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1. Introduction 15 

The enhancement of land management plays a major role in ensuring the production of sufficient 16 

safe, nutritious food and the adequate provision of ecosystem services (e.g., biodiversity, safe clean 17 

air and water, climate change mitigation, Godfray et al., 2018; Smith, 2013).  Progress must be 18 

achieved together with the protection of natural resources and without the expansion of existing 19 

cultivated land areas. Addressing this multifaceted problem has been highlighted as one of the 20 

greatest obstacles currently faced by humanity (Smith, 2013).  Agroforestry (i.e., incorporating trees 21 

into cropping and livestock production systems) represents an agroecological approach to production 22 

that could address some of the present challenges, for example through the provision of multiple 23 

outputs from the same area of land (e.g., fruit, nuts, livestock products) and through increased carbon 24 

capture (Lampkin et al., 2015). There is increasing evidence that supports the promotion of 25 

agroforestry (AF) in temperate developed countries as a sustainable alternative to the highly 26 

industrialised agricultural model (Jose, 2009; Kay et al., 2019a; Kay et al., 2019b; Smith et al., 2012b; 27 

Torralba et al., 2016). The positive impact of AF on productivity, resource utilisation and 28 

environmental protection could play an important role in maintaining and improving land productivity 29 

and protecting resources for future generations. In a changing climate these attributes could prove 30 

most valuable.  31 

 32 

A wide range of AF systems are currently operating within Europe, encompassing a variety of 33 

management types and farm practices, and covering 8.8% (about 15.4 million ha) of the utilised 34 

agricultural area of the EU27 (den Herder et al., 2017).  Agroforestry systems can be defined by their 35 

main agricultural components i.e., silvoarable systems combining trees and arable (and vegetable) 36 

crops, and silvopastoral systems including trees and livestock (Burgess and Rosati, 2018). 37 

 Agroforestry sites can also be classified as either “traditional” or “innovative” (Smith et al., 2012a). 38 

Traditional agroforestry systems contain long-established woody, crop and livestock components, 39 

managed primarily to produce food, often with high cultural and biodiversity values (Rolo et al., 40 
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2020), while innovative agroforestry refers to multifunctional systems designed for the integrated 41 

production of food and non-food biomass balanced with resource and environmental conservation 42 

(Smith et al, 2012a).   43 

 44 

Understanding the range of benefits/drawbacks attributed to the current range of AF systems is 45 

essential to develop policies and practices appropriate to land type(s), and to avoid negative impacts 46 

such as increased labour costs or reduced land availability.  Assessing the sustainability of innovative 47 

case-studies of AF can help to identify such trade-offs and “configurations that work” within a specific 48 

socio-ecological or socio-economic context. Benefits and costs of management strategies and 49 

production systems can be identified through this process to inform the development of support 50 

schemes, farmer and land-manager advice provision, and new markets for food or non-food products. 51 

A combined approach to sustainability assessment, applying a range of metrics or indicators, could 52 

help to reveal costs and benefits from a range of perspectives (environmental, economic, social, 53 

governance). This can be particularly valuable in determining the extent to which contrasting 54 

agricultural systems can deliver on a range of sustainability objectives (FAO, 2013) and can reduce 55 

uncertainty in projecting the consequences of multiple impacts (Kanter et al., 2018). It can also 56 

support the development of coordinated policies that achieve the best possible balance between 57 

multiple sustainability objectives (e.g., the United Nations Sustainable Development Goals and 58 

associated indicators).  59 

 60 

The aim of this research was therefore to compare different case-studies of “traditional” and 61 

“innovative”  AF in Europe to each other, using a comprehensive sustainability assessment tool, the 62 

Public Goods Tool (Gerrard et al., 2012; Paraskevopoulou et al., 2020) adapted for agroforestry, to 63 

determine stronger / weaker areas of sustainability, and identify key practices and system 64 

characteristics that affect performance.  The output ranking provided by the sustainability tool was 65 

used to identify characteristics that can lead to better/worse across diverse sustainability criteria. Our 66 
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primary research questions were as follows:  i. How do AF systems perform across multiple 67 

dimensions of sustainability? ii.  What are the key characteristics of AF systems that ensure 68 

sustainability in environmental, economic, social and governance domains?   69 

2. Methodology 70 

To achieve the above objectives, we assessed five case study sites from northern (UK and Denmark), 71 

eastern (Poland and Romania) and southern (Italy) Europe, covering silvoarable and silvopastoral 72 

systems, using an established sustainability assessment tool, the Public Goods Tool (PG Tool, Gerrard 73 

et al., 2012, Paraskevopoulou et al., 2020).  Sites were selected to cover a range of product types and 74 

innovative and traditional approaches to AF, to facilitate a better understanding of key trade-offs 75 

associated with a range of modes of production, land types and agri-climatic zones. An overview of 76 

each site is provided in the following section, in Table 1 and in Figure 1.  A detailed description of the 77 

sites is provided in Appendix A: Supplementary Material, S3. 78 

Table 1: Description of each agroforestry site assessed and system type classification  79 

No / 

Country 

Size 

(ha) 

Tree 

density 

(% of 

total 

agricultu

ral area) 

Elevation 

(m asl) 

Average 

temperatur

e (°C) 

Annual 

precipitatio

n (mm) 

Silvoarable 

(SA)/silvopa

storal (SP) 

Agroforestry 

system  

Main 

agricultural 

products 

Main tree 

products 

 

 

 

System type 

(Innovative = I, 

Traditional = T) 

1, DK 11 

 

4 112 10 643 SA Alley cropping  

Cereals and 

fodder Bioenergy 

 

I 

2, UK 22.5 

 

23 50 14.4 620 SA Alley cropping 

Cereals, 

vegetables, 

flour 

Bioenergy 

 

I 

3, PL 34.7 

 

2 147 8.4 576 SA Alley cropping Vegetables Fruit 

 

I 

   4, IT 39.5 

 

12 430 13.9 466 SP 

Olive orchard 

and sheep Milk, cheese Olive oil 

 

T 
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5, RO 26 

 

44 430-650 18 825 SP Wood Pasture 

Cheese, milk, 

beef and pork Bioenergy 

 

T 

 80 

 81 
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 82 

Figure 1: approximate location of the agroforestry sites  83 

2, Wakelyns 
Farm, UK

4, Agroforestry 
farm, PL

3, Francesco 
Basili Farm, IT

5, Mihalca 
Farm, RO

1, Experimental 
farm, Taastrup, 
DK
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2.1  Sustainability assessment method description 84 

The Public Goods Tool (PG tool) is a multi-criteria analysis-based sustainability assessment protocol 85 

addressing performance within environmental, economic, social and governance categories (Gerrard 86 

et al. , 2012, Paraskevopoulou et al., 2020). It was developed as a way for farming advisors to engage 87 

with farmers in the evaluation of the delivery of public goods from organic farms and consists of an 88 

Excel workbook with a range of questions under each of the categories. The answers, which are either 89 

quantitative, qualitative or categorical, are aligned with a scoring system designed to indicate the 90 

level of public goods delivery for the farm under each of the categories or ‘spurs’, and each spur is 91 

assessed by asking questions based on several key “activities”. Each activity has at least one 92 

corresponding question and these allow the researcher/advisor, who is assessing the farm, to 93 

evaluate the detailed ways in which the farm provides each public good. For example, through such 94 

questions as “what is the amount of your land that is woodland consisting of native species?” and 95 

“what percentage of your land is left as over-wintered stubble?”.  Thus, the activities have been 96 

selected to test the range of ways in which a farm might provide each individual public good.   97 

Some activities are assessed using several questions while others require only one. Where multiple 98 

questions are asked their scores are averaged and rounded to the nearest whole number to give the 99 

score for that activity. Thus, an activity requiring several questions is not weighted more heavily than 100 

one requiring only a few or one question. 101 
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Scores are provided between 1 and 5, in response to individual questions and activities, and for the 102 

spurs.  A score of 1 is the lowest mark, indicating that no benefit is being provided and 5 is the highest 103 

score.  Higher and lower score values were attributed to question responses, based on discussion 104 

during stakeholder workshops and a subsequent literature review during the initial tool development 105 

