can be produced sustainably and its spatial distribution, when considering the 361 

current availability of rapeseed, soybeans and sunflowers. 362 

 363 

Step 7 identifies and maps other potential suitable areas for sustainable feedstock production. 364 

With respect to “other arable land” (mainly under maize and other cereals) we only analyze its 365 

capacity to provide soil-related ESs other than feedstock, and capture the potential trade-offs 366 

with BBES. Subsequently, we identify areas that can have low trade-off combinations with 367 

other soil-related ESs, and we designate them as areas of potential land use change (i.e. from 368 

maize and other cereals, to oilseeds for bioenergy). In particular the potentially available areas 369 

for feedstock expansion were extracted from the land use category “other arable land” in Table 370 

1, and especially those areas that have low expected trade-offs with soil-related ESs. This 371 

calculation is only meant to verify how much area would be needed to achieve the Energy Plan 372 

targets in the Veneto Region (and if this amount is actually available in the region). The 373 

estimated gap is then calculated in relation to the potential conversion of land among the 374 

different provinces. 375 

  376 

 377 

2.4. Assessment of Soil-related ES 378 

 379 

2.4.1. Habitat for soil organisms  380 

 381 

Soil organisms can sustain several ecosystem processes and maintain above and below-ground 382 

ecological functions [73,74]. Soil organisms are crucial for nutrient [75] and carbon cycling 383 

[76], pathogen control [77], and the degradation of synthetic pesticides or industrial 384 

contaminants [78]. However, the cultivation of biofuel feedstock can strongly alter soil biota 385 

communities [57,58], for example, by decreasing the microbial processing potential [61] and 386 

arthropod abundance [11,59]. 387 

 388 

To map the capacity of soils to offer habitat to biodiversity (a supporting ecosystem service), 389 

we apply the indicator proposed by Calzolari et al. [4] as follows (Eq. 2): 390 
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 391 

𝐵𝐼𝑂0−1 = (log 𝑂𝐶0−1 − log 𝐵𝐷0−1) + 𝑄𝐵𝑆𝑎𝑟 0−1 (Eq. 2) 392 

 393 

where BIO is the potential of soil to offer habitat to biodiversity, OC is the organic mass 394 

fraction of the soil (%) in the first 30 cm of soil (derived from [79]), BD is the bulk density (t 395 

m-3) (derived from [80]), and QBSar is an index for assessing the biological quality of the soil 396 

based on the abundance of microarthropod groups (ar) [81,82]. We set the QBSar at a low level 397 

(=0.25) for the entire study [4], given the lack of spatially-explicit information on agricultural 398 

practices and intensive management for the entire Veneto plain. All variables were 399 

standardized between 0 and 1. 400 

  401 

2.4.2 Soil carbon storage 402 

 403 

Soil organic carbon (SOC) plays a crucial role in agro-ecosystems related to soil structure, 404 

water cycling, and nutrient availability, among others [83]. Moreover, the soil is the most 405 

important terrestrial carbon pool [84,85] so it provides important regulating ecosystem services 406 

related to carbon sequestration and climate change regulation [86]. However the cultivation of 407 

annual crops such as oilseeds can cause the decrease of SOC if conventional intensive 408 

agricultural practices are adopted [22,87,88]. This can create trade-offs between SOC 409 

preservation (and the climate regulation services it offers) and the cultivation of bioenergy 410 

feedstock [68]. 411 

 412 

The SOC content was mapped in the study area based on the regional carbon stock map 413 

developed by the Regional Agency for the Environment of Veneto [71]. The indicator used in 414 

our study is the amount of SOC (in t ha-1) in the first 30 cm of soil. The map is developed at a 415 

1 km-pixel resolution by cross-mapping the Veneto region map of soil types with data from 416 

field measurements. However, it should be mentioned that this indicator does not account for 417 

the superficial humic layer, which is an important component of soil in mountains of the region 418 

[89]. However, as the study area includes only the Veneto region plains, this effect is expected 419 

to be negligible. 420 

  421 

2.4.3 Groundwater quality protection 422 

 423 

Soil is a natural filter that can protect groundwater from the leaching of chemicals, such as 424 

fertilizers and pesticides. The soil attenuation capacity depends on the vertical retention of 425 

water-soluble pollutants, which, in turn, depends on soil characteristics, climatic/hydrological 426 

conditions, and agronomic practices [90–92]. However, as discussed in Section 2.3 in the case 427 

of biofuel crops, agricultural management practices are strongly oriented towards intensive 428 

tillage and the massive application of agro-chemicals [63,93]. This means that the extensive 429 

use of agrochemicals, combined with soil disturbances from tillage, could negatively affect the 430 

provision of the ecosystem services related to water quality protection (a regulating ecosystem 431 

service).  432 

 433 

The Regional Agency for Environmental Protection of the Veneto Region (Agenzia Regionale 434 

per la Protezione Ambientale Regione Veneto - ARPAV) mapped nitrogen retention capacity 435 