(Gerrard et al. 2012).  Some questions have a “not applicable” (n/a) option. This is where a situation 106 

may arise such that the farmer cannot possibly provide that benefit, for instance, a farmer who does 107 

not have dairy cows will not have any members of staff looking after them but should not be scored 108 

lower for failing to do so and therefore can choose n/a as the answer for this question in the staff 109 

resources activity of the animal health and welfare spur.   110 

The scores for each spur are obtained by averaging the scores for all its activities. These are then 111 

shown on a radar diagram allowing farmers to see in which areas they perform well, and which areas 112 

might be improved. A bar chart showing the activities on each spur gives information on the scores of 113 

all activities so if the farmer scored less well on a particular area, they could then identify the specific 114 

activities to work on to improve the score in the future. The scoring system and results output were 115 

chosen to be as straightforward as possible so that farmers can see concisely, how their farm is 116 

performing.  117 
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The PG tool was selected as the overarching method due to its coverage of a broad range of 118 

sustainability criteria (FAO, 2013; Gerrard et al., 2012; Paraskevopoulou et al., 2020) and due to its 119 

adaptability.  Within this study the ‘default’ version of the PG tool (Gerrard et al. 2012) was adapted 120 

for AF systems through the incorporation of agroforestry-specific sustainability indicators (Appendix 121 

A: Supplementary Material, S1, Mullender et al., 2020).  Candidate indicators for the adaptation were 122 

selected through  a structured literature review of previous studies that have assessed the 123 

sustainability of AF systems in Europe. The review grouped  indicators in accordance with the SAFA 124 

domains of sustainability: Good Governance, Environmental Integrity, Economic Resilience and Social 125 

Wellbeing (FAO, 2013). SAFA was selected as a framework in the light of its establishment to be a 126 

‘universal’ framework for assessing agricultural sustainability. 127 

The resulting long list of indicators was used in a pilot ‘Delphi’ process across five countries (DK; IT; PL; 128 

RO and UK), comprising one online survey and a workshop where experts discussed in groups of eight 129 

to select their top indicators in each of the four SAFA sustainability domains. Feedback from this was 130 

used to further combine and/or remove similar indicators, adjust the order of the lists to present to 131 

stakeholders and elaborate certain indicators with definitions.   The narrowed-down list of AF specific 132 

indicators and the associated score was added to the ‘default’ version of the PG tool, within the most 133 

relevant spur (Appendix A: Supplementary Material, S2) to produce an adapted version suitable for 134 

the assessment of agroforestry systems.   135 

https://www.sciencedirect.com/science/article/pii/S0195925519303063?casa_token=53lU8HKK8u0AAAAA:EJZsfUf5r1gA8Ko0-N8C9-u4zGNaHwrBxttHOPQS5n9IzoHz5ufk5h9zkoebNCkx37CabozG5YM#bb0040
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Following online training sessions with researchers in each of the case-study countries (DK, UK, IT, RO, 136 

PL), one-day data-collection visits were organised for each of the case study farms (Table 1).  During 137 

the visits, data were entered manually within the adapted PG tool, through a face-to-face interview 138 

with the farmers / land managers within the farm office(s). Data were collected for a 12-month period 139 

(i.e capturing all imports/exports from the farm, land/livestock management, land-use, and economic 140 

data) for the calendar year 2017-2018, at each case study site.  Once data were entered the PG tool 141 

calculated “scores” on a 1-5 scale for nine “spurs” (i.e., elements of sustainability).  The data collected 142 

included productivity information (e.g., crop or livestock outputs expressed as tonnes or litres) use of 143 

imported feed, fossil fuel and fertiliser, livestock numbers by type and staff numbers by FTE (Full Time 144 

Equivalent) amongst other criteria (Supplementary material, S1).   145 

Whilst the 1-5 scores derived from the PG tool provide a useful overview of performance, exploring 146 

specific indicators such as the LER, alongside the reasons behind low or high scores in each case 147 

study, can provide a more complete picture and allow for an assessment of trade-offs with regard to 148 

aspects such as agricultural land requirements, total production and environmental social and 149 

economic performance. A more detailed assessment of each case-study’s performance was therefore 150 

carried out using the approaches described in the following section. 151 

2.2 Assessment of specific indicators 152 

A range of quantitive and qualitative data were extracted from the PG tool to assess the performance 153 

of the AF systems across the four SAFA domains (Table 2).  Throughout this process, fossil energy use 154 

data by fuel type was converted to total Gigajoules (GJ) per hectare of Utilised Agricultural Area (UAA) 155 

using standard values. Energy use data from the Farm Business Survey (UK) and Eurostat (all other 156 

countries) were used as a comparator (Defra, 2013; Eurostat, 2018). Renewable energy was 157 

calculated separately based on the total GJ used on each site that was sourced from wind, solar, 158 

woody biomass, and other renewable sources.  Individual nitrogen, phosphorus and potassium 159 
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balances were calculated on a “farm-gate” basis (i.e., the sum of atmospheric deposition, nitrogen 160 

fixation, feed, fertiliser, bedding and livestock imports and exports, divided by the UAA).    161 

 162 

For a financial evaluation, gross margins were calculated from the revenue and variable cost data 163 

collected within the PG tool (e.g., seed, fertiliser, feed), although this data was unavailable for the 164 

case study in Poland. Labour costs were estimated from national hourly rates, which were combined 165 

with the hours of labour at each case study, to provide an estimate of the net-margin (Eurostat, 2019; 166 

Garnero, 2018; Nix, 2019; Schröder, 2020; Xu et al., 2019).   For the social domain, levels of 167 

employment were determined from Annual Labour Units (ALUs) where one ALU is equal to 2200 168 

hours per annum, and compared to survey data on levels of employment on organic farms (Morison 169 

et al., 2005).  Although only three of the five farms were certified as organic (IT, RO, UK), the 170 

remaining two farms (DK, PL) were nevertheless following agroecological techniques (in this case 171 

agroforestry) and could be classified as “low input” following the classification approach developed by 172 

Bijttebier et al. (2017) i.e., with fertilizer and crop protection costs of less than €80 per hectare of 173 

UAA.  We therefore believe that that Morison et al. (2005) data is still relevant to use as a comparator 174 

to such systems, due to the similar management approach. Local and regional sales were classified as 175 

those within 25km of the farm and within the same NUTS1 region respectively. 176 

 177 

Within the Governance SAFA domain, data on the farms’ adherence to “Permaculture principles” was 178 

determined based on new AF questions added to the PG tool which assessed extent to which the 179 

three key aspects were being followed:   1. Provision for people to access the resources necessary to 180 

their existence; 2. Provision for all life systems to continue and multiply; 3. Living within limits and 181 

distributing surplus (Mollison, 1988).  The PG tool scores were allocated based on the farmers 182 

response (i.e., if all three principles were being applied then a score of 5 was given, if none of the 183 

permaculture principles were met, a score of 1 was returned). Data on the case-study farms’ levels of 184 

participation were determined based on the extent of any interaction (e.g., with other farmers, 185 
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advisors, suppliers, control/certifying bodies, and retailers).  In a similar manner to the scores for 186 

Permaculture principles adherence, scores were affected by the extent to which the farmer was 187 

working with other groups / organisations, i.e., a maximum score of 5 was given if the farm was a 188 

member of cooperative groups that covered all the above categories, a score of 1 was received if the 189 

farmer worked independently, except where input is obligatory.  190 

 191 

The Pearson’s R test was used to measure the strength and direction of association between each 192 

pair of the quantitative variables listed in Table 2 (Weaver et al., 2018). The coefficient takes a value 193 

between -1 and 1, indicating the correlation strength and direction.  Although the number of case 194 

studies (n = 5) within this study is below the recommended minimum for running a Pearson’s R 195 

(Bonett and Wright, 2000), the test can still provide a broad indication of key relationships to inform 196 

further data collection and analysis based on larger sample sizes. Here, it was used to check 197 

correlations between and across the quantitative datasets extracted from the PG tool, to identify 198 

strongly related variables.  An overview of the results for the PG tool spurs, LER calculations and 199 

sustainability data is presented in the following section.  200 

 201 

Table 2: Quantitative and qualitative data extracted from the PG tool for further analysis of trade-offs 202 

against each of the four SAFA domains 203 

Environmental  Social Economic Governance 

Fossil energy use Levels of employment Gross margin and net 

margins 

Extent of 

application of 

Permaculture 

principles 
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Renewable energy use Effect of the AF product 

on the farm workload 

Labour costs Participation with 

other stakeholders 

in production chain 

Nitrogen, phosphorus 

and potassium balance 

per ha 

Use of heritage 

varieties for crops 

(number) 

Sources of farm 

income 

Extent of change(s) 

to farming practice 

in recent years in 

light of new 

knowledge  

Tree coverage as a 

proportion of total land 

(%) 

Local / regional sales as 

a proportion of total 

sales (%) 

Farmers’ views on 

economic status of 

business 

 

 204 

 205 

2.3 Land Equivalent Ratio calculation 206 

Following the data collection and analysis of the 1-5 scores and the AF-specific indicators, Land 207 

Equivalent Ratios were calculated for each case study. The Land Equivalent Ratio (LER), first proposed 208 

by Mead and Willey (1980), is a means of comparing productivity of intercropping and mono-cropping 209 

systems. It is calculated as the ratio of the area needed under sole cropping to the area of intercropping 210 

at the same management level to obtain a particular yield.  Here the LER was calculated as the sum of 211 

ratios for each AF site, as shown below: 212 

(1) 213 

𝐋𝐄𝐑 =∑(𝑨𝑭𝑻𝒊

𝒏

𝒊=𝟎

÷ 𝑭𝑴𝒊) + (𝑨𝑭𝑭𝒊 ÷ 𝑭𝑴𝒊) 214 

 215 
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Where LER represents the sum of ratios for each crop and livestock product. Individual ratios were 216 

produced by dividing total woody biomass production (in tonnes, i) from the agroforestry case study 217 

(AFF) by the total tonnes expected to be produced in a conventional forestry system (FM) and by 218 

dividing crop/livestock product produced in the agroforestry case (AFF) by expected food 219 

crop/livestock production in a monoculture.  Within this calculation an LER value of 1 indicates that 220 

there is no yield advantage of the intercrop compared to the monocrop, while a LER of 1.1 indicates a 221 

10% yield advantage i.e., under conventional production / monocultures, 10% more land would be 222 

needed to match yields from intercropping.  Through this approach, the LER was calculated for the 223 

whole agroforestry area of each case study.  If there were multiple agroforestry systems on the farm, 224 

the total production was combined within a single tonnage value and compared with standard 225 

country level data to calculate the expected monoculture production on the same land area (ha) as 226 

the agroforestry site. Standard yield data for the typical food and tree crop for the specific country 227 

were used for each LER calculation as monocrop yields were unavailable for the comparison on each 228 

case study (Eurostat, 2018). This means that the LER produced in this study is an indicator of the 229 

performance of the AF system, compared with “standard” mono-cropping systems typical of the 230 

country, rather than an on-site comparison of differing modes of production. 231 

3 Results  232 

3.1 Overview of PG tool scores 233 

 234 

A summary of the 1-5 scores within each of the nine spurs within the PG tool is shown in Figure 2.  235 
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 236 

 237 

Figure 2: overview of scores from PG Tool radar diagrams produced by the adapted version of the PG 238 

tool (Gerrard et al. 2012).  Results are for each case study and average (mean) score across all five 239 

case studies High scores are considered to be those at 3 or above. 240 

 241 

Mean scores were at three out of five or higher for all the case study farms (Figure 2) and were 242 

slightly higher in the Innovative AF systems than the Traditional ones  (3.9 average across, UK, PL and 243 

DK vs 3.6 average in RO and IT).  The Social Capital and Animal Health and Welfare Management spurs 244 

were closely aligned and reached scores of 4 out of five at most case study sites, due to high rates of 245 

on-farm employment alongside effective animal health planning and husbandry. High scores for 246 

Animal Health and Welfare Management also resulted from a lack of restrictions on natural behaviour 247 

and livestock housing being kept in a good condition.  248 

 249 

Scores were highly variable for the Soil Management, Landscape and Heritage, System Diversity and 250 

Farm Business Resilience spurs. Lack of sustainability awareness, an absence of soil analyses and poor 251 

0.0

1.0

2.0

3.0

4.0

5.0

Governance

Soil management

Energy and carbon

Agricultural systems diversity

NPK balanceSocial capital

Animal health and welfare
management

Landscape and heritage features

Farm business resilience

DK IT RO UK PL Average
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information sharing led to lower scores in Governance and Soil Management, for the case studies in 252 

Romania, and Poland. For three out of the five cases farm Business Resilience was relatively high 253 

scoring, because of regular financial planning and a diversity of income streams. 254 

 255 

Whilst the scores derived from the PG tool provide a useful overview of performance, exploring 256 

specific indicators such as the LER, alongside the reasons behind low or high scores in each case 257 

study, can provide a more complete picture and allow for an assessment of trade-offs with regard to 258 

aspects such as agricultural land requirements, total production and environmental social and 259 

economic performance. A more detailed overview of each case-study’s performance is therefore 260 

provided in the following section.  261 

3.2  Land Equivalent Ratios (LERs) and Environmental indicators  262 

All the case-study based LER calculations were greater than 1, revealing that each case was more 263 

productive than a monoculture (Table 3).  In four out of five cases, over 70% of the LER is derived 264 

from crop / livestock production. The “traditional” silvopasture systems in Italy and Romania had the 265 

highest LERs, although there was a low level of timber production (timber was a by-product of food 266 

production, rather than a managed element of these farms).  The Polish case study was the worst 267 

performer in terms of the LER, due to lower crop yields compared to most of the other cases, and the 268 

low levels of production from the tree area because of young trees. A relatively low LER was also 269 

calculated for the experimental case in Denmark because of the low amount of woodchip harvested 270 

in the assessment year, although the high cereal yields at this case study site compensate for this. For 271 

the UK site, there is a low LER contribution from crop production, due to the high proportion of ley in 272 

the arable rotation (i.e., over two-thirds of the cultivated area) but this is offset by high tree yields. It 273 

is possible that the tree harvesting rotations are shorter than standard and the trees may also benefit 274 

from reduced competition compared to a forestry plantation. The nitrogen fixation in the ley may also 275 

lead to an increased level of production from the tree crop in the UK.  276 
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Table 3: Summary of key results from each case study for the Environmental domain. GJ = Gigajoules 277 

of fossil energy 278 

Case 

study 

No. / 

Country 

Food LER Non-

food 

LER 

Farm 

system 

LER 

Case 

study 

total fossil 

fuel 

energy 

use in GJ 

Case study 

fossil fuel 

energy use 

GJ per ha-1 

of UAA 

Average 

country fossil 

fuel use   

GJ per ha-1 of 

UAA  * 

Renewable 

energy % 

N balance 

kg per ha-1 

P balance 

kg per ha-1 

K balance 

kg per ha-1 

1, DK 1.15 0.04 1.19 115 2.4 9.6 0% 42.0 -6.0 17.2 

2, UK 0.44 0.90 1.34 117 6.8 7.4 80% 91.3 -2.4 -12.4 

3, PL 0.83 0.32 1.15 1178 54.7 11.2 2% 3.5 -4.8 -30.1 

4, IT 1.7 0.21 1.87 54 1.4 8.3 0% 84.4 6.1 35.2 

5, RO 1.38 0.21 1.58 801 8.5 1.5 51% 32.7 -8.0 19.0 

*Average country GJ – source: UK Farm Business Survey and Eurostat for every other country 279 

 280 

Regarding fossil energy use per hectare, three out of five cases were performing better than the 281 

country-level average (i.e., UK, IT, DK).   This is likely a result of the low input / organic approach to 282 

production in these cases that can reduce the need for field operations (e.g., spraying, fertiliser 283 

application).  The Romanian and Polish systems were found to be much more energy-intensive than 284 

the country-average, because of the on-farm processing and the diverse mix of enterprises which can 285 

lead to worse performance overall (Smith et al., 2015).  286 

 287 

Regarding the amount of renewable energy use, the case study in Denmark sold biomass off-site, 288 

instead of using the renewable energy on the farm, leading to a low renewable energy use 289 

percentage overall.  In Italy there was no renewable energy use, as the wood harvested was used for 290 
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timber production. For the Polish site there was some renewable energy use from woodchip, 291 

although the young trees meant that the amounts harvested were low and contributed only a small 292 

percentage of the total energy use on farm. High rates of domestic/ farmhouse fossil fuel also led to 293 

worse performance in Poland and Italy.  In Romania and the UK renewable energy use was relatively 294 

high as in these cases a considerable amount of woodchip was being used for cheese making (in 295 