[94], by applying the MACRO model for the simulation of the hydrological balance [95], and 436 
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the SOIL-N model for the simulation of the nitrogen balance [96]. The MACRO model is 437 

applied for 31 different soil-climate-aquifer conditions, considering the same cropping system 438 

(maize monoculture) for a period of 10 years (1993-2002). Agricultural practices are 439 

considered to be the same in all areas within the Veneto plain, with the exception of irrigation. 440 

The SOIL-N model is applied to simulate the relation between hydrological fluxes and nutrient 441 

leaching.  442 

 443 

The output of the above analysis is divided into four categories that represent the protective 444 

capacity of the soil according to leaching fluxes and nitric oxide loss. As the index represents 445 

the potential nitrate leaching, we use inverse values to denote the soil-related groundwater 446 

quality protection potential (i.e., the nitrogen retention capacity), see [97]. In other words, the 447 

higher the soil capacity to buffer nutrient leaching is, the lower the threat to groundwater 448 

quality, and the higher the level of the water quality protection ESs provided by the soil. 449 

  450 

2.4.4 Food crop production 451 

 452 

The direct use of crops and/or agricultural land for feedstock production has raised important 453 

concerns as exemplified with the “fuel vs food” controversy, e.g. [98]. The actual trade-off 454 

between feedstock and food crop production mainly relates to the final end-use of the crop [99] 455 

(i.e. energy conversion vs food consumption) and the direct and indirect land use change effects 456 

[100]. Such trade-offs can have important ramifications for food security [13], but there is 457 

conflicting evidence about their actual effect on food prices [101–104]. 458 

 459 

In our study, potential food crop production was mapped in the study area using the Land 460 

Capability Classification (LCC) index [105]. The LCC index has already been applied for ES 461 

mapping [4,40], based on the principle that the most productive agricultural land should not be 462 

targeted for bioenergy production [40,106]. The LCC map is available at a 1:50,000 scale for 463 

the Veneto region [107], and classifies land according to its potential to support agricultural 464 

production considering 13 characteristics related to soil, water, erosion risk and climate. 465 

  466 

 467 

3. Results 468 

 469 

3.1 Potential biodiesel production and provision of soil-related ESs 470 

  471 

Table 5 shows the maximum potential biodiesel production that is achievable under the 472 

hypothesis that all current oilseed feedstock will be used for biodiesel production. Total 473 

biodiesel potential in the region was estimated at approximately 97.6 dam3. At the regional 474 

scale, the potential biodiesel production from current land use is primarily attributed to 475 

soybeans (65.8%), followed by rapeseed (29.3%) and sunflowers (4.9%). Sunflower 476 

production is slightly more efficient in terms of the potential biodiesel production per unit area 477 

(120.3 m3 km-2), followed by rapeseed (110.1 m3 km-2). Soybean, on the other contrary, is a 478 

largely inefficient biofuel feedstock (71.4 m3 km-2). 479 

 480 

Table 5: Annual potential biodiesel production from current levels of feedstock production. 481 
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Not 

available 

Other 

arable 

land 

Rapeseed Soybean Sunflower Tot 

Belluno 

Area  
km2 260.00 60.00 0.00 0.00 0.00 320.00 

% 82.10% 17.69% 0.00% 0.00% 0.00% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 0.00 0.00 0.00 0.00 

% 0.00 0.00 0.00 0.00 0.00 0.00 

Padova 

Area  
km2 228.31 1 124.10 34.50 122.52 1.91 1 511.34 

% 15.11% 74.38% 2.28% 8.11% 0.13% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 3 563.16 7 903.85 213.16 11 680.17 

% 0.00% 0.00% 30.91% 67.19% 1.90% 100.00% 

Rovigo 

Area  
km2 136.68 904.57 57.60 245.53 9.03 1 353.42 

% 10.10% 66.84% 4.26% 18.14% 0.67% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 6 463.29 17 784.69 991.33 25 239.31 

% 0.00% 0.00% 25.64% 70.25% 4.11% 100.00% 

Treviso 

Area  
km2 382.09 746.40 46.35 119.59 0.00 1 294.43 

% 29.52% 57.66% 3.58% 9.24% 0.00% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 5 061.88 8 919.89 0.00 13 981.78 

% 0.00% 0.00% 37.32% 62.68% 0.00% 100.00% 

Venezia 

Area  
km2 216.18 958.07 23.97 282.51 2.15 1 482.88 

% 14.58% 64.61% 1.62% 19.05% 0.15% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 2 881.27 20 625.44 282.79 23 789.50 

% 0.00% 0.00% 12.65% 86.06% 1.29% 100.00% 

Vicenza 

Area  
km2 168.32 496.89 55.95 43.55 0.73 765.44 

% 21.99% 64.92% 7.31% 5.69% 0.09% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 5 812.39 3 038.30 87.23 8 937.91 