Romania) and for heating the farmhouses. 296 

 297 

The NPK balance score was relatively low across the cases because of high N surpluses and/or P or K 298 

deficits (Table 3).   Considerable P and K deficits of more than 10kg ha yr-1 were found in the UK and 299 

Polish cases, because of the low-input approaches being applied on each farm.   300 

3.3  Economic indicators   301 

Gross margin (GM) data was positive in Denmark, Italy and the UK, and negative in the Romanian 302 

system (Table 4). Despite the GM for the tree component being negative, the UK case study system 303 

had the highest gross margin per ha, possibly because of the diversity in income sources. Although a 304 

similar system, the combined GM of the Danish case study is only slightly positive, which is primarily 305 

due to the GM of the crops offsetting the negative GM of the tree component. However, when the 306 

labour costs are included, the net margin becomes negative for the Danish system due to high levels 307 

of employment (8.1 ALUs). The GM of the Italian system includes only the tree component and is 308 

positive, even when the labour costs are included. In Romania, high costs of production of the tree 309 

and crop components are not offset by product revenue, leading to a negative margin overall.  In the 310 

Italian case study, there were no production costs for the management of the natural grassland 311 

underneath the olive trees which is grazed by sheep, and so the total GM reflects only the costs and 312 

revenues of the management of the olive trees. 313 

 314 
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There were notable differences in the costs, revenues, and gross margins between the case studies. 315 

The higher gross return in alley cropping in United Kingdom may be due to the diversity of higher 316 

value crop species (potatoes, squash and spring wheat) compared with the similar combined food and 317 

energy system in Denmark, where only winter wheat is found in the crop component. The gross 318 

margin of the tree component was negative in both the UK and Danish systems, both of which are 319 

short rotation coppice systems.   320 

Table 4: Summary of key results from each case study for the Economic domain. Data from the case 321 

study in PL were unavailable (see Methodology)   322 

Case study 

No. / 

Country 

Gross Margin (Euros ha-1 yr-1) 

Labour costs 

(Euros ha-1 yr-1) 

 

Net margin* 

(Euros ha-1 yr-1) 
No. of sources of 

farm income 

Response to Q 

“How is your 

farm doing?”  Crops GM Trees GM Combined GM  

1, DK €1,067 -€956 €112 €242 -€130 4 Reasonable living 

2, UK €5,650 -€567 €5,083 €2,342 €2,741 6 Booming 

4, IT No data €1,520 €1,520 €836**  €684 3 Surviving 

5, RO -€320 -€1,400 -€1,720 €781 -€2,501 3 Reasonable living 

*  GM minus labour cost   **Labour cost of management of tree component (olives) only 323 

3.4  Social Indicators 324 

The case study farms all had higher than average rural employment levels, and farmers reported that 325 

this had a positive effect on social sustainability (e.g., through increased employment opportunities 326 

and improved staff wellbeing, Table 5). Other indicators within the social domain were more varied 327 

between the different case studies; while most of the farms were considered mostly or fully 328 

characteristic of the local landscape, the alley cropping system in the UK was recognised as being 329 

highly atypical, as most surrounding farms comprise large arable fields surrounded either by small 330 

hedges or ditches. All but the experimental system in Denmark used heritage varieties of crops or 331 

breeds of livestock. In all but the Danish system, over half of the farm produce was sold 332 
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locally/regionally. Both farms with livestock (Romania and Italy) performed well with regards to 333 

animal health and welfare because of low levels of lameness, good housing conditions and allowing 334 

the animals to perform natural behaviour (Figure 2). 335 

Table 5: Summary of key results from each case study for the Social domain 336 

Case study No. / 

Country Farm ALUs 

Average ALU based 

on UAA* 

How and to what 

extent does the 

agroforestry on the 

farm affect the 

workload? 

Do you farm using heritage 

varieties of crops or breeds 

of livestock? 

What percentage of your 

produce (by weight) is sold 

locally and regionally 

1, DK 8.1 1.1 Positive effect No 20% 

2, UK 2.7 0.4 Positive effect Yes 90% 

3, PL 1.9 0.5 Positive effect Yes 60% 

4, IT 3 0.9 No effect Yes 70% 

5, RO 3.8 2.3 Positive effect Yes 100% 

* Calculation based on Morrison et al. (2005) 337 

3.5  Governance indicators 338 

For the domain of Governance four out of the five cases were performing well because of a high level 339 

of participation with other farmers and cooperative groups and regular changes to practices following 340 

the acquisition of new knowledge on “best practice”.  In Poland and Romania there were lower rates 341 

of participation and in the Polish and Italian cases there was also a lack of awareness of Permaculture 342 

principles amongst the farmers participating in the study which meant that the farmers could not 343 

answer the question on this element.  344 

Table 6: Summary of key results from each case study for the Governance domain 345 

 Case study 

No. / Country Permaculture principles Cooperation with others Uptake of new knowledge and research 
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1, DK 

Two out of three principles 

met effectively 

Member of cooperative groups that, 

together, cover all listed stakeholder 

groups 

Multiple changes to practices; follow best practices (by 

events, farmer groups etc.) 

2, UK 

All three principles met 

effectively 

Member of cooperative groups that, 

together, cover all listed stakeholder 

groups 

Multiple changes to practices; follow best practices (by 

events, farmer groups etc.) 

3, PL NA 

Work independently except where 

input is obligatory 

Multiple changes to practices; follow best practices (by 

events, farmer groups etc.) 

4, IT NA 

Member of cooperative groups that, 

together, cover all listed stakeholder 

groups 

Multiple changes to practices; follow best practices (by 

events, farmer groups etc.) 

5, RO 

All three principles met 

effectively 

Work cooperatively with other 

producers on an irregular basis 

Changes to practices but follow irregularly (only if hear 

about it in passing) 

 346 

3.6  Trade-offs and synergies between diverse aspects of sustainability  347 

The Pearson’s correlation assessment (Figure 3) can provide a broad indicative assessment of 348 

relationships between key variables; although the small sample size dictates that the results should be 349 

interpreted with caution, it is possible to obtain an overview of possible common relationships across 350 

a range of AF systems.  The assessment revealed a positive correlation between tree coverage and 351 

renewable energy use (0.72 P>0.05) and a significant negative correlation between tree coverage and 352 

fossil fuel use (-0.98, P<0.01) possibly as a result of increased opportunities for using woody biomass 353 

on the same holding(s).   Interestingly higher rates of tree cover were also correlated with increased 354 

local sales (0.81, P= 0.10), perhaps suggesting that a more welcoming environment, conducive to 355 

direct marketing, is created by the provision of a landscape dense with tree cover, or that farmers 356 

who plant trees are more likely to diversify into local sales.  Conversely, the farm system LER was 357 

negatively correlated with the number of marketing outlets (-0.64, P= 0.24), suggesting that a focus 358 

on a smaller number of products could lead to increased land use efficiency. At the same time higher 359 

fossil fuel use was associated with a smaller LER (-0.47, P= 0.42), highlighting that a more efficient 360 
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land-use could also result in reduced inputs per hectare.  Higher N and P balances were correlated 361 

with higher gross margins (0.89, P= 0.11 and 0.43, P= 0.57 respectively), highlighting the potential for 362 

increased returns associated with higher input / output systems, although also illustrating the higher 363 

environmental damage potential of these systems.  The importance of labour for the net margin 364 

(gross margin minus labour costs) is also highlighted through the positive relationship with the net 365 

margin (0.71, P= 0.28).  Full Time Labour Units was found to be negatively correlated with total labour 366 

costs (-0.71, P=0.30) a somewhat counter intuitive result that is likely related to high levels of 367 

volunteer / free labour – a particularly apparent feature of the AF systems in UK and DK, through the 368 

farms links to research centres and current/past engagement with student-led research. Increasing 369 

the sample size would help to confirm whether the trends observed in Figure 3 are reliable and 370 

applicable to a wider range of agroforestry systems in Europe.  371 

 372 
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 373 

 374 

Figure 3: overview of results from Pearson’s R test on quantitative variables extracted from PG tool. 375 

Positive correlations are displayed in blue and negative correlations in red color. Colour intensity and 376 

the size of the circle are proportional to the correlation coefficients. 377 
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4 Discussion 378 