% 0.00% 0.00% 64.75% 34.21% 1.04% 100.00% 

Verona 

Area  
km2 459.89 822.70 36.44 96.46 24.04 1 439.53 

% 31.95% 57.15% 2.53% 6.70% 1.67% 100.00% 

Biodiesel 

Potential 

m3 0.00 0.00 4 261.17 6 746.09 2 979.93 13 987.19 

% 0.00% 0.00% 31.30% 46.72% 21.99% 100.00% 

Veneto 

Region 

Area  
km2 1 591.74 5 052.78 254.81 910.16 37.86 7 847.35 

% 20.28% 64.39% 3.25% 11.60% 0.48% 100.00% 

Biodiesel 

Potential 

dam3 0.00 0.00 28.04 65.02 4.55 97.62 

% 0.00% 0.00% 29.26% 65.85% 4.89% 100.00% 

Regional 

conversion 

parameter 

BP/A m3 km-2 0.00 0.00 110.06 71.44 120.30 81.16 

 482 

 483 

The provinces with the highest biodiesel potential from soybeans were Padova (67.2%), 484 

Rovigo (70.2%), Treviso (62.6%) and Venezia (86.1%). Rapeseed was the most dominant in 485 

Vicenza (64.7%), while the potential for the three feedstocks was more balanced in Verona 486 

(31.3% from rapeseed, 46.7% from soybeans, and 22% from sunflowers). Fig. 3 shows the 487 

spatial distribution of the potential biodiesel feedstock production according to the current land 488 

use and in relation to different conversion parameters, which are specific for each feedstock 489 

and province (see Table A2 in Supplementary Electronic Material). 490 

 491 
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Fig. 3: Spatial distribution of the annual potential biodiesel production in the Veneto plain region. 

 

Fig. 4-5 map individually the different soil-related ESs such as carbon storage, habitat for soil 492 

organisms, groundwater quality protection, and food production for the plains of the Veneto 493 

Region. The distribution of these ES varies between provinces according to their distinct 494 

environmental characteristics and soil properties. For example, as the indicator for “habitat for 495 

soil orgasisms” is a function of bulk density (Eq. 2), we found higher values close to rivers 496 

where soils with coarser texture are prevalent. Similarly, groundwater quality protection is low 497 

in areas of the southern part of the region (where the higher concentration of soil organic matter 498 

is responsible for nitrogen mineralization), and on higher plains (where soil classes with coarser 499 

texture are more prevalent). 500 

  501 

 
Fig. 4: Spatial distribution of the four soil-related ESs  
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Fig. 5: Spatial distribution of the trade-off levels of the four soil-related ESs with BBES. 

 502 

3.2 Relationship between soil-related ESs and potential biodiesel production 503 

 504 

Table 6 summarises for the entire study area (i.e., the regional level) the trade-offs between 505 

potential biodiesel production and individual soil-related ES. There is a higher potential 506 

conflict between rapeseed production and food production, as about 43.7% of rapeseed 507 

biodiesel potential is located in areas of high food production. The lowest potential trade-offs 508 

of rapeseed production were with soil carbon storage, as only 6.8% of rapeseed biodiesel 509 

potential is located in areas with high levels of soil carbon storage. On the other hand extensive 510 

areas of soybean biodiesel potential have a high possible trade-offs with habitat for soil 511 

organisms (46.9%) and food production (43.4%). Trade-offs with sunflower biodiesel potential 512 

were the highest with carbon storage (49.4%) and habitat for soil organisms (40%). 513 

 514 

Table 6: Distribution of potential Biodiesel Production (BP) and Areas (A) per land use class, with 515 

respect to the trade-off levels of the four soil-related ESs. 516 

 517 

 Soil-related ESs 

 
Carbon storage 

Habitat for soil 

organisms 

Groundwater 

quality protection 

Food crop 

production 

Trade-off level BP (%) A (%) BP (%) A (%) BP (%) A (%) BP (%) A (%) 

Other arable land         
High - 13.22 - 34.92 - 22.03 - 42.64 

Medium - 41.88 - 32.26 - 44.60 - 37.54 

Low - 44.90 - 32.81 - 33.36 - 19.81 

Tot   100.00  100.00  100.00  100.00 
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Rapeseed          
High 6.82 6.63 36.69 36.45 22.59 23.02 43.66 44.43 

Medium 43.88 44.01 36.04 36.44 45.08 44.50 38.36 37.78 

Low 49.30 49.36 27.27 27.11 32.32 32.48 17.98 17.80 

Tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Soybean         
High 31.46 20.23 46.86 46.55 18.98 18.89 43.37 43.35 

Medium 48.25 48.17 26.14 26.21 40.97 41.14 26.33 26.51 

Low 20.29 31.60 27.00 27.23 40.05 39.97 30.30 30.15 

Tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Sunflower          
High 49.44 48.86 39.99 40.45 16.08 16.39 24.74 25.39 

Medium 32.41 32.85 12.29 12.55 56.38 54.90 51.74 51.00 

Low 18.15 18.29 47.72 47.00 27.54 28.71 23.52 23.60 

Tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Veneto region         
High 16.24 14.01 43.55 36.71 19.90 21.58 42.55 42.71 

Medium 46.20 42.82 28.36 31.44 42.93 44.16 31.09 36.03 

Low 37.56 43.17 28.09 31.85 37.18 34.26 26.36 21.26 

Tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

 518 

Table 7 outlines trade-off distributions between provinces. Higher trade-off levels are found 519 

with habitat for soil organisms in Rovigo (for 70.5% of the potential biodiesel production in 520 

the region) and with food production in Padova (60.4%). Spearman's correlation values (rs) are 521 

shown in Table 8, with some ES relationships being statistically significant (p-value<0.05) in 522 

some provinces, and not significant at the regional level (or vice versa).  523 

 524 

Table 7: Distribution of potential Biodiesel Production (BP) and Areas (A) per province, with respect 525 

to the trade-off levels of the four soil-related ESs. 526 

 Soil-based ESs 

  

Soil carbon 

storage 

Habitat for soil 

organisms 

Grounwater 

quality 

protection 

Food crop 

production 

Trade-off level BP (%) A (%) BP (%) A (%) BP (%) A (%) BP (%) A (%) 

Belluno         

High 0.00 0.00 0.00 44.72 0.00 100.00 0.00 0.00 

Medium 0.00 59.95 0.00 0.90 0.00 0.00 0.00 0.00 

Low 0.00 40.05 0.00 54.38 0.00 0.00 0.00 100.00 

tot 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 

Padova         

High 9.79 8.10 21.91 21.12 12.76 14.71 60.45 59.86 

Medium 47.65 45.12 41.05 41.04 49.86 49.17 27.63 30.16 

Low 42.56 46.78 37.04 37.83 37.38 36.12 11.91 9.98 

tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Rovigo         

High 22.20 21.61 70.53 59.44 23.96 23.24 52.22 52.38 

Medium 51.22 45.94 14.44 20.19 6.90 10.24 15.17 18.95 

Low 26.58 32.45 15.03 20.37 69.14 66.52 32.61 28.68 
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tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Treviso         

High 6.13 4.77 29.16 30.95 31.25 48.39 38.79 32.38 

Medium 52.23 49.35 45.80 46.63 46.55 33.94 38.58 45.17 

Low 41.64 45.88 25.05 22.42 22.20 17.67 22.63 22.45 

tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Venezia         

High 23.98 24.44 51.46 49.85 14.20 15.45 39.20 41.22 

Medium 47.95 42.55 23.45 21.42 58.24 58.54 22.64 22.82 

Low 28.06 33.02 25.09 28.74 27.56 26.01 38.16 35.97 

tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Verona         

High 16.13 7.89 29.15 22.28 13.64 9.59 14.57 14.26 

Medium 28.42 33.72 20.06 28.77 67.57 67.71 63.56 75.18 

Low 55.45 58.39 50.79 48.95 18.79 22.70 21.88 10.56 

tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Vicenza         

High 3.79 2.83 20.83 22.04 25.05 29.19 50.01 40.77 

Medium 44.18 41.82 49.47 45.69 50.95 44.25 39.74 50.50 

Low 52.03 55.35 29.70 32.27 24.00 26.56 10.25 8.73 

tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Veneto region         

High 16.24 12.42 43.55 35.08 19.90 22.35 42.55 40.28 

Medium 46.20 43.06 28.36 32.86 42.93 44.63 31.09 39.56 

Low 37.56 44.53 28.09 32.06 37.18 33.01 26.36 20.16 

tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

 527 

For example, habitat for soil organisms, soil carbon storage and groundwater quality protection 528 

showed significant correlation with potential biodiesel production at the regional scale, while 529 

they were not significant in 4 out of the 6 provinces. Conversely, the trade-off between potential 530 

biodiesel production and food production was significant in 3 out of the 6 provinces, while it 531 

was not significant at the regional scale. When significant, the rs ranged between -0.408 and 532 

+0.3705. 533 

 534 

Overall, negative correlations were observed for trade-offs with soil carbon storage and 535 

groundwater quality protection, and positive with habitat for soil organisms and food 536 

production. This means that oilseed crops that are suitable for biofuel production are currently 537 

distributed on areas that already have low levels of soil carbon storage and a poor capacity to 538 

buffer nutrient leaching to groundwater. On the other hand, these areas are highly productive 539 

for food crops and have a high capacity to support soil biodiversity.  540 

 541 

Table 8: Statistical correlations between biodiesel potential and soil-related ESs at regional (Veneto) 542 

and at provincial level.  543 

  Region Provinces 

Ecosystem services Veneto  Rovigo Padova Treviso Venezia Vicenza Verona 

Habitat for soil organisms    

 rs 0.222 0.3705 0.0708 0.1455 0.31 -0.0108 0.0634 

 n° 80 42 74 71 63 65 51 
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 p-value 0.0484 0.0177 0.5452 0.2234 0.0146 0.9309 0.6538 