While the evidence is growing on the performance of agroforestry as an ecologically sustainable land 379 

management practice in Europe (Torralba et al., 2016), most studies focus on quantitative methods 380 

and biophysical field measurements that assess only one or two ecosystem services, with limited 381 

coverage of socio-cultural aspects of sustainability (Fagerholm et al., 2016). A recent review has 382 

shown that while agroforestry has an overall positive effect compared with conventional agriculture 383 

and forestry, results can be heterogeneous with differences among the types of agroforestry practices 384 

assessed (Fagerholm et al., 2016). This indicates the need for an integrated approach that considers 385 

and assesses the multidimensional elements of sustainability of individual systems to identify trade-386 

offs and synergies. By using a combined approach to sustainability assessment of five case studies of 387 

European agroforestry we provide first insights into sustainability performances associated with 388 

“traditional” and “innovative” agroforestry systems to reveal costs and benefits from a range of 389 

perspectives (environmental, economic, social, governance). 390 

4.1 Comparing the sustainability of innovative and traditional agroforestry systems 391 

In common with previous studies, all the farm system assessments revealed Land Equivalent Ratios 392 

greater than 1, highlighting the land-sparing potential of integrated food and non-food production 393 

systems (Khasanah et al., 2020; Seserman et al., 2019; van der Werf et al., 2020) although such 394 

systems can also operate effectively in a land-sharing context through delivery of multiple ecosystem 395 

services, and the land-sparing approach often overlooks cause-effect interactions, e.g. with regard to 396 

economic drivers for farming system expansion in intensive agriculture, and whether “spared” land 397 

will in-fact be allowed to revegetate (Smith et al. 2013, van der Werf et al. 2020). The calculated LERs 398 

for the silvoarable systems in DK, UK and PL of between 1.15 and 1.34 were similar to a previous 399 

study of contrasting approaches to AF in France and the UK (LERS of between 1.24 and 1.39 in Graves 400 

et al. 2010).  However, the highest land-use efficiencies were found within “traditional” silvopasture 401 
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systems in Romania and Italy, suggesting that combining trees with extensive grazing has a greater 402 

potential for promoting land-use efficiency than growing of bioenergy / woodfuel crops on arable 403 

land (although the latter still had an LER of greater than 1).  Such results should be treated with 404 

caution, as increases in production effiency could in-fact drive consumption, through direct and 405 

indirect product price and income effects (Alcott, 2005).    406 

 407 

The particularly high LERs in the silvopastoral AF systems in Italy and Romania could  be linked to 408 

production benefits obtained from increased shade and water retention (both enterprises were 409 

focussed on livestock production and this element was the main contributor to the high “farm system 410 

LERs” outlined in Table 3). Improved animal welfare conditions may also contribute to the high 411 

productivity and land use efficiencies observed within the silvopasture case studies (Mancera et al., 412 

2018) and both silvopasture systems included within this study received a high score for the “Animal 413 

Health and Welfare management” spur within the PG tool (Figure 2).  Other studies have also found 414 

that improved animal welfare can boost productivity in the livestock sector, through a reduced 415 

occurrence of lameness and diseases and improved outputs per livestock unit, although less extensive 416 

systems are likely to require more land and high animal welfare can also be achieved under intensive 417 

management (Smith et al., 2019; Tiezzi et al., 2019).   Tree fodder within agroforestry systems may 418 

also contribute to increased production efficiencies by improving the voluntary intake of ruminant 419 

livestock (Albores-Moreno et al., 2020) although more research is needed to establish the full benefits 420 

of this approach in a temperate climate. The slightly lower LERs in the silvoarable systems (DK, PL, UK) 421 

were either a result of poor bioenergy or food crop yields in the year of data collection (DK, PL) and / 422 

or the use of an extensive crop rotation (UK) that requires a large land-area relative to the level of 423 

production at farm level.   424 

 425 

The traditional AF systems were also more connected to the local area, with a higher proportion of 426 

local sales compared to the innovative systems in the UK and Denmark, although the traditional 427 
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systems also had less product diversity compared to the innovative case studies.  This is a result of the 428 

more flexible nature of rotational arable systems, compared to permanent pasture (i.e., crops can be 429 

selected to be in line with market demands every year) and the relatively recent-system design in the 430 

UK and DK, which both allow the farmers / land-managers to tap-into recent emerging markets (e.g., 431 

for novel crops such as lentils and/or furniture / other high value wood products).   The higher gross 432 

margins observed in the innovative systems may also be a result of the increased adaptive capacity in-433 

terms of changing the system to suit current / future market conditions.  434 

4.2  Common areas of better or worse performance  435 

Comparing all three datasets (scores, raw indicator value and Pearson’s correlation-based 436 

assessments) reveals potential negative trade-offs within the case studies from a nutrient 437 

management perspective; conflicting with generic claims that agroecological systems can foster 438 

improvements in soil quality (Reganold and Wachter, 2016), most of the systems assessed faced 439 

considerable surpluses or deficits with regard to N and/or  P and K.  The N surplus on most of the sites 440 

is in-line with a recent meta-analysis of nutrient budgets for agroecological farming systems (Reimer 441 

et al. 2020). This surplus could relate to poor synchronicity between N supply and demand in low-442 

input systems relying on biological N fixation (the AF case studies in UK, DK and PL relied heavily on N 443 

fixation through clover and lucerne leys) as this can make the efficient supply and utilisation of N 444 

more difficult than a system relying on readily available N sources through manufactured fertiliser 445 

(Smith et al., 2016).  Low crop yields in the year of the assessment could have also contributed, as 446 

2017-2018 was a particularly dry and warm year, particularly southern  / south-eastern parts of 447 

Europe (C3S, 2021). A pluriannual study could provide an improved assessment of nutrient-use 448 

efficiency in AF systems. The deficits of phosphorus across the case study sites are also in-line with 449 

previous assessments of agroecological systems and could be partly addressed by sewage sludge 450 

application, although this would require a change in international organic standards on the certified 451 

farms (Smith et al. 2016). 452 
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 453 

Contrary to expectations, the assessments also reveal that agroforestry does not always lead to a high 454 

rate of renewable energy use on-farm; despite the possible strong relationship between increased 455 

tree cover and on-farm renewables (Figure 3). In some cases, this was because of the export of the 456 

wood product, either a fuel or as timber.  Encouraging greater on-farm self-sufficiency regarding 457 

energy use is clearly a challenge that also relates to the relatively high cost of the equipment and/or 458 

infrastructure required (e.g., for small-scale Combined Heat and Power generation) and a lack of 459 

support from policy to cover increased costs of fuel, as well as lack of trust in suppliers and social 460 

acceptance issues (Segreto et al., 2020; Ymeri et al., 2020).  Inertia at farm level and/or a lack-of 461 

political will to support farmers in this direction is likely to stymie development in this area without 462 

coordinated action at an EU level (Arnott et al., 2021; Máté et al., 2020) although biomass 463 

combustion is not a panacea for meeting renewable energy targets as it can be a source of fine 464 

particulate emissions, which are especially harmful for human health (Daellenbach et al., 2020). 465 

 466 

Clear winners in the multi-factorial analysis were identified in terms of the positive environmental and 467 

social sustainability impacts of agroforestry systems – system diversity, levels of employment and 468 

workforce wellbeing, and animal health and welfare management stand out as stronger areas. High 469 

levels of employment on most of the AF case studies is also likely to be considered a positive from a 470 

job provision perspective; however these systems could also be viewed as inefficient and more 471 

vulnerable to reductions in subsidies within the primary production sector (Loizou et al., 2019).  The 472 

high level of local sales and participation in cooperative groups are all contributory factors and 473 

highlight the potential of agroforestry to promote rural development and equip on-farm employees 474 

with the knowledge required for the development of agroecology in Europe.  Although levels of 475 

participation with other producers were lower in Romania and Poland, this is a possibly a reflection 476 

cultural differences in these countries that can reduce levels of active participation between those 477 

working in agriculture (Fałkowski, 2017).   478 
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 479 

At the same time, the benefits of AF environmental and social sustainability will potentially be at a 480 

higher financial cost. Financial viability can be difficult to maintain in such a diverse system (i.e., two 481 

of the cases had a negative margin at the farm scale when factoring in labour costs). This is in line 482 

with recent research which recorded slightly lower market outputs in 11 European agroforestry 483 

landscapes, compared with agricultural landscapes (Kay et al., 2019a). However, while studies have 484 

found that establishing agroforestry requires higher initial investment than agriculture or forestry due 485 

to higher initial inputs, in the long-term, profitability per hectare can be higher (Benavides et al., 486 