Soil carbon storage 

 rs -0.3349 -0.2438 -0.2207 -0.3997 -0.1711 -0.408 -0.2725 

 n° 80 42 74 71 63 65 51 

 p-value 0.0029 0.1185 0.0593 0.0008 0.178 0.0011 0.054 

Groundwater quality protection 

 rs -0.3299 -0.2657 -0.2368 0.1252 -0.0929 -0.2761 -0.1526 

 n° 80 42 74 71 63 65 51 

 p-value 0.0034 0.0889 0.0431 0.2948 0.4646 0.0272 0.2806 

Food crop production 

 rs 0.0308 0.3489 0.3538 0.1229 0.306 0.0495 -0.0551 

 n° 80 42 74 71 63 65 51 

 p-value 0.7846 0.0255 0.0025 0.3037 0.016 0.6923 0.6967 

 544 
Note: rs = Spearman’s rank correlation; n° = number of trade-off combinations. Significant 545 
correlations (p-value < 0.05) are highlighted in bold. 546 

 547 

  548 

3.3 Sustainable potential biodiesel production 549 

 550 

The sustainable potential biodiesel production was calculated through a trade-off analysis for 551 

different trade-off groups that are defined and listed in Table 4. These trade-off groups range 552 

between those that have very severe trade-offs (Group 1, i.e. all trade-offs are at a high level) 553 

to those that have the least severe trade-offs (Group 8, i.e. all trade-offs are at a low level).  554 

 555 

We consider as sustainable the biodiesel potential that comes from areas where trade-offs fall 556 

under trade-off Groups 6-8 (i.e., the groups that are not involved in trade-offs at a high level) 557 

(Section 2.2). The sustainable biodiesel potential corresponds to 20.7 dam3 per year, which is 558 

equal to 21.2% of the total current biodiesel potential in the Veneto plain (Table 9). The rest of 559 

the biodiesel potential falls into groups with at least one trade-off at a high level, but we could 560 

identify no areas with a Group 1 type of trade-off. This means that there are no areas where all 561 

four soil-related ESs simoultaneously have high trade-offs with potential BBES feedstock 562 

production. 563 

 564 

Table 9: Distribution of potential Biodiesel Production (BP) and Areas (A) among trade-off groups.  565 

 Belluno Padova Rovigo Treviso Venezia Verona Vicenza Veneto Region 

 BP A BP A BP A BP A BP A BP A BP A BP BP A A 

Trade-off Group  (%)  (%) (%) (%)  (%) (%)  (%)  (%) (%) (%) (%) (%)  (%)  (%) (dam3) (%) (km2) (%) 

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2 0.00 0.00 7.60 5.97 20.64 19.14 1.48 1.30 15.02 15.88 11.74 3.92 2.88 1.96 11.77 12.06 672.99 8.58 

3 0.00 44.72 8.47 9.62 36.28 29.93 19.59 23.71 19.50 17.83 6.83 6.36 12.75 15.36 19.62 20.10 1,331.01 16.96 

4 0.00 44.01 60.16 61.61 26.02 27.05 59.20 62.45 43.58 44.55 19.46 22.32 62.70 56.01 40.56 41.55 3,516.27 44.81 

5a 0.00 0.00 0.05 0.04 0.56 0.86 0.13 0.10 0.25 0.38 0.00 0.00 0.00 0.00 0.22 0.23 19.17 0.24 

5b 0.00 0.00 0.00 0.01 0.00 0.00 0.24 0.05 0.06 0.07 0.00 0.00 0.00 0.00 0.05 0.05 1.80 0.02 

5c 0.00 11.27 0.01 0.04 0.02 0.05 1.22 2.19 0.00 0.00 0.15 0.04 1.11 0.92 0.30 0.31 37.23 0.47 

5d 0.00 0.00 5.11 4.95 7.88 11.43 0.44 0.41 2.18 2.67 7.57 7.17 1.43 1.31 4.35 4.46 387.53 4.94 

6 0.00 0.00 12.21 10.99 5.06 6.95 7.18 4.33 9.24 7.48 21.95 28.13 8.00 8.96 9.69 9.93 900.81 11.48 

7 0.00 0.00 6.37 6.74 2.93 4.21 10.26 5.37 10.00 10.85 32.30 32.06 11.12 15.48 10.81 11.08 969.31 12.35 

8 0.00 0.00 0.02 0.03 0.61 0.37 0.27 0.11 0.18 0.30 0.00 0.00 0.00 0.00 0.24 0.24 11.22 0.14 

Tot  100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 97.62 100% 7,847.35 100% 