2009; Rigueiro-Rodríguez et al., 2009). Additionally, if the value of non-marketable ecosystem 487 

services, such as carbon sequestration and soil protection are included, the relative profitability of 488 

agroforestry increases (Kay et al., 2019a).    The development of agriculture within the EU Common 489 

Agricultural Policy and the EU Farm to Fork strategy currently seeks to achieve environmental, and 490 

social objectives, alongside economic outcomes.  Improved payments for farmers practicing 491 

agroforestry in Europe could therefore help compensate for additional costs, if the ecosystem 492 

services that these systems clearly provide are determined to be good value-for-money (Burgess and 493 

Rosati, 2018). 494 

4.3  Shortcomings of study 495 

The process of collecting the data within this study highlights some of the challenges posed by the 496 

assessment approach – in particular, the potential for spurious results due to the small sample size 497 

and a reliance on the farmer giving his/her own answer to a question in the PG Tool as opposed to an 498 

independent, objective observation. With such a small sample size, it is possible that results such as 499 

the high LERs may be biased, for example, as the farms chosen are managed by experienced, 500 

innovative or privileged (e.g., access to high quality land) farmers that may not represent the 501 

‘average’ farmer in their respective areas.  Additionally, the PG tool 1-5 scores were developed to 502 

provide a ‘picture’ for discussion with a farmer, and not for a rigorous statistical analysis.  Including 503 
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more assessment categories and indicators (e.g. with regard to biodiversity impacts) and more in-504 

depth questions for a robust statistical analysis could help to improve farmer trust and engagement 505 

with sustainability assessment (De Olde et al., 2016).  However, there is clearly a balance to be found 506 

regarding the number of questions within a single tool and the amount of time required to complete 507 

an assessment.  The selection of some indicators and associated scores within the PG tool are also 508 

based on value judgements, for example within the spur “Social Capital” higher numbers of 509 

employees / labour hours result in a higher score, whereas higher labour requirements could also be 510 

viewed as a negative from a financial perspective.  Moreover, the new AF specific indicators added to 511 

the baseline version of the PG tool were mainly selected through participatory research with those 512 

supportive of the agroforestry sector.  It is therefore possible that the selected indicators are 513 

somewhat biased. 514 

 515 

Despite the above criticism, the PG Tool does provide a simple and easy to use indication of 516 

sustainability. As the questions are universal across assessments, it also provides a base from which to 517 

begin to compare the sustainability of different farm systems for a given 12-month period. On an 518 

individual farmer basis, the tool also provides information and provokes questioning, awareness of 519 

areas for improvement, thought and the development of solutions to sustainability issues. With 520 

increasing use being made of farm decision-making support tools (e.g., CropMonitor, Agrometeo) it is 521 

also possible that assessments of this kind could play an increasingly relevant role in the development 522 

of farmer-facing self-assessments, e.g., for subsidy allocation or retailer-led benchmarking.  Economic 523 

valuation frameworks could be incorporated within such tools to determine the value for money both 524 

farms and society obtains through agroforestry uptake, e.g., in terms of the holistic achievement of 525 

greater levels of production, carbon sequestration and on-farm employment.  To further improve the 526 

application of the PG tool within agroforestry systems, the inclusion of temporal aspects, such as 527 

yearly monitoring of the same farm via an online interface, could help to improve accuracy and 528 
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relevance of the assessment results, by taking account of tree development stage and its interaction 529 

with various elements of the farm system.  530 

4.4  Opportunities for further research and development for agroforestry in Europe 531 

Further research into the development of agroforestry systems in Europe could seek to address some 532 

of the trade-offs highlighted in this study, for example by ensuring improved design of agroforestry 533 

systems (e.g., allowing for a focus on trees with higher value to contribute to financial viability such as 534 

fruit, nuts, olives, high value timber).  Economic performance, and therefore the popularity of the 535 

agroforestry approaches considered here, could be improved considerably through such advances.  536 

Addressing current management challenges could also help to promote the further development of 537 

AF in Europe. In particular, the protection of trees in silvopasture, the selection of species adapted to 538 

shade / tree competition, and effective understory management could assist with overcoming the 539 

current technical challenges associated with the development of agroforestry systems (Rolo et al., 540 

2020).  Addressing the high-start-up costs associated with most of the case-studies considered in this 541 

study would also help to increase the appeal of the AF approach. Funding for rural development 542 

and/or Payment for Ecosystem Service (PES) schemes could provide some of the support needed to 543 

promote developments.  Sustainability assessments, such as those provided by the Public Goods tool 544 

and similar alternatives, can also provide valuable data to feed-into such schemes; however data 545 

reliability and validation is key to ensure accuracy in farm-level reporting (Streimikis and Baležentis, 546 

2020). 547 

 548 

The importance of assessing the long-term impacts of contrasting farming systems has also been 549 

highlighted in the context of sustainability assessment and in particular regarding climate change and 550 

the predicted increases in drought and flooding (Altieri et al., 2015). In this respect, there is evidence 551 

that AF has the potential to provide a more resilient system, through improved soil health and 552 
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associated water retention (Lampkin et al., 2015).  However more long-term studies of the historical 553 

and future potential impacts of AF systems in Europe are required to support such claims.  Challenges 554 

are also faced in research on the costs/benefits associated with changes in soil carbon stocks within 555 

agroforestry systems. Although it is possible to account for soil carbon sequestration gains on a unit 556 

of area or country basis, the non-linear nature of any increase, site-specific variation and various 557 

timeframes used as a basis for an assessment can make it difficult to express benefits per unit of 558 

agricultural product on a consistent basis (Petersen et al., 2013).  559 

 560 

From a development perspective, better recognition of the AF approach and associated products 561 

could help to improve penetration and market access for producers, whilst helping to diversify 562 

income streams and improve resilience.  Improved uptake of AF-specific certification and labelling 563 

schemes could also help to ensure best practice and give greater confidence to retailers and 564 

consumers.  On-farm demonstration and increased numbers of field-trials would help to address the 565 

current lack of knowledge of AF and stimulate a local demand for produce.  At the same time 566 

increased provision of education and advice tailored to agroecological systems such as agroforestry 567 

could help to overcome current challenges and promote improved practices.   568 

5 Conclusions 569 

A comprehensive assessment of five case studies of European agroforestry provided first insights on 570 

the sustainability performance associated with “traditional” and “innovative” approaches to 571 

combining trees and crops/livestock. The following trends were identified across the case study sites: 572 

• Land Equivalent Ratio (LER) assessments revealed that agroforestry systems can provide a 573 

more efficient approach to land-use than monocultures and could potentially spare land for 574 

other purposes such as conservation or carbon storage, depending on economic drivers and 575 

conflicting demands for land-use in each area.  576 
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• Innovative silvoarable agroforestry systems may have a greater potential for increased 577 

financial margins, when compared to traditional approaches, through the ability to tap-into 578 

emerging markets through effective rotation designs including high-value crops and/or wood 579 

products and associated diversification activities (e.g., on-farm courses / workshops).  580 

• Social sustainability impacts were positive across a range of a range of agroforestry case-581 

studies through high levels on-farm employment, resulting from a diverse range of product 582 

types / production systems within the same holding. Nearly all cases were also selling a high 583 

proportion of their produce locally, thereby supporting local economies and infrastructure.  584 

• High labour costs may lead to or exacerbate poor business performance in agroforestry 585 

systems; overall financial margins were negative in two of the agroforestry case studies with 586 

labour costs a major factor.  587 

• In most cases fossil fuel use within a range of agroforestry systems was considerably lower 588 

than industry averages, suggesting a lower-intensity of field operations and an increased 589 

reliance on human-labour within such systems. 590 

• High levels of on-farm renewable energy use were found in only two out of five case studies, 591 

suggesting that the availability and cost of small-scale biomass-based heat and power systems 592 

are prohibitive for the small farms included within this research.      593 

• Sustainability assessments encompassing greater sample sizes and longer temporal ranges 594 

would help to provide a more complete, long-term perspective on the impacts of 595 

agroforestry. 596 

Overall, the case-study assessments carried out within the research presented revealed that 597 

agroforestry systems provide a variety of public good to society, and a means of promoting rural 598 

vitality and reducing environmental impacts. Promoting the further uptake of such systems in Europe 599 

requires coordinated support to enhance producers’ capabilities and create an environment that can 600 

help to meet current and future policy objectives and foster developing markets. Taking concrete 601 
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steps in this direction requires a commitment from multiple actors encompassing the entire supply 602 

chain and relevant national and European policy makers.  603 

Declaration of Competing Interest  604 

The authors declare that they have no conflict of interest 605 

Acknowledgements  606 

SustainFARM was a three-year project from 2016-2018, funded in the UK by DEFRA as part of the 607 

European FACCE SURPLUS ERA-NET co-fund programme, formed in collaboration between the 608 

European Commission and a partnership of 15 countries in the frame of the Joint Programming 609 

Initiative on Agriculture, Food Security and Climate Change (FACCE-JPI). The SustainFARM project 610 

received funding from the European union’s Horizon 2020 research and innovation programme under 611 

grant agreement no. 652615.  The authors would like to express particular thanks to the farmers and 612 

land managers at each case study who gave freely of their time and expertise within the SustainFARM 613 

project.  614 

Appendix A Supplementary data: 615 

Supplementary information for this article can be found within Appendix A: Supplementary Material 616 

at: https://figshare.com/s/a5ff23817ce1403f3c75  617 

References 618 

Albores-Moreno, S., Alayón-Gamboa, J.A., Morón-Ríos, A., Ortiz-Colin, P.N., Ventura-Cordero, J., 619 

González-Pech, P.G., Mendoza-Arroyo, G.E., Ku-Vera, J.C., Jiménez-Ferrer, G., Piñeiro-Vázquez, A.T., 620 

2020. Influence of the composition and diversity of tree fodder grazed on the selection and 621 

voluntary intake by cattle in a tropical forest. Agroforestry Systems, 1-14. 622 

https://figshare.com/s/a5ff23817ce1403f3c75


Assessing the multidimensional elements of agroforestry systems 

34 
 

Alcott, B., 2005. Jevons' paradox. Ecological Economics 54, 9-21. 623 

 624 

Altieri, M.A., Nicholls, C.I., Henao, A., Lana, M.A., 2015. Agroecology and the design of climate 625 

change-resilient farming systems. Agronomy for Sustainable Development 35, 869-890. 626 

Arnott, D., Chadwick, D.R., Wynne-Jones, S., Dandy, N., Jones, D.L., 2021. Importance of building 627 

bridging and linking social capital in adapting to changes in UK agricultural policy. Journal of Rural 628 

Studies 83, 1-10. 629 

Benavides, R., Douglas, G.B., Osoro, K., 2009. Silvopastoralism in New Zealand: review of effects of 630 

evergreen and deciduous trees on pasture dynamics. Agroforestry systems 76, 327-350. 631 

Bijttebier, J., Hamerlinck, J., Moakes, S., Scollan, N., Van Meensel, J., Lauwers, L., 2017. Low-input 632 

dairy farming in Europe: Exploring a context-specific notion. Agricultural Systems 156, 43-51. 633 

Bonett, D.G., Wright, T.A., 2000. Sample size requirements for estimating Pearson, Kendall and 634 

Spearman correlations. Psychometrika 65, 23-28. 635 

Burgess, P.J., Rosati, A., 2018. Advances in European agroforestry: results from the AGFORWARD 636 

project. Agroforestry systems 92, 801-810. 637 

Daellenbach, K.R., Uzu, G., Jiang, J., Cassagnes, L.-E., Leni, Z., Vlachou, A., Stefenelli, G., Canonaco, F., 638 

Weber, S., Segers, A., 2020. Sources of particulate-matter air pollution and its oxidative potential in 639 

Europe. Nature 587, 414-419. 640 

De Olde, E.M., Oudshoorn, F.W., Sørensen, C.A., Bokkers, E.A., De Boer, I.J., 2016. Assessing 641 

sustainability at farm-level: Lessons learned from a comparison of tools in practice. Ecological 642 

Indicators 66, 391-404. 643 



Assessing the multidimensional elements of agroforestry systems 

35 
 

Defra, 2013. Farm Energy Use: Results from the Farm Business Survey: England 2011/12. Defra, 644 

London. 645 

den Herder, M., Moreno, G., Mosquera-Losada, R.M., Palma, J.H.N., Sidiropoulou, A., Santiago 646 

Freijanes, J.J., Crous-Duran, J., Paulo, J.A., Tomé, M., Pantera, A., Papanastasis, V.P., Mantzanas, K., 647 

Pachana, P., Papadopoulos, A., Plieninger, T., Burgess, P.J., 2017. Current extent and stratification of 648 

agroforestry in the European Union. Agriculture, Ecosystems & Environment 241, 121-132. 649 

Eurostat, 2018. Agricultural statistics database, Eurostat online. 650 

Eurostat, 2019. Farmers and the agricultural labour force - statistics, Eurostat online. 651 

Fagerholm, N., Torralba, M., Burgess, P.J., Plieninger, T., 2016. A systematic map of ecosystem 652 

services assessments around European agroforestry. Ecological Indicators 62, 47-65. 653 

Fałkowski, J., 2017. Promoting change or preserving the status quo? The consequences of 654 

dominating local politics by agricultural interests. Land Use Policy 68, 448-459. 655 

FAO, 2013. Sustainability Assessment of Food and Agriculture Systems. Guidelines Version 3.0. FAO, 656 

Rome. 657 

Garnero, A., 2018. The dog that barks doesn’t bite: coverage and compliance of sectoral minimum 658 

wages in Italy. IZA Journal of Labor Policy 7, 1-24. 659 

Gerrard, C.L., Smith, L.G., Pearce, B., Padel, S., Hitchings, R., Measures, M., Cooper, N., 2012. Public 660 

Goods and Farming in: Lichtfouse, E. (Ed.), Farming for Food and Water Security. Springer 661 

Netherlands, pp. 1-22. 662 

Godfray, H.C.J., Aveyard, P., Garnett, T., Hall, J.W., Key, T.J., Lorimer, J., Pierrehumbert, R.T., 663 

Scarborough, P., Springmann, M., Jebb, S.A., 2018. Meat consumption, health, and the environment. 664 

Science 361, eaam5324. 665 



Assessing the multidimensional elements of agroforestry systems 

36 
 

Graves, A.R., Burgess, P.J., Palma, J., Keesman, K., van der Werf, W., Dupraz, C., van Keulen, H., 666 

Herzog, F., Mayus, M., 2010. Implementation and calibration of the parameter-sparse Yield-SAFE 667 

model to predict production and land equivalent ratio in mixed tree and crop systems under two 668 

contrasting production situations in Europe. Ecological Modelling 221, 1744-1756. 669 

Jose, S., 2009. Agroforestry for ecosystem services and environmental benefits: an overview. 670 

Agroforestry systems 76, 1-10. 671 

Kanter, D.R., Musumba, M., Wood, S.L.R., Palm, C., Antle, J., Balvanera, P., Dale, V.H., Havlik, P., 672 

Kline, K.L., Scholes, R.J., 2018. Evaluating agricultural trade-offs in the age of sustainable 673 

development. Agricultural Systems 163, 73-88. 674 

Kay, S., Graves, A., Palma, J.H.N., Moreno, G., Roces-Díaz, J.V., Aviron, S., Chouvardas, D., Crous-675 

Duran, J., Ferreiro-Domínguez, N., García de Jalón, S., Măcicăşan, V., Mosquera-Losada, M.R., 676 

Pantera, A., Santiago-Freijanes, J.J., Szerencsits, E., Torralba, M., Burgess, P.J., Herzog, F., 2019a. 677 

Agroforestry is paying off – Economic evaluation of ecosystem services in European landscapes with 678 

and without agroforestry systems. Ecosystem Services 36, 100896. 679 

Kay, S., Rega, C., Moreno, G., den Herder, M., Palma, J.H.N., Borek, R., Crous-Duran, J., Freese, D., 680 

Giannitsopoulos, M., Graves, A., Jäger, M., Lamersdorf, N., Memedemin, D., Mosquera-Losada, R., 681 

Pantera, A., Paracchini, M.L., Paris, P., Roces-Díaz, J.V., Rolo, V., Rosati, A., Sandor, M., Smith, J., 682 

Szerencsits, E., Varga, A., Viaud, V., Wawer, R., Burgess, P.J., Herzog, F., 2019b. Agroforestry creates 683 

carbon sinks whilst enhancing the environment in agricultural landscapes in Europe. Land Use Policy 684 