Sust. BP (dam3) 0.00   2.17   2.17   2.48   4.62   7.59   1.71   20.74       

Sust. BP (%) 0.00   10.48   10.48   11.94   22.27   36.59   8.24   100.00       

 566 

Note: Sustainable BP is given by the sum of groups 6,7 and 8. 567 
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If we constrain the definition of sustainabile biodiesel only to areas that have a Group 8 type 568 

of trade-off, then the sustainable potential biodiesel production from the Veneto Region would 569 

only be 0.24 dam3 per year (0.24% of the total potential). The highest biodiesel potential 570 

(41.5%) is in areas that have one hig- level ES trade-off and at least one medium ES trade-off 571 

(Group 4). Fig. 6 visualises in a spatially explicit manner the distribution of trade-off groups, 572 

essentially mapping those areas where sustainable oilseed production is possible. Table 9 also 573 

highlights the contribution of each province to the regional biodiesel potential, with Verona 574 

having the highest (37% of the total) and Rovigo the lowest (8.6% of the total). 575 

 576 

  
Fig. 6: Spatial distribution of trade-off combination groups.  

 577 

 578 

3.4 Conversion of other arable land to increase sustainable biodiesel potential 579 

 580 

 “Other arable land” in the Veneto plain spans 5,052.78 km2 (Table 10). If this arable land that 581 

falls into trade-off Groups 6-8 (1,131.33 km2) is converted into sunflower (the most efficient 582 

oilseed crop in the region, Section 3.1), then the sustainable biodiesel potential would increase 583 

by 133.8 dam3 per year. The province of Verona would contain 61.6% of the total area with 584 

these characteristics in the Venero Region, further confirming its capacity to produce a 585 

significant amount of oilseed without affecting the provisioning of other soil-related ESs. 586 

  587 

Table 10: Area distribution of trade-off groups for “Other arable land”.  588 

 Area distribution among provinces  

 Belluno Padova Rovigo Treviso Venezia Verona Vicenza Veneto region 

Trade-off Group  km2 km2 km2 km2 km2 km2 km2 km2 % 

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00% 

2 0.00 66.18 179.79 8.10 175.32 31.38 10.00 470.78 12.01% 

3 0.03 106.54 262.45 178.29 174.04 42.06 74.36 837.77 21.36% 

4 0.01 698.39 246.09 484.85 433.00 174.02 277.10 2,313.46 58.99% 

5a 0.00 0.41 7.11 0.68 3.68 0.00 0.00 11.88 0.30% 

5b 0.00 0.18 0.00 0.20 0.73 0.00 0.00 1.11 0.03% 

5c 0.02 0.35 0.60 13.44 0.00 0.18 3.84 18.44 0.47% 

5d 0.00 56.90 107.91 3.18 26.25 68.29 5.49 268.02 6.83% 

6 0.00 123.15 63.94 24.51 52.02 223.33 49.44 536.38 13.68% 
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7 0.00 71.72 34.46 32.37 90.11 283.44 76.67 588.76 15.01% 

8 0.00 0.28 2.22 0.78 2.92 0.00 0.00 6.20 0.16% 

Tot other arable land  0.06 1,124.10 904.57 746.40 958.07 822.70 496.89 5,052.78 100% 

Unsustainable  0.06 928.96 803.96 688.74 813.02 315.93 370.78 3 921.45  

Sustainable 0.00 195.14 100.61 57.65 145.04 506.77 126.11 1 131.33   

 589 

Note: Sustainable biodiesel potential area is given by the sum of trade-off group 6,7 and 8. 590 

 591 

 592 

4. Discussion 593 

  594 

4.1. Relevance of trade-off analysis for biofuel sustainability 595 

 596 

The present study outlines and tests a methodology to evaluate the trade-offs of potential 597 

biodiesel production from oilseeds, with soil-related ESs. The Regional Energy Plan of the 598 

Veneto Region (REP) [70] proposed a biodiesel production target for the year 2020 in which 599 

the annual regional biodiesel production from oilseeds should be 39.6 dam3 per year. When 600 

comparing the potential sustainable biodiesel production that was quantified through our 601 

analysis (Section 3.3) and the REP target, it becomes obvious that only 52% of the REP target 602 

could be achieved without leading to a high-level trade-off with at least one soil-related ES. 603 

This means that achieving the REP target by 2020 would be impossible without having a 604 

significant impact on soil-related ESs, or without causing indirect land use change. 605 

 606 

Expanding oilseed production for biodiesel may be possible by converting “other arable land” 607 

(i.e. land under other annual crops). This added oilseed production could be significant even if 608 

it is only confined to areas with low-level trade-offs with soil-related ESs (Section 3.4). 609 

However, this type of conversion might not be desirable, as it could cause the loss of landscape 610 

diversity (i.e., due to monoculture expansion) [108,109]. This can possibly have significant 611 

impacts to supporting and cultural ecosystem services [40,110–114] that are not quantified in 612 

this paper.  613 

 614 

The trade-off analysis between soil-related ESs and biodiesel feedstock demonstrates the 615 

complex spatial nature of the relationships between ESs. First, our analysis shows that the 616 

sustainability and the trade-off levels of potential biodiesel production vary across the case 617 

study area. This is largely due to the differences in soil characteristics and land cover.  618 