83, 581-593. 685 

Khasanah, N., van Noordwijk, M., Slingerland, M., Sofiyudin, M., Stomph, D., Migeon, A.F., Hairiah, 686 

K., 2020. Oil Palm Agroforestry Can Achieve Economic and Environmental Gains as Indicated by 687 

Multifunctional Land Equivalent Ratios. Frontiers in Sustainable Food Systems 3, 122. 688 



Assessing the multidimensional elements of agroforestry systems 

37 
 

Lampkin, N., Pearce, B., Leake, A., Creissen, H., Gerrard, C., Girling, R., Lloyd, S., Padel, S., Smith, J., 689 

Smith, L., Vieweger, A., Wolfe, M., 2015. The Role of Agroecology in Sustainable Intensification. 690 

Report for the Land Use Policy Group., The Organic Research Centre and Game & Wildlife 691 

Conservation Trust. 692 

Loizou, E., Karelakis, C., Galanopoulos, K., Mattas, K., 2019. The role of agriculture as a development 693 

tool for a regional economy. Agricultural Systems 173, 482-490. 694 

Mancera, K.F., Zarza, H., de Buen, L.L., García, A.A.C., Palacios, F.M., Galindo, F., 2018. Integrating 695 

links between tree coverage and cattle welfare in silvopastoral systems evaluation. Agronomy for 696 

sustainable development 38, 1-9. 697 

Máté, D., Rabbi, M.F., Novotny, A., Kovács, S., 2020. Grand challenges in Central Europe: The 698 

relationship of food security, climate change, and energy use. Energies 13, 5422. 699 

Mead, R., Willey, R.W., 1980. The concept of a ‘land equivalent ratio’and advantages in yields from 700 

intercropping. Experimental Agriculture 16, 217-228. 701 

Mollison, B., 1988. Permaculture: a designer's manual. Tagari publications, Sisters Creek, Australia. 702 

Morison, J., Hine, R., Pretty, J., 2005. Survey and Analysis of Labour on Organic Farms in the UK and 703 

Republic of Ireland. International Journal of Agricultural Sustainability 3, 24-43. 704 

Mullender, S.M., Sandor, M., Pisanelli, A., Kozyra, J., Borek, R., Ghaley, B.B., Gliga, A., von 705 

Oppenkowski, M., Roesler, T., Salkanovic, E., 2020. A delphi-style approach for developing an 706 

integrated food/non-food system sustainability assessment tool. Environmental Impact Assessment 707 

Review 84, 106415. 708 

Nix, J., 2019. Farm Management Pocketbook, (49th (2019) edition) Agro Business Consultants Ltd, 709 

Melton Mowbray, UK. 710 



Assessing the multidimensional elements of agroforestry systems 

38 
 

Paraskevopoulou, C., Theodoridis, A., Johnson, M., Ragkos, A., Arguile, L., Smith, L., Vlachos, D., 711 

Arsenos, G., 2020. Sustainability assessment of goat and sheep farms: a comparison between 712 

european countries. Sustainability 12, 3099. 713 

Petersen, B.M., Knudsen, M.T., Hermansen, J.E., Halberg, N., 2013. An approach to include soil 714 

carbon changes in life cycle assessments. Journal of Cleaner Production 52, 217-224. 715 

Reganold, J.P., Wachter, J.M., 2016. Organic agriculture in the twenty-first century. Nature Plants 2, 716 

15221. 717 

Reimer, M., Möller, K., Hartmann, T.E., 2020. Meta-analysis of nutrient budgets in organic farms 718 

across Europe. Organic Agriculture 10, 65-77. 719 

 720 

Rigueiro-Rodríguez, A., Fernández-Núñez, E., González-Hernández, P., McAdam, J.H., Mosquera-721 

Losada, M.R., 2009. Agroforestry systems in Europe: productive, ecological and social perspectives, 722 

Agroforestry in Europe. Springer, pp. 43-65. 723 

Rolo, V., Hartel, T., Aviron, S., Berg, S., Crous-Duran, J., Franca, A., Mirck, J., Palma, J.H.N., Pantera, 724 

A., Paulo, J.A., 2020. Challenges and innovations for improving the sustainability of European 725 

agroforestry systems of high nature and cultural value: stakeholder perspectives. Sustainability 726 

Science 15, 1301-1315. 727 

Schröder, J., 2020. Decoupling of labour productivity growth from median wage growth in Central 728 

and Eastern Europe. The Vienna Institute for International Economic Studies. 729 

Segreto, M., Principe, L., Desormeaux, A., Torre, M., Tomassetti, L., Tratzi, P., Paolini, V., Petracchini, 730 

F., 2020. Trends in social acceptance of renewable energy across Europe—A literature review. 731 

International Journal of Environmental Research and Public Health 17, 9161. 732 



Assessing the multidimensional elements of agroforestry systems 

39 
 

Seserman, D.-M., Freese, D., Swieter, A., Langhof, M., Veste, M., 2019. Trade-off between Energy 733 

wood and grain production in temperate alley-cropping systems: An empirical and simulation-based 734 

derivation of land equivalent ratio. Agriculture 9, 147. 735 

Smith, J., Pearce, B.D., Wolfe, M.S., 2012a. A European perspective for developing modern 736 

multifunctional agroforestry systems for sustainable intensification. Renewable Agriculture and Food 737 

Systems 27, 323-332. 738 

Smith, J., Pearce, B.D., Wolfe, M.S., 2012b. Reconciling productivity with protection of the 739 

environment: Is temperate agroforestry the answer. Renewable Agriculture and Food Systems 27, 1-740 

13. 741 

Smith, L.G., Kirk, G.J., Jones, P.J., Williams, A.G., 2019. The greenhouse gas impacts of converting 742 

food production in England and Wales to organic methods. Nature Communications 10, 1-10. 743 

Smith, L.G., Tarsitano, D., Topp, C.F., Jones, S.K., Gerrard, C.L., Pearce, B.D., Williams, A.G., Watson, 744 

C.A., 2016. Predicting the effect of rotation design on N, P, K balances on organic farms using the 745 

NDICEA model. Renewable Agriculture and Food Systems 31, 471-484. 746 

Smith, L.G., Williams, A.G., Pearce, B.D., 2015. The energy efficiency of organic agriculture: A review. 747 

Renewable Agriculture and Food Systems 30, 280-301. 748 

Smith, P., 2013. Delivering food security without increasing pressure on land. Global Food Security 2, 749 

18-23. 750 

Streimikis, J., Baležentis, T., 2020. Agricultural sustainability assessment framework integrating 751 

sustainable development goals and interlinked priorities of environmental, climate and agriculture 752 

policies. Sustainable Development 28, 1702-1712. 753 



Assessing the multidimensional elements of agroforestry systems 

40 
 

Tiezzi, F., Tomassone, L., Mancin, G., Cornale, P., Tarantola, M., 2019. The assessment of housing 754 

conditions, management, animal-based measure of dairy goats’ welfare and its association with 755 

productive and reproductive traits. Animals 9, 893. 756 

Torralba, M., Fagerholm, N., Burgess, P.J., Moreno, G., Plieninger, T., 2016. Do European 757 

agroforestry systems enhance biodiversity and ecosystem services? A meta-analysis. Agriculture, 758 

ecosystems & environment 230, 150-161. 759 

van der Werf, H.M., Knudsen, M.T., Cederberg, C., 2020. Towards better representation of organic 760 

agriculture in life cycle assessment. Nature Sustainability 3, 419-425. 761 

Weaver, K., Morales, V., Dunn, S., Godde, K., Weaver, P., 2018. An introduction to statistical analysis 762 

in research: with applications in the biological and life sciences. John Wiley & Sons, New Jersey, USA. 763 

Xu, Y., Lehmann, L.M., García de Jalón, S., Ghaley, B.B., 2019. Assessment of Productivity and 764 

Economic Viability of Combined Food and Energy (CFE) Production System in Denmark. Energies 12, 765 

166. 766 

Ymeri, P., Gyuricza, C., Fogarassy, C., 2020. Farmers’ attitudes towards the use of biomass as 767 

renewable energy—A case study from southeastern europe. Sustainability 12, 4009. 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 



Assessing the multidimensional elements of agroforestry systems 

41 
 

 778 

 779 