 619 

Second, the statistical correlation between soil-related ESs and potential feedstock production 620 

varies significantly in the study region, both between the entire study region and the individual 621 

provinces, as well as between the provinces (Table 8). This can have important implications 622 

for energy planning. As energy policies require the adoption and implementation of both 623 

regional and provincial plans, the differences in trade-off patterns as quantified by the present 624 

analysis should be considered. For instance, trade-offs with food production are not significant 625 

at the regional level, while they are significant for the provinces of Rovigo, Padova and 626 

Venezia. In other words, in these provinces, there is a considerable biodiesel feedstock potential 627 

located in zones that have high food productivity. However, the spatial conflict between these 628 

two ecosystem services could not be detected in regional energy plans as shown by our analysis 629 
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at the regional level (Section 3.2). This means that regional energy plans for the Veneto Region 630 

need to take into consideration such variations between provinces.  631 

 632 

4.2. Implications for certification schemes 633 

 634 

As already discussed, our methodology can identify areas characterized by high trade-offs 635 

between bioenergy feedstock production and other soil-related ESs. Such spatially-636 

disaggregated information is essential for assessing the territorial and cumulative effects of 637 

feedstock production when considering local environmental conditions, as well as to model the 638 

effects of large-scale feedstock introduction in specific contexts [115,116].  639 

 640 

While ecosystem services have not been properly integrated into biofuel-related certifications 641 

schemes [42], the ecosystem services discourse has started featuring in some certification 642 

schemes such as Bonsucro and the Roundtable for Sustainable Biomaterials (RSB) [117,118]. 643 

Besides the conceptual issues of integrating meaningfully ecosystem services in such schemes 644 

(e.g. [13]), there proper guidelines for on-field impact assessment are lacking in existing 645 

certifications schemes [37,38].  646 

 647 

However the trade-offs of biofuel/feedstock production with other ESs can be a key focus of 648 

certification standards and can be included in feedstock certification schemes. In particular, 649 

tools that can develop ES trade-off maps can be very useful to decision-makers and certification 650 

agencies as this can allow the visualization of the impact/trade-offs rather than simply focus on 651 

compliance with good agricultural practice.  652 

 653 

Our methodological approach can also improve the set of indicators under the principle of 654 

“protection of soil, water and air and the application of Good Agricultural Practices” of the 655 

EU-RED [27]. Furthermore, the analysis of trade-offs between soil-related ESs can help 656 

improve soil management plans, which are actually required only by two certification schemes, 657 

ISCC and RSB (see Table A1 in Supplementary Electronic Material).  658 

 659 

However, the current implementation of soil management plans at the farm level still remains 660 

a major barrier for achieving feedstock sustainability through certification schemes in the EU. 661 

In the UK, for example, DEFRA [119] has proposed guidelines for compiling soil management 662 

plans, as a means of cross-compliance with Good Agricultural and Environmental Conditions 663 

(GAEC) for environmental stewardship. However, these guidelines require farmers to be 664 

supported by experts during the preparation of soil management plans.  665 

 666 

Considering the above, the integration of an ES trade-off analysis would add further complexity 667 

to the current bussiness practices of farmers in the EU if not appropriately implemented. For 668 

this reason it would be necessary to reflect seriously on these constraints and find the most 669 

effective way to frame ESs in certification schemes in order to support the proper 670 

operationalisation of the ES approach within such schemes. 671 

 672 

4.3. Implications for Strategic Environmental Assessment 673 

 674 

ES trade-off maps could become integral parts of the knowledge frameworks developed for 675 

regional energy plans in the EU. Such energy plans usually identify strategic objectives and 676 
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other related targets with respect to the implementation of EU RED at the national level, and 677 

then attribute them to the regional level through burden-sharing. Energy plans are subjected to 678 

sustainability compliance assessments under the provisions of the Strategic Environmental 679 

Assessment (SEA) Directive 2001/42/EC [120]. Recently, many scholars have suggested that 680 

integrating the ES approach into SEAs could add value [121–125]. However, Baker et al. [125] 681 

note that this would require “a pragmatic, context specific consideration of how ecosystem 682 

services can be used to help addressing some of the common problems with current 683 

environmental assessment practice” (p. 3).  Among others, a key limitation of SEAs is their 684 

lack of a proper analytical orientation [111], especially when dealing with renewable energy 685 

pathways [121] and when considering “genuine, reasonable alternatives” [125]. 686 

 687 

Among the full range of environmental issues addressed in SEAs [126], our methodology can 688 

allow the identification of suitable areas for the cultivation of energy crops in order to achieve 689 

biofuel targets. In particular, the methodology discussed in this paper can be used to evaluate 690 

the sustainability of feedstock production for the Veneto region, especially related to soil-691 

related impacts.  692 

 693 

Considering the results outlined in Section 3.3, the biodiesel production targets on the Veneto 694 

region can only be met by i) producing oilseed in areas with low trade-offs, ii) affecting other 695 

soil-related ES, iii) inducing land use change, or iv) importing feedstock or vegetable oil from 696 

outside the study area (which can potentially shift environmental burdens to other areas of 697 

energy crop production in Italy or elsewhere). All these solutions imply different possible 698 

impacts on soil and can involve other environmental receptors as identified in the SEA 699 

Directive [120]. 700 

 701 

Moreover, the proposed methodology can be used to develop different scenarios to explore 702 

development alternatives that can meet the objectives of regional energy plans. For example, 703 

the different outcomes/results of our analysis such as biodiesel production potential (Section 704 

3.1), biodiesel potential not competing with soil-related ES (Section 3.2), and sustainable 705 

biodiesel potential (Section 3.3-3.4) can represent the baseline information for evaluating 706 

different energy pathways to achieve the targets of the Energy Plan of Veneto Region.   707 

 708 

Finally, as already discussed our methodology can identify areas of high trade-offs between 709 

oilseed production for energy purposes and soil-related ESs. Areas with high expected trade-710 

off levels can be devoted to other agricultural activities in order to minimize impacts on soil-711 

related ES. Alternatively if feedstock production is located in areas of high trade-offs then these 712 

impacts can be detected and monitored. In fact, the SEA Directive implies the monitoring of 713 

significant environmental effects, while the energy plan is implemented to identify adverse 714 

effects and then remediate them [121]. 715 

 716 

4.4. Challenges and limitations 717 

 718 

One of the main limitations of this study is that we have assumed that no land cover change 719 

effects take place (Section 2.3). However, land cover change can be one of the most important 720 

impacts of bioenergy cropping [11,16,17]. This means that our study provides a rather static 721 

analysis of biofuel potential and the impacts of biofuel expansion, which does not take into 722 

account effects related to land cover change. However, by quantifying and locating the 723 
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“sustainable biofuel potential” our approach can be a suitable tool to be integrated in initiatives 724 

that aim to both mitigate ES trade-offs and prevent land cover change from biofuel expansion. 725 

 726 

Another limitation of this study stems from the selection of the studied ES. For instance, while 727 

erosion regulation is an important soil-related ES that might be affected by agricultural 728 

intensification for BBES feedstock production [22,35], it has not been included in this analysis 729 

as the case study area is a plain with low rates of soil erosion [127]. Furthermore, although 730 

biofuel crops can have important impacts to freshwater ecosystem services [100], we have not 731 

assessed the effects of oilseed production on such services in this study. This is because the 732 

Veneto plain is characterized by well-managed irrigation systems, so water availability is 733 

unlikely to be a limiting factor. Finally, as we have not assumed any land cover change in the 734 

case study area (as required by [27][128]), cultural ESs were not considered. Trade-offs 735 

between BBES and cultural ESs were been linked to the loss of landscape diversity and 736 

landscape simplification, following the adoption of intensive mono-cultural practices 737 

[40,129,130]. 738 

 739 

Land use and cover change effects and further ecosystem services need to be integrated to the 740 

analytical package outlined in this paper. Such functionality can offer valuable information that 741 

can improve the effectiveness of certification schemes, SEAs and regional energy plans related 742 

to biofuels (Section 4.2-4.3).    743 

 744 

5. Conclusions 745 

 746 

The Veneto plain has a significant biodiesel potential from oilseeds such as soybeans, rapeseed 747 

and sunflower. However, only a limited fraction of this potential (about half of the REP target 748 

for the year 2020) can be tapped without affecting the provision of other soil-related ESs. While 749 

by converting other arable areas substantial amounts of oilseeds could be sustainably produced 750 

without significanly affecting soil-related ESs, there is a strong risk of fragmenting the 751 

landscape and possibly affecting the provision of other supporting, regulating and cultural 752 

ecosystem services not considered in the present paper. 753 

 754 

The methodology outlined in this study can be used to effectively assess key trade-offs 755 

associated with the expansion of biofuel feedstock production. While this paper focuses on 756 

soil-related ESs the overall conceptual framework can be used to assess and/or consider trade-757 

offs with other ecosystem services. As such it can provide a tool to assist the planning of biofuel 758 

projects (and particularly of the feedstock production stage), thus helping mitigate some of the 759 

controversial impacts of biofuels. Thus this methodology can relevant to certification schemes, 760 

SEAs and regional energy plans. 761 

 762 

While our ES trade-off analysis focused on trade-offs assessment at the local scale, possibly it 763 

could be more effectively used at the regional scale. In fact, we observed that our provincial-764 

level analysis was the most appropriate scale for an analysis of the trade-off related to RES 765 

planning. 766 

 767 
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